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E X E C U T I V E  SUMMARY 

.. 

The o b j e c t i v e  o f  t h i s  r e p o r t  i s  t o  assess t h e  impacts  o f  a c i d i c  

d e p o s i t i o n  on aqua t i c  resources i n  eas te rn  Canada, Th is  r e p o r t  

addresses f i v e  ques t ions .  

1. What a r e  t h e  s i z e ,  l o c a t i o n ,  and c u r r e n t  chemical  condition o f  

a q u a t i c  resources i n  eas te rn  Canada t h a t  a r e  though t  t o  be v u l n e r a b l e  
t o  a c i d i c  d e p o s i t i o n ?  

Recent a q u a t i c  survey da ta  f o r  Canada p r o v i d e  t h e  b a s i s  f o r  

de te rm in ing  t h e  number o f  lakes  p o t e n t i a l l y  v u l n e r a b l e  t o  a c i d i f i c a t i o n  

f rom atmospher ic  d e p o s i t i o n .  I n  eas te rn  Canada, eas t  o f  t h e  

Mani toba-Ontar io  b o r d e r  and south o f  52"N and e x c l u d i n g  t h e  Great  

Lakes, about  h a l f  o f  t h e  more than  700,000 lakes  have a c i d - n e u t r a l j z i n g  

c a p a c i t y  (ANC) l e s s  than 50 veq L-I.  

o r  1.7% t o  2.0% o f  t h e  t o t a l  p o p u l a t i o n  o f  l akes ,  a r e  es t imated  t o  have 

a pH l e s s  than  5.0. A l though t h e  surveys f rom which these es t imates  

were d e r i v e d  were n o t  s t a t i s t i c a l l y  designed t o  make r e g i o n a l  

p o p u l a t i o n  es t imates ,  t h e  survey r e s u l t s  demonstrate t h e  l a r g e  number 

o f  s e n s i t i v e  lakes  i n  eas te rn  Canada. 

Between 12,000 and 14,000 lakes ,  

2 .  What a r e  t h e  e x t e n t  and magnitude o f  chemical  changes in su r face  

wa te r  o f  eas te rn  Canada t h a t  can be a t t r i b u t e d  t o  a c i d i c  d e p o s i t i o n ?  

Evidence f rom r e g i o n a l  surveys shows t h a t  a c i d i c  d e p o s i t i o n  i s  
l a r g e l y  r e s p o n s i b l e  f o r  t h e  ac id-base chemis t r y  o f  su r face  waters .  

Comparison o f  s u l f a t e  d e p o s i t i o n  and l a k e  wa te r  s u l f a t e  concen t ra t i ons  

i n  Canada r e v e a l s  t h a t  n e a r l y  a l l  o f  t h e  s u l f a t e  i n  l akes  can be 

a s c r i b e d  t o  atmospheric d e p o s i t i o n .  Ana lys i s  o f  ma jo r  i o n  

c o n c e n t r a t i o n s  i n d i c a t e s  t h a t  ANC has been rep laced by  s u l f a t e  over 

x i  



broad areas o f  eas te rn  Canada, r e s u l t i n g  i n  g r e a t l y  decreased r a t i o s  o f  
C:(Ca + Mg).  The r e g i o n a l  p a t t e r n s  o f  i o n  r a t i o s  correspond c l o s e l y  

t o  p a t t e r n s  o f  atmospher ic s u l f u r  d e p o s i t i o n ,  i n d i c a t i n g  t h a t  SO:- 

rep laced  AN@ i n  areas r e c e i v i n g  h i g h  l e v e l s  o f  a c i d i c  d e p o s i t i o n  (we t  

d e p o s i t i o n  g r e a t e r  t han  20 kg SO4 ha year  ) .  
2 -  -1 -1 

3 .  What evidence e x i s t s  t o  suppor t  t h e  hypothes is  t h a t  b i o l o g i c a ?  

changes i n  sur face waters i n  Canada have r e s u l t e d  f rom chemical  changes 

assoc ia ted  w i t h  a c i d i c  d e p o s i t i o n ?  

The few h i s t o r i c a l  reco rds  o f  species r i chness  and r e l a t i v e  
abundance o f  f i s h  i n  streams and r i v e r s  i n  eas te rn  Canada show a 

d e c l i n e  i n  t h e  number o f  species and a r e d u c t i o n  i n  t h e  r e l a t i v e  

abundance o f  s e l e c t e d  species w i t h  an i n c r e a s i n y  t4 c o n c e n t r a t i o n  f o r  
pH l e s s  than  6. The o n l y  documented h i s t o r i c a l  reco rd  o f  d e c l i n e s  i n  

f i s h  species r i chness  i n  Canadian lakes i s  f o r  an area downwind o f  a 

p o i n t  source o f  s u l f u r  d i o x i d e  and meta l  emissions f rom a copper 

sme l te r .  S t a t i s t i c a l  a n a l y s i s  o f  these da ta  us ing  a v a r i e t y  o f  methods 

suggests t h a t  a c i d i f i c a t i o n  has c o n t r i b u t e d  t o  t h e  loss o f  f i s h  species 

f rom these lakes .  

Resu l t s  o f  r e c e n t  synop t i c  surveys o f  lakes and streams i n  e a s t e r n  

+- 

Canada show a t r e n d  o f  lower  r i chness  o f  phytoplankton,  zooplankton, 

b e n t h i c  rnacro inver tebrates,  and f i s h  species w i t h  l ower  pH. These 

r e s u l t s  a r e  c o n s i s t e n t  w i t h  a c i d i f i c a t i o n  be ing  t h e  cause o f  l ower  

species r i chness  and o f  lower  r e l a t i v e  species abundance. Laboratory  

bioassays and i n  s i t u  bioassays tend t o  suppor t  t h e  conc lus ion  t h a t  

a c i d i f i c a t i o n  i s  t h e  cause. Al though t h e r e  a r e  no documented adverse 

b i o l o g i c a l  e f f e c t s  o f  e p i s o d i c  pH depress ions i n  Canadian lakes and 

streams, d e c l i n e s  i n  pH and increases i n  alurniniirn d u r i n g  snowmelt 

events have been repo r ted ,  and bioassays show t h a t  these ep isod ic  

changes i n  wa te r  chemis t r y  can s t r e s s  a q u a t i c  organisms and inc rease  
m o r t - a l i t y .  Thus, t h e r e  i s  reason f o r  concern about p o t e n t i a l  adverse 

b i o l o g i c a l  e f f e c t s  o f  e p i s o d i c  increases i n  a c i d i t y  on aqua t i c  
p o p u l a t i o n s  and communities i n  s u r f a c e  waters  i n  Canada. 

x i  i 



4 .  How many 

l e v e l s  o f  ac 

S imu la t  

systems i n  e a s t e r n  Canada w i l l  become a c i d i c  a t  v a r i o u s  

d i c  d e p o s i t i o n  and w i t h i n  what l e n g t h  o f  t ime?  

on model ing exper iments produce r e g i o n a l  es t ima tes  o f  

p o t e n t i a l  changes i n  s u r f a c e  wa te r  chemis t r y  and damage t o  f i s h e r i e s  as 

a r e s u l t  o f  a c i d i c  d e p o s i t i o n .  Model r e s u l t s  show t h a t  s u b s t a n t i a l  

decreases i n  t h e  e x t e n t  of a c i d i f i c a t i o n  a r e  p o s s i b l e  w i t h  reduced 

d e p o s i t i o n .  Fo r  example, model s i m u l a t i o n s  suggest t h a t  changing t h e  

atmospher ic l o a d i n g  from 27 t o  18 kg SO4 ha year  would decrease 
t h e  number o f  a c i d i c  l akes  i n  eas te rn  Canada (pH less  t han  5 )  by 4 1 %  t o  

51% (3,000 t o  16,000 lakes) .  The l o a d i n g  value o f  18 kg SO4 ha year  
i s  f a r  below values c u r r e n t l y  measured i n  much o f  e a s t e r n  Canada and 

would r e q u i r e  a d d i t i o n a l  c o n t r o l  measures t o  a t t a i n .  

2 -  -1 -1 

2- -1 -1 

Models o f  f i s h e r i e s  damage i n  O n t a r i o  suggest t h a t ,  a t  s teady 

s t a t e ,  1980 l e v e l s  o f  d e p o s i t i o n  w i l l  decrease species r i chness ,  

p r o b a b i l i t y  o f  presence, and p r o d u c t i o n  o f  f i s h e r i e s  by 4.3%, 5.7-8.9%, 

and 2.3%, r e s p e c t i v e l y .  Emission c o n t r o l s  i n  Canada would b r i n g  about  

recove ry  of  35% o f  t h e  l o s t  spec ies r i chness ,  r o u g h l y  o n e - t h i r d  o f  t h e  

" l o s t "  p r o b a b i l i t y  o f  presence, and 20% o f  t h e  l o s t  produc t ion .  

5 .  What i s  t h e  r a t e  a t  which lake chemis t r y  and b i o l o g y  improve when 

d e p o s i t i o n  i s  reduced? 

2- I f  i n p u t s  o f  SO4 t o  an a q u a t i c  system a r e  reduced, t h e  n a t u r a l  
processes o f  ANC g e n e r a t i o n  w i l l  i r ic rease t h e  ANC and pH of t h e  system 

2- w i t h  t h e  d e c l i n e  i n  SO4 concen t ra t i ons ,  The observed recove ry  o f  
lakes i n  Sudbury and o f  r i v e r s  i n  Nova S c o t i a  has been i n  immediate 

response t o  decreases i n  s u l f u r  d e p o s i t i o n .  The c r i t i c a l  f a c t o r  

c o n t r o l l i n g  t h e  observed recove ry  o f  these o n c e - a c i d i c  systems i s  d 

decrease i n  SO4 d e p o s i t i o n .  
M i t i g a t i o n  s t u d i e s  i n  O n t a r i o  and Nova S c o t i a  suggest t h a t ,  i n  t h e  

absence o f  meta l  con tamina t ion ,  b i o l o g i c a l  recove ry  does occur,  

a l t hough  t h e  r a t e  and e x t e n t  a r e  still unknown. 

2- 
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1 . IMTRODUCT I O N  
(Rober t  8 .  Cook and John L .  Malanchuk) 

1.1 O B J E C l  IVES 

The o b j e c t i v e  o f  t h i s  r e p o r t  i s  t o  assess t h e  c u r r e n t  knowledge o f  

s u r f a c e  wa te r  a c i d i f i c a t i o n  and i t s  e f f e c t s  on a q u a t i c  b i o t a  i n  e a s t e r n  
Canada. Me used a c r i t i c a l  a p p r a i s a l  o f  r e c e n t  research t o  draw 

answers t o  t h e  f o l l o w i n g  ques t i ons :  

What a r e  t h e  s i ze ,  l o c a t i o n ,  and c u r r e n t  chemical  c o n d i t i o n  o f  
a q u a t i c  resources i n  e a s t e r n  Canada t h a t  a r e  though t  t o  be 

v u l n e r a b l e  t o  a c i d i c  d e p o s i t i o n  (Sec t .  2 ) ?  
What a r e  t h e  e x t e n t  and magnitude o f  chemical  changes i n  s u r f a c e  

waters  o f  e a s t e r n  Canada t h a t  can be a t t r i b u t e d  t o  a c i d i c  

d e p o s i t i o n  (Sect .  3 ) ?  
What evidence e x i s t s  t o  suppor t  t h e  hypo thes i s  t h a t  b i o l o g i c a l  
changes i n  s u r f a c e  waters  i n  e a s t e r n  Canada have r e s u l t e d  f rom 

chemical  changes assoc ia ted  w i th  a c i d i c  d e p o s i t i o n  (Sect .  4 ) ?  
How many a q u a t i c  systems i n  e a s t e r n  Canada w i l l  become a c i d i c  a t  

v a r i o u s  l e v e l s  o f  a c i d i c  d e p o s i t i o n  and w i t h i n  what l e n g t h  o f  t i m e  

(Sect .  5)? 

What i s  t h e  r a t e  a t  which l a k e  chemis t r y  and a q u a t i c  b i o t a  improve 

when d e p o s i t i o n  i s  reduced (Sect .  6 ) ?  

The a q u a t i c  resources eva lua ted  i n  t h i s  assessment a r e  i n  t h a t  
area of  Canada e a s t  o f  t h e  Ontar io-Manitoba bo rde r  and south o f  52"N, 

e x c l u d i n g  t h e  Great Lakes, and encompassing p a r t  o r  a l l  a f  t h e  

p rov inces  of  O n t a r i o ,  Quebec, Newfoundland, Labrador, New Brunswick, 

and Nova S c o t i a  ( F i g .  1.1). I n c l u d e d  i n  t h i s  r e g i o n  a r e  an es t ima ted  

700,000 lakes c o v e r i n g  an area o f  160,000 km (Kelso e t  a l .  1986a; 
Sect .  2 ) .  

2 



l h i s  r e p o r t  was comrniss 
Agency ( E P A )  f o r  t h e  purpose 

2 

oned by t h e  U S .  Environmenta 

o f :  (1)  se rv ing  as an update 

P r o t e c t i o n  
on t h e  s t a t e  

o f  knowledge on t h e  e f f e c t s  o f  atmospheric d e p o s i t i o n  on aqua t i c  

systems i n  eas te rn  Canada s ince  t h e  U.S.-Canada Memorandum o f  I n t e n t  on 

Sransboundary A i r  P o l l u t i o n  (NO1 1983) and ( 2 )  p r o v i d i n g  a companion t o  

t h e  kPA S t a f f  Paper/Special Assessment on t h e  e f f e c t s  o f  a c i d i c  

d e p o s i t i o n  on aqua t i c  chemis t ry  and b i o l o g y  i n  t h e  Un i ted  States ( E P A  

1987). We addressed t h e  Same ques t ions  and used t h e  same genera l  

o u t l i n e  as t h e  kPA S t a f f  Paper, so t.hat i n  p r i n c i p a l  one cou ld  make 
comparisons between t h e  two c o u n t r i e s  on t h e  s t a t e  o f  knowledge o f  t h e  

e f f e c t s  o f  a c i d i c  d e p o s i t i o n  on aqua t i c  resources.  EPA phrased t h e  
ques t ions  and fo rmula ted  t h e  o u t l i n e  based on t h e  research  framework 

developed i n  t h e  Agency's Aquat ic  E f f e c t s  Rescarch Program ( A L R P ) .  
Because t h e  Canadian coun te rpa r t  t o  AERP,  t h e  long-range Transpor t  o f  

Air P o l l u t i o n  L i a i s o n  O f f i c e ,  i s  n o t  address ing t h e  exac t  sam? 
ques t ions ,  t h e  s c i e n t i f i c  i n f o r m a t i o n  a v a i l a b l e  t o  answer t h e  ques t ions  

may, t o  some ex ten t ,  be more l i m i t e d  than t h a t  i n  t h e  Un i ted  S ta tes .  
However, s u f f i c i e n t  research  f i n d i n g s  a r e  a v a i l a b l e  on t h e  e f f e c t s  o f  

su r face  water  a c i d i f i c a t i o n  i n  Canadd, so t h a t  we cou ld  p r o v i d e  

s c i e n t i f i c a l l y  meaningfu l  answers t o  these f i v e  ques t ions  w i t h  

a t t e n d a n t  caveats  and es t imates  o f  u n c e r t a i n t y .  

1 .2  SCOPF- OF T H E  ASSESSWtNT 

I n  genera l ,  we eva lua te  m a t e r i a l  pub l i shed  s ince  the MOI (1983) .  

Wuch o f  t h e  new i n f o r m a t i o n  on which t h i s  assessment i s  based comes 
f rom two sources: 

e Proceedings o f  t h e  I n t t r n a t l o n a l  Symposium on A c i d i c  P r e c i p i t a t i o n  

h e l d  i n  Tiluskska, Onta r io ,  September 15-20, 1985 (pub l i shed  i n  
Water, A i r ,  and S o i l  P o l l u t i o n ,  Volumes 30 and 31, 1986) and 



3 

Assessment o f  the State o f  Knowledge on the Long-Range Transport o f  
Air Pollutants and Acid Deposition [Federal/Provincial Research and 
Monitoring Coordinating Committee (FPRMCC) (November 1986) ] .  

FPRMCC (1986) also draws heavily on results presented in the 
Muskoka Proceedings. 

1-his assessment is not limited to peer-reviewed, published 

information. The best and most recent publicly available information 
is uned. Where the quality o f  the available information was unknown o r  

poor, that information was either n o t  used o r  was supplemented with 
appropriate warnings as t o  limitations o f  the data. 

This assessment was not prepared in response to FPRMCC (1986) .  

Rather this assessment was prepared as a companion to the EPA Staff 
Paper as described above. Two members o f  the FPRMCC ( P .  J .  Oillon and 

K .  H. Wills) critically reviewed this assessment prior to publication. 
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2. PRESENT STATUS OF SURFACE WATER CHEMISTRY 
(Michael  L .  Jones) 

I n  t h i s  s e c t i o n ,  es t ima tes  a r e  presented on t h e  s i r e ,  l o c a t i o n ,  

and c u r r e n t  chemical  c o n d i t i o n  o f  a q u a t i c  resources i n  e a s t e r n  Canada 

t h a t  a r e  though t  t o  be v u l n e r a b l e  t o  a c i d i c  d e p o s i t i o n .  

t hese  es t ima tes  i s  e x i s t i n g  l a k e  chemis t r y  da ta ,  p a r t i c u l a r l y  those 

f rom e x t e n s i v e  r e g i o n a l  surveys o f  lakes i n  s e n s i t i v e  reg ions  o f  

e a s t e r n  Canada. The focus i s  on l a k e  wa te r  c h e m i s t r y  l a r g e l y  because 

i n  Canada e x i s t i n g  da ta  on s u r f a c e  wa te r  chemis t r y  and b i o t a  a r e  

p r i m a r i l y  f o r  l akes  and a l s o  because t h e  a q u a t i c  resources a t  r i s k  t o  

a c i d i c  d e p o s i t i o n  a r e  found p redominan t l y  i n  l a k e s ,  n o t  runn ing  water .  
The processes c o n t r i b u t i n g  t o  t h e  p resen t  chemical  s t a t u s  o f  l akes  i n  
Canada a r e  d iscussed l a t e r  i n  Sect.  3 .  

The b a s i s  f o r  

The s e c t i o n  begins w i t h  a d e f i n i t i o n  o f  t h e  area o f  i n t e r e s t .  

Then, t h e  v a r i o u s  sources o f  da ta  on c u r r e n t  s t a t u s  o f  lake wa te r  

c h e m i s t r y  a r e  i d e n t i f i e d ,  and t h e  l i m i t a t i o n s  o f  these da ta  a r e  

d iscussed.  l h i r d ,  es t ima tes  o f  t h e  o v e r a l l  s i z e  o f  t h e  s u r f a c e  wa te r  

resources a r e  presented, w i t h o u t  rega rd  t o  t h e i r  chemical  s t a t u s ,  a f t e r  

which t h e  c u r r e n t  c h e m i s t r y  o f  surveyed lakes i s  examined t o  determine 

t h e  l i k e l y  causes o f  t h e  observed l a k e  wa te r  chemis t r y .  The r e s u l t i n g  

da ta  a r e  then  combined i n t o  an o v e r a l l  e x t r a p o l a t e d  e s t i m a t e  o f  t h e  

number o f  low-ANC ( a c i d - n e u t r a l i z i n g  c a p a c i t y )  l a k e s .  
The survey d a t a  presented i n  t h i s  s e c t i o n  f o c u s  e x c l u s i v e l y  on t h e  

wa te r  c h e m i s t r y  c u r r e n t l y  observed i n  l akes ;  these da ta  a r e  n o t  

s u f f i c i e n t  t o  examine temporal  v a r i a t i o n  i n  chemis t r y .  However, t h e  

evidence f o r  shor t - term,  e p i s o d i c  changes i n  s u r f a c e  wa te r  c h c m i r t r y  i s  

a l s o  considered.  Th is  evidence i s  l i m i t e d  and tends t o  be s i t e  
s p e c i f i c ;  t hus ,  i t  does n o t  l e n d  i t s e l f  a t  t h e  p resen t  t ime  t o  r e g i o n a l  

e x t r a p o l a t i o n .  Never the less,  i t  i l l u s t r a t e s  t h e  p o t e n t i a l  f o r  t h e  
occurrence o f  s i g n i f i c a n t ,  s h o r t - t e r m  changes i n  l a k e  wa te r  chemis t r y  

a t  pz i r t  i c u l a r  1 o c a t  i ons .  



2 . 1  AREA OF TNTERESI 

Th is  assessment cons ide rs  eas te rn  Canada, e a s t  o f  the 

Mani toba-Ontar io  boundary and south o f  52"N ( F i g .  1 . l ) .  H i t h i n  t h i s  

o v e r a l l  area, t h e r e  a r e  some reg ions  i n  which s o i l s  and bedrock hdve a 
moderate- to-h igh p o t e n t i d l  f o r  reducing t h e  a c i d i t y  o f  atmospher ic 

d e p o s i t i o n  ( S h i l t s  e t  a 7 .  1 9 8 1 ) ,  such as southwestern O n t a r i o  and most 

o f  Quebec sou th  o f  t h e  S t .  Lawrence R i v e r .  These areas were g e n e r a l l y  
n o t  i nc luded  i n  t h e  surveys d iscussed below. On t h e  o t h e r  hand, I h e  

surveys do i n c l u d e  some lakes i n  s e n s i t i v e  areas n o r t h  o f  52"H, most 
n o t a b l y  i n  Labrador.  'Ihe survey data,  t h e r e f o r e ,  do n o t  e x a c t l y  

correspond t o  t h e  area o f  i n t e r e s t  b u t  a r e  i n s t e a d  b e t t e r  t hough t  of as 

g e n e r a l l y  r e f l e c t i n g  t h e  chemis t r y  o f  l akes  i n  s e n s i t i v e  areas of 

e a s t e r n  Canada. Because t h e  l akes  surveyed were n o t  chosen t o  be 

s t a t i s t i c a l l y  r e p r e s e n t a t i v e ,  e x t r a p o l a t i o n  t o  t h e  r e g i o n  o f  concern 

w i l l  c o n t a i n  u n c e r t a i n t i e s ,  as discussed below. 

2.2 SOURCES OF D A T A  

2 2 1 Number &f Lakes ancip.I-ake A w a -  

The f i r s t  s t e p  toward i d e n t i f y i n g  a q u a t i c  resources a t  r i s k  i n  

Canada i s  t o  es t ima te  o r  measure the  s i z e  o f  t h e  o v e r a l l  resource - i n  

t h i s  case, t h e  number o r  area o f  lakes i n  s e n s i t i v e  areas of e a s t e r n  

Canada s o u t h  of 52"H. The o n l y  pub l i shed  e s t i m a t e  o f  t h e  s i z e  o f  t h e  

low-ANC lakes i n  e a s t e r n  Canada was made by Kelso e t  a l .  (1986a).  
Kelso e t  a l .  used t h e  Canadian almanac (Bracken 1981) as  t h e i r  source 

f o r  area o f  l akes  and combined t h i s  w i t h  es t ima tes  o f  l a k e  s i z e  
d i s t r i b u t i o n s  ( F i g ,  1 i n  K e l r o  e t  a l .  1386a) ob ta ined  f rom analyses o f  
t opograph ic  maps (see Minns 1984) t o  es t ima te  t h e  number o f  l akes .  

S ince Bracken (1981) o n l y  p rov ides  est imates o f  f reshwa te r  area f o r  

e n t i r e  p rov inces ,  Ke so e t  a l .  (198Sa) had t o  assume t h a t  t h e  area o f  
Fu r face  waters south o f  52"N i s  d i s t r i b u t e d  i n  d i r e c t  p r o p o r t i o n  t o  t h e  

area o f  l and  rndsses n each p r o v i n c e  t o  a r r i v e  a t  these es t ima tes .  



2.2.2 Water Chemist ry  

* 

Over t h e  p a s t  decade, s e v e r a l  wa te r  c h e m i s t r y  surveys have been 

conducted i n  e a s t e r n  Canada, most o f  which have focused e i t h e r  on 
i n d i v i d u a l  p rov inces  o r  on reg ions  w i t h i n  p rov inces .  The most n o t a b l e  

e x c e p t i o n  i s  t h e  N a t i o n a l  I n v e n t o r y  Survey ( N I S )  conducted by t h e  
Department o f  F i s h e r i e s  and Oceans f rom 1979 th rough  1982, which 

i n c l u d e d  lakes f r o m  a l l  p rov inces  e a s t  o f  Manitoba, except  P r i n c e  
Edward Island. D e t a i l e d  d e s c r i p t i o n s  and analyses o f  these da ta  a r e  

p rov ided  by Kelso e t  a l .  (1986a). For t h e  most p a r t ,  t h e  r e s u l t s  o f  

o t h e r  l a k e  chemis t r y  surveys have n o t  been pub l i shed .  Recent ly ,  

however, J e f f r i e s  (1986) and J e f f r i e s  e t  a l .  (1986) have compi led many 

o f  t hese  data,  i n c l u d i n g  d a t a  on t h e  8'14 l akes  i n  t h e  NIS, i n t o  a 

s i n g l e  Canadian da ta  base of  more than  1000 l a k e s .  Discuss ions o f  t h e  

c u r r e n t  chemical  s t a t u s  o f  l akes  i n  e a s t e r n  Canada w i l l  t hus  focus on 

these  two d a t a  bases (Table 2.1).  

2.3 LIMIlATIONS OF DATA BASES 

Ke150 e t  a l . ' s  (1986a) es t ima tes  o f  resource s i z e  f o r  a l l  of 

e a s t e r n  Canada have t o  be considered h i g h l y  u n c e r t a i n .  

almanac (Bracken 1981) i s  u n l i k e l y  t o  be a source o f  p r e c i s e  es t ima tes  

o f  t h e  area o f  s u r f a c e  waters ;  t h e  method o f  c a l c u l a t i o n  i s  n o t  

documented. I n  a d d i t i o n ,  t h e  l a k e  s i z e  d i s t r i b u t i o n s  a r e  based on 

r e l a t i v e l y  sma l l  samples, e s p e c i a l l y  i n  Quebec. Other  unpubl ished 

s t u d i e s  have used d i f f e r e n t  methods o f  e s t i m a t i n g  resource s i z e  (Jones 

e t  a l .  1984: see Table 5.3 i n  t h i s  document; R .  H e l i e ,  Environment 

Canada Land D i r e c t o r a t e ,  personal  communication t o  M. L. Jones, 1987) 

and have a r r i v e d  a t  s i g n i f i c a n t l y  d i f f e r e n t  es t ima tes ,  a t  l e a s t  f o r  

Quebec. 

A n a l y t i c a l  methods f o r  t h e  N I S  da ta  base a r e  desc r ibed  i n  Kelso e t  

a l .  (1986a).  A l l  l a b o r a t o r i e s  making analyses f o r  N I S  a l s o  

p a r t i c i p a t e d  i n  round- rob in  comparisons w i t h  o t h e r  l a b o r a t o r i e s  i n  t h e  
U n i t e d  S t a t e s  and Canada. The d a t a  were sub jec ted  t o  simple q u a l i t y  

assurance checks, such as charge balance and computed--ws-measured 
c o n d u c t i v i t y  comparisons, p r i o r  t o  s t a t i s t i c a l  a n a l y s i s .  C l e a r l y  

The Canadian 
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Table 2 . 1 .  Number of lakes sampled by region f o r  t he  
National Inventory Survey (NIS) and t h e  ove ra l l  

Canadian da ta  bases and estimated 
t o t a l  number o f  lakes 

Number: o f  lakes sampled Estimated 

Overall o f  lakes 
Canad i a n b  south o f  

t o t a l  number 

Region NTSa data  base 5 2 " N  

Nova Scotia  76 275-41 3 6,585 

New Brunswick 69 52 -81 3,596 

Newfoundland 109 176 -268 138,711 

Quebec 

Ontario 

251 1268-1452 

179 

441,752 

126,278 

South -central  Ontario 750--1578 

Nor  the  a s t e r n  On t a  r i  o 793-1 a05 

-___ Northwestern Ontario - I_ 21 --.-- 6 -1 078 

Tota 1 684 3,530-6,67 5 7 1  6,922 

aFrorn Kelso e t  a l .  (1986a). 
bFrom J e f f r i e s  (1986). Sample s i z e  For each province/subregion 

va r i e s  depending on chemical parameter o f  i n t e r e s t .  
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anomalous obse rva t i ons  (e.g., e r r o r s  due t o  i n c o r r e c t  d a t a  e n t r y )  were 

c o r r e c t e d  whenever p o s s i b l e ;  those n o t  c o r r e c t a b l e  were exc luded f rom 

subsequent analyses. Because l a k e  SO was measured u s i n g  a 
c o l o r i m e t r i c  method (methy l thymol  b l u e ) ,  systemat ic  p o s i t i v e  b iases  may 

be p r e s e n t  i n  these d a t a  f o r  l akes  c o l o r e d  by  d i s s o l v e d  o rgan ic  m a t t e r  

(Kerekes e t  a l .  1984).  Because such e r r o r s  d i d  n o t  appear i n  t h e  

charge balance analyses, which i n c l u d e d  es t ima tes  f o r  o rgan ic  an ions 

u s i n g  t h e  method o f  O l i v e r  e t  a l .  (1983),  SOq 
l akes  were n o t  excluded f rom t h e  analyses presented i n  Ke lso  e t  a l .  

( 1  986a) . 

d a t a  i n c l u d e d  i n  t h e i r  da ta  base. I n  c o n t r a s t  t o  Ke lso  e t  a l .  (1986a), 

2- 
4 

2- d a t a  f rom c o l o r e d  

J e f f r i e s  e t  a l .  (1986) d e s c r i b e  t h e  methods used t o  analyze t h e  

2 -  t h e y  exc lude a l l  c o l o r i m e t r i c  SO4 measurements f o r  l akes  whose 
c o l o r  exceeded 30 hazen u n i t s  ( o r  6 rng 1-’ d i s s o l v e d  o rgan ic  carbon) .  
l h e y  a l s o  d e s c r i b e  t h e  q u a l i t y  assurance p r o t o c o l s  used t o  screen t h e  

d a t a  bases d u r i n g  and subsequent t o  chemical  a n a l y s i s .  

f rom s t a t i s t i c a l l y  designed surveys ( i . e . $  those surveys designed t o  

p r o v i d e  a b a s i s  f o r  e x t r a p o l a t i o n  t o  t h e  t o t a l  p o p u l a t i o n  o f  l akes  i n  

an a r e a ) .  

e x t r a p o l a t i o n  must be i n t e r p r e t e d  w i t h  c a u t i o n ,  I n  Nova. Sco t ia ,  f o r  

i ns tance ,  t h e  surveyed lakes  were a p p a r e n t l y  concen t ra ted  i n  areas o f  
p a r t i c u l a r l y  h i g h  s e n s i t i v i t y ,  so t h a t  p o p u l a t i o n - l e v e l  e x t r a p o l a t i o n s  

for  t h i s  area w i l l  p robab ly  p r o v i d e  overest imates o f  t h e  resources a t  

r i s k  un less t h e  a p p r o p r i a t e  c o r r e c t i o n s  a r e  made. 

o b j e c t i v e  b a s i s  f o r  such c o r r e c t i o n s  n e c e s s i t a t e d  t h e  use o f  
unco r rec ted  e x t r a p o l a t i o n s  i n  t h e  es t ima tes  o f  t h e  number o f  l akes  and 

t h e i r  chemical  s t a t u s  (Sects .  2.3 and 2 .4) ;  t h e  development o f  improved 

est imates,  u s i n g  t h e  a p p r o p r i a t e  c o r r e c t i o n s ,  should be a h i g h  p r i o r i t y  

i n  f u t u r e  research.  

Data used t o  c r e a t e  t h e  da ta  bases d iscussed here were n o t  d e r i v e d  

Therefore,  t h e  r e s u l t s  o f  any a t tempt  t o  use these d a t a  f o r  

The l a c k  o f  an 

Fo r  t h e  NIS da ta  base, t h e  percentage o f  l akes  sampled i s  v e r y  
low, e s p e c i a l l y  f o r  O n t a r i o  and Quebec (Table 2 . 1 ) .  The a d d i t i o n  o f  
p r o v i n c i a l  da ta  improves t h e  s i t u a t i o n  f o r  these two p rov inces  

( J e f f r i e s  1986) (Table 2,1), a l t hough  t h e  sampl ing r a t e  remains low, 
and t h e  coverage i s  f a r  f rom s p a t i a l l y  un i fo rm.  I n  Quebec, most o f  t h e  
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surveyed lakes  a r e  r e l a t i v e l y  f a r  south, w h i l e  i n  On ta r io ,  sampling i s  

concent ra ted  i n  t h e  no r theas te rn  and s o u t h - c e n t r a l  reg ions ,  

To eva lua te  t h e  rep resen ta t i veness  o f  t h e  survey da ta ,  i t  i s  a l s o  

u s e f u l  t o  cons ide r  t h e  purpose f o r  which t h e y  were c o l l e c t e d .  The N I S  

was designed t o  concent ra te  on headwater lakes .  I n  c o n t r a s t ,  t he  O n t a r i o  

p r o v i n c i a l  da ta  base tends t o  be b iased toward impor tan t  s p o r t  f i s h i n g  

lakes ,  which a r e  t y p i c a l l y  l a r g e r ,  h ighe r -o rde r  lakes .  Comparison o f  t h e  
N I S  da ta  w i t h  those o f  J e f f r i e s  e t  a l .  (1986) ( t h e  l a t t e r  be ing  dominated 

by p r o v i n c i a l  da ta)  f o r  O n t a r i o  should i n d i c a t e  t h e  magnitude o f  t h e  

b iases  i n  these da ta  sets. 

2.4 RESOURCE SIZE 

Kelso e t  a l .  (1986a) es t imated  t h a t  t h e r e  a r e  more than 700,000 

lakes  i n  t h e  area o f  i n t e r e s t  f o r  t h i s  assessment (Tab le  2 .2 ) .  Over h a l f  
2 (56%) of  t h e  es t imated  161,890 km o f  l a k e  su r face  area i n  eas te rn  

Canada i s  i n  Quebec. O n t a r i o  has t h e  second l a r g e s t  area o f  lakes ,  b u t  

i n r u l a r  Newfoundland i s  es t imated  t o  have a g r e a t e r  number o f  lakes ,  

because o f  t h e  much s m a l l e r  average l a k e  s i z e  i n  t h i s  p rov ince  ( i . e . ,  

many more smal l  l akes ) .  

2 .5 Ct tE IVI ICAL C H A R A C l t K L S T I C S  OF S U R V E Y E D  LAKES 

l h e  N I S  and t h e  o v e r a l l  Canadian da ta  bases show b road ly  s i m i l a r  

p a t t e r n s  o f  l ake  chemis t ry  across reg ions  o f  eas te rn  Canada (Tab le  2 . 3 ) .  

Base c a t i o n  (Ca t Mg) concen t ra t i ons  c o n s i s t e n t l y  i nc rease  f rom eas t  t o  

west. The r e l a t i v e l y  low median base c a t i o n  concen t ra t i ons  i n  a l l  

reg ions  i n d i c a t e  t h a t  s e n s i t i v e  lakes  i n  eas te rn  Canada a re  t y p i c a l l y  

d i l u t e ,  l o w - c o n d u c t i v i t y  systems. The s t r o n g  c o r r e l a t i o n  between ANC 

and (Ca I -  Mg) t h a t  e x i s t s  i n  these lakes  ( see  F i g .  8 i n  K e l s o  e t  a l .  

1986a) i s  a l s o  i n d i c a t i v e  o f  d i l u t e ,  l o w - c o n d u c t i v i t y  waters ,  as 

observed f o r  many su r face  waters  hav ing  ANC and (Ca f Mg) l e s s  than t h e  

w o r l d  average concen t ra t i on  (1000 ueq I--' and 1000 peq I- 
r e s p e c t i v e l y )  (Henr iksen 1982a). 

-1 , 
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Table 2.2.  Freshwater  lakes  i n  eas te rn  Canada 

To ta  1 Percentage F res  hwa t e  r 1 ak e s 
south o f  52"NC south  o f  I ..--__-.-..-._-I_--- 

f r eshwa te r  
Prov ince  area (krn2)a 52"Nb Area (km2) N O "  

O n t a r i o  
( e x c l u d i n g  Great  Lakes) 86,600 65.4 56,600 126,000 

Quebec 184,000 49.1 90,300 442,000 

New f o u nd 1 a n d / La b rad  o r 22,700 48.2 10,900 139,000 

New Brunswick 1,340 100.0 1,340 3,600 

Nova S c o t i a  I 
2,650 -. 100.0 I 6 600 

Tota 1 297,290 54.5 161,790 7 1 7,200 

aBrac ken (1  981 ) . 
bU.S.-Canada Memorandum o f  I n t e n t  on 1 ransboundary A i r  P o l l u t i o n  

CThe number o f  lakes i s  determined f rom the area of f r eshwa te r  
(1983) ( M O I  1983). 

south o f  52"N (column 1 t imes column 2 )  and an es t ima te  o f  l a k e - s i z e  
d i s t r i b u t i o n  ob ta ined  f rom topograph ic  maps (Minns 1984). 

Source: Kelso e t  a l .  (1986a). 
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Fable 2.3 Median lake chemical characteristics by province and, for Ontario, 

.... 

by region, for the National Inventory Survey (NIS) nnd 
overall Canadian data bases 

Nova Scotia 5.23 5.21  2 10 42 53 

New Bruciswick 6.62 6.38 52 38 106 90 

Newfoundland 6.09 6.18 38 28 57 79 

QuCbCX 6.50 6.33 46 52 109 163 

SC Ontario 6.00 6.31 41 63 194 199 

NE Ontario 6.40 6.92 83 165 42 44 1 

Ontario 6.60 7.10 142 254 24 1 22 1 

64 50 

80 1 1  

36 31 

61 93 

171 158 

138 148 

96 75 

%ata from the NZS (Kelso et al. 1986a3 with medians calculated by N. L .  Jones. 
bFrom Jeffries et  al. (19861, Table 1. 
CFrm Jeffries (19861, Table 1. 
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* 

I n  Nova S c o t i a ,  t h e  N I S  and o v e r a l l  d a t a  bases y i e l d  s i m i l a r  
p a t t e r n s  o f  l a k e  wa te r  chemis t r y .  For b o t h  da ta  bases, median pH, ANC, 

and (Ca f Mg) values a re  lower  i n  Nova S c o t i a  than those  i n  any o t h e r  

r e g i o n .  Only Newfoundland lakes have lower  median s u l f a t e  va lues.  

A l though t h e r e  has been some sugges t ion  t h a t  the e x i s t i n g  Nova S c o t i a  

l a k e  survey da ta  may be b iased  toward low-ANC lakes  { C . K .  Minns, Canada 

Department o f  F i s h e r i e s  and Oceans, personal  communication t o  

M. L. Jones, 1987) ,  t h e  d a t a  presented i n  I a Q l e  2 .3  i n d i c a t e  t h a t  lakes 

sampled i n  Nova S c o t i a  a r e  among t h e  most s e n s i t i v e  i n  e a s t e r n  Canada. 

Newfoundland lakes  a l s o  have r e l a t i v e l y  low ANC,  w i t h  median 

va lues <40 peq L-’ f o r  t h e  two d a t a  bases. 

a r e  l ower  than  those found i n  Nova S c o t i d  (50 v s  31 veq L-‘), and 

pH and ANC va lues a r e  h i g h e r  (6.18 vs 5.21 and 28 vs  10 ueq L - ’ 1 .  
The surveyed lakes i n  New Brunswick and Quebec have remarkably 

s i m i l a r  median va lues.  The median ANC and (Ca t Mg) f o r  lakes i n  these 

t w o  p rov inces  a r e  h i g h e r  than those  f o r  l akes  i n  Newfoundland o r  Nova 

S c o t i a .  S u l f a t e  medians a r e  a l s o  somewhat h i g h e r  i n  Mew Brunswick and 

Quebec t h a n  i n  Newfoundland and Nova S c o t i a .  The Quebec survey d a t a  

tend  t o  be concentrated i n  he southwestern r e g i o n  o f  t h e  p rov ince ,  

n o r t h  of  t h e  St. Lawrence R ver ,  The l im . i t ed  sampl ing o f  more remote 

areas i n  n o r t h e r n  Quebec ( e  g , ,  t h e  n o r t h  shore o f  t h e  Gu l f  o f  

S t .  Lawrence) suggests t h a t  t h e  lakes i n  these  areas a r e  more s i m i l a r  

i n  chemis t r y  t o  Newfoundland lakes  than  t o  southwestern Quebec l a k e s .  

The lakes i n  t h e  t h r e e  O n t a r i o  reg ions  have b o t h  t h e  h i g h e s t  

median (Ca + Mgf and t h e  h i g h e s t  median s u l f a t e  c o n c e n t r a t i o n s  o f  any 

o f  t h e  p rov inces  i n  e a s t e r n  Canada (Table 2 . 3 ) .  Median s u l f a t e  

c o n c e n t r a t i o n s  i n  s o u t h - c e n t r a l  and n o r t h e a s t e r n  O n t a r i o  a r e  t h e  

h i g h e s t  i n  e a s t e r n  Canada (171 and 138 WE[ 1- , r e s p e c t i v e l y ) .  
A l though p a t t e r n s  i n  (Ca t Mg) f o r  t h e  t h r e e  reg ions  i n  O n t a r i o  a r e  n o t  

e v i d e n t  i n  these data,  t h e r e  i s  a s t r i k i n g  i n v e r s e  r e l a t i o n s h i p  between 

median s u l f a t e  and pW o r  ANC. S u l f a t e  c o n c e n t r a t i o n s  a r e  h i g h e s t  i n  

s o u t h - c e n t r a l  O n t a r i o  and lowes t  i n  no r thwes te rn  O n t a r i o ;  ANC dnd pH 

e x h i b i t  t h e  o p p o s i t e  p a t t e r n s  (Tab le  2.3) .  As d iscussed i n  Sect .  3.4, 
t h e s e  observa t i ons  a r e  c o n s i s t e n t  w i t h  t h e  hypo thes i s  t h a t  t h e  
ac id -base  chemis t r y  o f  l akes  i s  l a r g e l y  t h e  r e s u l t  o f  atmospher ic 

s u l f a t e  d e p o s i t i o n .  

S u l f a t e  concen t ra t i ons  

-1 
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For all regions except Ontario, the two data bares show similar 

patterns of median lake chemistry. The only significant exception to 
this is the (Ca + Mg) values for Quebec, which are significantly higher 
in the overall data base (109 vs 163 ueq I--’). 
are a number of significant differences between the two data bases. 
edian pHs and ANCs are consistently lower in the NIS. Sulfate and 

In Ontario, there 

(Ca + Wg) values in the two data bases are similar, except for 
(@a c Mg) in northeastern Ontario. Therefore, for the lakewater 

chemistry in Ontario, the NIS data appear to be biased toward more 

sensitive lakes than is the overall Canadian data base. 

In Ontario, the N I S  sampled small headwater lakes exclusively. In 

contrast, the  overall data base f o r  Ontario i s  dominated by provincial 

data that are biased toward larger lakes containing sport fishes. In 
Sect. 5, predictions of future impacts of acidic deposition on regional 
lake chemistry use the Ontario provincial data as the basis for 
regionalimation. From the standpoint of biases in the data, these 

predictions are therefore expected t o  underestimate the resources 
affected by changes in atmospheric deposition. 

2.6 EXTRAPOI-ATION TO O V E R A L L  RESOURCES 

Ideally, estimates o f  the number o f  lakes with low ANC would be 
based on a survey that had been stati5tically designed to represent the 
population of lakes o f  interest. Unfortunately, such a survey does not 

exist for Canadian surface waters. Nevertheless, to make an 

assessment, the best possible estimate of the present chemical status 
o f  the entire population o f  aquatic resources must be determined. 
Although extrapolations based on existing survey data must be 
considered questionable, as mentioned in Sect .  2.3, there are no 

compelling reasons to believe that these data are strongly biased such 
that they would lead to gross over- o r  underestimates of the resources 
a t  r sk, a t  least on a national scale. For  example, the estimates f o r  

Nova Scotia a r e  now thought to be overestimates due to a bias in 
samp ing towards more sensitive areas. However, this uncertainty for 
Nova Scotia has a relatively small influence on the national figures. 
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Ke lso  e t  a l .  (1986a) used t h e  r e s u l t s  o f  t h e  N I S  a n a l y s i s  t o  
e s t i m a t e  t h e  chemical  s t a t u s  of a q u a t i c  resources i n  e a s t e r n  Canada. 

They es t ima ted  more t h a n  350,000 lakes  i n  t h e  area o f  i n t e r e s t  t o  have 

ANCs l e s s  than  50 veq L-’* whereas more than  14,000 were es t ima ted  

t o  be ac id i ic ,  acco rd ing  t o  t h e  Henr iksen (1980) nomogram ( i . e . ,  
pH (4.7). F o r  comparison, Jones e t  a l .  (1984) c a l c u l a t e d  t h a t  

12,500 l a k e s  had a pH ( 5 ,  u s i n g  a l a r g e r  d a t a  s e t  t h a t  i s  a subsel. o f  
t h e  J e f f r i e s  e t  a l .  (1986) d a t a  base (see Table 5 .3 ) .  The es t ima te  

determined by Jones e t  a l .  (1984) i s  q u i t e  s i m i l a r  t o  t h e  va lue  o f  

14,000 determined by Kelso e t  a l .  (1986a). D i f f e r e n c e s  between thie two 

es t ima tes  a r e  p r i n c i p a l l y  due t o  d i f f e r e n c e s  i n  t h e  es t ima ted  r e g i o n a l  

resources ( h i g h e r  f o r  Quebec, l ower  f o r  F lar i t imes i n  Kelso e t  a l .  

l 9 8 6 a ) .  F i n a l l y ,  Minns (1986) es t ima ted  t h e  number o f  lakes i n  On l ta r i o  
hav ing  a pH <5 and ANC <O peq  L-’ t o  be 1418 and 3208, r e s p e c t i v e l y .  
Again, t h e  es t ima tes  do n o t  d e p a r t  s u b s t a n t i a l l y  f r o m  those  r e p o r t e d  by 

Kelso e t  a l .  (1986a) and Jones e t  a l .  (1984).  

There a r e  two key reasons f o r  n o t  d i s c o u n t i n g  t h e  magnitude o f  t h e  

es t ima tes  because of b iases  i n  t h e  u n d e r l y i n g  sample f rom which they 

were made. F i r s t ,  even i f  t h e  va lues a r e  ove res t ima tes ,  t h e  a c i d i c  

resources i n  Canada (pH 45  o r  ANC <O p e q  L - l )  a r e  f a r  g r e a t e r  t han  

a r e  those  i n  t h e  U n i t e d  S ta tes .  For example, 238 o f  t h e  7096 lakes 
have a pH 4 . 0 ,  and 325 l akes  i n  t h e  n o r t h e a s t e r n  U.S. have an 

ANC <O v e q  L-’ ( L i n t h u s t  e t  a l .  1986) .  
as a c r i t e r i o n  f o r  a c i d i f i c a t i o n  e f f e c t s  on b i o t a  i s  probab ly  a l ower  

l i m i t .  B i o l o g i c a l  e f f e c t s  beg in  when pH drops t o  6.0 and con t inue  

u n t i l  loss o f  s p o r t  f i s h e s  a t  pH 5.0. 

Second, u s i n g  a pH of  5.0 

2.7 EPISODES 

Since  t h e  NO1 was pub l i shed ,  a g r e a t  dea l  o f  t h e  a t t e n t i o n  o f  
Canadian researchers has s h i f t e d  f rom c o n s i d e r a t i o n  o f  t h e  e f f e c t s  o f  

long-range t r a n s p o r t  o f  atmospher ic p o l l u t a n t s  on t h e  average c o n d i t i o n  
o f  s u r f a c e  waters  t o  t h e  p o t e n t i a l  f o r  shor t - term,  e p i s o d i c  changes i n  

w a t e r  chemis t r y ,  e s p e c i a l l y  d u r i n g  t h e  s p r i n g  snowmelt. These episodes 
may r e s u l t  i n  chemical  c o n d i t i o n s  f a r  more t o x i c  t o  a q u a t i c  b i o t a  than  

those  c o n d i t i o n s  exper ienced on t h e  average, and t h e  t i m i n g  and 



l o c a t i o n  o f  episodes may o v e r l a p  w i t h  p a r t i c u l a r l y  s e n s i t i v e  l i f e  

h i s t o r y  stages o f  some b i o t a .  Never the less,  i t  should be p o i n t e d  o u t  

t h a t  a l t hough  numerous examples o f  e p i s o d i c  changes i n  su r face  water  

chemistry have now been documented ( s e e  Marmorek e t  a l .  1984 and 1987 

f o r  ex tens i ve  rev iews) ,  t h e r e  i s  ve ry  l i t t l e  d i r e c t  evidence o f  t h e  

t o x i c i t y  o f  episodes on b i o t a  (Sect ,  4 .4) .  Th is  l a c k  of evidence may 

bc d consequence o f  t h e  p r a c t i c a l  d i f f i c u l t y  o f  obse rv ing  such e f f e c t s ,  

however, r a t h e r  than an i n d i c a t i o n  o f  t h e i r  absence i n  n a t u r a l  systems. 

P r i m a r i l y  f a r  p r a c t i c a l  reasons, research i n  t h i s  area has 

concentrated on s i t e - s p e c i f i c  s t u d i e s ,  p a r t i c u l a r l y  i n  c a l i b r a t e d  

watersheds i n  O n t a r i o  and Quebec (Turkey Lakes, Oorset area, 

Lac Laflamme). There a r e  notewor thy except ions,  however. Wi lson and 

R a r r i e  (1981) used da ta  on c l i m d t i c  c o n d i t i o n s  and s u l f u r  d e p o s i t i o n  t o  
develop a ve ry  s imple r e g i o n a l  model o f  snowmelt episodes f o r  eas te rn  

Canada. T h e i r  model assumes t h a t  snowmelt f l o w s  ove r  f rozen  s o i l  

d i r e c t l y  i n t o  su r face  water withomt any watershed n e u t r a l  i z a t i a n .  
Thus, t h e  Wi lson and Bat-r ie model m u s t  be considered a worst-case 
a n a l y s i s ,  Never the less,  t h e  model e f f e c t i v e l y  i l l u s t r a t e s  which areas 

o f  eas te rn  Canada a r e  most l i k e l y  t o  exper ience severe snowmelt 
episodes, s t r i c t l y  f rom t h e  s t a n d p o i n t  o f  geographica l  p a t t e r n s  o f  

w i n t e r / s p r i n g  c l i m a t e  and s u l f u r  d e p o s i t i o n .  B r i e f l y ,  t h e i r  r e s u l t s  
i n d i c a t e  t h a t  s u l f u r  d e p o s i t i o n  i s  more i m  o r t a n t  f o r  a c i d i c  episodes 

than  i s  c l i m a t e ,  a l t hough  t h e y  do demonstrate some i n f l u e n c e  o f  c l i m a t e  
i n  areas where depoc, i t ion rates a r e  s i m i l a r .  T h e i r  a n a l y s i s  does n o t  

i n c l u d e  t h e  Mar i t imes,  however. I n  mar i t ime  reg ions  where t h e  c l i m a t e  

i s  more moderate, storm events a r e  more l i k e l y  t o  l ead  t o  s i g n i f i c a n t  

episodes than a r e  snowmelt event$,  a l t hough  the l i m i t e d  da ta  a v a i l a b l e  
suggest t h a t  s torm episodes a r e  generally l e s s  severe than  snowmelt. 

episodes (Marmorek e t  a l .  1987).  

lakes i n  n o r t h - c e n t r a l  O n t a r i o  d u r i n g  t h e  s p r i n g  snowmelt period o f  
1981. A l l  30 lakes exper ienced d e c l i n e s  i n  ANC d u r i n g  t h e  m e l t  p e r i o d ,  
a l though  t h e  pbl and AHC changes were n o t  due t o  changes i n  SO4 , 
which a p p a r e n t l y  decreased o r  remained cons tan t  d u r i n g  t h i s  p e r i o d .  

K ~ ~ s Q  e t  all. (198SS) moni tored t h e  chemis t r y  o f  30 smdl l  headwater 

2 -  
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NO3 was n o t  measured i n  t h e  Ke lso  e t  a l .  (1986b) s tudy .  Fo r  t h e  
h i g h - i o n i c - s t r e n g t h  lakes i n  t h i s  s tudy,  decreases i n  pH and ANC d,ur ing 

snowmelt were due t o  base c a t i o n  d i l u t i o n .  
Numerous o t h e r  s t u d i e s  have documented snowmelt- and 

s to rm-even t - re la ted  episodes a t  i n d i v i d u a l  s i t e s .  For  example, C r a i g  

e t  a l .  (1986) observed a pH depress ion o f  0.6 pH u n i t s  ( 5 . 2  t o  4.6) and 

an ANC d e c l i n e  o f  25 weq L - l  (25  t o  0) w h i l e  SO4 and NO-  increased 
i n  nea r -su r face  groundwater ( s o i l  wa te r )  d u r i n g  t h e  snowmelt p e r i o d  a t  

t h e  Turkey Lakes Watershed i n  n o r t h - c e n t r a l  O n t a r i o .  Stream and l a k e  
a c i d i c  episodes d u r i n g  snowmelt have a l s o  been documented i n  t h i s  area 

( J e f f r i e s  and Semkin 79831, a l t h o u g h  changes i n  pH and ANC were b e t t e r  

c o r r e l a t e d  w i t h  changes i n  f l o w  than  w i t h  changes i n  SO4 and NO;. 

Decl ines i n  ANC and pH assoc ia ted  w i t h  increases i n  SO:- and NO, 
d u r i n g  snowmelt have been desc r ibed  a t  o t h e r  Canadian s i t e s  a s  w e l l :  

Muskoka-Hal ibur ton,  O n t a r i o  ( J e f f r i e s  e t  a l .  1979; LaZer te and D i l l o n  
1981; Scheider  e t  a l .  1984) and Sudbury, O n t a r i o  (Gunn and K e l l e r  

1984) .  Scheider  e t  a l .  (1979) a l s o  desc r ibed  a pronounced depress ion 
i n  s t ream wa te r  pH d u r i n g  s to rmf low  a t  Harp Lake, O n t a r i o .  Dec l i nes  i n  

pH o f  up t o  1 pH u n i t  w i t h o u t  changes i n  ANC can a l s o  occur  under i c e  

d u r i n g  w i n t e r  due t o  t h e  b u i l d u p  o f  C02 ( S c h i n d l e r  and Nighswander 

1970; K r a t r  e t  a1 . 1987). 

2- 
3 

2- 

2.8 SUMMARY 

The survey d a t a  a r e  presented f o r  eas te rn  Canada, a r e g i o n  t h a t  

corresponds t o  t h e  area e a s t  o f  Manitoba and south o f  app rox ima te l y  

52"N. The a q u a t i c  resources i n  t h e  area a r e  es t ima ted  t o  be 716,922 

lakes  t h a t  have an area of 161,890 km . There i s  cons ide rab le  
u n c e r t a i n t y  assoc ia ted  w i t h  t h i s  es t ima te .  

bases c o n t a i n i n g  da ta  f o r  some 7000 lakes .  N e i t h e r  o f  t h e  two d a t a  

bases was designed t o  p r o v i d e  a s t a t i s t i c a l  b a s i s  f o r  e x t r a p o l a t i o n  t o  

t h e  t o t a l  p o p u l a t i o n  o f  l akes  i n  an area. A l though d i f f e r e n t  chemical  

a n a l y s i s  techniques were used w i t h i n  t h e  d a t a  bases, t h e  da ta  have been 
screened f o r  some q u a l i t y  assurance checks (e.g., charge ba lance ) .  

2 

The c u r r e n t  chemical  s t a t u s  o f  l akes  was determined f rom two da ta  
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Desp i te  these problems, b o t h  d a t a  bases show b r o a d l y  s i m i l a r  p a t t e r n s  
of l a k e  chemis t r y  across  reg ions  o f  eas te rn  Canada, Base c a t i o n s ,  

sulfate, and ANC values g e n e r a l l y  i nc rease  f rom e a s t  t o  west.  Median 

l a k e  s u l f a t e  concen t ra t i ons  a r e  highest i n  s o u t h - c e n t r a l  and 

n o r t h e a s t e r n  Qn td r io ,  and ANC and pW are  l owes t  i n  Nova S c o t i a ,  

Newfoundland, and s o u t h - c e n t r a l  O n t a r i o .  

-1 
Kelso e t  a l .  (1984a) es t ima ted  t h a t  more than  350,OQO l akes  i n  t h e  

area of i n t e r e s t  have an ANC <50 veq L , and t h a t  more than 14,000 
lakes have pH (4.7. Another s tudy est imated t h a t  t h e  number o f  l akes  

w i t h  pkl (5.0 was 12,500 (Jones e t  a l .  1984).  The es t ima tes  a r e  

comparable i n  s i ze ;  t h e i r  u n c e r t a i n t y  i s  unknown, however. 

These est imates o f  wa te r  chemis t r y  a r e  f o r  average l a k e  

c o n d i t i o n s .  Shor t - te rm episodes o f  low pH and ANC d u r i n g  s p r i n g  

snowmelt a r e  e v i d e n t l y  q u i t e  common, a l though  l i t t l e  d i r e c t  evidence 

e x i s t s  o f  t h e  impacts o f  these episodes on b i o t a .  
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3 .  Q U A N T I F Y I N G  CHEMICAL CHANGE AS A RESULT OF ACIDIC D E P O S I T I O N  
(Michael L .  Jones, Robert 8. Cook, John P .  Smol, and Robert S .  Turner) 

3 . 1  CONCEPTUAL FRAMEWORK 

The objective of this section i s  to assess the extent and 
magnitude of chemical changes in surface waters that can be attributed 

to acidic deposition. The principal problem associated with 
quantifying the cause-effect and dose-response linkages between acidic 
deposition and changes in surface water chemistry is that long-term 
historical data are lacking. No complete record exists of changes in 
atmospheric deposition, o f  emissions o f  acidic deposition precursors, 
or of changes in surface water chemistry over the past 100 years. 
Therefore, we can only infer relationships between acidic deposition 

and surface water chemistry. For example, changes in the composition 
o f  the remains o f  algae and trace metals In the 5edimen.t o f  lakes can 
be used to infer changes in lake water chemistry and atmospheric 
deposition. Results of studies of lake sediment are discussed in 
Sect. 3.2. 

A scientific consensus about the atmospheric, watershed, and 
aquatic processes that mediate surface water chemistry has emerged in 
Europe and North America over the past 10 years. Figure 3 . 1  identifies 

the primary processes thought to control surface water chemistry. They 

have been reported in numerous technical publications, and their 
interrelationships are summarized in publications such as NRC (1986), 
Turner et al. (1986), Cosby et a l .  (1985a), Oriscoll arid Newton (1985),  

Mason and Seip (1985), €PA (1985), Johnson et al. (1985), Altshuller 
and Linthurst (1984), Goldstein and Gherini (1984), NAS (1984), 
Galloway et al. (1983), Marmorek et al. (1987), and Jones et a l .  

(1987). l h i s  conceptual framework of atmospheric-soil -water processes 
is the basis for process-level studies in watersheds and for models 
that mathematically link acidic deposition inputs t o  surface water 
chemistry changes. Section 3 . 3  discusses the process study results t o  
date, including the limited existing short-term atmospheric deposition 

and lake chemistry measurements. Section 3 . 4  discusses the magnitude 
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c 

and extent o f  lake chemistry change, determined from empirical modeling 
using the existing extensive data on acidic deposition and lake water 

chemistry. 

3.2 EVIDENCE OF LONG-TERN CHANGE AS A RESULT OF ACIDIC DEPOSITION 

The evidence available to document changes in surface water 
chemistry is derived from two sources. Those sources are 

paleolimnological data, which provide a historical record of parameters 

that change along with water chemistry, and chemical data collected 
from lakes or streams over time. 

3.2.1 Paleolimnolosica_l Evidence 

Lacustrine sediments contain information on a lake’s past: its 

biota, water chemistry, watershed characteristics, and the material 
deposited directly from the atmosphere. The information is in the form 
o f  organic and inorganic substances that entered o r  were formed within 

a lake and were deposited in its sediments. For the information 
contained in the sediments to be interpretable, the signal associated 
with the various substances cannot have been modified subsequent to 
deposition. Furthermore, to obtain a historical record o f  this 
information, the times when particular intervals o f  sediments were 

deposited need to be determined using radionuclide dating ( 9 

210 

correspond to well-dated local events (e.g., as evidenced by pollen or 

charcoal). 

change as a result of acidic deposition are diatom and chrysophyte 
assemblages and trace metal content. A summary of  findings for lakes 
in North America is presented i n  NRC ( 1 9 8 6 ) .  

1 31cs 

Pb),  varves, or changes in sediment characteristics that 

Sediment substances that provide the most evidence for long-term 
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3.2.1 .l Diatoms g ~ d  Chrysophytgc, 

Diatoms (class Bscillariophyceae) are J large group of 

single-celled algae that are abundant in m ~ s t  lakes and that have 
siliceous cell walls, Chrysophytes (family Mdllomonadaceae) a r e  

freshwater phytoplankton thdt have siliceous scales, spines, and 

bristles that can also be used for paleoecological reconstructions. 
The re?ative abundance of specific taxa o f  diatoms and 

chrysophytes can be related t o  the lake water pH because most species 

are characteristic of restricted pH regimes. For diatoms, a 
calibration data set f o r  a given region can be established using 

pH -preference categories or using m u l t i p l e  linear-regression of lake 
w a t e r  pH with diatom species abundance in recent surface sed iments  
(e.g., Smol et al. 1986). Because diatoms are relatively well-preserved 
in sediments, an analysis of their distribution and abundance in dated 
sediment layers may be used to reconstruct a quantitative estimate of 
historical trends. For chrysophytes, pll transfer functions have just 

been developed (Charles and S 0 1 ,  in press). However, even without 
these quantitative equations, changes in d e p t h  profiles o f  chrysophyte 
assemblages can be interpreted in light o f  the kno ~1 present-day 
preferences o f  chrysophyte taxa f o r  cerla'in lakewater pH ranges, 

available ( N R C  1984) .  These reconstructions show that acidification 

has occurred over time scales ranging from the past 5,000 years, 
attributable to natural processes for some lakes, to t h e  p a s t  50 years, 

attributable to long-range transport o f  acidic deposition (NRC 1986). 
For other remote regions, some lakes have apparently been acidic 

(pH <5) as a result of natural processes f o r  up to 5,000 years 

(Whitehead et al. 1986; Kreir e t  a]. ,  in pre$s), 

Reconstructions o f  pH histories of a number o f  lakes arc? now 

To assess recent acidification trends in enrtern Canada, data s e t s  

were selected that met the following criteria: 
(2) minimal watershed disturbance, ( 3 )  sufficient quality diatom or 
chrysophyte data, and (4) sufficient quality sed1 

( 1 )  ANC 5200 peq L - ' ,  
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Delorme et al. (1984)  reconstructed pH trends using diatom 
assemblages for Kejimkujik Lake in central Nova Scotia, an acidic lake 

(pH 4.8) with high concentrations of dissolved organic matter. Ihe 
authors concluded that acidic conditions have persisted in the lake for 
the last I000 years, although assemblage changes in the upper fekr 
millimeters o f  sediments may possibly be attributable to anthropogenic 

acidification ( t i .  C. Duthie, University of Materloo, Waterloo, Ontario, 
personal communication to J .  P .  $mol, 1987).  

of  6.1 and ANC of  31 y.eq L-’ and apparently has undergone little pH 

change in the past 200 years (Delome et al. 1986). The recent 

histories o f  three lakes in Algonquin Park (Ontario) that have pH 
values between 6.0 and 6 . 8  indicate that none had any post-1900 change 
in pH ($mol and Dickman 1981). 

Hudoin et al. (1986)  examined the recent histories o f  two lakes in 
northeastern Quebec (Key Lake, pH 5.2;  Lake C-22, pH 5.8). Although 
they were unable to infer a statistical change i n  pH because of a poor 
correlation between diatom taxa and pH, they were able to show a 

decrease in the number of indifferent taxa (distributed equally above 
and below pH 7) and an increase in the number of taxa that have an 
optimum distribution at pH values below 5.5. 

for three lakes in Nova Scotia and four lakes in Mew Brunswick. In 
Nova Scotia, one o f  the three low-AMC lakes showed a decline o f  pH from 

6.1 to 5.3 over the period 1939 to 1979. The other lakes showed either 
no change o r  change within the uncertainty of the diatom technique. In 
New Brunswick, two of the four lakes studied revealed a decline of 

0.5 pH units over the past 70 years. 

f o r  seven l akes  i n  insular Newfoundland, Three o f  the lakes have 

recent declines of 0.2 to 0.3 pH units that were attributed to 
increases in atmospheric deposition and to natural processes, either 
forest fires or production o f  organic acids. Two of the lakes showed 
no trend in diatom-inferred pH and two o f  the lakes exhibited an 

Batchawana Lake, near Sault S t e .  Marie, Ontario, has a present pH 

Elner and Ray (1987) constructed diatom-inferred pH chronologies 

Scruton et all. (1987) calculated diatom-inferred pH stratigraphies 
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i nc rease  i n  d i a t o m - i n f e r r e d  pM. The magnitude o f  t he  pH changes 

observed a r e  c o n s i s t e n t  w i t h  t h e  r e l a t i v e l y  low r a t e s  o f  atmospher ic 

d e p o s i t i o n  i n  Newfoundland and i n d i c a t e  t h a t  o t h e r  f a c t o r s  i n  a d d i t i o n  
t o  atmospher ic d e p o s i t i o n  a r e  a f f e c t i n g  t h e  acid-base chemis t r y  o f  t h e  
s tudy lakes i n  Newfoundland. 

bdawa and Sudbury ( O n t a r i o ) .  Lakes B and Cs have become more a c i d i c  i n  
t h e  pas t  30 t o  50 years,  a p p a r e n t l y  as a r e s u l t  o f  l o c a l  sources o f  
s u l f u r  emission f rom Wawa t h a t  increased d u r i n g  t h e  1940s and 1950s 

(Dickrnan and Fortescue 1984; D i x i t  1983; Dickmdn e t  a l .  1984). I n  

Hannah Lake (nea r  Sudbury), a c i d i f i c a t i o n  f rom pH 6.0 t o  pH 4.6 i n  1975 

a p p a r e n t l y  c o m e  ced with t h e  s t a r t  o f  s m e l t i n g  a c t i v i t i e s  a t  Sudbury 

i n  t h e  1880s ( D i x i t  1986).  I n  C lea r  a t e r  Lake, (near  Sudbury) t h e  pN 

d e c l i n e d  f rom 6.0 i n  about 1930 t o  pH 4 . 2  i n  1970 ( D i x i t  1985). 

Because o f  t h e  r e l a t i v e l y  s low sedimentat ion r a t e  i n  Clearwater  Lake, 

t h e  r a p i d  increases i n  pH t h a t  occurred w i t h  t h e  decrease i n  emissions 

i n  t h e  Sudbury area (0 .4  u n i t s  i n  7 years; Sec. 6.2.1) a r e  not 

r e s o l v a b l e  ( D i x i t  1986) .  Due t o  t h e  dominance o f  l o c a l  sources, t h e  pH 

t rends  f o r  these f o u r  lakes cannot be used t o  h e l p  i n t e r p r e t  changes i n  

t h e  long-range t ranspor t .  o f  s t r o n g  a c i d s  o r  t h e i r  p recu rso rs .  

A c i d i f i c a t i o n  has been i n f e r r e d  f o r  lakes l o c a t e d  near sme l te rs  i n  

Publ ished p a l e o l i m n o l o g i c a l  da ta  f o r  eas te rn  Canada, then, a r e  

i n s u f f i c i e n t  to examine a c i d i f i c a t i o n  o f  lakes a t t r i b u t a b l e  t o  t h e  

long-rdnge t r a n s p o r t  o f  d c i d i c  d e p o s i t i o n .  O f  t h e  f i v e  lakes d i s t a n t  

f rom l o c a l  po in t - sou rce  emissions for- u h i c h  pH r e c o n s t r u c t i o n s  have 

been made, none i n d i c a t e d  a c i d i f i c a t i o n .  Four o f  t h e  lakes,  however, 

a r e  r e l a t i v e l y  i n s e n s i t i v e  t o  a c i d i c  d e p o s i t i o n  because t h e y  have pH 

and ANC values h i g h  enough t o  p r o v i d e  a pH b u f f e r  i n t e n s i t y  a g a i n s t  t h e  

l e v e l s  o f  a c i d i t y  assoc ia ted  w i t h  a c i d i c  d e p o s i t i o n  d u r i n g  t h e  p a s t  30 
t o  1QO years.  The f i f t h  lake,  K e j i m k u j i k ,  has been a c i d i c  f o r  the pas t  

1000 years,  a p p a r e n t l y  f rom organic  ac ids  generated i n  t h e  watersheds. 

c u r r e n t l y  n e a r i n g  complet ion a r e  examining l akes  i n  Quebec and O n t a r i o  

t h a t  a r e  remote f rom p o i n t  sources, y e t  have a pH low enough t o  have 

I n  a d d i t i o n  t o  t h e  pub l i shed  l i t e r a t u r e ,  seve ra l  research p r o j e c t s  

I 
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potentially resulted from acidic deposition. Dixit et al. (1987) used 
diatoms and chrysophytes in their paleolimnological study of 1 2  Quebec 

lakes located in a 750 km-wide strip north of the St. Lawrence River 
between the Ottawa and Saguenay rivers. In the more acid lakes, recent 
declines in lakewater pH have been inferred. 

Another study currently nearing completion has used chrysophycean 

microfossils to infer pH changes from a variety of Ontario lakes 
(K. Nicholls, Ontario Ministry of the Environment, and J .  P .  Smol, 

unpublished data). In each of the presently acidic lakes studied, 
chrysophytes indicate that lakewater pH has declined in recent years. 
These sites include two lakes in Algonquin Park (Maggie and Pincher), 
two lakes in the Parry Sound region (Lady and Raven), and t w o  unnamed 
lakes in Pukaskwa National Park (west of Wawa). The quantification of 
these pH declines is currently being assessed. 

3.2.1.2 Geochemical Evidence 

The chemical composition o f  lake sediments i s  the net result o f  
all chemical inputs and outputs over time. Changes in atmospheric 
deposition can modify leaching rates of certain chemical species from 

the terrestrial environment, thereby affecting the input. of material to 
the lake. Additionally, many constituents deposited from the 

atmosphere may be incorporated directly into accumulating sediments. 
Because the acidity o f  precipitation in eastern North America i s  

due in part to sulfuric acid, several studies have attempted to use the 
variation in sulfur content o f  the sediments as a surrogate indicator 

of the atmospheric deposition o f  sulfate (Mitchell et a3. 1981, 1985). 
Sulfur may reach the sediment through a variety of pathways, including 

(1) sedimentation o f  allochthonous and autochthonous organic matter 
that contains sulfur; ( 2 )  sorption of sulfate on sedimenting detritus; 

and ( 3 )  reduction o f  sulfate in pore water or the water column, with 
subsequent precipitation of sulfides (Holdren et al. 1984) .  Because 

sulfur-containing phases can be chemically altered aftei- deposition, 
the sulfur content o f  a particular interval o f  sediment may have no 
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d i r e c t  r e l a t i o n s h i p  t o  t h e  atmospher ic d e p o s i t i o n  o f  s u l f u r .  
Comparison o f  t h e  atmospher ic deposi t . ion h i s t o r y  i n f e r r e d  f rom s u l f u r  

emiss ion es t ima tes  w i t h  t h e  s u l f u r  c o n c e n t r a t i o n  p r o f i l e s  i n  l a k e  

sediments r e v e a l s  no apparent caure and e f f e c t  r e l a t i o n s h i p  (NRC 1986).  

I h e  sediment conter i t  o f  c e r t a i n  heavy meta ls  may i n d i c a t e  

atmospher ic d e p o s i t i o n  f rom a i r  masses p o l l u t e d  by human a c t i v i t y  (NRC 

1986). However, t h e  sediment, c o n t e n t  cannot be d i r e c t l y  r e l a t e d  t o  t h e  
a c i d i t y  o f  d e p o s i t i o n .  

The r e l a t i o n s h i p  between l o c a l  p o i n t  sources o f  p o l l u t i o n  and 
enr ichment o f  these v a r i o u s  substances i n  sediments o f  ad jacen t  l akes  

i s  w e l l  e s t a b l i s h e d ,  The classic example o f  a p o i n t  source i s  t h e  

sme l te r  a t  Sudbury, On ta r io ,  t h a t  em i t s  seve ra l  p o l l u t a n t s  assoc ia ted  

w i t h  t h e  p rocess ing  o f  n i c k e l  and copper o re .  N r iagu  (1983),  N r iagu  
and Wong (1983), and N r i a g u  e t  a l .  (1982) found t h a t  i n  dated cores 

f rom lakes  prox imate t o  the sme l te r  t h e  v a r i a t i o n s  i n  concen t ra t i ons  
f o r  A s ,  S e ,  N i ,  Cu, Ln, and Pb p a r a l l e l e d  t h e  h i s t o r y  o f  o r e  p r o d u c t i o n  

a t  Sudbury. the source o f  these meta ls  cou ld  be unambiguously 
i d e n t i f i e d  as t h e  Sudbury sme l te r .  

Sediment chemis t r y  from Lakes Tantare and Laflsmme {Quebec, 
Canada) r e v e a l s  t h a t  Pb and I n  c o n c e n t r a t i o n s  increased i n  t h e  p e r i o d  

f rom about  1900 t o  1980 { O u e l l e t  and Jones 1983). Evans e t  a l .  (1983), 
D i l l o n  and Evans (1982), and Evans and D i l l o n  (1982) examined t h e  t r a c e  

me ta l  con ten t  i n  sediments f rom 10  lakes  i n  t h e  Nurkoka-Hal ibur ton 

area,  The chronology o f  t h e  i n c r e a s i n g  concen t ra t i ons  found by Evans 

and D i l l o n  (1982) i s  s i m i l a r  t o  t h a t  r e p o r t e d  f o r  lakes i n  New England 

and New York ( N R C  1986). 

Canadian l akes  t h a t  a r e  remote f rom p o i n t  sources suggests a h i s t o r y  of 

changing atmospher ic chemis t r y  ove r  t h e  p a s t  100 years.  T h i s  t r e n d  
agrees w i t h  sediment d a t d  f o r  t h e  n o r t h e a s t e r n  U n i t e d  S ta tes ,  which 

i m p l i c a t e s  changes i n  r e g i o n a l  atmospher ic p o l l u t i o n  as t h e  l i k e l y  
cause o f  changes i n  t h e  t r a c e  meta l  con ten t  o f  sediments. 

The l i m i t e d  evidence f rom sedirnent chemis t r y  p r o f i l e s  f rom 
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3 .2 .2  H&LoAc;il Sur face  Water Chemi s t r k  

Comparisons o f  chemical  da ta  f rom s u r f a c e  waters  t h a t  were sdmpled 

on two o r  more occasions many years a p a r t  may p r o v i d e  t h e  b e s t  evidence 

f o r  l ong - te rm changes i n  s u r f a c e  wa te r  chemis t r y .  Such comparisons, 

however, have been hampered by t h e  poor  documentat ion o f  o l d e r  records,  

t h e  u n r e l i a b i l i t y  o f  o l d e r  records,  o r  t h e  u n r e l i a b i l i t y  o f  o l d e r  

chemical  methods. NRC (1986) has c r i t i c a l l y  evaluated h i s t o r i c a l  

c h e m i s t r y  d a t a  f o r  l akes  and streams i n  t h e  U n i t e d  S ta tes .  The most 
r e c e n t  summary o f  chemical  changes i n  Canada's s u r f a c e  waters  i s  t h e  
HOI (1983), which i s  t h e  b a s i s  f o r  t h i s  s e c t i o n  o f  t h e  r e p o r t .  

Nova S c o t i a  r i v e r s  sampled i n  1954 and 1955 and a g a i n  i n  1980 and 

1981. SO4 c o n c e n t r a t i o n s  increased d u r i n g  t h i s  p e r i o d  ( M a t t  e t  a l .  
1983) .  Even though o rgan ic  m a t t e r  i n t e r f e r e s  w i t h  t h e  c o l o r i m e t r i c  

SO4 measurement, t h e  change i n  measured SO4 should be d i r e c t l y  

a t t r i b u t a b l e  t o  changes i n  SO:-, i f  d i s s o l v e d  o rgan ic  carbon ( D O C )  
remains c o n s t a n t  d u r i n g  t h i s  t i m e  p e r i o d  (PI01 1983).  pH d e c l i n e d  by 
0.2 t o  0.7 u n i t s  between 1954-55 and 1980-81. Al though pH was measured 

w i t h  a g l a s s  e l e c t r o d e  i n  t h e  e a r l i e r  p e r i o d ,  t h e  u n c e r t a i n t y  

a s s o c i a t e d  w i t h  these e a r l i e r  measurements was p robab ly  -e 0.3 u n i t s .  

Thus, t h e  pH measurement u n c e r t a i n t y  obscures t h e  magnitude o f  t h e  pH 

t r e n d .  

Data f rom t h r e e  r i v e r s  i n  Newfoundland ( I s l e  aux Morts ,  Garnish,  

Watt  e t  a l .  (1983) compared t h e  ma jo r  i o n  chemis t r y  f o r  seve ra l  

2- 

2- 2- 

and Rocky) ove r  t h e  p e r i o d  1960 t o  1980 o r  1981 i n d i c a t e  minimum 

discharge-weighted pH i n  1972 o r  1973 (Thompson e t  a l .  1980).  
W i l t s h i r e  and Machel l  (1981) r e p o r t e d  pH and ANC changes f o r  10 remote 

l akes  i n  Nova S c o t i a  and New Brunswick sampled i n  1950 and 1979 and f o r  
which t h e  most r e l i a b l e  h i s t o r i c a l  i n f o r m a t i o n  e x i s t s .  These da ta  

i n d i c a t e  t h a t  c a l c u l a t e d  ANC d e c l i n e d  by between 5.5 and 5 5  veq 1. 
and t h a t  t h e r e  has been a d e c l i n e  i n  pH f o r  each o f  t h e  lakes,  a l t hough  

all b u t  one o f  t h e  I 0  l akes  had a pH >5.5 i n  1979. The conc lus ions  

o f  these two s t u d i e s  r e l y  on h i s t o r i c a l  pH measurements t h a t  have a 
r e l a t i v e l y  l a r g e  u n c e r t a i n t y .  

-1 
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For  C lea r  Lake, i n  C e n t r a l  O n t a r i o ,  an area o f  h i g h  s u l f a t e  

d e p o s i t i o n ,  D i l l o n  e t  a l .  (1979) compared ANC da ta  c o l l e c t e d  i n  1977 

w i t h  ANC d a t a  r e p o r t e d  by S c h i n d l e r  and Nighswander (1970) and found a 

d e c l i n e  o f  18 t o  31 peg LA’. 

s e t s  f o r  seve ra l  l akes  showed no d e c l i n e  i n  pW and c a l c u l a t e d  ANC due 

t o  p r e c i p i t a t i o n  o f  pW 4.9 t o  5,Q ( S c h i n d l e r  and Ruszczynski 1983).  

C l a i r  and W h i t f i e l d  (1983) examined t rends  i n  pH, SO4 , and 
Ca2+ ove r  t i m e  (1960s through 1970s) i n  r i v e r s  i n  t h e  Mar i t imes  u s i n g  
t ime-se r ies  r e g r e s s i o n  techniques.  Trends i n  pH i n  r i v e r s  though t  t o  

be s e n s i t i v e  t o  a c i d i c  d e p o s i t i o n  were e i t h e r  decreas ing ( f o u r  r i v e r s )  

o r  showed no change ( t h r e e  r i v e r s ) .  One o f  t h e  r i v e r s  t h a t  showed no 
change (Mersey) had a mean pW o f  4.9 d u r i n g  t h e  s tudy p e r i o d  and i s  n o t  

l i k e l y  t o  be g r e a t l y  a f f e c t e d .  Another o f  t h e  r i v e r s  showing no change 
(Lepreau) was s t u d i e d  f o r  a s h o r t  p e r i o d ,  w h i l e  t h e  t h i r d  ( P i p e r ’ s  

Hole)  had t h e  h i g h e s t  ANC o f  t h i s  s e n s i t i v e  group and would t h e r e f o r e  
be more r e s i 5 t a n t  t o  pH change than  t h e  o the rs .  Calciuni d e c l i n e d  i n  

t h r e e  o f  t h e  r i v e r s  and remained s t a t i o n a r y  i n  t h e  o t h e r  f o u r ,  and 

s u l f a t e  d e c l i n e d  i n  t h r e e  o f  t h e  seven. C l a i r  and W h i t f i e l d  (1983) 

conclude t h a t  a l t hough  pH d e c l i n e d  i n  some o f  t h e  r i v e r s ,  t h e  pH 

decreases c o u l d  n o t  be l i n k e d  t o  increases i n  s u l f a t e .  

i n t e r e s t - - t h e  p a s t  10 t o  50 years.  H i s t o r i c a l  da ta  f a r  SO:- and 

NO; a r e  g e n e r a l l y  n o t  a v a i l a b l e  t o  document t h a t  the chmges have 
been caused by a c i d i c  d e p o s i t i o n .  Changes i n  pH and ANC a r e  c o n s i s t e n t  

w i t h  a c i d i c  depos i t i on -caused  changes i n  s u r f a c e  wa te r  chemist ry ,  

a l t hough  because o f  r e l a t i v e l y  h i g h  u n c e r t a i n t y  i n  h i s l o r i c a l  pH 

measurement techniques,  t h e  magnitude o f  t h e  pW t r e n d ,  i f  any, i s  n o t  

well e s t a b l i s h e d .  Furthermore, i n  reg ions  where p a l e o e c o l o g i c a l  

techniques have been used i n  c o n j u n c t i o n  w i t h  a n a l y s i s  o f  h i s t o r i c a l  
data ( e . g . ,  southern O n t a r i o ) ,  s i m i l a r  conc lus ions  have been 

reached- - tha t  a c i d i f i c a t i o n  o f  l akes  and streams occurred i n  

g e o l o g i c a l l y  s e n s i t i v e  areas o f  Canada t h a t  r e c e i v e  a c i d i c  

p r e c i p i t a t i o n .  However, t h e  h i s t o r i c a l  da ta  a r e  i n s u f f i c i e n t  t o  
address such i ssues  as  t h e  e x t e n t  and magnitude o f  a q u a t i c  resources 

t h a t  have a c i d i f i e d  as a r e s u l t  o f  a c i d i c  d e p o s i t i o n .  

I n  no r thwes te rn  O n t a r i o ,  11 -year  da ta  

2 -  

I h u s ,  t h e  e x i s t i n g  h i s t o r i c a l  da ta  a r e  l i m i t e d  f a r  t h e  p e r i o d  of 
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3 * 3  EVIQENCk t O R  CAUSE-EFf-EC E I A T  I DNSH H PS 
ACIDIC D E P Q S I r I O N  A N D  SU 

3.3.1 I n t r o d u c t i o n  

In Canada t h e  consensus i s  wides read t h a t  l ong - range  t r a n s p o r t  

and t h e  subsequent d e p o s i t i o n  o f  a c i d i c  substances have been 
r e s p o n s i b l e  f o r  s i g n i f i c a n t  changes in t h e  r u s f a c e  wa te r  chemis t r y  of  

n o r t h e a s t e r n  N o r t h  American lakes  dnd r i v e r s  ( 1  PRMCG 1 9 8 6 ) .  

Never the less,  some c o n t r o v e r s y  remains, e s p e c i a l l y  over t h e  e x t e n t  O F  
t h e  p resen t  and a n t i c i p a t e d  f u t u r e  impacts of  atmospher ic d e p o s i t i o n  on 

s u r f a c e  wa te rs .  Proponents o f  a l t e r n a t i v e  hypotheses ( e . c J . $  Rusenquist  

1978; Krug and F r i n k  1983) suggest t h a t  t h e r e  a r e  i m p o r t a n t  natural1 

sources of  a c i d i t y  i n  watersheds and t h a t  these sources can be g r e a t l y  

i n f l u e n c e d  by l a n d  management a c t i v i t i e s  w i t h i n  t h e  watershed o f  
i n t e r e s t .  These au tho rs  suggest t h a t  f u r t h e r  evidence i s  r e q u i r e d  t o  

d i s t i n g u i s h  which o f  t hese  hypotheses o f f e r s  a b e t l e r  e x p l a n a t i o n  o f  
t h e  c u r r e n t  s t a t u s  of  lakes and r i v e r s  i n  e a s t e r n  Canada, w i t h  r e s p e c t  

t o  a c i d i f i c a t i o n .  

I n  Sect .  2, we presented da ta  f rom Canadian surveys t h a t  p r o v i d e  

some i n d i c a t i o n  o f  t h e  c u r r e n t  s t a t u s  o f  Cana i a n  l a k e  chemis t r y .  
There i s  l i t t l e  doubt  t h a t  t h e  a c t u a l  number o f  lakes, bo th  those %.hat 
a r e  a l r e a d y  a c i d i c  and those  t h a t  could p o t e n t i a l l y  become a c i d i c ,  i s  
s u b s t a n t i a l .  The q u e s t i o n  t o  be addressed he re  i s  whether- t h e  observed 

c u r r e n t  s t a t u s  of  lakes i n  e a s t e r n  Canada can be a t t r i b u t e d  i n  p a r t  t o  
t h e  e f f e c t s  o f  a c i d j c  d e p o s i t i o n ,  p a r t i c u l a r l y  b. a t  r e s u l t i n g  f r o  

long-range t r a n s p o r t  o f  atmospher ic p o l l u t a n t s .  

l o  d iscuss  t h i s  q u e s t i o n  we w i l l  draw upon t h r e e  genera l  sources: 

1. d e t a i l e d ,  i n t e n s i v e  s t u d i e s  of catchment and i n - l ake  processes t h a t  
shed 1 i g h t  on t h e  p o t e n t i a l  f o r  atmospher ic-vs- catchinent -de r?ved  
processes t o  c o n t r i b u t e  t o  s u r f a c e  water a c i  

2. d i r e c t  evidence f o r  changes i n  l ake  chemis t r y  as a r e s u l t  of 
changes i n  d e p o s i t i o n ,  ob ta ined  f rom s tu  i e s  o f  l akes  i n  t h e  
Sudbury area o f  O n t a r i o ;  and 

3. evidence f rom r e g i o n a l - s c a l e  analyses  o f  survey data.  
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3.3.2 Process_Studies 

Processes o c c u r r i n g  w i t h i n  t h e  s a i l s ,  vege ta t i on ,  and sur face 

waters  o f  catchments can p r o f o u n d l y  i n f l u e n c e  t h e  chemis t r y  o f  t h e  
su r face  waters .  Not o n l y  a r e  these processes though t  t o  p l a y  a c e n t r a l  

r o l e  i n  m e d i a t i n g  t h e  e f f e c t  o f  a c i d i c  d e p o s i t i o n  on wa te r  chemis t r y  

(as desc r ibed  i n  Sect.  3 . 1 ) ,  b u t  t h e y  can a l s o  be s i g n i f i c a n t  sources 

of a c i d i t y  themselves. Several  au tho rs  have shown t h a t  o rgan ic  anions 

can c o n t r i b u t e  s i g n i f i c a n t l y  t o  t h e  a c i d i t y  o f  s u r f a c e  waters  (Kerekes 

1977; Gorham e t  a l .  1984; Underwood e t  a l .  1986).  Organic anions a r e  
a lmost  e x c l u s i v e l y  d e r i v e d  f rom nonatmospheric sources. l h u s ,  t h e  

acid-bask chemis t r y  o f  s u r f a c e  waters  i s  governed by n a t u r a l  sources of 
a c i d i t y ,  a long  w i t h  o t h e r  sources o f  a c i d i t y  (e .g. ,  atmospher ic 

d e p o s i t i o n )  and sources of AMC. The i s s u e  i s  t h e  r e l a t i v e  importdnce 
of  watershed-der ived sources o f  a c i d i t y  versus atmosphere-derived 

sources. 

Many o f  t h e  catchment-based processes o f  importance t o  s u r f a c e  

wa te r  chemis t r y  can undergo s u b s t a n t i a l  changes ove r  t ime,  as  t h e  

r e s u l t  o f  both n a t u r a l  and anthropogenic ( b u t  l o c a l )  events.  Perhaps 

mos t  i m p o r t a n t  i n  eas te rn  Canada a r e  t h e  processes o f  f o r e s t  

agg rada t ion  and removal. Severa l  researchers have shown t h a t  changes 

i n  f o r e s t  v e g e t a t i o n  can have i m p o r t a n t  h y d r o l o g i c a l  i m p l i c a t i o n s  
( J e f f r e y  1970; Swank and Douglas 1974; Mahendrappa 1982; Mahendrappa 

and K ings ton  1982),  e s p e c i a l l y  as these changes a f f e c t  
e v a p o t r a n s p i r a t i o n  and s o i l  m o i s t u r e  r e t e n t i o n .  H y d r o l o g i c a l  processes 

p l a y  a key r o l e  i n  v i r t u a l l y  a l l  models o f  s u r f a c e  water  a c i d i f i c a t i o n .  
The v e g e t a t i o n  p resen t  a l s o  p l a y s  a more d i r e c t  r o l e  i n  catchment 

a s ink f o r  many o f  t h e  
e t  a l .  1977). Decaying 

ons t o  t h e  system, w h i l e  
nk f o r  a c i d  anions and 

catchment 's  s o i l s ,  
s t r u c t u r e  o f  a catchment 

wa te r  chemis t r y  by a c t i n g  as b o t h  a 
cat. iono and anions o f  importance ( e  

v e g e t a t i o n  i s  t h e  p r imary  source o f  
an aggrading fo res t .  may p r o v i d e  an 
base c a t i o n s ,  t he reby  
Therefore,  changes over  t i m e  i n  t h e  

source and 
g., L i kens  

o rgan ic  an 
mpo r t a n  t s 
ANG o f  t h e  
v e g e t a t i v e  
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cou ld  conce ivab ly  l ead  t o  changes i n  su r face  water  chemis t ry  t h a t  m i m i c  

a c i d i f i c a t i o n  due t o  atmospher ic d e p o s i t i o n .  

catchment-based processes a r e  more impor tan t  than atmospher ic 

d e p o s i t i o n  i s  t h a t  t h e  s o i l s  i n  s e n s i t i v e  catchments a r e  n a t u r a l l y  

h i g h l y  a c i d i c  (Rosenquis t  1978; Krug and F r i n k  1983; Noggle e t  a l .  

1984).  The exchangeable a c i d i t y  o f  s o i l s  such as podzols f a r  exceeds 

t h e  amount o f  a c i d i t y  depos i ted  f rom t h e  atmosphere and, t h e r e f o r e ,  the 
r e l a t i v e l y  smal l  a d d i t i o n s  o f  a c i d i t y  from t h e  atmosphere cannot 

s i g n i f i c a n t l y  a f f e c t  r u n o f f  chemis t ry .  

i n  d e t e r m i n i n g  sur face  water  chemis t ry ,  then, as s t a t e d  i n  t4. L. Jones 

e t  a l .  (1986, p. 2 2 ) :  

One o f  t h e  key arguments o f f e r e d  by proponents o f  t he  n o t i o n  t h a t  

I f  catchment-based n a t u r a l  processes overwhelm a c i d i c  dt?pOSitiOR 

one would g e n e r a l l y  expect  t o  see t h e  f o l l o w i n g :  

1 .  t h e  p r i n c i p a l  an ions assoc ia ted  w i t h  r u n o f f  a c i d i t y  would be 
organ ic ,  because t h i s  i s  t h e  pr imary  form o f  a c i d i t y  
{produced f rom s o i l  processes) ;  and 

2.  t h e  amount o f  a c i d i t y  (m ine ra l  o r  o rgan ic )  e n t e r i n g  r u n o f f  
should be independent o f  t h e  amount o f  a c i d i c  d e p o s i t i o n  
o c c u r r i n g  i n  t h e  catchment i n  ques t ion ,  p rov ided a c i d i c  
d e p o s i t i o n  [does n o t  have t h e  same geographic d i s t r i b u t i o n  as 
land use p a t t e r n s  t h a t  a f f e c t  su r face  water  chemis t r y ] .  

A l though organ ic  an ions have been shown t o  c o n t r i b u t e  s i g n i f i c a n t l y  

t o  t h e  a c i d i t y  o f  some sur face  waters,  many s t u d i e s  have shown t h a t  

where m ine ra l  a c i d  d e p o s i t i o n  i s  s u b s t a n t i a l ,  m ine ra l  an ions tend t o  
dominate t h e  chemis t ry  o f  r u n o f f  and sur face  waters .  For example, 

Cronan e t  a7. (1978) found s u l f a t e  t o  be t h e  predominant an ion  i n  a 

New England f o r e s t  s o i l ,  w h i l e  i n  t h e  P a c i f i c  Northwest,  where 
d e p o s i t i o n  i s  much lower, b icarbonate  and organ ic  anions were 
dominant . 

The r e l a t i v e  importance o f  m ine ra l  and organ ic  ac ids  i n  c e n t r a l  

O n t a r i o  was examined by LaZer te and O i l l o n  (1984).  A t  P l a s t i c  Lake, a 
smal l  o l i g o t r o p h i c  l a k e  i n  t h e  Muskoka-Hal iburton d i s t r i c t  o f  On ta r io ,  
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they conducted a detailed mass balance study to l o o k  a t  t he  relative 
importance of sulfate and organic anions as SOIJTC~S of acidity. 
found that while organfc acidity dominates the runoff in this system 
during summer low-flow periods, sulfa-tc is far more important during 

high-flow periods and an an annual b a s l s .  Several other studies have 
documented similar seasonal patterns in the relative contributions o f  

organic and mineral aniions (Kerekes et al. 1982; Visser 1984; Clair 
1985; Kerekes et al. 1986a,b; Kessel-Taylor 1986). Further 

hydrogen ion shows 3 similar tewporal pattern to sulfate in these 
systems, although llts concentration typically exceeds that of sulfate 

in these cases. 

They 

Gorham et. al. (1986) analyzed t h ~  chemistry of 37 Nova Scotian 
lakes and ponds, pet-rsrminyi correlations among t h e  major ion, pll ,  AMG, 
and DOC data. r h e i r  resul ts  indicate that t h e  acidity of these waters 
is affected by both organic acids generated in the watersheds and by 
acidic deposition froxi long-rat-rge and local sources. SO4 is 
primarily supplied to these lakes from atmospheric deposition, with the 

result that SOq 
t o  becomc more acidic. TRe Gorham e t  al. (1986) s t u d y  illustrates that 

a thorough understanding o f  the natural acid-bac,e balance of surface 
waters is required before a l t e K p t s  can $e made ta estimate the chemical 
effects o f  acidic deposition. 

indicator of non-anthrqxgenic acidification, 
s o i l s  o f  a neutral sa l t  a; a mobile, strong-acid anion can result in 
H and the s t r o n g - a c i d  an io f l  entering s u r f a c e  w a t e r s  (Johnson, e t  a l .  

1985) .  

eastern North Arner"rca; in these areas such an e f f e c t  could be o f  some 
importance. Although W Q  specific analyses o f  this potential natural 
source of acidity exist f o r  Canadian maritime waters,  a recent U.S. 
s tudy  (Sullivan e t  a l . ,  1988) found little support for- the importance 
o f  t h i s  phenomenon, at l e a s t  a s  a l ong - te rm acidifying process on a 
regional scale, f o r  northeastern United States l akes .  

2- 

2 -  deposition has caused naturally acidified waters 

The presei??ce o f  organic anions in surface waters is not the only 
Addition to certain 

4- 

Substantial inputs o f  marlne salts occur in maritime regions of 
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In summary, our current process-level understanding of the sources 
and causes of surface water acidification indicates that both 
atmospheric and catchment-based contributions can be important. 
However, i n  all cases cited above, where acidic deposition i s  
considered to be relatively high (i.e., where precipitation pH i s  l ess  

than 5.0 or SO:- loading is greater than 20 kg ha-’year-’), mineral 
acid anions (principally sulfate) derived from atmospheric deposition 

make the greatest contribution by far to surface water acidity. 
process-level evidence thus supports the contention that acidic 
deposition is at least in part responsible f o r  surface water 

acidification. 

The 

3-3.3 Direct Evidence 

In most regions of northeastern North America, acidic deposition 
does not appear t o  have changed substantially over the past decade or 
so, although some evidence is available of local decreasing trends 

around Sudhury (Keller and Pitblado 1986; Sect. 6.2), in Nova Scotia 
(Thompson 1986; Sect. 6 . 2 ) ,  and in New Hampshire (Hedin et al. 1987). 
Because accurate and reliable measurements of  key chemical variables 

have only recently been possible, there i s  relatively little direct 
evidence of the response of  aquatic systems t o  changes in deposition. 
The single exception to this is the Sudbury region of Ontario. Between 
the mid--7970s and the early 19805, sulfur emissions in this area 

declined by approximately 54% (Dillon et al. 1986). Several lakes have 
been monitored in this area during this period, some relatively 
intensively {Dillon et a l .  1986), and others synoptically (Keller and 
Pitblado 1986; Keller et al., 1 9 8 6 ) .  

lakes in the Sudbury area, four o f  which have been monitored 

continuously since 1973. The fifth was sampled twice, first in 1977 

Oillorn et a l .  (1986) assessed the chemistry of five acidified 

and then i n  1982 (LaZerte and Dillon 1984). Declines in lake sulfate 
levels were observed in all five lakes (range: 25% to 62%) during the 
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period that 
e x p e r i  menta 

eini s s i ons d ec 1 i ned . 
chemical rnanipulat 

Three o f  the lakes u e r e  subjected to 
oris during t h i s  period, which also 

influenced their pH and A N C .  The remaining two lakes, however, 
e x h i b i t e d  increases in pH of 0.38 ( 4 . 2 3  t o  4.61) and 0 - 8 4  (3.96 t o  

4.80) during t h e  period o f  sulfate decrease. Finally, aluminum 

concentrations declined in these two lakes by 56% and 75%, respectively. 

Aluminum concentrations are known to increase as surface waters 
acidify, and aluminum i s  thought t o  be an important source o f  toxic 
to biota, at least in clearwater systems (Jones, 14. L., e t  al. 1986 

Turner e t  a l .  1986). 

During the period 1981 through 1983, Keller and Pitblado (1986 

resampled 289 lakes in t h e  vicinity o f  Sudbury that had been sampled 

previously during the period 1974 through 1976. On average, they 
observed significant decreases in lake sulfate and increases in pH. 
lhey also found t h a t  the magnitude of change between the two survey 
periods was associated with t h e  distance from Sudbury, with lakes 

closer to the smelters exhibiting more pronounced improvements. These 
s t u d i e s  and the  i s s u e  of lake recovery from acidification are discussed 
in Sect. 6 .  

Krug and Frink (1983) suggested that even if mineral acid 

deposition contributes significantly to the acidity of surface waters 
in area5 receiving high deposition rates, reductions in deposition will 
simply lead t o  organic acidity replacing mineral acjdity. As pointed 
out by LlaZerte and Dillon (1984), the evidence refutes this argument. 
In b o t h  Clearwater and Swan lakes, two  o f  the laker discussed by Dillon 
et a l .  (19861, the pbl increased in response t o  decreased lake sulfate, 

and no significant change in DOC was observed. LaZerte and Dillon 
(1984) a l s o  argue khat an unreasonable amount of organic acidity would 
be required [based on the Oliver et al. (1983) model o f  organic acids] 
t o  replace the mineral acidity currently b e i n g  delivered t o  Plastic 
bake and t o  its watenhed.  
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3 . 3 . 4  Evidence from Regional Surveys 

Evidence from regional surveys that 

responsible for changes in surface water 
of analyses: 

1. comparisons of lake sulfate levels w 
a regional scale; and 

acidic deposition is 

from two types chemistry comes 

th sulfur depos tion rates on 

2. comparisons o f  lake sulfate levels and lake DOC or organic anion 
levels with lake ANC (alkalinity) and base cations. 

Thompson and Hutton (1982, 1985) considered the relationship 
between wet sulfur deposition and lake sulfate levels by first 

correcting the latter for runoff to obtain a measure o f  watershed 
sulfate yield and then plotting deposition and yield across an 
east-west geographical gradient. They found a reasonably good 
association between yield and wet deposition across a compilation of 

lake chemistry data sets, ranging from northwestern Ontario to 

Labrador. The greatest discrepancy between yield and wet deposition 
was found in areas where dry sulfur deposition was presumed to make a 
relatively large contribution to the total deposition (i.e,, southern 
and northeastern Ontario, southern Quebec). This relationship between 

sulfate in deposition and in runoff precludes the existence of 
significant watershed sources of sulfur (e.g., bedrock). They 
concluded that "the good agreement between sulfate yields and total 
deposition data indicates that there i s  little retention o f  sulfate 

within the watersheds or in the lakes, and that most, if not all, of 
the sulfate in the lakes can be ascribed to atmospheric deposition" 
(Thompson and Hutton 1985, p .  82) .  

sulfate yields and assumed regional sulfate deposition levels (their 
Table 6). They found a significant, positive relationship (p (0.05, 

Kelsa, et al. (198ba) a l s o  looked at the relationship between 

n = 806, r2 = 0.43) between these two variables. 
(1986) also note this pattern for the lakes included in their data set, 
as do Talbot et al. (1984) for lakes in Quebec. 

Jeffries et al. 
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Detdiled work in smaller geographic areas has shown that lake 
water sulfate conccntrdtion may vary considerably, even though 

atmospheric deposition varles little. In Algonquin Park, the lake 
concentrations of sulfate vary by a Factor o f  2 ( P .  J .  Dillon, Ontario 

Ministry of the Environment, personal communication t o  R ,  8 ,  Cook, 
1987). In northern Minnesota, north-central Wisconsin, and the Upper 
Peninsula o f  Michigan, lake water sulfate concentrations vary by a 
factor of up t o  4, even though atmospheric deposition in the upper 

Hidanlest varies by a factor o f  2 (Nichols and McRoberts 1986; Cook et. 
al. 1987). The cai i5e  o f  the local variation in sulfate i s  s u l f a t e  

retention, probably by in--lake bacterial sulfate reduction (Kelly et 
al. 1981; Cook et al. 1987). Sulfate retention is more important in 
mid-continental areas than in eastern North America, because lakes in 
the mid continent typically have l o n g e r  water residence times, which 

allows in-lake processes to have a greater influence on lake water 
chemistry (Kelly et al. 1987). 

Jeffries et a.1. (1985) a l s o  considered the relationship between 
lake sulfate and ANC on a broad regional scale. They d i d  not find a 
statistically significant relationship, although there was some 

indication that in areas receiving relatively high deposition, low ANC 
lakes were more likely t o  be assaciatxd ( 4 1 t h  high lake sulfate levels 
than they  would be in areas experiencing less deposition. They 

maintained that this result was not at a l l  surprising, in view o f  the 
fact that biogeochemical factors that vary substantially on a l o c a l  

scale profoundly influence the interaction between acidic deposition 
and lake ANC, In other words, l o c a l ,  within-catchment variations in 
bedrock, soils, and vegetation combine w i t h  regional variations in 
atmospheric chemistry to determine surface water chemistry so that, for 

lakes within a region, w a t e r  chemistry will exhibit a range o f  values. 

ANC and organic anion concentrations (Sa-). 
variability among regions in A -  except in northwestern Ontario, where 

levels were particularly high. 

Jeffries et a l .  (1886) also considered the relationship between 

They found very little 

ANC and A "  distributions appeared 
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t o  be comp le te l y  u n r e l a t e d  t o  each o t h e r .  

a r e l a t i o n s h i p  between A- and ANC on a r e g i o n a l  s c a l e  s t r o n g l y  
d i s p u t e s  t h e  n o t i o n  o f  a p r i m a r y  r o l e  f o r  o rgan ic  a c i d i t y  i n  
d e t e r m i n i n g  t h e  c u r r e n t  s t a t u s  o f  l akes  i n  e a s t e r n  Canada. 

They argued t h a t  t h e  l a c k  o f  

3.4 REGIONAL EVIDENCE FOR MAGNITUDE OF CHANGE 

I n  t h e  preceding s e c t i o n  we presented evidence tha t ,  suppor ts  t h e  
hypo thes i s  o f  a causal  r e l a t i o n s h i p  between a c i d i c  d e p o s i t i o n  and 

s u r f a c e  wa te r  chemis t r y .  I f  one accepts t h e  s imple v iew o f  s u r f a c e  

wa te r  a c i d i f i c a t i o n  f i r s t  proposed by Henr iksen (1979, 1980), t hen  one 

can use t h e  c u r r e n t  chemis t r y  o f  l akes  t o  draw i n f e r e n c e s  about t h e  
magnitude o f  change t h a t  has occur red  as a r e s u l t  o f  a c i d i f i c a t i o n .  

Analyses o f  t h i s  s o r t  have been presented i n  e a r l i e r  assessments (e.g. ,  
Harvey e t  a l .  1981; MOI 1983) and w i l l  n o t  be repeated here.  

f rom Europe and N o r t h  America. Based on t h e  assumption t h a t  t h e  

c h e m i s t r y  o f  s u r f a c e  waters  i n  areas remote from sources o f  a c i d i c  

d e p o s i t i o n  i n d i c a t e s  t h e  o r i g i n a l  ( p r e a c i d i f i c a t i o n )  chemis t r y  o f  lakes 
i n  l e s s  remote areas, he showed t h a t  t h e  s u l f a t e  l e v e l s  i n  t h e  l a t t e r  

had r i s e n  c o n s i d e r a b l y  ove r  h i s t o r i c a l  l e v e l s .  He a l s o  showed t h a t  

much o f  t h i s  i nc rease  i n  s u l f a t e  l e v e l s  was a p p a r e n t l y  concomi tant  w i t h  

a decrease i n  t h e  l a k e s '  ANC ( o r  i n c r e a s i n g  a c i d i t y ) ,  w h i l e  a s m a l l e r  

p r o p o r t i o n  was matched by  an i n c r e a s e  i n  t h e  l a k e s '  base c a t i o n  

c o n c e n t r a t i o n s .  

More r e c e n t l y ,  W i g h t  (1983) examined 27 lake chemSstry da ta  s e t s  

Johnson (1985) a p p l i e d  t h e  Wr ight -Henr iksen models t o  a s e r i e s  o f  

19 r i v e r s  d r a i n i n g  i n t o  Georgian Bay i n  O n t a r i o .  He est imated an 

average ANC d e c l i n e  ( o r i g i n a l - t o - p r e s e n t )  o f  107 t o  147 peq L-' and 

average inc reases  i n  s u l f a t e  o f  108 t o  125 veq L - l ,  averaged ove r  
a l l  19 r i v e r s ,  f o r  v a r i o u s  m ino r  v a r i a t i o n s  i n  t h e  b a s i c  model. Kelsa 

e t  a l .  (1986a) a p p l i e d  Henr i ksen ' s  nomogram t o  t h e  l akes  i n  t h e  NIS 

d a t a  s e t  and found, r e s p e c t i v e l y ,  l a 6 ,  1.4, 47.3, 15.4, and 4.0 pe rcen t  
o f  t h e  lakes t o  be a c i d i f i e d  acco rd ing  t o  Henr i ksen ' s  c r i t e r i a  f o r  

On ta r ia ,  Quebec, Nova Sco t ia ,  New Brunswick,  and Newfoundland (see 
Kelso e t  a l .  1986a, 'Table 9 ) .  
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I o n  r a t i o s  can a l s o  be used t o  es t ima te  t h e  magnitude of change 

due t o  a c i d i f i c a t i o n ,  based on e x a c t l y  t h e  same assumptions t h a t  a p p l y  
t o  t h e  Wr ight -Henr iksen models, Ke?ao e t  a l .  (198th)  examined t h e  

r e l a t i o n s h i p  between ANC and (Ca I- 14s) f o r  l akes  i n  t h e  NIS da ta  s e t  

and found ANC d e f i c i t s  [ i . e . ,  AN65 o f  l e s s  than  (Ca + Mg) i n  e q u i v a l e n t  

u n i t s ]  t o  be most prvnounced i n  areas r e c e i v i n g  t h e  h i g h e s t  d e p o s i t i o n  

l e v e l s .  

J e f f r i e s  (1986) considered t h e  r a t i o s  of  ANC t o  (Ca + Mg), s u l f a t e  

t o  (Ca c Mg), and ANC t o  s u l f a t e  f o r  t h e  o v e r a l l  Canadian da ta  base 

desc r ibed  i n  Sect .  2.2,  The r e g i o n a l  p a t t e r n s  o f  these r a t i o s  

correspond c l o s e l y  t o  p a t t e r n s  o f  atmospher ic s u l f u r  d e p o s i t i o n  

( F i g .  3 . 2 ) .  The AMC:(Ca c Mg) r a t i o s  ( F i g .  3 . 3 )  a r e  l owes t  i n  s o u t h -  

c e n t r a l  On ta r io ,  New Bruns i c k ,  and Nova S c o t i a ,  s l i g h t l y  h i g h e r  i n  

Quebec and Newfoundland, and h i g h e s t  i n  n o r t h e r n  O n t a r i o  and Labrador.  

C o n s i s t e n t l y  h i g h  va lues o f  ANC:(Ca t Mg) a r e  found i n  o t h e r  areas t h a t  

have low-AN6 s u r f a c e  waters  y e t  r e c e i v e  low r a t e s  o f  atmospher ic 
d e p o s i t i o n ,  f o r  example i n  t h e  western U n i t e d  S ta tes  (Melack e t  a ] ,  

1985; Landers e t  a l .  1987), i n  a d d i t i o n  t o  no r thwes te rn  O n t a r i o  and 
Labrador.  Th i s  d i f f e r e n c e  i n  r a t i o s  f o r  areas hav ing low as opposed t o  
h i g h  atmospher ic d e p o s i t i o n  suggests t h a t  low va lues may be due t o  
atmospher ic d e p o s i t i o n .  

waters  t h a t  c o n t a i n  l a r g e  concen t ra t i ons  O F  sodium and potassium (€!.sa, 
those  waters  near  the  ocean), a p p r e c i a b l e  NOg-, o r  l a r g e  c o n c e n t r a t i o n s  

o f  o rgan ic  an ions.  (Ca + Ng) a r e  t h e  pr imary  base c a t i o n s  i n  s u r f a c e  

waters  because t h e y  a r e  t h e  c a t i o n s  t h a t  a r e  most e a s i l y  weathered f rom 

t h e  t ypes  o f  bedrock and s o i l s  i n  e a s t e r n  Canada (Stumm and Morgan 

1981) .  The h i g h  va lues o f  Ha i n  s u r f a c e  waters near  t h e  ocean a r e  due 

t o  sea -sa l t  aerosols;  t h e i r  e f f e c t  can be removed by c o n s i d e r i n g  t h e  

non - -sea-sa l t  f r a c t i o n .  In areas r e  ste  f rom t h e  i n f l u e n c e  o f  s e a - s a l t  
ae roso ls ,  (Ca + Mg) a r e  t h e  p r imary  base c a t i o n s .  NO - concen t ra t i ons  
a r e  t y p i c a l l y  low i n  the  l a k e  da ta  considered in S e c t e  2, and NOg- does 
not c o n t r i b u t e  s i g n i f i c a n t l y  t o  t h e  t o t a l  a n i o n i c  charge. Organic 

a n i o n  c o n c e n t r a t i o n s  a r e  n o t  r e l a t e d  t o  ANC and show l i t t l e  v a r i a t i o n  
i n  e a s t e r n  Canada, except  f o r  no r thwes te rn  O n t d r i o  ( J e f f r i e s  e t  a l .  

Low values o f  ANC:(Ca f Wg) may a l s o  p o s s i b l y  r e s u l t  From s u r f a c e  

3 

1986).  
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Low values of ANC:(Ca + Mg) may a l s o  r e s u l t  f rom inc reased  

weather ing o f  base c a t i o n s ,  F o r  c e r t a i n  t e r r a i n s ,  h i g h  SO:- 
d e p o s i t i o n  may cause an i n c r e a s e  i n  base-cat ion weather ing r a t h e r  than  

a decrease i n  ANC. However, f o r  most areas o f  t h e  Precambrian S h i e l d  

i n  e a s t e r n  Canada, t h e  i n c r e a s e  i n  base--cat ion c o n c e n t r a t i o n  i s  o n l y  

0 t o  40% o f  t h e  i n c r e a s e  i n  s u l f a t e  d e p o s i t i o n ,  w i t h  t h e  m a j o r i t y  o f  
t h e  i n c r e a s e  i n  s u l f a t e  d e p o s i t i o n  causing a decrease i n  ANC (see 

Sect.  5 ) .  

r a t i o s  a r e  low, as c o u l d  be expected i f  ANC i s  be ing  rep laced  by 
s u l f a t e .  F i n a l l y ,  ANC:sulfate r a t i o s  ( F i g .  3.5) a r e  s i m i l a r  t o  
ANC:(Ca + Mg) r a t i o s ,  except  t h a t  the former a r e  c o n s i d e r a b l y  h i g h e r  i n  
remote areas.  Taken t o g e t h e r ,  t h e  t h r e e  r a t i o s  show s i m i l a r  

geographica l  d i s t r i b u t i o n s ,  which a r e  c o n s i s t e n t  w i t h  SO4 
atmospher ic d e p o s i t i o n  r e p l a c i n g  l a k e  wa te r  ANC i n  areas r e c e i v i n g  h i g h  

l e v e l s  o f  a c i d i c  d e p o s i t i o n .  

t h a t  a s u b s t a n t i a l  a c i d i f i c a t i o n  has occu r red  i n  areas a f  e a s t e r n  

Canada r e c e i v i n g  e l e v a t e d  l e v e l s  of a c i d i c  d e p o s i t i o n .  It must be 

emphasized, however, t h a t  t h i s  i n t e r p r e t a t i o n  o f  t h e  survey d a t a  i s  
based on key assumptions r e g a r d i n g  botR t h e  b a s i c  processes i n v o l v e d  i n  

s u r f a c e  wa te r  a c i d i f i c a t i o n  and t h e  v a l i d i t y  o f  u s i n g  d a t a  f rom m e  

r e g i o n  as be ing  i n d i c a t i v e  o f  t h e  h i s t o r i c a l  chemical  s t a t u s  o f  l akes  

i n  ano the r  r e g i o n .  Never the less,  t h e  r e g i o n a l  d i s t r i b u t i o n  o f  l a k e  

s u l f a t e  l e v e l s  does appear t o  correspond w e l l  t o  d e p o s i t i o n .  

Furthermore, b o t h  r e g i o n a l  surveys and d e t a i  l e d  s t u d i e s  suggest t h a t  

a l t e r n a t i v e  sources o f  a c i d i t y  a r e  n o t  l i k e l y  t o  be o f  g r e a t  

importance, e i t h e r  on a r e g i o n a l  s c a l e  o r  i n  areas r e c e i v i n g  
s u b s t a n t i a l  a c i d i t y  f rom atmospher ic sources. F i n a l l y ,  where a c i d i c  

d e p o s i t i o n  has decreased a p p r e c i a b l y  i n  r e c e n t  years,  t h e r e  i s  good 

evidence t h a t  l akes  respond w i t h  a decrease i n  SO:- and an inc rease  i n  

pH and ANC.  

Sul fa te: (Ca c Mg) r a t i o s  ( f i g .  3.4) a r e  h i g h  when ANC:(Ca + Hg) 

2- f rom 

Analyses o f  r e g i o n a l  survey data,  t h e r e f o r e ,  g e n e r a l l y  i n d i c a t e  
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F i g .  3,5. Geo r a p h i c a l  d i s t r i b u t i o n  o f  ANC:SO$-* i n  e a s t e r n  Canada. 
Low values o f  ANC:SO 9 -*, i n d i c a t e d  by cross h a t c h i n g ,  a r e  found in areas o f  
relatively h i g h  s u l f a t e  d e p o s i t i o n ,  suggest ing t h a t  t he  l o w  va lues a r e  due t o  
atmospher ic d e p o s i t i o n .  Source: J e f f r i e s  (7986) .  
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3.5 SUMMARY 

P a l e s l i m n o l o g i c a l  d a t d  f o r  eas te rn  Canada a r e  i n s u f f i c i e n t  t o  

f a c i l i t a t e  examinat ion o f  l a k e  a c i d i f i c a t . i o n  caused by t h e  long-range 

t r , i n s p o r t  o f  a c i d i c  d e p o s i t i o n .  B f  t h e  f i v e  l akes  f o r  which pH 

r e c o n s t r u c t i o n s  us ing  d ia tom o r  chrysophyte remains have been 

pub l i shed ,  none i n d i c a t e d  a c i d i f i c a t i o n .  However, f o u r  o f  t h e  lakes 

have r e l a t i v e l y  h i g h  ANCs and would n o t  be expected t o  a c i d i f y  f rom 
almospher ic d e p o s i t i o n .  P r e l i m i n a r y  r e s u l t s  f rom d ia tom and 

chrysophyte s t u d i e s  i n  1 2  Quebec lakes  and Chrysophyte s t u d i e s  i n  
6 O n t a r i o  lakes i n d i c a t e  l h a t  these p r e s e n l l y  a c i d i c  l akes  have 

undergone a f o s s i l - i n f e r r e d  pH d e c l i n e  i n  r e c e n t  years.  The l i m i t e d  
evidence f rom sediment chemis t r y  p r o f i l e s  o f  lakes i n  Canada remote 

f rom p o i n t  sources i n d i c a t e s  a h i s t o r y  o f  changing at inorpher ic 
chemis t r y  ove r  t h e  p a s t  100 years.  Sediment chemis t r y  da ta  cannot be 

used t o  es t ima te  a c i d i f i c a t i o n ,  however. 

H i s t o r i c a l  su r face  w a t e r  chemis t r y  da ta  f o r  t h e  p a s t  10 t o  

50 years a r e  l i m i t e d .  Where da ta  e x i s t ,  changes i n  pW and AN@ a r e  
c o n s i s t e n t  w i t h  ac id i c -depos i  t ion-caused changes i n  su r face  water  

chemist ry ,  a l t hough  t h e  pti t r e n d s  a re  obscured by medsurerncnt 

u n c e r t a i n t i e s  o f  h i s t o r i c a l  data.  I n  reg ions  where p a l e o e c o l o g i c a l  

techniques have been used i n  c o n j u n c t i o n  w i t h  an a n a l y s i s  o f  h i s t o r i c a l  

da ta  (e.q., southern O n t d r i o ) ,  r e s u l t s  f rom b o t h  techniques supported a 
conc lus ion  t h a t  su r face  waters have been a f f e c t e d  by atmospher ic 
d e p o s i t i o n .  

Processes o c c u r r i n g  w i t h i n  t h e  s o i l s ,  vege ta t i on ,  and su r face  
waters  of  a catchment may g r e a t l y  i n f l u e n c e  t h e  chemis t r y  o f  s u r f a c e  

water ,  b o t h  by med ia t i ng  t h e  e f f e c t  o f  a c i d i c  d e p o s i t i o n  on water  

chemis t r y  and by p r o v i d i n g  sources o f  a c i d i t y .  Severa l  s t u d i e s  have 

shown t h a t  o rgan ic  ac ids ,  presumably produced i n  the  watershed1, can 

c o n t r i b u t e  s i g n i f i c a n t l y  t o  t h e  a c i d i t y  o f  s u r f a c e  wa te rs .  However, 

many s t u d i e s  have shown t h a t  i n  areas where m i n e r a l  a c i d  d e p o s i t i o n  i s  

s u b s t a n t i a l ,  m i n e r a l  an ions tend  t o  dominate t h e  chemis t r y  o f  r u n o f f  
and s u r f a c e  w a t e r s .  



There i s  r e l a t i v e l y  l i t t l e  i r p c t  evidence o f  the  r e s p ~ n s e  of 

aquat ic  s y s t e  s t o  changes i n  deposition. Emissions isa t h e  Sudbury  

region o f  Ontario declined by 54% betwcen t he  mid-7197 

19805, and decreases i n  lake sulfate concentrat ions a 

and ANC Mere observed. Thus, where ac id i c  c lcpos i t ion  has change 

appreciably i n  recent  years ,  the  SO4 pH, and ANC o f  l d k e  water 

respond as expected, 

2 -- 

Evidence from regional surveys sbtow~ t a t  ac id i c  deposi t ion :is 
l a rge ly  responsible  f o r  the  acid-base chemistry o f  surface waters.  

Comparison of sulfate deposi t ion and lake wate r  sulfate revea 

most of  t h e  s u l f a t e  ~ o n ~ e ~ t ~ a t ~ o n  ~ a ~ ~ a t ~ ~ ~  of lakes can be ascrjbed t o  

atmospheric depos i t ion .  Analyses o f  i o n  ra t los  ind ica te  t h a t  AN@ har 

been replaced by SO4 

r e s u l t i n g  i n  g r e a t l y  decreased r a t i o s  o f  A 9 )  and increased 
2- 

r a t i o s  o f  SO4 :(Ga t M g f .  Furthermore, analyses o f  the ~ ~ ~ a t ~ o ~ s ~ ~ ~  

betwcen organic anions and ANC on a regional sciale s t rongly  d'asputes 

the  notjon o f  a primary role  f o r  organic a c i d i t y  i n  d ~ ~ e r ~ ~ ~ ~ n  

c u r r e n t  s t a t u s  o f  lakes i n  eas te rn  Canada, T 
ion r a t i o s  CQrreSpQsld c l o s e l y  t o  patterrss o f  ~ t ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ c  rlalfur 

2- 
over broad areas  o f  e a s t e r n  Canada, 

d e p o s i t i o n ,  ind ica t ing  a much g r e a t e r  ex ten t  o f  a c i d i f i c a t i o n  i n  areas  

receiving h i g h  l eve l s  o f  acidic ~ ~ ~ 0 s ~ ~ ~ ~ ~ ~  



4. B I O L O G I C A L  R E L E V A N C E  OF OBSERVEQ C H A N G E S  I N  C H E M I S T R Y  
RESULTING FROM A C I D I C  OEPQSITION 

( J e r r y  w .  Elwssd) 

As i t s  p r imary  Focus, t h i s  s e c t i o n  addresses t h e  f o l l o w i n g  

ques t i on :  What evidence i s  t h e r e  t o  suppor t  t h e  hypothes is  t h a t  

b i o l o g i c a l  changes i n  su r face  waters  i n  Canada r e s u l t e d  f rom chemical  

changes assoc ia ted  i t h  a c i d i c  d e p o s i t i o n ?  The o b j e c t i v e  i s  t o  assess 

t h e  evidence concern ing t h e  causal  r e l a t i o n s h i p  between b i o l o g i c a l  

changes and w a t e r - q u a l i t y  changes assoc ia ted  e i t h e r  d i r e c t l y  o r  
i n d i r e c t l y  w i t h  a c i d i c  d e p a s i t i o n .  

4 .1  C O N C E P T U A L  F R ~ ~ € ~ O ~ K  OF AQUATIC EFFECTS 

Aquat ic  species d i f f e r  i n  t h e i r  s e n s i t i v i t y  t o  pH,  as shown by 

numerous s t u d i e s  o f  f i s h e s ,  zooplankton, phytoplankton,  b e n t h i c  

i n v e r t e b r a t e s ,  and decomposers (Magnuson e t  a l .  1984) .  Most i n t e r e s t  

i s  focused on the impacts o f  a c i d i c  d e p o s i t i o n  on f i s h e s  because o f  
t h e i r  c l e a r  economic and s o c i o l o g i c a l  importance. I n  a d d i t i o n ,  f i s h e s  
depend on lower t r o p h i c  l e v e l s  and, thus,  serve as i n t e g r a t o r s  O B  

s t a t u s  o f  Canadian s u r f a c e  waters ,  f i s h  a r e  t h e  main, b u t  n o t  t h e  o n l y ,  

c o n s i d e r a t i o n .  I n  Sect.  4.2, 'the c u r r e n t  s t a t u s  and h i s t o r i c a l  t r e n d s  

among a q u a t i c  b i o t a  i n  Canadian su r face  waters  a r e  assessed i n  terms o f  

t h e i r  response t o  a c i d i f i c a t i o n .  

The evidence used t o  assess b i o l o g i c a l  changes i n  streams, r i v e r s ,  

and lakes  i s  based on b o t h  d i r e c t  and i n d i r e c t  e m p i r i c a l  da ta .  D i r e c t  
evidence i n c l u d e s  (1)  da ta  on long- term changes i n  b i o l o g i c a l  

communit ier  and p o p u l a t i o n s  i n  s u r f a c e  waters t h a t  have e x h i b i t e d  

changes i n  wa te r  chemis t r y  ove r  t h e  same t i m e  p e r i o d ,  ( 2 )  synop t i c  

b i o l o g l i c a l  surveys o f  s u r f a c e  waters  t h a t  have a range i n  pH 

a c i d i f i c a t i o n ,  and (3 )  r e s u l t s  o f  i n  s i t u  bioassays i n  which t h e  

s u r v i v o r s h i p ,  p h y s i o l o g i c a l  s t a t u s ,  o r  behav io r  o f  organisms and 

communit ies i n  more a c i d i c  s u r f a c e  waters  a r e  compared w i t h  those o f  

t h e  same species o r  co u n i t y  i n  a c o n t r o l  o r  r e f e r e n c e  environment 
t h a t  i s  r e l a t i v e l y  l e s s  a c i d i c .  I n d i r e c t  e m p i r i c a l  evidence i n c l u d e s  

Funct ion.  Therefore,  i n  t h e  assessment o f  t h e  b i o l o g i c a l  
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both data on biological changes in surface waters that are 
experimentally acidified and results of laboratory bioassays that 
provide data on threshold concentrations at which biological effects on 
populations and communities in natural environments would be predicted. 

4 * 2  LONG-TERM TRENDS IN AQUATIC BIOTA 

Analyses of time-trends in the biological status o f  surface waters 
rely on comparing historical and current field survey data. Such 
observations o f  trends can verify that species are actually being 
l o s t .  By themselves, however, they can not be used to estimate the 
extent and magnitude o f  impact. Furthermore, observed biological 
changes through time, with or without associated evidence o f  increasing 
acidity, do not prove that acidification is the cause, nor do they 
disprove alternative explanations of observed trends. 

areas o f  Canada: the La Cloche Mountain lakes (173 total) located near 

Sudbury, Ontario, on the north shore o f  Georgian Bay and the North 
Channel o f  Lake Huron, and Atlantic salmon rivers in Nova Scotia. 

Research on 68 of  the largest La Cloche Mountain lakes began in the 
1960s with periodic surveys that provided a data base for time-trend 
analysis. Historical records o f  sports fish were compiled from reports 
from anglers and conservation officers, as well as from limited surveys 
(Harvey and Lee 1982). Results indicate the probable loss of lake 

trout (Salvelinus namaycush) from at least 17 lakes, loss o f  smallmouth 
bass (Micropterus dolomieu) from 12 lakes, and loss o f  walleye pike 
(Stizostedion vitreum) from four lakes. 80th yellow perch (Perca 

flavescens) and rock bass (Ambloplites rupestris) are reported as being 
lost from only two lakes. Although there were no historical reports of 

fish captures for many of the La Cloche lakes, the documented 'lost 

Trend analyses of biological changes are best documented in two 

populations are probably underestimates of total losses, because many 
fish species that are not currently present i n  some lakes are likely to 
have had a wider distribution historically than is indicated by current 
surveys. 



The exact  cause of these losses of fish species from la Cloche 
Mountain lakes is less certajn. Because bokh sport and nonsport fishes 
declined, overfishing i s  unlikely t o  have been sole1y responsible f o r  

t h e  decline (Beamish dnd Harvey 7 9 7 2 ) .  Acidification was hypothesized 

t o  be t h e  cause of t he  fish e x t i n c t i o n s  because inany o f  the  lakes in 
and t o  Lhe east of  the La Cloche Momtains had a low pH in 1971 and had 
experienced a decline in pH wet- the preced ing  3- t o  13-year p e r i o d  
(BeamSsh and Harvey 1972). l he  pH measurenients taken i n  the early 
1960s were made us ing  the colorimetric method,  and thus the reported 
values might be t o o  h jgh.  If so, the reported reductions in pH f o r  

many of t h e  La Cloche Mountain lakes would be in error-. However, the 
magnitude o f  pi-i r educ t i ons  in La Cloche Mlsuntain laker ( u p  t o  2 pW 

unitsj is m c h  greater than t h e  error ittributable t o  differences i n  

measurement errr3rs [<0.2 pH u n i t s  in general and c0.5 u n i t s  in the 

bfct-st case (Kramer et a ? .  1 9 9 6 ) ] .  

Harvey (1975) used i-egression analysis in an attempt t o  identify 
t h e  causal factor- responsible  f o r  variation i n  the nmber and diversity 

of fish s p e c i e s  amang lakes and: hence, 'io iildir-ectly identify the 

p o t e n t i a l  cause o f  the  loss  o f  fish species from lakes.  The number o f  
fish species in t h e  l a  Cloche lakes in 1972 and 11933 was significantly 

correlated with pH ( p  <0.005), although t h e  correlation accounted f o r  

only 39% sf the variation a m m g  lakes in t h e  riermber of fish species 

present {Harvey 1 9 7 5 ) .  The r1unibe.3' of fish species present was also 
significantly cowelated w i t h  o l h e r  physical, c h e m i c a l ,  and biological 

variables, including lake depth,  volume, Secchi depth, hardness, and 
number o f  zooplankton species (Harvey 1975). Baker (1984) performed an 
analysis of covariance on the  La Cloche data  and found that the 
correlation o f  nimher of F i s h  species ~ i t h  pta was significant 
(p <Q,005) even after adjustmeat  for differences in lake a reas .  

l h e  La Cloche Hsenntain lake data W C ~ C  also reanalyzed by Henderson 
(1984) t o  identify t h e  environmental variables t h a t  constrairi the fish 
camunity in these lakes. The frequency distribution of environmental 
variables--including pH, ANC, Ca, lakp s i z e ,  lake depth, and the 
presence o f  inlet o r  o u t l e t  strcams--was plotted, after- which the 
number of lakes in each class of varqables with and wl thou t  fish was 
determined. TRe effect o f  each variable on species distributions and 
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t h e  i n t e r a c t i o n  between t h e  v a r i a b l e s  were then  t e s t e d  s t a t i s t i c a l l y .  

The v a r i a b l e s  found t o  s i g n i f i c a n t l y  a f f e c t  spec ies d i s t r i b u t i o n  were 

then examined t o  i d e n t i f y  t h e  s o - c a l l e d  ' c o n s t r a i n t ' '  va lues o u t s i d e  o f  
which a p a r t i c u l a r  spec les o f  f i s h  d i d  n o t  occur .  Because l i t t l e  

i n f o r m a t i o n  was a v a i l a b l e  on r a r e  f i s h  species p resen t  i n  t h e  La Cloche 

lakes ,  t h e  a n a l y s i s  was l i m i t e d  t o  t h e  14  species p resen t  i n  >lo% lof 
t h e  lakes.  

Fac to rs  found t o  i n f l u e n c e  t h e  occurrence o f  t hese  14 species were 

c a l c i u m  c o n c e n t r a t i o n ,  pH, l ake  area, t h e  presence o f  streams 

connec t ing  them t o  o t h e r  l akes ,  and l a k e  depth.  The a n a l y s i s  i n d i c a t e d  

t h a t  pH and l a k e  area were t h e  t w o  dominant f a c t o r s  de te rm in ing  t h e  
species compos i t i on  i n  t h e  La Cloche f lounta in  l a k e s .  O f  t h e  14 species 

considered i n  t h e  a n a l y s i s ,  t h r e e  species (Iowa d a r t e r ,  Johnnie d a r t e r ,  

and b lun tnose  minnow) were es t ima ted  t o  be c o n s t r a i n e d  by pH alone, and 

t h r e e  species ( w h i t e  sucker,  r o c k  bass, and smallmouth bass) were 
c o n s t r a i n e d  by a combinat ion o f  pH and l a k e  morphology. Four o t h e r  

species a r e  a p p a r e n t l y  c o n s t r a i n e d  by  c a l c i u m  c o n c e n t r a t i o n .  The 

e f f e c t  o f  changing pH and l a k e  area on t h e  complement o f  f i s h  spec-ies 

was p r e d i c t e d  f o r  t h e  La Cloche lakes  w i t h  a c a l c j u m  c o n c e n t r a t i o n  
>5 ppm and a maximum depth >5 m ( F i g .  4.1; a l s o  F i g .  1 i n  Henderson 

7984). 

Whi le  Hendersonls (1984) a n a l y s i s  shows t h a t  a number o f  f a c t o r s  

l i m i t  t h e  species compos i t i on  o f  f i s h  i n  t h e  La Cloche lakes  and t h a t  

these f a c t o r s  a r e  d i f f e r e n t  f o r  v a r i o u s  species,  t h e r e  i s  a s i g n i f i c a n t  

c o r r e l a t i o n  between wa te r  pH and t h e  number of f i s h  species p resen t  i n  

these  lakes.  Th is  r e s u l t  i s  t hus  c o n s i s t e n t  w i th  t h e  hypo thes i s  t h a t  

a c i d i f i c a t i o n  has c o n t r i b u t e d  t o  t h e  loss o f  f i s h  species f rom t h e  
l a  Cloche Mountain l a k e s .  

As i s  t o  be expected, c o r r e l a t i v e  techniques do n o t  account for  

a l l  o f  the v a r i a t i o n  i n  t h e  number o f  f i s h  species p resen t  i n  t h e  

La Cloche Mountain lakes, because many v a r i a b l e s  t h a t  c o u l d  i n f l u e n c e  
f i s h  presence were n o t  measured (e.g., t r a c e  meta ls ,  f i s h i n g  pressure,  

and management p r a c t i c e s ) .  Never the less,  a l t hough  t h e  p r e c i s e  
c o n t r i b u t i o n  o f  t hese  o t h e r  Fac to rs  t o  t h e  d e c l i n e  i n  f i s h  species i s  
unknown, t h e  s t r o n g  a s s o c i a t i o n  between pH and t h e  number o f  f i s h  
species has been c l e a r l y  demonstrated. 
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A s  p r e v i o u s l y  i n d i c a t e d ,  these known l o s t  p o p u l a t i o n s  a r e  p robab ly  
underest imates o f  t o t a l  l osses  because (1) t h e  h i s t o r i c a l  records o f  

t h e  presence o f  s p o r t  f i s h  i n  l akes  i n  t h i s  area a r e  meager and 

( 2 )  many of t h e  s p o r t  f i s h  species a r e  l i k e l y  t o  have had a w i d e r  

d i s t r i b u t i o n  than  i s  r e f l e c t e d  i n  t h e  r e s u l t s  o f  r e c e n t  surveys i n  t h e  

La Cloche Mountains (Harvey and Lee 1982). I n  a d d i t i o n ,  some s p o r t  f i s h  

a r e  o f  l e s s  i n t e r e s t  and, thus,  t h e i r  presence may n o t  have been 
r e p o r t e d  i n  t h e  h i s t o r i c a l  reco rds .  

Mountain l akes  as a f u n c t i o n  o f  l a k e  pH, Harvey and Lee (1982) compared 

t h e  observed number o f  species i n  t h e  l a t e  1970s w i t h  t h e  expected 

number as computed f rom an e m p i r i c a l  r e l a t i o n s h i p  between number o f  

f i s h  species and area o f  l akes  w i t h  a pH >6, i n  which a c i d i f i c a t i o n  

would n o t  be expected t o  e l i m i n a t e  any species.  

( F i g .  4.2; a l s o  F i g .  9 i n  Harvey and Lee 1982) show t h a t  below pH 5 .2 ,  
20% t o  100% o f  t h e  f i s h  species a r e  l o s t  f rom t h e  La Cloche Mountain 

l akes .  V a r i a t i o n  i n  t h e  f r a c t i o n  o f  f i s h  species l o s t  as a f u n c t i o n  o f  

pH i s  p robab ly  due t o  a combinat ion o f  f a c t o r s ,  i n c l u d i n g  species 

d i f f e r e n c e s  i n  a c i d  t o l e r a n c e ;  e x i s t e n c e  and e x t e n t  o f  re fuges  f rom 

a c i d i c  c o n d i t i o n s  w i t h i n  l akes ;  v a r i a t i o n  among lakes  i n  t h e  t o x i c i t y  

o f  me ta l s  m o b i l i z e d  v i a  a c i d i f i c a t i o n ;  and d i f f e r e n c e s  among f i s h  
species and lakes  i n  b e h a v i o r a l  ecology, such as season and l o c a t i o n  of 

spawn i ng . 
Long-term records of w a t e r  q u a l i t y  and a n g l e r  success over  a 

27-year p e r i o d  a r e  a l s o  a v a i l a b l e  f o r  A t l a n t i c  salmon r i v e r s  i n  

Nova S c o t i a  (Wat t  e t  a l .  1983).  These records show a s i g n i f i c a n t  

d e c l i n e  i n  pH a t  an average annual r a t e  of 0.017 pH u n i t s .  

Concen t ra t i ons  o f  b i ca rbona te  a l s o  d e c l i n e d ,  w h i l e  s u l f a t e  and aluminum 

c o n c e n t r a t i o n s  increased ove r  t h e  same p e r i o d .  A t l a n t i c  salmon no 
l o n g e r  r u n  i n  r i v e r s  whose c u r r e n t  pH i s  c4.7.  

pH ranges f rom 4.7 t o  5.0, salmon a n g l i n g  r e t u r n s  have d e c l i n e d  
s i g n i f i c a n t l y  ( F i g .  4.3; a l s o  F i g .  4 in Watt e t  a l .  1 9 8 3 ) ,  and these 

r i v e r s  have low  d e n s i t i e s  o f  j u v e n i l e  salmon. R i v e r s  hav ing a pH >5.0 
g e n e r a l l y  have normal d e n s i t i e s  o f  j u v e n i l e  salmon and no t r e n d  i n  

a n g l e r  r e t u r n s  o f  A t l a n t i c  salmon ( F i g .  4.3).  

To e s t i m a t e  t h e  number of  l o s t  spec ies o f  f i s h  f rom t h e  La Cloche 

T h e i r  r e s u l t s  

In r i v e r s  whose c u r r e n t  



52 

QRNL-DWG 89-4 2253 

.--- 
I 
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F i g .  4 .2  C a l c u l a t e d  percentage o f  t h e  f i s h  species l o s t  f rom 
50 lakes  w i t h  pH <b.O i n  t h e  La Cloche Mountains as a f u n c t i o n  o f  pH. 
The l o s t  p o p u l a t i o n s  w e r e  c a l c u l a t e d  as a f r a c t i o n  o f  t h e  expected 
number of species i n  a g i ven  l a k e  es t ima ted  from a r e g r e s s i o n  model O F  
l a k e  area and number o f  f i s h  species.  Source: Harvey and Lee (1982) .  
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F i g .  4.3. Angler catch of At lan t i c  salmon, expressed as  a percentage o f  t h e  
c a t c h  d u r i n g  the period 1936-40, versus time i n  years ,  i n  1 2  Nova Scotia  rivers 
having a mean pH of >5 and i n  10 Nova S c o t i a  r i v e r s  w i t h  a mean pH 5 5 .  
Source: Watt e t  a l .  (1963). 



54 

A though the changes in pH, A N C ,  and sulfate in these Nova Scotian 
rivers are consistent with acidification-caused changes i n  surface 
water hemistry, they alone do not prove that this is the causal factor 
in the decline of salmon angling returns. The role o f  acidification, 

however, is corroborated by evidence of the effect of low pH on 
Atlantic salmon in laboratory bioassays (Daye 1980; Peterson 19841, in 
situ bioassays (Lacroix 1985; Lacrsix et al. 1985), and electrofishing 
surveys (Watt et al. 1983). Taken together, t h e s e  results generally 
support the conclusion that acidification contributed to the decline 
and loss of some fish species from these waters. 

rivers in southwest Nova Scotia can be attributed e n t l r e l y  to surface 

water acidification resulting From acidic deposition i s  open to 

question. Kessel-Taylor (1985) concluded that local factors, including 

changes in salmon management ( e . g . ,  over harvesting, habitat 
degradation) and land m ~ f l ~ ~ e ~ ~ ~ ~  practices (e.¶., logging, agriculture), 

droughts, and the occurrence of natural sources of organic acidity 
produced in wetlands in the watersheds, have also had a significant 
impact on surface water acidity and salmon populations. Unfortunately, 
it i s  presently not possible t o  quantitatively determine the importance 

o f  each o f  these environmental factors on water quality and salmon 
populations, relative t o  that of acidic deposition, The data suggest 

that the cumulative effect of the above-mentioned factors, together 
with acidic deposition, contributed to the disappearance or decline of 

salmon from some rivers in southwest Nova Scotia. 

Whether t h e  decline and apparent loss o f  Atlantic salmon from some 

4 . 3  SYNOPTIC SURVEYS 

Synoptic surveys have been used t o  determine t h e  current 
biological status of selected taxanom'lc groups in waters t h a t  have ANCs 
and pHs that could have been altered by acidic deposition and in w a t e r s  
considered potentially susceptible t o  acidic deposition. In selected 
areas o r  regions o f  eastern Canada, results of such surveys have 
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prov ided  some i n i t i a l  q u a l i t a t i v e  i n d i c a t i o n s  o f  t h e  c u r r e n t  b i o l o g i c a l  

s t a t u s  o f  s p e c i f i c  taxonomic groups (e.g. ,  f i s h  and ben th i c  

m a c r o i n v e r t e b r a t e s ) .  

i n  510 lakes  i n  eas tern  Canada. The r e s u l t s  o f  t h i s  survey, however, 
a r e  confounded by d i f f e r e n c e s  i n  t h e  sampl ing e f f o r t s  o f  t h e  d i f f e r e n t  

p rov inces  (e.g., s i z e  o f  g i l l  n e t  s e t )  and by b iases  i n  t h e  types  o f  

Kelso e t  a l .  (1986a) r e p o r t  the  r e s u l t s  o f  a f i s h  survey conducted 

lakes  t h a t  were sampled. I n  O n t a r i o  and Newfoundland, f o r  example, 

a lmost  a l l  l akes  sampled were smal l  headwater lakes,  whereas i n  Quebec 
and Labrador,  s e l e c t i o n  was b iased toward l a r g e r  lakes.  Because l a k e  

s i z e  has been shown t o  i n f l u e n c e  t h e  number o f  f i s h  species (Harvey and 
Lee 1982), t h e  i n f l u e n c e  o f  a c i d i f i c a t i o n  on t h e  number o f  f i s h  species 

i s  p o t e n t i a l l y  confounded by t h e  e f f e c t  o f  l a k e  s i z e ,  
(1986a), however, found t h a t  pH was n o t  s i g n i f i c a n t l y  c o r r e l a t e d  t o  t h e  

s i z e  o f  lakes  i n  eas tern  Canada. Based on t h i s  f i n d i n g  and t h e  t r e n d  
o f  decreas ing f i s h  species w i t h  d e c l i n i n g  pH (F ig .  4.4; also F i g .  10 i n  

Kelso e t  a f .  1986a), t hey  concluded t h a t ,  of-' t h e  parameters i nc luded  i n  

t h e i r  survey, pH has t h e  g r e a t e s t  i n f l u e n c e  on number o f  f i s h  species.  

Th is  t r e n d  a lone,  however, does n o t  prove t h a t  a c i d i t y  i s  t h e  p r imary  

f a c t o r  respons ib le  f o r  d i f f e r e n c e s  i n  t h e  number o f  f i s h  species i n  

l akes  i n  eas te rn  Canada. 
To determine whether t h e  presence o r  absence o f  a f i s h  species 

Kelso e t  a l .  

cou ld  be p r e d i c t e d  based on t h e  p h y s i c a l  and chemical  c h a r a c t e r i s t i c s  
o f  a l ake ,  K e l s o  e t  a l ,  (1986a) performed a s tepwise d i s c r i m i n a n t  

a n a l y s i s  o f  these l a k e  survey da ta .  T h e i r  r e s u l t s  show t h a t  the  

d i s c r i m i n a n t  f u n c t i o n s  were r e l i a b l e  i n  p r e d i c t i n g  t h e  presence o r  

absence o f  c e r t a i n  f i s h  species i n  some areas b u t  poor  f o r  o t h e r  common 

species.  I n  genera l ,  t h e  d i s t r i b u t i o n  o f  brook t r o u t ,  a species l e s s  
s e n s i t i v e  t o  a c i d i f i c a t i o n  (Grande e t  a l .  1978; Baker 1984), d i d  n o t  
depend an t h e  w a t e r - q u a l i t y  f a c t o r s  r e l a t e d  t o  a c i d i f i c a t i o n  f o r  which 

da ta  were a v a i l a b l e  ( i . e . ,  pH and ANC). In c o n t r a s t ,  t h e  d i s t r i b u t i o n  
o f  l a k e  t r o u t  and A t l a n t i c  salmon, which tend  t o  be more a c i d - s e n s i t i v e  

than  brook t r o u t ,  d i d  depend on these f a c t o r s .  Therefore,  these r e s u l t s  



F i g ,  4.4. R e l a t i o n s h i p  between numbers o f  f i s h  spec ies  and the  
lake pH For all lakes in eastern Canada. Source: Kelso et a l .  (1984~1). 
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suggest that acidification has influenced the distribution of 
acid-sensitive fish species (e.g., lake trout and Atlantic salmon) in 

certain lakes in eastern Canada. 
In the period 1982 t o  1985, the presence, age distribution, and 

relative abundance of fish were determined in 36 lake trout (Salvelinus 
namaycush) lakes and 23 brook trout lakes in Ontario, spanning a range 
of water chemistry (Beggs et al. 1985; Beggs and Gunn 1986). A l l  o f  
the lakes surveyed were known to have contained lake trout or brook 

trout at one time, as documented in historical surveys and in reports 
from reliable conservation officers and anglers. Beggs et al. (1985) 

and Beggs and Gunn (1986) found that the relative abundance, as 
determined from catch per unit effort, of lake trout declined markedly 
in lakes with a pH <5.3 and total extinction occurred in lakes with a 
pH <5,2 [Fig. 4.5; also Fig. 6 in Beggs et al. (ISSS)]. Some of the 

fish lakes with extinct lake trout populations contained large 
populations of acid-tolerant species such as yellow perch (Perca 
I flavescens) while lakes with a pH <4.7 were fishless. In lakes o f  
pH 5.2-5.4, lake trout populations consisted almost ent-iirely o f  large, 
old fish, indicating that successive recruitment failure was occurring 

at a pH o f  ~ 5 . 5 .  

pH. They were captured at a minimum pH o f  5.1 (Fig. 4.6, also Fig. lb 
in Beggs and Gunn 1986), but populations were extinct below a pH o f  
5.0. There was no indication of reproductive failure o f  brook trout 

above a pH of 5.1. 

This tolerance o f  brook trout to low pH is generally consistent 
with results o f  bioassay studies (Grande et al. 1978; Rosseland a,nd 
Skogheim 3984) showing that brook trout are more tolerant of  low pH 
than any of the other salmonid species tested. 
trout have the ability to detect and avoid acid water (Gunn and hloakes 

1986), thus making them potentially less vulnerable to acidification if 
"adequatet8 (i.e., less acidic) refugia are available. Because brook 
trout locate their spawning sites i n  the presence of groundwater 

In contrast to lake trout, brook t r o u t  were more tolerant of low 

I n  addition, brook 
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Fig. 4.6. Relationship between c a t c h  per u n i t  effort of  brook 
trout (Salvelinus fontinalis) in lakes in Quebec and pH o f  lake water 
Source: Talbot et al. (1984). 
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upwe 1 
(Gunn 

of th 

ing that is generally of h i g h e r  alkalinity than surface water 
1 9 8 6 ) ,  t h e  early developniuntal stages (i .e., prior to emergence) 

s species niay be protected from acidic runoff and surface water. 
The hypothesis that acidification caused the lass of lake trout 

populations from lakes w i t h  a ptl (5 .2  is supported by results from 
other surveys (Seamish 1976) and from the experimental acidification of 
a small lake (Schindler et a l .  1985). Based on data from fisheries 
surveys of the La Cloche Mountain lakes, Weanigsh (1976) suggested that 
lake trout populations are lost i n  lake?; having pH <5.2 to 5.5, This 
prediction was corroborated by Schindler et al. (1985) during the 

experimental acidification of a lake trout lake, Lake 223, in 
northwestern Ontario. Changes in fish reproduction and the condition 

of fish were followed over an 8-year period a s  Lake 223 was 
experimentally acidified from an original value o f  pH 6.8 to pW 5.0. 

Recruitment o f  lake trout ceased when the average pH o f  lake water was 
reduced to approximately 5.4, and no f i s h  species reproduced at pbl 

values o f  (5.4. Because lake trout are a long-lived species and have 
high natural survival rates, they will persist. in a lake for many years 
after reproduction har ceased. On the basis of natural mortality rates 
of the most long-lived fish species, Schindlel- et al. (1985) predicted 
t h d t  the lake would become fishless within a decade if the pH remained 
below 5.4. The Beggs et al. (1985) observation that lake trout had 

become extirpated in lakes with a pH o f  (5.2 is thus consistent with 
these results and with the hypo%hesis that acidification was the cause 
o f  the loss of  lake trout from lakes w i t h  a pW (5.2. 

The interpretation that recruitment failure caused by acidic 
conditions occurs at a pH o f  c5.5 and is at least one of the causes for 
the extirpation o f  Sake trout from some of the acidic lakes in Ontario 

is supported by time-series data on a lake trout lake that is 
recovering from acidification (Beggs and Gunit 1986). In 1978 and 1980 
when the mean annual pH o f  Whitepine Lake near Sudbury, Ontario was 

5.47, the lake trout population consisted o f  large, old individuals, 

indicating there was no recruitment. In 1982, however, when the mean 
pll  o f  this lake had increased t o  5.63, ncw recruits to the lake trout 
population were captured For the first t i m e .  
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A stepwise discriminant function analysis was ~~n~~~~~~ by Beggs 

et al. (1985) to identify the physiochemical characteristics that 

those with extinct ~ ~ ~ u ~ a t i o i 7 ~ .  Inorganic ~ o ~ ~ ~ ~ ~ ~ ~ ,  ~ ~ ~ ~ ~ ~ i 7 u ~  

between pH, total A I ,  and DOC c ~ ~ c ~ n ~ ~ ~ ~ ~ o n  in Canadian 

lakes---correctly cldssfiflied the  lake trout pa U l d t I O K l  S t d l - U S  Of  96 .5% 

o f  the lakes f o r  which the existlng s t a t u s  o f  e x t i n c t .  and viable Bake 

trout lakes was s now^^. 

ifferentiated t h e  lakes having viable lake t r o u t  populations from 

alone--as calculdte f r om an cmp'lrjcal ~ $ ~ ~ ~ ~ . ~ ~ ~ ~ ~ ~ ~  

The discriminant function using pH alone was t n e n  applied t o  a 

more extensive data  s e t  o f  assigned lake t r o u t  lakes in Ontar io  

t y  were 

having 

(1223 lakes) f o r  which at least pH, alkalinity, 

known, Using this discriminant function, the number o f  lakes 

either extinct or viable lake trout ~ o ~ ~ ~ ~ ~ ~ ~ n s  Mas  at^^ 
Although the method used t o  assi i7 a l a k e  t0 t h e  :']lake t r o u t "  category 

is not described, it appears t o  have been base, l a k e  locatlow 
relative t o  known glacial activity, t he  t y p e  of y l a c i t ~ l  deposit, and 

characteristics o f  the lake's watershed. ThIs ~ ~ ~ f ~ ~ ~ ~ ~ ~ ~ ~ n  on t h e  

1223 lake trout lakes was then extrapolate e e n t i r e  lake trout 

resource in Ontario. According to t h i s  a n a l y s i s ,  a c i d i f i c a t i o n  has 
caused lake trout t o  become extinct i n  3% ( 6 3  l akes)  s f  t he  2218 lakes 

in Ontario estimated to have lake t r o u t ,  If the lakes; around Sudbury 

are removed from t h i s  analysis because o f  t h e  ldrge inf luence o f  the  
point source emissions from the Su bury smelters, o n l y  1 %  o f  the l a k e  
trout lakes i n  Ontario would be a c j d i c  ( A  

non-Sudbury lakes would be estlmated t o  have l o s t  t h e i r  lake t r o u t  

populations as t he  result o f  acidification. 

200 lakes i n  four areas o f  ~ ~ e ~ e ~  s ince  146.3'8 ~ . ~ ~ ~ ~ ~ o t  e t  a l .  1984).  

These various surveys show a decrease i n  t he  r e l a t i v e  abundance o f  
brook trout (Salvelinus fontinalis), as ~ ~ a s ~ r e d  b she catch per u n i t  

effort, with decreasing pH [Fig. 4.5; Fig+ 3.2 i n  T a l b o t  e t  a l .  (1984) ] ,  

Synoptic surveys have also been conducted on ~ ~ ~ ~ ~ x i ~ ~ ~ ~ ~ y  
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Smith e t  a l .  (1986) r e p o r t  t h e  r e s u l t s  s f  surveys o f  wa te r  

chemis t r y  and F i s h  i n  234 l akes  i n  Nova S c o t i a  d u r i n g  t h e  summers o f  

1981 -1984. The f i s h  surveys were conducted u s i n g  exper imenta l  g i l l  
ne ts  s e t  f o r  approx imate?y 23 hours. The more a c i d i c  lakes g e n e r a l l y  

had t h e  l owes t  specles r i c h n e s s  o f  f i s h .  C o r r e l a t i o n s  o f  f i s h  species 

r i chness  and wa te r  chemis t r y  v a r i a b l e s ,  i n c l u d i n g  pH, aluminum, 

s u l f a t e ,  i r o n ,  and manganese showed t h a t  t h e  wa te r  chemis t r y  v a r i a b l e s  

accounted f o r  <4QX s f  t h e  v a r i a t i o n  i n  species r i chness  among t h e  

l a k e s .  Stepwise m u l t i p l e  r e g r e s s i o n  a n a l y s i s  o f  f i s h  species vs wa te r  

chemis t r y  v a r i a b l e s  " revea led  l i t t l e  p r e d i c t i v e  power" o f  t h e  v a r i a b l e s  

t e s t e d ,  i n c l u d i n g  pH, aluminum, s u l f a t e ,  i r o n ,  and manganese. Ihe 
au tho rs  coricluded t h a t  species d i s t r i b u t i o n  and species r i chness  among 
t h e  Nova S c o t i a n  l akes  surveyed showed no r e l a t i o n s h i p  w i t h  wa te r  
chemis t r y  a p a r t  f rom pM. rhese r e s u l t s  a r e  g e n e r a l l y  c o n s i s t e n t  w i t h  

o t h e r  s t u d i e s  ( e . g , ,  Kelso e t  a l .  1986a) t h a t  show a d e c l i n e  i n  t h e  

species r i chness  o f  f i s h  i n  l akes  u i t h  d e c l i n i n g  pH. The i n f l u e n c e  o f  

pH on f i s h  abundance ( i . e - ,  d e n s i t y ) ,  h o ~ t ~ v e r ,  i s  l e s s  c l e a r .  
Frenette e t  a ? .  (1996) a l s o  showed t h a t  c a t c h  p e r  u n i t  e f f o r t  f o r  

brook t r o u t  d e c l i n e d  w i t h  pH i n  37 lakes l o c a t e d  i n  f o u r  reg ions  o f  

Quebec. Furthermore, t h e y  showe t h a t  t h e  r e l a t i v e  abundance o f  brook 

t r o u t  1s more h i g h l y  c o r r e l a t e d  w i t h  c a l c i u m  c o n c e n t r a t i o n  than  w i t h  

pH, a r e s u l t  suppor t i ng  l a b o r a t o r y  and f i e l d  s t u d i e s  which demonstrates 

t h a t  ca l c ium has a m i t i g a t i n g  e f f e c t  on low pH (Brown 1982).  The 

au tho rs  i n d i c a t e  t h a t  t h i s  species had disappeared f rom t h r e e  a c i d i c  

Sakes (pW 4 . 6  t o  5.1) w i t h  low c a l c i u m  c o n c e n t r a t i o n s  i n  one r e g i o n  
( C h a r l e v o i x ) ,  a l t hough  t h e y  p r o v i d e  no documentat ion t h a t  brook t r o u t  

were once p resen t  i n  t h e  t h r e e  l akes .  In a d d i t i o n ,  none o f  t hese  c i t e d  

s t u d i e s  on brook t r o u t  lakes i n  Quebec p rov ides  evidence o f  h i s t o r i c  

changes i n  po-8 and l osses  o f  brook t r o u t  p o p u l a t i o n s  r e s u l t i n g  f rom 
r e c e n t  a c i d i f i c a t i o n  assoc ia ted  w i t h  a c i d i c  d e p o s i t i o n .  Never the less,  

t hey  do demonstrate t h e  p o t e n t i a l  impact. on brook t r o u t  p o p u l a t i o n s  o f  

d e c l i n i n g  pH. The c r i t i c a l  pH t h r e s h o l d  a t  which t h i s  species i s  

e l i m i n a t e d ,  however, appears t o  va ry  based on evidence f r o m  these 
surveys i n  Canada. 
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Brook trout were collected from some lakes in Quebec with a pH 
c5.0, whereas Beggs and Gunn (1986)  found no brook trout in lakes in 
Ontario with a pH c5.0. 
sensitivity of brook trout between Quebec and Ontario may reflect 

(19 regional differences in the acid sensitivity of this species due t o  
different genetic strains, ( 2 )  regional differences in physiological 
acclimation to acidic conditions, ( 3 )  regional differences in aspects 
of  water chemistry other than pH that affect the response of f i s h  to 

acidic conditions (e.g., differences in calcium or aluminum 
concentrations or in ligands that complex aluminum), or (4.) a 

combination of these factors. Whatever the cause, this difference 
indicates spatial variability in the critical pH threshol 
species. 

Synoptic surveys have also been conducted for other taxonomic 

groups o f  aquatic organisms. Kelso et al. (198th) report the results 
for benthic invertebrate surveys from 198 lakes in Ontario, Quebec, 
Newfoundland, and Nova Scotia. The results for all regional data 

combined show that the number of benthic invertebrate species declines 

with decreasing pH. In contrast, regressions of invertebrate density 
and biomass vs pH and ANC of lake water were not significant for lakes 
in most of these regions, implying that the abundance and biomass of 
aquatic invertebrates is not influenced by acidification. That the 

number of species is reduced with declining pH whereas the density and 
biomass show no trend suggests that the loss of  some species may be 

offset by increases in the abundance o f  at least some of the remaining 
acid-tolerant species, However, many of the species eliminated at 

higher pH values are benthic Crustacea (Mysis, Hyalella, Pontoporeia) 
o r  molluscs. Replacing these taxa with more acid-tolerant insects or  

zooplankton is no indication that the food web will function normally. 

Newfoundland are also reported in Kelso et a l .  (1986a9. The number o f  
zooplankton species i o  the major groups and for  all species combined 

declines with the decreasing pH of lake water. In general, the number 
of zooplankton species begins to decline when the pH falls to c6.0, and 

This apparent difference in the acid 

Zooplankton data from 272 lakes in Ontario, Quebec, and 
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t h e  appargnt 105% o f  spec ies  i s  more r a p i d  when t h e  pW f a l l s  t o  < 5 . 5  

(Ke lso  e t  a l .  1986a).  Resression aoalyses revealed s i g n i f i c a n t  

r e ? a l l o n r h i p s  between &he nlaa:brr o f  t axa  and pK i n  l a k e r  i n  some 

reg ions ,  a l t hough  t h e  f r a c t i o n  u f  v a r i a t i o n  i n  t h e  o-rumber of 
zooplankton exp la ined  by p H  a lone  wzs r e l a t i v e l y  law. This suggests 

t h a t  pH a lone  i s  n u t  t h e  p r imary  f a c t o r  r-egulatSng t h e  number o f  

zuoplanktco species i n  Canadian l akes .  

A synop3.ic survey o f  aquatic i n s e c t  c a m u n i t i e s  i n  e i g h t  headwater- 

streams ranySng i n  pC1 fr-op 4.3 t o  5.3 i n  s o u t h - c a n t r a l  Ontar io  Mas a l s o  

condiircted i n  1981 (Mackay and Kersey 1985)  ~ The number o f  genera o f  
aqua&ic i n s e c t s  g e ~ e r a l i l y  decreased w i t h  decreasing pH" I n  the  most 

acidSc streams (pel 4.3 t o  4 .5 )  m a y f l i e s  were e i t h e r  complete l> absent 

o r  had a. reda:ced spec ja s  d i v e r s i t y  compared w i t h  t h a t  uf s t r e a m s  !.rith 
higher- pHs. These r e s u l t s  on t he  d i v e r s i t y  o f  b e n t h i c  i n v e r t e b r a t e  

t a x a  i n  a c i d i c  stt;f&w~xs a r e  thus  c o n s i s t e n t  ~ 5 t h  those f o r  a c i d i c  lakes 

i n  kla:ch t h e  number o f  i n v e r b b r a t e  t a x a  d e c l i n e d  w i t h  i n c r e a s i n g  
a c i d i f i c a t i o n .  

Hall and I d e  ( i n  press) sampled t h e  a q u a t i c  i n s e c t  t a x a  i n  low 
a l k a l i n i t y  s t reams i n  Algonquin ? a r k ,  Onta r io ,  t h a t  were sampled 
48 years ago, At s i t e s  where c u r r e n t  pH depressions i n  t h e  s p r i n g  are 
low (pW 6.4-5.1) .  t h e  t a w  p r - e s ~ n t  i n  1984-85 w e r e  p resen t  d u r i n g  t h e  

o r i g i n a l  s u r v ~ y  I n  c o n t r a s t ,  a t  s i t e s  e x h i b i t i n g  l a r g e  s p r i n g  pFI 

depress ions ( f r o m  p H  6-.4 t o  4 . 3 ) ,  seve ra l  species o f  m a y f l i e s  and 

s t u n e f l i r s  k n c m  t o  be a r i d - s e n s i t i v e  ba5ed on labarator-y  and f i e l d  

bioassays and f i e ? d  surveys were no longer  p resen t .  I n  a d d i t i o n ,  many 

of these a c i d - s e n s i t i v e  species had been rep laced by o t h e r  a c i d -  

t o l e r a n t  israyfly and  s t o n e f l y  species t h a t  were n o t  p resen t  d u r i n g  t h e  

sriglaaal survey. I^Rese s h i f t s  i n  a c i d - s e n s i t i v e  and a c i d - t o l e r a n t  
species o f  a q u a t i c  i n s e c t s  s u g y e b t  t h a t  p o o r l y  b u f f e r e d  streams i n  t h e  
Alqonquin Park  r-sqion have ac id " l i ed  sometime w i t h i n  the l a s t  f i f t y  

years.  

Evidence frc:c i y n u p t i c  surveys o f  su r face  waters i n  eastern Canada 

shows a trerid o f  a decreas ing nssnher o f  species o f  phytoplankton,  
zooplankton, b e n t h i c  macroinvcrtebrates, and f i s h  w i th  decreas ing pH, 
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The r e l a t i v e  abundance of f i s h  ( a s  r e f l ec t ed  by t he  catch per u n i t  

e f f o r t )  a l s o  tends t o  dec l ine  w i t h  decl ining pH below pH 6 .  These 

empirical  r e l a t i o n s h i p s  implicate a c i d i f i c a t i o n  as a causal f a c t o r  

responsible  f o r  the  lower species  richness o f  aquat ic  communities and 

lower abundance o f  f i sh .  This evidence i s  corroborated by r e s u l t s  from 

laboratory bioassays and i n  s i tu  bioassays o f  a c i d - s e n s i t i v e  and 

a c i d - t o l e r a n t  species  o f  aquat ic  organisms (Hall  e t  a l .  1980; Schindler  

e t  a l .  1985; Mills and Schindler 1986; Zischke e t  a l .  1983;  Ormerod e t  

a l .  1987) .  

4 .4  E f F E C l S  OF EPISODES 

To da te ,  more a t t e n t i o n  has been given t o  gradual ,  long-term 

changes i n  t he  a c i d i f i c a t i o n  o f  sur face  waters and t o  t he  average 

annual chemistry o f  surface waters than t o  short-term (hourly,  d a i l y )  

changes associated w i t h  rainstorms and snowmelt. There i s  now growing 

awareness t h a t  superimposed on the  long-term a c i d i f i c a t i o n  of sur face  

waters a r e  episodes d u r i n g  which rapid depressions i n  pH and increases  

i n  tox ic  t r a c e  metals can occur (Marmorek e t  al. 1987) .  The biological  

s iyn i f icance  o f  such episodes in Canadian sur face  waters i s  assessed in 

t h i s  s e c t i o n .  

DepreSsiQnS I n  t he  pH and RNC o f  lakes and streams in eas te rn  

Canada during snowmelt events a r e  well documented ( J e f f r i e s  e t  a l .  

1979, LaZerte and Dillon 1984, Gunn and Kel ler  1984) ,  and the  reader i s  

re fer red  t o  Sec t .  2.6 f o r  a discussion of t h e  ex ten t  and probable 

causes of t h e s e  changes. Evidence from laboratory bioassays and i n  

s l t u  bioassays ind ica tes  t h a t  short-term depressions i n  pH and AMC and 

changes i n  o t h e r  water-quali ty c o n s t i t u e n t s  can s t r e s s  aquat ic  

organisms and increase mor t a l i t y  (Marmorek e t  a l .  1987). 

Evidence t h a t  such episodes a r e  adversely a f f e c t i n g  aquat ic  

organisms and communities in sur face  waters i s ,  however, l imited b o t h  

i n  the  United S ta t e s  and  i n  Canada. Harvey and Lee (1982) reported 

t h a t  dead and d y i n g  f i s h ,  pr imari ly  pumpkinseed (Leposmis gibbosus) ,  

were observed i n  P l a s t i c  Lake, Ontar io ,  d u r i n g  s p r i n g  runoff from 1979 

t o  1981. The pH of the  i n l e t  streams d u r i n g  spring runoff was as  low 



as 3.85, b u t  the l a k e  was n o t  as a c i d  (p l l  o f  5.89 d u r i n g  t h e  same 

p e r i o d .  Al though t h e  evidence i s  c i r c u m s t a n t i a l ,  Harvey and Lee (1982)  

suggest t h a t  t h e  f i s h  k i l l s  were due t o  a c i d i f i c a t i o n .  

l h e  l a c k  o f  documentation o f  o t h e r  b i o l o g i c a l  e f f e c t s  d u r i n g  
episodes i n  Canada i s  probab ly  due i n  p a r t  t o  a l a c k  o f  obse rva t i ons  o f  

streams and lakes d u r i n g  episodes and t o  d i f F i c h l t i e 5  i n  observ ing and 

documenting s t r e s s  o r  m o r t a l i t y  o f  f i s h  ( p a r t i c u l a r l y  f o r  sma l l ,  

nonmobile l i f e  h i s t o r y  s t ages )  and o lhe r  a q u a t i c  organisms d u r i n g  peak 

f l ows  when water  i n  streams and lakes  can be t u r b i d .  F u r t h e r ,  mob i l e  

a q u a t i c  organisms such as  f i s h  may seek re fuge  i n  l e s s - a c i d i c  areas 

d u r i n g  these episodes and, hence, a v o i d  t o x i c  c o n d i t i o n s .  Based on 
l a b o r a t o r y  and i n  s i t u  bioassays, chemical f l u c t u a t i o n s  o f  t h e  

magnitude observed can be expected t o  cause adverse b i o l o g i c a l  

e f f e c t s .  There are, however, c u r r e n t l y  no f i e l d  programs i n  Canada 
s p e c i f i c a l l y  designed t o  e x t e n s i v e l y  m o n i t o r  f i s h  p o p u l a t i o n s  d u r i n g  

e l t  and s torm events,  IRus ,  because the acid-base chemis t r y  

d u r i n g  episodes a t t a i n s  l e v e l s  t h a t  a r e  a c u t e l y  t o x i c  t o  some l i f e  

stages o f  5ome species and because these stages o f  some species a r e  

p resen t  i n  streams, r ivers ,  and l akes  i n  Canada d u r i n g  snowmelt (Gunn 

1986), thhe p o t e n t i a l  f o r  adverse b i o l o g i c a l  e f f e c t s  e x i s t s  and i s  a 
reason f o r  concern.  

4.5 SUMMARY 

H i s t o r i c a l  records o f  species r i c h n e s r  and r e ’ l a t i v e  abundance o f  

f i s h  i n  streams and r i v e r s  i n  eas te rn  Canada show a d e c l i n e  i n  t h e  
number o f  species and a r e d u c t i o n  i n  t h e  r e l a t i v e  abundance o f  s e l e c t e d  

species as pH d e c l i n e s  below pH 5. R e s u l t s  o f  l a b o r a t o r y  bioassays, i n  
s i t u  bioassays, and f i e l d  surveys tend t o  c o r r o b o r a t e  t h a t  

a c i d i f i c a t i o n  may have c o n t r i b u t e d  t o  t h e  d e c l i n e  i n  species r i chness  
and r e l a t i v e  abundance o f  f i s h  i n  these systems. 

Resu l t s  o f  synop t i c  surveys o f  l akes  and streams i n  e a s t e r n  Canada 
show a t r e n d  o f  decreas ing r i chness  o f  phytoplankton,  zooplankton, 

b e n t h i c  macro inve r ieb ra te ,  and f i s h  species as pH decreases. The 
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relative abundance o f  fish a l s o  declines as pH decreases below 6 .  

These results implicate acidification as a cause of lower species 
richness and relative abundance. Laboratory bioassays and in situ 

bioassays tend to support the conclusion that acidification can caiuse 

these changes, 

aquatic communities and organisms in eastern Canada are virtually 
undocumented. There are, however, well-documented depressions in pH 
and ANC in lakes and streams in eastern Canada during snowmelt. 
Laboratory bioassays and in situ bioassays o f  acid-sensitive f i s h  and 
aquatic invertebrates, nevertheless, clearly indicate the potential f o r  
adverse biological effects on aquatic species and communities during 
such episodes. 

Adverse biological effects o f  episodes (snowmelt, s t o r m f l o w s )  on 
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5 .  P R E D I C T I O N  OF FUTURE E [ - F E C I S  OF A T M O S P H E R I C  OEPOSIllON 
ON SURFACE WATER CHEMIS’ IRY AN0 B I O T A  

(David R .  Faarmorek) 

This  s e c t i o n  uses modeling r e s u l t s  t o  es t ima te  t h e  f u t u r e  e x t e n t  

o f  chemical and b i o l o g i c a l  impacts f rom a c i d i c  d e p o s i t i o n  i n  eas tern  

Canada. As i n  p rev iohs  sec t ions ,  t h e  focus i s  on M a t e r  chemis t ry ,  

because chernjcal models have rece ived  much more a t t e n t i o n  than 
b i o l o g i c a l  models. Sec t i on  5 .1  descr ibes  the  mechan is t i c  and e m p i r i c a l  

models t h a t  have been used t o  p r e d i c t  su r face  water  chemis t ry ,  w i t h  
most o f  t h e  s e c t i o n  devoted t o  a d e t a i l e d  d e s c r i p t i o n  o f  one r e g i o n a l  

e m p i r i c a l  model t h a t  forms t h e  bas i s  f o r  p r o j e c t i o n s  i n  Canada. lhe  

s t r u c t u r e  o f  t he  model, t h e  u n c e r t a i n t i e s  i n h e r e n t  i n  i t s  p r e d i c t i o n s ,  

and t h e  sources o f  i n p u t  da ta  t o  t h e  model a r e  a l l  descr ibed i n  d e t a i l .  

Sec t i on  5.2 p resents  t h e  r e s u l t s  o f  t h i s  r e g i o n a l  e m p i r i c a l  model 

f o r  eas te rn  Canada, under c u r r e n t  and a l t e r n a t i v e  d e p o s i t i o n  

scenar ios ,  Both u n i f o r m  pe rcen t  reduc t i ons  i n  d e p o s i t i o n  and 

d e p o s i t i o n  c e i l i n g s  ( o r  t a r g e t  l oad ings )  a r e  examined. F i n a l l y ,  
S e c t .  5.3 p resents  p r e l i m i n a r y  e r t i n ia tes  o f  t h e  impacts o f  a c i d  

d e p o s i t i o n  on O n t a r i o  f i s h e r i e s .  

To date ,  rncadels o f  t h e  e f f e c t s  o f  a c i d i c  d e p o s i t i o n  on aqua t i c  

chemis t r y  can be c l a s s i f i e d  i n t o  two broad groups: 

1 .  e m p i r i c a l  models t h a t  p r e d i c t  t h e  r e g i o n a l  impacts o f  c u r r e n t  o r  
a l t e r e d  l e v e l s  o f  a c i d i c  d e p o s i t i o n  on su r face  water  c.hcrnjslry 
(Henr iksen 1979, 1980; Minns 1981; Thornpsori 1982; Wr igh t  1983) and 

2. d e t a i l e d  mechan is t i c  models t h a t  s imu la te  many watershed and lake 
processes and a t tempt  t o  mimic t h e  behav io r  of p a r t i c u l a r  
i n t e n s i v e l y  stud.ied watersheds (Chr is tophersen and Wright  1981 ; 
Schnoor e t  a l .  1982; Chen e t  a l .  1983; Cosby e t  a l .  1 9 8 5 b ) .  

Both o f  these types  o f  models have l i m i t a t i o n s .  E m p i r i c a l  models, 

a l t hough  y i e l d i n g  p r e d i c t i o n s  o f  r e g i o n a l - s c a l e  impacts  on su r face  
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water chemistry, generally contain no physical representation o f  a 
watershed, stream, or lake. Detailed mechanistic simulation models 

typically require far too many input parameters to be useful an a 
regional scale. 

developing and applying mechanistic models to intensively studied sites 

and empirical models to regional survey data. The purposes o f  these 

investigations are: (1) t o  understand the hydrochemical processes 
governing surface water chemistry, and (2) to allow predictions of 

future status given alternative deposition scenarios. 

In the last: five years, Canadian research scientists have been 

5.1.1 Site-Specific mhanistic Models 

Mechanistic models of aquatic chemistry that have been recently 
developed or applied in Canada include the following: 

A hydrochemical model for predicting stream chemistry, similar in 
structure to the Birkenes/Storgama model of Christophersen et a l .  

(1982, 1984), which was developed at the National Water Research 

Institute in Burlington, Ontario (Bobba and Lam 198%; Lam and Bobba 

1984). I t  has been applied t o  three intensively studied 

watersheds: the Turkey Lakes in the Algoma Region o f  Ontario (Lam 
et a l .  1986); Harp Lake in the Muskoka-Haliburton Region of Ontario 
(Bobba et al. 1 9 8 6 ) ;  and the Lac Laflamme watershed in northeastern 
Quebec ; 
The Birkenes and Storgama model (Christophersen et a ] .  1982, 1984), 

which has been adapted and applied to the Harp Lake watershed 
(Rustad et a l .  1985; Seip et al. 1985); 

for and applied to the Lac Laflamme watershed. 

* A snowmelt chemistry model (Jones, H. G., et al. 1986), developed 

To date, these detailed models have been used for two purposes: 
( I )  to determine the minimum level of model complexity required t o  

simulate seasonal and episodic fluctuations in streamflow and stream 
chemistry, and (2) t o  make inferences concerning the relative 
importance o f  various hydrologic and hydrochemical processes among 
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watersheds and within years. These modeling activities, however, have 

not yet attempted ;ong-term, regional predictions nor evaluated 
alternative deposition scenarios. The only published examination of 
the effects o f  altxred levels o f  s u l f u r  d e p o s i t i o n  in Canada using a 
mechanistic model is the study by Rustad et al. (1985) at Harp Lake. 

They found that during snownielt current pH declines o f  0-11 units 
(pH 5.7 to pH 5.3) would become 0.5 t o  0.7 u n i t  declines if sulfur 

deposition were doubled and w o u l d  decrease to depressions of 0.1 t o  
0.2 units i f  sulfur deposition were reduced by 50%. 

studied watersheds make possible the application o f  other mechanistic 
models such as the Model o f  Acidification o f  Groundwaters in Catchments 
( b l A G I C )  (Cosby e t  a 7 ,  1985a) ,  which are specifically designed to 

simulate long-term trends. 

1he high-quality data collected at the above-described intensively 

5.1.2 Regional Emplsical Models 

Since! the MQI (1983), the? Canadian Bepartrnent o f  Fisheries and 

Oceans (BFO)  has sponsored a series o f  activities aimed a t  producing 
regional estimates o f  the potential damage t o  surface water chemistry 

and inland fisheries that would result from acidic deposition. These 
activities include modeling studies (Ninns et al. 1986; Jones et a l .  

1984; Jones and Cunningham 1985),  lake and rtrearn survey5 (Kelso et al. 
19116a), and map analyses to estimate the number and area of lakes in 

eastern Canada (Winns 1984; Kelso e t  a l .  198ba). Unlike the USEPA 
Direct-Oelayed Response Project, which is making regional 

extrdpulations from detailed process models run on intensively studied 
sites, t h e  Canadidn program has been based on simple steady-state 

models for which r-rgional datar already exist. 
The only available estimates o f  the potential regional impacts of 

acidification on the surface waters dnd fisheries 5 f  eastern Canada are 
those g i v e n  in Minns and Kelso (1986) .  Their estimates are bared on a 

regional model developed by the  DFO and described in Jones e t  al. 
(19841) and Jones and Cunningha 
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5.1.2.1 General S t r u c t u r e  

The DFO model c o n s i s t s  o f  bo th  a s i n g l e - l a k e  s i t e  model and a 

m u l t i p l e - l a k e  r e g i o n a l  model (F ig .  5.1).  The s i t e  model c o n s i s t s  o f  a 
s e t  o f  equat ions t o  p r e d i c t  t h e  eventua l  s t e a d y - s t a t e  chemical s t a t u s  

o f  a s i n g l e  l a k e  (ANC,  pH, c a t i o n s ,  and s u l f a t e )  based on t h e  

watershed's  morphometry and r u n o f f ,  c u r r e n t  chemis t ry  o f  t h e  lakewater ,  

observed o r  assumed l e v e l s  o f  s u l f a t e  d e p o s i t i o n ,  and assumed va lues o f  

t h r e e  o t h e r  parameters.  Th is  s i t e  model i s  embedded i n  the  r e g i o n a l  

model. The r e g i o n a l  model uses frequency d i s t r i b u t i o n s  f o r  most model 

parameters and es t imates  o f  t h e  number o f  lakes  w i t h i n  each o f  36 

secondary watersheds eas t  o f  t h e  On ta r io  border  and south o f  52"N. The 

s i t e  model i s  run  many t imes, once f o r  each " l a k e  type , "  which c o n s i s t s  

o f  a s e t  o f  parameter values drawn f rom t h e  f requency d i s t r i b u t i o n s ,  

a l l o w i n g  f o r  i n t e r p a r a m e t e r  c o r r e l a t i o n s  ( F i g .  5.1).  The ou tpu t  o f  t h e  

model i nc ludes  r e g i o n a l  f requency d i s t r i b u t i o n s  o f  t h e  es t imated  
o r i g i n a l  and eventua l  lake  pH ( o n l y  t h e  l a t t e r  i s  shown i n  F ig .  5.1.) .  

5.1.2.2 D e t a i l e d  S i t e  Model D e s c r i p t i o n  

The s i t e  model i s  based l a r g e l y  on t h e  e m p i r i c a l  models o f  

Henr iksen ('19791, Thompson (1982),  and Wr igh t  (1983).  Henr iksen (1979) 

presented the concept o f  whole- lake t i t r a t i o n  w i t h  ac id ,  whereby t h e  

ANC o f  a l a k e  i s  consumed. Henr iksen (1982a) added t h e  concept, c a l l e d  

t h e  F- fac to r ,  t h a t  some f r a c t i o n  o f  t h e  s u l f u r i c  a c i d  f a l l i n g  on t h e  

watershed o f  a l a k e  i s  exchanged f o r  base ca t i ons ,  w i t h  t h e  r e s u l t  t h a t  

n o t  a l l  t h e  a c i d  d e p o s i t i o n  i n  t h e  watershed dep le tes  l a k e  ANC. Wright  

(1983) presented an e x t e n s j v e  a p p l i c a t i o n  a f  t h e  chemical  balance 
approach, t a k i n g  i n t o  account t h e  F - f a c t o r  and us ing  l a k e  s u l f a t e  

l e v e l s  as Andicators  o f  d e p o s i t i o n .  These e m p i r i c a l  model ing 
approaches were concerned w i t h  t h e  sums of major  an ion  and c a t i o n  

concen t ra t i ons .  TRornpson (1982) o f f e r e d  a budget approach i n  which t h e  
ou tpu t  o f  major  ions  by watersheds cou ld  be computed w i t h  allowarices 

made f o r  changes i n  r u n o f f  and a c i d  depos i t i on ,  b u t  d i d  n o t  i n c l u d e  t h e  
F - fac to r .  
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The DFO site model (Jones et al. 1984) generalizes these three 

approaches to allow f o r  the budgeting o f  major base cations (Ca and 

Mg), sulfate, and A N C ,  with explicit consideration o f  the F-factor, the 
role o f  the watershed-to-lake-area ratio (r = A w / A o ) ,  and the levels o f  
background lake sulfate (i.e., nonmarine sulfate not attributable to 

anthropogenic sources). A major difference between the DFO model 
(Jones et a l .  1984) arid that o f  Wright (1983)  i s  DFO's use of sulfate 

deposition (wet plus dry) as the predictor o f  lake chemistry, rattier 
than using lake sulfate concentrations as the sole indicator o f  

deposition levels. The site model combines two approaches, back 
calculation of watershed ANC and back calculation of  original ANC,, 
given background sulfate and cation exchange, t o  predict the orig'lnal 
(preacidic deposition) lake A N C .  

AWC mass balance, assuming no sulfate retention, i s  combined with the 

premise that there is a proportionality between ANC and major ions that 
i s  altered by sulfate loadings and cation exchange. The resulting 
equations can be rearranged t o  allow the prediction of steady-.state 

A N C ,  ANCm, f o r  a steady-state level of sulfate deposition, SOm: 

I n  the DFO model (Jones et al. 1984), a simple statement o f  the 

* * 
A N d o  = u Ct - [ u(%) Fw (SO4 - O)] 

where 
ANC, 

r 
Aw 
A 0  
P 
WR 

A N C o  

a 

= steady-state AMC (eq [-I), 
= original A N C ,  preacidic deposition (eq  

= watershed area excluding the lake area ( m 2 ) ,  
= lake area ( m 2 ) ,  
= annual precipitation (L m-2 yr-l), 
= fraction o f  precipitation remaining after 

= the proportionality between ANC and Ct (after 

= current concentration o f  nonmarine ( ca  + Mg), (eq ~ - 1 1 ,  

= AwI'Ao, 

evapotranspiration, 

Wright 1 9 8 3 ) ,  
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F W  = e m p i r i c a l  f a c t o r  account ing f o r  c a t i o n  exchange w i t h  

so; 9 n 
s Dm = s u l f a t e  d e p o s i t i o n  a t  s t e a d y - s t a t e  [nega t i ve  ANC 

hydrogen i o n  i n  t h e  t e r r e s t r i a l  watershed ( a f t e r  
Henr iksen 1982b  and Wright. 1983),  

= c u ~ * r e n t  and o r i g i n a l  (background) concen t ra t i ons  o f  
nonmarine s u l f a t e  (eq ~ - 1 1 ,  r e s p e c t i v e l y ,  and 

( e q  m-2 y r - l ) ] .  

The f i r s t  t e r m  i n  t h e  equa t ion  rep resen ts  o r i g i n a l  A N C ,  t h e  second t e r m  
c o r r e c t s  f o r  c a t i o n  exchange, and t h e  t h i r d  te rm r e f l e c t s  t h e  t i t r a t i o n  

o f  t h e  o r i g i n a l  ANC caused by changes i n  s u l f a t e  d e p o s i t i o n .  Because 

t h e  l e v e l  o f  background s u l f a t e  (0) s t r o n g l y  determines t h e  
p r o p o r t i o n a l i t y  (a) o f  AMC and c a t i o n s  ( W r i g h t  1983), t h e  most 

i m p o r t a n t  f a c t o r s  i n  de te rm in ing  a l a k e ' s  response t o  increased s u l f a t e  
d e p o s i t i o n  a r e  0 and F . 

i n  re fe rence  area l akes  t h a t  r e c e i v e  o n l y  low l e v e l s  o f  d e p o s i t i o n  

(drlright 1983).  W i t h i n  e a s t e r n  Canada, t h e  o n l y  such areas a r e  

no r thwes te rn  O n t a r i o  and Labrador,  both o f  which dnnual l y  r e c e i v e  
-1 2- app rox ima te l y  10 kg ha o f  wet SO4 d e p o s i t i o n .  The mean SO4 f o r  

Labrador lakes i n  t h e  N a t i o n a l  I n v e n t o r y  Survey i s  2 5 . 4  5 1 . 5  (SE;  

n = 7 5 ) .  Fo r  nor thwestern On ta r io ,  however, t h e  mean SO4 i s  101.6 5.4 
(SE;  n = 44) .  I n  Jones e t  a l .  (1994) ,  s i m u l a t i o n s  t o  p r e d i c t  ANC used 

two extreme est imates f o r  6: 20 and 100 veq L . The same value f o r  0 
was used f o r  a l l  l a k e  types d u r i n g  each run, w j t - h  %he added c o n s l r a i n t  

t h a t  whenever (SO,-0) Mas nega t i ve ,  i t  was r e s e t  t o  Lero.  
E m p i r i c a l  est imates o f  P r e q u i r e  l o n g - t e r m  s e r i e s  o f  h igh -  

quality water  chemis t r y  da ta  f rom lakes t h a t  have exper ienced a change 

i n  l e v e l s  o f  a c i d i c  d e p o s i t i o n .  U n f o r t u n a t e l y ,  most p o t e n t i a l  da ta  

s e t s  have e i t h e r  u n r e l i a b l e  h i s t o r i c a l  measurements o r  a r e  o f  

i n 5 u f f i c i e n t  d u r a t i o n  t o  show s i g n i f i c a n t  changes i n  d e p o s i t i o n .  

Henr iksen (19R2b) used t w o  i n d i r e c t  approaches t o  es t ima te  Fw: 

W 
Est imates o f  Ci can be macle by examining t h e  mean SO:- concen t ra t i ons  

2- 

03 
-1 

* 

w 
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1. comparisons o f  historical (preacidification) and recent 
(postacidification) data from both ~ ~ a n ~ ~ ~ a v ~ a n  and North American 
systems, and 

regressions o f  (Ca* t Mg*) against (SO -*I for lakes in southern 
Norway and the Sudbury area o f  Ontario 
trends for temporal ones and assuming t 
proportional to deposition). 

2.  

Henriksen concluded that 0.4 was probably k 
This conclusion depends on various critical assumptions, such as the  

original (Ca* + Mg*f and (SO:-*) concentrations, the effects o f  
changing hydrology on chemical concentrations, and the q u a l i t y  o f  older 

data. Henriksen's analyses suggest that h i s  conc1usio 
valid for the mean value o f  Fw (i.eep i f  a constant value i s  applied 

for all lakes), but that individual lakes may show values of F w  
higher than 0.4. Wright (1983)  made further indirect eslirnates arid 

surmised that a range o f  0 to 0.4 Tor Fw was ""probably reasonable"; 
his analyses, however, did not provide any  definite p r o o f  f a r  this  

statement. For a lake that was e x p e r ~ m e n ~ a l ~ y  aci i f i e i d  with direct 

additions o f  rulfuric acid (Lake 223, ~ x p e r ~ ~ e ~ ~ ~ ~ ~  Lakes Area, 
Ontario), the ratio of increases i n  base cations t o  Increases in 
sulfate during the first eight years o f  ~ a n ~ ~ u ~ a ~ ~ 5 n  was 0.4 (Cook: e t  

al. 1 9 8 6 ) .  lhis value is probably an underestimate f o r  lakes 

experiencing atmospheric deposition, because i t  does no t  -Include 
changes in weathering in the watershed. 

value far Fh,. 

Finally, Oillon e t  a l .  (1986) estimated a value of F of 0.64 for 
Swan I-ake, a lake in the Sudbury Area t h a t  experience a substantial 

decrease in both sulfate and base c a t i o n  concentrations (62% and 45%, 

respectively). Though this system was recovering rather than 

acidifying, the model of Jones e t  ali. ( 1 9 ~ ~ ~  and other similar models 
assume that the acidification process i s  reversible, so the estimate 

from Swan Lake i s  relevant. However, base c a t i o n  ~ 5 ~ ~ e ~ t r a t ~ o ~ ~  in 
Swan Lake (514 peq L- '  in 1977;  billon et al. 19 6) are considerably 
higher than in most regions with low-ANC systems. right et al. (1986) 
used simulation runs o f  the MAGIC model t o  denionstrate theoretical 

support f o r  the hypothesls t h a t  Fw is positively correlated with 
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base cation concentrations. This suggests that F of 0.64 for Swan 
lake is a t  the upper end of the range of F w  for lake5 vulnerable to 
acidification; the mean value for regions with such lakes is probably 

much lower. 

W 

In simulation runs f o r  eastern Canada, Jones et al. (1984) assumed 

t.wo mean values for F ( 0  and 0.5) and applied each of these t o  all 
lake types in successive model runs. Therefore, together with two 

extreme values for l3, four different parameter combinations were 

simulated. Table 5.1 lists the information sources for all model 
parameters. The effect on model parameters of underestimating o r  

overestimating key parameters (i.e., a ,  0, or F ) is not intuitively 
obvious. Rather, it depends on whether the lake is acidifying 

[ ( sD~ /P .NR)  > (SO:- - p ) ]  or- recovering [ ( s o ~ / P ~ w R )  < (S I ,  - f i)] 
(Jones et a l .  1984). 

W 

w 

2 -  

More recent modeling work in Canada (Jones, M .  L.,  et a l .  1987) 

has assumed that Fw is linearly proportional to estimated original 
ANC ( A N C  ) ,  which may bo a more reasonable assumption because some 

lakes a r e  then assigned F greater than 0 - 5 .  Dynamic models that 

vary Fw over time have been neither developed nor applied on a 
regional scale in Canada. 

0 

w 

Figure 5.2 shows the order o f  calculations in the site model. 
Once ANC,, has been computed using Eq. ( 1 ) ,  the steady-state pH 
(pH ) is calculated based on ( 1 )  a set of CLI~VCS describing ANC-pM 

relationships for surface waters of different DOC levels (described in 
Minns et al. 1986 and based on Driscoll 1980), and (2) an empirically 

derived function o f  pH and DOC (Jones et al. 1984) to correct the above 

function f o r  underestimates o f  ptl at low ANCs (Jones e t  a l .  1984). 

OD 

Model predictions are generally stated in terms of the number o f  

l a k e s  with a predicted steady-state pH o f  less than 5, since few fish 
species inhabit lakes with a pH ( 5 .  More recent modeling analyses 
provide output as a cumulative frequency distribution o f  pH values 
(Jones et al. 1987). For fish species that have been sufficiently 

studied to generate curves o f  the probability o f  species loss vs mean 
pH, such as  brook t r o u t  in the Adirondacks (Baker and Harvey 1984; 
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lable 5.1. Source?, of cstimatcs for m)del parm?ter-s, ~ w n e d  values, m d  potenl.ia1 unccrtainty 
- .-. ~ ..___ . . - . ... .. . . .~ .~ . . ... .. . ... . . ... . . -. ~ . . ..... .- 

SO&C;, I W()\JC~ILY d is t r i bu t i ons  for 
Doc rccondnry watersheds 

(data a'; i n  Jef t r ies  1986) 

so, 

Water chemistry survey.; 
from NW Ontario [a 0.67; 
0 -- loo veq 1-') u, .  '-rd f o r  
Ontario 2 O  waterstieds; 
Surveys From Cnbrador (a 0.91, 
D 
otlrcr provinces 

20 WLeq 1-11 used tor 

For "current t l pos i  tion" 
scenarios, 1980 wet sulfnte 
deposition i s  multiplied by 1.2'3 
to ilccount For dry  deposition. 
For other scenarios, assirmt'd value 
i s  used fo r  wet deposition; 1.25 
w1CipIier i s  still u w d  t o  
xcounl. For dry deposi t iori 

Assumed t o  vary frm 0 to  0 5 
(timriksen 1911?b, Wright 1983). 
both values npplicd to dll ldkps 

r Mirins (1984); o f0  Counts nnd 
(AW/AO) Measures data (unpubl i &,,hcd) 

h 3 l l  s ~ p l c  sires  i n  SOW wccrndary 
watersheds medn l a i y  urrcertaint,y i n  
Frequency d is t r ibu t ions ;  however II 

n u x 1  of these watersheds have 
lw dcpmi t i on  

Assunrs t ha t  m m s  wi !ti mcderate--to--hi& 
x i d i c  depx ik ion  o r i g i n a l l y  had 
[SO:] similclr t o  rmate areas. 
Currant T S O ~ - * J  i n  O!it,win i s  
s i y n i f i c d n t l y  hiyhrr than i n  other 
provinces (sec lable 2 . 3 ) .  

Dry dcpO*i i t i  on undrresl imited; 
recent1 y nmSured values rdnye 
Cran 1.67 i n  5W Ontario to 
1 I 18-1 .%5 i n  rwwtc? ,ireas 
(Bdrrie and Sirois 1986) 

n;rxirnwi F, prohibly 'r.O.5 For single Idke3.  
01 1 lon e t  a i .  (I9861 er;tinuted F, = 0.67 
For Swan Lake i n  Sur+bury d r m .  Regional 
nrdn F w  probably 4 . 5  i n  wnsitiue regions. 
Wright ct a l .  (1986) suggest F, correlated 
ui t h or i g i  rial cat ion cuticwi t r a t  ions 

long term dverdge vnlue of P*W 
m y  not be v a l i d  For the pdr t i cu ln r  
yedr 's data used f o r  Wm 
Horc accurdte eslinute requires 
nr.nw%--i-wnts f run  WTW year 

All ldkes dssumt:d to be headwater 
lakes. Further qiti.jlyses indicate 
predictions arc not s e n s i t i w  to  Shis 
. ~ s w r q t  ion (dunes m d  We& 1 e5 1986) 

.... . . . . . . . . ~ ..-. . ~. .. 
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Reckhow et a l .  1985) and lake trout in Ontario (Beggs et a l .  1985),  it 
i s  possible to estimate the probable number o f  lakes that will lose 

fish populations as a result o f  decreased pN. Some approaches to this 

problem are presented in Sect. 5.3. 

the s i t e  model and their consequences for model predictions. Though 
sulfate retention and reduction are not included in the model, thin 
should not greatly affect the accuracy of  steady-state predictions of 
lake chemistry. Once soils reach equilibrium with acidic deposition, 

surface waters will also. Sulfate retention occurring at a given site 
could be responsible for the predicted steady-state pH being lower than 

that currently observed. 

Table 5.2 summarizes some o f  the simplifying assumptions made by 

5.2 C H E M I C A L  MODEL APPLICATION TO AQUATIC SYSTEMS I N  CANADA 

The results of model application are presented i n  Table 5.3 and i n  
Fig. 5.3. Table 5 . 3  includes predictions o f  the number and percentage 
o f  lakes projected t o  have an eventual steady-state p Qf ( 5  f o r  t W 0  

assumed values o f  Fw (0 and 0.5), one set o f  values f o r  a and 0 
for each region, and six acidic deposition scenarios: (1) 1 

o f  deposition, ( 2 )  a 40% reduction in deposition in all subregions, 
( 3 )  a 20% increase in deposition in a11 subregions, (4) a target 
loading of 13 .5  kg ha-’ SO:- (wet and dry), ( 5 )  a target loading 

of 18 kg ha-’ $0;- (wet and dry), and (6) a target loading of 
27 kg ha-’ SO:- (wet and dry). 
were implemented by multiplying the estimated total current deposition 

by t h e  same fraction for each subregion, Target loadings were 
implemented by changing the level of  deposition to the target load.lngs 
i n  all subregions where deposition currently exceeds the target; i n  

subregions where current deposition i s  less  than the target, 1980 

levels were maintained, Figure 5.3 represents the target loading 
simulations as a separate “threshold deposition control axis. ‘I 

Proportional reductions i n  deposition 

Also included in Table 5.3 are the number and percentage o f  lakes 
currently observed t o  have a pH of (5. Figure 5.3 presents the 
highest and lowest estimates o f  the number o f  lakes with a predicted 
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Table 5 . 2 .  H a j o r  assumptions i n  t h e  Departnent o f  F i s h e r i e s  and 
Oceans (UFO) model and t h e i r  consequencesa 

Model assumptions t h 3 t  migh t  
cause an underest imate o f  t h e  
e x t e o t  o r  magnitude o f  damage 
t o  su r f  ace wa,ters and f i s h e r j e s  

Node1 assumptions t h a t  rnfght 
cause an overes t ima te  o f  t h e  
e x t e n t  o r  magnitude o f  damage 
t o  s u r f a c e  waters  and 
f i s h e r i e s  

.. - ____ ....... I._.._____. ......... 

I = rhe o r i g i n a l  ac id  neg%ralizing AMC genera t i on  w i t h i n  t h e  
c a p a c i t y  ( A N C )  o f  watersheds l a k e  i s  n o t  i nc luded ,  
(eq ANC m-21 i s  n o t  a l though  the  DFQ model has 
reduced by a c i d i c  deposi t ’ lon been r e v i s e d  (Jones, e t  a1 

1987) t a  i n c l u d e  t h e  
model o f  ANC g e n e r a t i o n  o f  
K e l l y  et. a l .  (1987’) 

= Ep isod ic  pH depressions, which All sulfate in w e t  
may have se r ious  consequences d e p o s i t i o n  i s  assumed t o  be 
f o r  f i s h e r i e s ,  at-? not s imulated assoc ia ted  l ~ d j t h  ti+. The 

r e v i s e d  model o f  Jones et. 
a l e  (1987)  deducts an 
amount o f  s u l f a t e  equal t o  
base c a t i o n s  f rom t o t a l  
s u l f a t e  d e p o s i t i o n  

* Model o u t p u t  o f  Ilre number o f  lakes 
wi th  pti ( 5  does no?. r e f l e c t  
a c i d i f i c a t i o n  t o  pEl 5-5, uhere 
a q u a t i c  e f f e c t s  Qo occur-. [#ore recent  
analyses  (Jones e t  a 7 .  1987)  i n d i c a t e  
t h a t  t h e  number o f  lakes a c i d i f i e d  t o  
pt.8 c5.5 i s  2-3 t i m s  t h e  n?umtier 
a c i d i f i e d  hclolFa p:-l 5-01  

o underest imates o f  SB, o overest imates o f  SD, 
(e.g., u n d e r e s t i a a t i n g  d r y  d e p o s i t i o n )  

o overest imates o f  r u n c 9 f f  
( P  W P , )  

o underest imates o f  r u n o f f  
( P  HR) 

-- - . __ I_____ .......... 

a E f f e r , t s  o f  parameter u n c e r t a i n t i e s  (open c i r c l e s )  a r e  shown o n l y  
f o r  those parameters t h a t  have a cons’sstent e f f e c t  on model p r e d i c t i o n s ;  
o t h e r  parameters (a, R ,  F,) Pave i n t e r a c t i v e  e f f e c t s .  
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F ig .  5 .3 .  Predicted r e l a t i o n s h i p  between the number of l a k e s  w i t h  
pH <5 and t o t a l  s u l f a t e  deposi t ion in eas t e rn  Canada, south o f  52"N. 
The lower and u p p e r  bounds r ep resen t  the m i n i m u m  and maximum damage 
p red ic t ions  from four  model runs, using a wide range o f  model 
parameters. The v e r t i c a l  l i n e  of  dashes ind ica t e s  t he  level o f  
deposi t ion t h a t  i s  c u r r e n t l y  observed. T h e  proportional depos i t i on  
control  a x i s  assumes proport ional  reductions i n  depositiion i n  a l l  
secondary watersheds ( s e e  t e x t ) .  The threshold depositiion con t ro l  
( i . e . ,  t a r g e t  loading) a x i s  lowers deposi t ion t o  t h e  threshold o r  t o  
the cu r ren t  depos i t i on ,  whichever i s  lower, i n  a l l  secondary watersheds 
( s e e  t e x t ) .  Source: Minns and Kelso (1986).  
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s t eady- s t a t e  pW o f  <5 f o r  fcrric- p a r m e t e r  combinat ions [ two  a l t e r n a t i v e  

values  f o r  Bj (20 and 100 pleq I..-') f o r  each o f  t h e  t w o  F w  asrurnptions]. 

 he geometr ic mean o f  t h e  f o u r  p r e d i c t i o n s  i s  a l s o  shown. Because two 

e x t r a  parameter combinat ions wepe used i n  F i g .  5.3, i t s  range o f  

p r e d i c t i o n s  i s  l a r g e r  than those i n  Table 5.3.  Model p r e d i c t i o n s  

d i f f e r  f rom c u r r e n t l y  observed c o n d i t i o n s  whenever a l a k e ' s  s u l f a t e  

c o n c e n t r a t i o n s  a r e  nc: i n  e q u i l i b r j u m  w i t h  the l e v e l  o f  s u l f a t e  

d e p o s i t i o n  ( i . e , ,  [ ( s D ~ / P  W W )  - (SO:-* - B ) ] ) .  

u n c e r t a i n t y  i n  the  p r e d i c t e d  daaage,  t h e  model's p r e d i c t  ons a r e  

v a l u a b l e  f o r  p l a c i n g  p r e l i m i n a r y  bounds on t.he p o t e n t i a l  e x t e n t  of 

i i c i d i f i c a t i o n .  I J ~ d e r  current d e p o s i t i o n  r a t e s ,  t h e  pred c t e d  number o f  

lakes t h a t  w i l l  e v e n t u a l l y  have s t e a d y - s t a t e  pH va lue r  o f  ( 5  ranges 
f rom 10,000 t o  60,000 lakes ( F i g .  5.3), us ing  f o u r  extreme se ts  o f  

parameter va lue%,  o r  10,000 i o  36,000 u s i n g  t h e  two m o s t  reasonable 

5eI.s o f  p a r a a e t c r  values ( [ a b l e  5.31, as compared w i t h  t h e  12,000 l a k e  

es t ima te  based on ex tens i ve  surveys o f  p resen t  c o n d i t i o n s  (Tab le  5.3; 

see  a l s o  S e c t .  2 . 4 ) .  The p r e d i c t i o n s  o f  t h e  number o f  lakes decseasjng 
Lo pH values below 5 imnder c u r r e n t  d e p o s i t i o n  a r e  w i t h i n  t h e  range o f  

survey-based es%imates o f  c u r r e n t  c o n d i t i o n s  i n  Quebec and t h e  

GlariCirnec, b u t  exceed t h e  survey estjrnates i n  O n t a r i o  (Table 5.3) .  More 

r e c e n t  model ing analyses (Jones e t  a l .  lqE(7) i n d i c a t e  t h a t  t h e  

p r e d i c t e d  number o f  Ontai- io and M a r i t i m e  lakes t h a t  w i l l  a t t a i n  a pH 

~ 5 . 5  under t h e  c u r r e n t  d e p o s i t i o n  i s  rough ly  twice t h e  p r e d i c t e d  number 
o f  lakes t h a t  w i l l  reach p1-I ~ 5 . 0 .  I n  Quebec, t h e  p r e d i c t e d  number o f  

.I 

Though t h e  u n c e r t d i n t y  i n  parameter values leads t o  cons ide rab le  

l akes  a t  a pH - 6 . 5  i s  about 
bJ1t.h pH :5. TRus, es t ima tes  

d e c l i n e  t o  below 5 . 5  a r e  LLWG 
t o  pH ~ 5 . 0 .  A s  discussed i n  
studies  have shown t h a t  cons 

h rec  t imes t h e  p r e d i c t e d  number o f  l akes  

o f  t h e  number o f  lakes exper ienc ing  a pH 
L o  t h r e e  t imes h i g h e r  than those d e c l i n i n g  

Sect .  4, exper imenta l  a c i d i f i c a t i o n  
der-able damage t o  a q u a t i c  b i o t a  can  occur  

when pH decreases h e l o v  5 . 5  t o  5 . 7  ( S c h i n d l e r  e t  a l .  1985).  

l h e  p r o v i n c e  w i t h  t h e  l a r g e s t  nurreber o f  lakes exper ienc ing  pH 

change i s  O n t a r i o  (5,600 t o  15,400 l a k e s ) ( 9 a b l e  5 . 3 ) .  The subregions 
o f  O n t a r i o  w i t h  t h e  g r e a t e s t  p r e d i c t e d  change a re  i n  t h e  s o u t h - c e n t r a l  
p a r t  o f  t h e  p rov ince :  t h e  Muskoka H a l i b u r t o n  area e a s t  o f  Georgian Bay; 



Table 5.3. Observed (estimated fran surveys) and predicted number (a) of  lakes with pH (5,  by region, for two assumed values of F, 
and s i x  x i d  deposition scenarios. Target loadings, expressed as kg SO4 ha-l year-’, include both Met and dry deposition 

_. - - - _ _ ~ _ _ _ _ _ _  -__ 

Number (%) 
Number (‘6) o f  lakes predicted to have eventual steady-state pH <5 under stated 
- deposition scenario - 

o f  lakes 2- -1 -1 
Change In deposition 

Target loading (kg SO ha year 1 __ 4 Total Nith pH i 5  Assumed parameter 
number estimated values Current 4016 20% 

Reyion of  lakes Frcm surveysa a f’~ F deposition reduction increase 13.5 18 27 

Ontario 137,415 1,649 (1.2) 0.b7 100 0 15,417 (11) 4,843 (3.5) 21,732 (16) 1,145 (0.8) 3,511 (2.6) 12,988 (9.5) 
0.67 100 0.5 5,629 (4.1) 224 (0.2) 9,407 (6.9) 212 (0.2) 616 (0.4) 2,751 (2.0) 

W 
Quebec 229,458 3,691 (1.6) 0.91 20 0 11,103 (4.8) 801 (0.35) 25,005 (11) 1,994 (0.9) 5,758 ( 2 . 5 )  10,019 (4.4) w 

0.91 20 0.5 915 (0.4) 0 (0) 4,797 (2.1) 773 (0.3) 773 (0.3) 871 (0.4) 

M d r i l i w s  243,245 7,165 (3.0) 0.91 20 0 9,464 (3.9) 1,726 (0.7) 15,350 (6.3) 2,753 (1.1) 6,737 (2.8) 9.464 (3.9) 
0.91 20 0.5 3,463 (1.4) 1,123 (0.5) 5,876 ( 2 . 4 )  1,351 (0.6) 2,774 (1.1) 3,463 (1.4) 

TOTAL 610,108 12,505 (2 .1)  0 35,984 (5.9) 7,370 (1.2) 62,087 (10) 5,892 (1.0) 16,006 (2.6) 32,501 (5.3) 
0.5 10,007 (1.6) 1,347 (0.2) 20,080 (3.3) 2,336 (0.4) 4,163 (0 .7 )  7,085 (1.2) 

aBased on survey data summarized i n  Jeffries (1986) and scaled up using Counts and Heasures data (Department o f  Fisheries 
and Oceans, Canada). 

Sources: Jones et al. 1984, Jones and Cunningham 1985. 
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Algonquin Park; and t h a t  area between Lake O n t a r i o  and t h e  Ottawa R i v e r  

t h a t  i s  u n d e r l a i n  by t h e  Canadian S h i e l d .  The range i n  t h e  nuriiber- o f  

lakes p r e d i c t e d  t o  dccrease i n  pl-0 i n  Quebec, 900 t o  11,100 lakes  

(Tab le  5.3), i s  l a r g e  because t h e  l a k e  w a t e r  chemis t r y  i n  these areas 

i s  s e n s i t i v e  t o  changes i n  F . Most o f  t h e  lakes p r e d i c t e d  to 

exper ience pH d e c l i n e s  a r e  l o c a t e d  i n  t h e  area west o f  Quebec C i t y  and 

i n  t h e  area north o f  t h e  ent rance t o  t h e  St. I-awrence R i v e r .  

S i g n i f i c d n t  p o r t i o n s  o f  t h e  t o t a l  number o f  lakes i n  bo th  Nova S c o t i a  

and New Brunswick a r e  i n c l u d e d  in t he  es t ima tes  f o r  t h e  number o f  lakes 

t h a t  w i l l  reach a pH 45.0 i n  t h e  Wariticnes (Table 5.3), b u t  by f a r  the 

l a r g e s t  riumher o f  l akes  t h a t  w i l l  have pl-l d e c l i n e s  a r e  i n  n o r t h e r n  

Newfoundland- Because t h i s  subregion c o n t a i n s  178,008 lakes ,  even i f  a 
r e l a t i v e l y  smal l  p r e p o r t i o n  o f  t hese  a c i d i f y ,  t h e  es t ima te  i s  increased 

s u b s t a n t i a l l y .  

t h e  e x t e n t  o f  a c i d i f i c a t i o n  a r e  p o s s i b l e  w i t h  reduced d e p o s i t i o n .  

Conversely, h i g h e r  r a t e s  o f  a c i d i c  d e p o s i t i o n  c o u l d  d i s p r o p o r t i o n a t e l y  

i nc rease  t h e  number o f  a c i d i f i e d  systems. Table 5.3 i n d i c a t e s  t h a t  a 
40% r e d u c t i o n  i n  d e p o s i t i o n  decreases the p r e d i c t e d  number o f  l akes  i n  

eas te rn  Canada w i t h  a pM o f  <E3 by 80% t o  86% (9,000 t o  29,000 

l a k e s ) .  On the o t h e r  hand, a 20% inc rease  i n  a c i d  d e p o s i t i o n  i s  

p r e d i c t e d  t o  cause 97% t o  100% sl~81-e lakes t o  a c i d i f y  (10,000 t o  26,000 
l a k e s ) .  I h e  reason f o r  these d r a m t i c  n o n l i n e a r i t i e s  i s  t h a t  a ve ry  

l a r g e  p r o p o r t i o n  (abou t  h a l f )  o f  t h e  l akes  i n  e a s t e r n  Canada have ANCs 

l e s s  than  50 veq L - l  ( s e e  Sect .  2 o f  t h i s  r e p o r t )  and a r e  t h e r e f o r e  
c l o s e  t o  an a c i d i f i c a t i o n  ( o r  recove ry )  t h r e s h o l d .  

w 

P r e d i c t i o n s  f rom t h e  model i n d i c a t e  t h a t  s u b s t d n t i a l  decreases i n  

S u b s t a n t i a l  n o n l i n e a r  r e d u c t i o n s  i n  p r e d i c t e d  damage a r e  a l s o  

e v i d e n t  as t h e  t a r g e t  l o a d i n g  ( o r  t h r e s h o l d  c o n t r o l )  imposed on t h e  

model i s  lowered, T h i r  i s  c l e a r  f rom the n o n l i n e a r  scale  o f  " t h r e s h o l d  
d e p o s i t i o n  c o n t r o l "  i n  F i g .  5-3, and t h e  t h r e e  r i g h t m o s t  columns o f  

Table 5.3.. Changing t h e  t a r g e t  l o a d i n g  by 3 3 X ,  f r o m  27 t o  18 kg 

SO4 ha y r  , decreases t h e  p r e d i c t e d  number o f  a c i d  lakes 
by 41% t o  51% (3,000-15,000 l a k e s ) .  A f u r t h e r  75% r e d u c t i o n  i n  t h e  

t a r g e t  l oad ing ,  From 18 t u  13.5 kg SO4 ha y r  (Table 5.3), 

2 -  -1 -1 

2-  -1 -1 



as 

lowers the predicted number of acidic lakes by 65% t o  67% (400 to 

2,400 lakes). The worst-case assumptions illustrated in Fig. 5.2 yield 
substantially greater benefits from deposition reductions. Note that 

the model predicts no lakes with pH <5 under a zero deposition 

scenario. This prediction may be an underestimate for regions with 
many highly colored lakes having low base cation concentrations. In 
other regions, however, the prediction may be reasonable. For example, 

the NIS survey (Kelso et al. 1986a) found no lakes with pW .(5 in a 
sample of 77 low-ionic-strength headwater lakes i n  a secondary 
watershed in Labrador that receive less than 10 kg SO4 ha year . 

deposition in the input loading level, so that target loadings 
expressed as wet deposition alone would be lower by between 20% t o  SOX 

(see Table 5.1). 

in Fig. 3.2. 

30% reduction in deposition everywhere nor a limitation o f  

20 kg SO:- ha-’ year 
worst-case results below the existing level of acidification. A 
40% reduction everywhere o r  a 12 kg SO4 ha year limitation would 
achieve that result. Loucks and Glass (1984) indicated that a limit o f  

12 kg SO:- ha-’ year 
freshwaters. Target loadings recommended by other investigators are 

listed in Table 5.4. Nonetheless, the current control objective 

(20 kg SO$- ha-1 year-’) would bring about some improvement. 

2 -  -1 -1 

I t  should be stressed that the model includes both wet and dry 

Isopleths o f  wet sulfate deposition in 1980 are shown 

The various deposition control scenarios indicate that neither a 

-1 (current control objective) would reduce the 

2 -  -1 -1 

-1 was necessary to protect the most sensitive 

5.3 FISHERIES MODELS AND THEIR PREDICTIONS 

Until recently, regional estimates of fisheries impacts were not 
available for eastern Canada. Minns (in press )  has recently developed 
preliminary estimates o f  the effect o f  changes i n  lake acidity in 
Ontario on three indices o f  the health of fisheries: 
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Source 

ldb le  5 4 Suwury tdhle o f  rccalnccltlcd prec ip i t a t i on  ptl levels or su l fa te  target loading5 
to  prevent Idkc dc id i f i cd t i on  

.. 

~~~ 

Sul fate target 
Iodding or  
pH stdnddrd 

Almer e t  al. 1918 15-17 kg hd-l yedr- l  
( t o t a l )  

k n r i k s e n  1480 

10-12 kg hd-l ye,r-l 
(tiet) 

20 kg ha-’ year-’ Brydges and Wary 1984 
(wet) 

(15 kg ha-’ year-’ 
(wet) 

Wright 1983 

Opperrhe imcr 1984 

pH 4 .  7 

ROgdlld dnd Bi-ezonik pll 4 5 8  I .  78 
1986 

Schnoor e t  d l .  1986 ptl 4.6 

14PCA 1985 ptl 4 . 3 - 4 . 4  
( 1 4  15 kg hd-l year - ] ,  wrt)  

pti 4 .  7 
( 1 1  kg ha- ’  yedr- I ,  wet) 

- .  -. ... 

C m m t s  

takes w i th  dc id  neut ra l i z ing  capaci t ies (AMCs) betxleen 
100 200 peq L- I  would lose ANC dnd decline i n  ptl. 
sensi t ive ldkes would be expected to  ac id i f y  

Very sens i t i ve  ldkes , a u l d  be protected from dc id i fy ing ;  no 
degrdddtion (loss o f  ANC or  pH) i n  ldkes w i th  P.NCs belreen 
100-200 peq L - ’  

Hd jo r i t y  o f  sensi t ive lakes wnuld not dc id i f y ;  t h i s  lodding 
i s  dssocidted w i th  a p rec ip i t d t i on  ptl o f  4 . 5 .  Highly sensi t ive 

Very 

lakes would m s t  l i k e l y  ac id i f y  

Highly sens i t i ve  lakes wi th  AIKs less than 50 Ueq L-’ 
would be protected frwi dc id i t i ca t i on  

The m j o r i t y  of sensi t ive ldkes w i l l  not dc id i f y .  
AUCS less than SO peq L - I  m y  ac id i f y  

Sensi t ive lakes kould be protected frm ac id i fy ing .  
ma jor i t y  of sensi t ive lakes would not show dny s ign i f i can t  
e f fec ts  frcm ac id  depG5itiOn 

Protects lakes w i th  Ca e Mg concentrations greater thdn 
40 peq 1 - l  f r m  dc id i f y ing  

The m j o r i t y  o f  the sensi t ive lakes w i l l  be protected fnm 
dc id i f y ing  Very s w s i i i v e  ldkes m y  ac id i f y  

Very sensi t ive ldkes w i l l  be protected from dc id i fy ing .  The 
m j o r i t y  of sensi t ive Idkes w i l l  probdbly not. show any mdjor 
e f fec ts  frcm dc id  deposition 

Ldkes wi th  ANCS greater thdn 45 peq L-I protected from 
ac id i f y ing  

Ihc m s t  sensi t ive ldkes (seepage Idkps) protected f ran  Ac id i fy ing  

f’rotr’ctS sensi t ive lake5 w i th  AMCs gi-edtei” than 60 peq L - ’  
frm dc id i f y ing  
m x t  1 i ke ly  dc id i  f y  

Ldkes w i th  

The 

tdkp.-, wi th  n N c s  less lhdn 60 peq L - 1  w i l l  

Protects the ve ry  .;znsitive ldkes (ANCs bctuecn 40-60 peq L - l )  
t ’revcnti loss o f  ANC dnd pH i n  ldkes wi th  ANCs between 
6 O ~ l O O  lieq L - I  
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1. species r i chness ;  
2, presence-absence; and 
3 .  produc t ion .  

Each o f  these es t imates  w i l l  be d iscussed i n  t u r n .  

The species r i chness  p r e d i c t i o n s  a r e  based on a m u l t i p l e  

reg ress ion  equat ion  developed f rom t h e  Lake I n v e n t o r y  Database o f  t h e  

O n t a r i o  M i n i s t r y  o f  N a t u r a l  Resources (Minns 1981). The equat ion  

p r e d i c t s  t h e  number o f  species i n  a l ake  as a f u n c t i o n  o f  these 

v a r i a b l e s :  lake area, spec ies r i chness  i n  t e r t j a r y  watersheds ( t o  

r e f l e c t  decreases i n  r i chness  w i t h  l a t i t u d e ) ,  e l e v a t i o n ,  mean depth,  

survey year  ( t o  r e f l e c t  t h e  s t e a d i l y  improv ing  q u a l i t y  o f  f i s h  
sampl ing),  and pH. These v a r i a b l e s  exp la ined 48.4% o f  t h e  observed 

v a r i a t i o n  among lakes  i n  f i s h  species r i chness .  

To a p p l y  t h e  r i chness  model, Minns ( i n  p ress)  d i v i d e d  t h e  observed 

range o f  l a k e  areas i n  O n t a r i o  i n t o  20 area i n t e r v a l s  and then used t h e  

da ta  f rom t h e  On ta r io  Lake I n v e n t o r y  f o r  a l l  independent v a r i a b l e s  

except  pH and survey year .  The pH was p r e d i c t e d  from t h e  chemis t ry  
model of  Jones e t  a l .  (1987) (a  more recen t  v e r s i o n  o f  t h e  model 

descr ibed In Sec t ion  5 . 2 ) .  The survey year  was assumed t o  be 1980. 
The model p r e d i c t s  an average o f  4.35 species p e r  l a k e  be fore  t h e  

I n d u s t r i a l  Revo lu t i on  i n  Nor th  America, 4.16 species pe r  l a k e  a t  

s teady-s ta te  under 1980 l e v e l s  o f  d e p o s i t i o n  ( a  4 . 3 %  d e c l i n e ) ,  and 

4.12 species i f  d e p o s i t i o n  were t o  inc rease by 10% (an a d d i t i o n a l  
0.8% resource loss) .  Canadian emiss ion c o n t r o l  programs (decreas ing  

emissions by 38%) would, accord ing  t o  t h i s  model, produce recove r ies  o f  

35.5% o f  t h e  t o t a l  number o f  f i s h  species t i l o s t "  as a r e s u l t  o f  a c i d i c  

d e p o s i t i o n .  

g i ven  species as: 

Winns! presence-absence model es t imates  t h e  number of  l akes  w i t h  a 

n 
N = N  * C P  * P  
j T i = l  l,i 2, i 
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where i = pH interval index (0.5 pW units); 
n = number o f  pH intervals 
Nj NT = total number of l akes ;  
Pl,i = proportion of  lakes in pH interval i (determined from 

P ? * j  = probability o f  encountering species j in a lake with 

number o f  lakes with species j ;  

chemical model predictions); and 

its pW in interval i (derived from the Ontario Lake 
Inventory). 

This model is similar to the model developed by Reckhow et a?. (1985). 

though the use of discrete intervals rather t h a n  a continuous function 
probably makes Plinns’ approach less precise. 

w a t e r s  of pH c6.4, 198Q deposition rates would eventually cause the 

loss o f  these species from 5.7% t o  8.5% o f  Ontario lakes. The range o f  
percentages reflects differing responses and distributions o f  different 
species (lake trout, lake whitefish, northern pike, CQ 
blacknose shiner, and walleye). A 10% increase in deposition would 
worsen this damage to 7.2% to 9 . 7 %  o f  the lakes, whereas Canadian 
emission controls would reduce the damage t o  3 . 4 %  t o  5.5% for all 
species but common shiners, allowing total recovery of this species, 

For species well distributed in waters of pH c6.4 (brook trout, 
white sucker, northern redbelly dace, pumpkinseed, yellow perch, and 
fathead minnow), estimates of species lost were more variable (1.9 

6 . 8 3 ) .  Emission controls resulted i n  reductions in damage similar to 
those observed for the group of less acid-tolerant species, though for 
fathead minnows the model predicts increased losses with emission 
controls, This result may be an artifact caused by discantinuous 

encounter probability distributions, or it could reflect implicit 

species substitutions. 

The results indicate that for species with limited distribution in 

The third model developed by Minns (in press) was based on fish 
production data from 100 Lo 200 lakes in the Turkey Lakes watershed. 

tie found that fish production (in kg ha 
predicted from lake ANC (in ueq L.-’): 

-1 year- ’ )  could be empirically 

production 2- 7.126 f 0.01624 * ANC ( r2  = 0 . 3 1 ) .  
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App ly ing  t h i s  equa t ion  t o  a l l  O n t a r i o  l akes  y i e l d e d  t h e  f o l l o w i n g  

r e s u l t s  : 

1. t h e  1980 l e v e l  of  d e p o s i t i o n  would cause a 2.3% decrease i n  

2. i nc reased  d e p o s i t i o n  (10% h i g h e r )  would r a i s e  t h i s  e s t i m a t e  o f  

3. Canadian emiss ion c o n t r o l s  would r e s t o r e  20% and 54%, r e s p e c t i v e l y ,  

p r o d u c t  i on ; 

species l o s t  t o  2.5%; and 

o f  t h e  l o s t  p r o d u c t i o n .  

A l though these  r e g i o n a l  f i s h e r i e s  models c o n t a i n  c o n s i d e r a b l e  

u n c e r t a i n t i e s  due b o t h  t o  l i m i t e d  da ta  s e t s  and t o  low p r e d i c t i v e  power 

o f  e m p i r i c a l  r e l a t i o n s h i p s ,  t h e y  do o f f e r  a rough e s t i m a t e  o f  t h e  

magnitude o f  damage t o  O n t a r i o  f i s h e r i e s .  U n f o r t u n a t e l y ,  t h e  da ta  base 

o u t s i d e  O n t a r i o  i s  n o t  as ex tens i ve .  F u r t h e r  work i s  necessary t o  

improve b o t h  t h e  d a t a  bases o u t s i d e  O n t a r i o  and t o  q u a n t i f y  t h e  
u n c e r t a i n t y  i n h e r e n t  i n  t h e  O n t a r i o  damage es t ima tes .  

5.4 SUMMARY 

Regional  e m p i r i c a l  models have been used t o  e s t i m a t e  t h e  expected 

changes i n  s u r f a c e  wa te r  chemis t r y  i n  t h e  l akes  o f  e a s t e r n  Canada t h a t  
would r e s u l t  f r o m  c u r r e n t  (1980) l e v e l s  o f  a c i d i c  d e p o s i t i o n  and a l s o  

t h a t  would r e s u l t  f r o m  a l t e r n a t i v e  d e p o s i t i o n  scenar ios .  These models 
p r e d i c t  t h e  s teady -s ta te  c o n d i t i o n  o f  l akes ,  based on es t ima tes  o f  t h e  

number and area o f  lakes w i t h i n  each subregion and t h e i r  c u r r e n t  

chemical  c o n d i t i o n .  Est imates o f  t h e  r a t e  o f  change i n  s u r f a c e  wa te r  

c h e m i s t r y  on a r e g i o n a l  s c a l e  a r e  n o t  p o s s i b l e  w i t h  these  s t e a d y - s t a t e  

models. 

Model r e s u l t s  show t h a t  s u b s t a n t i a l  damage c o u l d  occur  under 

c u r r e n t  (1980) l e v e l s  o f  d e p o s i t i o n .  Once t h e  l akes  reach s teady -s ta te  
w i t h  t h e  11980 l e v e l s  o f  d e p o s i t i o n ,  10,000 t o  36,000 lakes  a r e  

p r e d i c t e d  t o  have a pH < 5 ,  u s i n g  t h e  two s e t s  of  parameters 

combinat ions,  o r  10,000 t o  60,000 lakes  u s i n g  f o u r  s e t s  o f  parameters 

combinat ions.  More than  t w i c e  t h i s  number o f  l akes  a r e  p r e d i c t e d  t o  
reach a pH c5.5. Increases o r  r e d u c t i o n s  i n  d e p o s i t i o n  cause 
d i s p r o p o r t i o n a t e l y  l a r g e  changes i n  t h e  p r e d i c t e d  number o f  a c i d i c  



l akes .  This  model behav io r  a r i s e s  because a l a r g e  p r o p o r t i o n  (about  

h a l f )  o f  t h e  lakes i n  eas te rn  Canada have an ANC o f  l e s s  t h m  

50 Veq L-’ and, because o f  t h e  n a t u r e  o f  t h e  r e l a t i o n s h i p  between 
ANC and pH smal l  changes i n  t h e  level o f  d e p o s i t i o n  can nrdke a 
s u b s t a n t i a l  d i f f e r e n c e  i n  t he  number o f  lakes w i t h  p r e d i c t e d  pH <5. 

S i m i l a r l y ,  n o n l i n e a r  r e d u c t i o n s  i n  p r e d i c t e d  damage a r e  e v i d e n t  as a 
s imu la ted  t a r g e t  l o a d i n g  i s  lowered. O v e r a l l ,  t h e  va r ious  scenar ios 

i n d i c a t e  t h a t  n e i t h e r  a 30% r e d u c t i o n  i n  d e p o s i t i o n  everywhere n o r  a 

l i m i t a t i o n  o f  20 kg SO4 ha year  ( c u r r e n t  c o n t r o l  o b j e c t i v e s  i n  
Canada) would reduce t h e  wors t - case  r e s u l t s  be low t h e  e x i s t i n g  l e v e l  o f  
a c i d i f i c a t i o n ,  a l t hough  some improvement would occur .  A 40% r e d u c t i o n  

or a 12 ky SO:- ha 
w o r s t - c a s e  r e s u l t s .  Est imates o f  damage t o  f i s h e r i e s  a r e  p r e l i m i n a r y  

and a v a i l a b l e  o n l y  f o r  On ta r io .  These models suggest t h a t  a t  steady 

s t a t e ,  1980 l e v e l s  o f  a c i d i c  d e p o s i t i o n  have decreased t h e  species 

r i chness ,  p r o b a b i l i t y  o f  presence, and p r o d u c t i o n  o f  O n t a r i o  f i s h e r i e s  

by 4 . 3 % ,  5.7  t o  8 . 9 % ,  and 2 . 3 % ,  r e s p e c t i v e l y .  Emission controls i n  

Canada would b r i n g  about t h e  recovery o f  about 35% o f  t h e  l o s t  species 

r i chness ,  r o u g h l y  a t h i r d  o f  t h e  “ l o s t ”  p r o b a b i l i t y  o f  presence, and 

20% o f  t h e  l o s t  p r o d u c t i o n .  

2- -1 -1 

-1 -1 year  l i m i t a t i o n  would, however, reduce t h e  
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6 .  R E C O V E R Y  OF A Q U A ~ ~ C  SYSIEMS F R  ACIDIF I C A T  I O N  
(David R .  Narmorek, Rober t  €3. Cook, and Robert  S .  Turner)  

6.1 CONCEPTUAL FRAMEWORK 

Aqua t i c  systems w i l l  r ecove r  f rom the e f f e c t s  o f  acidic d e p o s i t i o n  

a f t e r  emissions o f  SO and NO have been reduced; i n  q u e s t i o n  a r e  
t h e  r a t e  and e x t e n t  o f  recove ry  and cdhether recove r  wi l l  r e s u l t  i n  t h e  

same b i o l o g i c a l  community o r  F u n c t i o n a l  c h a r a c t e r i s t i c s  t h a t  e x i s t e d  

p r i o r  t o  a c i d i f i c a t i o n .  Recovery may be t $2 result  of ei ther  o f  t w o  
CQndit iQnP: (1)  t h e  r e d u c t i o n  o f  a c i d i c  i n p u t s  t o  t h e  system, o r  

( 2 )  t h e  i n t r o d u c t i o n  o f  substances t o  t h e  system 8. a t  n@lskral i 2e 

a c i d i t y  o r  i n c r e a s e  t h e  r a t e  of AN6 production, 
t h e  ma jo r  i ssues  are t h e  r a t e  and t h e  e x t e n t  of b o t h  chemieal an 
b i o l o g i c a l  recovery.  I n  t h e  second condition, t h e  major  is.sades are t h e  
r a t e  and t h e  e x t e n t  of biolag-ical  recove ry  Failowin t h e  r w i d  r e t u r n  

o f  pH t o  c i r cu rnneu t ra l  va lues and t h e  ~ o ~ t ~ n ~ ~ ~ ~  c a s t s  (3% 

c i  rcumneutra l  pH. 

changes i n  d e p o s i t i o n  o r  l-irnjng, t h e  c r i t e r i a  use 

system has recovered a r e  a key i ssue .  Ga’irns e t  a ? .  (1977)  o f f e r  two 
u s e f u l  d e f i n i t i o n s  o f  r e s t o r e d  ecosystems: 

2 X 

I n  t h e  f i r s t  c o n d i t i o n ,  

Regardless of  whether t h e  chemical  ~ e c o v ~ r ~  was t h e  result of 

1. r e s t o r a t i o n  t o  o r i g i n a l  f u n c t i o n a l  and s t r u c t u r a l  con 
[a l t hough  t h e  elements ( spec ies )  t h a t  comprise t he  r t  

n o t  be t h e  same as those presen t  o ~ i ~ ~ n ~ ~ 1 y ~ ~  and 

2 .  r e s t o r a t i o n  t o  t h e  o r i g i n a l  s t r u c t u r e  and function { ~ i t h  t he  same 
species p r e s e n t ) .  

M o s t  o f  t h e  l i t e r a t u r e  an chemical  and b i n l o  i e a l  recove ry  describes 

t h e  observed changes and p o t e n t i a l  i t i g a t i v e  measurer, There i s ,  
however, a need t o  make an e x p l i c i t  s ta tement  as t o  w 
c o n d i t i o n s  rep resen ts  t h e  goal  o f  ~ ~ v i r o n ~ e n ~ ~ ~  m ~ ~ ~ ~ ~ r ~  r e s p o n s i b l e  
f o r  t h e  r e s t o r a t i o n  o f  a c i d i f i e d  systems. 
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If acidic inputs to an acidified system are reduced, the natural 
processes o f  A N G  generation, such as  soil and rock weathering and 

in-lake bacterial sulfate reduction, will eventually increase the ANC 
and pH of the system. lhe rate and extent of this increase depend on 
many factors, including the magnitude of the deposition reduction and 

numerous lake-watershed characteristics a 
If  a mitigation program such as lake or watershed liming i s  

undertaken, the system will increase in ANC at the rate at idhich the 
ANC-generating substance (such as lime) is applied or the rate at which 
it reacts with the water. 
long-term increase in ANC o n l y  if they are applied continually and a t  a 

rate exceeding t h e  rate of acidic deposition. 

Mitigative measures will result in a 

Section 6.2 discusses the evidence that exists far chemical and 

biological recovery in areas where either deposition reduction has 
occurred or lake5 have been experimentally manipulated. 

6.2 EVIDENCE FOR CHEHICAL AND BIOLOGICAL. R E C O V E R Y  

6 .2 . 1 E v i den c e ..f o r C h ern i c a 1 ...R e c o v e r y ..f-rgm~- De po s i t i 0-i~ Red uc t i on s 

Investigations of t h e  chemical effects of reductions in deposition 
are difficult because there are few long-term records of surface water 

chemistry. Nevertheless, studies conducted in areas where deposition 
has decreased are invaluable, becau5e they provide the strongest 

empirical evidence either for or against current acidification rnadels 

and hypotheses. O f  particular interest are changes i n  surface water 
sulfate concentrations, pH, cation export rates, and organic acid 
concentrations. Cation export rates are expected to decrease as 

deposition declines, The F-factor [the ratio of the change in 
(Ca Wg) to the change in lake SO:-], is positive or ze ro  and has 
an important effect on the predictions o f  most steady-state models 
(Nenriksen 1982a; Wright 1983; Jones e t  al. 1984). These models 
hypothesize that as  deposition decliner, lake pH will recover. 
Functionally, F acts in those models l o  constrain the change in l ake  
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ANC f o r  a given change i n  d e p o s i t i o n ,  

t he  g r e a t e r  i s  t e predicted i n ~ a e a r e  in lalap AHC f o r  a given reduction 

i n  deposj t ion.  The r a t e  a f  l a k e  ~~~~~~~r~ recovery w i l l  alssn depend on 

the capaci ty  of the  s o i l s  t o  supply base catlsns and on l~he ther  t h i s  

capaci ty  has changed as  a r e s u l t  o f  atmosp e r i c  d e p o s i t i a n .  

The lower the value o f  the F ,  

A n  a l t e r n a t i v e  ~ y p o ~ ~ ~ s i ~  i s  t a t  8-ed~ct io i ras i n  a c i  i p: depos 1 t i  on 
wi l l  have no e f f e c t  on lake According  Lo Krat F i - i n k  glslart), a 

reduction i n  s t ron  acid deposikio i l l  indbtce t h e  re lease  o f  s o i l  

humic acids  i n  nearly equivalent  a?. n t s  wl'i,Q.d ' $ 1  ikt.?ie o r  no measurable 

change i n  pH*" 

The two areas  of Canada f o r  which 1 -term records e x i s t  and 

where deposi t ion reductions have occurre ova s c o t i a  and t h e  

Sudbury a rea  of Ontario.  En ova Sco t i a ,  a, decrease i n  r ,u l fa te  

deposition over a 5 -  t o  10-year period has c o l n c j  ~.gj  tks decreased 

concentrat ions o f  rulfate i n  r i v e r s  and increased 

1986).  Runoff-corrected ca t ion  export  r a t e s  have r ~ ~ a ~ ? ~ ~ ~  constant .  

Figure 6.1 shows the  decrease i n  sea - sa l t - co r rec t e  s u l f a t e  y i e lds  of 

eleven Nova Scot ia  r i v e r s  o v e r  t h e  period 1971-73 t o  -9981- 

s e t s  of  s u l f a t e  measurements, p e ~ ~ ~ ~ ~ ~ d  by methods t h a t  y i e l d  

comparable r e s u l t s  (Thorin and ion ~ ~ r ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ;  T 
i n d i c a t e  decreases i n  s u l f a t e  y ie ld  ranging from 40% t o  60%. The pH 

increases  a s s o c i a t e d  w i t h  these  dec l ines  i n  sulfate yie lds  lare 

i l l u s t r a t e d  in F i g .  6 . 2 .  As would e expected from t h e  shape o f  t he  

increases  occurred a t  t he  ptl range 4 .9  t o  5 

increases  was l irnite 

bicarbonate t i t r a t i o n  curve (Stumm and ) $  the  la ryes t  pH 

E? ~ a ~ ~ ~ t u d ~  of  pH 

by pM buffer ing by organic anions and ~~~~~~~~ 

(Thompson 1986).  

I n  t he  Sudbury a r e a ,  both  l a rge-sca le  surveys (Kel'ier and 

1986) and site-specific, in tens ive  s t u d l e s  (LaZcste and Dillon 
Dillon e t  a l .  1986; Hutchinson arid Havas 1986) p r o v i  

p i c t u r e  o f  sur face  water responses t o  re  ucticsws i n  ~~~~~~t~~~ 

Emissions of  SO2 from Su 

s ince  the 1960s: 4240-7034 tonneBd d u s l n g  t h e  

P i  t b  1 ado 
'1 984; 

ed 

wed 
959, 
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A comparison o f  excess  s u l f a t e  y i e l d s  o f  11 r i v e r s  i n  
Nova S c s t i a ,  1971-73 ( s o l i d  c i rc les )  and 1981-83 (open c i r c l e s ) .  
(Mersey MF i nd ica t e s  t h e  Faersey R i v e r  samples a t  Mill Falls.) Source: 
7hOmpSOn (1986) .  
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F i g .  6 .2 .  Median pH i n  1973 plotted a g a i n s t  median pH i n  1981-83 f o r  8 o f  t h e  
11 Nova Scotia r i v e r s  shown i n  F i g .  6.1. 
Source: Thompson (1982, 1986).  

The l i n e  rep resen ts  a 1 : l  r e l a t i o n s h i p .  
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3663-6383 ionne/d  Froa 1910 t o  1 9 7 7 ;  and 1065-2562 t s n n e / d  f r om 

1978 t o  1983 (Ke l l e r  and P i t b l a d o  1986). Tnese d e c l i n e s  i n  emiss ion 

r a t e s  have r e s u l t ~ d  i n  a n e a r l y  f o u r f o l d  decrease in average SO4 

d e p o s i t i o n  d u r i n g  t h e  summer rnoriths f rom 254 eq ha”’ month-’ i n  

1970 t o  5 5  eq ha month-’ i n  197  I (HGtcRinson and Havas 1986).  
S i g n i f i c a n t  t r a c e  r x t z l  emission d e c l i n e s  have accompanied t h e  SO2 

emi55ion r e d u c t i o n s .  

2 -  

-a 

Dur ing t h e  zoiilmer-s o f  1982 and 1983, K e l l e r  and P i t b l a d o  (1986) 

resampli_?d 203 Sudbury area lakes o r i g i w l l y  sampled f rom 1974 t o  1976. 

Between t h e  two s t & >  per iods ,  scc’ter emoissions o f  SO2 d e c l i n e d  by 
about 50%. 1 Rough sampling methods d i f f e r e d  somewhiit between t h e  two 
p e r i o d s ,  comparative 3 x 5 8 s  ind’ lcated t h a t  these d i f f e r e n c e s  i n  methods 

d i d  not  C ~ U S ~  s i g n i f i c a n t  d i f f e r e n c e s  i n  ~ w 5 u r e d  parameters.  A p l o t  

o f  average l a k g  pW i n  t h e  1 9 / 4  1916 p e r i o d  a g a i n s t  average pH recorded 

f r om 1987 t o  1383 desnmnstrates t h a t  t h e  m o ~ e  a c i d i c  l akes  (most o f  

i h i c h  a r e  l o c a t e d  r e l a t i v e l y  near  S u d h u r y )  have exper ienced pH 

increases ( F i g .  6 . 3 ) .  Circ i rn i i ieuiral  l akes ,  rnost o f  which a r e  

r e l a t i v e l y  f a r  f r o c  Sudhury, shoued no c o n s i s t e n t  p a t t e r n  o f  change. 

Redmclioris -in average c o n c e n t m t i o n s  o f  s i l l f a t e ,  n i c k e l ,  and copper 

were a l s o  g r e a t e s t  i n  lakes c l o s e s t  t o  ’5ndbui-y. A d d i t i o n a l l y ,  o t h e r  

i nves tiyators work ing i n  t h e  Sudburry area have found 

and %n concenl i -a t ions decreased f o l l o w i n g  r e d u c t i o n  

These decreases, however, were due t o  derreared meta 

Sudbury arez,  r a t h e r  thaw t o  changes i n  pH p e r  se  ( D  

K e l l e r  and Pi tb lade, (1986) p e r f o r r w d  m; -e  d e t a i  

that A I ,  Cu, N i ,  
n SO2 emission. 

emiss ion i n  t h e  

I l o n  e t  a l .  1986). 

ed analyses f o r  a 

subset  o f  21 lakes,  each o f  w h i c h  had an average pH o f  <S,5 d u r i n g  

t h e  1974-1976 p e r i o d .  iney foufid s t a t i s t i c a l l y  s i g n i f i c a n t  d e c l i n e s  i n  

s u l f a t e  and copper concen t ra t i ons  ( though n o t  n i c k e l )  and s t a t i s t i c a l l y  

s i g n i f i c a n t  increases i n  pK. S i g n i f i c a n t  c o r r e l a t i o n s  were found 
L -  between the  decreases  i n  SO , n i c k e l ,  and  copper concen t ra t i ons  

and t h e  d i s t a n c e  o f  these l a k e  f rom t h e  ssaa~:“iers. On the o t h e r  hand, 

watershed- to- lake -area r a t i o s  d i d  n o t  c o r r e l a t e  s i g n i  T i c a n t l y  w i t h  t h e  

changes i n  pH, n i c k e l ,  o r  copper and showed o n l y  a weak p o s i t i v e  
c o r r e l a t i o n  w i t h  decreases  i n  s u l f a t e  concen t ra t i ons .  

4 
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These findings suggest that deposition levels were more important than 
watershed factors in determining the rate and extent o f  surface water 
chernical responses. 

In addition to t h e  surveys of Keller and Pitblada (19Whj, water 

chemistry data f r o m  five intensively studied lakes in the Sudbury area 
(Clearwater, Lohi, M i d d l e ,  Hannah, and Swan) have recently been 
analyzed by Dillon et a l .  (19861;  the  data from Clearwater and Swan are 
also discussed in La7er-te and Dillon ( 1 9 8 4 ) .  These ddta show 

s u b s t d n t i a l  declines in sulfate in all f i v e  lakes during the period 

from 1978 to 1984 ,  rang"lg f r o m  25% t o  62%. Differences among lakes in 
t h e  proportional declines w e r e  probably due to differences in three 
factors: distance f rwm Stidbury; lake order (headwdter v s  second -order 
lakes) ;  and t h e  extent of anaerobic hypo?imia, which affects bacterial 
s u l f a t e  reduction ( L a Z e r t e  and Dillon 1984;  Dillon e t  ill. 1 9 8 6 ) .  

Furthermore, I -a2crte and Dillon p o i n i  o u t  that changes in lake sulfate 

concentrdtions are  not expected t o  be directly proportional to the  
change in local emlssions, because sane fraction of the a r e a ' s  
deposition origirsatpci outside the region. 

these three lakes  cannot be attributed t o  changer i n  atmospheric 
deposition. In  the athe;- two lakes,  mean pbl levels increased from 
4.23 (1973-77 mean) t o  4.57 (1984)  in Clearwater arid from 3 . $ 6  (1977)  

to 4.80 f 1 9 8 2 )  in S w a ~ .  

lhr -er  o f  t h e  five lakes were limed; therefore, t h e  changes in 

t 
lh r  H concentrations in Clearwater declined by over S O X ,  

-1 -1 
decreasing from an aver-age o f  59 wey L in 1973-1977 t o  25 peq L in 
1983.  During this period, sulfate concentrations decreased from an 

-1 -1 average of 545 weq 1. in 1973-1977 t o  359 peq L in 1983 and 
essentially paralleled declines in lake water H and decreases in 
missions o f  S O  from smelting activity in the Sladbury region 
(Fig. 6 . 4 ) .  

t 

2 

Swan Lake, which was studied ~ P S :  intensively during the same 
4- 2 -  

and SO4 period, showed even more dramatic shifts i n  14 

concentrations; H' activity declined 85% (from [ j ~  3 . 9 6  t o  4.80) 
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between 1977 and 1983, and SO:- concen t ra t i ons  decreased by 62% 

frorn 580 t o  220 veq L-’. 
t h e  d i f f e r e n t i a l  i n  recovery  r a t e s  shown by t h e  two lakes  may r e f l e c t  

d i f f e r e n c e s  i n  h y d r a u l i c  f l u s h i n g  r a t e s ,  The h y d r a u l i c  res idence t ime  

o f  Swan Lake i s  o n l y  about  1 year  compared t o  approx imate ly  3 t o  4 

years For Clearwater  Lake. 

two hypotheses flientionecl a t  t h e  s t a r t  o f  t h i s  s e c t i o n .  Swan Lake i s  

t h e  o n l y  one o f  t h e  f i v e  lakes  n o t  t o  have rece ived  s u b s t a n t i a l  

q u a n t i t i e s  o f  road s a l t ,  t h e r e f o r e  p e r m i t t i n g  an es t ima te  o f  t h e  

F - fac to r ,  t h e  r a t i o  o f  t h e  change i n  (Ca t Mg) t u  t h e  change i n  

SO2- (Henr iksen 1982a). 
f o r  Swan Lake, a va lue  h i g h e r  than t h a t  repo r ted  by Henr iksen (1982a) 

f o r  o t h e r  l o c a t i o n s  dnd i n d i c a t i v e  o f  s u b s t a n t i a l  changes i n  c a t i o n  

e x p o r t  ( o r  s u b s t a n t i a l  t r a n s p o r t  o f  c a t i o n s  f rom t h e  water  t o  t h e  

sediment) assoc ia ted  w i t h  changes i n  d e p o s i t i o n .  As discussed i n  

Sec t .  5 .1 .2 .2 ,  Swan Cake had unusua l l y  h i g h  base c a t i o n  concen t ra t i ons  

f o r  an a c i d i c  l ake ,  and t h e  es t imated  v a l w  f o r  F i s  l i k e l y  a l s o  t o  be 

a t  t he  upper end o f  t h e  range f o r  such sys tems.  

LaZer te and D i l l o n  (1984) suqgested t h a t  

’The da ta  f rom Clearwater  and Swan lakes can be used t o  examine t he  

D i l l o n  e t  a l .  (1986) es t imated  F = 0.64 4 

LaZerte and O i l l o n  (1QR4) used the  r e s u l t s  f rom Clearwater  Lake t o  
r e f u t e  t h e  hypothes is  o f  Kruq and F r i n k  (19831, who contend t h a t  a 

r e d u c t i o n  i n  s t rong  a c i d  d e p o s i t i o n  w i l l  induce t h e  re lease  o f  

e q u i v a l e n t  amounts o f  o rgan ic  ac ids  w i t h  subsequent ly  l i t t l e  change i n  

pH. Accord ing t o  t h e  Krug and F r i n k  hypothes is ,  reduc t i ons  i n  !i and 
SO:.” d e p o s i t i o n  i n  Sudbury should have been accompanied by inc reases  
i n  o rgan ic  a c i d  concen t ra t i ons  r a t h e r  thdn by an i nc rease  i n  pH. No 
changes i n  the organ ic  a c i d  con ten t  o f  e i t h e r  C learwater  o r  Swan Lake 

were observed, a l though b o t h  l akes  exper ienced s u b s t a n t i a l  inc reases  i n  

PH. 

6 

I n  Baby Lake, a 1 2  ha lake near  Sudhury i n  a watershed daminated by 
2 -  exposed g r a n i t i c  and g n e i s s i c  bedrock, SO4 

d e c l i n e d  by 50%, and pH has inc reased f r o m  4.05 i n  1972 t o  5.8 i n  1984 

as a r e s u l t  o f  decreased emiss ions f rom sme l t i ng  a c t i v i t i e s  (Hutch inson 

and Havas 1986) .  C o n d u c t i v i t y  l e v e l s  have a l s o  d e c l i n e d  co r respond ing ly .  

concen t ra t i ons  have 
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Similar results have been observed for nearby Alice Lake (Hutchinson 
and Havas 1986) ,  although the increases 'In pH for this lake are not as 

striking as those for Baby lake. The slower rate of pH recovery 

reflects the comparatively better buffering o f  Alice Lake. This i s  

because the Alice Lake watershed i s  dominated by granitic till, whereas 

Baby Lake lies in a watershed o f  exposed bedrock. Also, the pH 

recovery of  Alice Lake may partially reflect artificially high ANC 
inputs from a limed slag pond.  

These empirical studies illustrate several phenomena that must be 

considered in the context of lake recovery from acidification. A long 

time series of consistent measurements o f  both deposition and surface 
water chemistry is essential. In the case o f  Sudbury, the variable 
driving observed changes in surface water chemistry appears to be 
reductions in atmospheric loadings of sulfate, Measurements o f  nitrate 

deposition in the Sudbury area began in 1978 ( M .  l u s i s ,  Ontario 

Ministry of Environment, persona? communication to D .  Harmorek, 1987), 
after the major decline in sulfate deposition (Fig. 6.4). Therefore, 
changes in nitrate deposition cannot be entirely discounted as a 

possible factor affecting lake chemistry, a?though there were no 

changes in local emissions o f  nitric oxides during the period 1971 to 

1918 (Hutchinson and Havas 1986). After 1978, there is no observable 

trend in nitrate concentrations i n  precipitation o r  in nitrate laading 
rates from wet deposition (Ontario Ministry o f  Environment, l986), 

indicating that the declines in lake water pH during this per-iod were 
not the resuit of changes in nitrate deposition. 

These data raise the issue o f  the relative effectiveness of 
controlling SO emissions v s  controlling NO emissions. Both o f  
the emitted gases are subject to biogeochemical reduction or 

consumption in natural waters; the net result o f  such reactions i s ,  in 
general, the production o f  an equivalent amount o f  ANC {Cook et al. 
1986; Rudd et a l e  1386; Schindler et a?. 7986). Atmospheric deposition 
of  NO t o  surface waters i s  almost completely consumed (>95%) i n  all 

2 X 

X 
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but the most extreme examples of 0; loading ( e . g . ,  the Adirondacks; 

Driscoll and Newton 1985); SO:- retention in watersheds on the 
Canadian Shield and losses dine to bacterial SO:- reducLion typically 

a r e  less  than NO; uptake and in same cases are minimal (Rudd et al. 
1986; Kelly et a l .  1987; Cook et al, 1987). 

In watersheds containing soils ~ i t h  greater sulfate adsorption 
capacity, such as those in the southeastern U.S., the  response in 

surface water chemistry to decreased deposition is theoretically quite 
different from the response in systems near Sudbury or elsewhere on the  
Canadian Shield, Sulfate adsorbed t o  watershed soil will desorb, 
delaying the recovery of surface water ANC.  

In most acidification models, weathering rates have a majo r  
influence on rates of acidification and recovery, although difficulties 
in empirically estimating weathering rates (Church and Turner 1986; 
FPKElCC 1986) gred‘lly constrain the level o f  confidence t h a t  can be 

placed on long-term predictions of the rate o f  change in surface water 
chemistry. 

Although water quality has improved in Sudbury-area lakes, many 
lakes still have a chemistry that is unsuitable for most f i s h  species 

[ e . g . ,  10% have a pM (5.0; 16 have a pH (S.5 (Keller and Pitblado 
1986)]. Information on fish communities in t he  affected lakes is 
scarce, although preliminary evidence o f  improved natural recruitment 

has been found in several lakes (Keller and Pitbblado 1986; Beggs and 

Gunw 19arjg < 

Yan (1985a) examined the zooplankton community of Clearwater Lake, 

based on intensive sampling during the period from 1973 to 1984. He 
computed 11 zooplankton cormunity parameters ‘ tha t  have been empirically 
related t o  lake water pH or metal levels i n  published surveys and 

assessed whether these parameters had changed significantly over time. 
There were no significant changes in any o f  the 11 parameters, 

indicating that the community is not yet recoverjng. 
possible reasons For the lack o f  recovery showed that the only feasible 
explanation is continuing toxic concentrations o f  hydrogen ion, copper, 
and nickel. 

Analysis of 
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MacIsaac (1986) and MacIsaac e t  a l .  (1986) analyzed da ta  on t h e  

r o t i f e r  community o f  Swan Lake and concluded t h a t  a l t hough  some 

a c i d - t o l e r a n t  spec ies have been replaced, t h e  species compos i t ion  o f  

t h e  r o t i f e r  community has n o t  approached t h a t  observed i n  nonac id i c  

lakes .  

I n  conc lus ion ,  t h e  p r e l i m i n a r y  da ta  a v a i l a b l e  suggest t h a t  

b i o l o g i c a l  recovery  i s  beg inn ing  i n  some lakes  i n  t h e  Sudbury area, b u t  

t h a t  t h e  o r i g i n a l  s t r u c t u r e ,  f u n c t i o n ,  and species assemblages have n o t  

y e t  been r e s t o r e d .  

6.2.3 B i o l o g i c a l  Recovery F o l l o w i n g  Chemlcal R e s t o r a t i o n  

Al though p r e d i c t i o n s  can be made w i t h  some accuracy f o r  bo th  t h e  

r a t e  and d i r e c t i o n  o f  change i n  water  chemis t r y  assoc ia ted  w i t h  

r e s t o r a t i o n  procedures,  we a r e  c u r r e n t l y  much l e s s  a b l e  t o  p r e d i c t  t h e  
r e s u l t i n g  b i o l o g i c a l  changes. Never the less ,  s t u d i e s  i n  chemica l l y  
r e s t o r e d  systems i n  eas te rn  Canada have demonstrated b i o l o g i c a l  

responses. Fo r  example, lakes  and streams i n  t h e  Sudbury area, i n  
o t h e r  areas o f  On ta r io ,  and i n  Nova S c o t i a  have been l imed.  The 
r e s u l t s  o f  these m i t i g a t i o n  e f f o r t s  a r e  desc r ibed  i n  d e t a i l  i n  FPRMCC 

(1986) and a re  summarized i n  t h e  f o l l o w i n g  s e c t i o n s .  

6.2.3.1 The Sudbury Lakes Envi ronmenta l  Study 

Between 1973 and 1975 t h r e e  h i g h l y  a c i d i c ,  meta l -contaminated 

l akes  near  Sudbury, On ta r io ,  were l imed  by t h e  O n t a r i o  government w i t h  

a combina t ion  o f  ca l c ium hyd rox ide  and c a l c i t e ,  i n  an a t tempt  t o  

r e s t o r e  f i s h  (Yan and D i l l o n  1984) .  
Copper and n i c k e l  l e v e l s  i n  l ake  waters  were ex t remely  h i g h  p r i o r  

to l i m i n g  because o f  meta l  d e p o s i t i o n  f rom nearby sme l t i ng  opera t i ons .  

A l though l i m i n g  r e s u l t e d  i n  ma jor  inc reases  i n  pW ( t o  pH >7) and 

r e d u c t i o n s  i n  meta l  l e v e l s ,  t h e  waters  remained h i g h l y  t o x i c  as a 
r e s u l t  o f  r e s i d u a l  meta ls  (Yan and D i l l o n  1984). I n t r o d u c t i o n s  o f  

smallmouth bass ,  Iowa d a r t e r ,  brook s t i c k l e b a c k ,  brook t r o u t ,  and 

ra inbow t r o u t  were a l l  unsuccess fu l  because o f  t h i s  meta l  t o x i c i t y .  A s  
i n p u t s  o f  a c i d  and meta ls  f rom atmospheric d e p o s i t i o n  cont inued,  t h e  
l a k e s  began t o  r e a c i d i f y  and meta l  l e v e l s  inc reased t o  t h e i r  p r e - l i m i n g  
l e v e l s .  
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Two of t h e  lakes Mere fertilized Nith several annual additions of 
phosphate after liming (Yan and I-afrance 1984). Although fertilization 

o f  limed lakes showed some proirrire as a tool for delaying 

reacidification in t h e  Sudbury study, several problems were apparent: 

1.  concentrations of labile forms o f  metals were unaffected by 
nutrient additions; 

2. additions of Ht-ByNO3 l ed  t o  pH decreases because of the 
preferential uptake of NH$ by algae; and 

3 .  phytoplankton systems had higher rates o f  primary production in 
response t o  fertilization than did those in circumneutral waters of 
5irnilar trophic status, perhaps because h i g h e r  trophic levels were 
not present t o  limit a l g a l  biomass in the limed lakes (Yan and 
I-afrance 1984; Marmorek 1984) .  

Yan (1985b) compared t h e  zooplankton communities of two limed 
lakes with 15 nonacidic reference lakes from the Muskoka--Haliburton 
region. In spite of having circumneutral pH :evels for close t o  a 
decade, fundamental qualities of t h e  community (including t o t a l  

zooplankton biomass, species richness, mean organism size, relative 
daphnid biomass, relative cyclopoid biomass, relative predator biomass, 

and the coefficient of variation in total biomass) differ significantly 
from those of the reference lakes. Possible reasons for the lack of 
recovery of the plankton communit ies in the limed lakes are the absence 
of fish and invertebrate predators, as well a5 high copper and nickel 

concentrations. 
In conclusion, lake limirig in the Sudbury a r e a  has not. been 

successful in restoring the original lake ecosystem function, 
structure, and corn unity composition. Further experimental work i s  
required to determine whether biological manipulations (i.e., the 
reintroduction of key species) are necessary. 

6.2.3.2 Experimental Lake Neutralization ir~-Qn.za-r> 

In 1981, the Ontario Ministries o f  Natural Resources and of 
Environment initiated a 5--year program t o  evaluate lake liming as a 

method to rehabilitate acidified lakes and to protect the  biological 
communities in acid--stressed l a k e r .  Preliminary findings, published by 
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Booth e t  a l .  (1986), showed t h a t  i n  a previously a c i d i f i e d  l ake ,  liming 

s u f f i c i e n t l y  improved whole-lake water q u a l i t y  so t h a t  lake t r o u t  could 

be success fu l ly  restocked. 

Bowland Lake, an a c i d i c  

supported a v i ab le  lake t r o u t  

(Booth e t  a l .  1986).  C a l c i t e  

whole-lake pH from 5.0 t o  6 .8  

t o t a l  a 

and 1+)  
growth. 

and r e s  

ake near Sudbury t h a t  had formerly 

population, was neu t r a l i zed  in 1983 

add i t ions  t o  Bowland Lake r a i sed  t h e  

and r e su l t ed  in reduced concentrat ions of 

u m i n u m  (from 130 t o  65 vg L-' ) . 
were then restocked; t h e y  not only survived, b u t  exhibi ted good 

d e n t  yellow perch population showed b o t h  increased growth 

Young lake t r o u t  (aged Oc 

Transferred a d u l t  t r o u t  spawned in  both years a f t e r  liming, 

( o l d e r  cohor t s )  and decreased growth (younger cohor t s )  and a fourfold 

increase i n  number. The au tha r s  suggested t h a t  the yellow perch 

population; responses were possibly due t o  reduced s t ress  in the o l d e r  

age c l a s s e s  and changes in food s u p p l y  f o r  t he  younger age c l a s s e s .  

Both were p o t e n t i a l l y  t h e  r e s u l t  o f  adding c a l c i t e  t o  t h e  lake.  

be determined, but  chemical models suggest t h a t ,  i f  i t  i s  not relimed, 

the lake will  r e a c i d i f y  t o  p reneu t r a l i za t ion  water q u a l i t y  by 1990 

(FPRISCC 1486). The lake t rout  population may be i n  jeopardy much 

e a r l i e r ,  though. Booth e t  a l .  (1986) reported t h a t  whole-lake liming 

d i d  not prevent s p r i n g  episodes in a nearshore zone under the  i c e .  

Caged f i s h  bioassays by t h e s e  authors  showed t h a t  t he  elevated acid and 

aluminum concentrat ions i n  the spawning zone were tox ic  t o  

hatchery-reared lake t r o u t  f r y .  

The long-term response of Bowland Lake f i s h  populations has yet t o  

After  l i m i n g  Bowland Lake, another  l ow  ANC lake was limed in, 
1984. Unlike Bowland Lake, Trout Lake (nea r  Parry Sound, Ontaria) 

s t i l l  supported a complex f i s h  community cons i s t ing  o f  over 16 spec ie s ,  

including lake t r o u t  and smallmouth bass. Following liming, no 

immediate response was observed i n  t h e  f i s h  community. T h i s  was not 

s u r p r i s i n g ,  s i n c e  the community had riot appeared s t r e s s e d  p r i o r  t o  lake 

n e u t r a l i z a t i o n .  The next sp r ing ,  however, Booth e t  a l .  (1986) d i d  
observe 100% m o r t a l i t y  of caged lake t r o u t  f i n g e r l i n g s  a t  one nearshore 
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s i t e  d u r i n g  s p r i n g  m e l t ,  suggest ing whole- lake l i m i n g  was a l s o  n o t  

e n t i r e l y  e f f e c t i v e  i n  m i t i g a t i n g  ep isod ic  pu lses  o f  a c i d i c  snowmelt i n  
t h i s  l ake .  

Because who le- lake  n e u t r a l i z a t i o n  does n o t  always p r o t e c t  c r i t i c a l  

spawning h a b i t a t ,  these i n v e s t i g a t o r s  a l s o  experimented w i t h  shoal 

l i m i n g  ( t h e  a d d i t i o n  o f  l imestone g rave l  t o  spawning shoals)  as an 

a l t e r n a t i v e  o r  a d d i t i o n  t o  whole- lake l i m i n g .  I n  p r e l i m i n a r y  r e s u l t s  

f rom work a t  l a u n d r i e  Lake, Booth e t  a l .  (1986) repo r ted  t h a t  t r e a t i n g  

t h e  l i t t o r a l  zone w i t h  f i n e  c a l c i t e  g rave l  appeared t o  improve ha tch ing  

success i n  l a k e  t r o u t  eggs. 

E x t i n c t i o n  o f  A t l a n t i c  salmon (Saim- 5ala.r) s tocks  i n  

13 Nova S c o t i a  r i v e r s  and severe d e c l i n e s  i n  t h e  a d d i t i o n a l  18 r i v e r s  
have been a t t r i b u t e d  t o  d e c l i n i n g  pH (Wat t  1981; Watt e t  a l .  1983; Watt 

1986) .  To t e s t  t h e  f e a s i b i l i t y  o f  m i t i g a t i n g  salmon losses  due t o  

a c i d i f i c a t i o n ,  t h e  Canadian Department o f  k i s h e r i e s  and Oceans began 

exper iments i n  1981 t o  add l imes tone o r  o t h e r  substances t o  streams and 

lakes  (Wat t  e t  a l .  1984; Whi te  e t  a l .  1984). To da te ,  t w o  l i m i n g  

methods have been e x t e n s i v e l y  t e s t e d :  i ns t ream l imestone g rave l  

a d d i t i o n s  ( a t  s i x  r i v e r  t r e a t m e n l  s i t e s )  and headwater l ake  l i m i n g  ( i n  

f i v e  l a k e s ) .  From t h i s  work, es t imates  have been made o f  t h e  r e l a t i v e  

cos ts  and e f f e c t i v e n e s s .  

l h r e e  years o f  observa t ions  a t  s i x  s i t e s  where l imestone g rave l  

had been p laced i n  t h e  streambed proved t h a t  under c e r t a i n  c o n d i t i o n s ,  

t h e  pl l  of  t h e  streams cou ld  be ad jus ted  t o  >pH 5.0 (Wat t  1986). 
Mowever, low water temperatures d u r i n g  w i n t e r  and e a r l y  s p r j n g  reduced 

t h e  r a t e  o f  l imestone d i s s o l u t i o n ,  and, a t  h i g h  f l ows ,  t h e  amount o f  

l imestone g r a v e l  t h a t  would t h e o r e t i c a l l y  be required t o  g i v e  a pM 

i n c r e a r e  o f  as l i t t l e  as  0.3 u n i t s  was so l a r g e  as t o  be p r o h i b i t i v e .  
Thus, t h e  o v e r a l l  r e s u l t s  were d i s a p p o i n t i n g ,  l e a d i n g  t o  t h e  conc lus ion  

t h a t  t h i s  approach i s  i m p r a c t i c a l  (Ma t t  1986) .  
The second approach i n v o l v e d  l i m i n g  headwater lakes  Lo c r e a t e  a 

r e s e r v o i r  o f  t r e a t e d  water ,  which then f lowed ou t  by n a t u r a l  d ischarge 
t o  p r o t e c t  downstream salmon h a b i t a t .  The l i r i ies tone was u s u a l l y  added 



to the lakes as a slurry sprayed evenly over t e entire surface. In a 
four-lake study, Watt et al. (1984) showed that, even with lakes biaving 

mean residence times as short as five months, satisfactory lake pb.1 

levels could be obtained for up to one year if the limestone dosage 
exceeded three times the whole-lake acidity. ?he overdosing provided 

an excess of lime that settled to the bottom, thus effectively sealing 
off acid demand from the sediments and dissolving slowly to provide 
additional ANC at each f a l l  and spring turnover, In those lakes having 
mean residence times of less than one year, the treatment wou?d hd~ve to 

be repeated annually. 

by White et al. (1984), i s  that during winter rains the lakes can 
become covered by a thin surface layer o f  highly acidic rainwater t h a t  

f l o w s  out of the lake to deliver a downstream acidic shock. Matt 

(1986) reported that this problem has now been overcome by spreading a 

layer of dry limestone powder evenly over the ice surface. I h i s  form 
of l i m i n g  was effective in preventing acidic episodes downstream, 
because the first water entering the lake from a winter rainrtorm i s  
drainage from the ice cover. 

positive responses were obtained from Atlantic salmon (Watt et al. 
1984), Significantly higher densities of juvenile salmon were found jn 

the immediate vicinity of instream limestone gravel eposits, but this 
beneficial effect did not persist downstream. In the lake liming 
studies, salmon parr introduced into the previously barren and t o ~ i c  

outlet stream o f  Sandy Lake were s t i l l  survivin one year after 
liming. In addition, wild native salmon a d u l t s  migra ted  ~ a p ~ a ~ e ~ ~ . ~ y  

attracted by the higher pHs) into the previously unuse outlet stream 
and spawned successfully. The resulting wild salmon fry showed good 
survival one year after liming (the en o f  the repss te  

period). 

Atlantic salmon (Watt et al. 1 9 8 3 ) "  After the a c i d i c  deposition 
problem i s  brought under control, it will be necessary to mount a 

A major problem with the headwater lake liming approach, as noted 

With both the instream-gravel and headwater-lake 1 iming methcrds, 

A large area o f  Nova Scotia has already been rendered barren o f  
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salmon r e s t o r a t i o n  program f o r  t h e  ba r ren  h d b i  t a t s .  Hes to ra t  

be e a s i e r  and more l i k e l y  t o  succeed i f  a number o f  n a t i v e  w i  

s tocks  were a v a i l a b l e  t o  p r o v i d e  a g e n e t i c a l l y  d i v e r s e  s e l e c t  

on ~ ~ u l d  

d l o c a l  
an o f  

p o t e n t i a l  donor  s tocks .  

recommended t h a t  a smal l  number ( t h r e e  t o  s i x )  o f  t h e  c u r r e n t l y  

th rea tened s tocks  i n  t h e  Southern l lp land o f  Nova S c o t i a  be preserved by 
l i m i n g  headwater lakes  t o  c r e a t e  d e a c i d i f i e d  r e f u g i a  i n  t h e  t r i b u t a r y  

waters  D 

10 ach ieve  such a gene bank, Watt (1986) 

E s t i m a t i n g  t h e  co5ts  assoc ia ted  w i t h  l i m i n g  lakes  i n  eas tern  

Canada and r i v e r s  i n  Nova S c o t i a  t o  m i t i g a t e  e f f e c t s  o f  a c i d i c  
d e p o s i t i o n  i s  beyond t h e  scope o f  t h i s  assessment. 

l a r g e  numbers o f  lakes  i n  eas te rn  Canada t h a t  a r e  a c i d i c  (about  10,000 

have ANC <O veq L-l ;  Kelso  e t  a l ,  1985a), l a k e  l i m i n g  would o b v i o u s l y  
br  expensive. Recent es t imates  i n d i c a t e  t h a t  t h e  cos ts  would be many 
tens  o f  r n i l l i o n s  o f  d o l l a r s  (Canadian) (Ninns and Kelso 1986). 

Because o f  t h e  

The recovery  phase o f  t h e  Lake 223  exper iment  a l l o w s  t h e  

i n v e s t i g a t i o n  o f  chemical and b i o l o g i c a l  recovery  i n  a c o n t r o l l e d  

whole- lake s e t t i n g  ( S c h i n d l e r  1986) Lake 2 2 3  i n  t h e  Exper imenta l  

Lakes Area rece ived  an average o f  about 9 kg SO4 ha year  o f  wet 2- -1 .- 1 

d e p o s i t i o n  d u r i n g  t h e  p e r i o d  1970 t o  1982 (L insey  e t  a l . ,  i n  p ress ) .  

A f t e r  2 years o f  background s tudy  i n  1 9 7 4 4 5 ,  d i r e c t  exper imenta l  

a d d i t i o n s  o f  s u l f u r i c  a c i d  were used t o  lower  t h e  pH o f  t h e  l a k e  f rom 

n a t u r a l  va lue r  o f  >6.5 t o  5.8 t o  5.1 between 1976 and 1981 (Cook e t  a l .  

1985) .  The pW was k e p t  a t  5 - 0 - 5 . 1  d u r i n g  1985-83 ( S c h i n d l e r  1985). 

B i o l o g i c a l  r e s u l t s  of t h e  a c i d i f i c a t i o n  phase o f  t h i s  s tudy  a r e  

s u m a r i L e d  i n  Sec t ,  4.3 and i n  S c h i n d l e r  e t  a l .  (1985). 
I n  1984, s u l f u r i c  a c i d  a d d i t i o n s  were decreased s u f f i c i e n t l y  t o  

a l l o w  t h e  l a k e  t o  recover  t o  pH 5.4,  and i n  1985 t h e  pH was a l lowed t o  
i nc rease  t o  5 .5  t o  5.6 ( S c h i n d l e r  1986) .  A s  a r e s u l t  of t h e  decrease 

i n  s u l f u r i c  a c i d  load ing ,  t h e  SO4 

years from 228 t o  202 lLeq L-' 

SO4 

2 -  concen t ra t i ons  decreased i n  two 
a drop o f  1 3 X a  Ihe  decrease i n  

2- would have been l a r g e r ,  b u t  1985 was a wet year and a c i d  
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a d d i t i o n s  had t o  be i nc reased  i r a  t ha t  year  t a  p r e v e n t  the pW from 

r e c o v e r i n g  more r a p i d l y  than  planned. AWC lncreissed b 

as a r e s u l t  o f  a decrease i n  base c a t i o n s  s f  I2 vi3 
SO:- decrease o f  26 veq L-' (Sch in  

Phytoplankton compos i t i on  and d i v e r s i t y  i n  Lake 223 a t  pH 5.6 

d u r i n g  recove ry  were s i m i l a r  t o  those observed u r i n g  $he a c i d i f i c a t i o n  

phase o f  t h e  exper iment  ( S c h i n d l e r  1986).  ~ ~ ~ p ~ ~ ~ ~ t e r ~  tjolopedi-gm 

q u i  bberum and DaDhnia-..c,a)& decreased perhaps because o f  t h e  r e t u r n  
o f  p l a n k t i v e r o u s  f i s h e s .  

wh i t e  s UC ke k (~~dto*y.~ 
--- commersoni) began spawning when the pH i n c r e a s e d  from 5,O t o  5 , 4 ,  a 

pH va lue  a t  which b o t h  species r e ~ r o d u ~ e d  d u r l n g  t h e  ~ c ~ ~ ~ f ~ c ~ ~ i o n  

phase. Lake t r o u t  (Salve1 inu_-_namavcus 1 recovered f rom t h e i r  poor  

c o n d i t i o n  a t  pH 5 .  b u t  d i d  n o t  have id success fu l  ~ - ~ c r ~ ~ ~ ~ ~ ~ n ~  a t  pH 5.4 

i n  1984. 

-? 

P e a r l  dace (Semoti Ius ~ a r q a ~ ~ ~ ~ ~  an 

A s  expected. spec ies t h a t  were eliminated a t  p va lues below 5 . 2  
d u r i n g  t h e  a c i d i f i c a t i o n  phase ave n o t  r e t u r n e  t o  Lake 223 as of  

1985, when pH values i nc reased  ta  5 . 5  t o  5 .6 .  These rpecles ineludie 
c r a y f i s h  (Orconectes v l r i l i s ) ,  f a thead  

s c u l p i n s  (Co t tus  coqnalus-) and shr imp ( 3 .  These t h r e e  
taxa,  which have relatively low a b i l i t y  f5r  ~ ~ ~ s ~ o n ~ ~ ~ ~ ~ ~ r ~ ~  may have t o  
be restoc.ked when t h e  pH i s  favorable, 

One o f  t h e  i n i t i a l  f i n d i n g s  o f  the Lake 223 r e t o v e r y  i s  t 
species e l i m i n a t e d  by a c i d i f i c a t i o n  may not be a b l e  t o  recove r  t h e i r  

vacated n i ches  f rom species t h a t  invaded d u r i n g  t h e i r  absence. For 

example, brook s t i c k l e b a c k s  (Culaea inconstaBm), ig rare species b e f o r e  

and d u r i n g  t h e  a c i d i f i c a t i o n ,  invaded t h e  ?ake i n  l a rge  numbers, and 

may have d i s p l a c e d  t h e  fa thead  rn inn5w (Schindler 1986] .  Thus, a l t hough  

t h e  chemical  recove ry  o f  t h e  l a k e  seem t o  occur  a t  d p r e d i c t a b l e  r a t e ,  

b i o l o g i c a l  recove ry  t o  t h e  o r i g i n a l  s t r u c t u r e  and f u n c t l m  o f  the 

Lake 223 ecosystem i s  n o t  p r e d i c t a b l e .  
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5.3 IMPLICATIONS 

It i s  c l e a r  From t h e  Sudbury and Nova S c o t i a  s t u d i e s  t h a t  d e c l i n e s  

i n  emissions and d e p o s i t i o n  l e a d  t o  chemical recovery.  AMCs and pW 
l e v e l s  i nc rease ;  s u l f a t e  (and metal concen t ra t i ons  i n  t h e  case o f  
Sudbury) d e c l i n e .  There a r e  n o t  enough da ta  t o  eva lua te  t h e  e x t e n t  o f  
b i o l o g i c a ?  recove ry  r e g i o n a l l y ,  though s i t e - s p e c i f i c  s t u d i e s  near  

Sudbury suggest t h a t  b i o l o g i c a l  recovery i s  p robab ly  e i t h e r  absent o r  
o n l y  ve ry  s l i g h t  i n  many lakes ,  most l i k e l y  because o f  h i g h  t r a c e  meta l  

c o n c e n t r a t i o n s  a f t e r  d e p o s i t i o n  decreased. 
I n  c o n t r a s t ,  m i t i g a t i o n  s t u d i e s  i n  O n t a r i o  and Nova S c o t i a  suggest 

t h a t  i n  t he  absence o f  meta l  contaminat ion,  b i o l o g i c a l  recove ry  can 

occur,  though t h e  r a t e  and e x t e n t  a r e  s t i l l  u n c e r t a i n ,  There i r  a need 

f o r  con t inued  m o n i t o r i n g  o f  b o t h  chemical  and b i o l o g i c a l  recovery.  
Such d a t a  w i l l  be p a r t i c u l a r l y  v a l u a h l e  f o r  e v a l u a t i n g  t h e  e x t e n t  t o  

which l akes  and streams e x h i b i t  a h y s t e r e s i s  i n  recove ry  ( i . e S 3  a p a t h  

o f  recove ry  ve ry  d i f f e r e n t  f rom s imp ly  t h e  r e v e r s a l  o f  t h e  pa th  

followed d u r i n g  a c i d i f i c a t i o n ) .  

i n  O n t a r i o  and Nova S c o t i a  h i g h l i g h t  t h e  p r o b l e m  i n h e r e n t  i n  u s i n g  

f u l l - s c a l e  l i m i n g  o p e r a t i o n s  as a way t o  r e h a b i l i t a t e  and p r o t e c t  

a q u a t i c  ecosystems: 

Wi th respec t  t o  m i t i g a t i o n ,  t h e  l a k e  and r i v e r  l i m i n g  exper iences 

1 .  

2. 

3 .  

4 .  

5. 

i n  h i g h l y  metal-contaminated systems, l i m i n g  may no t  reduce meta l  

c o n c e n t r a t i o n s  t o  n o n t o x i c  l e v e l s ;  

w i t h o u t  concomi tant  r e d u c t i o n s  i n  d e p o s i t i o n ,  l i m i n g  becomes a 

cont inuous process; 
l i m i n y  may n o t  p r o t e c t  t h e  h a b i t d t  f o r  c r i t i c a l  developmental 

p e r i o d s  o f  a l l  f i s h  species;  
t h e  long- term respanse o f  r e s i d e n t  f i s h  p o p u l a t i o n s  t o  l i m i n g  has 

n o t  y e t  been assessed, and t h e r e f o r e  p r e d i c t i o n s  o f  t h e  response sf 

f i s h  conmuni t ies t o  l i m i n g  a r e  n o t  y e t  p o s s i b l e ;  

t h e  f u l l  r ecove ry  o f  p l a n k t o n  systems may r e q u i r e  t h e  
r e - i n t r o d u c t i o n  o f  f i s h .  
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Recovery of a c i d i f i c a t i o n - d a m a g e d  f r e s h w a t e r  ecosystems can r e s u l t  

f r o m  e i t h e r  t h e  r e d u c t i o n  o f  a c i d i c  i n p u t s  o r  t h e  i n t r o d u c t i o n  o f  
substances t h a t  n e u t r a l i z e  a c i d i t y  o r  i nc rease  t h e  r a t e  o f  ANC 

p r o d u c t i o n ,  A l though few a t tempts  have been made t o  s t a t e  t h e  c r i t e r i a  
by which a t tempts  a t  r e s t o r i n g  ac id i f i ca t i on -damaged  f reshwa te rs  a r e  t o  

be judged, t h e r e  i s  a s i z e a b l e  and growing l i t e r a t u r e  p e r t a i n i n g  Po 

chemical  and b i o l o g i c a l  recove ry  i n  a c i d i c  s u r f a c e  waters .  I n  

p a r t i c u l a r ,  two  key i s s u e s  have rece ived  c o n s i d e r a b l e  a t t e n t i o n  i n  

r e c e n t  years:  ( a )  what f a c t o r s  i n f l u e n c e  t h e  long- term (yea rs )  r a t e  of 
recovery,  and (b )  whether recove ry  r e s u l t s  i n  t h e  same b i o l o g i c a l  

community o r  f u n c t i o n a l  c h a r a c t e r i s t i c s  t h a t  e x i s t e d  p r i a r  t o  
a c i d i f i c a t i o n .  

Evidence c o l l e c t e d  t o  d a t e  s t r o n g l y  suppor t s  the  n o t i o n  t h a t  

a q u a t i c  systems a f f e c t e d  by a c i d i f i c a t i o n  w i l l  c h e m i c a l l y  recove r  a f t e r  
i n p u t s  of a c i d i c  substances a r e  reduced. For example, decreased 

s u l f a t e  d e p o s i t i o n  has c o i n c i d e d  w i t h  decreased c o n c e n t r a t i o n s  o f  
s u l f a t e  and inc reased  ANC and pH i n  Nova S c o t i a  r i v e r s .  L ikewise,  

pH va lues i n  t h e  more a c i d i c  Sudbury areas l akes  have been Found t o  

i n c r e a s e  d u r i n g  p e r i o d s  when s m e l t e r  SO2 emissions d e c l i n e .  
B i o l o g i c a l l y ,  however, few o f  t hese  systems have recovered t o  t h e  p o i n t  

a t  which t h e  wa te r  q u a l i t y  i s  s u i t a b l e  t o  suppor t  most f i s h  species and 

more s e n s i t i v e  zooplankton species.  Never the less,  p r e l i m i n a r y  evidence 
showing improved f i s h  r e c r u i t m e n t  i s  a v a i l a b l e  T o r  a few p r e v i o u s l y  

low-pH lakes  i n  t h e  Sudbury area.  

l e s s  c l e a r .  Fo r  i ns tance ,  even though f i e l d  exper iments have shown 

I n  c o n t r a s t ,  t h e  b e n e f i c i a l  e f f e c t s  o f  l i m i n g  s u r f a c e  waters  a re  

t h a t  t h e  chemis t r y  o f  lakes i n  t h e  Sudbury area can be a t  l e a s t  

t e m p o r a r i l y  improved, t h e  o r i g i n a l  ecosystem s t r u c t u r e  and f u n c t  
have n o t  been r e s t o r e d .  T h i s  i s  p robab ly  p a r t l y  due t o  t h e  f a c t  

even l i m i n g  whole l akes  and streams sometimes f a i l s  t o  p r o t e c t  b 
and t h e i r  c r i t i c a l  spawning h a b i t a t ,  p a r t i c u l a r l y  d u r i n g  a c i d i c  

episodes . 

on 

t h a t  

o t a  
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