
THERMALLY STRATIFIED A C I D  WATER I N  LATE WINTER - 
A KEY FACTOR INDUCING SELF-ACCELERATING PROCESSES 

WHICH INCREASE ACIDIFICATION 

HANS HULTBERG, Swedish Water and Air P o l l u t i o n  Research Labo- 
r a t o r y  (IVL), P.O. BOX 5207, S-402 24 Gothenburg 5, Sweden. 

ABSTRACT 

Ion sepa ra t ion  of  a c i d  a i r  p o l l u t a n t s  o u t  o f  snow causes - sud -  
den, deep pH-drops i n  l a k e s  and running waters a t  an e a r l y  
s t a g e  o f  snowmelting. These pH-drops have d r a s t i c  e f f e c t s  on 
f i s h  popula t ions  and a r e  suggested t o  be t h e  main cause of 
Sphagnum i nvas ion  and changes i n  the mic ro f lo ra  a l r eady  a t  an  
e a r l y  s t a g e  of  a c i d i f i c a t i o n ,  i . e .  when summer pH-values are 
about  6. These e f f e c t s  i n  t u r n  reduce t h e  n u t r i e n t  r e c y c l i n g  
and a c c e l e r a t e  t h e  a c i d i f i c a t i o n  process .  

INTRODUCTION 

During t h e  l a s t  ten t o  f i f t e e n  yea r s ,  f i s h  and c r a y f i s h  popula- 
t i o n s  i n  thousands o f  l a k e s  and running w a t e r s  i n  Sweden and Norway 
have s u f f e r e d  from i n c r e a s i n g  water  a c i d i t y  (Hultberg and Stenson 1970, 
Anon 1971, Jensen and Snekvik 1972, Almer e t  aL, 1974, Svardson 1974).  

Oddn and A h 1  (1970) and Snekvik (1972) have shown t h a t  sha rp  pH- 
drops  occur  a t  snowmelting i n  r i v e r s  and l a k e s  i n  Sweden and Norway. 

I n  southern  Norway p o l l u t e d  snow w a s  found t o  have cons ide rab le  
i n f luence  on t h e  q u a l i t y  o f  t h e  water  i n  l a k e s  and brooks i n  w in te r  and 
sp r ing .  Great q u a n t i t i e s  o f  e .g.  SO^: NO$ Zn and Pb were fouid  to -  
ge the r  wi th  high a c i d i t y  i n  t h e  upper s t r a t a  o f  l akes .  A poor bottom 
fauna c o n s i s t i n g  mainly o f  S i a l i s  sp . ,  Chironomidae and Oligochaetes 
w e r e  found i n  shal low a r e a s  (1 m depth)  whi le  t h e  number of  s p e c i e s  and 
biomass inc reased  a t  g r e a t e r  depths  (Haugen and Langeland 1973).  



Oligotrophic Lakes and brooks with low buffer capacity would be 
especially susceptible to pH-drops. Grahn and Hultberg (1974) observed 
acidification effects in a lake with summer pH-values just below 6. 
Sphagnum sp. had invaded lake Srvattnet in the province of Vzrmland in 
1967 when summer pH-values were about 5.8. 

Effects such as fish kill, reduced fish reproduction, death among 
groups of invertebrates, Sphagnum invasion, and changes in the micro- 
flora already at an early stage of acidification cause feed-back mecha- 
nisms which delay nutrient recycling and accelerate the acidification 
process (Grahn et al. 1974). Sharp pH-drops at the time of snowmelting 
are suggested to be a main factor inducing these biological perturba- 
tions in aquatic ecosystems. 

INVESTIGATED AREAS AND METHODS 

The annual variations in pH have been studies in lakes in two 
areas in south-western Sweden: ten in the province of ~ohuslzn since 
late 1969, and three in the province of ~'rirmland since 1973 (Figure 1). 
Since the discovery of drastic pH-drops in ~ohuslgn in April 1970, ef- 
fects on fish populations in running waters have been studied by means 
of electrofishing at three stations, fish mortality tests (fish in net- 
cages at ten stations), and by studying the occukrence of false annuli 
in seatrout otoliths. Also, fishing with survey nets and rotenone 
treatment has been used at three stations to study fish populations in 
the lakes (Figure 2). In addition, skindiving has been used to study 
macrophytes and the microflora in both areas. 

RESULTS AND DISCUSSION 

Among the investigated lakes in ~ohuslsn, the yearly pH-variation 
is greatest at 1 m depth in lakes with summer pH-values around 5.2 - 
5.5. In the very acid lakes, the variations are small. In all the - 
lakes, a sharp drop in pH occurred in the spring of 1970. No such drop 
has been observed during any of the following winters. As an example, 
the yearly variation in pH in Lake ~irsevatten and Lake Timmervatten is 
shown in Figure 3. 

Figure 4 gives a more detailed example of the drastic pH-drop from 
5 to 4.2 in April 1970. The winter 1969-70 had unusually much snow, 
with an average snow depth of around 0.7 m. The temperature was low 
from mid November and no snowrnelting occurred until mid April. pH was 
4.4 - 4.5 in snow profiles in the area, but the pH-drop at the start of 
snowmelting at 1 m depth in Lake Timmervatten and other lakes in the 



Figure 1. Scandinavia. Arrows mark in -  
ves t iga ted  lake  a r e a s  i n  t h e  provinces 
of Vzrmland and Bohuslxn i n  Sweden. 

area was even grea te r .  I n  a t h i n  l a y e r  between t h e  snow and t h e  i c e  
cover on t h e  lakes ,  pH-values a s  low a s  3 . 7  - 4.0 were measured. These 
values show t h a t  ac id  had been concentrated from t h e  snow by means of 
ion  separa t ion  a t  t h e  beginning of snowmelting, forming t h i s  a c i d  water 
l aye r .  Due t o  mild winters  and no snow cover,  no such short-term, deep 
pH-drops have occurred i n  t h e  l akes  i n  Bohuslan s i n c e  the  one recorded 
i n  Apr i l  1970. 



Figure 2. T e s t s  on f i s h  popu la t ions  i n  t h e  i n v e s t i g a t e d  
l a k e  a r e a  i n  Bohuslgn. 

A s  from June 1973, monthly pH-profiles have been measured i n  t h r e e  
l a k e s  i n  t h e  snow-rich province  o f  ~ s r m l a n d .  I n  a l l  t h e  l a k e s ,  a sud- 
den sharp  pH-drop occurred i n  mid February 1974. I n  Lake ~ t e n s j z n ,  t h e  
drop w a s  s p e c t a c u l a r l y  deep, from 5 t o  3 . 4  j u s t  below t h e  i c e  cover ,  
and from 5 t o  3.8 a t  1 m depth  (Figure 5 ) .  The pH-drop was observed 
down t o  5 m depth nea r  t h e  shore ,  b u t  on ly  t o  3 m depth  i n  t h e  middle 
of t h i s  34 ha lake .  Comparing t h e s e  low va lues  t o  pH va lues  i n  p rec i -  
p i t a t i o n  and i n  t h e  snow pack, it is c l e a r  t h a t  dur ing  a mild p e r i o d  i n  
mid February, i o n  s e p a r a t i o n  had concent ra ted  t h e  acid subs tances  from 
t h e  snow i n t o  t h e  lake .  The rise i n  pH i n  t h e  two l a k e s  i n  ~ o h u s l z n  
and ~ S r m l a n d  (Figures 4 and 5) fo l lowing  t h e  pH-drop makes t h e  d u r a t i o n  
o f  t h e  extremely a c i d  l a y e r  s h o r t  (14-30 days)  and t h e s e  sha rp  drops 
can t h e r e f o r e  be recorded only  through f r equen t  measurements. 

Od6n and Bergholm (1973) p o i n t  o u t  t h a t  t h e  first f r a c t i o n  co l -  
l e c t e d  dur ing  l abo ra to ry -con t ro l l ed  snowmelting is a very  a c i d  salt-  
s o l u t i o n ,  and t h a t  t h e  p H  rises and t h e  sal t  con ten t  is  g radua l ly  r e -  
duced dur ing  t h e  me l t i ng  process .  The l a s t  50 pe rcen t  of the m e l t -  
water  is  almost  d i s t i l l e d  w a t e r .  
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Figure 3. Yearly pH-variations (laboratory measurements) 
in L. Timrnervatten and L. Hsrsevatten in Bohuslxn, 

1969-1970. 

Figure 4. pH-variations in L. Timmervatten showing the 
sudden sharp pH-drop in April 1970 as compared to spring 

1971. 
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Figure  5. pH-variation dur ing  win te r  1973-74 ( f i e l d  mea- 
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I n  a similar s tudy ,  HenrikSen et a1.(1974) show t h a t  75 p e r c e n t  
of  t h e  d i v a l e n t  and 58 pe rcen t  o f  t h e  monovalent i o n s  a r e  removed from 
t h e  snow pack when only  30 and 31 pe rcen t  r e s p e c t i v e l y  of t h e  snow has 
melted i n  a thermostated (2 .0  ?: l.O°C) lys imeter .  

To s tudy  t h e  pH-drop e f f e c t s  on f i s h  popula t ions  i n  small  running 
waters  i n  ~ o h u s l & ,  a t e s t  w a s  performed wi th  two spec i e s :  s e a t r o u t  
(Salnro t r u t t a )  and minnows (Phoxinus ~hoxinus)~ both  wi th  a mean l eng th  
o f  65 mm, and c o l l e c t e d  i n  t h e  o u t l e t  o f  lake Alevat ten .  Two-three n e t  
cages were p laced  a t  each o f  10  t e s t  s t a t i o n s ,  seven a long  t h e  o u t l e t  
and t h r e e  upstreams l a k e  Aleva t ten  (Figure 2 ) .  The tes t  w a s  performed 
dur ing  t h e  win te r  1971-72 and t h e  fol lowing pH-fluctuat ions were re- 
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An example from s t a t i o n  no. 5 (F igure  6 )  i l l u s t r a t e s  t h e  pH- 
f l u c t u a t i o n  and t h e  f i s h  s u r v i v a l  dur ing  t h e  t e s t .  The m o r t a l i t y  f o r  

Seatrout ( ~ a l m o  trutta) (stn 5) 
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Figure  6. Fish m o r t a l i t y  tes t  a t  s t a t i o n  No. 5 i n  the o u t l e t  
of L. a l e v a t t e n  i n  t h e  win te r  1971-72 

survival 

Minnow (Phoxinus phoxinus) (stn 5 )  

pH-drop, pH-rise, and unchanged pH w a s  recorded.  A t o t a l  o f  131 sea- 
t r o u t s  and 128 minnows were t e s t e d .  The pH a t  the l e a s t  a c i d  s t a t i o n  
(No. 1, 5 k m  downstreams t h e  l a k e )  ranged from 5.50 t o  6.00, whi le  pH 
g radua l ly  sank upstreams t o  s t a t i o n  No. 8 where t h e  pH-range was 4.30- 
4.70. 5 3  pe rcen t  o f  t h e  s e a t r o u t s  and 91  p e r c e n t  of  t h e  minnows d i ed  
dur ing  t h e  tes t  (F igure  7 ) .  A l l  b u t  t h r e e  of t h e  t es t  s t a t i o n s  (No. 
1-3) were wi th in  l o c a l i t i e s  where minnows have disappeared dur ing  t h e  
last  ten-year per iod .  

A dominating p a r t  ( i . e .  68 pe rcen t  of t h e  s e a t r o u t s  and 59 pe rcen t  
of t h e  minnows) died when pH dropped al though t h e s e  drops were much 
less pronounced (due to  l ack  of snow) than  t h a t  i n  A p r i l  1970 descr ibed  
earlier.  Obviously, f i s h  m o r t a l i t y  dur ing  pH-drop and pH-rise cannot  
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Figure 7. Percent of the number of seatrouts and minnows 
that died during the test period, as well as during drop, 

rise and unchanged pH, respectively. 

be separated. However, the results indicate that pH-drops cause the 
most severe effects. 

Already in 1957, the fishery administrationoin Sweden carried out 
electrofishing at two stations downstreams lake Alevatten in ~ohus1'in 
to check the trout population (~dman, 1970). These checks were contin- 
ued within the author's research project, starting in August 1970 about 
four months after the sharp pH-drop in the lakes, and electrofishing 
was repeated every autumn until 1973. 

Compared to the results from 1957, 1971, 1972 and 1973, the trout 
reproduction in 1970 (number of 0+) was extremely low, and at the sta- 
tion nearest to the lake there were no fry at all (Figure 8) . 

In 1971, the reproduction was higher at all three stations, espe- 
cially at 4.5 and 4.9 km downstreams the lake. The number of twa-  
summers and older trout was seriously affected in 1971 by the limited 
or non-existent reproduction in 1970. As no such sharp pH-drop as the 
one in April 1970, when the trout fry had hatched, has occurred after- 
wards, and as the trout population has increased in the following years, 
one can argue that the thermally stratified acid water from the lakes 
had caused the serious effects on the trout population. 
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F.i g u r c  8. Number o f  onc-stalrmer o l d  (O+) , 
two-sutnmers o l d  and so~nc o l d e r  s c a t r o u t s  
as w e l l  as t o t a l  number o f  trouts/LOO rn2 
tt t h r e e  s t a t i o n s  i n  t h e  o t i t l c t  o f  I,. 
A l c v a t t c n  front 1957 and 1970-73. T o t a l  
c a t c h  f i g u r e s  a r c  n o t  e q u a l  t o  t o t a l  
f i s h  biomass.  The nurnhar of 0-i- is pro-  
b a b l y  ~nuch t o o  low f o r  1957 due t o  Eish- 

ernicn c a t c h i n g  t h e  b i g  o n e s  f i r s t .  

F i g u r e s  9,  1 0  anci ll show s c a t r o u t  o t o l i . t h s .  These a r e  p a r t  of 
t h e  f i s h  aucli t o r y  mechanism as o r g a n s  o f  e q u i l i  b r i u n ~ ,  con ta i r t i  ng prislns 
o f  c a l c i u m  c a r b o n a t e  and a n  o r g a n i c  m a t r i x .  

Of t h e  t h r e e  o t o l i t h s  i n  Yigure  9 ,  a l l  from young o f  t h e  y e a r  (0-1-) 
s c a t r o u t  5.0-5.7 c m ,  two have n broad  zone w i t h  no ca1.ci.tun a a r b o n a t c  
and a r c  from s c a t r o u t s  caught  i.n t h e  ou t le t :  o f  l a k e  K l c v a t t c n .  The 
o t o l . i t h  w.i.th0u.e t h i s  false annu1.i i.s from a s c a t r o u t  caught  i n  a p a r t  
o f  t h c  i,?atersystcm where no s h a r p  pH-drop o c c u r r e d  i n  t h e  s p r i n g  o f  
1970. 



Fiqilre 9. Three 0tol . i  t l l s  of  young o f  t h e  yc?ar (04.) 
s e a t r o u t s .  The two w i t h  a broacl zone (wi thoill. 
ca lc iutn  carbo~lat:e)  were  c o l  l c c t e d  i n 4 he ouLl.clt 
o f  I,. f i l c v a ~ t c n  i n  August: 1970, ancl t l lc orzc wi th-  
out: t h e  b road  sonc  i s  from a p a r t  of t h e  water s y s -  
Lent where no deep  pH-clrops occurrccl  i n  Al3r.i 1 1370. 

F i g u r e s  1.0 and  11 show o to1 i . ths  from a young o f  t h e  y e a r  (0.4.) sea -  
t r o u t  5.7 em, and a two-summers o l d  (1+)  10.4  e m ,  b o t h  caught  i n  August 
1970. S t  is  obv.i.ous t h a t  t h e  b road  zones  ( a c i d  zone,  spui.ncj 2.369, 
e t c . )  i.n t h e s e  oto1i t :hs  cor respond  t o  t h c  annuril. o c c u r r c n c c  o f  pI3-drops 
i n  t h e  s t u d i e d  a r c a .  The s c a t r o u t  f r y  i n  t h i s  a r e a  ac.t:uaIl.y r e g i s t e r  
t h e  a c i d  par i .ods ,  and t h e  b road  zones  i.n t h e  o t o 1 i . t h s  show whcn t h e  
a c i d i t y  of  t h e  water have caused s t r c s s  ancl d e a t h  i n  t h e  s e a t r o u t  pop- 
u l . a t ion .  

F i g u r e  12 shows l:he year o f  b i r t h  of 2 5 3  p c a r c h c s  (P~J.-ca . fLuv. int j -  
l i s )  , some f i s h e d  by n e t  i n  1970, 1971, 1972 and 1973, and some cox- 
l c c t e d  a f t e r  ro tenone  t r e t ~ t n t c n t  i.n t h e  autumn o f  1.9'13 .i.n t h r e e  l a k e s  
i n  ~.3ohusl.:in (f i .gure 2 )  . From 1970 and onwarcis, L h c  rcproclucti.ok't was 
3 . 0 ~  o r  non-exj.sl:ent (1.9'12). Act:ualiy t h e r e  wcrc no  f i s h  a t  a1.l. i n  onc  
o f  t h e  bakes,  atzcl on1.y 60 and 37 r e s p e c t i . v e l y  i.13 t h e  o t h e r  two, i.n 
1973. The poor  reprociuct ion i n  19-70 compared t o  t h e  extrcme3.y gooci r e -  
procluction i.n 1969 i.s most yrobab1.y di.rect1.y o r  i.ndircct3.y an  e f f e c t  o f  
t h e  cxtrcme pIi--drop i.n 1370. 'I'hc abundant: reprocluotj.on i.n 1,969 is  
well.--known from o t h e r  l a k e s  and spc?cj.cs i.r.t o t h e r  p a r t s  o f  Sweden, and 
.is a r e s u l t  o f  an u n u s u a l l y  car1.y and warm s p r i n g  that: y e a r .  



E'i.gure 10.  'IXio o t o l i . t h s ,  one from a one-sumntcr (O+) 
01.~1, t h e  o t h e r  from a  two-stunnlers olcl s e a k r o u t ,  

b o t h  caught  i n  Augyst ,  1970 i.n t:he o u t l e t  o f  
L. A l e v a t t e n .  

I n  a c i d  l a k c s ,  tlrzc Sphag~lum mats arid furigus hyphao f e l t s  a r e  th ick-  
e r  and c o v e r  g r e a t e r  bot tom a r e a s  i n  t h e  l i t t o r a l  t h a n  i n  t h e  o t h e r  
d e p t h  zones  ( F i g u r e  1 3 ) .  T h i s  cor responds  t o  o b s e r v a t i o n s  by IIaugen 
and Ianye land  (1973) o f  a c i d i f i c a t i o n  e f f e c t s  on i n v e r t e b r a t e s  i n  t h e  
l i t t o r a l  and i n  deeper  water r e s p e c t i v e l y  i n  l a k e s  i n  s o u t h e r n  Norway. 
A s  rnentioneci above,  Sphagnum s p e c i e s  i.nvaclecl a l a k e  i.n t h e  snow-rich 
p r o v i n c e  of,v$rmnland when sununcx pi-3-vnJ.ucs were as h i g h  as 5.8. The 
pH-drop i.n t l ie L i t t o r a l  zone i.ri wi-nter i n d u c e s  t h e  Sphagnum i n v a s i o n  
and a f f e c t s  t h e  mi.crofl.ora, which .i.n t u r n  leacts t o  f u r t h e r  expans ion  of  
S~~lagxlurn and fungus  hyphac on khe bott:oms i.n sha1.lor.r a r e a s .  

CONCLUSION!; 

'k'lirotxgh i o n  scpnratrion o u t  o f  snow a t  an  e a r l y  s t a g c  o f  snowmclt- 
i.ng, acicl sul,staticcs c o v e r  t h e  l i t t o r a l .  bottoins w i t h  a h i g h l y  a c i d  l a y -  
e r .  T h i s  l e a d s  t o  poor  f i s h  reproc1uci:ion and c1cat:h among groups  o f  in -  
v e r t e b r a t e s ;  it i n d u c e s  t h e  Sphagnum j.nvasion and a f f e c t s  t h e  micro- 
f l o r a  i n  b o t h  l a k e s  and runn ing  w a t e r s  a l r e a d y  a t  an c a r l y  s t a g e  o f  
a c i d i f i c a t i o n .  



Figure XI. Sca figure L O .  

'a'hese b.i.ologj.cal cl.i.sorclc?rs brought: about by t:hermall.y stratif.i.cc1 
acid water i n  l a t e  winter lcacl t o  ol.i.yotrrophi.cat:i.on which i.n turn 
accclcrates thc acidif icat ion process. 
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Figure 12. Year of b i r t h  and percent  
of t h e  number of  253 perches caught 
by survey n e t s  and c o l l e c t e d  a f t e r  
rotenone treatment i n  L. Bredvatten, 
L. Lysevatten and L. ~ a r d s j 6 n  (see  

Figure 2 ) .  
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Figure 13. Coverage of fungus hyfae f e l t  i n  L. 
~ i r d s j 6 n  (Figure 2) and Sphagnum spp. i n  L. 
Orvat tne t  and L. S k i t j a r n  i n  VZirmland a t  

d i f f e r e n t  depth zones. 
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