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ABSTRACT. Some r e c e n t  work on the e f f ec t s  of acid waters  on brown t rou t  
are p resen ted .  Labora to ry  b ioassay  expe r imen t s  have d e m o n s t r a t e d  that  year l ing  
t rout  are r e l a t i v e l y  insens i t ive  to pH >4.3. Aluminium is d e m o n s t r a t e d  to be 
e x t r e m e l y  toxic  with suppression of growth occur r ing  at  c o n c e n t r a t i o n s  above 
Z0 ~g L -1 at  pH 4.4 to 5.2. Aluminium tox ic i ty  is reduced  at high pH (5.Q and 
6.3). Field s tudies  carr ied  out on 61 acidic  and c i r c u m n e u t r a l  s t r e a ms  in upland 
areas  of England and Wales showed a s t rong re la t ionsh ip  b e t w e e n  wa te r  qua l i ty  
and s tanding  crop of 1+ brown t rou t .  Measured pH levels  per  s e  were too high 
to be d i r ec t ly  toxic.  On the o the r  hand,  heavy  me t a l  and A1 c o n c e n t r a t i o n s  
could accoun t  for Iow or zero brown t rou t  b iomass  in the more  acidic  s t reams.  
A mobile  h ioassay l abo ra to ry  has been  developed to allow cont ro l led  b ioassay  
expe r imen t s  to be carr ied  out in the field. Na tura l  and synthesised waters  
can be t es ted  concu r r en t l y  in m u l t i - f a c t o r i a l  ex pe r i me n t s  with in si tu d e t e r m i n -  
a t ions  of pH, Ca~AI ( total  and monomer ic)  and o the r  w a t e r  qua l i ty  cha rac te r i s t i c s .  

I. INTRODUCTION 

There  is much ev idence  which ind ica tes  tha t  the survival  and growth of fish 
at  low pH are dependen t  upon o ther  wa t e r  qua l i ty  fac tors ,  p r inc ipa l ly  Ca and 
A1 (Muniz and Leives tad ,  1980; Schofield,  1980; Schofield and Trojnar ,  1980; 
Baker and Schofield,  1982; Driscoll  e t  al., 1980; Brown, 1983; F ive l s tad  and 
Leives tad ,  1984). 
tn order  to unders tand  the complex i n t e r a c t i o n s  b e t w e e n  d i f f e ren t  aspec ts  of 
wa te r  qua l i ty  i t  is necessa ry  to conduct  ca re fu l ly  cont ro l led  b ioassay expe r imen t s  
in which the exac t  composi t ion  of the wa te r  is known and i t  is possible to tes t  
i ndependen t ly  va r ia t ions  in each cons t i tuen t .  There are ,  however ,  l im i t a t i ons  
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to this b ioassay approach when t ry ing  to p red ic t  responses  in na tu ra l  waters .  It 
needs  to be demons t r a t ed  tha t  all of the toxic subs tances  in the wa te r  or any 
de toxi fy ing  complexing agents  have been  considered.  Also the e f f ec t  of var iable  
condi t ions  in na tu ra l  waters  needs  to be inves t iga ted .  There is the re fo re  a 
r equ i r emen t  for a n u m b e r  of approaches  ranging  from pure b ioassay  s tudies  through 
expe r imen t s  designed to s imula te  na tu ra l  condi t ions ,  to field s tudies.  This paper  
repor t s  some of the f indings from r e c e n t  work carr ied out at  the Cen t r a l  E l e c t r i c i t y  
Research Labora tor ies  which have adopted these d i f f e ren t  approaches.  

Z. MATERIALS AND METHODS 
Z.I. Field Studies 

A survey of the wa te r  chemis t ry ,  and fish popula t ions  of 61 upland s t r eams  in 
Cen t ra l  and North Wales and the Peak Dis t r i c t  of England was conducted  in 
1982-3. These three  areas  are all cha rac t e r i zed  by hard,  un reac t i ve  geologies 
(principally shales,  muds tones  or mi l l s tone  grit) which give r ise to ol igotrophic 
waters ,  but  d i f fe r  in acid deposi t ion r a t e s  (Z5 to 30 and >50 kg S ha -1 yr  - ] [ fo r  
Welsh and Peak  Dis t r ic t  si tes,  r e spec t ive ly ;  Mart in ,  1980). 
Quan t i t a t i ve  sampling was carr ied out by r epea ted  e lec t ro f i sh ing  of 50 to ZOO m 
s t ream reaches ,  and popula t ions  e s t ima t ed  by the Z-catch method  of Seber  and 
Le Cren (1967) or Zippin's (1958) mul t ip le  capture  method.  Water  qua l i ty  was 
sampled on five occasions over  the IZ-mo period preced ing  fish sampling.  Variables  
measured  were pH and conduc t iv i ty  (in the field), Ca, Mg, A1, Cu, Fe,  Pb, Zn, S 
(by induc t ive ly  coupled p lasma emiss ion spec t romet ry) ,  NO 3 (UV s p e c t r o m e t r y  
following remova l  of organic  C by f i l t r a t ion  through a c t i va t e d  C), C1 (chloride 
ion se lec t ive  e lec t rode  by t i t r a t i on  with Ag NO 3) and K by f lame emiss ion spec t ro -  
met ry .  Addi t ional  wa te r  sampling was carr ied  out on two occasions  in 1985 to 
measure  the concen t r a t i ons  of labi le  monomer i c  A1, the f r ac t ion  considered to be 
most  toxic to fish (Driscoll et  al., 1980). This was done using the ca techol  v iole t  
method and ca t ion  ion exchange res in  by the method  of Seip,et  a1.(1984). 

Z.Z. Labora to ry  Bioassay 

Year l ing brown t rou t  (Salmo t ru t ta )  from a h a t c h e r y  in Derbyshi re  were exposed 
to var ious condi t ions  in a f low-through system in which syn the t i c  sal t  solut ions 
can be ma in t a ined  at  cons tan t  pH levels.  This expe r imen ta l  sys tem consis ts  of 
1Z tanks (capaci ty  100 L) supplied with wa te r  which has been  r e c i r c u l a t e d  through 
sand and ac t i va t ed  C f i l te rs  and ion exchange res ins  to which is added c o n c e n t r a t e d  
sal t  solut ions of known composi t ion.  All expe r imen t s  have been  conducted  at  
1Z + 1.5°K, with a nomina l  wa t e r  composi t ion  of 1 mg L -1 Na,1 mg L -1 Ca, 0.5 
mg L -1 Mg, and 0.3 mg L-1K, all sal ts  added as chlorides,  pH is cont ro l led  con t in -  
uously by t i t r a t i on  with HzS0 4 or KOH as appropr ia te  (pH of unregu la ted  tank  
wa te r  is approx imate ly  5.5). The fish were acc l ima t i sed  to the system for  7 days 
and then marked individual ly  by subcu taneous  in jec t ion  of l a t ex  dye. Growth r a t e s  
were then measured  over  6 weeks when fed on commerc i a l  t rou t  pe l l e t s  at  a r a t e  
of Z% of b iomass  per  day. 

Z.3. Field Exper iments  

To help to overcome the problem of dis t inguishing toxicological  from ecological  
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and o the r  e f fec t s ,  a mobile  b ioassay l abo ra to ry  was developed. This enables  
cont ro l led  l abo ra to ry  tox ic i ty  s tudies  to be carr ied out in the field, on the banks  
of r ivers  and lakes. This mobile  l abo ra to ry  is provided with a t e m p e r a t u r e - c o n t r -  
olled sec t ion  con ta in ing  the e x p e r i m e n t a l  aquar ia  and dosing pumps and a sec t ion  
con ta in ing  compute r i zed  control  and ana ly t i ca l  equ ipmen t  inc luding  a con t inuous-  
flow au toana ly se r  for  in s i tu  d e t e r m i n a t i o n  of A1 and Ca levels .  The aquar ia  are 
a r ranged  in four  columns,  each capable  of holding a v a r i e t y  of t ank  combina t ions ,  
from 8 x 10 L capac i t y  to a max imum of 48 x 0.1 L tanks.  The wa te r  supplied to 
each of the four  columns can be t r e a t ed  in a va r i e t y  of ways including carbon 
f i l t r a t ion ,  ion exchange and pH control .  Compu t e r - c on t r o l l e d  dosing pumps  supply 
individual  tanks  with any requi red  ions. With this sys tem,  synthes ized  waters  
comparab le  to those used in conven t iona l  l abo ra to ry  bioassays  can be t es ted  a long 
side n a t u r a l  waters .  

This appara tus  has been  used in an expe r imen t  carr ied out at Loch F lee t ,  an acid 
lake in Gal loway,  SW Scotland.  The lake has been  devoid of brown t rou t  for  the 
past  th ree  decades  and a s tudy is now in progress  to assess var ious t r e a t m e n t  
opt ions tha t  would res to re  t rou t  f isher ies  to this  and s imi la r ly  a f f ec t ed  waters .  
The main  wa t e r  qua l i ty  p rob lems  p r e v e n t i n g  a t rou t  f i shery  appeared to be low 
pH (4.0 to 4.5) and assoc ia ted  e leva ted  A1 levels  (approximate ly  ZOO pg L -1 
total)  and low Ca levels  (0.7 mg L- l ) .  
Brown t rou t  swim-up fry. of two d i f f e r en t  so f twa t e r  s t ra ins  were exposed for  
9 days to var ious  expe r imen ta l  t r e a t m e n t s ,  inc luding  (a) raw lake wa te r  (pH 4.4, 
Z10 pg to ta l  A1 L -1,  0.7 mg Ca L- l ) ,  (b) the same lake wa te r  adjus ted  to the 
seasonal  m in imum pH of 4.0 by HzSO 4 addi t ion,  (c) lake w a t e r  adjusted to pH 5.4 
by NaOH addi t ion  and (d) control :  lake water ,  de ionized and C f i l t e red ,  Ca and 
N a a d d e d  (pH 5.2, 0.7 m g C a L  - 1 , 1 m g N a L  -1,13 ~g A1 L- l ) .  The expe r imen t  was 
conducted  a t  a t e m p e r a t u r e  of 10 to 1Z°K. 

3. RESULTS 

3.1. Field Studies 

A wide range  of wa te r  chemis t ry  condi t ions  were found dur ing the survey with 
pH 4.45 to 7.30, l t o 2 7  m g L  -1 Ca, 0.5 t o 7  m g L  - 1 M g ,  3 t o l Z m g L  - 1 N a ,  
0.3 t o 5 m g L  - 1 K ,  0 t o 0 . 0 Z m g L  - 1 C u ,  0 t o  l m g L  - 1 F e ,  0 t o 0 . 1 m g L - 1 Z n ,  2.5 
to 44 mg L -1 SO4, 6 to ZZ mg L -1 C1 and 0.3 to 8 mg L-1NO3 (based on averages  
of 5 samples).  
The fish popula t ions  were domina ted  by brown t rou t  which was found at all of 
the fish con ta in ing  si tes .  The ca tches  tended to be mos t ly  of the 1+ age group as 
sma l l e r  fish were not  sampled very  e f f i c i en t l y  by the method  used. The resu l t s  
are the re fo re  p resen ted  for this age group to p r e ve n t  any bias due to the occasional  
cap ture  of la rge  older  fish on the b iomass  values.  
pH, labi le  monomer i e  A1 and heavy  me ta l  c o n c e n t r a t i o n s  were the most  highly 
cor re la ted  fac to rs  with the b iomass  of the l+ age group of t rou t  (Figure 1). The 
tox ic i ty  of heavy  m e t a l s  (Cu, Zn, Pb) was found to be well r ep re sen t ed  by the 
index MeTox ca lcu la ted  using the method  of Brown (1968) based on the tox ic i ty  of 
these  m e t a l s  to ra inbow t rou t  (Salmo gai rdner i  Richardson).  

3.Z. Laboratory Bioassays 
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The resu l t s  of an expe r imen t  in which brown t rou t  were exposed to pH 4.4, 4.8 
or 5.2, at  vary ing  addi t ions  of aqueous A1 (added as A1 chloride) are  shown in 
Figure  Z. In the absence  of A1 the fish all showed good growth and survival  
independen t  of pH but  a threshold c o n c e n t r a t i o n  of approx ima te ly  20 ~g L -1 
A1 was found above which growth r a t e s  are suppressed.  The i m p o r t a n c e  of 
pH to A1 tox ic i ty  has been  d e m o n s t r a t e d  by  exposing fish to 50 ~g L -1 of A1 
at  pH 4.3 to 6.Z (Figure 3). Growth r a t e s  of the fish a t  pH 4.3 in the absence  
of A1 were c lear ly  reduced and m o r t a l i t i e s  were high ind ica t ing  tha t  for the 
t e s t ed  s t ra in  of brown t rou t  there  is a r e l a t i ve ly  sharp l imi t  to the i r  long 
t e rm survival  and growth at pH 4.3 to 4.4. The g rea t e s t  tox ic i ty  a t t r i b u t a b l e  
to A1 pe r  s e occurred  at  pH 5.1 with r e l a t i v e l y  l i t t l e  suppression of growth 
a t  pH 5.9 and 6.3. This c lear ly  ind ica tes  the d i f fe r ing  tox ic i ty  of the var ious 
A1 hydroxide complexes  which p redomina t e  at d i f f e r en t  pH's. P r e l i m i n a r y  
analysis  using t h e r m o d y n a m i c  equi l ibr ium ca lcu la t ions  to e s t i m a t e  the A1 
species  p resen t  in the t e s t  condi t ions  (Driscoll e t  al. ,  1984) would suggest tha t  
the A1 (OH) ++ species  is the most  toxic  form,  as was also suggested by F ive l s ted  
and Leives tad  (1984), but  this  needs  to be conf i rmed in f u r t he r  exper imen t s .  

3.3. Field Experiments 

Figure  4 shows the resu l t s  of the t rou t  survival  expe r imen t  conducted  in Loch 
F lee t  wa te r  (raw or adjusted to pH 4.0 or 5.4) and in opt imal  cont ro l  condi t ions .  
The resu l t s  for both stocks of fish ind ica te  tha t  the tox ic i ty  of the waters  was 
decreased ,  by inc reas ing  pH from 4.4 to 5.4, to tha t  found in control  wa te r  
lacking  A1. Reducing the pH to 4.0 subs tan t i a l ly  increased  tox ic i ty ,  p a r t i c u l a r l y  
to the Loch Dee stock.  

4. DISCUSSION 

The d i f f i cu l t i e s  of i n t e r p r e t i n g  field s tudy resu l t s  are i l l u s t r a t ed  by Figure  1 in 
which re la t ionsh ips  with several  e n v i r o n m e n t a l  va r iab les  may  be found, bu t  
there  r ema ins  a large amoun t  of va r i ab i l i t y  which cannot  be accoun ted  for. 
Also, the e n v i r o n m e n t a l  va r iab les  themse lves  may  be i n t e r c o r r e l a t e d .  
The pH values  exhibi t  an assoc ia t ion  with b iomass ,  and 80% of s t r e a ms  (n = 10) 
with mean  pH <5.5 were fishless compared  with 19% of 51 s t r eams  with pH > 5.5. 
Popula t ion  dens i ty  and condi t ion  f ac to r  were also lower  in the more  acidic  
s t r eams .  
It is gene ra l ly  accep ted  tha t  pH values  above 5.0 pe r  s e  are unl ikely  to be 
ha rmfu l  to fish, and the b ioassay  s tudies  ind ica te  tha t  good growth r a t e s  can be 
ma in t a ined  down to pH 4.4 (Figure 2). Only two s t r eams  in the s tudy had mean  
pH values  below 5.0 bu t  it  is c l ea r  tha t  s t r e ams  of the type s tudied are suscept ib le  
to sho r t - t e rm  (<24 hr) episodes of low pH which can only be adequa te ly  r e p r e s e n - t  
ted by  n e a r - c o n t i n u o u s  chemica l  moni to r ing .  Therefore ,  the re la t ionsh ip  
observed in Figure  1 may  r ep re sen t  an under ly ing  re la t ionsh ip  with episodic pH 
min ima .  
However,  A1 and heavy  me ta l  c o n c e n t r a t i o n s  associa ted  with the more  acid 
s t r eams  would account  for much of the observed va r i a t ion  in b iomass .  Field 
s tudies  of tox ic i ty  of heavy  me ta l s  der ived from na t u r a l  outcrops ,  mine - ra i l i ngs  
and also a m m u n i t i o n  dumps on the River  Mawddach system in West Wales, (Howells 
e t  al. ,  1983) showed tha t  brown t rou t  b iomass  was n e g a t i v e l y  cor re la ted  with 
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• MeTox, zero biomass occurring at around 0.56 of the 48h LC50 to rainbow trout. 
On inspection of Figure l~ it appears that trout biomass was probably controlled 
primarily by heavy metal toxicity in the Welsh streams, and by Al toxicity in 
the Peak District streams. Moreover, there is a threshold of approximately 

40 gg L -1 labile monomeric Al above which streams were fishless which 
corresponds well with the threshold found in the bioassay experiments of 
reduced growth above Z0 ~g L -I (Figure 2). 
Experimental field studies in which natural conditions can be manipulated help to 
eliminate the ambiguities which arise in the interpretation of population 
surveys. Laboratory studies on the toxicity of Al to trout have shown that A1 
is most toxic at pH values in the range 5.0 to 5.5 (Figure 3; Schofield and Trojnar, 
1980; Baker and Schofieldt1982; Brown, 1983)f hence suggesting that lime applic- 
ations to Loch Fleet, by raising pHi might increase Al toxicity rather than having 
the desired ameliorative effect. In fact the toxicity was much reduced at pH 5.4 
which suggests that most or all of the Al was not present in toxic form and that 
pH per se is the most important factor in this lake. In a single sample of the 
Loch Fleet water from the experiment, only about half of the AI (i00 ~g L -1) at pH 
4.5 was in labile monomeric form as estimated by fractionation through a cation 
exchange column (Driscoll et al., 1984). This alone would not account for the low 
toxicity attributable to A1 and it could be that A1 species of low toxicity were 
present within the labile monomeric fraction due, for example, to fluoride 
complexation (Driscoll et ai.,1984; La Zerte, 1984). In future work the role of 
Al will be considered further by a combination of A1 speciation studies and 
l~ost mortem histochemical studies of exposed fish to establish whether or not 
the fish absorb Al and whether it is in a potentially toxic form. 
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