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Brook trout (Salveginus dontinagis) (acclimated to pH = 6.5, Ca2" = 400 pequivel-I), when exposed to acid (pH 
= 4.8, Ca'+ = 400 pequiv-L-I) and AI (333 yg~L-~ ) ,  responded with a twofold increase in ventilation volume 
within the first 4 h of the challenge period ( I  00 h). increased ventilation stroke volume accounted for most of the 
change in ventilatory response; rate increased slightly. Although ventilation volume returned to prechallenge 
values by 6 h, coughing (flow reversal) and increased mucus production at the giils were notable throughout the 
challenge period. There were no significant changes in oxygen consumption or Pao2, but hemoglobin oxygen 
content (micromoles per gram of hemoglobin) decreased by 20%. Arterial pH decreased as a result of both 
respiratory and metabolic disturbances. Exposure to acid (pH = 4.8, Ca2" = 400 ~equiv-L- l )  in the absence of 
Al resulted in similar initial changes in ventilation and blood acid-base status; however, ventilation remained 
elevated above the prechallenge values throughout the experiment (24 h). The transient increase and subsequent 
return of ventilation to prechallenge Bevels in the acid/AO-exposed fish suggests that A1 interfered with the mech- 
anism controlling the ventilatory response. 

Des ombles de fontaine (SaBveBinus fowtinalis) acclirnat4s (pH = 6'5; Cac2 = 400 pequivlb) et exposes un 
milieu acide (pH = 4,8; Ca"2 = 400 gkequiv/h) et de %'A1 (333 p@L) ont r6agi par une augmentation double 
du volume de ventilation au cows des qbaatre premieres heures de la Nriode de provocation (100 h). Une aug- 
mentation du volume sistolique a explique la plus grande partie de la variation de la rkactisn ventilatoire, soit 
une Ikg$re augmentation du taux. Quoique le volume de ventilation w i t  revenu A sa valeur pr6-provocation aprgs 
6 h, le renvenement du debit et Ifaugmentation de la production de mucus au niveau des ouyes 6taient 6vidents 
pendant toute la @riode de provocation. Aucune variation significative de la consommation dfoxyg$ne ou du 
Pa4 nfa ete observb, mais la teneur en oxygPne de Ifh4moglobine (micromoles par gramme d'hemoglobine) a 
dirnrnue de 28 %. Bes perturbations respiratoires et m4taboliques ont entrain6 une baisse du pH arteriel. L'ex- 
position un milieu acide (pH = 4,8, Ca+' = 400 p,equiv/L) en absence dfAB a entrain6 des variations initiales 
sernbiables dans le cas de la ventilation et de If6qui[ibre acidobasique du sang; toutefois, Oe taux de ventilation 
est demeure $lev6 et superieur aux valeurs pr6-provocation pendant toute la dur& de lfex+rience (24 hl. L'aug- 
mentation momentanee et ie retour ulterieur du taux de ventilation au niveau pr6-provocation chez les psissons 
exposes 3 un milieu acide et 3 I'A! portent 2 croire que I'Al perturbe le m6canisme qui contrde [a r6aetion 
ventilatoire. 
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T rout hypemenhiate in response to the combined effects of 
acid md Al (Muniz and Leivestad 11 980; Rosselmd 1980; 
Neville 1985). This observation was made by measra~ng 

oprcuEar rate in unrestrained brown bout (Salmo tmtta) md 
brook trout (Salve&inu~$on~E'na&is) (Muniz and Leivestad 1980; 
Rosseland 1986) or cough rate and mouth gape in juvenile rain- 
bow trout (Sa!mo gadrdneri) (Neville 1985). Ventilation volume 
was not measured in any of these studies. The response depends 
on the pH and Ca2+ concentration of the water. Below pH 9.5 
and at Ca2 + concentrations less than 250 pequiv = k - 5 the corn- 
bined effect of acid md A% was most severe (Rosselmd 1988; 
Neville 1985). Mucus clogging of the gills and reduction of 
oxygen extraction from the water were also reported. 

R e ~ u  Be 3 8 man 1987 
Accept6 le 2 fevrber 1988 

Blood data in accord with these findings have been reported 
by Wood et d. (1988b, 1988~) for brook trout exposed to a 
variety of acid, Ca2+, and Al conditions. Severe respiratory md 
ionoregulato~gr disthmces were attributed to interaction of A% 
with the brmchid epithelium. Gas exchange appexed to be 
greatly reduced, resulting in hypoxemia and hypercapnia in 
some treatment gmups . 

The effects on ventilation of acidification of wakr in the 
absence of Al are less clear. Dively et dv (1977) reported 
increases in mouth gaping and opercular expansion within 15- 
30 miw and increased ventilation rate for the next 2-3 el of acid 
exposure. Neville (1985) reported sienaila ventilatory effects 
within the first hour of exposure of juvenile rainbow trout to 
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soft water at pH 4.5. However, Neville (1979) suggested that 
h e  initid increase in ventdation seen with acidification of water 
c a  be attfibuted to hypercapnia rather than m increase in 
plasma proton concen&ation. Jmssen and Randall (1875) 
reprted that a reduction in water pH to 5 -0 caused a slow gad- 
u d  increase in ventilation in rainbow trout, probably related to 
a slowly developing hypxemia due to gill mucification. Wmd 
et A. (1988b, %988c), on the other hmd, reported no significant 
disturbances in b l d  respkatory, acid-base, or ionoregulatory 
parameters in brook trout exposed to acid (pH 4.8) in the 
absence of AI. 

The purpose of this study was to investigate the effects of 
acid versus acid plus Al on ventilation, oxygen uptake, blood 
respiratory gases, md acid-base status of brook trout accli- 
mated to soft water. m e  effects of Al in the absence of acid 
could not be tested because Al is virtually insoluble in water at 
neutral pH. A Ca2+ kvel(4W pequiv-L-l) towards the upper 
end of the softwater range was chosen because Wood et al. 
(1 98889) found that higher Ca2' exacerbated problems in res- 
piratory blood gas regulation in Ontario brook trout under corn- 
bined acid plus Al exposure. In light of the observations of 
Wmd et d. (1988b, 1 9 8 8 ~ ) ~  it was hypothesized that the corn- 
bined exposure to acid plus Al would greatly increase ventila- 
tion, both ventilation rate md stroke volume, md reduce the 
oxygen content of the blood, ultimately resulting in respiratory 

se of the acid-alone group was to cla%y 
whether the ventilatory effects were attributable to the acid or 
the A1 component of the chdlenge. Based on the results of 
Jmssen md Randall (1975) and Wood et al. (19888, 1 9 8 8 ~ ) ~  it 
was expected that there would be very little effect of acid on 
ventilation in the absence of Al. There have been no previous 
direct mmsmernents of ventilation volume in fish subjected to 
aci&Al chdlenge. 

Animal and Experimentd Conditions 

E x p h e n t s  were conducted at the Fish Physiology amd 
Toxicology Laboratory, L Wyoming (altitude = 2200 
m). Brook trout weighin O g were acclimated for 18 
wk to artificial soft water (pH = 6.5, Ca2' = 4-00 pequiveL- l) 
at 11 1 IoC. Details regarding the generation of the artificial 
soft water me given in Wmd et d. (19888). In brief, the water 
was prepared from hard well water by sediment filtration, NaCl 
softening, reverse osmosis, md separate bed &ionization 
(Continental Water Systems, Denver, Colorado). Following 
adjustment to pH 6.5 with KOH md the addition of Na+ (40 
pequiv.Ls 9 a d  Ca2+ (25 pequiveL- 9 as cMoides, the water 
was thorougMy mixed md delivered to head tanks. From there 
it was distdxited to 348-L fiberglass acclimation 
of 1.9 Lmin - l. The Ca2+ concen@ation was adjusted upward 

y addition of CaCl, via a mmiott bottle to 
Mixkg was provided by aeration. Water 

pH was measured daily and other parameters (Ca2+, Na' , and 
Cl-) weekly. 

were fed 1% body weight floating trout chow per day 
B No. 5106) and solid wastes were removed by siphon 
daily. Phobperiod was adjusted biweekly to follow the natural 
cycle for Lmamie, Wyoming. 

Two groups of test animals were used: those challenged with 
acid md M. a d  those with acid in the absence of Al. A paired 
design was used with the prechdlenge values for each fish 
acting as its own control. 

The chdlenge consisted of either pH = 4.8, Al = 333 
pg-L-Var up to 100 h (series I) or pH = 4.8, Al -- 0 pg-L-I 
for 24 h (series I%). Series I% was conducted following 
completion of series I and was designed to test whether the 
initial increases in ventilation seen in series I were due to Al or 
simply the result of acidification of the water. Al (as AlCl,) was 
added via mmiott bottles ts  continuous-flow serial diluters md 
then to individual Plexiglas ventilation chambers (see below). 
The water pH was adjusted to 4.8 at the head tank by addition 
of H,SO, using a b e d s  md N o r t h p  pH controller (model 
7883). 

Following the method outlined in Wood et al. (l988b), fish 
were mesthetized with MS-222 (ethyl 
mg-L - " Sigm Chemical Co. , St. Louis 
containing the aesthetic was adjusted to pH = 6.5 using I N 
NaOH and maintained at 11 ? 1°C using a glass cooling coil. 
Under anesthesia, fish were equipped with either caudal artery 
or vein catheters. Differentiation sf successful arterial as 
opposed to venous catheterization was based upon observations 
of the blood pressure in the catheter following recovery from 
surgery. In addition, an oral membrane (to allow separation of 
inspired a d  expired water) was sutured around the mouth, as 
described by Davis md Cameron (1970). Each fish was placed 
in its own ventilation box which was supplied with acclimation 
water (pH = 6.5, @a2' = 400 pequiv-l- ') at a flow rate of 
0.5 L - d n  - I .  Except for a hole in the top of the box, strategically 
placed to allow observation of opercular movements, the boxes 
were covered in black plastic to reduce disturbance. 

The box was identical to that illustrated by Davis a d  
Cmeron 1978). h brief, the principle of the measurement is 
that the oral membrane separates the inspired from the expked 
water, the hydrostatic levels of which are maintained at identical 
values by c o n s ~ t  level ovedows. The inspired c h m k r  is 
served with an excess water inflow. Timed collection of water 
passing out the ovedow of the expired chamber represents 
direct measurement of the fish's ventilation volume. A Plexiglas 
tube placed around the fish body provides light restraint and 
serves to thoroughly mix the expired water. A length of P.E. 
160 was carefully positioned inside the restraining tube 
posterior to the opercula to sample the expired water for Po, 
determinationB The water sample was obtained by siphoning 
(-0.5 mLmin-9 into a I-mL syringe with the plunger 
removed. The water was allowed to overflow the syringe by 
two to thee volumes before the plunger was inserted md the 
syringe removed. 

Following a 48-h recovery period, prechallenge ventilation 
rate vR, number per minute) was determined by observation of 
opercular movements, and ventilation volume (q+, rnillilitres per 
kilogram per minute) was measu~d  by timed collection of water 
draining from the expired chmber of the ventilation box. Stroke 
volume (Vs, millilitres per kilogram per stroke) was cdculated 
from ventilation volume and ventilation rate. Oxygen 
consumption (micromoles per kilogram per minute) was 
determined by the Fick method, using the difference in Po, 
between the water of the inspired chmber and mixed expked 
water from just behind the operculae, the ventilation volume, 
and an assumed oxygen solubility of 2.23 ymol.l-laTorr-l at 
10°C (Dejours 1975). 

After measuring the ventilatory parameters while in the 
acclimation water, an initial blood sample was draw the 
catheter using a hepixhized, ice-cold, gas-tight ton 
syrimge. m e  blood sample (400 pL) was replaced by reinfusing 
the blwd recovered from the Po, electrode (-100 pL) a d  

C@n. 9. Fish. A4m6. Scf., Blob. $5, 1988 
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n o & e p ~ ~ z d  @mtlmd4s saline (Wolf 1963). The blood was 
analyzed for arterial or venous 4 tension (Paq or I%%), pH 
@Ha or pHv), total 0, in whole b l d  ( C k  or Gvo ), toed CO, 
in true plasma (Cco,), hematwrit (Hctj, aod fiemoglobin 
concentration (em]). 

A Radiometer G297/G2 electrode was used for the 
deteMna~on of pHa or pBv, and oxygen tension was measured 
with a Radiometer E5M6 Po, electrode. Both electrodes were 
maintained at 1 1°C- Cco, was determined with a Coming 960 
GO, analyzer. The true plasma was obtained from sealed, 
hepainized capillary tubes following centrifugation of whole 
blmd at 50043 X g for 5 nin. Afkr Hct was read, the tube was 
broken at the plasma red cell interface a d  the plasma withdram 
with a Hamilton syringe for transfer to the Coming GO2 
analyzer. 

Arterial CO, tension (Pk02) was calculated from the 
Henderson-Hasselbalch equation, using the a-CO, a d  pK 
vdnes for trout at II°C (Boutilier et al. 1984). True plasma 
bicarbonate concentration ([HCO,-1) was calculated using the 
formula 

where Ccq is the total CC& content and (a.CO, X Pko2) 
represents the dissolved fraction. In the instances where Pc0, 
was measured, the method outlined by Boutilier et d. (1978) 
was employed using a Radiometer E5036 Pco, electrode. 

[Hb] was determined eolorimetf-ically using the 
cymmethemoglobin method (Sigma kit No. 525). Mem cell 
I-& concentration (MGHC) was calculated as the [Nb]/Hct ratio 
( i s .  g m s  Hb per millilitre of red blood cells). 

The oxygen content of whole blood was de 
kx-0,-Con oxygen mdyzer (Lexington Instruments COT.). 
After conversion of the oxygen content from volume percent to 
millimoles per litre, the blood oxygen content was calculated 
by subtracting away the dissolved component, using the 
solubility cmfficient of oxygen in human plasma (Boutilier et 
d. 1984). To express the content in terns of [Hb] (micromoles 
oxygen per gm of Hb), the oxygen content (micromoles per 
litre) was divided by [Hb] (grams per litre). 

Following the prechdlenge sampling period, in the series I 
experiments, aci&Al water was piped into the anterior portion 
of the ventilation chamber. Ventilation was measwed 30 min 
into the chdlenge a d  then again immediately prior to blood 
smpling at 1 , 2,4 ,  8 (or 9),24,48,72, and 96 h of exposure, 
if death did not occur earlier. In series II, the fish were 
challenged with acid done md sampled in a similar manner; 
however, the chdlenge was terminated at the end of 24' h of 
exposure and the fish were returned to the acclimation 
conditions. 

Treatment of Data 

As discussed by Wood et al. (1988b, 1 9 8 8 ~ ) ~  it is difficult to 
accurately express goup mems when fish die at different times 
during the challenge. Therefore, in the case of the aci&N 
p u p ,  the responses only during the first 20 h of the challenge 
have k e n  portrayed as mems 2 1 SEM. For those pameters 
where there were significant effects, the individual data were 
plotted. However, for id1 pameten ,  the mean iz 1 SEM of the 
prechdlenge and final d u e s  are s sized, where the final 
values represent either the end of the chdlenge perid or the 
last measurement prior to death. Since there were no mortalities 
in the acid-done group, the mean values boughout the 24-h 

Time (h) 
FIG. 1 .  Rcspiip.8tory responses in brook trout challenged with acid (pH 
4.8) and Al (333 pg-L-') in flowing water at 1 %%"C following acchi- 
mation to pH 6.5 (CF' = 400 pequiv.&-l in both acclimation md 
ehdhenge water). (a) Ventilation volume, Vw; (b) ventilation rate,$,; 
(9)  ventilation stroke volume, Vs; (d) oxygen consumption, 
Mq. The prechdlenge values are indicated at 'P" and by open 
bars. The final values (F, cross-hatched bars) were taken at 100 
h or just prior to death. All points are mems -iz 1 s s ~  (n = 
II). Statistied significance (p S 0.05) between the prwhal- 
lenge md challenge values is indicated by an asterisk. 

chdlenge perid are plotted. In both groups a paired design 
was used; therefore, a Student" two-tailed t-test was employed 
for comp&son between the prechdlenge md intervening or 
find values. In all cases, statistical significance implied p G 
0.05. 

Of I 1 fish used in series I (acidlAl challenge), seven s 
20 h of aci&Al ehdlenge and five were dive at 50 h. 
survived past 60 h; of these, one died at 74 h whereas the other 
remained alive at the termination of the experiment at 100 h. 
This pattern of death and survival time was similar to that re- 
ported by Wood ef d* (1987~) for identicdly challenged Wyo- 
ming brmk trout which had been similaily c 
fitted with oral memhames. 

There was a significant increase in the ventilation volume 
(V;) within the fust 30 min of exposure to pH 4.8 and 333 pg 
MsL-I (from258 to 5161nL*kg-~~nin-l, Fig. 1). Vwremained 
above the prechdlenge vdue for 4 h following the introduction 
of the aci&Al water. From 6 h to the end of the experiment, 
there was no signifcant difference in the mean compared 
with the prechallenge period. Despite an increase in coughing 
frequency and mucus production in d l  fish, only thee individ- 

Can. J. Fish. Aquat. Sci., Vob. 45, 1 9 8  
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Acid 

Time (h) 
FIG. 3. Changes in the blood acid-base status of b m k  trout char- 
lenged with acid (pH 4.8) md Al (333 pg-L- ') in flowing water at 
1 1 "C after acclimation to pH 6.5 (C3' = 400 pequiv-E - ' in both 
acclimation and chdallenge water). (a) Arterial pH, pHat; @) arterial 
CO, tension, PkO2 (cdcul&ed); (c) plasma biicdonate concentration, 
HCQ-. All pin ts  are means k 1 SEM (n = 7). Other details as in 
legend to Fig. 1 . 

Similar trends in ventilation were seen in the series I1 (acid- 
exposed) fish pig.  2). V, and increased approximately B .5- 
fold within the first how, while there was little change in$,. 
Unlike the aci&Al group, k: ranad vw did not return to ppechal- 
lenge values f a  the remainder of the measurement period (24 
h). Also, f, continued to increase to 1OO.min- by 4 h, which 
was significantly higher than the prechallenge mean. The fact 
that the prechdbnge values for a d  V, were significmdy 
@eater in the acid goup than in the acid4Al goup may reflect 
the difference in the body size of the two groups. The average 
weight of the aci&Al fish was 292 + 17 g (SE:) and that of 
the acid-done fish was 168 & 7 g @EM). The size difference 
was due ta hck of availability of lager fish when h e  acid-done 
group was tested. 

Oxygen consumption (A%%) tended to increase upon initial 
exposure to both acid and aci&Al (Fig. Id md 2 4 ,  but the 
meranas were not significantly different from their respective pre- 
challenge vdues. There was no significant difference between 
the average initial and final &f,, values in the acid/Al fish 
(Fig- Id). 

Arterial pH decreased slightly, but significantly, from 7.80 
to 7.74 over the first 4 h of acid/Al challenge (Fig. 3a). 
Alhough, as seen in Fig. 3a, there was a large drop in the 
average pHa between the prechdlenge and find measurement 
(7.80 to 7.538, not d1 individuals experienced the s m e  severity 
of acidosis prior to the terminal sample (Fig. 4a). Other than 
the slight increase in P Q ~ ~  in one fish within the first hour 

Time (h) 
FIG. 2. Respiratory responses in book trout chdlenged with wid (pH 
4.8) in flowing water at 11°C after acclimation to pH 6.5 (a2' = 400 
pzqp~iv-L.-~ in both xclimdiion and challenge water), (a) Vengilation 
vslnme, K; (b) ventilation rate9fR; (c) ventilation stroke volume, 
V,; (d) oxygen consumption, M9. The prechallenge values are 
indicated at "I?." All pints  a: means + It %EM (n -- 12). Sta- 
tistical significance (HB d 0.05) between the prechdlenge md 
challenge values is indicated by an asterisk. 

uds showed arn increase in vw prior to death, and as indicated 
in Fig. E a, there w was no significant difference between the aver- 
age prechallenge and final Vw. 

The increase in vw seen within the first 4 h e m  be mainly 
attributed to increased ventilation stroke volume (Vs, Piga Ic). 
There was a rapid increase in Vs within the f ~ s t  30 min s f  expo- 
sure to the acid/Al mixture (2.87-5 .%'$ &.kg- Lstroke- I). V8 
remained eievated for 4 h and then declined to prahallenge 
levels. Opercular rate (f,) was significantly elevated during the 
same time period (Fig. Ib); however, the relative increase 
(about $95 above preexpcesure values) was f a  less than ahat for 
Vs (about 85% increase). There was no significant difference 
between the preehallenge and the find$, or Ifs (Fig. I b and I c). 

Can. Ja Fish. Aqua. Sci., Val. 45, I988 
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Time gh) 
FIG. 4. Changes in the $Hood aciWase status of individual brook trout 
challenged with acid (pH 4.8) and Al (333 p g ~ L - ~ )  in flowing water 
at 1 1 %"C after acclimation to pH 6.5 (C2' = 

challenge water). (a) Arteri 
CO, tension, Pk, (calculated); (c) plasma bicarbonate concentration, 

ckallenge values are indicated at T." 
indicate time of death. Only one fish survived to 1 
the f i s t  60 h s f  exposure are plotted. 

there were no significant ehm 

pHa was an increase in Pk,, (measured) at 1 h (from 1.89 to 
4). By the second hour of the acid cbndlenge, 

med to 2.1'7 Tom, which was 
the p~challenge value. No c 

[HCO,-] were seen. 

Ro. 5. Changes in the blood acid-base status sf brook trout chal- 
11°C after acclimation 

mifieant; Fig. 73 demonstrates 
in series I (aci&Al) did exprie 
However, when averaged in w 

unchanged. 

Can. 9. Fish. bhquat. Sci., Val. 45, I988 
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FIG. 6. Blood oxygen tension a d  content of brwk trout challenged 
with acid (pH 4.8) md A% (333 ~ g e L - ~ )  in f swing water at 1 BQC 
folowing acclimation to pH 6.5 Ca2+ = 4433 pquiv-L-l in b t h  accli- 
mation a d  challenge water). (1) Merid  ((open circles) and venous 
(closed circles) oxygen tension, Pa,vO,; (b) aterid (open ckcks) md 
venous (c1osed circles) hemog%obin oxygen corrcenmtion, 8 , ~ ;  
(c) arterial blood oxygen content, C+ ~ 1 %  points are means iz I SEM 
(n = 7). Other details as in legend to Fig. 1 .  

Almost eveq individual showed a decrease in MCHC prior 
to death during the acid/Al challenge, with the result that the 
fmd average MCHC was significantly less than the p ~ c h d -  
lenge vdue (8.216 vs. 0.260 gmL- I ,  respectively; Pig. 9c). 
[lib] md Hct were reduced due to smpling, but not by the 
same mount (Fig. 9a and 9b). In the acid-challenged fish, there 
was a 30% decrease in [Hb] md Hct due to sampling, but there 
was no significant reduction in MCHC (Fig. 10). 

The initid increase in ventilation seen in this study in 
response to aci&AJ supports the results of ~ 1 i ~  investigators 
(Rosselmd 1980; Neville 1985). However, the subsequent 
return to prwhallenge values after 4 h and the generd lack of 
a ventilatory increase prior to death were unexpected consider- 
h g  the respiratory d i s ~ b ~ ~ s  reported by Wood et d. (1988b) 
under similar conditionse Even when considering hdividud 
fish, there was no nt trend towad m increase in venti- 
Bation in response to the combined aci&Al stress, disregarding 
the initid bust of ventilatory activity. This was especially sur- 

Time (a41 
FIG. 7. B l d  oxygen tension and content of individual brmk trout 
challenged with acid (pH 4.8) md Al(333 pg-L-I) in flowing water 
at Bb 1'C after acclimdiom to pH 6.5 (C3' = 4W ~equiv~L-I  in both 
acclimation md challenge water). (a) Arterial oxygen tension, Ph2; 
(b) arterial hemoglobin oxygen concernatration, Hb2;  (c)  arterial bImd 
oxygen content, Chz.  Other details as in legend to Fig. 4. 

ppiising, since d l  fish in the acid plus M treatment exhibited 
visual signs of respiratory distress such as m increase in cough- 
ing frequency a d  mucus production. This finding illustrates 
h e  vdue of direct measwemnts of K, md suggests that the 
stressed fish may have been unable to achieve increased net 
ventilatory flow because of metabolic limitations, i n c ~ a s d  gill 
resistance due to mucus, flow reversal due to coughing, or some 
combination of these factors. In the case of k e  fish, substan- 
tid increases in ventilation rate and stroke volume were noted 
20-30 h before death; however, this was not the trend for most. 
Those fish showing the ventilatory increase were dso the ones 
hat experienced the most dramatic decrease in Hb oxygen con- 
tent (micromoles per gram of Hb) and P%2 (Fig. 7). 

The immediate increase in ventilation seen in all acid- and 
aci$/Al-treated fish at 0-5 and 1 h sf exposure may have been 
the result of an increase in the Peo, of the water at the fmnt 
end of the ventilation chamber. Al&ough not dkeedy measured 
in the acid/Al fish, the average Pk02, calculated from pHa and 
HCO,-, was slightly elevated (h rn  3 to 4 Ton) at 1 h. A 
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Acid 
(a1 

Time (h) 
FIG. 8. Blood oxygen tension and content of brook trout challenged 
with acid (pH 4.83) in flowing water at 11°C after acclimation to pH 
6.5 (Ca2+ = 400 pequiv-L- in both acclimation md challenge water). 
(a) Arterial oxygen tension, P%; (b) arterial hemoglobin oxygen con- 
centration, Hbo2; (c) aterid blmd oxygen content, Ch2. All points 
are means & 1 SEM (n = 3). Other details as in legend to Fig. 2. 

similar increase in Pko was directly measured in the acid- 
exposed fish. Neville (1$79) found that an increase in inspired 
Pco, from less than 1.5 to 2.2 Ton was enough to significantly 
raise ventilation. Similar findings were reported by Janssen and 
Rmddl (1975). During the initid hour of acid or aci&Al expo- 
sure of om experiments, pH = 4.8 water was unavoidably 
mixed with the preceding pH = 6.5 water in the inspired cham- 
bm of the ventilation box. The water had a carbraate alkalinity 
of 2.4 mg.L-I at pH = 6.5 which was reducd to less than 
0.01 mgeL- when acidified to pH = 4.8. The free CO, re- 
leased during addition of the pH = 4.8 water may have raised 
the inspired PC& to a level sufficient to stimulate ventilation. 
The field studies reported by Rosselmd (1980) and Muniz md 
hivestad (1980) support the idea that initial ventilatory busts 
are due to transient increases in water Pco,. In Rosselmd9s 
study there was an initial burst in ventilation that was followed 
by a decline. Therefore, the conditions reported in ow study 
are not at all unlike the situation that m e  might expect during 
an episodic acid load in the natural environment. 

Since hyperventilation persisted at least 9 h (and perhaps 
longer) at pH = 4.8, why did re 40 control levels after 
only 4 h exposure to pH = 4.8 plus Al? We cannot mle out 

Time (h) 
FIG. 9. Hematological responses of brook trout challenged with acid 
(pH 4.8) and Al (333 pgL-')  in flowing water at 11°C following 
acclimation to pH 6.5 (Ca2+ = 400 pequivel- in both acdirnation 
md challenge water). (a) Hemoglobin concentration, Hb; (b) hema- 
tocrit , Hct; (c) mean cell hemoglobin concentration, MCMC . All pints 
we means & B SEM (n = 7). Other details as in legend to Fig. 1 .  

some sort of alleviating effect of Al on the stimulation of ven- 
tilation caused by external acidity. Neville (1985) noted that 
short-term increases (but not long-term increases) in$, a d  ven- 
tilatory "gape9 ' were attenuated by the presence of Al at pH = 
4.0. However, it seems more likely &a mucus clogging, 
coughing reversals of flow, or energetic limitations caused by 
Al toxicity may have depressed Vs and therefore in our fish. 

The initial acid-base disturbances were similar in both treat- 
ments; a slight Becreme in pHa was observed within the first 
2 4  h. The only major reduction in plasma pH occuned shortly 
before de8th in the aci&AB-heated fish. In some fish the re- 
spiratory component (increased predominated, while in 
others the metabolic component (depressed [HGO3-I) was par- 
amount. Because of this variability, terminal -] and 
were not signS~cmtly different from the controls. In general, 
our results compare favorably with those of Wood et al. (1988~) 
who also noted the development of a severe acidosis shortly 
before death in Wyoming brook trout acclimated to the same 
conditions (pH = 6.5, Ca2' = 400 pequiveL- I )  and exposed 
to the same aci&Al regime (pH = 4.8, Ca2' = 400 
pequiv=L- l ,  Al = 334 pg -L- I) used in this study. In addition, 
these investigators reported a substantial increase in plasma lac- 
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24 

Time (h) 
FIG. 18. Hematologicd responses of brmk trout chdlewged with acid 
(pH 4.8) in flowing water at 1 HQC. after acclimation b pH 6.5 (C3' 
= 400 p q u i v ~ % - ~  in both acclimation a d  challenge water)* (a) 
Hemoglobin concentration, Wb; (b) hematkecrit, Hct; (c) mean cell 
hemoglobin concentratisn, MCHC. Ball points are means k I SEM (n 
= 4 for Fig. BOa md 10c and R = 8 for Fig. Bob). Other details as 
in legend to Fig. 2. 

hte prior to death, which is indicative of metabolic acidosis. 
The two studies me also in agreement in showing severe redue- 
tions in MCHC d u ~ g  the acid/AJ chdlenge, but not during 
the challenge to acid done. This response is indicative of stress 
and probably reflects swelling of the red blood cells due to a 
combination of plasma dilution, acidosis, a d  cateckolanine 
mobilization into the b l o d s ~ e m ,  as previously discussed 
W o d  et d. 1988b, 1988~). 

The effects of the acid-alone chdlenge upon blood oxygen 
tension were negligible, while the responses to aci&Al were 
rather variable. Initially, there appeared to be an increase in 
Pao, in both treatment groups, probably as a result of the 
increase in ventilation. While there were no effects of the acid 
done on P g  or Hb oxygen content (micromoles per gram of 
I-%), at least hdf of the fish in the aci&Al group exhibit4 a 
decrease in Pag prior to death, and virtually all the fish showed 

a decrease in I-% oxygen content. Only the latter was statisti- 
cally significant, and averaged abut  20%. Based on in vivo 
md in vitro oxygen dissociation curves for brook trout blood 
(R. L. W&er, C. M. Wood, md C .  E. Booth, unpubl. results), 
%he Boh  effect associated with the reduction in plasma pH was 
more important than decreased Pa4 in causing reduced Hb sat- 
uration. Reduced Hb oxygen content of this magwimde was 
unlikely the sole cause of death, but likely a con~bnting factor. 
It remains uncka why respkatoq failwe did not predominate, 
as seen in Ontario brook trout under identical conditions (Wad 
et al. 1988b). 

Alhough the mount of oxygen carried per gram of Hb 
remained filrly constant, the f6td oxygen content decreased 
steadily during the experiment* The role of anemic hypoxemia 
c m o t  be mied out as a factor affecting ventilation, since both 
[I-%] and Hct were reduced in both groups during the challenge 
periods, probably as the result of sampling (Fig. 9 md 18). 
Smith a d  Jones (1982) have demonsbated that an memia suf- 
ficient to reduce C q  content by 32% can cause a 1.6-fold 
increase in ventilation m trout. In this study the oxygen content 
was r d u c d  by a similar mount. Therefore, the fact thaf ven- 
tilation rem~ned elevated in the acid-alone group may be atbib- 
uted to the h y p o x e ~ a  associated with smpling, at least in part. 

Hypoxeha was dso evident in the aci&AT fish prior to death, 
yet there was a s  ventilatoq response. A general lack of hyper- 
ventilation in this group, despite a significant reduction in Ch, 
and Hb saturation, suggests hat Al is interfering with the mech- 
anism controlling ventilatory response to hypoxe~a .  The 
mechanism of this intede~nce remains to be elucidated. 

This work was supported by a contract ("Lake Acidifiea~on and 
Fishe~es," W-23464%) from h e  Electric Power Research Institute, 
Envkonmentd Assessment hpatment, though a subcontract from 
the University of W y o ~ n g ,  md the University of Calgary Resident's 
NSERC research fund. The authors wish to thank the staff of the Fish 
Physiology md Toxicology Eakratoq9 University of Wyoming, for 
their hospitality. Speeid thanks are directed to Mr. David Mount, Jose 
Femmdez, and Michael Swmson s f  the University sf Wyoming md 
to Mr. Chwles Scott of the University of Calgary for their suggestions 
and assistmce. 
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