
2m M.Y. Monett4, S.D. Mccomick / Aqatic Totieolagf M Qfi8) 216-226

Tat'le 1
Messu€d water chemistry poralnetfis in the laboratory shrdy examining th€ ;mpacts of acid/At on the physiology of Atlantic salmon parr ard snrolts

Exposure pH Allot (psl-r) Al i  (pgl-r) Ca?* (Ing l-r) Na+ (mg I l,

6.,f0 + 0,o3 (20)
(6.29-6_56)

s.23 +O.M (25)
(4.sg-s.42)

33+5(6)
oH9)

72+3 (6\
(6r-83)

20+ J (5)
(l l-37)

53+4(6)
(43-{8)

1 .4+0,1(12)
(0.9-1.8)

r.3+0.1 (12)
(1.(Ll.8)

2.2+O.t (r2)
<1.7-2.6t
2.2 +O.r (r2)
(r.71.8)

Values are mean I S-E, of all mejsurements rnsde rhrcughout the 6-day study in boti Ieplicate tanks. Numtr€r of measuremonts made for each ParBmeter i6 given in
parenlheses to dle righL Range is gilen in parentheses below.

9 t 2 and 26 ! 10 pg g- I throughout the study and did not differ
from I=0 fish (P>0.25, one-way ANOVA; Fig. 3)- Gill Al of
treated parr was significantly great€r (6-5-19-fold) than contol
pan after 2 ard 6 days (Fig. 3). Gill Al of aeated parr increased
by 6970 between days 2 and 6 (P < 0.05; Fig. 3). Gill Al of treated

2
Exposure time (days)

Fig. 2, lmpacts of short-term lsbtratory eryosurE to acidlAl on the stress

response of Adantic sal-mon parl ad srnolts. PlastDa cortisol (A) md plasna

glucoce (B) levels, of control snd tealod parr and smolts after 2 and 6 days. VaI_

ues are nrean + S.B. (n=7'10)- An * indicates a significant differcnce between

control atrd tirai|rett within exposure time ard life-Btag€ @uncan's; P < 0.05).

An * indicaies a signifcdlt differe.ce betereetr pari and smolt c,ilhln a ttg$rnont

ard an expoAure ti6e (Duncan's: P< 0.05). valucs al day 0 reprEs€trl parr and

smolts ssnpl€d Frior to the st{t of tl|e snrdy (7=0). Three-way ANOVA for
plasma codsol lcvels deterhined signifrcant effEc(s of E€a|Itretrt (P = 0.m2) and

lifestrge (P<0.m1), atrd a significant rimingnife-stage interaciion (P =0.m2).

Three-way ANovA for plasma glucose levels delemined signidcanf effects of

t€ament (P<0.m1) and life-stage (P<0-0or).

smolts vas significantly greater ( I 2-l 5-fold) than contol smolts

aft€r 2 and 6 days (Fig. 3). Gill Al of treatEd parI was significantly
greater (two-fold) than heated smolts after 6 days.

3.2. Field etposure

Over tlrc course of the study, pH ranged from 7.44 ao7 '55 at

the reference site (RR) and from 5.59 to 5.85 at the acid/Al-

impacted site (BMB) (Table 2). Mean Altot concentrations
were 36 * 12 and 186 * 9 pg I-t and mean Al; concentrations
were 7 4 4 and 53 * 7 pg l-l at RR and BMB, respectively
(Table 2). Mean Ca2+ concentrations were 2-5+0.1 and

0.7 * 0. t mg l-r, and mean Na* concentrations were 5'9 * 0'3

and 8.8 * 0.4 mg l-r at RR aDd BMB, respectively (Table 2).

Plasma Cl- levels were 136t0-5 and 13640-8mM for

I= 0parr and smolts, respectively (Fig. aA). Pla.sma Cl- lev-

els of RR parr and smolts did not differ from 7= 0 fish after

either time-point (P>0.05, one-way ANOVA; Fig. 4A). Pan

and smolts held at BMB experienced losses in plasma Cl lev-

els compared to RR fish, but impacts were Sreater i|1 smolts after

2 ilays. Plasma Cl- levels of BMB parr were significandy lowet
(9-30mM) tban RR parr after 2 and 6 days (Fig. 4A)' Plasma

Exposur lime (days)

Frg.3. knp€cts ofshoft-term lahardtdy exposul€ to acid/Al on Sill Al accumu-

lation of Ailantic satmn parr and smolts. Gill Al levels of cootml and heated

palr and smolb sller 2 and 6 alays. Values are mean + S.E. (n=8-f0). An *

indi$tes a sigDificant fiffe{encs bet$esn cont$l and $eatrDeDt v{ithin sxposnre

time ard life-stage (Durffin's; P<0-05)- At # indicate.! a signilicant diff€rmc€

betweell paff and smolt within a irEatment and an expocure tlme (Duncan's;

P < 0.05), Values at day 0 reFeseni pan and smohs samPted prior u the stafi of

the study (f= 0). Thre€-way ANovA for gi[ Al derermin€d significant effecls of

trdIrre (P < 0.001) and life€tage (P < 0.001), and a significdt treatmenvtime
(P=0.002) interEctiofl .
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T6bte 2

Measul€d water chedisEy parameters of 2 tributaries of the W€st River duiing rhe 6iry csg€ study

pH A l ,o , (pc l r ) A l j ( p c l r ) ca2+ (mg l_r ) Na+ (mgt- l )

7 A7 +O.03 (4)
(7 .44-7 .s5')

5.?5 + 0.06 (4)
(5.s9-5.85)

36+t2 (4)
(16-69)

186 + 9 (4)
(M4,An\

'7 +4 (3)
(2 15)

s3+7 Q)
(42,46)

2.5 +0.r (4)
Q.r-2;7)

0.7 + 0.1 (4)
(0.7,{.lr)

5.9+0.3 (4)
(4.94.4)

8.810,4{4)
(8.1-9.8)

Val'res arE rdean + S.E. of dl me{s$rlripns *rade tbroughout r}€ 6{ay ssrdy. Number of meas$enerls made for e&h !tanEter
Ratrge is given in parenth€s€s below

Gill NKA activity of 7= 0 parr and smolrs was 3.3 * 0.3 and
5.6 + 0.4 p.mol ADP mg protein 

-l 
h- l, respectively (Fig. aB).

Gi NKA activity ofRR psrr was not signincandy different from
7=Oparr after either time-point (P>0.55, one-way ANOVA),
whereas gill NKA activity ofRR smolts was significandy greater
(65%) than 7= 0 smolts after6 d,ays (Fig. 4B). Gill NKA activity

of parr was mt affected by saeam after 2 days, wh€reas after

6 days, gill NKA of BMB pan was significandy looler (45%)

than RR parr (Fig. 4B). Gill NKA activity of smolts lvas not

affected by sheam after 2 days, whereas after 6 days, gill NKA

activiry of BMB smolts was significandy lower (54%) than RR

smolts (Fig. 4B). Gill NKA activiry of smolts was significandy
greater (47%-2.8-fold) than parr in all groups throughout the

study (Fig. 4B). As in the laboratory, the observed life-stage
differences in NKA actiyity confrm the status ofparr and smolts

used in the field.
Plasma cortisol levels of parr and smolts were 8.1 13.6 and

25 * 4-6 ng ml- l, respectively (Fig. 5A). Plasma cortisol levels

of RR pur were significantly grcater (6.9-fold) than ?= 0 parr

after 2 days, whereas plasma cortisol levels of RR smolts n'ere

not significantly different from T=0 smolts after either time-
point (P=0.19, one-way ANOVA; Fig. 5A). Plasma cortisol

tevels of BMB parr were not affect€d by $tream after 2 drays, but

were significantly greater (9.Gfold) than RR parr after 6 days
(Fig. 5A). Pla.sma cortisol levels of BMB smols were signifi-

canrly $eater (3.5-15-fold) than RR smols after 2 and 6 days
(Fig. 5A). Plasma cortisol levels were not significant\ different
b€tween parl and smolts in any group throughout the study.

Plasma glucose levels of I= 0 parr and smolts were 4.2 + 0.4

and 5.2f0.4mM respectively (Fig. 5B). Plasma glucose lev-

els of RR pan and smolts were not signilicandy diffffent from

T=0 fish aftcr either time-point (P>0.01, one-way ANOVA;

Fig. 5B)- Plasma glucose tevels of BMB parr were significandy
greaur (2-7-7 .O-fold) than RR parr after 2 and 6 days @g- 5B).

Plasma glucose levels of BMB smolts were significantly greater

(3.7-4.+fold) than RR smolts after 2 and 6 days 1Fig. 5B).

Plasma glucose lwels of RR smolts were significandy greater
(ut6-54%) than RR parr throughout tlle sludy (Fig. 58)

Gilt Al levels of I=0 pan and smolts werc 8-?*3.2 and

13 * 3.1 pg g-1, respectively (Fig' 6)' Gill Al levels of all RR

fish werp between 52 + 10 and 92 * 16 pg g-r and were signifi'

cantly grearer (4.2-l 1 -fold) than I= 0 fish after both time-points
(Fig. 6). Gill Al of BMB parr was signilicantly greater (8.7-16

fold) than RR parr after 2 and 6 days (Fig 6). Gill Al of BMB

smolts was signilicantly greater (7.2-l I -fold) than RR smolts

after 2 and 6 days (Fig. 6). Gill Al of BMB parr was significantly
greater (z.3-fold) than BMB smolts after 6 days (Fig. 6).

Cl- levels of BMB smolts were significandy lower (2O43 mM)
than RR smolts after 2 and 6 rLays (Fig. 4A). Plasma Cl- levels
of BMB smolts wor€ signilicandy lower (32 mM) than BMB
pan after 2 days (Fig. 4A).

Or=O pan
ORR paff
OBMB parr
O T=0 smolts
O RR sinolts
I BMB snolts

Exposurc time (days)

Fig. 4. Impa4is of rhort-tenll field expo$re !o acidAl on the ion regulalory

abilty ofAdadic salnDn parrard 6amli.! Plasmac'l (A)andgin NKA activity
(B) levels ofparr and smolts held at arefqence silr (RR) and an acidAl-irupa$ed
site (BMB) for 2 and 6 days. Values are rneaD * S.E, (n =,{-16). An * indicates

a significant diff€rence betureen stream !r'ithin ao erpoeure tille and life-stage
(Duncau's; P<0.05). Ar * indica!€s a si$ificanl difieruce b€N€en paIr and

smolt withid a its€sm and an expoBure tirne (Duncan's; P < 0.05)- Values at day
0 repEsent palr and smols sampled pric'r to the start of dE study (f=0). A

significaDt cagc etr€ci was found fot RR smolts at both dme-poiots oi exposurc.
For this group only, an outlier cage (one out offolrreplicate cages) w.s rEtr|oved

frod the analysis, s it ditrerEd by 26 stsndard deviarions- Thrce-way ANOVA

for pl'smE Cl levels determined a signifcant strean effect (P< 0.00f). Three-

way ANOVA fo( gill NKA activity d€lernin€d significart €fccts of sFeam
(P<0-m1) ad li{e-srage (P<O.O{l), aid significant s{reailddme (P<O.001)

ad life-stageJtime (P = 0.m8) inEractioo6-
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Fig. 5- lnpacrs of shon-term field erpoiure to aeiavAl on dle stress response of
Adantia solmon pan and $'IoltJ. Plarna cortisol (A) ad plasns glucose (B)
ievels of pdr atrd smolts beld al a rEforEnce site (RR) and an acid/Al-irngsrted
site (BMB) tur 2 and 6 days. Valuec aJe flreatr + S.E. (n = +16). An * itrdicatet
a signiicdtt di{leEncE betwc€n sEeam within atr expesule lime and life-siage
(Duncant; P<0.05). An + indicates a tigtrificaut difierc&e betweon pdr and
smolts withid a stream and an ertosule tim. (Duncan's; P<0.05). Values at
day O rcprE3eot par and smolts sampled prior to the st8rt of the study (I= 0). A
significant cage ef€ct was found for RR smolts at hoth tim€-poinis of exposure,
For this group odly, an outlercagp (otre ootoffosrrcplicate cagEs) was removed
from the analysiE, as it difrered by -6 standard devialions. Thre€-way ANOVA
ior plasma cortisol levels determined a significant strean eff€c( (P<0.0O1).
Three-way ANOVA lor plasma glucce l€vels d€!€rminEd significant cfi€cts of
stream (P < 0.001) ad life-st|ge (P < 0.0o | ), and a significant steamnifestage
interaxio! (P<0.05).

4. Discussion

To maintain ion homeostasis itr ft€shwater, lish most com-
bat tho passive influx of water and efflux of plasma ions, which
they accomplish by excreting a dilule urine and by taking up
ions across th€ gill (Evans et al., 2005). Coosequently, when the
integrity or function ofthe gilt is disturbed, loss ofplasma Cl- is
observed. Laboratory eKposure to $hort-term acid/Al impaired
ion rcCrlarory ability in smolr as indicated by reduced plasma
Cl- levels, but had no detectable impact on parr. In the field
where conditions were potentially more severe (physical trans-
fer to strearns, lower ambient calcium concentrations), both
life-stages held in an acid/Al-impacted sfream @MB) exhibited
ion rcgulatory disturbance, but the patlem of ion loss differed
between parr and smolts. Smolts held at BMB experienced large

OT=O paa
ORR pan
O BMB psrt
LJT=0 srnolts
E RR smolts
I BMB srnoits

---=4--- :  - : : - -=s

Exposure time (daYE)

Fi8- 6. Impacts of short-term field erposuP !o aci{VAl on gill AI accumulatiotr

of Atlantic sallrror| pdr and smohs. Cill Al levels of porr and snFlts held al a ref_

erence site (RR) and atr acid/Al-ilnpactqj site (BMB) for 2 and6 days valBe.s aro

dean :t S.E. (z =,1-16l Ao + indicates a eigtrificant differerce betweed st earn

within an exposure tide 6rd life-stagc (Duncan's: P<0 05) An #indicate€ a

signidcanl difference between pan and smolt wilhin a sfream and an er(posue

time (Duncan's; P<0.05). Values at day 0 reprEs€nt parr 3|d smolts sanpled

Fitr to the start of thc study (I=0). A significdnt cage effect was foutrd fo{

RR nolts at both ti$e-poitrts of erposue. For this goup only, an oudiel caep

(one out of fom rcplicate mges) wss removed ftom the analysis, as il differEd by

>6 standard deeiations. Three-way ANovA for gill Al d€t€nnined signincaDt

effects of srr€am (P < 0.ml ) and life-stage (P = 0.0o?)

and rapid de.clines in plasrna Cl levels after 2 days, with levels

dropping lo near the lethal threshold (<95-100 mM) reported for

Atlantic salnon smolts (Staumes et al., 1993). This was followed

by partial recovery ofplasma Cl- levels after 6 days' suggest-

ing that if smolts survive the initial toxic effe{ts of acid/Al they

may be able to recover ion homeostasis. However, acclimation

to acid/At would likely come as a coEt to multiple aspects of

physiotogy and behavior as has been shown in other salmonids
(wilson et al., 1994a, b, 1996). In contrast to smolts' Parr held

at BMB experienced only minor declines in plasma Cl lev-

els after 2 days, clearly indicating lower sensitivity relative to

smolts under these conditions. Parr at BMB continued to lose

plasma Cl- throughout the 6-day study, although levels did not

approach the tethal threshold (<60mM) reported for this life-

stage (Lacroix and Townsend, 1987). The grealer susceptibility

of smolts to ion peltu$ations caused by acid/Al exposure is con-

sistent with previous studies that have us€d either long-rcrm or

indirect approaches (Rosseland and Skogheim, I 984i LeiYestad

et al., 1987; Staumes et at., 1993; Rosseiaod et al.' 2001)' The

difference in short-term sensitivity demonstrated here has impor-

tant implicalions, as the magnitude of initial ion losses rnay be

closely related to fish suwival during acid/Al exposure (Booth

et al.. 1988).
This study reports the effects of a single dose ofacid and Al on

Atlantic salmon parr and smolts. Based on previously published

research and unpublished research from our own laboratory' it

is likely that exposure to lower pH or higher Al would have

resulted in more severe physiological consequences. Booth et

al. (1988) exposed adult brook trout to tkee differert PH levels
(pH 5.2,4.8,4.4) with increasing total Al concentrations (0,

1 I 1 , 333 pg 1-l ) for up to 1 I days and found tlnt both moflality
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and net ion losses inqeased with decrcasing pH and increasing
Al, with almost 100% mortality al the highest Al concentsation
at each pH level. We have found that Atlantic salmon smolts
exposed to pH 5 .2 with increasing Ali concentations ( 10, 4 I , 88,
l,lOpgl-l) for_2 days suffer large losses in plasma ions when
A11 is 88pgl-r (Al1=10?pgl-r) and 100% mortality when
Ali is i40 pg l-l (Alt = l?9 pg l- 1) (Monette and Mccormick,
unpublished). However, in the same study, mortality and plasma
ion losses of smolts exposed to 92 pgl*l of Alt are decreased
when pH is 5.6 and no impacts are observed when pH is >6.0.
Together these results clearly demonstrate that the magnitude
of physiological response (i.e. loss of ion regulatory ability)
depends on the hteraction of pH and Al levels.

In this study, plasma cortisol and glucose concentradons were
measured as indicators of the stress respons€. Preyious stud-
ies have shown that both pararneters a.re affecled by acid/Al
exposure iu salmonids (Brown et a1., 1990; Waring et al., 1996;
Kroglund et al., ?001). In our laboratory study, acid,/Al-treated
smolts experienced significant increases in plasma cortisol and
glucose levels after 6 days, whereas acid/Al had no statisti-
cally significant effect in parr. In the field, acid/Al exposure
caused elevalions in plasma conisol ald glucose levels in both
life-stages, but the time-course of impact differed between
life-stages. Smolts held at BMB experienced large and mpid
increases in both plasma cortisol and glucose levels, whereas
increases in parr occurred more slowly, These observed life-
stagc differcnces reflect the patierns of plasma Cl- losses in
paTr and smolts. Together, these results demonstrste thst dur-
ing sbort-term acid/Al exposure the sfess tesponse of smolts is
more rapid than that of par, suggesting a heighiened sensitiv-
ity ofthe hypothalamic-pituitary-interrenal (HPI) axis in smolts.
Smolts have been shown to have a heighteued stress respoose
doring an acute handling suess, and it is thought thar this may
be important to survival during downstream migration and SW
entry (Barton et al., 1985; Carey and McCormick, 1998). How-
ever, in this study, increased shess sensitivity of smolts may
also be related to greater ion regulatory disturbance and,lor olher
aspect$ of acid/Al enposure- There may be $everal advantages
to a heightened HPI response including rapid mobilization of
energy stores for damage repair and/or acclimation processes
and increased respiratory caPacity. However, negative conse-
quences include decreased energy resources for other energetic
demands such as downstream migration and predator avoidance,
as well as negative long-term effects on growth and immunity.

We sought to examine the mechanisms(s) of increased smolt
sensitivity by testing the hypothesis that a greater loss in gill
NKA aciivrty underlies increased sensitivity. Na+,K+-AfPase,
an emyme located in the basolateral membrane of dre gill epithe-
lium, plays a major role in teleost ion regulation in both FW and
SW (Evans et al., 2005). In Atlantic salmon, gill NKA activity
increas€s during the Imr*smolt transfomation and is directly
related to the ability to maintain plasma ion hommstasis in SW
(Mccormick et al., | 998).In the present study, gill NKA activity
levels of parr and smolts held at BMB for 6 days were lower than
reference fish held at RR. In these fish declines in plasma Cl-
levels are likely due, in palt, to an inhibition of ion uptake via
reductions in gill NKA activity. Negative impacts on gill NKA

activity are consisteot with previous studies examining effects of

loog-t€rm (weeks*months) acid/Al exposure on Atlantic salmon

smolts (Staumes et al,, 1993: Magee et al , 2003). Decreased giU

NKA actiyiry may be attribued to increased chloride cell death
via apoptosis and necrosis (Verbost et al., 1995), to the dtect
inhibition of enzyme activity by Al ions (Silva and Goncalves'

2003), or to the increased appearatrce of immature gill chlo-

ride cells with low levels of NKA protein (Wendelaar Bonga et

al., 1990). Interestingly, gill NKA activity of smolts held at RR

was significantly greatei than I=0 smolts after 6 days which
may reflert the seasonal rise in gill NKA activity that occurs in

smolts during the spring. This was not obsewed in smolts held at

BMB, indicating thar exp$ure to acid/Al may inhibit tiis sspect

of smolt developmenL
In both the lab and the field, we observed declines in plasma

Cl- levels, despite no detectable impact on gill NKA activity.
Also, when negative irnpacts on gill NKA activity were observed
(field study, 6 days), the magnitude of activiry Ioss was simi-

lar for parr and smolts. This suggests that under the conditions
p(esent in this strdy, impaired ion regulatory ability and thus

incroased smolt sensitivity may not be explained by reductions

in gill NKA activity (i.e. ion uptake) alone. Instes4 it is likely

that ion losses are due to the stimulation of passive ion efflux

resulting from increases in pafacellular p€rmeability as has been

found for other salmonids (Booth et al., 1988; Freda et al , 1991).

However, we cannot rule out the possibility that there were sig-

nificant impacts of acidy'Al on the in vivo activiqy of gill NKA

as the assay employed in this study is a measure of total NKA

protpin pres€nt in the gill epithelium, and is not a measurt of

how much of the eDzl.me is workiug ln vivo- Also, rccent work

has indicated ttBr the alpha la and lb isoforms of NKA are

differentially regulated in the gill during acclimation to seawa-

ter in salrnodds (Bystriansky et al., 2006)' Thus, ir i$ Possible
that acid/Al has signifrcantly altered NKA isoform expression

and subsequent ion transporting capacity without affecting total

NKA protein in the gill.
We hypothesiz€d that another mechsnism undedying

increased smolt sensitivity during acid/Al exposurc may be

greater gill Al accurnulation. We observed elevated gill Al in parr

and smolts during both laboratory and 6eld ery)osures to acid/Al.

Prcvious studies bave fourd tlrat elevations in gill Al occur in

salmonids during both short- and loog-term acid/Al exposure

(Neville, 1985; Lacroix and Townsend, 1987; Kroglund et al ,
2001;Teien et al.,2004, 2006; Mnter et al., 2005). It is also

known that giu Al is direcdy related to water Ali concentration

(Booth et al., 1988; fuogtund et a1.,2001; Teien et a1.,20o6).

Intefestingly, in both 8re lab and the fleld, gill Al accumula-

tion was two-fold gteater in pall comparcd to smolts after 6

days. This is consistent widr previous findings tiat smaller fish

accumulate more gll copper and may be due to the grealer sur-

face area to volume ratio present in smallcr fish (Kamunde et

al., 2001; Taylor el a1.,2002). Albmatively, smolts may have

a lower capacity for gill Al accumulation or are b€tter able to

eliminate Al fiom the gitl (i'e. sloughing of mucus-bound Al).

Finally, exposure to acid.iAl has been shown to increase degener-

ation of chloride cells in the gills of fish (Wendelaar Bonga et al.'

1990i Verbost et al., 1995; Jagoe and Haines, 1997). Since gill
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chloride cells can accumulate Al (Youson and Neville, 1987),
increased chloride cell death may rellEsent a mechanism to
eliminate Al from the gill. Givetr the greater chloride cell abun-
dance in the gill epithelium of smolts, increased chloride cell
death may explain lower gill Al levels of smolts. Regardless of
lhe mechanism, smolts exhibited impaircd iotr regulatory ability
at lower concentrations of gill Al than parr, indicating a lower
threshold of gill Al to cause damage and/or elicit a physiologi-
cal respons€. It is likely that this is a rcsult ofthe reorganization
of the gill to increase salt s€cretory capaciry that occurs during
the parr-smolt tnnsformalion. Together, these results provide
further evidence for the incrcased sensitivity of smolts however
greater gill Al accumulation do€s rot appear to play a role in
increased sensitiviy

The present study clearly demonstratqs that smolts are mor€
seositive than pan fo impacts of short-t€rm acid/Al however
this appears ro be independent of gill NKA activity ald giU Al
accumulation, lnstead, it rnay tre speculated that increased smolt
sensitivity results from moryhological changes in the gill epithe-
lium during smolting, including an increase in the number and
size of chloride cells (McCormick et a1., 1998), as well a.s ultra-
stuctural changes itr chloride cell associations with other cells
in the gill @isam et al,, 1988; Mizuno et al., 2000). In panicu-
lar, Pisam et al, (1988) demonstrated that accessory cells linked
to apical portioos of cNoride cells by shallow junctions were
present in Atlantic salmon smolts but not in parr. This change in
chloride cell morphology is thought to play a role in the paracel-
lular pathway of Na+ excrction in teleosts, and may be necessary
for SW adaptation. It is likely that this ultrastructural change ren-
ders smolt gills more permeable and therefore more t ulnerable
to rapid ion efflux during episodic acid/At exposure. Increased
smolt seNitivity may also occur from changes in the prasence of
other ion transportervchannels in the gill epithelium (i.e- Na+,
K*2Cl- cotranstrtorter and apical Cl- channel) in preparalion
for SW entry and residence.

In the laboratory studt plasma Cl* levels of control pan We thank the Kensington State Fish Hatchery (Kenshgton,
and smolts were significandy lowe.r than flsh sampled prior to CT) for providing us with juyenile Atlantic salmon for these
the start ofthe study (Z=0) indicating thal there was an elTect studies. We are grateful to Dianne Baker, Luke lwanowicz,
on plasma Cl- independent of acid/Al treatment. This effect Amanda Keyes, Darren l€mer, Kathy Nieves-Puigdoller, Mike
may be due to fish handling and./or transfer to smaller experi- O'Dea, and Amy Regisb for help with lab and field sampling.
mental tanks, as preyious work has shown reductions in plasma We would also like to thank Luke Iwanowicz, Emily Monos-
Cl- levels (15 mM) after art acute handling and conflnemert son and two anonymous reviewers for their helpful comrnents
stress in Atlantic salmon (Carey and Mccormick, 1998), and in reviewiog an early version of this manuscript.
this response is well known to be part of the general stress
response in fish (Wendelaar Bonga, 1997). Loss ofplasma Cl* References
may also be part of a physiological response to an acute reduc-
tion in ambient ion concentrations (including calcium, sodium Barton,8.A., schrEclqc.B., Ewing,R.D., Henmingseir A.R., Padno,R,,1985,
aod cblofide) that was part of our experimental design. Hard Cbuges in p1a6m. coitisol during stress and smoltification in coho salmon,

water acclimatrdrainbo; hout gitls exiribit a grcaterinirease in ^ 
oncoit\'ttchus kist'tch c'en' c-omp Endoffinot ' 59' 4{B'4'lr'

permeablitythanson*u-u""ri-ilJgiu;fu;;";p*;; "Xt*f.;TiTl3;Yj;;'#"ilXLY**t',j'j:"ffi;"$
Al iz virra (Gundersen and Curtis, 1995). Increased membrane <Satveti,Mslonltratr3. Can.l. ri*. ,+quar Sci.45, 156!1574-
permeability might then allow for greater metal accumulation Bmwq s.B-, MEcletchy, Dl-,Hare, TJ., Eales, Jc.,1990. Effecis oflc'u/ ansi-
and this has been shown by Taylor et al- (2002) who found ent pH and aluminum on plasmakinelics ofcstisol, Tr, and Tr in raitbow

that rainbow trout previously ac;limated to hard water exhib- ^ 
E.ut<ot'ofiv,hus 

"']&irs)' 
can J zool 63' 153't-1543

itedgreatergilccpperaccumurarioniriisift;;;;#; ",5,T*'"i"#ilffi;j;fullr$l?";il,;"'--tffii;.111;ffi;,1Tffi
fish. These effects are most likely due to changes in chloride cell alha lb rturing seawater acclimarion of rhre, salmonid frsher rbat vdy itr
size and density shown to occur during soft-water acclimetion in thek ralidB toleranc€- J, Erp. Biol. 209, I E48-1858.

salmonids (Greco et al., 1996; Uchida et al., 2002). Acute rcduc-
tions in ionic strength in this study may thus have eracerbated
observed impacts or physiological indices and gill Al concen-
trdtions, However, reductions in ambient ion concentrations are
known to occur during increased discharge events in several
riven in both Maioe and Nova Scotia, where acid/Al impacts
are believed to be present (Lacroix and Townsend, 1987; Haines
et al., 1990). Furthermore, we have found that pdor acclimatioD
to low ion water for 10 days does not prevenl loss of ions or
elevations in plasma cortisol and glucose levels in response to
sirnilar levels of acid/Al as used in the prese[t study (Monette
and McConnick, unpublished).

In conclusion, we have demo strated by direct comparison
that smolts are more sen$itive than parr to impacts of shon-term
exposure to low pH and moderate Ali in soft water- This is indi-
cated by gr€ater and rnore rapid losses in plasma Cl- levels,
heightened stress responsiveness, and a lower level of gill Al
resulting in irnpaired ion regulation. We also provide evidence
that under the conditions prEsent in this study, hcreased smolt
sensitivity appears to be independent of a reduction in gill NKA
activity and geater gill Al accumulation. We suggesl that smolts
are more vulnerable m rapid ion losses as a result of the reor-
ganization of the gill that has occurred during the par-smolt
uansformation in preparation for seawater entfy and rEside[ce.
The heightened sensitivity of the smolt life-stage has substan-
tial implications for salmon populations in regions affected by
acid p,recipitation, as this critical developmental period occws
in the spring when episodic acidification due to seasonal rain-
fall and snowmelt may b€ grestest, Furthermore, compromised
ion regulatory abiliry of smolts may have significant impacrs on
downstream migration and marine survival, which could in tum
have population level elfects,
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