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ABSTRACT

VThe effects of acid precxpltation on anadromous salamonids
B pas 1ed to concern over lifestage related effects and'subsequenf
';eauater adagtation after acid exposure in softruaters. Coho
salmon smolts (Qngorhynchys Li§g§ggi vere exposed to"a)‘_a
.regimen of ac&dified vater (pH 4.5, 5.1, 5.5) and cenrrol water
(pH 6.2) for one week b) two pH regllens (pH u 4 and 6.2) ffor
Jne, two or _three weeks, and qpbsequently' subjected to a
seawater challenge test after each ueek. Parrs wvwere subjected to
one week ”6f agcid exposure (pH 4.4 ang 6. 2) folloned by a
seavater challenge test. | : a

Plasma [Nat], gill Na*ek*—ATPase activity, helatdcrit and
plasma grouth hormone concentrations vere perforled to determlne
the effgcts of ac1d exposuree. uortalitles of acid-exposed and
coﬁtrol fish wera recorded. |

o - o - » e :7;7
Smolts exhibited decreases 1in plasma [Nat] 7 days and

»Na+;x+-ATPase activity 14 days after onset qf acid expoéﬁre;
Parrs exhibited decreased plasma [Na*] Zu‘h after onset of acid
exposure and decreased Na*-K*-ATPase activity 3 days after onset
,Of acid exposure. Plasma [ Nat ] increased and Nat+-K*-ATPase
actlvity decreased in smolts after transfer to seawater. QParrs
exhibited increased plasma [Nat] and Nat- K*-ArPase activity
1nned1ately after transfer to seauater. e
. Plasma growth: horaeae vas elevated in acidj%xposeﬂ—suoitsf

put decreased shortly after exposure to seawater. Plasma growth

hormone levels increased, however, above freshwater levels by U8

k4



h Of Sseawater exposure. 4 : S e

'There were no observed increments of - acid:indncedffaiﬁeetsf—mmyv

among fish exposed to pH 4.5 to 5.5. Exposurerto uater of a-loh-

pH was found to haye a greater effect ‘on parrs cqlpared with
smolts in that‘ plasma ([Nat] hpdyna+éx+-ATPdse activity both
'decraa;ed.

After 21 days of acid exposure, a size selective mortality
"developed which favoured the survival of larger smolts exposed
to acid andAsalf water. Mortality was observed tb be telateq to

iength of acid exposure. T:ansfér to, 30 parts per thpusand

seawater after acid exposure was found to increase'nOItality;

It was concludedythat acid exposure prior to entry into

+

seawater was detrimental to c¢oho salmon with regard to langth of
acid exposure, size and lifestage, The possibie nechanisn‘ by
‘which fish may be removed from populations is inhibition of gill

Nat-K+-ATPase concomitant with decreases in plaSla”[Na*]@

vi ' >
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I. Introduction

Acid ‘precipitation has beén deemed responsible. for the
depletion of aguatic life in Scapdinavia (patticularly Norway)
as uell‘as North America (La BaStilie 1981)« Prevailing ;inds'
from industrial sources trénspoft ai:bornerparticlas and ions,
particularly S04 and NOX ;hicﬁ are precursors to the formation’

of aqQid. They are subsequently deposited on soils and in waters

that contain flora and fauna which may not tolerate a reduction

in pH (Reed 1976, Haines‘¥981).,rhe accumulation of precipitated
acid in snow can iead tc periods of relatively high acidic
runoff froa ;now melt and result in episodic exposurés of
resident aguatic organisms (Johannessen and Hendriksen 1978) .
"Recently there has been controversy surrouniing the effects

“such

of acid precipitation upon the watersheds of North” America,
as w#itnessed 1in Scamdinavia. Of /particular interést is the
‘potential impact of acid precipitation on soft water 1lakes and
rivers . of Ontario (Lé Bastille 1981). Stuodies have been
undertaken by | universities and governsent égencies to
investigate the causes and effects of acidification in North
American waterways. v

Aécefdinq to such research, acidification of lakes and — —

4 .

rivers of the Canadiaa,ShielduandwidizondackﬂﬂountainsQismcausedﬂ————f

by the absence of carponeate buffers, from limestone or sediments’

in glacial till, resulting in the 1low buffering capacity of



these waters. Hence, there is an increase in the susceptibility

of these lakes to acidification via acid precipitation (La
Bastille 1981) . Effects have been foumd to include dininishedk
péinary (phytoplankton) and benthic invertebrate (zooplankton)

production. Oﬁher effects of acidification of lakes and hstreans

in Ontario include the reductions df‘fish population size ang‘
species diversity, anad alteratioﬁs of growth rates (Hendry et
ale 1980, Harvey 1982). harvey (1980) estimates that 200 Ontario

lakes Qay have lost all resident fish populations as a result of

acid precipitation.

Not only resident species of fish are affected by the
acidification of lakes and rivers. Anadromous fishes,'by nature
of their biology, may also be affécted as they return to
freshuater“for spavwning. After hatching, juvenile fish remain in

freshwater wuntil natural cues induce downstrear migration.

Throughout their period of freshwater residency, anadromous

- N

salmonids are vulnerable to the effects of acidification - of .

their environment. The period of freshwater residence of

salmonid species varies from a few months in pink (Qpgcorhynchus

gg buscha) and chum salmon (QO. keta), to one to three years in

coho salaon (Q. kisutch), chinook (0. tshawytscha), Atlantic

salson (Salmo salar) and steelhead trout (S. gairdperi).

Due to the econoaic, recreational and biological importance

of the salmonids, various studies on lifestage and effect of
acid exposure have been conducted. Some of these studies have

. - L
included the effects of depressed pH on eggs and hatchability



\

(Carrick 1979, Daye @and Garside 1979, Peterson,gtegi;,1980),,mw”

embryos and alevins MDaye; 1960), fry - (Carrick 1981)  and

fingerlings (Daye and Garside 1975). Recent work by Saunders et

él; (1983) has sought toa elqcidate the .effects of 1long-term
exposute upon the grovthéand seawater adaptability of Atlantic
salmon. To date, these studies represent the only'lnvestigations
into the effects of.ideptessed pH‘ on the 1lifestage of an
anadroamous salmonid. Therefore, the ability of Vfanadronous
salaonids to adapt to seavater may be influenced by acid
exposure during their freshwater resldency period. |

.The recent lntroduction' of Pacific salmon, particularly
coho salion to the Great Lakes (Donaldson and Joyner 1983) has
placed this spec1es inr waters which aré potentiatly sensitipe to

: acid precipatlon (La Bastille 1981). The freshwater habitat of

pacific¢ salmon and in particular, coho salmon, along the west

coast of British Cclumbia, ®ashington State ani JOregon State . is

‘also sensative to acid precipitation. This is due to the low

.buffetlng capacity of these water systels as they are underlain
by a primarily graniferous substratun (La. Bastllle 1981). Having
a freshwater residency of one year {Scott amd Crossman 1973),
juvenile coho salamon ould therefore be endangered by acid
exposure. The effects offacid-exposute may be wmanifest through
population reduction and/or reduced grouthvfate.

Growth of anadronous salnonids includes the development of
euryhalinity and is associated with lorphologlcal and behavioral

%haracteristics involved in the ptogression from a freshuater
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life fora (parr) to a seawater iignle form (smolt) (Folmar and

Dickoff 1980, Wedemeyer et g;;71980). The effects of depressed
pH  on Jjuvenile saindn as they develop euryhalinity (ie:
parr-smolt transformaticn) is not well understood} However,
leasurenénts of physiolégical p§raneters associatéd with the
parr-smolt transformation in salmonids has been implicatzd to be
sensitive to changes in anbient'§H (Fromm 1980, Macbonald 1983,
Saunderé et al. 1983). Studies of £he physiological responées of
fréshuater salmonids to acid stress,v have included. ion
regulati&n; and have been paralleled by studies of ion

»

regulatory ability in the parr-saolt transformation of juvenile
5
salmonids (Packer and Dunson 1970, Boeuf et al. 1978).

Studies on the exgosure of freshwater salmonids to‘ low pH
have demonstrated that depreésed plasma sodium (Nat)
concentration, hematological changes and mortality’ occur (P%ckéf
and. Uunéon 1972, Milliigan” and Wood 1983). Pﬁysiolpgigal factors
involved in the parr-smolt transfornatioﬁ include - the
development of ionoregulatory ability to regulate internal ion
concentratioas, garticularily Nat, in  freshwater and seawater
(Folmar and Dickoff 1980).

The impact of acid exposure could beﬂinvestigated in coho
salmon by measurind physiological parameters which are saployed
to monitor and assess the parr-snoli transformation. Such
measureaents could incluge quantificéfion of ka*-ﬁ¥¥ATPase4
activity, plasma Nat levels, and benatoctii',changes. Gill
"Na*-K*-ATPase has been used  .in previous 1nvestigatio§s as an

-

-
™~
-



index of smoltification and has been implicated to be sensitive

to acid stress (Zaugg 1980, Saunders et ale 1983). Concomitant

with develobnental cyanges in gill vua+-x5laréés$ iiaﬁgg Andfﬁ
Wwagner 1973), there are also increases in plasma Na*t levels
(Wedemeyer et als. 1980) which may be depressed by acid exposure
(Packer and Dunson 1972). Analysis of mortality in acid-stressed
juvenile ‘coho salmon _ may further elucidate possible causes of
‘death resulting from acid stress. |

Endocrine  involvement in . whole body growth in .the
parr)smolt tradsforaation and in ionoregulatory developnent‘,hés
also been implicated (Folmer and Dickoff 1981, Johnston and
Saunders 1981). Therefore, the change in plasma leﬁels of growth
hormone which plays a certain role in grbuth and~ibnoregu1;tory
developament, may yield further information to better evaluate
the- impacts ot acid stress on coho.salmon parrs and smolts. The
significance of acid exposure on seawater adaptability of
5uﬁenilei coho salmoen can bér 6btéined by,oSservations of the
above parameters in # seawater challenge tesf.

Coho salmon parrs and smolts were subjecied to acid stress
in soft water prior to seawater entry in ofder to determin;
possible deieterious etfects of acid exposure on.juvenile coho
salmon. To aid in this evaluation gill Na*-K+-ATPase, plasma Ka*
con;enttatioﬁ, . plasma growth hormone concentrajion, hematocrit
and mortality occurrence in acid-stressed fish were investigated
in coho salmon reared in soft water. Experiments were undertaken

with the purpose of predicting the impacts of acid exposure upon



juvenile coho salaon.
The objectiies of this research in investigating the

effects of acid exposure on juvenile caho salmon are summarized

-
s
Lr

belowu:
(

]

a) to determine the effects of a range of pﬂ.reqinens on
the physiology of ccho salmon siolts; b |

S) to evgluate life stage dependant variables of acid
exposure prior to and during seawater exposure;

c) to determine time dependant effects of acid exposure on
coho ‘smolts “prior to and during seawater exposure,

This study was undertaken to determine whether or nat,/&ci&'
exposure in  soft. water prior vto entry into seauater‘ has
deleter;ous effects on the iono(osno)requlatéry abilify in

ftreshwater and seawater which may lead to physiological

disturbances and an iapairment of seawater adaptability.'/,////

<3

§ e



II. Materials and Methods

Yearling coho.salmon (gggg;glgghgé kisutch) were obtained
from Capiland Hatchery, Sorth Vancou;er, B,C, on January 28,
1982 and February 18, 19€3. Immediately Vafter transport, the
fish were transférred tc twe 800-L fiberglass tanks serviced by
flow thtoudh dechlorinated city water (Seymour .watershed). The
water sugply had artenpe[ature of 9.0 + 0.3C (mean ; standard.
error of the mean), in February rising to 10.8 z'o.uc in June of
-both years and had a pi of 6.2 ¢+ 0.02 » Fish were fed commercial
fisﬁ pellets (Moore and Clarke) cnﬁe per day to satiation and
the uneaten portion siphcned from thg tank.

Each tank was supplied with a sﬁbnetsible pump tq provide
water movement required for normal fish growth and development
(8.Ce Clarke pers. comm.). Currents iithin the tank also helped
to distribute food and mix adaministered acid. Portions of the
tanks were coveréd with tlack plastic to provide a shadowed
refugé. Photoperiod was adjusted to follow the natural sprinq

regiﬁen for 50° latitude (Vancouver) and was employed for all

holding periods and experilenﬁs,



Pilution Apparatus

The acid dilution apbaratus ermployed a- Haﬁostat '{ﬁ;;able
spéed peristaltic puap to deliver acid of a known concegbration
(0.5N H2S04) from a 2 L reservoir at a constant rate (1.44
ml/main.) to the tank's incoaing Qateg supply (Figure 1).

Water flow to all experilentai tanks was regulated by anm
adjustable valve (Roto-Flow). Hence, the pH of the delivery
water could be varied at three different points of _the
&Pparatus: the acid concentration in the reservoir, the pump
delivery rate and the water flow of the incoming water. ‘

Constant water supply to experimeptal tggksAuas‘uaintained
by a two stage header tank system: a submersiblé pump from a
large volume header tank supplied uater.at»a constant rate to a
smaller volume headef tank. Both header tanks were supplied with
flow rates that ensured & water delivery to the experimental
tanks at a constant pressure, ;elocity and volume (Figure 1).

To prevent 6vet acidification of the experimental tanks,
the s.;lle: header tank was équipped with a float switch Qhat,
uheﬂ activated by reduced water levels, stopped acid delivery
froem the peristaltic pump.

Ail tanks, experimental and header, were equipped with at
least one airstone to drive off excess CO2 and saturate to at
least 85% 02 at 10C as measured by-the rodified Hiuﬁler method

(American Public. Health Association, APHA, 1980). Water flow

- @



Figure 1:

Acid dilution apparatus employed in all etpetinénts.
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‘Tates never fell below 1L/min in 120-L tanks and 2L/min in 800-1
tank§. For a biomass of ﬂOg/i, such as used in all tanks, this
water flow was 'deemed suitable for conditions of smolting in

coho salmon (.C. Clarke pers.kconn.).'l L

‘water uality

Heasu:enenp“of water pH was perfOtmed three tiueS daily in
all expefiments uéing:gécdrning<node} iz piH meter Ealibrated
with three réference buffé: solutions. Saiples vere téiperature
calibrated and,ﬁiifred while determinations.took place; o ;l/

Waterr haténess as ‘CaC03 and Ca**+ were below Smg/L as
deterninéd by EDTA'titfation (APHA, 1980) and atomic absorption
‘ spectréphotonetry reSpectiQely. Concentrations of sodium levels
swere determined by flame emmission- spéctropﬁg&oaétty» and was

ZUqu)L ; . ' - ‘ | | "

Seawater was collected from Burrard Inlet, Vancouver, B.C.

¥

and had @ PpH range of 7.6 = 8.0 and salinity range of 29 - 30

par{s 'pei thousand as measured by an American Opi}eif
. e : ' . .

_ Refractometer.

Expegpiment 1 (1 Week Exposure. Smoits, 1382)

Foi this experiment, 200 coho salmon s-orts\#10.76 + 0.3q,
: . !
109 t 0.1cm), were randomly selected and equally distributed

among four 120-L fiberglass tanks and acclimated for two weeks

10 ' s
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prior to onset dfl the experiment. Tanks were equipped with-
flow-through dechlorinated city water at a rate of 1L/min. Fish
were exposed fof one week to water at pH 4.47 # 0.07, 5.13 3

0.07, 5.5 + 0.06 and 6.21 2 0.06'(cbntrol). Pish_weré sampled  on
days 0 (ie: no acid exposure) 1, 3 and 7.' Details of fishi
sanpling: procedures are provided below. All sampling of

experimental fish (§=5 per pH treatnenii was perforaed . at the

same time of day to avoid circadian effects. Day 7 of the N
experiment uaé faken to he hour zero of a seawater challenge
test which was performed on the remaining fish in each tank. The
seawater challenge test, as described by Clarke and Blackburn
1977y, {jﬂ)ﬁesigned to assess the seawater viability and
iono;egulatoty ability of subject fisg by ameasurement of plas-a
Nat levels after transfer to seawatervfron freshwater. Sa-piing
procedues for the seawater challenge test vere performed 7, 15,
25, and 48h after seawater exposure and followed the same
reginéns utilized for- écid—e}posed and contrg{ fish’ in
freshwater. Hour zero of tge test was 0900 on day 7 of aciad
exﬁgéure, thetefore the sampling period at hour 15 was performed
‘after‘ sunset. Consequently, fish were removed from dark

experimental tanks with the |use of - brief . periods of

illumination.

11
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Sampling Procedures

Saapling procgdures for al; expari-ents.includéd the weight
and fork 'length measured, blood ;oll%ction from a severed and
svabbed caudal peduncle and the colleétion of gill tissue..

Unanaesthetized fish' were held in a uét paper towel while

. wE

blood samples were collected in an ammonius heparinized (2 USP

units/tube) <capillary tube held over the severed caudal artery.

'HenaEQCtit tubes were centrifuged for 3 minutes in a héqotocrit
2y .

centrifuge (Clay Adams Autocrit II Model 0558) and hematocrits
. . N L9 f - _

recorded. Plasma was decanted and stored at =-20C. Plasma Na*t

levels were later determined by flame emission spectrbphotqnéﬁ;y
(Pye Unicam Model SP191) on thawed and diluted (1:1000) samples.
The spectrophotometer was calibrated over a linear range of 0.1

- 1.5 mEqQ/L Wwith prepared standards.

i

Ve

e

e

Gill filaments were excised from gill bars and~su$pende&'iq//<'”'

Tml of homogenizing medium (300mM/L sucrose, 20mM/L Na2EDTA, and
100aM/L imidazole) adjusted to pH 7.1 with 1N HCl. Tubes
containing suspended gills were quickl} frozen by placemesnt on

t

dry ice and stored at -20C wuntil assayed for Nat-K+-ATPase
activitye.

Dead fish were removed from all tanks without replacement.

{f;nortalities,oécurred between observation periods (eg. pH

measurement) of two to four hours, weights and fork lengths were

. still recorded.

12
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. seawater challenge test for all remaining fish.

Experiment II (1 Week Exposure, Parrs, 1983 . -

X

In order to elucidate the effects of acid exposure on

lifestage dependant reéﬁenses between parred and smolted coho

;,salmon, two *gtoups of 75 yearliag parrs (11.43 ¢ O.4g, 10.5 #

0.2cm), were chosen At random and eiposaq§to‘uater at pH 4.37
0.02 or pid 6.21 + 0.06 {(control) in two

The length of equsure, sanplipq procedures and saipling ;ti!§§g

corresponded - to those of Experiment. I with the exception of the

. sample size (n=8). Exposure to low pH was again followed by a

-

o

Experiment 111 (Variable Time of Exposure, Smolts,1983)

’ .

( | | : ‘

This éxperilent investigated the  possible =2ffects of

ghronic acid _exposure (21 days) in_ coho salmon smolts. Two

‘'groups of 200 gsmolts froe the year-class as fish in Experilenf

00-1 fiberglass tanks.

II, (11.05 # 0.29, 11.05 ¢ O.1cm), were maintained in two B00-L

fiberglass tanks for a two week acclimation - perifod. After
Acclilation, fish in one tank were acid stressed (pH 4.36 %
0.07) and the other tank served as the control (pﬁ 6271 2 0.02).
Fish ‘were laintainéd in the tu§ tan§ for up to three weeks.

Sampling was performed on days 0, 1, 3, 7, 10, 14, 17 and 21. On

days 7, 14 and 21, groups of U8 fish were removed at random froms

each experimental tank anéd transferred by net to one of  two

800-L fiberglass tanks containing seawater for a seawater

13
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_challenge test. Sampling procedures forgfblqod, _tissue and

physiological parameters were the same as outlined above; except

that the sample size vas n=8 fish bér treatment iﬁcid-stressed
and control) for all sampling periods except coptrol fish n=0 on
day 17, n=5 for day 21, hour 7 apd hodfius of the final seawvater

dj

Challenge and n=0 for hours 15 and 25 «of ‘the final seawater

challenge test.

Gill Ma*-K*-ATPase Analysis

Gill tissue was analysed for Haf—K’rATPase,activitywby, the
metnod of ~Zaugg (1962). This method was utilized rather than
more refinéd enzyme extraction techniques due to the
accomodation of an increased sample size not afforded by other

methods. More rigorous methods of enzyse preparation, however,

were shown not to be necessary to examine the relative effects

of acid stress upon gill Nat+-K+-ATPase in coho salmon.
Gill samples, frozen in homogenizing medium, were thawed on

ice and homogenized at 4C in 2 glass homogenizer with a ground

Qlass pestle powered Ly an electric drill fof 7 - 8 strokes

(approx. 1 stroke per second), until the filaments were

disintegpé?é&;:;lhe homogenate was transfered to a 12 X 75 mm.

A

borosilicate test tube. The horogenizer mortar was rinsed with 1

ml double distilled water, the rinmnse was then added to the test =

tube containing the homogenate.

14
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The diluted hblogenate yas’centrifuged for 7 minutes at 2 -

5 at 2,000g in a I.E.C. Centrifuge (Model PR-6). The

supernatant was discarded from each tube and the tubes inverted

to drain. The pellet in each tube was resdspended in 1 ml of

- homogenizing medium containing 0.1% (w/v) sodium deoxycholate

L]

(Sigma). This suspension was rehomogenized for 30'strokés (30

seconds) and .centrifuged as before but for 6 wminutes. The
supernatant of this <centrifugation was t;keﬂ to contain a
suspension of the uicrosona}'fractionA of the qill epitheliAI
cell enzymes 1including  MNatv-K*-ATPase. This enzyme preparation
was decanted and placed con ice.

A 100ul aligquot ‘was pipetted into each of two 12 X 75 R
borosilicate test tubes one cobtaininq O.7mL incubation. uediui,
- the other containing medium and the Nat-K+-ATPase specific
inhibitotxoudbain (0.4297%, 1maM): Incubation medium contained
150aM NaCl, és-u MgJCl2-6H20, 75aM KC1l and 115am imidazole

brought to a final pH of 7.0 by the addition of 1N HCl. An

aliquot of enzyme homogenate was saved for protein deternination

by the method of Albro (1975). Enzyme assays were conducted in
dupiicate. uaf—x+-ATPase activity was the difference in enzyme
activity between medium containing no inhibitor and the medius
containing inhibitor. Eesidual\,activitx (onaﬁain insensitive)
was taken to be Mgtt-ATPase. To each tube,r and a blank
containing:- no enzyae, 100ul of ;30nu vanidiﬁi;freé”EEEEBSihe
triphosphate (ATP) was added. ATP Teagent 'wag sade by adding

Na2ATP (Sigma) up to 10 ml with double distilled water including

15



100ul 5N NaOH to a fimal pH of 7.0.'A1i tubes were sﬁakéﬂ”td mix
the conténts and placed in a 37¢ uater~bath'(fisher Versa—Bath)
for 16 !inu£es and shak;n for'the first minute. The tubes were
then immersed in ice water where they were shaken for one minute
to stop the reaction. At this point, 250ul of 45% (ﬁ/v)
trichloroacetic acid vere addéd to each tube to precipitate
larger proteins. All tubes were then centrifuged at 3,0009 for 5
minutes to sediment precipitated debris. 2 1 nml aliqnotv of‘ the
supernatant was ﬂsed for-inorganic phosphate determination by
the method of Fiske ‘apd Subarrow (1915). Colourimetric
determinations were performed at 650 na using a Perkin-ﬁlner
Coleman Model 55 spéctrophotoneter. Enzyame activity . was

expresséd as the micromoles of inorganic phosphate liberated per,

milligram of protein per hour. (uM Pi/mg protein/h).

Plasma Growth Hormone Detepmination

Plasma was taken from acid-exposed an& control fish for
both the first week and the first seawater challenge test of
Experiment III for ’quantification of plasma growth hormone,
acéording to the method described by Wagner (1984) . Plasma was
thawed on ice and 10ul were pipetted into a 12 X 75 nR
borosilicate test tube. Duplicate or triplicate assays were
pérforned on each fish sampled. To e2ach tube; 100ul of 400 mM

phosphate buffer (pH 7.0) were added along with coho salmon

growth hormone-rabbit antibody and 1251 labled purified coho

16



v

salmon growth hormone. lLigands were incubated 24 hours at 5C at
vhich time qut-anti-rabbit gamma globulin was added to remove

excess unbound growth horaéne-antibodyVf}actibnsQ'dﬁéntificatiéh

-

of 1251 for bound gfbuth hormone was perforned' on a Becheran
Gamma 4,000 gamma ccunter. Units of quantification were

.expressed as nanograms growth hormone per al of plésna (ng/ml) .

. T - i e - - s D - ———

One way analysis of variance (ANOVA)! and the Student-
Neuman-Keuls tests for comparisons of neans'were applied as-
appropriate to data from Experiment I. The Student t-tgst was
used  for data coilected in Experiments II and III for
comparisons betwzen two treatments. Comparisons ©o0f critical
values of <correlation were tested for significance_by values
reported in Sellers (1977). Bartlett's test for homogeneity of
variances was also applied. Significance was accepted ét the 95>
percent level (P<0.05), that Iis, '"higher”, *lower® and

“iifferent" designates significant differences (P<0.05).

1ANOVA tables for Experiment I may be found in Appendix I

-
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III. Results : ) o

There were no ditferenées in smolt gill Na*-K+-ATPase in
freshuwater caﬁsed by acid exposurg to 1low pH or during the
seawater challenge test of Experinenf I (Figure 2). Enzyme
activities did not appear técincrease spon transfer to seawater
,conparéd with the values ébtained in freshwater. Gill enzyme
activity values were nmultiplied by the plasma Nat concentration’
of each fish on an individual basis to illustrate the possible

The result 1is a

governing effects of Nat on enzyme acti
curve similar to that observed for_enzyée activities (Figure 3)
and a lack of‘significant difference.

Na*-K*-lTPase values for parrs‘in.Bxpetinent II (Pigure 4)
were generally one-ha}f the n%@nitudé_of the previous experiment
involviug smolts. There were no differences in gill
ua*-K*-lTPaée activities in freshuager be tween aéid¥exposed fish
and control fish, except day 3 of acid exposure where control
levels uwere higher: Enzyme levels rose after seawater entry in
both treatments as compared with freshwater levels. By hour\ue

of the seawater challenge test, 'gill Na+-K*-ATPase activities

were similar to freshwater levels.

i8



Figure 2: Gill Nat-K*-ATPase activities (um Pi/mg protein/h)
for coho salmon smolts undergoing 1 week of acid
exposure Sfﬁ a seawater challenge test.

Bars are + SEHN.

Arrow denotes entry intoc seawvater.
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Figure 3: Gill Na*-K+-ATPase activities normalized for plasma
[Na*] in coho salmon smolts wundergoing 1 week of
acid exposure and a seawater challenge test.

Bars are + SEM.

Arrow denotes entry into seawater.
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Figure 4: Gill Nat-K+-ATPase activities (um Pi/mg protein/h)
for coho selmon parrs undergoing 1 week of acid
exposure and a seawater challenge test.

' [

Bars are t SEM.

Arrow denotes e?try into seawater.
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In Experiment III controls had higher vqill"Na+-K+~ATPase
activity compared with acidietresseé fish on day W4 of acid
exposure (Figure 5). Enzyme activities were lower in all fisp
sampled during seaqater challenge tests of Experiment III

compared with data from the " test in ,Experineni I. Controls

sampled at hour 7 of the second seawater chailenge test hag'

. lower gill Na+-K+-ATPase activity -than freshwater controls

eampled on day 14, There were increases in gill Nat+-K+-ATPase
activity from hour 25 to hour 48 invcontroi fish in the second
seawater challenge teét. Acid-stressed fish in the third
seawater ch;llenge test underﬁent decreases in gill
Na+-K+-ATPase actiiity by hour 25 of seawatef exposure to the
lowest level observed in this experiment. There wa; an increase
in é;ll Nat-K+-ATPase activity to levels exhibited by centrol
fish by 48h of seawater exposure in the third seeeater challenge

test, which maf suggest the 1ion requiatory recovery of-

acid-stressed fish.

Plasma Sodium (Nat)

After three days of acid-exposure (Experiment I), fish at
pH 4.5 had lower plasma Nat levels than control fish (pH 6.2).
There were also differences between fish Jf pH 5.1 and thoge of
pH 5.5 and 6.2 (Figure 6). | | |

Within 7 hours of seawater exposure, fish at all pH levels

underwent significant increases in plasma Nat+ levels as compared

22



Figure 5: Gill Nat-K*-ATPase activities (um Pi/mg protein/hr)

for coho saleon samolts undergoing 1, 2 or 3 weeks of

$

acid exposure and a seawater éhallenge test after 1,
2 or 3 Wweeks of acid eiposurea _ e
Eé;s are * SEN. 7
Arrows denote e try intoAseauater,

Thick 1lines jadicate freshwater values, thin lines indicate

seawater values.
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Figure 6: Plasaa [Nat*+] (mEq/l1l) coho

week of acid exposure and

Bars are t* SEN.

_ Arrow denotes entry intoc seawater.
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with freshwater values. No other differences in plasma Nat*+ were
Observed.

Parts in Experiment II exposed to pﬂ 'a.u showed lower
plasma Nat+ levels atter 24h of acid exposure as gonpated with
control fish (Figure 7). Acid-exposed fish "continued to have
lower plasma Nat*t levels thtoughoht fzeshuatét acid exposuré.
Plasma Nat* in control fish remained unchanged from 160 ¢ 5 mEq/L
throughout freshwater experimentation, whereas acid-exposed fish
has a depressed plasma Nat of 133 + 1.7 mEg/L on day 7.

Upon entry into seawater, plasma ©Nat Vlevels in parrs
increased above freshwater levels. Acid-exposed fish continued
to exhibit iouer plasma KNeat than control fish 7 hours after
entry into seawater , but were not different thereafter. The
general trend of increased plasma Nat levels during the ssawater
challenge test followvs ihe pattern of énolts in Experiment I
(Pigure 2) . T

In Experiment Iii (Figuzre 8), plasma Ha*hlevels in smolts
were ‘higher in éonttol fish on days 77, 10 and 14 of

acid-exposure. By day 21, there was no difference in plasma Na¢t

concentration between control and acid-stressed fish. .

Durihg seawater challenge tests in Experiment III, control
fisn had higher plasma Nkat* levels at hour 7 of the first
seawater challeﬁqe test’énd hour 15 6f the second seawater.
chailenge test. Conversely, previously acid-exposed fish

undergoing seawater challenge tests exhibited higher plasema Na*t

25



Figure 7: Plasaa [Na*] (mEq/1l) of coho salmon pérrs undergoing
1 week of acid exposure and a ssawater challenge’

test.

o
»

Bars are : SEM. ] : .

Arrow denotes entry into seawater.
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Figure 8: Plasaa %[na*]‘ (REg/1) of coho salaon snolté
undergoing 1, é .or 3 ueeks‘of acid exposure énd a
seawater challenge test after i, 2 of 3 weeks of
acid exposure.

Bars are 1VSEH.

Arrows denote entry intovseauater.

Solid lines indicate freshwater values, broken 1lines indicate

>

seadater values.
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levels than controls at hour 15 of the first seawater challenge .

tes??and hours 7 and 48 of the third seawater challenge test.

Tbe(phenoﬁenon of eievated plasma Nat levéls upon seawater entrj

in this experiment exhib@ted during all seawater challehqe test

of was siamilar to pre@ioushexperinental results of this study.
s,

Hematocrits -

In-Eiperiment I, one difference in hematocrits was observed
befveen acid¥exposed smolts (pH 4.5) and gontrol fish (Figure'
"~ 9). buring hour 15 of the seawater challenge test, previously
acid-exposed fish had higher hematocrits that control fish. No
other differences in f;eShJ&ter or seawater were 'recorded ‘in
this‘experiment} |

During Experiuent 11, hematocrits of ac%d-expdsed parrs
were elevated abové those of control fish éuh After thegdnset of
acid-e;posqre (Figure 1Q). Henatocfips of acid-exposed ?gish
reaained pigher than controls until ‘they became iouer“thani
~control fish henatoérits at houré 25 and 48 of seawater
exposure.

In Experiment III, smolts exposed to acid ‘'had ’henatocrits
lower than those ‘of control fish during the second and third
seawater challenge test at hours 48 and 7 respectively (Figure

11) . No other differences 1in hematocrit were observed in

<

Experiment IXIIl.
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Figure 9: HenetOCtitS of  coho salmon smolts dndergoing 1 week
of acid exposure and g’éeauater chalienge ta;t.

*Bars are zlSEH. -

Arrow denotes entry into seawater.

PCV=packed cell voluae.

TR 29



. : . 3ONITIVHO MS 40 SHNOH ANV

34NSOdX3 AIOV ANV TOHLNOD 40 SAVd

gvH. " GgH SLH [H OH |
, La mm ta  oda
]

Y

| _ _ 1
d 4 3

AOd (%) LIHOOLYIW3IH




Figure 10. Hematocrits cf coho salmon parrs undergoing’ 1
of acid exposure and a seawater challenge test.

Bars are *+ SEM. °

Arrow denotes entry into seawater. 3

PCv¥=packed cell voluame, o

[
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»

FPigure 11: Hematocrits of coho salmon smolts uniergoing 1, 2 or

3 weeks of acid exposure and a seawvater challenge

—-2

test after 1, 2 or 3 weeks of acid exp05uré.

Arrows denote entry into seawater.

1

PCV=packed cell voluae.

'
-~ - ° 4

- Thick lines indicate freshwater values, thin 1lines indicate
.seawater values.

* indicates significant difference (PS0.05).
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Mortalities

®

Fish deaths from Experiment I (smolts) and Experiment II
(parrs) _were too few 1in number for statistical analysis.

-

Experiment I had no control fish deaths,  four deaths of fish
‘held at pH 5.1 , and cne fish death at pH 4.5 exposed fish at
hour 25 of the seawater challenge test. Experiment II had one
i&?;ﬁlity in acid-stre§seé fish‘at hour 25 of the seawater
challenge test.. | - | | o

Percent cumulative namortalities for freshwater cqﬁtrol and
- acid-exposed fish in Experiment IIT are SﬁOVﬁ'in "Table I?JTTﬁé”*’””
nuaber of aeaths attributed to acid exposure was 14, conpafed
with 4 deaths-observed in control populations during the 21"day

period. of freshwater el;erimenfation. The period of 7 - 14 days'

of acid exposure was observed to contain the higﬁest namaber of

_acid-related mortalities.(

In Experiment 1II1, there were amore acidQStressed "fish
‘deaths during the first seawvater challénge test (16% vs. 6% of
control fish) and the third seawater challenge test (49% of
-acid-stressed fish vs. 25% of control fish), (Tabie II) . There’
wers no apparent difference; in mortalities on the bases of pH

treatment during the second seawater challenge test. The

observed deaths of acid-stressed fish 1in seawater appeﬁr to

increase after 25h of seawater exposure. As length of acid

exposure prior torééaﬁaiériéif}y increased (7, 1% or 21 days),



Table I: Percent cumulative mortality of coho . salmon smolts

~after 21 days of exposure to-qaters of different pﬂ;izxpe:inent

Iy - . ‘
pH=U.4 pH=6.2
Day of Pércent ’ bay of - Percent
aoriility' Cumulative Mortality ' Cumulative
Horiality : Bortqlity
'Day--0(6 hrs) 1.4 % pay 7 | 3.9 %
2 4.2 10 5.9
3 | 5.6 17 © 7.8
7 6.9 |
8 ' 9.7
11 : 16.7
14 18.1 n 7
19 19.4
n=72 fish exposed 7 n=51 fish exposed g
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Table II: Percent cumulative mortality of coho salmon smolts
undergoing seéuater chzllenge tests after 7, 14 and 21 dajs .
exposure to waters of different pH (Experiment III).

a first seawater cﬁallenée test |

b second seawater challenge test

¢ third seawater challenge test

L ’ o pH=6.3 B
Time of recorded % cum. Time of recoriled % cum.
morta¥ity : mortality mortality ‘ mortality
SWla Hour 7 7 SWI Houf 7v 3
15 - 15
25 - 25
48 16 o us 6
n=32 fish sampled - n=32 fish sampled
SWIIb Hour 7 3. ' SWII Hour 7
15 9 | 15 o
25 25 25 19
48 - | 48 . -25
n=32 fish sampled _ n=28 fish sénpled
SWIIIc Hour 7 3 SWIII Hour 7. |
15 6 . . 15
25 ' 25 A L
us | 48 25
n=65 fish sampled n=12 fish sampled
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mortalities of acid-stressed fish appeared to increase, whereas
control mortalities were not above 25%.

Length and weight were exénined;and compared among dead -
fisn and fish that survived 21 days ofr;géiﬁ exposure (Figure
12), to determine if fish size was correlated to nortalify among
acid-exposed fish. Length and ueigﬁt of acid-stressed
mortalities in each seawater challenge test were likewise
compéred with acid-stressed fish that sutvived 25h of seau;ter
exposure.

After 21 daysvof acid exposu}é, surviving fish were greatét
in length And weight than fish that died. There was no size
difference between SQrviving and dead fish during the ‘first
seawater <challenge test (Figure 12), which coincided with the
least amount of mortalities observed in seawater (Tablzs 1II).
However, during the seawater challenge test after 14 days of
acid exposure, surviving fish were greatef,in,length and ueiéht
than fish that died (Fiqure 12). In the third se;uater challenée
test, lengths and weights were also gtédter in sutviiing fish
than in fish that éied. Thus, there was a size'selective
mortality that increased with increasing lengthhof/acid exposufe

prior to seawater entry.

The apparent size-dependent survival after acid exposure, ”ﬁi—i

was further investigated to determine if it was correlated with

soaz of the other parameters measured. Correlation analyses were
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Figufe 12: Average welight andu 1ength 4(1525) of coho salmon
. smolts, that died (hatched bars) or survived (solid

bats) 21 day; of acid exposure or seawater éhallengé,

_tests after cnme (SWI), two (SWII) or three (SWIII)

weeks of acid exposure. Sample size appears in

p%renthesis.
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condﬁcted tor: ueight'vsjhgill VNa+-K*-ATPase activity, weight

VS piasna Nat+ and gill, Ha*-K*—ATPgse activity vs. plasma Nat,

Values for 21 day acid exbosure and each seawater challenge test

were examined for _surviving_ fish. \Table III'Sunnarizes‘the

egression equations and correlation coefficients of these
’/J/ﬁzests.

During acid exposure, gill Na*-K*-aTPase" activity was
correlated with plasma Nat levels after 7 and 14 days of acid
exposure (Table IIi). The _only other relation between gill
Nat-K+-ATPase activity and plasma Nat was during the seéond

seawater challenge test.

Plasma Na+ was found to'be related to ueigﬁt in freshwater
after 21 days of acid exposure and again during the tﬁird
seawater challenge test. . - ;}

Gill NMa*-K*-ATPase activity was not weight related in
freshwater, although critical values of the correi;;idn
coefficent (r<0.51) approached significance. Gill Ha*-k*-AfPase
was weight related in the third seawater challenge test. Similar
correlation analyses were performed for the same parameters for
fish undergoing seawvater challenge test in Experiment III (Table
IV). Weight was observed to be- related to gill Nat+-K+-ATPase
activity and plasma Na+t* concentration during the third seawater
Cchallenge test. Gill Ha*—K*-ATPasé activity was observed_ to Abe

'related to plasma Nat concentration during the second seawater

challenge test.
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Table III: Line equations for relations .between 'qill

T ——— -

Nat+-K+-ATPase activity, plasea Ka+ concentration and body weight
for coho smolts after 7, 14 and 21 days of acid-exposure (pH

‘4.4, Experiment III).

Day Wte vs Wt. vs | Nat-K*-ATPase
Na*-K*+-ATPase  Plasma [ Nat] Actiﬁity vs
Activity o ot Plasma [ Nat]
7 rea 0.40 ~0.31 0.72 %
a=  0.50 41.25 1.50
b= 1.47 150.9 126.7
14 £=  -0.43 0.22 C— 0.69 %
a= -0.33 0.30 1.27
b= 2.94 140.2 119.3
21 = -0.35 0.63 % 0.03
a= -0.05 0.88 0.28
b= 3.27 11741 132.i‘

a = correlation coefticient
m= slope

b= intercept .

% denotes significant (P<0.05) regression coefficient.'

’
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Table IV: Lline  eguations ‘for relations between gill
Na+-K*-ATPase activity, plasma Nat éoncenfkg:ion_andﬂbodyueight
for coho smolts undergoing seawater ch;llenga,tests after 7, 14

and 21 days of aéid-exposure (pi 4.4, Experiment III).

Wt. vs Wt. vs , Nat-K*-ATPase Z

Ha*-K*-ATPase Plasma [Nat] Activity VS

Activity Plasma [ Nat]

s¥Ia r=d  =0.33 ~0.44 0.07

m= -0.09 -1.10 1.41

b= 2.70 193.5 181.9
SNIIb r= -0.04 -0.11 C =0.76%

mz -0.01 . ~0.34 -13.4

b= - 1.99 , 179.3 - 200.8
SWwllic rf -0.79% -0.57* 0.49
s m= -0.04 -0.32 5.73

= i1 4>2.05 161.8 168.5

o a first seawater challenge test
b second seawater challénge test
c third seawater challgnge test
d r= correlation coefficient

A= slope

b= intercept

¥ denotes significant (P<0.05) reqtession coefficient
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Plasma gfouth normone (GH) levels of écid*stress;d coho
smolts in Experiment III were highef tﬁan controls by day 3 of
acid eiposure (Figure 13). On Aday' 7 of acid eprsure,
acid-stressed fish had higher plasma GH 1e§els (146 £ '2u.3
/ml) than controls, whose levels didlnot change in freshwater
(range 85.2 + 10.0 to S4 + 10, 8 ng/ll). |
Upon entry intor seawater, plasma GH levels in all fish,
dropped to 10% of control levels. At hourin, 7 of the seawater
cballenée test, previously acid-exposed fi::\had lower plasna GH
levels than control fish. No subséquent difference in plasma GH
between acid-stressed fish énd control fish in seaQater were
observed. rlasma GH levels in'all fish increased during seawater
exposure from hour 7 values, Qith an increase between hours 25
and 48 of seawater exposuré. This increase in plasna:GH was an
approximately 5.6 fold increase from freshwater controls levels.
Purified coho salmon GH was applied to enzyme 'preparations'
tox determine if direcf stilulation of enzyme activity could be
detected. Increased enzyme activity was not observed ovér the

range of growth hormone concentrations tested (0, S, 10, 20, 40,

and 80 ng/ml).
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‘'Figure 13: Plasma growth hormone (ng/ml) of coho'sﬁlion smolts
(Experiment I1I) undergoing ~one vesk of
acid-exposure and a seawater challenge test.

Bars are : SEN.

Arrow denotes entry into seawater.
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IV. Discussion

Gill Na*-K+-ATPase Activity

’Acid-exposure of smolts to a range qf pH treaiments (pH
4.5, 5.1, 5.5 and 6.2) did not show a direct effect of acid
concentration’ in relation to# enzyme activity. Conseguently,
subseguent . experinentatioh (Experinént II1) involved an
increased/ sample size (n=8), prolonged acid exposure length (up
to 21 days) and tub pH treatments (pH 4.4 and 6.3) which
repgesented the upper anrd lower limits tested in Experiment I.

Fish_exposed to ph 4.4 (Experiment III) showed a depressed

gill- Nat*-k+-ATPase activity 14 days after acid-exposure (Figure

5). Similar studies with Altantic salmon (§glgg salar) have

demonstrated an inhibitory effect of acid exposure on gill

enzymes (Saunders et aje. 1983). This inhibitory effect was found

to be related to length of exposure. In their inve#tigations,
saunders el al. (1583) exposed Atlantic salmon (n=500) to
acidified water (pH #4.3) from January to Jume. During this
exposure period, acid-stfesseq fish were 1ower‘ in g;ll
Na*-K*-ATPase activity. It is possible that a maximum exposure
period of 21 days was not 1long enough to elicit enzyme
;nhibitibn in all acid-stressed fish. However, enzyme activity

levels on day 10 of acid exposure indicate that inhibition of
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the enzyme occurred regardless of~ exposqée—~ length. - wide - -
differences 1in enzyme activity hé%geenucontnn;wahﬂfacid:expasedgu_Agg,
fish on day 10 of the experiment corresponded to the period of
gteéstest mortality (Table II). This may imply that fish without
high gill Na+*-K*-ATPase activity may be selectively removed froa
the population.-

In all seawater challenge tests of Experiment III, gill
Na*-K*-iTéase activity uasvlouef thﬁh freshwater éontfol'valnesa
for at least 25h of seavater exposure (Figure 5). If acid

exposure causes reduced enzyme activity, and enzyme activities

‘/\\ﬁecrease atter 25h of seawater exposure to 13vel§ 7notrrﬁﬂiigé
acid-exposed 1evels; it may be implied that 25h of seawater
exposure also inhibits enzyme function. This is supported by the
observation that plasma Nat levels of fish undergoing seawater
challenge tests in ExperiaentlIII were highest when gill enzyme
‘activities weré lowest. Other studieSWhave~in&icatedmthat~fu}}WWWWWW;
ionoregulatory ébility is not,obtéingd in smolts until 25h after

entry into seaﬁater; (Clarke and Blackburn 1977, Boeuf et al.

1970). This may indicate a period of enzjne respdnse to external .
salipity. During the second and third seawater challenge tests
(Experiment III).'there'uere increases in enzyme activity in all

fish which vere concomittant with decfeasing plasma Nat levels.

k@hg,period of relative enzyme inactivity and increased

plasasa-Na* subseguent to entry into seawater has implications .to

7 chanées in cell morphologhy and/or cell funtion (Philpott 1980).

These changes appear to be independent of acid exposure prior to

/
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entry into seavater. Examination of the principles involved in

seawater adaptation of euryhaline fishes may elucidate the above

observed aphénénenon of enzymatic inactivity during changes in
ambient salinity. ¢ '

The gills of fréshuatgr teleost have 'chlorideVCells” which
have as one of their ionoregulatory functions, the ability to
acquire ambient Na+t. External ion acquisition is thought to be
an enzyme mediated cotransport or codiffusion ,of,‘inttﬁcélLular_
Ht* or KHu+ f&t'extréééilular Hi* which takes plﬁceAaimthéiéaléﬁi:'h”ﬁ
membrane or these cells (Clairborme gt al. 1982)Q~The,jg+/ﬂ+ or
Nat/NHU* Aexgnange,flthus ;ogsen;es,welect:ical;féhazieﬁwi¢ilgﬁwiﬁi
acquiring extfatellula: Nat iA exchange for setabolic

by-ptoductg. Conéurrently, to prevent'passive diffusion of Nat

back into the external egdium, Nat-K+-ATPase, located on the

s

pl;snalenna tubule systenm (IS) of the basolateral membrane,

- undergoes a counter ion exchange of extracellular K+ to remove

7ua+ from fheriééiimwto 'fﬂe plasn;Q If ;éiiui;;7k4 bééonéér;oo
ﬂig&, K* readily diffusses back into the plasma or intracellular
spaces (Maetz and Garcia Romeu 1964, ’‘Evans et al. 1982,
Kirschner 1983). |

During entry 1into seawater, the direction of Nat* movement
is reversed. As asbient saiinity increases, Na+t influx.

increases, whereby there is an increased movement of Na* to the

A

plasma (Clarke and Blackburm 1977). During exposare of the

_teleost chloride cell tc¢ increasing salinity there is increased

permeation of the cell by the tubular system. This increases the
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'cell surface area relative to its volume and preSumably brings

-

the meabrane bound Nat+-K*-ATPase in closer proxilxty to energy

sources such as mitochondria (Philpott 1980). Ihe tine course of

1ncreasing nulber of chloride cells with the developnent of the

tubular systen corresponds to the time course of Ha*-x’-ATPase'

activity elevation which is preceeded by increaSed prolifetation
of mitochondria (Philpott 1980). The end result is increased
eniynatic activity to presumably regulate the increasing demands

of ion transport in seawater. This may reflect the. period of

enzyme inactivity exhibited by fish in Experiment III.

Toule et ale. (1977) found that enzymatic properties of - =

'knwua* -K*-ATPase in Fgggg; us heteroglitus appeared to be identical,

during exposure to either fresh or seawater, indicating that the
same enzyme was used in Na* acquisition in freshwater_and Na+t
excretion in s2awater. However, the functional model of

Nat+-K*+-ATPase as a regulator of plasna Na* concentration has

changed. The mogdel pr0posed by Silva et al. (1977) and Karnacky

(1980), 1involves carrier mediated transport of Nat* and Cl- -

across the basolateral membrane from. the ppés;a to the cell
interior. A high ihtracellular cl- cggcentraticn favours
diffusion of Cl- to the less electronegative ambient seawater.
Na+ inside tﬁe chloride cell 1is then transported' via

Nat-K+*-ATPase to extracellular spaces and into accessory cells

in exchange for K+. High Na* concentrations in intracellular

spaces aﬂﬁ'ih’aécessﬁfY’ceIIs would favour the passive diffusion
of MNa* to the outside seawater. Thus, responses to seawater

L, . o7 -
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exposure of euryhaline fishes would be manifest in enzymatic and
cell lorphologlcal changes that uould aid in vthé establiShnent'

of the above in tQSponse to 1ncreasing ambient sallnity. From

observations of Experiment (III), it 'lay" be concluded that

acid-ekposure‘ bridt to seawvater #rentry does not effect ion
regulatory necyan}sns that govern seawater survival. This would
indicate that inhibition due to acid exposure of fish gill
Na*-k*-ATPase is reversible or tramsient or thét,nechanisis 'foi
‘seavwater adaptation indicative of sioltification'are unaffected
by acid exposure prior to seawatet'entty: |
The  period of 0. - 25 h post :seauater_ entry  where
Nat-K*-ATPase levels are depressed has not been previously
observed. This period could possibEy represéntAthe time for
cellular changes associated uith seawater adaptation snch as

elaboration of the Chlotlde cell tubule system and assoc1ated

Na+t-K*-ATPase activity.

There are hqteworthff Qbservations upon ”conparihdﬂﬁfﬁéi
Na+;K+-ATPa§é activities of parrs (Experiment II) and smolts
(Experiment III) (Figures 4 and S).lIn freshwater, the values
for Nat-K*+-ATPase activity in both acid-stregsed and control
parrs arée one-half to one-third the Nat-Kt-ATPase values for 

control smolts. This is in agreement with past investigations.

which descriminate between parrs and smolts on the basis of gill

\ -
N <

Na+t-K*-ATPase activity (Zaugg and Wagner. 1973). Because fish =~

useé in -‘both EXperisment Il (parrs) and Experiment ITI (smolts)y — —

o

—

were froa the same population of fish, further evidence is given
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to the observation that Nat-K+-ATPase activity increases on a

seasonai and devéloplental basis (qupér71?7}a{;quuf7g£ al.
1978, Johnstdn andyéaunders 1981).

'Exposure of parrs to seawater caused an increase in gill
Nat-K*-ATPase activity (figute U).‘Thislincfease is not unlike
the highest levels recorded in fteshuater; The 1ncréasé in gill
Nat+-K*-ATPase may reflect ah attempt of seéuaten//éibosed parrs '
to regulafe plasma ion concentrétions via gill Na*-!*-ht?ése.

By comparison of gill Nat-K*t-ATPase (Figure 4) with pl?sha
Nat+t values ot parrs (Fiqgure 7) in seawater, it would appear that
plasma Na+ concentration increases independent of Nat-K+-ATPase
activity. This would suggest that gill Nat-K+-ATPase and othéf |

"y
ion regulating mechanisms available to the parr, by virtue of:

",its age and morphology, are not sufficient to permit complete

ion regulation of plaéma ion levels.

CO!Parisiohs of gill Na*-K*-ATPase activity in parrs
(Figure 4) with snol£ enzyme activity (Figure S5), shows that.
levels increase upon exposure to seawater, uhereaswsnolt v;lues
decrease upon exposure to seéuatet. Towle et al. (1977) found
gill Nat+-K*-ATPase activity in Fypdulus hg;ggggl;;gs to be
related to external salinity as in salmon. Therefore, décreased
Nat-K+-ATPase activity of the smolt gill in response to seawater

exposure may be representative‘of the time involved to induce

cellular, biochemical, btehavioural and morphological changes to
permit seawater survival. Conversely, parrs do not exhibit a
period'.of depressed enzynatié activity because parrs nusf
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develop these nmechanismks. to permit seawater survival. Hence,

parrs may react to seawater exposure utiliiing the ion

regulatory mechanisas which thgy do possess, nanei}
Ha;-K+-ATPase. Hossler (1980) proposed that the increased
production of NA*—K*-ATPase iay be a response to long-lived
messenger ‘ribonucléic acidé (mRNA). Conte and Lin (1967)
observed 1increased deoxy-ribonucleic acid (DNA) turmnover rates
ﬂln the gills of chinook salmon transferred to seaw?ter. ‘These
.tesults indicate ggvgggg synthesis of gill epitﬁelial protein (s)
required Uu4-6 days which corresponds to  the period for
developament of complete ion regulatory ability observed in
‘seawater transferred coho salmon (Folmar and Dickoff 1980} . A
more immediate response to external salinifies may be elicited

by hormone levels which have & direct effect onibell nucléi in

minutes rather than days.

g

Plasma sodium (Na*)

Acid-exposed smolts in Experiment I had lower -plasma Nat
levels on day 3 of acid exposure. This was observed between fish
of pH 6.2 and 5.5 and fish exposed to water of pH 5;1 as well as
between fish of pH 6.2 and fish held at pBH 4.5 (Figure 6). In a

. subsequent experiment involving snolts'(Bxperilent I11I), 1lower

plasma HNat*t levels uere observed in iéid;eiﬁséed”caipéféarﬁith

control fish from day 7 to day 21 of freshwater experimentation.

These observations agree with past studies where exposure to low
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pH in freshwater has been found to qécrease plasma Nat levels in

escens)

o
F;
< .

many species of fish‘includiné yellow perch (ggggg
(Lyons 1982), brook trout (S 113l13g§ {gg;;ggl_g)f(Packér'éhd
Dunson 1970), rainbow trout (s2lmo gairdpmeri) (Spry et al. 1981)

and Atlantic salmon (Salpo §glg£) (Saunders et al. 1983).

AN -
Packer and bumson (1972) confirmed that prior to . death in

acid-stressed fish, there 1is a massive loss of plasma RNat.
During exposure to extremely acidic cbnditions (pH 3.0 to 3.5),
Nat loss haj be: of <secondary ilporfance to;qortality,'the
lprinary cause of deaf} being depresse@ pO2 of the blood (Packer
and Dumson 1972, Dively et al. 1977, Fross 1980, Milligan and

-

Wood 1983). However, in conditions of moderate acid exposure (pH
U a0-Uaub), blood poz2 levels of rainbow trouﬁ were not
significantlj reduced encugh to cause fatal anoxia {Neville
1979). Therefore, it wmay have been possibig that nortalit&es
observed in this study during exposure to moderate:- acid
“conditions (pH 4.4) _nay1 have been due'to faildre to regulaté
plasaa ion concentration. For example; during’ the period of
higﬁest nortality in Experinent III (Table II) and during the
period of greatest dlfferences in Nat-K+-ATPase activity betueen
control and acid-exposed fish, plasma Nat differeﬂtesrare at

their greatest (Figures 5 and 8). This would suggest that ‘the

failure to regulate plasma Nat levels via Nat-K+-ATPase resulted

in death after at 1least 10 days of acid exposure. Further

support for this hypothesis is obtained from the observations of

Booth gt al. (1982) who observed respiratory féilure' due to

&
v
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lowered ambient pH is not'likely to be experienced outside the

laboratory. 1In such cases where moderate écid exposure exists,

eiectroljte loss, priamarily KNa+t layrbe fheiundeffying cahser éf
death through faildre ~ to regulate internal ion cohcehtration.
Johaston IQ; al. (1984) observed that during chtonic acia
exposﬁre (pg 4.4), Atlantic salaon»exhibited an incie;sed ion
peracability of the branchial epithelium and inhibition of
active transport -eghanisms which may have resulted in plasnd
electrolyte losses in fteshuéter.

/ .
Further evidence for plasma Nat* loss as the primary cause

of death at e¢moderate ph is obtained by examination of - °

v

respiratory failure. The commonly accepied model of respiratory
failure at low pH exposure involves the accumulation of mucus on
Vthe gills of acid-exposed fish in response to damage caused by

acida exposure. This mucus accumulation then reduces the capacity

of the gill filaments® secondary lamellae to acguire oxygen and

expel C02. This condition then causes a decrease in blood pH (as
a build wup of blood pCO02 ultimately resulfing in death (Froam
1980)« In o§§ervations of this study, no visiblé build up of
mucus uas,;ﬁetected on gill surfaces. The lack of nuéus

accumulation on the gills of acid-exposed fish "in this study

woulg squest that the death of acid-exposed fish wvas not due to

respiratory failure but ®ay in part be due to the failure to

‘regulate plasma iom concentration. -

. Parrs in Experiment I undervent greater losses in plamsa

Na+ as a result of acid exposure than smolts in Experiment III

3
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(Figures 7 and B8). Differences ~in plaéla Nat* concentration
between control and acid-exposed parrs—uere observed 24 h after
acid eprsure. These differences were maintained throughout
freshwater experimentaticn. Conversely, ~plasma Nat* levels in
smolts exposed to acidified water (pH U4.4) were unaffected Dby
acid stress‘uptil\7 days of acid exposure. It uould'appear thata,
acid stress hag.a more profound effect dn plasma Nat+t leveis in
parrs than in smolts. : T

Net plasma Nat 1loss 1is reflective of thgﬂfishes' ion
éegulatOty ability to acquire ions from the environment in order
to replace ions lost via passive diffusion across ihe branchial
epithelia (HacDopald 1983) . qults héving developed nsre
efficient neéhaniéus of ion requlation in conparisbn with parrs,
would tolerate Kat losses causéd E?f"acid ‘stress, better than
acid stressed parrs. Evidence to support this hypothesis ié
gained from examinatiorn ¢f the effecés of acid-stress on parrs'
gill Nat-k*-ATPase activity. Three days of acid-exposure caused
‘decraaées in enzyme activity uhereés s;bits have depxessed
Nat-Kt*-ATPase ictivity cnly 2fter 10 days of acid exposure. The
effect of acid-exposure on plasma Nat levels "in parrs occurs
before smolts. Plasmaa Nat is depressed in parrs after 24h of
acid exposure coampared tc 14 days of acid exposure in saclts.

The IQEBTtSM\Qf this 'study suggest that parrs exposed to
acidified waters have a greater net efflux of Ma*  resulting in

~

depressed plésua‘ Nat levels. There may be other contributing ——

factors to plasma NHat* loss in parrs exposed to acidified waters, .h\\
S

-
- ¥
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such as greater surface area to body weight, different gill

membrane berneability to H* and Na*, different vascular shunting

, , . i
through the gills or a coabination of the above as well as other

factors yet undisclosed.

There was no effect of a range of . pH exposure, treaféents
(Experiment I) or a time dependant effectyof acid-exposufe
(Experiment III) up;n smpolt plasma Nat ‘values iu:ing seaﬁater‘
challaﬂge tests (Figures 6 and 8)«~ The external sodium

concentratibtn of seawater would appear to mask any effect that

acid-stress may have on gill permeability. That is, although .

acia stress may cause damage to branchial épithelia (Macbonald
1983), the gradient ~of external Na* in séauater,relative to

. B ,
plasaa Nat concentration is great enough that the rate of Nat

influx cannot be distinguished on the basis of pH eiposure prior

to entry into seawater. Differences were not observed in plasma

Na*+ concentration of acid-exposed and control parrs and smolts

(ExperiIEhts II and IITI) after 15 h of seawater exposure. This =~

would indicate that the mechanisa of Na+t 1nf1u; from seanater to
fish plasma is passivez(rolaar and Dickoff 198@) and may be
independent of lifestage. All fish, both acid-exposed and
control, underwent 1ncrea$es‘in plasngjﬁg* levels to a -ainUI
at 25 h of seawater exposure and subseguent decreases

thereafter. This phenomenon is observed by Clarke and Blackburn

(1977) who also note that the ability of anadromous salmonids to

regulate plasma ¥Na*+ in seawater has been related to

smoltification. The transient increases in plasma Na* upon entry
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into seawater 1is under the influence of regulatory mechanisams
including Nat-K*-ATPase, as well ‘-as decreasesr ipiigﬁliwg%gg
permeability both ‘ of which are indicators of seauate;
adapfability (Johnston and Saunders 1981).t5a1non smolts should
be able to regul;te plasma Na* concentratioas to 1707|Eg/l 24 h
after transfef to seawater (Clarke and' Blackburﬂk 1977)', The
mechanisms which govern plassa ion concentrations (inclqding
Na*-K*-ﬁTPase) are unaifected by acid-expdsdre‘ prior to entry
into seawater on the basis of comparisons between acid—étressed

N

and control fish utilized in this study.

ematocrits

In this study, hematocrits were observed to cﬁanqe (Figure
9-11) with lifestage (parr vs smolt) and. with ambient ’uater
;conditions (freﬁhuatex, Aciéifigd 7§reshgq§g£7 and Vgggggteyl,
Miles and Smith (1968) and Saunders et al. (1983) observed
higher hematocrits in parrs than in snoits of coho and Atlantic
salmon respectively. Saunders"gg ale (1983) also observed
‘elevated hematocrits in parrs and smolts undergoing chronic acid -
~exposure. Saunders gt al. (1983) and Johnston gt al, (198&) have

also observed that hematocrits were higher in parrs that in

smolts. Declines in hematocrits were likewise observed betueen

parrs and smolts in this study and acid-exposed parrs were found.

to nave elevated hematocrits 1n7fre$hiater.
LS

-
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The phenomenon of hematocrit elevation of non-anadromous

species exposed to acidified vater has been observed in previous

studies. Neville (1979) and Milligan and Wood (1983)' observed
increases in hematocrits for rainbow trout exposed to pH 4.0-4.5
for 12 days and 3 days respectively. The proposed mechanisa ~ for

o~

elevation of hematocrits due to acid exposure is eurythrocyte
suelling,—;frdecrease in plasma volume and wmobilization of
eurythrdcytes from the sbleen ‘and other hemopoietic sOurCés
(Hiilgan and Wood 1983). Nevillg (1979) pgoposes that increased
hematocrit was unlikely due fo figistribution of water froq the
plasma to the tiésues because tissue moisture content remained

unchanged. This 1is also indicated in the present study by the

observation of plasnaa Na+ depression while  hematocrits

increased. Had ~there been redistribution of water from the

plaspa to the tissue compartment (hence increasing hematocrits),

plasma Nat levels Héi&dﬁ likely not have undergone decreasegrf

although water and Nat may bg_regulated independently.

The' éffett of acid exposure appears to-have a greater
effect on parrs than on smolts. Increased hengtocrit 'was
observed to be eievated above control fish 24 h»after the qpset

of acid exposure and remained higher than coﬁtrol fish values

throughjrt acidified freshwater exposure (Figure 9). Conversely,

.hematocrits of ac1d-exposed smolts of Experinent III were not

observed to be differeat at any time in freshwater (Figure 11)+

The influence that acid-exposure upon parr hematocrits as

cdlpared with smolt hematocrit may be reflected in the smolts
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ability to regulate plasma constituents more pte:isely; That is,

mecnanisms that control plasma Kat concénttations hence plasma .

-

osmolality, 1in parrs are not . as' déVeloped as compared with
smolts. Therefdre, decreasing plasma Na* in écid-stressed, parrs -
may infIuence plasaa osnolality ‘which '‘may in turn cause
. - C N -

increased eurythrocyteé swelling thereby increasing hematocrits.-

Further analysis of . plasma oénblality of acid-stressed parrs

would be needed to further elucidate the phenomenon of incceaéed
: ' N

hematocrits. )
Elevated hematocrits caused by eurythrocyte vsuellind, is~

thought to be related to poksible iap&i:tant of 02 uptake in

2

acia-stressed fish (Milligan and Wood 1983);‘ Increased
eurythrocyte swvellin in acid-exposed fiSh, is also thought to

be symptomatic o0f blood acidosis (Packer in Dunson 1970).

Acjdosis  of blood can cause a decrease in the oxygen carrying -

capacity in the bplood via Bohr "and Root effects (Packef and

Dunson 1972, Milligaan and 4H;6d 1983) . - Therefore, if' acid
éxposute causes increqsed»eurythrbcyte Asuelliqg; and ldecreased,
oxygen ca;rying‘ capacity tﬁtough qiood ﬁnreffects, examination
of hematocrits in acid-exposed fish may berrdiagnbétic of vthe
aforementioned synpto-s.‘Thé usefulness, however, of henatocrit\
. ob#ervations as a diagnostié tool fo; acid exposure may be

limited. A

During entry into seawater, regulation of plasma voluae

appears to be less well defined in acid-exposad parrs than in

control parrs (Figure 10). Henatocrits of acid exposed parrs in
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seawater decreased steadily upon entry into seawater, ‘whereas

B o R

;eont;ol fish exhibit increased heamatocrits by 'hour 48 of
seawater exposure. This say 1ndicate that observed increases in
plasma !a* 'upon _seauate; exposure in acid-stressed parrs may
decrease eurythrbcyfe cell size by éhenging plasha osnelality.
An increase in plasma osmolality hence a changehin eurythrocyte
siee uouid therefore decrease hematocrits. 'Therefore, if gill
perneability to ions is ,disruptedv>by aéid-eipesure, and ion
regulatery enzymes are effected'in their function (Johnstoqﬁi__
g;; 1984), henatocrits may respond as observed in acid- exposed
parrs upon en%i;,&nto,sepgater. Control parrs in VSQllaL&I—~h&¥&;;—
-not undergone eurythrocyte swelling or possibie damage to gill
epithelia that acid-exposure causes, hence do not have the
‘chapges in hematocrit that is obsefved in acid-exposed parrs.
Hematocrits of smolts (Experiments I and III) undergoing

' seawater challenge tests éhoued' no differences between’

acid-exposed fish and control flSh by uah of seauaterrwexposure,
with the excepéion of the second seawater challenge test of
Experiment III (Figures 9 and 11). There would appear to be
little_effect of’acid-expesure length prior to seauatef eiposure
uponvhenatocrits. Tﬁis may be in part explained by lechad§§ns
which govern plasma ion concentrations, hence plasma osmolality

therefore eurythrocyte swelling, that are more developed in the

smolt than in the parr.
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Plasma Growth Hormone

A number of endocrine tissues have recently been repdrtéd
to be involved with salmonid smoltification and ospo:egulation'
- (Folmar and Dickoff 1981, Foskett g;)g;; 1983) . Recent research
bf: Folmar and Dickoff (1979) aqd Gal1is et agl. (1979) rebortéd
that gill Ha*ex*-ATPése activii;h n§s influenced by - plasma
£hyfdxine',and cortisol Ievels., Purther.investigatiénsby.rolnaz
:and Dickoff (1981) indicate that thyroxine levels are useful

indicators of smolt gill Na+-K+-ATPase activity.

Growth thnQne,(Gﬂ),na;,beminlgltadwinm,;;oltificﬁtinngAQijf?:itf
osnoregulation‘due to its known growth promoting effects and its
ability to influence seawater adaptability (Donaldsoﬁ et al.

1979). §Bth mammalian and telgost growth horlone injections have
been shown to facilitate survival and ossoregulation of

<:/F§;;;onids in seawater (Komourdjian et al. 1976, Clarke et als

1977) . Chanqés Aééoéiated with increased activ}ty. within the.

pituitary -somototrophs have .also been noted upon entry into
seawater, indicating a role in seawater adaptgtion (Clarke and
Nagahama 1977). Therefore, by iqiestiqations_into plasma growth
horndne concentrations during acid-exposure , and seawvater
adaptatio in coho salmon, further infoflation may be obtained

concerning the hormones involvement in seawater adaptation.

N

saolts exposed to acidified wvater (Experiment III, Figure
}31,uﬁﬁervent'increaSES%inipiﬁisa*GH4above‘cuntrUi‘vaquS“ﬁftér““‘*‘*

three days of acid. exposure. These levels continued to increase
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to " 140% above control plasma GH 1levels by 7 days of acid

exposures. To investigate if GH had “direct effect on gfll

—uainxt-A%Pase—Aaetivity——ig—ziggg'app%icatiou4of*the*ﬁurtvneswasrs*r**

of the

~performed on the enzyse homogenate, This applic tionm
hormoné in ¥itro failed to stimulate increasse at-K*-ATPase
activity. Therefore, on the basisrof the above invewtigation,
increased GH observad in acidfstressed .fish was net likely
involved with gill mediated ion tramsport. Possip%erreeseqslrfpr”
-GH- increase -in -acid—stressed- fish may have':beenW”tO“ceuse7”
lobilization'of esnergy reserves or other metabolic factors.

Hben coho s-olts were transferred to seawater. their plasna

GH levels decreased in both control and acid-exposed fish. This

-—
)

lay be , an indication Vthat 'GH is no ldﬁher secreted from the

L

pituitary somatotrophs but it may also be an indication that

target tissues are utilizing GH at a higher rate than it is

secreted into the blood.

Tt 7 The “qraﬁﬁalmrisé”Ih’piisia“cﬂ levels after 25h in seawvater
and a larger increase after 48h in seawater may indicate that
somatotrophs are increasing;GB synthesis asd”seeretion relative
-target tissue utilization, or not being' utilized by target

tissues.
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Mortality

. . -

" The 6évglopleﬁt;df a size ééféctive mortality during id
exposure (Figure 12) may bé élifibuted'tovpiaSlé Na+ doss and
internal ion concentraticas as requlated by Nat+-K+-ATPase.

This sfudy has de;onstrated that Nat loss is a major cause

of amortality in acid-stressed juvenile coho salmon. To -

k!

‘reiterate, during conditions of moderate acid exposure, fish
undergo changes in the 'permeability of gill epithelia “and a

concomittant inhibition of haf-K*-ATque vhich leads to a net

-~

plassa Na+* efflux across the gill (MacDonald 1983, Johnston et

ale. 1984); If mortality results from plasma Na* decreases, and
size sglective mortality is ‘"apparent after 21 days of -aciad
exposure, size should be related to plasma Nat* concentration.

Johnston and Saunders (1981) observed that smaller salmon may
o ,

lose ions &®more readily to ambient freshwater due to a larger

surface to &olﬁié7r;{i6:jiﬁéwshggaéém;ﬁigﬂﬁwis pfeén;ﬁgi;” -bséiiw
effected - is the gil; branchial epithelia, Hence any damage that
acid-exposufe may incar would affect Qili mediated” electrolyte
loss wmore severely in small fish than 1larger fish. This

hypothesis is supported by the observation of a ueight“ﬁﬁbendentﬁ':

plasma MNa* concentration ihat devéloped after 21 dafs of acid " .

exposure (Table IIX). The establishment of a cofrelation betueen

wveight and “plasma  Wat concentrations during a period in which .
~the survival of larger fish is favoured, would dindicate that -
« - - ——

smaller fish may be remcved froam the acid-exposed population by



losses of plasma Nat.

Based on the above hypothesis, it 'w*ou'l"d"b’é'”a‘ﬂ’fii:’i’[’ia’téd”'t'h’a"t’f”""i'
parrs, which are norsally s:alleEwthau'SiaitsT—HOﬂi&Aerperfence*“‘*
~greater losses in plasma Nat lor; :eadily upon exposure to
ati@ified water. The present study sﬁpports this deductibnnby
'demonstrating a gtéatet depression of plasma Na* in parrs than
. in smolts. In addition an .initial deﬁression of pl;éua Na+*

N

occurred atter 3 days of acid exposure whereas s-olts rnderuent

7 days of aciad exposure before depressed plasna Nat lgvals were

~observed (Figures 6 and 8). However, parrs have less capability

to acquate Nat via Na*-K*-ATPase conpated with snolts (Boeuf et

g;; 1978).

puring  freshwater acid exposure, smolts didant dévei&bka
relation between weight and gill Ha*—K*-ATPaseJ‘activity (Table
I111) even »tﬁough there ua; a concomittant ;stablishlent of a
size selective mortality which :favodred . larger fish. This
failure' to establish- a*'sfzem’félétiéh””téw'éﬁi}ié"*iéfiiiff””
conflicts uithfprévious investigationg which have observed that
the developneni of euryh;l}nity Vis size re{ated (ﬁlson 1957,
Conte et é_. 1966, Wagner f97ub, ‘Landléssl And Jackson ‘1976;
Johnston and Saunders. 1961, Saunders et gl..1983, Johnston et
ale 1984) . Clarke add‘j;ackbutn (1977) note tha;’the approximate
Rinimunm size ‘for s olting to occur'in chinook (Oncorhynchus
v §gau1tsgg ) and sockeye salmon (Q. gggg.lﬁisiﬁgihQJAihegnlnilnngrgg

size for rainbow troat ( Sa;loggglgggggilfto survive in saltwater

hal ]
(50-60 g) increases as salinity rises above 25 parts per
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‘ *

thousand (Lahdless énd Jackson 1976). Likewise, Atlantic -salmon -

-

(§g;;g‘ salar) aust :eqchf\a critical size to tolerate high

salinities (Elsom 1957, Farmer et al. 1978). Johnston and

]

Saunders (1981) explain this phénplenon by citing higher surface

to volume ratios in parrs as conpand with smolts and/or slower

growth rates in parrs. However, the greater survivability of

. .
seolts in seawater as compared to parrs 'say be accounted fo by

' AN ‘ S _
higher Na*-K*-ATPase activities in freshwater prior to entry

into seawater (Boeuf et al. 1978). rheréﬁpre it ﬁbuld be

expected that larger fish,}uould have high Rat-K+~ATPase

activity, and thiéractifity would be related tomfiSA size.
| Examination of the correlation.éetueen gill Na+-K*-ATPase
and weight (Experiment 'IIi) may _elucidate reasonsh\for the
absence of a uéight related Na*-Kt*-ATPase activii; (Tablé*III).

puring the first two weeks of acid exposure, gill Na+-K+-ATPase

T

activity is correlated to plasma Na* concentration. By 21 days

of acid éxposute, ‘there is no relation ° between gill
Kat-K+-ATPase activity and plasma Nat* concentration, at the time

when size sélective mortality favours 1large fish. Therefore,
larqé acid-exposed fish, which have plasma Hat+ not unlike
control fish values (F{gurere) survive after 21 days of acid
exposure. This ‘ observation would su{@est that larger fish have

undetéone inhibition of gill Nat*-K*-ATPase by exposure to acid

stressed water such as described by'Sannde;s et al. (1983) and

Johnston et al. (1984). Larger fish?%%ui%h plasma Nat
: . 7

concentrations egual tc control fish either a) maintain plasma

%
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Na* by mechanisas other tﬂan gill Ra*-x*’ATPaserb) undergo less -

damage to the gill qpitheiia hence retain Nat in acid-stressed
o : , o - el

water c) have lpver%surface to volume ratios or d) ptilee a yet

undisclosed ability to regulate and waintain ‘plasma  Nat

selective to larger fish.

The probable mechanisa for na*\régulationvin acid-stressed

smolts of this experiment may be lower surface to volume ratiose.

The evidence which éuﬁpoits this hypothesis is the tha;vq;ipn.)

of H;*-K*—ATPase activities which are not unlike control values
af;er 21 days of acid exposure. It_uouid appe;t from Table III
thg? gill mediated Na+ acquisition déeteases as time increases,
howéver, latger fish which remain after 21 days of acid exposure
would experience less loss of plasma Na+ due to lower sutféce to

volume ratios. Therefare, any inhibitory effects of

/ s

acid-exposure on gill Na*-K+-ATPase would be less detrimental to

a larger fish $han 2 small fish undergoing the same treatment.

Survival in - seawater after acid exposure u&s\observed in
this study to be related to length ofﬂ acid-'exposdre prior to
entfy to seawatar (Table I1II). There ués also the develoglent of

"size selective mortality that‘becane apparentVGUting the second
seakater .cballenge test an% increased' in size seleciiveness

during the third seawater challenge'tgst favouring the survival

of 1large fish (Figure 2). After 21 days of acid-exposure, fisﬁ

that survived a seawater challenge test were larger than fisﬁ

that underwent 21 days of acid exposure and died dﬁtiug the

seavater challenge test. Atlantic salmon reared at moderate pH

{
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(6.4) did not develop levels of Na+t-K*-ATPase activity typical ,

of smolts (Saunders et al. 1983, Jonston et al. 1984). Saunders

et al. (1983) obéerved little salinifjriﬁi;;;;géiaftar prolonged
exposu:e'.to acidified water (pH u.ui,’léading to the conclusioﬁ\f
that dep:esse& Na+-K+-ATPase levels uouldc decreaseijseauater
survivability byv.failure to ion regulate; They alsé concludedx
,that»the depgessioﬁ of'eizyle acfiviti was time teiated, that
is, the longer thé,acid exposure,‘thg'gre&téf—the inhiﬁition of
Na*-K*-ATPase, hence ﬁhé grééterr the"oﬁser;eﬁl léitalifi.i;thé
inhibitory capacity‘ of decreased environﬁedtal pH aust»have ak
protound effect wuapon .ua9—5§~£¥9a53— ﬁCtiTiti&S’ in énadraw&us*‘”f”"’
fishes, which is inpottqnt té'se;uater adaptatioh. o

The inability of acid-exposed coho smolts to aqdpt tof
seawater 1is dependent upon the duration of acid—e;posu:e. This
is téflected'by the observations of increased smortality in

acid-stressed smolts undergoing seawater challenge tests with

‘increasing dcid exposure,ptiti to entry into seawater (Table
I1). After three* ueeks%\bi\\acid e;posnre., mortalities of
acid-exposéd ~fish undergoing seawater challenge tests vere
almost twice those observed in control fish in seawater (49% vs
25%) . Johnston et al. (1984) and Saunders et™al. (1983) also

recorded higher wortalities in acid-stressed. fish tﬁan control

fish during seavater challenge tests.

The fish that survived a seawater challénge test after 21

fﬁajé' of acid-exposure established a veight dependent

relationship with plasea HNat* levels and gill Nat-K+*-ATPase
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activity. This would imply that larger fish that survive 21 days

e W SO

of acid-exposure and.a subsequent éeauater 'challenga test wmay
PR RS R

‘exhibit  initial  Na+-K*-ATPase inhibition in freshwater

acid-exposure but the effect of inhibition &n Na*t-K+-ATPase is
transitory. These 1larger ‘fish wvere able to recover from any
inhibitory effects om- Nat-E+-ATPase that ;ﬁid-exposure -a,
entail thch‘then enabled survival;in seavater. The lechanis-'by‘
which a difference in tolerance betueen/snallaf fish that died.

and 1larger fish that sh:vived in seavater liy haverbee; ldi“
surface to ioluna ratios in larger fish. ‘gvidence to support

this 'h}pdthesisrris, ghe,‘estabkish:§§tr dﬁifammeightrdepen&entf;fefm—
plasaa Nat concentration whereby fish that survived 21 days of

acid exposure and a seawater challenge teﬁt had lower plasma Na*

concentrations on a per weight basis.

-
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V. Summary and Conclusion B

It has been delopstrated “in vthis study 'that- episodic
acid-expésure of anédronous juvenile coho saluon in soft water
may have adversé effects upon ion regulatory mechanisms in fresh
and salt water #dapted fish. These .effects are manifest by -
changes: in gill Na+-K+-ATPase acti#ify{' plasaa v,Nat”
cbncenttation,_ helatoctit, plasmaa éﬂ levels4and size selective

mortality ravouring the survival of larger fish.

The exposure éfVSnolts'to a gradient of pHrfééinens was not

’

found to elicit incremental effects .with increasing\ ambient

acidity. , , v ' éf
The effects of acid-exposure were more séevere upon parrs

than saolts and, these effects (§at-K+-ATPase activity plasma

»

Na+ levels and hematocrit) leﬁ§/~obsetvedpro.ptlyupon'

acid-exposure 1in parrs. These ffects remaimed undetected in

S

smolts until ten to fourteen days of acid expbsure.
The mortalities which arose as a result of the

acid-exposure of smolts indicated that smaller fish would be

- A

removed from existing populations as duration of acid exposure-

increases. Entry into sezwater will accentuate the effects of

this size selective nmortality. Therefore, seawvater exposure

after acid exposnﬁe increases the severity of size salective

mortality whereby only large fish survive extended periods of .

acid-exposure and entry into seawvater..
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Larger Aish lay survive acid-exposute as a result of

S

snallet sérface to volunme ratlos vhicb aid in the reguiationiéf ”

-

ion loss in freshuater and ion influx 'in seawater. S
Acig exposure; of coho salson in freshwater u;%rfonnd to
effect- ionoreguiatioﬁ in freshwater and during * seawater
adaptation. It uaél concluded that changes;‘in gﬁlasla ﬁa*I
resulting from acid exp;sure were 'ihe result of failure  in
ionoregulatory. ;QchaniSns;,fThése *uechaniSls.,'inéluding gill
Na+-K+-ATPase were influenced by fish size, iiféstiggrahd Iéﬂg{ﬁ'

¥
of acid-exposure.

,i
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APPENDIX IA

Anova of the effect of phH Bh'plasna'[uai]'fbt»Sioifgfﬁziﬁmﬁt""ﬁﬁ'5”””W”

4.5, 5«1, 5.5 and 6.2 (Expétilean)QD
Day 1

Variable Sodiua

By Variable PH " Analysis of Variance
VSodrce' D.F. Sum of Squares Mean Squares F Ratio
B o " F Prob.
Between Groups 3 950.5500  316.8500 5.386 0.0094
Within Groups 16  941.2000 58.8250 'A‘“/§f‘~
Total 19 1891.7500

pH 4.5 5.1 5.5 6.3

B
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Day 3

,'VALiahle Sodium - . el .

P

By variable PH - | Anaiysis of Variance
Source D.f. Sum cf Squares Mean Squares f Ratio
| | | | | - | F Prob.
Baetween Groups 3 670.0000  223.3333  2.@34,0¢995u
7/};11£h1n Groups 16 1356.8000 84.8000
fotal 19 2026.8000 -

Not significant at P>0,05

bay 7
Variable Sodium A -/
gBy Variable PH ' o ""Wanafysis*ofﬁVarrance” T T
" Source DeF. Sum of Squares Mean Squares F Ratio
| F Prob.
Between Groups 3  162.1500 g' 54,0500 0.571 0.6422
Bithin Groups 16 1514.8000 94.6750
Total 19 1676.9500

Not significant at P>0.05
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Hour 7 (seawater challehgefteg;{fﬁvrirfwrw ,,:,Wﬁwmwﬂfﬁ_fwwm”,mh“

R —

variable Sodium

By variable PH - Analysis of Variance'
Spurce DeFe Sum qf Sguagés Mean Square§ F Ratio
| | T F Prob.
Betwsen Groups 3  492.2797  164.0932 2.348 0.1049
Witnio Groups 19 '-13;7.6333f 69.8754 i
Total ' 22 5819.5130

Not significant at P>0.05

- ’ , .
Hour 15 (seawater challenge test)

Variable Sodiunm

By variable PH ’ Analysis of Variance
source = D.F. Shn”cfmgﬁﬁiféguigigwgﬁﬁgfééu}Wﬁgziéﬁ47’ o
| ‘ A ) F Prob.
Between Groups 3  406.2303 135.4101 1.652 0.2129
 Within Groups 18  1475.6333 81.9796 o
Total 21 1881.8636 .

Not significant at P>0.05

—
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Hour 25 (seawater challenge test)

~ Variable Sodium
By variable PH : ‘Analysis of variance
source ‘DeF. Sum of Squares Mean Squares F Ratio
F Prob.
Between Groups 3 1050.8594 350.2865 1.868 0.1693
Within Groups 19  3562.9667 187.5246 ) -
Total 22 4613.8261
Mot significant at P>0.05
Hour 48 (seawater challenge iest)
variable Sodium ’ 3
By Variable PH Analysis of Variance )
_source  D.F. Sum of Squares Mean Sguares F Ratio
F Prob.
Between Groups 2 12.7286 . 6.3643 0.073 0.9304
¥ithino Groups 11 J64.7000 87.7000
Total - 13 977.4286
Not significant at P>0.05 S |
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APPENDIX IB

Anova of the effect of pH on snoltigill ﬂa*-K*—AtPése-,actiiity

of fish held at pH 4.5, 5.1, 5.5 and 6.3 (Experiment I).

Dayﬁ

Variable Nat-K*-ATPase

By Variable PH ' B Aﬁalysis of Variance
- Source - DeF+s Sum of SqnareSAQean*SquateS*F“RatXO“t"“““w4*4*@**
F Prob.
Between’ Groups 3 11.5845 3.8615 2.934 0.0614
Within Groups 18  23.6900 © 1.3161
Total . 21 3s.2ms - .
Bot significant at P>0.05
) - Day 3
Variable Na+-K+*-ATPase 7 =
" By variable PH B hﬁ*iiil?ﬁfgfﬁquatlance
Source D.P. Sur of Squafés Mean Squares F Ratio
7 F Prob.
Betuwsen Groups 3 1.8525 0.6175 0.773 0.5271
Within Groups ~ 15  11.9875 ' 0.7992
Total 18 13.8400
Not significant at P>0.05
¥ f,; hY
[ R _ _ N _
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~ Not significant at P>0.05

Hour 7 (seavater challenge test)

Variable Nat-K+-ATPase

Variable Ne*-Kt-ATPase T S
By variable PH . o AnQiy%%s of varlance |
-Source  D.F. Sum of Squares Mean Squares F Ratio

B F Prob.
Between Groups 3 34500 1.1500 1.778 0.1918
Within Groups 16  10.3480 0.6467 o
: it ,
Total ' 19 13.7980 //

By variable PH : Analysis of vVariance

~
Source | D.F. Sum of Squares Mean Squares F Ratio
S ~F Prob.
Between Groups 3 7.1383 2.3794 1.749 0.1893
Within Groups 20 27.2067' L 1.3603
Total 23. '3&.3650

Not significant at P>0.05
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Hour 15 (seawater challenge test)

Variable Nat-K+-ATPase T T

-

By variable PH ' Analysis of Variance
Source D.F. Sum of Squares Mean Sgquares F Ratio
F Prob.
Between Groups 3 8.8704 ‘ 2.9568 1.785 0.1861
Vithin Groups 18  29.8173 1.6565
Total 21 38.6877
Not significant at P>0.05
Hour 25 (seawater challenge test)
Variable Na*-K*-ATPase
By Variable PH . Analysis of Variance
Source DeF. Sum of Squares Mean Squares F Ratio _ .
- T T Ebrokbe
Between Groups 3 O.16842 ) 0.0614 -~ 0.308.0.8196
 Within Groups 16  3.1933  0.1996
Total » 19 3.3775

Not significant at P>0.05
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Hour 48 (seawater challenge test)

By Variable PH : , Analysis of Variancé
source D;F. Sum of Squares Mean Sguares F Ratio
| | . F Prob.
Betusey Groups 1  1:6675 . 1.6875 3.534 0.0895
Within Groups 10  4.7750 o 0.4775
Total 11 6.4625

Not significant at P>0.0°%
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