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Abstract-l. In sea-water, adult salmon (S. s&r) exchange an average of 12.6% of total body sodium/hr. 
2. Following transfer to fresh water sodium uptake follows MichaelisMenton kinetics. 

F,, = 2.40 mmol Na/l ECF/hr, K, = 0.26 mmol Na/l. The uptake system is fully activated immediately 
following transfer to fresh water. 

3. Post smolts adapted to sea-water for 3 months take up sodium at only one third of the rate of adult 
fish following return to fresh water. 

4. The concentration of prolactin in the plasma is low in sea-water adapted fish and does not rise during 
the first 8 hr in fresh water. 

5. At pH 5 sodium uptake is reduced by almost 90%, even in the absence of aluminium, but recovers 
immediately on return to neutral water. 

6. At pH 5 and 20 pmol Al/l there is little further effect on sodium uptake but after 6 hr in aluminium 
the inhibition of sodium uptake continues after return to neutral aluminium fresh water and uptake is 
only 50% of normal 24 hr later. 

INTRODUCTION 

Little work has been carried out on salt and water 
balance in the adult Atlantic salmon, S&o salar, in 
contrast to many papers on the physiology of its eggs, 
parr and smolts. The physiology of migration from 
sea-water to fresh water is of both of fundamental 
and practical importance. The processes of adap- 
tation from hypo-osmotic regulation in sea-water to 
hyperosmotic regulation in fresh water involve rapid 
adaptations of the gills, kidneys and endocrine 
systems, about which little is known. From the 
practical point of view these changes may affect the 
time spent by homing salmon in estuaries, where 
in Britain they are vulnerable to netting. During 
migration from sea-water to fresh water the salmon 
is subject to severe physiological stresses even when 
the water is neutral, while the evidence available 
suggests that the Atlantic salmon is more susceptible 
to acid waters than is the brown trout, S. turtta or the 
American brook trout S. salvelinus. 

Kills of migrating salmon have been reported 
on several occasions in the rivers Esk and Duddon 
in Cumberland and the continuous monitoring 
programme instituted by the NWWA on these 
rivers (Crawshaw, 1984) has provided contemporary 
data on river flow and pH. During a fish kill in the 
rivers Esk and Duddon in 1983 the pH of the Esk 
at Cropple How twice fell to pH 4.5 during two 
spates on September 16th and 18th and remained 
below pH 5.0 for about 8 hr on each occasion 
(Crawshaw, 1984, Fig. 1). 

Contemporary analyses of aluminium are not 
available but the correlation between water chemistry 
,and pH on the Esk is very high. Crawshaw 1984. A 
pH of 5.0 corresponds to about 25Opg Al/l, ca 
10 pmol/l in the river Esk. At the peak of acidity the 
Al might have reached 20pmol/l. 

MATERIALS AND METHODS 

Adult salmon, Sulmo salur L., were obtained from coastal 
nets in sea-water at Carnoustie, Angus. These were main- 
tained in the DAFS laboratory at Almondbank, Perth, in a 
tank of recirculated, filtered and deproteinized sea-water of 
29%0 salinity, at 12°C. A few salmon were caught in tidal 
fresh water in the Tay estuary at Inchyra, 2 km south of 
Perth. Some of these fish, which still had “sea lice” on their 
bodies were transferred to sea water for at least 5 days 
before use, while others were transferred to running fresh 
water from the river Almond. Some experiments were 
carried out with large 4+ Parr, cu 30&500 g, reared in 
Almond river water and with post-smolts which had been 
adapted to sea-water for 3months. 

Salmon were prepared with an indwelling catheter in the 
dorsal aorta, Smith and Bell (1964). Blood samples were 
taken from the large parr by caudal puncture after the fish 
had been killed by a blow on the head. Net sodium flux in 
fresh water was determined from the rate of change of the 
sodium content of the experimental tank and sodium efllux 
was calculated from the sum of the net flux and the influx. 
Fresh water experiments were carried out, as far as possible, 
in running water from the River Almond. In all closed 
circulation experiments the water was circulated round the 
tank by a rotary pump, 4 l/min, so that there was a flow of 
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Fig. 1. Sodium uptake in adult salmon and in post- 
smelts adapted to sea-water following return to fresh 
water. x Adult salmon; 0 post-smolts immediately follow- 
ing return to fresh water; 0 Post-smolts after 42 hr in fresh 
water. 

water from head to tail of the fish. When the experiment was 
prolonged the water was pumped through a carbon filter. 

Sodium influxes were measured by adding 1@40& of 
24Na to the tank and taking a blood sample after a suitable 
period of time, generally I or 2 hr. After centrifugation to 
remove cells a plasma sample was counted in a well-type 
Panax scintillation counter and, after the activity had 
decayed, the sodium content was determined. In freshwater 
experiments water samples were taken at the beginning and 
the end of the experiment for sodium determinations. 
Sodium loss from the fish, which contained up to 160 mmol, 
raised the sodium content of the 40-l tanks, which initially 
contained only 8 or 10 mmol, during some experiments so 
that the specific activity of the bath declined. The influx was 
calculated as in McWilliams (1980) on the assumption that 
all the sodium in the fish was exchangable as a single 
compartment and that the fish contained 31.4 mmol Najkg 
in sea-water and 25 mmol Na/kg when adapted to fresh 
water, see below. When the specific activity of the bath 
changed during the experiment it was assumed that the 
change was linear. Where possible the fish were allowed to 
settle down in the tank for an hour or two before the isotope 
was added. In order to expedite mixing the isotope was 
distributed widely over the surface of the tank. 

Fish were transferred from sea-water to fresh water, 
whenever possible, by flushing the tank containing the fish 
with fresh water but this procedure required between 5 and 
IOmin to reduce the sodium content of the tank to below 
O.Smmol Na/l. Studies on the rate of sodium uptake and 
loss immediately following transfer from sea-water to fresh 
water were carried out by lifting the fish from the sea water 
tank, in a net, first to a large tank of fresh water for a minute 
to wash, then to the experimental tank in which the isotope 
had already been mixed. 

Sodium eRiux in sea-water was measured by injecting a 
known quantity of z4Na into the peritoneum of a fish, whilst 
in the experimental tank, and measuring the activity of 
250 ml samples of the bath over the following 6 hr. If the 
quantity of *“Na remaining in the fish at any two occasions 
T, and T2 is C, and C,, then 

I 
K=- 

T, - T, 
LA 

Cz 

After the first hour or so, during which time the sodium 
became distributed throughout the sodium space of the fish, 

I( became almost constant. Most estzmates were based on 
the interval between 2 and 5 hr after injection. 

Sodium taken up at the gills appears rapidly in the blood 
but equilibrates more slowly with the intracellular sodium in 
the white muscle which has a very limited blood supply. 
Estimates of fluxes based on changes in the specific activity 
of the blood will therefore not be exactly comparable with 
fluxes based on changes in the specific activity of the sodium 
in the whole body (Potts et N/.. 1970). To assess the 
magnitude of this discrepancy samples of white muscle were 
taken from six fishes I hr after the beginning of the experi- 
ments. The mean specific activity of the whole muscle 
sodium, after 1 hr was 67 & 13% that of the plasma. 

The mean sodium content of the whole muscle was 
12.4 mmol/kg. The muscle tissue amounted to 80% of the 
weight of the fish and held IO.1 mM!kg of the total body 
sodium, assumed to lx 31.4 mMikg. After 1 hr the specific 
activity of the blood would be 10% higher that that of the 
total body sodium. Estimated fluxes. calculated from rate 
constants and an assumed value of 3 1.4 mM Na/kg total 
body sodium, have been reduced by this amount for com- 
parison with fluxes calculated from changes in the sodium 
contents of the baths. 

Na determinations were made by an EEL flame photo- 
meter and chloride determinations were made by a Radio- 
meter CM IO Chloride meter using 20 ~1 samples of plasma 
suitably diluted. 

Prolactin was measured by radio-immune-assay, by 
Dr P. Prunet, using a highly specific radioimmunoassay. 
Hirano et a/., 1985. 

Water was acidified by the addition of dilute sulphuric 
acid, aluminium was added as AICI, and monomeric 
aluminium was assayed by the catechol violet method 
(Dougan and Wilson, 1974). When fish were present 
the concentration of monomeric aluminium initialiy fell 
very rapidly. Where practicable experimental tanks were 
pretreated with aluminium. At the beginning of an 
experiment the quantity of aluminium required to reach 
the experimental concentration was added, together with 
100 pmol Al/kg fish, After 15 min the aluminium concen- 
tration was measured and additional aluminium was added 
to bring the concentration back to the required level if 
necessary. This process was repeated about every half hour. 

The individual variation between fish is considerable and 
so as far as possible fish were used as their own controls. 
Individual fish were treated on the cycle: FW 2 hr. Acid 
water 2 hr. Acid and Al 2 hr. In a few cases the cycle was 
reversed. 

RESUI,TS 

Salt balance in sea-water 

The mean rate of sodium exhange in four fish from 
Carnoustie was 12.6/hr. A fifth fish which had been 
taken from fresh water but had been returned to 
sea-water for 10 days had a rate of sodium exchange 
of 7.8% hr and has not been included. 

The mean plasma sodium concentration of adult 
salmon in sea-water was 183 + 3 mm1 Na/l plasma 
(N = 12). 

Tranqfer to fresh water 

Sodium uptake. As previously reported (Potts 
et al., 1985) sodium uptake attains normal fresh- 
water levels immediately after transfer. Uptake 
follows Michaelis-Menten kinetics (Fig. 2) and a 
Lineweaver-Burk plot shows that F,,,,, = 2.40 mmol/l 
extracellular fluid/hr and K,,, = 0.26 mmol Na/l. 
In the first hour after transfer to Almond river 
water containing 0.2 mmol Na/l the rate of uptake 
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Fig. 2. The rate of net sodium loss (mmol Na/kg/hr); N = 4 
(*SE). 

was 0.95 mmol Na/l ECF hr (N = 17). This sodium 
uptake is equivalent to about 0.143 mmol/kg/hr, 
assuming an ECF volume equivalent to 15% of 
body weight (Talbot et al., 1986). In the shortest 
experiment, in which the fish was removed from 
sea-water and washed for only 2 min the rate of 
uptake during the succeeding 5 min was 1.91 mmol 
Na/l ECF hr but the mean sodium concentration 
of the medium during the experiment was high 
(0.37 mmol Na/l). 

Sodium loss 

During the first few minutes following transfer 
from sea-water to fresh water, sodium losses re- 
mained high (Fig. 3). The rate of loss declined rapidly 
during the first hour and the fish were close to 
equilibrium after 24 hr, the mean net loss in three fish 
at this time being only 0.07 mmol/kg/hr (Fig. 3). The 
cummulative salt loss reached 5.6 mmol/kg after 6 hr 
(Fig. 3). 

Blood concentrations were also measured on 
salmon kept in sea-water but subjected to the same 
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Fig. 3. Concentration of sodium in the plasma of salmon in 
sea-water and following transfer to fresh water at zero time; 

N =6 (&SE). 
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Fig. 4. Concentration of prolactin in salmon blood 
following transfer from sea-water to fresh water. *Sea 

water-controls. 

cannulation and handling as the salmon which were 
transferred from sea water to fresh water. These fish 
showed only a slight elevation of blood concentration 
(Fig. 4). 

Sodium uptake in post -smelts 

The unusual ability of the adult salmon to take up 
sodium from fresh water at the rate found in fish fully 
adapted to fresh water, immediately after transfer 
from sea-water, raises the question of whether this 
is a feature of all salmon adapted to sea-water or 
whether it is a transitory feature of migrating salmon, 
which only develops as they approach their home 
rivers. To distinguish between these possibilities, 
rates of sodium uptake after transfer to fresh water 
were also measured in salmon which had smolted in 
the spring and had been subsequently confined to 
sea-water for 5 months. The rate of uptake was 
initially much lower in these fish but rose slowly over 
several days following transfer. However, they were 
unable to maintain blood concentrations as high as 
those of adult fish (Table 1). 

Weight 

Water influx must begin immediately following 
transfer to fresh water although urine production 
remains low for a day or more (Talbot et al., 1989). 
The adult salmon showed a marked tendency to gain 
weight during the first 24 hr after transfer, the net 
gain being ca 6% after 8 hr and 12% after 24 hr 
(roughly equivalent to the urine deficit). Later, weight 
returned towards the sea-water level. 

Prolactin 

Prolactin levels are very low in the plasma of 
adult salmon in sea-water, 0.55 f 0.066 ng/ml 
(N = 8). Following transfer to fresh water the level 
does not rise significantly during the next 8 hr 
but 22 hr later it averages 16.4 f 3.8 ng/ml (N = 6). 
Controls in sea-water subjected to the same sampling 
regime showed no significant change (Fig. 5). 

The effects of low pH on sodium balance 

In water of pH 5.0 the rate of sodium uptake fell 
to 0.114 + 0.026 mmol/l ECF hr, but at pH 4.0 it was 
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Table I. Sodium uptake in salmon (S. s&r) following transfer from sea-water to 
fresh water by post smelts 

Uptake Uptake Blood cont. 
(mmol/l ECF/hr) f% Na/hr) (mmol Najl) N 

1st hour 0.30 f 0.06 0.23 t 0.05 130$2 6 
42 hr FW 0.99 f 0.08 0.96*o.l2 106+4 6 
72 hr FW 0.82 + 0.06 1.02 + 0.07 81 +4 3 

FW = Freshwater. 

similar (Table 3). However, when the fish were used 
as their own controls the rate at pH 5.0 was only 9% 
of that in neutral water (N = 3) while at pH 4.0 the 
rate was only 23% of that at pH 5.0 (N = 3). 4+ parr 
showed a similar fall in sodium uptake (Table 3). 
These rates of uptake at low pH will be slightly 
enhanced as the reduction in uptake leads to a rise in 
the ambient concentration of sodium by about 
0.05 mmol after 2 hr when a 3 kg fish is confined in 
a 40-l tank. 

The effects of aluminium ions on sodium balance 

The rate of uptake is low in acid conditions so 
that any further reductions in uptake following the 
addition of aluminium ions were small. Even in 
50pmol Al/l some sodium uptake was detected 
although this may have taken place during the earlier 
part of the 2 hr treatment period. 

Sodium uptake remained low for at least 24 hr 
after treatment with aluminium even after the fish 
had been well washed in running river water. After 
4 hr of treatment with 20 pmol Al/l at pH 5.0 the rate 
of uptake by 4+ parr in fresh river water at pH 6.9 
during the first hour after return to normal water was 
only 0.0263 + 0.010 mmol/l ECF/hr (N = 6) and 
even 24 hr later it was still only 0.52 f 0.07 (N = 6), 
about half the rate of the control Parr. The rates of 
uptake in two salmon 24 hr after similar treatment 
were 0.47 and 0.58 mmol Nail ECF/hr-about half 
the normal rate. None of the salmon or parr survived 
for more than 3 days after Al treatment. 

Sodium loss in the presence of 20pmol Al/l 
averaged about one quarter higher than the rate in 
aluminium-free water at the same pH but the results 
were very variable and the difference was not 
significant at the 5% level (Table 2). 

Sodium balance in two fish which were transferred 
directly from sea-water to acid water of pH 5.0 
containing 20pmol Al/l were not significantly 
different from fish transferred directly from sea-water 
to aluminium-free acid water. 

As the salmon become restless in small tanks 
in adverse conditions experiments in acid and 
aluminium ions were usually limited to 4 or 6 hr in 
length, during which time the blood concentrations 
fell by only a few mmol/l EFC. Following treatment 
with aluminium at 10, 20 and 50 pmol/l the concen- 
trations of plasma sodium continued to fall after 

return to neutral fresh water. Blood concentrations of 
112 and 128 nmol Na/l were recorded in two salmon, 
2days after 6 hr in 20 pmol Al/l and the only two 
parr which survived for 24 hr after 6 hr in 40 pmol 
Al/l, had blood concentrations of 120 and 124 mmol 
Nail. Three parr which survived for 24 hr after 6 hr 
in 20 FM Al/l had con~en&rations of 117, 125 and 
143 mmol Na/l. 

DISCUSSION 

Salmon do not usually move directly from sea- 
water to fresh water but either move up an estuary 
over a period of time (Hawkins and Smith, 1986) or, 
oscillate several times between the two waters. An 
infinite variety of programmes of transfer might be 
devised, but all would make measurements of salt 
uptake and loss and their interpretation more 
difficuit. For this reason direct transfer was preferred. 

The ability of adult salmon to take up sodium at 
the full rate immediately following entry into fresh 
water must make a useful contribution to maintain- 
ing sodium balance, reducing the net fall of plasma 
sodium during the first day by 21 mmol/l. Evans 
(1982) has shown that a little sodium is exchanged for 
hydrogen ions even in marine fish, but it would be 
wasteful to maintain sodium uptake at a high rate 
throughout its life at sea. It seems likely that the 
pump develops as they approach fresh water and that 
adult salmon are pre-adapted to fresh water while still 
at sea, as the smolt is pre-adapted to sea water while 
still in the river. Post-smolts had a very much lower 
rate of uptake and only reach the adult level after 
3 days. 

Because the pump saturates at a relatively low 
external concentration the rate of sodium uptake, 
even in sea-water, would reach only 2.3 mM Na/l 
ECF or about 1.2% of total plasma sodium/hr, a 
small part of the sea-water exchange of ca 12%/hr. 

There is little information on whole body com- 
positions of adult salmon. Shearer (1984) found that 
whole rainbow trout in fresh water contained on 
average 58mmol Na/kg wet weight. Salmon smelts 
contained only 30.3 mmol Na/kg wet weight when 
adapted to fresh water but contained 44.8 mmol/kg in 
sea-water Potts et al., 1970. Using neutron activation 
anatyses. Talbot et al. (1986) found that adult salmon 
in sea-water contained only 27.4mmol Na/kg and a 

Table 2. Sodium uptake by 4+ parr and by adult salmon (S. s&r) at various pH at 12°C 

Treatment Al treatment Na loss 
FW adaptation (PH 6) (6 hr) mmol kaihr 

I day, pH 6.5-7.0 6.5-7.0 0 0.075 * 0.04 N=3 
I day, pH 6.5-7.0 5.0 0 0.136f.O.018 N=4 
3-5 days 5.0 0 0.237 f 0.067 N=4 
3 5.0 20~M Al 0.373 + 0.116 N=7 
I 4.4 0 0.294 f 0. I I N=4 
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Table 3. Net sodium loss from S. salor adults 

mmol Nail ECF/hr 

oH 7.0 oH 5.0 oH 4.0 

Adult 0.903 + 0.083 0.114*0.026 0.131 kO.037 
N=3 N=6 N = 10 

4 + parr 1.38 + 0.24 0.123 f 0.029 0.075 f 0.020 
N=4 N=7 N=iO 

total water content of only 601 g/kg. The low water 
and sodium content was associated with the very high 
lipid content of returning adults. 

Net sodium fluxes were measured from changes in 
the sodium content of the medium, sodium influxes 
from the rate of appearance of 24Na in the plasma. 
It is difficult to relate the two methods exactly. An 
adult fish contains about 600 g water/kg, of which 
about 15Og are extracellular. Talbot et al. (1986). 
If the extracellular Na is 183 mmol/l in sea-water 
and 154 mmol/l in fresh water and the intracellular 
concentrations are 8 and 5mmol/l, respectively, 
then the total sodium content would be 31.4 
and 250mmol/kg, respectively, a difference of 
6.4 mmol/kg. This is slightly larger than the observed 
net loss of 5.6 mmol/kg during the first 6 hr but the 
fish were still out of equilibrium 24 hr later. 

In sea-water the rate of sodium efflux is 
3.8 mmol/kg/hr. After 6 hr and a cumulative net loss 
of 5.6 mmol Na/kg the rate of net loss has fallen to 
0.63 + 0.045 mmol/kg/hr, and after 24 hr it is only 
0.07 mmol/kg/hr (Fig. 3). The physical bases of this 
decline must include the shutting down of the 
chloride pump and changes in the structure of the 
tight junctions between the mitochondrial rich cells in 
the gill epithelium. 5.6 mmol/kg amounts to 18% of 
the total body sodium but during this time the 
average blood concentration falls from 183 to 
172 mmol/l or only 6%. The blood concentration 
may be maintained by the transfer of sodium from 
tissues to plasma and by a decrease in the extra- 
cellular volume due to an increase in cell volume as 
the osmotic pressure falls. 

The levels of prolactin in the sea-water adapted 
salmon are very low (0.55 ng/ml). In comparison the 
plasma of the Steelhead, Salmo gairdneri, adapted to 
sea-water, contained 3-5 ng/ml, but this rose to ca 
14ng/ml in fish adapted to fresh water, while in 
Oreochromis mossambica the levels rose from 8 to 
55 ng (Nicoll et al., 1981). On transfer to fresh water 
the level in salmon plasma had not risen significantly 
after 8 hr) but 22 hr later the level had risen 30-fold 
to 16.4 f 3.8 ng/ml (Fig. 5). 

In view of the low levels of prolactin in the 
sea-water and the slowness of the response in fresh 
water it seems unlikely that prolactin can be involved 
in the ability of the salmon to take up sodium 
immediately on entry to fresh water or in the rapid 
reduction in salt loss which takes place during the 
first hour in fresh water. Prolactin is involved in the 
maintenance of osmoregulatory homeostasis in fresh 
water by decreasing salt loss (Potts and Evans, 1966). 
The mechanism of prolactin release is uncertain as 
the perfusion experiment shows that the osmotic 
pressure of the plasma is not an important factor in 
the release (Gonnet et al., 1988). 

Sodium efflux in a fish fully adapted to fresh-water 
and in sodium balance is O.l4mmol/kg/hr. One day 
after transfer from sea-water the net loss was 
0.136 mmol/kg/hr at pH 5.0 while after 3-5 days the 
net loss at pH 5.0 was 0.24 mmol/kg/hr, increasing to 
0.29mmol/kg/hr at pH 4.4 (Table 3). This suggests 
that loss is increased in salmon at low pH as in brown 
trout (McWilliams and Potts, 1978). 

The results reported here suggest that the deaths of 
adult migrating salmon reported in the Duddon and 
Esk in 1983 were due mainly to the inhibition of the 
sodium uptake system by the low pH and aluminium, 
the inhibition being caused by the aluminium con- 
tinuing to reduce uptake for at least 24 hr afterwards. 

There is some inconsistency in the reported effects 
of low pH and aluminium ions on sodium uptake in 
fish. Many authors have found that low pH, even in 
the absence of aluminium ions, will inhibit sodium 
uptake in fishes, e.g. brook trout, S. salvelinus (Paker 
and Dunson, 1970); sailfin molly, Poecilia latipinna 
(Evans, 1975); rainbow trout, S. gairdneri (Kerstetter 
et al., 1970); brown trout, S. trutta (McWilhams and 
Fotts, 1978); goldfish, Carassius auratus (Mae& 
1973) as well as several invertebrates such as the 
crayfish, Austropotamobius (Shaw, 1960). In contrast 
Dalziel (1986) found no effect of pH on sodium 
influx in the brown trout except in the presence of 
aluminium ions, where as little as 1 or 2pmol Al/l 
had an appreciable effect. Some of the discrepancy 
between Dalziel’s results and those of other workers 

Table 4. Estimated sodium balance in adult S. salar following transfer from sea-water to neutral fresh water, acidic fresh water and acidic 
fresh water containing 20 p-M Al/l 

Neutral water for 24 hr 
Neutral water, Water pH 5, Water pH 5 containing after acid and 

24 hr 24 hr 20 umol AI/I. 24 hr aluminium treatment 

Total body Na at beginning 
of period 

Loss mM/kg in 24 hr 
Uptake, mM/kg in 24 hr 
Total body Na at end of period 

mM/kg 
Blood cont. at beginning 

of period mM Nail 
Blood cont. if fall OL to 

initial fall mM Nail 

31.4 31.4 31.4 21.9 
9.8 9.8 9.8 3.4 
3.4 0.3 0.3 0.8 

25.0 21.9 21.9 19.3 

183 I83 183 140 

154 140 I40 128 
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may have been caused by the unsuspected presence of 
traces of aluminium in water. The volumes of water 
required with experiments with adult salmon are so 
large that it is impracticable to prepare synthetic 
solutions from deionized water but no aluminium 
was detected (< 1.0 pmol/l) in the water; never- 
theless, a marked reduction of sodium uptake was 
observed at low pH. It may be significant that in these 
experiments uptake was measured during the several 
hours immediately following acidification. Some 
of the apparent discrepancy between different 
experiments may arise from the adaptation of the fish 
to acid conditions. 

It is possible to construct a sodium balance sheet 
for adult salmon migrating up an acid river directly 
from the sea or meeting an acid spate when already 
adapted to fresh water (Table 4). In neutral river 
water the gross loss will be about 9.8 mmol Na/kg 
during the first 24 hr but the fish will replace about 
3.4mmol Na/kg. As a result the total body sodium 
will fall by 20% from 31.4 to 25 mmol Na/kg 
while the blood concentration will have fallen by 
about 16% from 183 to about 154 mmol Na/l plasma 
(Table 4). 

If the pH remained below 5.5 for 24 hr the net 
loss would increase to 9.5 mmol/kg. The blood 
sodium is not directly proportional to total body 
sodium but if a fall of 6.4mmol Na/kg total body 
sodium corresponds to a fall of 29 mmol/l blood 
(183-l 54 mmol Nail) then the blood sodium would 
fall to only 140 mmol/l. Leivestad and Muniz (1976) 
found that some brown trout, S. trutta, began to die 
when the blood concentrations fell below 150 mmol 
Na/l and mortality was great at 120 mmol Na/l, 
although some individuals were still alive with blood 
sodium as low as 90mM Na/l. 

After only 4 hr in 20 pmol Al/l, the probable level 
reached in the Esk in 1983, sodium uptake in the 
salmon is still only half the normal rate 24 hr after the 
fish have been returned to neutral, aluminium-free 
water. If the recovery of sodium uptake is linear then 
the uptake during the 24 hr following return to 
neutral water would be only 0.8 mmol/kg. While the 
fall in blood concentration might reduce sodium loss 
to some extent aluminium appears to increase loss 
(Table 3) and Dalziel (1986) found that in the brown 
trout efflux increased at pH 5.4 as aluminium rose. 
It is therefore likely that gross loss would at least be 
maintained (Table 4). If the pH returned to neutrality 
after 24 hr the sodium loss during the following day 
would be 2.6 mmol/kg. The total loss would therefore 
be 9.5 + 2.6 or 12.1 mmol/kg, corresponding to a 
plasma concentration of 128 mmol Na/l (Table 4). 

Several of the fish which were treated with alu- 
minium died overnight. The plasma concentrations 
which were recorded in survivors were consistent 
with these calculations: 112 and 128 mmol Na/l in 
two salmon and 120, 124, 117, 125 and 143 in five 
4+ Parr. 

The effect of two short 8 hr acid episodes separated 
by 2days might be as follows. During the total of 
16 hr at low pH and high aluminium, sodium uptake 
would be very small and the net loss would be 
2.4 mmol. During each of the subsequent 24 hr net 
loss would be about 2.4mmol/kg making a total 
net loss of 7 mmol/kg. A net loss of 7 mmol would 

lower the blood concentration about 32 mmol/l 
below normal, taking it well into the lethal range. It 
seems likely that two successive episodes would be 
more damaging than a single episode of the same 
total length if the salmon do not have time to recover 
in between. The effects of aluminium and acid on fish 
already in the river and fully adapted to fresh water 
will be similar (Table 4). 

Even lower concentrations of aluminium are effec- 
tive in suppressing uptake in the trout (Dalziel, 1986) 
but more work is required on the rate of recovery of 
sodium uptake from lower concentrations. 
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