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SUMMARY 

Physiological responses of rainbow trout (mean weight 13-3 g) to sudden 
changes in salinity were investigated. An initial period lasting about 8 h was 
characterized by increased drinking and an increase in plasma and body ions. 
Fish failed to survive more than 2 days in full strength sea water but in two-
thirds sea water there were few mortalities and adaptation was complete in 
7—to days. During this period there were gradual physiological changes 
resulting in normal plasma ion concentrations but significantly increased 
body ionic content. The intracellular concentrations of muscle chloride 
showed the greatest increase.

INTRODUCTION 

Ionic regulation in euryhaline fish has been extensively studied but the physiological 
processes involved in rapid transfer from fresh water to sea water remain relatively 
unknown. For salmonids some of the most relevant work is that of Parry (1958, 1960, 
2961, 1966) and Potts, Foster & Stather (1970). It was shown that survival of rainbow 
trout transferred directly from fresh water to sea water was related mainly to size, i.e. 
only fish larger than about 8o g were likely to survive direct transfer. On the other 
hand salmon smolts weighing around zo g could withstand direct transfer. 

Much work has been directed towards understanding the nature of unidirectional 
Na+ and Cl — fluxes in various marine fish, transferred from sea water to fresh water or 
occasionally the reverse, and this is reviewed by Maetz (1971), Maetz & Bornancin 
(1975) and Evans (1975). 

This paper describes physiological changes which occur when rainbow trout are 
subjected to an abrupt increase in salinity. Previous studies, e.g. Houston (1959) have 
monitored physiological parameters at daily intervals ; this study concentrates also on 
the period immediately after transfer. 

MATERIALS AND METHODS 

Rainbow trout (weight 13 .3 + 0 .4 g, length I PO + I • I cm) were obtained from a local 
hatchery and kept in dechlorinated water for several weeks before experiments.
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Sea water was collected from the North Sea and dilutions made with flechlorinated 
aquarium water. Salinity was measured using an Electronic Switchgear Ltd, Salino-
meter, full strength seawater being 33 °/oo 

(a) Survival after abrupt transfer to sea water 

Groups of 2o fish were transferred directly from holding tanks to 40 1 of either 
one-, two- or three-thirds sea water and times of death noted. 

(b) Eiflux rates of Na+ and Cl-

The efflux rate constant (Kett) for Na+ and Cl- was measured using radioisotopes as 
previously described by Eddy & Bath (1979). Fish were taken from their fresh-water 
stock tanks, injected with radioisotope contained in saline and then immediatelftrans-
ferred to one-third, two-thirds or full-strength sea water. Samples of the medium were 
taken at known intervals and Kerr calculated for each point. 

(c) Time course of adaptation to two-thirds sea water 

Approximately roo fish were transferred from fresh water to two-thirds sea water 
and groups of six fish were sampled at 2, 4, 6, 8, ii, 18, 24, 30, 48, and 72 h for (i) body 
and muscle ionic content and water content ; (ii) blood haematocrit ; and (iii) plasma 
ions and water. 

Collection of blood was as described in the previous paper. 
Samples of muscle were then taken from the dorsal block anterior to the dorsal fin, 

weighed to the nearest milligram and water content determined by drying in an oven at 
ro8 °C to constant weight. The rest of the body was treated in the same way to give 
body water content. The dried tissue was ground to a fine powder using a pestle and 
mortar and inorganic ions eluted from a weighed sample in o-r N-HNO 3 at 4 °C for r 
week. Following centrifugation the supernatant was diluted with distilled water for ion 
analysis. It should be noted that compared to the homogenizing and sonicating tech-
nique employed in the preceding paper (Eddy & Bath, 1979) nitric acid elutes rather 
more Na 4 but is less effective in eluting Cl-, especially in muscle samples (Hickman 
et al. 1963 ; R. N. Bath, unpublished results). 

Plasma water was measured by drying a known weight in an oven at ro8 °C over-
night. Ion content of plasma was determined by diluting with distilled water ; Na+ 
was determined using an Eel roo flame photometer and Cl- using a Buchler-Cotlove 
ampiometric titrator. Drinking was determined at 2, 4, 6, 8 and 24 h after transfer 
using the method of Evans (1968). 

(d) Transbranchial potentials 

These were measured as described in the preceding paper (Bath & Eddy, 1979) in 
fish transferred to sea water. Fish were allowed to recover for 24 h after insertion of the 
peritoneal cannula and to acclimate to the holding chamber. Potentials were measured 
in fresh water for a few hours before transfer which was carried out as follows. The 
holding chamber (25o ml) was sealed while the fresh water in the reservoir (8 1) was 
replaced by sea water. Upon unsealing the holding chamber rapid mixing was achieved, 
aided by pumping, giving a transfer time of less than 30 s, without handling the 
fish.
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Fig. T. Sodium (•) and chloride (0) efflux rate constants (h-') for rainbow trout transferred 
from fresh water to ot,e-third salt water (lowest graph), two-thirds sea water (middle graph) 
and full strength sea water (upper graph). The initial point is for fish in fresh water. In full 
strength sea water the majority of fish died after 8-to h, in this particular experiment, and 
subsequent data are for one fishwhich survived longer. Mean and standard error are indicated. 

(e) Cakulations 

Ion spaces and intracellular ion contents were calculated as in a previous paper 
(Eddy & Bath, 1979) and all values are in m-molefkg water. 

RESULTS 

Survival in sea water. There were no mortalities in fish transferred to one- or two-
thirds sea water during the experimental period of 200 h. However no fish survived 
abrupt transfer to sea water, deaths occurring between 14 and 50 h with a mean sur-
vival of 26 h. 

Na+ and Cl- effluxes (Fig. r). 1n fish transferred to one-third sea water effluxes 
remained near the fresh water value for about 12 h and then gradually increased over 
the next 2 days to the adapted value of around 3-4%/h. 

On abrupt transfer to two-thirds sea water Cl- efflux increased immediately where-
as Na+ efflux remained at the fresh water value. During the next 24 h Na + efflux 
increased and regression analysis suggested a change of rate starting at 1-12 h. After 
48 h both Na+ and CI-T effluxes were still below the rates for fully adapted fish and 
presumably over the next 7 days there was a gradual build up to these levels. Fish 
transferred to sea water responded with much greater effluxes but still showed the
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Fig. 2. Various physiological pararneters for rainbow trout transferred frorn fresh water to two-
thirds sea water. Values are mean+ 5 S.E.M. 
•, Na+ ; 0, C1-; x , K+. The initial point is for fish in fresh water. For water contents, x , 
muscle; •., whole body. 
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same differential between Na + and Cl- as in two-thirds sea water. After 3-4 h there 
were further significant increases in the efflux rates of both ions, but these were not 
sustained. However, effluxes for a surviving fish showed a rapid increase to 24 h, 
when death occurred. 

It is of interest to note that fish transferred to sea water are unable to increase efilux 
rates above those observed in two-thirds sea water indicating a possible maximum 
efflux rate for any given time after transfer. 

Transfer to two-thirds sea water. The results indicate an initial period lasting about 
8 h where rapid physiological changes occur followed by a second stabilising period 
(Fig. 2). 

(a) Blood and plasma measurements 

Both plasma Na+ and Cl- concentrations showed immediate increases, that for Cl-
being much greater. After to h the values had steadied and then gradually decreased to 
the adapted value (240 h). K+ concentration showed no reat changes. 

Plasma water showed an initial decrease with a low point at 8 , then slowly re-
turned over the next 24 h to the fresh water value. Blood haematocrit showed a similar 
trend but with a low point at 6 h. There is an apparent conflict in these findings 
because a decrease in plasma water might be expected to lead to an increase in haema-
tocrit. This is discussed at a later point.
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-4 , 
Fig. 3. Transbranchial potentia1s of rainbow trout transferred from fresh water to sea water. 

Mean and standard error are indicated. 

(b) Body ions, ion spaces and water 
Body Na+ showed an initial small increase and then became relatively steady while 

Na+ space remained nearly constant. Cl- concentration, Cl- space and (Cl - K) space 
showed a much greater initial increase which steadied after about 12 h. Body K+ 
concentration was irregular but overall showed a gradual increase over the experimen-
tal period. 

Body water showed a slow dehydration to around 30 h, then a gradual rehydration 
to approximately the fresh water value at 72 h. 

(c) Muscle ions, ion spaces and water 

For the first 3 days these showed similar trends to those for whole body, though 
muscle K + showed an initial increase which was maintained to the time of full adap-
tation. Fully adapted fish had significantly increased muscle Na + and Cl- content, 
compared to fresh water fish. Muscle had a significantly higher water content than 
whole body and showed the same trends as whole body after transfer. 

(d) Intracellular ion content 
Both Na+ and Cl- coritent of whole body cells increased for 8 h, but remained 

stable over the next 48 h. Intracellular muscle contents showed a similar trend. 
Intracellular K+ content of the whole body showed a gradual increase to 30 h 

followed by a decrease before full adaptation. Intracellular K+ content of muscle 
tissue showed a more rapid increase, but values were rather irregular.



Osmotic/ionic

stress 

Increased bodyb 
plasma ion,. 

especially cr 

Body water 
redistribution

RISIS 
ERIOD

200	 R. N. BATH AND F. B. EDDY 

Low volurne cone unne 

HIth branchial Mn fluxes 

High drinking rate 

•
SW. FISH
	 Fw. FISH  7/7111gh volume ditute urine 

Low drinking rate 

Low branchial Mn fluxes 

OSMOTIC/1ONIC BALANCE 
Plasma tons 
reduced to 
FW kvel	

OrMking	 Adaptation	
Iora \fransfer to SW 

Unchange 

ComPlet. 

Musele Mns 
increased m "STABILISATION" 

adapted Ievel	 PERIOD
Sufficient to adapt, kvel survive transfer 

to at kast 2/3 SW.
lon effluxes 

increasing 

Cannot survive transfer to full SW 

(dehydration: increased body plasma ions) 

Fig. 4. Diagram outlining the main physiological events which occur when rainbow trout are 
transferred from fresh water to sea water. The period iinmediately after transfer and lasting 
about 8h is characterized by rnajor physiological changes and is referred to as the crisis • period. 
This is followed by a period lasting 7-00 days when slower changes occur, resulting finally in 
completed adaptation, and is called the stabilization' period. 

(e) Drinking 

Upon entering two-thirds sea water the fish showed a large increase in drinking, 
reaching a peak at around 8 h, then rapidly declining to levels characteristic of two-
thirds sea water adapted fish. This behaviour is sirnilar to that described for eels 
entering sea water (Kirsch & Mayer-Gostan, 0973). 

(f) Potentials 

In fresh water the potential was - 0-36 mV and upon transfer to sea water increased 
briefly to + 33 mV, then rapidly decreased to around zero followed by a steady rise 
Oyer 10-05 h to +2 mV (Fig. 3). This value is close to values obtained in two-thirds 
sea water adapted trout (Eddy & Bath, 0979). 

DISCUSSION 

The results show that small rainbow trout survive direct transfer to dilute sea 
waters, up to at least two-thirds sea water, but are unlikely to survive more that 2 days 
in full strength sea water. Survival in sea water, after preadaptation to two-thirds sea 
water, was slightly prolonged to 4-5 days (Eddy & Bath, 0979). Parry (0958, 0960) 
experimented with rainbow trout, as well as a variety of other salmonids, and noted that 
salmon parr and smolts, of similar size to the fish used in the present work, survived 
direct transfer to sea water. Clearly there are important physiological differences 
between the two species in this respect. This difference is borne out by comparing 
efflux rates for Na + and Cl- of sea water adapted smolts (Potts et al. 0970), and values 
obtained for two-thirds sea water adapted rainbow trout, i.e. for smolts turnovers are
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rz %/h for Na + and 16-8 %/h for Cl- while for trout the respective values are 14-3 
and 07-8 %/h. Thus, even though trout are subjected to only two-thirds the osmotic 
and ionic stress, their efflux rates are similar to those of smolts, indicating greater bran-
chial permeabi1it of these ions in the trout. This may be an important factor in 
failure to survivtsea water. Similar arguments apply to water permeability since 
smolts in sea water drink 0•43 % body wt/h while trout in two-thirds sea water drink 
almost as much, 0-4o % body wt/h. 

The adaptation period 

Some of the features involved in adaptation to hyperosmotic media are outlined in 
Fig. 4. The process of adaptation has been divided into two parts. First, the initial 
crisis ' period, lasting about 8 h, where large physiological changes occur. Then the 

stabilization period, when slower physiological changes occur, resulting in a new 
equilibrium with the medium some 8-ro days later. 

Fresh-water fish transferred to sea water immediately face osmotic and ionic and 
ionic stresses. One of the earliest responses is increased drinking, and a similar response 
was observed in eels transferred to sea water (Kirsch & Mayer-Gostan, 3973). Hirano 
(r974) was able to elicit this response in eels simply by increasing the Cl- content of 
the external medium and it was thought to be initiated by osmoreceptors in the eel's 
oral region. During the initial period there was little change in body water content and 
thus the water drunk is almost equivalent to the branchial osmotic water loss. Urine 
output decreases to a very low level almost immediately after transfer (F. B. Eddy & 
R. N. Bath, unpub l ished results). However there may well be a dehydration of the 
body, while the gut water content increases, resulting in the observed decrease of 
plasma water content. In fact the sea water in the gut may well remove water from the 
blood by osmosis. The unexpected decrease in haematocrit may therefore be explained 
in terms of cell shrinkage, confirmed by in vitro experiments (R. N. Bath, unpublished 
data). 

One result of increased drinking is to impose an added body salt load which ulti-
mately would need to be excreted or accommodated. Thus after 6-8 h, drinking is 
greatly reduced and ionic effluxes start to increase significantly, suggesting the 
stimulation of salt excreting mechanisms. 

During the crisis period the problem imposed by Cl- is rather greater than that for 
Na + (Fig. z) because, (i) sea water contains more Cl- than Na+. resulting in larger 
diffusion gradients, and, (ii) pätentials favour ingress of Cl- along electrical gradients. 
These factors may help to explain the observation that Cl- effluxes are initially 
larger than those for Na+. 

The next 8-24 h marks the beginning of the stabilization period, which leads over 
the next 7-00 days to complete adaptation by the fish. The main physiological features 
of this period are an eventual reduction of plasma ions to the fresh water level, with an 
increase in the ion content of muscle cells. Since total body ion content does not 
change greatly this indicates a redistribution of ions particularly Cl - between plasma 
and tissue cells. 

Other physiological changes associated with adjustment to salinity involve the gills 
where it has been shown that the number of mitochondrion rich cells increase together 
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with an increase in levels of Na+-1C + ATPase (Giles & Vanstone, 197-' 6; Thomson & 
Sargent, 1977). Also there are likely to be changes in intestinal and renal function, 
though as yet little is known of these. 

In conclusion the results show some of the physiological responses by rainbow trout 
to a sudden increase in salinity. An initial period of increased drinking, together with 
diffusion of salts into the gills, results in an increased salt load, reflected in increased 
plasma and body salt content. Fish fail to adapt to full strength sea water but after 
8 h in two-thirds sea water a stabilization period begins, lasting some 7-10 days and 
eventually resulting in fully adapted fish which show normal plasma ion concentration, 
but increased cellular content of Na+ and Cl-, especially in muscle tissue. 

This work was supported by NERC grant GR3/2942.
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SUMMARY 

t. The effects of light: dark cycles (L:D) on embryonic development in 
a laboratory population of the East African annual fish Nothobranchius 
guentheri were studied. 

2. Under ambient light conditions (40 0 N) there was a low frequency of 
embryos entering diapause between June and October. Beginning in 
November there was an increasing frequency of diapausing embryos with 
a peak in December, and a lower frequency by February. 

3. Under artificial light conditions there was an increasing frequency of 
diapausing embryos as the L : D changed from 16:8 to 9:15. 

4. When individual fish or groups of fish were followed it was found that, 
even under the same light conditions, variable frequencies of diapausing 
and non-diapausing embryos were produced and that the frequencies often 
changed with time. 

5. The L:D cycle under which the embryos were incubated had no effect 
on diapause. As in some species of insects the ' diapause factor ' was of 
maternal origin. 

6. The ability of the fish to produce both diapausing and non-diapausing 
embryos under the same and variable L:D is most likely an adaptive trait 
related to the survival of the fish in the harsh environments of alternating 
rainy and dry seasons.

INTRODUCTION 

Nothobranchius guentheri belongs to a group of cyprinodontid fishes known a, 
annual fish These fishes are found in Africa and South America in temporary bodie 

of water which dry seasonally (Myers, 1942, 1952). The populations survive the dr n 
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