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Abstract. 

This study investigated smoltification and seawater adaptability of sockeye 

(Oncorhynchus nerka) and quinnat salmon (0. tshawytscha). Both species were 

introduced into New Zealand with an anadromous population of quinnat and a 

totally freshwater population of sockeye salmon becoming established. The 

sockeye were found to be capable of successfully adapting to sea water and 

appeared not to have lost their hypoosmoregulatory ability despite being 

landlocked for approximately 90 years. 

The physiological changes associated with smoltification and seawater 

adaptation were studied and were viewed in part with reference to 

physiological stress. 

Salmon exposed to a handling or temperature stressor showed an increase in 

plasma cortisol concentrations and depending on the severity of the stressor, 

a change in haematocrit and an osmotic imbalance could also result. 

The physiological state of the salmon (pre-smoltified, smoltified, desmoltified) 

was assessed in a variety of ways and the reliability of the parameters 

measured related to the seawater adaptability of the salmon. Increased gill 

Na+-K+-ATPase activity provided the best indicator of smoltification. Plasma 

cortisol concentrations also increased in smoltifying salmon. 

The seawater adaptability of the salmon was found to be dependent on both 

the degree of smoltification that had occurred in the salmon and on the 

temperature of the sea water. High seawater temperatures limited the ability 

of the salmon to successfully adapt. Rapid increases in plasma cortisol 

occurred when salmon were transferred directly to sea water, but returned to 

basal levels within 12 hours in the fish that successfully adapted. Plasma 

cortisol concentrations remained elevated in the salmon that failed to adapt 

to the sea water. 

Morphological changes in the gills of sockeye salmon that successfully and 

unsuccessfully adapted to sea water were also investigated. 
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CHAPTER 1 

General Introduction 

New Zealand Salmon. 

Atlantic and Pacific salmon are not native to New Zealand, but rather are 

endogenous to the cold temperate regions of the Northern Hemisphere. Three 

species of salmon were introduced into the South Island of New Zealand during 

the mid· to late 1800's and the early 1900's. The three species of salmon that 

can be found in New Zealand are: Atlantic salmon, Salmo salar (Linnaeus), found 

in the Lake Te Anau . Manapouri system; sockeye salmon, Oncorhynchus nerka 

(Walbaum), found in the upper Waitaki River system; and quinnat (chinook or king) 

salmon, Oncorhynchus tshawytscha (Walbaum), the most widely distributed salmon 

in New Zealand, occurring primarily on the east coast of the South Island, from 

the Waiau River in the north to the Clutha River in the south. Salmon were 

specifically introduced to establish an industry and a sport fishery as the 

rivers of New Zealand had very few species of large fish (Flain, 1981). 

Atlantic salmon was the first species to be introduced into New Zealand in 1868, 

all importations of ova coming from anadromous stocks from a variety of 

sources in the United Kingdom, Europe and Canada (Stewart, 1980; Flain, 1981). 

No sea run population became established but a small landlocked population 

remains today in Lake Te Anau. 

The first attempts in 1875-1880 to introduce quinnat salmon were unsuccessful; 

nevertheless, between 1901-1907 successful importations of ova were made. 

These stocks of anadromous quinnat came from Baird Station situated on the 

McCloud River, a tributary of the Sacramento River in California (Flain, 1981). A 

sea run population was first established on the Waitaki River and other 

surrounding rivers were subsequently stocked from the offspring of these 

salmon. Quinnat salmon are the only species in New Zealand that are 

anadromous, migrating to the sea as part of their life cycle, although 

self-perpetuating freshwater populations also exist. 

Sockeye salmon was the last species of salmon to be introduced into New 

Zealand, ova being shipped from Canada in 1901 and in 1903. Approximately 
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160 000 eggs were hatched and reared at a fish hatchery on the Hakataramea 

River, some being released into various parts of the Waitaki system, and the 

remainder retained in the hatchery for sea release. The sockeye introduced 

into New Zealand originated from a single source, a population from the 

Shuswap Lake, on the Fraser River in British Columbia (Flain, 1981; Graynoth 

and Hawke, 1983). The ova were derived from an anadromous population of 

sockeye, but like the Atlantic salmon, the resulting New Zealand stock became 

voluntarily lake limited. No sea going population has ever become established. 

There is some confusion as to the origin and form of sockeye salmon in New 

Zealand. There are 3 recognised forms of sockeye in North America: the 

sockeye (the anadromous form); the kokanee (non-anadromous form which is 

self-perpetuating); and the residuals (the non-anadromous offspring of sea going 

sockeye). New Zealand sockeye appear to be comparable with the North American 

kokanee; however, they do not assume the bright red spawning colouration of the 

kokanee and instead have a spawning colouration more characteristic of residual 

sockeye salmon (Ricker, 1940). The North American residual sockeye represent 

only a small percentage of the total anadromous breeding population, whereas 

the New Zealand sockeye is a large freshwater breeding population and are the 

product of many generations in freshwater. Hardy (1983) suggests that it can 

not be absolutely verified that original stocks of sockeye salmon were 

anadromous. Some ova may have been derived from landlocked sockeye or 

kokanee, although most evidence points towards an anadromous stock. 

Nevertheless, New Zealand sockeye salmon appear to have characteristics 

different from the North American populations. 

The Life Histories of Quinnat and Sockeye Salmon. 

In North America, quinnat salmon display a spcctrum of migratory pattcrns 

(Healey, 1980; Clarke and Shelbourn, 1985). Most quinnat enter the river systems 

and migrate upstream in September to spawn in October, these salmon being 

known as the fall chinook. A few quinnat (spring chinook) enter rivers between 

February and May to spawn in late September to October (Carl and Healey, 1984). 

The juveniles follow one of three types of outmigration to the ocean. Most 

leave soon after emergence as fry to migrate to the estuary or river mouth 

where they stay until they reach a size of approximately 4 g (fork length = 

70mm). Other quinnat migrate after about 3 months residence in fresh water and 

the remaining quinnat leave the river system as yearlings (Carl and Healey, 

1984). 



3 

In New Zealand, most of the information on the life history of Quinnat salmon 

has been obtained from studies on the Quinnat that spawn in the Glenariffe 

stream, a tributary of the Rakaia river. Adult Quinnat enter the Glenariffe 

stream to spawn from March to June (the austral autumn to early winter) with a 

peak in April (Hopkins, 1981). Fry emerge from the redds between July and 

November and between 90 to 98% of the newly emerged juveniles (fork length 

30-40mm) migrate downstream from August to October with usually a peak in mid 

September (Unwin, 1981). The remaining juveniles leave the Glenariffe stream in 

decreasing numbers over the summer period, although in some brood years, a 

significant number of Quinnat migrate from the stream as yearlings (12-15 months 

after emergence). 

In North America, sockeye spawning occurs in late summer and autumn (August to 

November). Fry emerge from the redds in early spring (April and May) and then 

migrate into the adjacent lake. The juveniles are resident in the lake for 1, 2 

or 3 years before migrating down to the ocean between April and June. Sockeye 

remain in the ocean for I to 4 years before returning to their natal stream. 

New Zealand landlocked sockeye salmon spawn in streams entering Lake Ohau in 

late February and March and fry emerge three to four months later then 

migrate downstream into the lake (Graynoth and Hawke, 1983). In some sockeye, a 

further downstream migration occurs about a year later, fish travelling from 

Lake Ohau to Lake Benmore. Adult sockeye return to spawn at 2-5 years of 

age. 

Anadromous salmon must be able to survive movement from fresh water to the 

sea and then back to fresh water. 

Osmoregulation in Teleosts. 

Teleost fish maintain the ionic concentrations of their body fluids at levels 

that are distinctly different from their freshwater or marine environments. 

Teleosts are provided with three main osmoregulatory structures; the gills, the 

intestine, and the kidney and bladder which exchange water and ions with the 

external environment. Of these three structures, the teleost gill plays a 

central role and is possibly the most important. This becomes apparent when it 

is realised that the gill epithelium not only constitutes more than 70% of the 

total body surface (Ogasawara and Hirano, 1984), but it is also the major site 

of the chloride cells which are intimately involved with the active uptake or 

excretion of monovalent ions. 
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In the marine environment, teleost fish have plasma osmolarities that are lower 

than the external environment so there is a continual loss of water by osmosis 

and an influx of ions by passive diffusion following the ion concentration 

gradients. A fish compensates for the water loss by drinking seawater. 

However, as it drinks it also takes in a surplus of ions, so to gain osmotically 

free water it must excrete this excess. Monovalent ions are eliminated chiefly 

by active transport across the epithelium of the gills and divalent ions are 

removed and excreted by the intestine and kidney (Maetz, 1971; Fontaine, 1975; 

Foskett et al., 1983). 

Freshwater teleosts have plasma osmolarities that are higher than the external 

environment, hence there is an influx of water (mainly through the gills) and an 

outflux of ions. The kidney prevents hydration of the fish by producing copious 

amounts of urine that is hypoosmotic to the plasma. The loss of sodium and 

chloride ions by the kidneys and the passive loss of these ions at the gills is 

countered by the active uptake of sodium and chloride across the gills (Maetz, 

1971; Foskett et al.. 1983). 

Many of the processes involved in osmoregulation are partly or completely 

under the control of the endocrine system. Hormones released from endocrine 

glands can have either direct or secondary effects on the water/ion exchange 

surfaces (gills, kidney etc). Hormones thought to be involved in the regulation 

of ions and water balance include the thyroid hormones, corticosteroids 

(cortisol being the principal corticosteroid in teleost fish, Idler and Truscott, 

1972), prolactin, adrenaline, growth hormone and neurohypophysial peptides 

(Barron, 1986; Richmann and Zaugg, 1987). 

Much of the work on osmoregulation in fish has concentrated on the species 

that exhibit diadromy and migrate (at well defined stages in their life cycle) 

from salt to fresh water and vice versa (see Dadswell et al .. 1987). These 

species are of special interest in the field of osmoregulation because they 

have to either tolerate the new salinity, or undergo a profound modification of 

their physiological mechanisms of iono- and osmoregulation when migrating to a 

completely different ionic environment. 

Salmonids show a spectrum of migratory types which range from freshwater 

species that are relatively sedentary to species which migrate between lakes 

and rivers, rivers and oceans, or rivers, lakes and oceans (Hoar, 1976). 

Generally, members of the genus Oncorhynchus (the Pacific salmon) have a 
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seaward migration followed by a period of growth in the sea which is then 

succeeded by an anadromous spawning migration. The seaward migration of 

juvenile salmon is a critical stage in the fish's life history: the salmon that 

migrate are generally small and have a correspondingly large surface area to 

volume which is disadvantageous when having to adjust to an environment that 

has changed from being hypoosmotic relative to plasma to one which is 

h yperosmotic. 

Prior to, or accompanying the ocean migration, juvenile salmon undergo a period 

of development which prepares them for their transition into sea water. This 

process is known as smoltification. It consists of a coordinated modification 

of a complex array of regulatory mechanisms which causes morphological, 

behavoural and biochemical changes in the fresh water parr, transforming it into 

a smolt capable of withstanding sea water transition (Hoar, 1976; Folmar and 

Dickhoff, 1980; Gorbman et aI., 1982; Loretz, 1982). With the changes in salinity 

tolerance there are changes in the functioning of a number of osmoregulatory 

organs including the gills, skin, kidney, urinary bladder and gut (Loretz et al .. 

1982). There have been numerous investigations studying the changes coinciding 

with smoltification and seawater adaptation, and over the last decade several 

comprehensive reviews have been published (Hoar, 1976; Folmar and Dickhoff, 1980; 

Wedemeyer et al .. 1980; Barron, 1986; McCormick and Saunders, 1987; Hoar, 1988). 

Most of the work on smoltification and seawater adaptation and the 

physiological changes associated with these events has, in North America, 

concentrated on the coho salmon, Oncorhynchus kisutch, and in Europe, on the 

Atlantic salmon, Salmo safar. The other species of Pacific salmon such as 

sockeye and quinnat have been investigated, but to a lesser extent. In 

contrast to the salmonid research in North America and Europe, there has been 

no comprehensive investigation to date on the seawater adaptability of New 

Zealand sockeye and quinnat salmon. Seawater tolerances of North American 

sockeye and quinnat salmon can not be assumed to be the same for New Zealand 

salmon, since salmon stocks in New Zealand have been isolated from North 

American populations for close on 90 years. Moreover, environmental conditions 

- for example, spawning sites and water temperatures - have been shown to 

greatly influence the seawater adaptability of salmon, and these differ between 

New Zealand and North America. It is already known that New Zealand quinnat 

can successfully adapt to sea water as they have formed an anadromous 

population; however, sockeye have been landlocked for the past 86 years and 

although they originally came from a sea~run population their ability to adapt 
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successfully to sea water has not been fully investigated. 

The seawater adaptability of salmon has direct relevance to the aquaculture 

industry, and in particular ocean ranching and sea-cage rearing where there is 

an ocean phase. With ocean ranching, the salmon are reared in fresh water and 

released as juveniles which migrate to the sea. The juveniles remain in the 

ocean where they grow and return as adults 2-4 years later. With sea-cage 

rearing, the salmon are reared in fresh water to a certain size and then 

transferred to cages in sea water where they are fed and grown to a 

marketa ble size. Salmon released in an ocean ranching operation have the 

option to remain in the river system, mouth or estuary before moving into the 

ocean. However, the transition of salmon from fresh water to sea water in a 

sea cage-rearing operation is very rapid and the salmon are generally not 

exposed to intermediate salinities. The timing of this type of sea water 

transfer is critical for the salmon to successfully adapt. The majority of the 

sea water transfers of sockeye and quinnat performed in this thesis involved 

an abrupt transfer from fresh water to sea water. 

Aims 

The main purpose of this thesis is to describe the seawater adaptability of 

New Zealand quinnat and sockeye salmon. In order to do this, various aspects 

involved in the transfer of salmon from fresh water to sea wat~r have been 

investigated. One aim was to establish what conditions (with reference to the 

physiological state of the salmon resident in fresh water and environmental 

parameters) were needed for a successful seawater transfer and hence the 

factors that were responsible for an unsuccessful transfer. 

Since the movement of salmon from low to high salinity involves marked 

physiological changes it is obvious that this transition must be stressful to 

the salmon, especially if the salmon are placed directly from fresh water into 

sea water. A major aim of this research was to view the seawater transfer as 

a stressor and the physiological reactions of the transferred salmon as partly 

a stress response. To help elucidate this, the physiological changes of salmon 

that had failed to adapt and those that had successfully adapted to sea water 

were compared. 
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Structure of the Thesis. 

The thesis has been divided into discrete chapters. Chapter 2, General 

Methods, describes the fish stocks and the procedures involved with fish 

handling, transportation and maintenance. The sampling methods and assays used 

are also described in this chapter. Chapters 3 to 8 describe experimental 

results and are written in such a manner that they might be subsequently 

submitted as discrete publications. Chapter 3 presents information on the 

stress responses of quinnat and sockeye salmon exposed to a variety of 

stressors. Many of these experiments were designed as controls for the 

subsequent chapters. Chapters 4 and 5 describe the seasonal changes in the 

seawater adaptability of sockeye and quinnat salmon. The changes associated 

with the direct transfer of salmon from fresh water to sea water are described 

in Chapter 4. Chapter 5 details seasonal physiological changes that occur in 

salmon that are resident in fresh water and relates them to sea water 

survival. In Chapters 6 and 7, the effect of seawater temperature and the 

effect of rate of salinity change on salmon survival is addressed. Chapter 8 

details the effect of successful and unsuccessful seawater transfers on the 

gill morphology of sockeye salmon and discusses some of the changes in 

morphology with respect to a stress response. Finally, Chapter 9 gives an 

overview of the thesis and a summary of the findings. 



8 

CHAPTER 2 

General Methods 

Fish Populations 

Sockeye (Oncorhynchus nerka) and Quinnat (0. tshawytscha) salmon (0+ to 

yearlings) were obtained from two salmon farms: a Ministry of Agriculture and 

Fisheries (Fisheries Research Division) experimental research station situated 

on a tributary of the Rakaia river, the Glenariffe stream; and a small, private, 

pond-rearing farm at Prebbleton, 14 km south of Christchurch. 

The captive Quinnat salmon maintained at the Glenariffe Salmon Research Station 

were reared from ova obtained from Quinnat that had returned to spawn in the 

Glenariffe stream. The sockeye salmon present at the Glenariffe Station 

originally came from a landlocked population that spawned in Larch Stream, Lake 

Ohau. The sockeye at Glenariffe had been resident in fresh water and bred 

through several generations. The Quinnat and sockeye salmon maintained at the 

Prebbleton hatchery originated from the Glenariffe stocks. 

Fish Collection and Maintenance 

From September 1985 to June 1986, sockeye and Quinnat were collected at 

selected times from the Glenariffe or Prebbleton salmon farms and transported 

to the Edward Percival Field Station (University of Canterbury), Kaikoura, for 

seawater adaptability experiments. Fish were transported in large, sealed, 

dark-coloured polythene bags placed inside 80 litre tanks. At the hatcheries, 

salmon were Quickly dip-netted from raceways or circular ponds and transferred 

into the polythene bags which contained fresh water from the hatcheries main 

water supply. Fish were stocked at a density of 20-30g of fish per litre. 

Oxygen was bubbled into the water through an air-stone for several minutes 

until a large oxygen rich space had formed inside the bag. The bags were 

sealed with rubber bands, leaving a good sized "oxygen reservoir" above the 

water level. If salmon were transported during the summer, either a layer of 

crushed ice was placed along the bottom of the tanks, or chilli-bin coolers were 

positioned in between and around the plastic bags to prevent the water 

temperature from increasing markedly. If possible, fish were transported during 

late afternoon or at night. 
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The trip from Glenariffe to Kaikoura was broken into two stages: a two hour 

journey from Glenariffe to Christchurch and a three hour journey from 

Christchurch to Kaikoura which occurred the following day. Fish were held 

overnight in the Zoology Department (University of Canterbury) aquarium, in 

tanks supplied with artesian water flowing in at a rate of 8-10 Htres per 

minute. Only a single trip was needed to transport salmon from the Prebbleton 

hatchery to Kaikoura. 

On arrival at the Edward Percival Field Station, salmon were released from the 

plastic bags into 80 litre holding tanks and the fresh water replaced. Initial 

attempts to maintain fish in running fresh water by dechlorinating the Kaikoura 

town supply proved unsuccessful due to the extremely high (and variable) levels 

of chlorine in the water. Subsequently all fresh water was obtained from a 

spring located at the Kaikoura Nurseries. The fish were held in static water 

which was completely replaced every 5-6hrs (4-5 times per day). All tanks were 

continuously aerated. 

Sea water was supplied to the tanks via a flow through system, where it was 

pumped directly from the sub-littoral zone into header tanks and then delivered 

to the experimental tanks at a rate of 2-4 litres per minute before running to 

waste. The salinity of the sea water remained relatively constant at 34°/01). 

Fish were maintained under the natural seasonal conditions of photoperiod and 

water temperature. Commercial fish pellets were fed to the salmon every second 

day. 

Seawater Transfers - Experimental Procedures 

After transportation to Kaikoura, the salmon remained m fresh water for a 

minimum of four days before transfer to sea water. All seawater transfers 

were conducted by adding sea water to the fresh water already present in the 

holding tanks. This eliminated any handling stress which would have occurred if 

salmon were netted and moved from one tank or salinity into another (see 

Chapter 3). Two types of seawater transfer were made. Salmon were either 

abruptly transferred from fresh water to sea water (direct transfer, Chapters 

4-7) or they were exposed to a gradual increase in salinity (progressive 

transfer) (see Chapter 6). During the direct transfer of salmon, sea water was 

supplied rapidly to the tanks at a rate of 10-12 litres per minute. Fresh 

water was totally exchanged for sea water within 20 minutes (Fig. la). The 

salinity of the water was monitored with a refractometer and once it reached 

34 °/00 (100% sea water) the flow of sea water was reduced to 2-4 litres per min. 
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Figure lA & B. Salinity changes in the tanks used for the direct transfer of 
salmon (A) and the progressive transfer of salmon (B). 

The progressive transfer of salmon into 100% sea water was completed within 

five days. Due to the lack of flowing fresh water, the progressive transfer of 

salmon was conducted in well aerated static water. The salinity was increased 

in discrete steps (10°1
00, 17°/0<\ ,25°/00' 30°/00, and 34'/00) at 24 hourly intervals. The 

desired salinity was achieved by slowly pouring buckets of sea water into the 

tanks which were monitored with a refractometer. Figure 1 b illustrates the 

changes in salinity during a progressive transfer. 

All seawater transfers were started between 9 00 and 10 00 hours. Salmon 

maintained in fresh water were used as controls during the seawater transfer 

experiments. 



11 

Sampling Procedures 

At each sampling time, 6-10 fish were rapidly removed from a tank with a few 

sweeps of a dip-net and immediately placed into an anaesthetic solution (0.4% 

2-phenoxyethanol). Care was taken during netting to cause the minimum 

disturbance to the fish remaining in the tank and no tank was sampled more than 

once in 24 hours. The solution of 2-phenoxyethanol was concentrated enough to 

completely anaesthetise the fish in less than 30 seconds. Fish were then 

serially removed from the anaesthetic, blotted on paper towels for 10-15 second 

to absorb any surplus water, weighed and their standard length (from the nose 

to the caudal peduncle) measured. Any changes in the external appearance and 

condition of the fish were noted. 

Blood was taken from the caudal vasculature by severing the caudal peduncle 

immediately posterior to the adipose and anal fins. Before severance, excess 

mucus or fluid was wiped off the caudal peduncle with a tissue to minimise 

contamination of the blood sample. Blood samples taken from very small fish 

(less than 5g) were pooled and collected in a heparinised (ammonium heparinate) 

ml plastic disposable syringe (27 gauge needle). These syringes had a negligible 

dead space which allowed small blood samples to be collected effectively. In 

larger fish, blood was collected in heparinised I or 2 ml plastic syringes (20 

gauge needle). The larger diameter needle enabled blood to be collected more 

rapidly and reduced haemolysis of the red blood cells. To determine percentage 

haematocrit, samples of whole blood (10-30).11) were withdrawn into capillary 

tubes, sealed with plasticine and centrifuged at 20 OOOg. The tubes were 

measured immediately after centrifugation. Blood remaining in the syringes was 

transferred into polyethylene vials (Eppendorf 400).11 centrifuge tubes) and 

centrifuged at 5000g for three minutes. The plasma was drawn off with a 

pasteur pipette and transferred into a new vial. All plasma samples were 

frozen and stored in a -80"C freezer until analysed. The total sample of fish 

(6-10) was bled within 5-7 minutes of net capture. 

After the blood had been taken, gill arches were removed and either rinsed in 

homogenising buffer and frozen in vials for Na+-K+-ATPase activity 

determination, or were fixed in freshly prepared 2.5% glutaldehyde in O.IM 

cacodylate buffer (pH 7.3) for morphological studies (see Chapter 7). 

Finally, a sample of white myotomal muscle was taken from the dorso-lateral 

region of the salmon just behind the dorsal fin (Fig. 2). A sharp scalpel was 

used to separate the skin plus any red muscle from the white myotome. 
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Figure 2. Lateral view of a salmon. Hatched area indicates the region where 
the white myotomal muscle was removed for water content determination. 

Sample Analysis 

The samples and measurements taken from the fish were analysed in a variety 

of ways. The methods for measuring the 'routine' parameters (e.g. plasma 

osmolarity, sodium and chloride concentrations, plasma cortisol, and gill 

Na+-K+-ATPase activity) are detailed below. The techniques that were specific 

to a particular chapter are described in that chapter's material and methods 

section. 

Condition Factor 

Length and weight measurements were used to calculate the condition factors of 

fish. Fish lengths and weights were too variable, and the sample size of 6-10 

fish too small, for differences to be detected between samples as a result of 

the treatment, especially if the time interval was less than 96 hrs. The 

calculation of condition factors considerably reduced the variability between 

fish and enabled meaningful comparisons to be made between samples. Fulton's 

condition factor (K) was calculated for each fish: 

K = 100 W 

L3 , where 

W = fish mass (g) 

L = fish standard length (cm) 

Plasma electrolytes and osmolarity 

Plasma Na concentrations were analysed by atomic emission spectrophotometry 

using a Varian Techtron J200 Atomic Absorption Spectrophotometer. Duplicate 

5ul samples of plasma were diluted with 5mls of double distilled water and 

analysed immediately on the spectrophotometer. The concentrations in the 
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samples were estimated from calibration curves determined with NaCI standards. 

Plasma chloride concentrations were obtained from duplicate or triplicate 5-20}.11 

plasma samples using a Radiometer CMT 10 Chloride titrator. Osmolarity was 

determined with a Wescor Inc. 5100C vapour pressure osmometer using 8pl 

quantities of plasma. 

Muscle Water Content 

Dissected white myotomal muscle samples were immediately placed onto a 

pre-weighed square of tin foil and weighed. The tin foil was wrapped around 

the muscle sample and placed in a 70° C oven until the dried weight was 

constant (approx. 48hrs). The percentage water content was calculated. 

Cortisol Radioimmunoassay 

Plasma cortisol was determined by radioimmunoassay (RIA) using tritiated 

cortisol ([1,2,6,7-3H]cortisol, Amersham International) and cortisol antiserum 

obtained from Bioanalysis Ltd (U.K.). The antiserum was raised in sheep against 

a cortisol-3-(O-carboxymethyl)oxime-bovine serum conjugate and exhibited a high 

specificity. The percentage cross reactivity of various steroids, as supplied 

by Bioanalysis, is listed in Table 1. 

Cortisol is generally considered to be the major corticosteroid in teleosts 

(Idler and Truscott, 1972), although recently, Weisbart and McGowan (1984) found 

in juvenile and adult Atlantic salmon that cortisone not cortisol was the major 

corticosteriod in this fish's plasma. Patino et a1. (1987) also found that 

cortisone was similar to, or higher in concentration than cortisol in resting 

coho salmon, but concluded that cortisol was still the primary steriod secreted 

by the interrenal tissue and that cortisone arises primarily from peripheral 

conversion of cortisol to cortisone. No attempt was made in the RIA to 

separate cortisol (e.g. by thin layer chromatography) from other corticosteroids 

in the plasma. It was therefore essential that the corticosteroids present in 

appreciable concentrations (other than cortisol) in salmonid plasma had low 

cross reactivities. For example, both cortisone and 11-deoxycortisol can occur 

in reasonably high concentrations in the plasma of salmonids (Idler and 

Truscott, 1972; Sandor, 1979), however, they have low percentage cross 

reactivities to the antiserum (0.4%, 3.3% respectively) and so do not 

significantly affect the specificity of the assay. Reproductive steriods that 

can occur in reasonably high concentrations in fish and are not found on the 

cross-reactivity list provided by Bioanalysis (Table 1) were not considered 

important as all fish used in this study were immature. The cortisol RIA 



TABLE 1. Percentage cross-reactivities· of various steroids to the cortisol 
antiserum (Bioanalysis). 
• the ratio of cortisol concentration (by weight) to the concentration of the 
cross reacting substance which results in a 50% displacement of radioactive 
cortisol from the antiserum 
i.e. [(pg cortisol)/(pg of steroid)]X 100 

Cortisol 
2I-Deoxycortisol 
Fludrocortisone 
Prednisolone 
17 -Hydroxyprogesterone 
II-Deoxycortisol 
Cortisone 
Corticosterone 
II-Deoxycorticosterone 
Progesterone 
Dexamethasone 

100.0% 
65.0% 

9.6% 
6.9% 
5.0% 
3.3% 
0.4% 
0.2% 

<0.2% 
<0.2% 
<0.2% 
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protocol used was an adaptation of the methods suggested by Bioanalysis. Each 

step of the assay was checked and if necessary altered to achieve better 

sensitivity and precision. 

Chemicals 

All components of the assay were reconstituted in a O.OIM phosphate buffered, 

0.9% saline that contained 0.1% (w/v) gelatin, pH 7.4. The antiserum arrived 

freeze dried. On receipt, the antiserum was reconstituted in 1 ml of distilled 

water and then further diluted to 10mi with assay buffer to provide a stock 

solution that could be easily divided into convenient aliQuots and frozen at 

-80°C until needed. This cortisol antiserum stock solution was then diluted 

with buffer until the antiserum bound approximately 50% of labelled cortisol 1fl 

the a bsence of unla belled cortisol. The tritiated cortisol ([ 1 ,2,6,7 -3H]cortisol, 

250 mCi/mg) was diluted with buffer to give a working concentration of 0.25 

JlCi/ml. A stock solution of non-radioactive cortisol (Sigma Chemical Co. Lot No. 

20F-054l) prepared in absolute ethanol was used for constructing standard 

curves. 

Dextran coated charcoal was used to separate free cortisol from antibody-bound 

cortisol. Separation is dependent on the charcoal having differing affinities 

towards the free and bound cortisol. The charcoal preferentially absorbs the 

free cortisol but will, at greater concentrations, also absorb the antibody 

bound cortisol. Charcoal dose-response curves were developed for the assay 

to determine the amount of charcoal needed for efficient separation. Dextran 
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radioimmunoassay to determine the concentration of charcoal needed for efficient 
separation of the free from the bound cortisol. (.) free cortisol. 
(0) antibody bound cortisol. 

coated charcoal was used since the dextran makes the charcoal "stickier" and 

permits easier centrifugation of the charcoal into a pellet (Binoux and Odell, 

1973). Following the protocol suggested by Odell (1982), two series of tubes were 

set up. One series of tubes contained radiolabelled cortisol plus all other 

reagents used in the assay except the antiserum. The other series of tubes 

contained radiolabelled cortisol and excess antibody (a concentration at which 

>90% of the labelled cortisol is bound). Increasing amounts of dextran coated 

charcoal (10 - 50 000 }Jg charcoal) were added to the assay tubes. The tubes 

were mixed and incubated at 4°C for Ihr. They were then centrifuged at 1200g 

for 10 min, a sample of the supernatant taken for counting, and the percentage 

of labelled cortisol bound to the charcoal calculated. Two dextran charcoal 

dose response curves were plotted (Fig. 3) and a concentration of 1000}Jg 

charcoal/tube selected (for the RIA) for the efficient separation of the free 

from bound cortisol. At this concentra tion, the dextran charcoal suspension 

binds with approximately all of the free cortisol and only 38% of the bound 

cortisol. The charcoal suspension used for the RIA was prepared in assay 

buffer (Ig activated charcoal and O.lg Sephadex G25-150, swollen in buffer 

overnight was added to 500mls buffer). The suspension was continuously stirred 

at 4° C. 

Radioimmunoassay 

Frozen plasma samples were thawed and duplicate IOul samples dispensed into 

plastic centrifuge tubes. A 50ul aliquot of absolute ethanol was added to the 
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tubes to precipitate the plasma proteins and to extract the cortisol. The 

tubes were vortex-mixed, left for 10min, and then centrifuged for 15min at 3000g 

(4°C). Between 20-40JJI of supernatant was transferred into glass 12 X 75mm 

test tubes. Serial dilutions of the stock solution of non-radioactive cortisol 

(0, 10, 30, 50, 100, 200, 300, and 500 pgjlOJJl) were also dispensed in duplicate 

into glass tubes for determining a standard curve. The ethanol in all tubes was 

evapora ted to dryness under a stream of dry nitrogen at 30 ° C. 

One hundred microlitres each of antiserum and tritiated cortisol (approx. 40 000 

DPM) were added to the tubes which were vortex-mixed and incubated at room 

temperature for 2hrs (or overnight at 4 DC). Incubation times were checked to 

ensure that the assay had fully equilibrated within the predetermined time 

(Figs. 4a & 4b). The assay equilibrated after approximately 90 min and 3 hrs, 

at room temperature (approx. 20 DC) and at 4 DC, respectively. Following 

incubation, the protein bound cortisol was separated from the free cortisol by 

pipetting 500p.! (Img charcoal) of the chilled and stirred dextran charcoal into 

the tubes. The tubes were incubated at 4°C for Ihr and then centrifuged at 

1200g for 10min to pelletise the charcoal. A ZOOJJI sample of supernatant was 

taken for scintillation counting. 

Liquid scintillation counting 

The radioactivity of the samples was measured by liquid scintillation counting 

using a Beckman LS 2800 scintillation counter. Ten millilitres of a 

toluene-based scintillation cocktail (lOOOml toluene; 500ml Triton X; 4g PPO, OAg 

POPOP) was dispensed into glass scintillation vials. The radioactivity of the 

vials was measured, and any vial that had an activity significantly greater than 

the background activity was discarded. The 200JJI samples of supernatant were 

added to the precounted vials, mixed until the cocktail cleared, and then 

counted for 5 min. Total activity was determined by adding 100ui of tritiated 

cortisol and 400}.l1 of assay buffer to the vials. All counts were converted to 

disintegrations per minute with respect to a tritium standard. 

Calcula tion of plasma cortisol concen tra tiOllS 

Plasma cortisol concentrations were calculated by a computer program that is 

supplied with the Beckman scintillation counter. From the standards (0-500pg 

cortisol), bound cortisol (DPMs) was plotted against log dose (pg) and the 

standard curve fitted with a spline function. The programme then calculated 

the unknown plasma cortisol concentrations from the standard curve. As a 

backup and to check the accuracy of thc programme, standard curvcs wcre 
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Figure 4A & B. Incubation curves for the cortisol radioimmunoassay. 
(A) Incubation at room temperature. (B) Incubation at 4 C. 

plotted by hand, the cortisol concentrations of the plasma samples 

calculated, and these concentrations compared with the computer-generated 

results. There was no significant difference between the results derived 

from the two methods of calculation. A typical standard Curve for the 

assay is shown in Fig. 5. Extraction of cortisol with ethanol resulted in 

a high recovery (>90%) with losses incorporated into the calculations. 

Sensiti vi ty 
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The minimum amount of cortisol detectable (distinguishable from zero) from the 

standard curve was 10pg cortisol, and for a 10ui plasma sample, an assay 

sensitivity of 2.5 ng/ml could be achieved. 
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Figure 6. The radioimmunoassay recovery of cortisol added to a pooled plasma 
sample. Duplicate runs. (Linear regression, r:0.993). 
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Accuracy 

To test the accuracy of the RIA. known amounts of cortisol (a concentration 

range of 0 to 250 ng/ml) were added to a plasma sample which was pooled from 

several salmon (but not stripped of endogenous cortisol). There was a 

high correlation (linear regression, r=0.993) between the amount of 

cortisol added and the amount of cortisol measured (Fig. 6). 

Precision 

A pooled plasma sample was used to determine interassay and intraassay 

variation. The mean intraassay (within an assay) and interassay (between 

assays) coefficients of variation for the RIA were 6.4% (n=4) and 10.2% 

(n=6), respectively. However, both the intraassay and interassay 

variation were influenced by concentration. Generally, the higher the 

concentration the smaller the variance. 

Gill Na+-K+ -ATPase Activity Assay 

Methods to determine gill Na+-K+-ATPase activity have been described in detail 

by a number of workers (Zaugg and McLain 1970; Johnson et al. 1977; Zaugg 1982; 

and Langdon et al. 1984). In all of the procedures, the underlying principle of 

determining the specific activity of Na+-K+-ATPase remains the same. The 

enzymatic activity of Na+-K+-ATPase is quantified by measuring the amount of 

inorganic phosphate released when ATP is hydrolysed by the enzyme. Total 

A TPase activity (Na+ -K +_Mg2+ -ATPase) is first quantified, then Mg2+ -A TPase 

activity alone was measured by selectively inhibiting the Na+-K+-ATPase enzyme 

with ouabain. The specific activity of Na+-K+-ATPase is calculated as the 

difference in the rate of inorganic phosphate liberated in the presence and 

absence of ouabain, per milligram of protein. 

The various methods described in the literature differ in the degree of enzyme 

purification and in the procedures used to isolate the active microsomal 

fraction from the gill epithelium. Many of the methods require differential 

centrifugation and prolonged ultracentrifugation (Epstein et al. 1967; Thompson 

and Sargent 1977) to eliminate interfering substances and to purify the enzyme 

fraction. As noted by Zaugg (1982), the application of these methods on a large 

number of gill samples is time consuming and impractical. Without enzyme 

purification, there is a reduction in the specific activity of the 

Na+-K +-ATPase; however, this disadvantage is offset by the increase in the 

numbers of samples that can be processed. 
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The assay protocol used is an adaptation of the methods described by Johnston 

et al. (1977) and Langdon et al. (1984), where only a crude gill homogenate is 

analysed. 

Assay 

Frozen gill samples were thawed and the gill epithelium removed by either 

scraping the epithelium off the filaments onto a cold glass plate, or if the gill 

arches were too small, by cutting the filaments off the arch. The tissue was 

placed into approximately 10 vol of ice cold buffer (see Appendix 1) and 

homogenised in a motorised teflon pestle and glass homogeniser held in crushed 

ice. The tissue was homogenised with 15-20 complete strokes of the pestle at 

600 rpm. Cartilaginous material was pressed to the bottom of the homogeniser 

or allowed to settle for 20-30 seconds, and 200pl duplicate samples (50-100 J,lg 

protein) were taken from the upper half of the homogenate. This eliminated 

some of the larger sized interfering gill tissue (gill material that was not 

completely homogenised) and ensured a homogenous sample for analysis. 

Enzyme activity was measured using two reaction mixtures (Appendix 1) which were 

identical except that one contained 0.58mM ouabain. The incubation medium 

without ouabain determined the total ATPase activity, whereas the medium with 

ouabain determined the Mg2+ dependent ATPase activity by inhibiting the 

Na+-K+-ATPase. Stock solutions of the incubation media were prepared with all 

the reagents except A TP which was added just prior to determining the ATPase 

activity. 

The 200ul homogenised gill samples together with the incubation media (800pl) 

were dispensed into 1.5ml Eppendorf centrifuge tubes, vortex-mixed, and 

incuba ted at 35° C in a shaking water bath for 30 min. The reaction was 

terminated by adding 200ul ice cold, 10% trichloroacetic acid (TCA), vortex-mixing 

and immediate placement of the vials into the freezer for 5 minutes to chill. 

The tubes were centrifuged at 5000g for 5 minutes to pelletise the protein and 

a 700Ul aliquot of the supernatant taken for determination of inorganic 

phosphate by the method of Peterson (1978). Protein concentrations for the 

enzyme preparations were determined by a modification of the method of Lowry 

et al. (1951), using bovine serum albumin as a standard. 

The specific activities of Na+-K+-ATPase are expressed as J,lmol phosphate 

released/mg protein/hour. A computer programme was used to calculate the 

Na+-K+-ATPase activities. 



CHAPTER 3 

Evaluation of the Physiological Responses of 
Quinnat and Sockeye Salmon to 

Acute Stressors and Sampling Procedures. 

Introduction 

Biological stress in fish has been extensively discussed in the literature 

(Pickering, 1981). Despite this, the actual definition of stress varies greatly 

between authors. Stress has been described either as the 'cause' or the 

'effect' of a general homeostatic disturbance. The terminology that will be 

used in this paper is similar to that suggested by Seyle (1956). A stimulus 

that is potentially harmful to the fish and initiates a homeostatic imbalance 

will be called the stressor which is, in turn, responsible for the subsequent 

stress response of the fish. Therefore, in general terms fish suffering from 

the consequences of a stressor are stressed or shows symptoms of stress. It 

should also be noted that stress may be neurogenic (see below). 
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Seyle (1950) suggested that in mammals, a generalised, non-specific, physiological 

response can be elicited by a wide variety of adverse stimuli, a phenomenon 

which he termed the General Adaptation Syndrome (G.A.S.). The general 

applicability of this model to mammals and its extension to the responses of 

fish to a variety of stressors is debatable. Seyle further argued that it is 

perhaps best to view the stress response as being made up of two components: 

a generalised stress response (encompassed by the G.A.S.); and a response that 

is specific to particular stressors. Essentially, it is the combination of both 

that provides an adaptive mechanism enabling the organism to regain 

homeostasis. 

The initial stress response includes the activation of certain endocrine 

systems, through neural input. In vertebrates, the stress response is centred 

around two endocrine systems: the interrenal or adrenocortical tissue which 

produces corticosteriods (chiefly cortisol) and is controlled by the 

hypothalamus-pituitary-interrenal (HPI) axis; and chromaffin tissue which 
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produces catecholamines (adrenalin and noradrenalin) and is chiefly controlled by 

direct neural stimulation of the tissue. Mazeaud et al. (1977) described the 

activation of these endocrine systems in teleosts as the primary stress 

response. Increases in the concentration of these circulating hormones leads 

to various physiological and biochemical changes, termed the secondary stress 

responses. These changes can include ionic and osmotic dysfunction, changes in 

stored and circulating metabolites, and a disruption of the immune system. 

Wedemeyer and McLeay (1981) extended the original concept of Mazeaud et al. 

(I977) to include one further stage or progression, the tertiary stress 

response, which includes long term effects like changes in behaviour, stunting 

of growth, increased susceptibility to pathogens and infection, and (in severe 

cases) death. A tertiary response is most likely to be the result of a chronic 

exposure to a stressor which is continual and beyond the physiological 

compensatory mechanisms of the fish. The majority of work on stress In fish 

has concentrated on exposure to acute stressors (e.g. Pickering et al., 1982, 

Barton et ai., 1985), and experiments are terminated before full compensation is 

achieved by the fish. The primary and secondary physiological changes produced 

by acute stress are the focus of this study rather than the long term changes 

in the performance of the fish (changes in growth rates, mortality). 

Schreck (1981) incorporates a psychological aspect to the stress response and 

suggests that a stress response is only elicited when a fish is "aware" of the 

stressor. A reduced stress response will result if the ability of the fish to 

detect a potentially harmful stimulus is lacking. Moreover, a reduced response 

might be the result of a disturbed homeostasis, induced by a non-detectable 

stressor. Schreck adds that the criteria for inducing a stress response In 

fish is that a stressor has to produce a state of fright and/or inflict 

discomfort or pain. Schreck and Lorz (1978) found that chronic exposure of coho 

salmon (Oncorhynchus kisutch) to lethal amounts of cadmium caused no elevation 

of plasma cortisol titres. Schreck (198]) suggests that "awareness" of the 

stressor is required for a stress response to occur and that the stress 

response is the result of the fish being frightened, or in a state of 

discomfort or pain. If the fish's "awareness" is eliminated, or if the stressor 

is undetectable as in the case of cadmium, no physiological response will 

rcsult. 

Changes in a variety of haematological parameters such as plasma cortisol, 

glucose and haematocrit have been used to reliably characterise and quantify a 

stress response in fish (Wedemcyer and Yasutake, 1987; White and Fletcher, 1986; 
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Carmichael et al .. 1984; Schwalme and Mackay, 1985). Obviously obtaining blood 

from fish results in an additional, acute stress response caused by the 

sampling procedures (i.e. net capture, anaesthesia, and blood extraction), so it 

is essential that the time course of changes in the various investigated 

parameters induced by handling is known. In this way, sampling stressors can be 

distinguished from the actual stressors examined. A number of studies have 

examined the stress response of fish to anaesthetics, sampling and handling 

(Oikari and Soivio, 1975; Strange et al .. 1977; Strange and Schreck, 1978; Barton, 

et al .• 1979). However, as sampling techniques, maintenance, and the type, or 

stock of fish used can vary greatly, it is important to validate the methods 

used in any experiment to be confident that the sampling methods do not 

significantly affect the results. Knowledge of both the immediate and long term 

responses of a fish to a stressor may be needed. When controlling for blood 

sampling procedures, measured variables that show an immediate response to the 

stressor (have the fastest rise time) are the best indicators. Conversely, the 

best indicators of recovery from a stressor are variables that take the 

longest time to return to pre-stress levels. 

The objectives of this study are to characterise the stress responses to 

handling of quinnat salmon (Oncorhynchus tshawytscha) in fresh water and sea 

water, and to validate experimental handling procedures (blood sampling and 

transportation) for both quinnat and sockeye salmon (0. nerka). Changes In 

plasma cortisol are used to indicate the primary stress response, and a 

variety of secondary stress effects are monitored with emphasis on ionic and 

osmotic changes. 

Materials and Methods 

Fish Stock 

Sockeye (Oncorhynchus nerka) and quinnat (0. tshawytscha) salmon (0+ year) were 

obtained from the M.A.F. Glenariffe Research Hatchery and transported to either 

the Zoology Department, University of Canterbury, Christchurch, or to the 

Edward Percival Field Station, Kaikoura, where they were housed in large 80 

litre, opaque aquaria at a density no greater than 6-10g fish per litre. The 

animals were main tained in a photoperiod of 12hr ligh t : 12hr dark at the 

University of Canterbury, and in a natural photoperiod at the Field Station. The 

fish were not fed during the experimental trials. 
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Sampling Procedures 

To sample, salmon were rapidly netted out of the aquaria and placed into the 

anaesthetic, 2~phenoxyethanol, which was diluted with 30% seawater to a 

concentration that immobilised the fish within 30 seconds (4-6 mls 

2~phenoxyethanol per litre water). The fish were taken from the anaesthetic, 

and excess water removed by blotting with paper towels. The caudal fin was 

severed with a sharp scalpel and blood collected from the caudal vessels into a 

Iml heparinised (ammonium heparinate) hypodermic syringe. The extracted blood 

was transferred into a 400.111 Eppendorf centrifuge vial and a subsample 

immediately withdrawn into a micropipette for haematocrit determination by 

centrifugation at 20 OOOg for 3 minutes. The remainder of the sample was 

centrifuged for 3 minutes at 5000g. Plasma was then withdrawn and stored in 

vials at -80°C until analysed. The plasma samples were analysed for cortisol, 

osmolarity, sodium and chloride. Plasma cortisol was measured by 

radioimmunoassay using tritated cortisol and antiserum from Bioanalysis Ltd. and 

the other parameters by methods described previously (see Chapter 2). 

Unless noted otherwise, these sampling methods were used for the experiments 

outlined below. No greater than 8 fish were sampled at anyone time and 

sampling was completed within 10 minutes from the time of net capture. 

Confinement and Physical Disturbance 

Quinnat salmon (mean weight = 26.7±8.5g) were transferred from the 80 litre 

aquaria into small, plastic aquaria that had barely enough water to cover the 

dorsal fin of the salmon. The fish remained in these aquaria for 10 minutes 

during which time they were continually agitated by a plastic net that was 

moved back and forth across the aquarium. The salmon were then transferred 

back into the original aquaria. Blood samples were taken before, and 1, 2, 4, 

12, 24, and 48 hours after the confinement and physical disturbance. This 

experiment was done using both freshwater- and seawater-adapted salmon. No 

mortality occurred during the stressor period and recovery_ 

Severe Heat Stress 

The effect of a sudden heat shock as a severe stressor to sockeye salmon was 

investigated. Freshwater sockeye (mean weight = 18.3±4.4g) were netted and 

transferred from an aquarium set at 16° C to one set at 35° C where they remained 

for ten minutes before being placed back into the original temperature to 

recover. Samples were taken before, and 1, 3, 12, 24, and 48 hrs after the 

heat treatment. Some mortality occurred during the 48hr recovery period. Of 



the 37 fish stressed, five died within the first hour, and three died between 

24-48hrs after treatment. 

Short term effects of blood sampling 
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The following experiments were designed to evaluate the short term effects of 

blood sampling on the stress response of quinnat and sockeye salmon. For both 

species seven salmon were netted and then anaesthetised. The salmon were 

removed from the anaesthetic, placed onto a moist paper towel, and then 

sampled at I, 3, 5, 8, 12, 15, and 25min after the initial net capture. 

This procedure was replica ted three times for each species. 

To evaluate the effect of the repeated sampling of fish held in the same 

aquarium, sub-groups of salmon were sampled at 0, I, 2, 12, and 24hrs. Thus 

fish in later sub-groups were disturbed as earlier sub-groups were sampled. 

Transportation 

The effect of transportation was examined in both sockeye and quinnat salmon. 

Fish were transported from the Zoology Department, University of Canterbury, 

to the Edward Percival Field Station, Kaikoura, in March 1985. Fish were netted 

from the Zoology Department aquaria and placed into large plastic bags filled 

with oxygen saturated water. The fish were stocked at a density of 20-30g 

fish per litre. The bags were sealed with an oxygen filled space and 

transported to Kaikoura. The water temperature in the plastic bags was 

initially 16" C and increased to 17.5 (leduring the three hour trip to the field 

station. The fish were unloaded into 801 tanks at a density of 6-IOg fish per 

litre to recover. Blood samples were taken before, and immediately after 

transportation, and after 12, 18, 36, and 84hrs of recovery. 

Statistical Analysis 

Results are presented as the mean±S.E. Where appropriate, results were 

analysed with the "Teddybear" statistical computer package, which incorporates 

Analysis of Yariance (ANDY A) and the Duncans Multiple Range Test. Some data 

was normalised with a logarithmic transformation before the statistical analysis 

was valid. 
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Results 

Confinement and Physical Disturbance 

Both freshwater- and seawater-acclimated quinnat salmon showed a rapid and 

significant increase in plasma cortisol when confined and physically disturbed 

with a net (p< 0.01, Fig. lA and IB). The cortisol response in both cases was 

recorded as peaking at 1 hr followed by a rapid return to con trol levels wi thin 

4hours. However, changes in osmolarity, haematocrit, and sodium and chloride 

concentrations were different in the freshwater- and seawater-acclimated 

salmon. In fresh water, the confinement and agitation induced a significant 

decrease in plasma sodium and chloride concentrations, and blood osmolarity (Fig. 

lA), whereas in seawater there was a significant increase in sodium and chloride 

levels and osmolarity. Both the absolute and percentage changes in sodium and 

chloride concentrations were greater in seawater-adapted salmon. For both the 

seawater- and freshwater-adapted salmon, the recovery time for the 

electrolytes was longer than for cortisol, with the electrolytes returning to 

baseline values between 12 and 24hrs. Haematocrit increased significantly only 

in the seawater-adapted salmon, increasing from 37.4±0.6% to 42.2± 1.3% (4.8 unit 

increase). 

Severe Hea t Stress 

Freshwater-acclimated sockeye exposed to a sudden heat shock displayed an 

increase in general activity and ventilation rate and, after 10min at 35° C, 

several of the fish appeared exhausted and lay on the bottom of the aquarium 

with a ventilation rhythm that was slow but deep. Physiologically, the salmon 

exhibited a marked increase in both haematocrit and plasma cortisol (Fig.2). 

Plasma cortisol increased about 15-fold and peaked after three hours. 

Haematocrit peaked after lhr and it ,took 24hrs for both the haematocrit and 

cortisol to return to baseline values. 

Short term effect of blood sampling 

There was no significant difference in the plasma cortisol titres of quinnat 

salmon sampled within 12 minutes of netting and anaesthesia (Fig. 3). There was 

no change in plasma cortisol concentrations of sockeye salmon during the 25 

minute sampling period (Fig, 3). Twenty five minutes after being netted and 

anaesthetised, the plasma cortisol concentration of quinnat salmon had 

increased to 48±10 ng/ml cortisol, about a three fold increase from the initial 

plasma cortisol levels. The elevation of plasma cortisol levels was faster and 

larger for quinnat salmon than for sockeye. 
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Figure 1. Changes in haematocrit and plasma variables subjected to intense 
handling and confinement for 10 minutes. A. Freshwater acclimated quinnat 
salmon. B. Seawater acclimated quinnat salmon. Values are means:±S.E. (n=4-6). 
Asterisks indicate mean values that are significantly different from initial 
values (Duncan's multiple-range test, P<0.05). 
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Figure 2. Changes in plasma cortisol concentrations and haematocrit of 
freshwater acclimated sockeye salmon subjected to a 10 minute temperature 
stressor (increase from 16 C to 35 C). Values are means:±:§E. (n=3-6). 
C - control sample prior to temperature stressor. Asterisks indicate mean 
values that are significantly different from initial values (Duncan's 
mUltiple-range test, P<O.05). 
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Figure 3. Changes in plasma cortisol levels of sockeyc (0) and quinnat salmon 
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Figure 4. The effect of repeated sampling from an aquarium on the plasma 
cortisol levels of quinnat and sockeye salmon. Values are means±S.E. (n=5-7). 

For both quinnat and sockeye salmon, there was no significant difference in the 

plasma cortisol concentrations of the fish sampled successively from the same 

aquarium at 0, I, 4, 12, and 24hrs (Fig. 4A & B). 

Transportation 

On arrival at Kaikoura, both the quinnat and sockeye salmon did not appear 

unduly stressed after three hours of transportation. A few fish were taking 

the occasional gulp of air at the surface, and some scale loss had occurred, 

although this was negligible. The effect of transportation increased plasma 

cortisol concentrations by 100ng/ml in sockeye and 150ng/ml in quinnat salmon. 

Plasma cortisol concentrations returned within 18hrs to levels similar to those 

found in salmon prior to transportation (Fig. 5). A greater elevation of plasma 

cortisol occurred in the quinnat salmon, and the quinnat generally appeared to 
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be more distressed by transportation and handling. As in the freshwater 

confinement and agitation experiment, transportation of fish in fresh water 

caused a transient decrease in plasma chloride concentrations (Fig. 5). The 

recovery of plasma chloride took longer than blood cortisol, returning to 

baseline values within 36hrs. 

Discussion 
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A transient elevation of plasma cortisol resulted when sockeye and quinnat 

salmon were exposed to acute stressors. Regardless of the nature of the 

stressor, whether it was confinement, heat shock, transportation, or netting and 

anaesthesia, a similar primary stress response occurred. This generalised 

reaction of an elevation in plasma cortisol following the application of an 



acute stressor adds support to Selye's (Selye, 1950) argument of a common 

physiological stress response, at least at the primary stress response level. 
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A rise in plasma cortisol has been reported to occur in a number of different 

teleost species exposed to a variety of different stressors (for review, see 

Pickering, 1981). For this reason, cortisol has been widely used as an indicator 

of stress in fish. Donaldson (1981) went a step further and suggested that the 

response of the hypothalamic-pituitary-interrenal axis (HPI), which can be 

monitored by changes in plasma cortisol concentrations, could be used to 

quantify and compare different stressors. Differences do occur in the 

magnitude and duration of the plasma cortisol elevation and this variation can 

be related in part to the type of stressor applied. The heat shock applied to 

sockeye salmon was the most severe stressor (the death of salmon, absent from 

other stressor experiments, supports this contention) and this caused the 

greatest increase in plasma cortisol as well as the longest recovery time. 

Generally, the more severe the stressor, the greater the cortisol elevation. 

For example, salmonids exposed to a range of concentrations of environmental 

pollutants or toxicants typically show a dose-dependant increase in the 

corticosteroid stress response (Dona Idson and Dye, 1975; Donaldson, 1981). The 

magnitude of the physiological stress response is also affected by the number 

of stressors applied. Barton et al. (I986) showed that the physiological stress 

response of juvenile quinnat salmon is cumulative if the salmon are exposed to 

more than one stressor. The stress response of teleosts have also been shown 

to be influenced by the water quality (Barton et al .. 1985a), the health of the 

fish (Sumpter et al., 1986; Robertson et ai., 1987) and the developmental stage 

(e.g. smoltifica tion of salmonids, Barton et al., 1985b; Specker and Schreck, 1982; 

Lea therIa nd, 1985). 

Minor differences were noted between the stress response of quinnat and 

sockeye salmon in this study. The effect of transportation on sockeye salmon 

elicited a smaller primary stress response than for quinnat and their general 

behaviours were markedly different. The quinnat were more easily frightened or 

visibly seen to be stressed than sockeye salmon. For example, if quinna t were 

netted, their movements were more pronounced and they appeared to be more 

distressed. This could account for the greater primary stress response. 

It should be noted that an increase in plasma cortisol in fish might not always 

be indicative of a stress response. Plasma cortisol concentrations have been 

reported to fluctuate in a circadian fashion in teleosts. Pickering and 
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Pottinger (1983), found a diel variation of about 20 ng/ml cortisol in brown 

trout Salma trutta. They found that the plasma cortisol concentration was 

elevated during the hours of darkness, a phenomenon that has also been 

reported for the rainbow trout, Salrna gairdneri (Bry, 1981). Fluctuations of 

this magnitude would not be large enough to be detected by the experimental 

protocol used in this study, and so the presence Or absence of a plasma 

cortisol circadian rhythm in quinnat and sockeye can not be verified. Strange 

et al. (1977) found no diurnal variation in the plasma cortisol levels of quinnat 

salmon, although this could also result from an insensitivity of experimental 

protocol. The plasma cortisol fluctuations that have been found to occur in 

salmon during a 24 hour period have been small (20-40 ng/ml cortisOl) and 

fluctuations of this size would not have a noticeable effect on the plasma 

cortisol elevation that results from an acute stressor of the severity used in 

this study. 

It should also be noted that an alteration in cortisol concentrations may not 

occur when a stressor is applied. Fish exposed to non-lethal chronic stressors 

may initially show a corticosteriod elevation which is followed by a return to 

basal levels and this could be due to either compensation for the stressor 

leading to a new homeostatic set point, or through interrenal exhaustion 

Pickering and Stewart, 1984). 

The haematocrit, plasma sodium and chloride concentrations and plasma osmotic 

pressure of quinnat salmon were altered by confinement and agitation. These 

secondary stress responses had a smaller percentage change from pre-stressed 

values and generally had longer recovery times than the plasma cortisol 

changes associated with a stressor. An increase or decrease in plasma sodium 

and chloride concentrations and osmotic pressure after quinnat salmon were 

confined and agitated with a net was dependent on the external salinity. In 

fresh water, salmon are hyperosmotic to the medium and hence ions were 

presumably lost down the concentration gradient and water gained by osmosis. 

Conversely, in sea water, salmon are hypoosmotic to the medium and so there 

was presumably an influx of ions and outflux of water. A greater relative 

change in sodium and chloride concentrations occurred in the seawater 

acclimated salmon and this could be due to permeability differences in the two 

media. The osmotic and ionic changes could be the direct response to the 

stressor and/or the result of the adaptive mechanisms (Le. the primary stress 

responses) initiated by the fish to combat the stressor. Mazeaud and Mazeaud 

(1981) suggcst that the osmotic dysfunction that occurs when fish are stressed 
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is due to the release of catecholamines which have a direct effect on the 

fish's branchial permeability to water and ions. Adrenaline, which is elevated 

during stress (Butler et al .. 1978), has been shown to increase the permeability 

of the gill epithelium of teleosts to water and electrolytes (Pic et al .. 1974, 

1975). Adedire and Oduleye (1984) found stress induced water permeability 

changes in the tropical cichlid, Oreochromis niloticus. Cortisol may also affect 

the ionic and osmotic balance of fish, by behaving as a mineralocorticoid. It 

might be considered that the increase in plasma cortisol concentration after a 

stressor is caused by the osmotic dysfunction. However, Redding and Schreck 

(1983) found that an osmotic imbalance was not a necessity for a rise in plasma 

cortisol. They found that coho salmon placed into an isoosmotic medium and then 

stressed by crowding showed no osmotic imbalance. Moreover, the time course of 

changes recorded here suggests that cortisol peaks and returns to basal levels 

more rapidly than the ionic and osmotic concentrations. 

Confinement and agitation caused an increase in the haematocrit of the 

sea wa ter-and fresh wa ter-acclima ted salmon, al though the inerease in haema tocd t 

was greater in the seawater acclimated salmon. The reason for the increase in 

haematocrit can not be determined without additional information. Soivio and 

Nikinmaa (1981) suggested that the elevation could be due to erythrocyte 

swelling and/or result from the stress related changes in the osmotic balance 

of the blood. The larger increase of haematocrit in the seawater acclimated 

quinnat could therefore be the result of both erythrocyte swelling and an 

efflux of water concentrating the blood. In the freshwater acclimated quinnat, 

the smaller increase in haematocrit could have resulted from a positive 

increase such as the swelling of the erythrocytes being offset by a 

hemodilution of the blood through an osmotic influx of water. Beggs el al. 

(1980) found that in the freshwater muskellunge (Esox masquinongy), haematocrit 

levels were initially elevated and then were depressed after capture by angling. 

The reduced levels were the result of dilution of the blood. 

Blood sampling-related stress responses were absent if the blood samples were 

taken within 10-12 min utes of netting and anaesthesia. Of the variables 

studied, plasma cortisol showed the fastest rise time and hence is the variable 

that needs to be monitored and controlled for during blood sampling. The 

influence of several types of anaesthetics and blood sampling methods on blood 

parameters has been reported (Oikari and Soivio, 1975; Strange and Schreck, 

1978; Wells et al .. 1984). Strange and Schreck (1978) found that quinnat salmon 

anaesthetised rapidly with 100mg/1 J\1S-222 (ethyl m aminobenzoate 
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methanesulfonate) had no effect on plasma cortisol concentrations. The fish 

were exposed to MS-222 in their aquaria and were not netted out and placed 

into the anaesthetic as was done in this study. The brief netting and 

placement into the anaesthetic could have caused the increase in plasma 

cortisol concentration, but it equally could be to a specific reaction of the 

fish to 2-phenoxyethanol. 

The transportation of quinnat and sockeye salmon affected plasma cortisol and 

chloride concentrations. Similar alterations in plasma cortisol and chloride 

levels as well as changes in haematocrit, plasma glucose, osmolarity and other 

electrolytes have been observed in fish after transportation (Carmichael et al .. 

1983; Robertson et al., 1987). The decrease in chloride concentration after 

transportation is part of a general osmotic imbalance of the blood, which 

includes changes in sodium concentrations and osmolarity. This osmotic 

dysfunction has been shown to have a significant effect on the subsequent 

survival of transported fish (Barton et al.. 1980; Specker and Schreck, 1980; 

Robertson et al., 1987). The transportation of fish in water that is isoosmotic 

to the fish blood has been found to negate the disruption of the 

osmoregulatory status of the fish and significantly reduce mortality (Carmichael 

et al., 1984). However in these experiments there was no mortality during the 

transportation of the sockeye and quinnat salmon and this might be attributed 

to a low stocking density and short transportation time. 

In summary, the rapid changes in the plasma cortisol concentrations of fish 

exposed to an acute stressor can be used effectively to characterise the 

initial effects of a stressor; however, changes in plasma cortisol would not be 

suitable for evaluating recovery from a stressor. As an indicator for 

recovery from a stressor, changes in plasma chloride concentrations would be 

more suitable. 



CHAPTER 4 

Physiological Changes during the Seawater Transfer 
of Quinnat and Sockeye Salmon: 

Comparison between Successful and Unsuccessful Adaptation 

Introduction 
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Dramatic physiological changes occur when teleosts move from fresh water to 

sea water, or vice versa. This transition into a different salinity normally 

takes place as a migrational phase in the life cycle of the fish, and fish that 

exhibit this type of migratory behaviour are collectively known as diadromous 

(Dadswell et al .. 1987). Many juvenile salmon ids migrate downstream to the sea 

as part of their life history and associated prior to, or during this migration, 

is a complex series of biochemical, physiological, morphological and behavioural 

changes which help to prepare the fish for its new osmotic environment. While 

still in fresh water the juvenile salmon partially pre-adapt to the marine 

habitat. This transformation or metamorphosis is known as the parr-smolt 

transformation or smoltification and has been extensively researched over the 

last ten years (see reviews by Folmar and Dickhoff, 1980; Wedemeyer et al .. 

1980; Barron, 1986; Hoar 1988). 

Intimately associated with smoltification is the increased ability of the salmon 

to survive in, and adapt successfully to sea water. The adaptation of 

salmonids to sea water has also been widely studied, and the majority of 

studies have concentrated on the physiological changes that occur when salmon 

successfully adapt to sea water (Boeuf et al .. 1978; Folmar and Dickhoff, 1979; 

Langdon and Thorpe, 1984; Redding et al .. 1984; Nichols and Weisbart, 1985; 

Fouchereau-Peron et al .. 1986; Sweeting and McKeown, 1987). For the transition 

from fresh water to sea water to be successful, the fish has to completely 

reverse its osmoregulatory mechanisms. In fresh water, the salmonid is 

hyperosmotic to its environment and so there is a continual loss of ions and 

influx of water which is countered by the fish actively absorbing ions and 

producing copious amounts of dilute urine. Conversely, a fish living in sea 

water is hypoosmotic to its surroundings and so to maintain homeostasis it 

must counteract the loss of water and influx of ions by actively transporting 

ions out and by obtaining osmotically free water (from ingested sea water where 



36 

the excess ions being removed via the gut, kidney/bladder and the gills. 

Many factors can affect the survival of salmon ids transferred to sea water. 

The salinity of the sea water, water temperature, age and size of the fish and 

developmental stage (pre-smolted, smolted, or post-smolted) have all been 

reported to have an effect on survival (Wedemeyer et al .. 1980). Differences 

may also exist between different species of salmon and between different stocks 

and brood years of the same species (Clarke, 1982), The mortality resulting 

from the seawater transfer of salmon can be more pronounced if the salmon are 

transferred directly from fresh water to sea water without passing through any 

intermediate salinities. This type of abrupt seawater transfer is practiced in 

most sea-cage rearing operations. The transition from fresh water to sea 

water is extremely rapid so if the environmental conditions are not right or 

the juvenile salmon not fully smoIted, then high mortality may result. 

The aims of this research are to characterise the physiological changes that 

occur when sockeye (Oncorhynchus l1erka) and Quinnat salmon (0. tshawytscha) are 

transferred directly from fresh water to sea water. Comparisons are made 

between fish that successfully and unsuccessfully adapt to sea water. Eight 

sea water transfers were made and physiological data collected for Quinnat and 

sockeye salmon. However, to simplify analysis and discussion only three 

representative transfers for each species are given. 

Materials and Methods 

Fish Stock and Seawater Transfers 

Sockeye and Quinnat salmon were obtained from a Ministry of Agriculture and 

Fisheries salmon hatchery which is situated on the Glenariffe stream, a 

tributary of the Rakaia river. The fish were transported to the Edward 

Percival Field Station, Kaikoura, New Zealand where the seawater transfer 

experiments were performed. The salmon were housed under a natural 

photoperiod and in 80 litre tanks at a density no greater than 6-IOg fish per 

litre. The transfer from fresh water to sea water was achieved within 20 

minutes by exchanging the fresh water with sea water flowing at a rate of 10-12 

litres per minute. All transfers were started between 0900 and 10 00 hours. 

Once a salinity of 34%was achieved, the flow of sea water was reduced to 2-4 

lit res per minute. Both Quinnat and sockeye salmon were transferred into sea 

water in January, March and July 1986 as summarised in Table 1. Some salmon 
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Table 1. Water temperatures and mean weights of fish transferred directly 
from fresh water into sea water. 

Transfer Date Fish Weight (g) F.W. Temp. S.W. Temp. 
(x ± S.D.) (OC) (OC) 

Sockeye January 1986 23 .l±3. 4 15.2 17.6 
Quinnat 9.2±1.9 

Sockeye March 1986 58.0±13.2 14.2 16.8 
Quinnat 30.2±5.6 

Sockeye July 1986 95.0±13.0 11.4 10.5 
Quinnat 70. 9±1l. 2 

were left in fresh water and acted as the controls. The aquaria were 

regularly checked for mortalities and the fish that had died were removed 

and weighed. 

Sample Collection 

Samples of fish were taken immediately before seawater transfer of freshwater 

adapted salmon, and I, 2, 4, 12, 24, 48, 96 hours and 12 and 30 days after 

transfer. The freshwater controls were sampled at 0, I, 4 and 24 hours, 

and after 7 days. Less control sampling times were used because of 

logistics and also preliminary studied over the previous year indicated no 

significant changes in freshwater controls. To sample, fish were rapidly 

caught with a hand net and placed into the anaesthetic, 2-phenoxyethanol, 

at a concentration (20mls per 5 litres of 30% sea water) that immobilised 

the fish within 30 seconds. The fish were removed from the anaesthetic, 

and the excess liquid removed with paper towels before the lengths and 

weights were noted, these to be used to determine Fulton's Condition 

Factor (C.F.= 100W/13 where W=weight (g) and l=length (em». Immediately 

following this, the caudal fin was severed, and blood collected from the 

tail stump with a heparinised (ammonium heparinate) hypodermic syringe. A 

sample of blood was withdrawn into a glass micropipette, and centrifuged 

at 20 OOOg for 3 minutes to determine haematocrit (% red blood cells). 

The remaining blood was transferred into an Eppendorf tube and centrifuged 

at 5000g for 5 minutes. Plasma was withdrawn and stored at -80°C in 

sealed plastic vials until analysed. The blood samples (maximum of 7 fish 

per sample) were taken within 10 minutes of net capture. Gills were 

excised from the salmon, washed in a homogenising buffer and stored at 

-80°C until analysed for Na+-K+-ATPase activity (see Chapter 2 for 

details). 
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Blood and Gill Analytical Analysis 

Plasma samples were analysed for sodium and chloride concentrations, osmolarity 

and cortisol levels. Chloride concentrations were determined from 20)11 plasma 

samples with a CMT 10 Radiometer chloride titrator. Sodium concentrations were 

obtained from 51JI plasma samples diluted with 5mls water and analysed by 

emission spectrophotometry (Varian Techtron 1200 Atomic Absorption 

spectrophotometer). Osmolarities were measured with a vapour pressure 

osmometer (Wescor 5IOOC osmometer) using 8pl plasma samples. Plasma cortisol 

concentrations were determined by radioimmunoassay from 10pi plasma samples 

(see Chapter 2). Gill Na+-K+-ATPase activity was determined from a modification 

of the methods used by Johnston et al. (I977) and Langdon et al. (1984) (for 

details see Chapter 2). 

Statistical Analysis 

Results are expressed as mean ± standard error and were analysed for 

significance with the Student's t-test or with analysis of variance and a 

Duncan's multiple range test. Data sets that were not normally distributed 

were transformed. 

Mortality on Transfer 

Sockeye salmon 

Results 

Sockeye salmon transferred into sea water during January and March 1986 failed 

to adapt to the new environment and 100% mortality occurred within 5 days in 

January and within 4 days in March (Fig. I a and b). A sigmoidally shaped 

survival curve resulted in both months. Few fish died within 24 hours of 

transfer, but then a sudden increase in mortality had occurred within the next 

24 hours (48 hours post transfer). The smaller fish (by weight) tended to be 

the first to die, the larger fish surviving somewhat longer (Fig. la and b). No 

mortality occurred when sockeye were transferred into sea water in July 1986 

(Fig. Ic). There was no mortality in the control sockeye that remained in fresh 

water during the sea water transfers. 

Quinnat salmon 

Quinnat salmon transferred from frcsh watcr to sea water in January 1986 were 

unsuccessful in adapting, and no fish survived past 5 days (Fig. 2a). There was 

a rapid decrease in survival of the quinnat after seawater transfer. Twenty 
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four hours post transfer, there was 60% mortality and by 48 hours only 6% of 

the quinnat transferred were alive. In March, only 26% of the fish survived 

the seawater transfer by 30 days (Fig. 2b). The majority of the mortalities 

occurred during the first 96 hours after transfer. Of the fish that had 

survived 30 days in sea water, some appeared moribund and stunted. The 

mortalities that occurred in both January and March were weight related. The 

smallest fish tended to die early, and the larger fish either took longer to die 

or were the fish that were alive after 30 days in sea water as in the March 

transfer No mortality occurred in the Quinn at transferred into sea water in 

July. There was also no mortality in the freshwater controls. 

Physiological Changes During Seawater Transfer 

Sockeye Salmon 

Successful Seawater Adaptation 

The transfer of sockeye to sea water resulted in an increase in plasma 

cortisol concentration that was both rapid and large (Fig. 3). Cortisol levels 

rose approximately 7-fold, from 33.5±& ng mr1 pre-transfer (basal) to a maximum 

recorded concentration of 23l±23 ng mrl at 1 hour (p<O.OOI). This was followed 

by a somewhat slower return to pre-transfer levels, so that by 24 hours the 

plasma cortisol concentrations of the seawater-adapted salmon did not differ 

significantly from the freshwater sockeye values. 

Plasma osmolarity, and sodium and chloride concentrations also increased after 

the seawater entry of sockeye (Fig. 3). Concentrations of sodium and chloride 

significantly increased from basal levels of 140± 1 and 120±3 mmol 1-1, 

respectively, to a recorded maximum for sodium of 170±3 mmol }"1 and for 

chloride of 152±3 mmol rl (both p<O.OI) at 24 hours. A peak in plasma osmolarity 

occurred at 48 hours post transfer. Thirty da ys after sea wa ter transfer the 

plasma osmolarity, sodium and chloride concentrations were all significantly 

higher than those in freshwater-adapted sockeye, but had decreased 

significantly from the maximum values recorded at 24 hours (p<0.05). 

Haema tocrit had increased 12 days post-seawa ter transfer (Fig. 3), rising from 

35.0±0.&% to 40.5±1.3% (p<O.OI) and remained elevated for the rest of the 

experimental tria1. The condition factor of the fish did not change 

significantly after seawater transfer. 

Gill Na+ -K+ -A TPase activity of sockeye was initially 4.03±0.99 /.lmol 

phosphate mg protein- 1 lu- I in fresh water, but increased to 13.65±1.21 )Jmol 

phosphate mg protein- l hr- I after 30 days (p<O.Ol) (Fig. 3). 
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Unsuccessful Seawater Adaptation 

Sockeye transferred in January and March failed to adapt to sea water, similar 

physiological changes occurring in both transfers (Figs. 4 and 5). Plasma 

cortisol concentrations increased rapidly after transfer and were significantly 

greater than the freshwater levels for all of the seawater samples (p<O.OI, 

Figs. 4 and 5). Cortisol concentrations did not return to basal levels as they 

did in the successful July salmon transfer, although the final concentrations 

were lower than during the earlier stages of transfers. The cortisol levels in 

the March seawater sampled salmon were generally higher than the January 

seawater sampled sockeye. 

Plasma osmolarity and sodium and chloride concentrations increased after the 

seawater entry of the unsuccessful sockeye (Figs. 4 and 5). Compared with the 

July transferred salmon (Fig. 3), a larger and more rapid osmotic imbalance 

occurred in January and March. Osmotic pressures reached higher levels in 

March than January. Plasma osmolarity and chloride levels appeared to be still 

increasing after the final 72 hour sample in March, whereas in January there 

was no further increase after 24 hours post-transfer (Figs. 4 & 5). 

In the January and March transfers there was an increase in haematocrit 12 

hours post-transfer (Figs. 4 and 5). There was a more rapid, and generally a 

greater, deviation in haematocrit away from basal levels in these seawater 

transfers compared to the successful July transfer of sockeye. The condition 

factor of sockeye decreased markedly on seawater entry. In January and March 

the condition factor decreased by 18.0% and 22.6 % respectively, whereas in July 

the condition factor only decreased by 3.2%. There was no increase in gill 

Na+-K +-ATPase activity in the sockeye that failed to adapt to sea water in 

January 1986. 

Freshwater Controls 

There was no significant change in haematocrit and plasma cortisol and chloride 

concentrations in the freshwater control sockeye sampled in January and July 

(Figs. 3 and 4). The condition factor of these fish also remained unchanged. 
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Figure 5. Physiological changes in sockeye salmon following an unsuccessful 
transfer to sea water in March 1986. F = initial freshwater sample. 
(0) freshwater controls. All values are means±S.E. Asterisks indicate a 
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Quinnat salmon 

Successful Transfer 
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Quinnat salmon successfully adapted to sea water when transferred in July 1986. 

The physiological changes that occurred were similar to the changes that 

resulted when sockeye were transferred and successfully adapted to sea water 

(Figs. 3 and 6). Plasma cortisol concentrations rapidly rose in quinnat after 

sea water entry, increasing from pre-transfer levels of 72± 13 ng ml- I, to a 

recorded maximum after 2 hours of 193±27 ng mrl (a 2.7 fold increase, p<O.OI). 

This was followed by a slower decrease to cortisol levels that were 

significantly lower than pre-transfer concentrations. The initial freshwater 

sample was high compared with the pre-transfer values of the January and March 

transfers. 

When quinnat were introduced successfully into sea water, plasma osmolarity and 

chloride changed in a similar way to sockeye (Figs. 3 & 6). Both increased after 

transfer to reach a recorded maximum chloride concentration of 152±2 mmol 1-1 

and osmolarity of 358±5 mosmols I-I after 24 hours. These levels had decreased 

and stabilised by 30 days to 140±2 mmol I-I and 320±5 mosmols 1-1, but were still 

significantly higher than the freshwater-adapted quinnat values (both p<O.OI). 

There was no change in the haematocrit or condition factor of quinnat 

transferred into sea water (Fig. 6). Gill Na+-K+-ATPase activity did not change 

until 4 days post-transfer, after which it increased further to reach a 

recorded maximum of 15.04±2.91 pmol phosphate/mg protein/hr after 30 days (Fig. 

6). 

Partially Successful Transfer 

Only some of the quinnat transferred into sea water in March successfully 

adapted. A brief but rapid IO.3-fold increase in plasma cortisol concentration 

occurred I hour after the seawater entry of quinnat (Fig. 7), which decreased to 

pre-transfer levels within 4 hours. A second rise in cortisol occurred after 

that time and it remained elevated until 12 days after the initial transfer. 

Large variation occurred in the 12 to 96 hours samples (Fig. 7). 

The increases in plasma osmolarity and chloride concentrations after sea water 

transfer were greater and remained elevated longer than the changes that 

occurred during the successful July transfer of quinnat (Fig. 7). Chloride levels 

increased to a maximum recorded level of 164 ill mmol I-I after 48 hours, and 

osmolarity to 385±12 mosmols 1-1 after 24 hours. Between 12 and 30 days were 
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required for these parameters to stabilise in the survivors, compared with 

48-96 hours for the July transfer. Like the plasma cortisol concentrations of 

the same samples taken between 12 and 96 hours inclusive, there were 

comparatively large variations in chloride and osmolarity at these times. 

There was a significant increase in haematocrit 12 hours after the introduction 

of Quinnat into sea water (Fig. 7). The haematocrit increased further and 

remained elevated until 12 days post-transfer, after which it decreased to 

pre-transfer levels. The condition factor of the Quinnat decreased during the 

first 24 hours post-transfer and remained at this level for the rest of the 30 

days (Fig. 7). 

Unsuccessful Transfer 

Quinnat transferred in January failed to adjust to sea water and died within 5 

days. Quinnat plasma cortisol concentrations increased 10.I-fold within the 

first hour of their seawater entry, but in contrast to the decrease observed 

between I and 4 hours during the July transfer, cortisol levels continued 

to increase further, reaching a recorded maximum of 255±47 ng ml- l 48 hours 

post-transfer (Fig. 8). Cortisol concentrations were still significantly greater 

than the pre-transfer levels for the last sample at 4 days (p<O.OI). 

Plasma chloride concentrations and osmolarity increased after transfer to 

recorded maxima of 194±7 mmol I-I at 48 hours and 409±14 mosmol }"l, also at 48 

hours post-transfer (Fig. 8). Compared with the successful July transfer of 

Quinnat, there was a more rapid change, especially in osmolarity after this 

transfer. In addition, plasma chloride concentrations and osmolarity remained 

high and did not decrease substantially, nor stabilise to the levels found in 

the July transfer. 

There was a significant increase in the haematocrit of Quinnat 12 hours after 

transfer (p<O.OI), which further increased to a recorded peak of 49.4±1.7% at 48 

hours. By four days, the condition factor of Quinnat decreased by 19.2%. This 

was much greater than the decrease in the condition factor in the March 

transferred fish (10.3%). 

There was a small increase in gill Na+-K+-ATPase activity of Quinnat 4 days 

post-transfer. This increase was considerably smaller than the increase in gill 

enzyme activity recorded after 4 days in July. 
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Freshwater Controls 

There were no significant changes in condition factor and plasma cortisol and 

chloride concentration in the Quinnat that remained in fresh water at the same 

time as the January seawater transfer. 

Discussion 

Significant differences in the physiological changes of salmon transferred to 

sea water occurred between the salmon that successfully and unsuccessfully 

adapted to the new osmotic medium. There was, however, very little variation 

between the responses of Quinnat and sockeye transferred to sea water. The 

two species of salmon showed similar physiological changes depending on whether 

they successfully or unsuccessfully adapted to sea water. The ability of 

sockeye and Quinnat salmon to survive in sea water was affected by the method 

of transfer, by seawater temperatures, and the physiological (developmental) 

state of the fish (see Chapters 5 and 6). 

The rate of mortality in the months where there was no survival resulted in a 

sigmoidally shaped survival curve. This shape is indicative of a normally 

distributed population of salmon with the rate of death related to the surface 

area to volume of the individual fish. Generally, the smaller fish, having a 

larger surface area to vol ume, died first and the larger salmon with the 

smaller surface area to volume died last. The smaller fish would suffer a more 

rapid osmotic imbalance than the larger fish due to the relatively greater 

surface area. 

The cause of death in these fish appeared to be dehydration. There were large 

increases in osmolarity and plasma ion concentrations after seawater transfer 

that continued to increase until the death of the fish. They showed no ability 

to regulate the influx of ions and loss of water. The condition factor 

decreased markedly in these unsuccessful salmon and this reflects mainly the 

loss of water from the fish although a small part of the decrease could be due 

to the mobilisation of stored fuels. 

Both Quinnat and sockeye salmon successfully transferred to sea water during 

early winter (July 1986). By monitoring plasma ionic concentrations and 

osmolarity, it could be seen that ionic and osmotic homeostasis was achieved 

between 48 and 96 hours post-transfer. However, the achievement of 



homeostasis did not coincide with increases in gill Na + -K + -A TPase activity 

levels. There were no significant increases in this enzyme until after four 

days post-transfer. In the Anguillidae and Salmonidae, high levels of gill 

Na+-K+-ATPase activity have been associated with seawater-adapted fish 
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(Sargent et al.,1975; Folmar and Dickhoff, 1979; Chernitsky, 1980; Langdon and 

Thorpe, 1984). In this study, maximum levels of this gill enzyme did not appear 

to be a prerequisite for the salmon to achieve ionic and osmotic homeostasis, 

although relatively high levels of the enzyme were required in the smolts prior 

to transfer for successful adaptation (see Chapter 5). 

Many other factors besides this one measure of an active transport mechanism 

(the gill ATPase) are working in the fish to maintain homeostasis. The ion 

transport mechanisms associated with the gut, kidney and bladder which were not 

studied also have a significant role in maintaining homeostasis and may explain 

why an increase in gill Na+-K+-ATPase did not coincide with the achievement of 

ionic and osmotic homeostasis. 

Gill permeability changes with the transfer of fish into sea water. In 

freshwater-adapted fish, the gills consist of a tight epithelium which is highly 

impermeable to ion diffusion. In sea water, the gills have a relatively leaky 

epithelium which has a correspondingly greater permeability (Evans, 1984; Girard 

and Payan, 1984). The increases in gill Na+-K+-ATPase activity on seawater 

transfer may parallel the increases in gill permeability. Primmett et al., (1988) 

found that increases in whole body permeability occurred during smoltification 

in Atlantic salmon (Safmo safar) which were resident in fresh water. Associated 

with the increases in permeability were increases in the gill Na+-K+-ATPase 

activity. It may be that the increases in this gill enzyme during sea water 

transfer may be stimulated by the increases in gill permeability. 

The gradual rise in gill Na+-K+-ATPase levels after seawater transfer of 

euryhaline fish has been documented several times. Folmar and Dickoff (1979) 

found that a similar lag phase (with respect to ionic homeostasis) in the 

increase in gill Na+-K+-ATPase activity occurred in coho salmon (0. kisutch) 

after transfer to sea water. They suggested that temporary compensatory 

mechanisms (such as changes in chloride distribution and ion permeability) 

probably occur until the sodium pump mechanisms become fully operative. 

Both the increase in gill permeability and increase in the Na+-K+-ATPase 

activity upon seawater transfer would require marked changes or modifications 
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of the gill epithelium at the cellular level. This would explain the relatively 

long time needed for a significant increase in this gill enzyme. Chloride cells 

located in the gill epithelium, and which are the site of high Na+-K+-ATPase 

activity, increase in size, complexity and number when euryhaline fish are 

transferred to sea water (Langdon and Thorpe, 1984; Karnaky, 1986; Pisam, 1987; 

see Chapter 7). These changes in the chloride cell morphology and distribution 

take longer to manifest than the 48-96 hours needed for the salmon to reach 

ionic and osmotic homeostasis. The rise in gill Na + -K + -A TPase activity is the 

result of two processes, an increase in the abundance of the chloride cells, 

and an increase in their content of this enzyme (Langdon and Thorpe, 1984). 

There were no increases in gill Na+-K+-ATPase activity in unsuccessful salmon, 

which is not surprising, since the fish were dead by about the time increases 

in this enzyme were detected in the successfully transferred salmon. It should 

also be noted that the levels of enzyme activity were low in these salmon 

before they were transferred to sea water (compared with their successful 

counterparts), indicating that the salmon were not true smolts and so not 

physiologically prepared for the transition (see Chapter 5). 

The abrupt transfer of salmon from fresh to sea water could be viewed as an 

effective stressor that has the ability to elicit a stress response from the 

fish. Typically down-stream migrating smolts spend some time in the boundary 

zone between the river and the ocean (in estuaries or around the river mouths) 

where there is a range of intermediate salinities. It is only in the farming 

of salmon, especially sea-cage rearing operations, where salmon are placed 

abruptly from fresh water to sea water. Matthews et al. (1986) suggested that 

the direct transfer of salmon into sea water could be used diagnostically to 

determine the relative health of the fish, using the fact that the transfer 

acts as a stressor. Unhealthy fish would die faster than the healthy fish. 

Following along the same lines, it would seem reasonable that a smaller stress 

response would occur in salmon that had undergone preparatory modifications 

(e.g. smoltification) before transfer into sea water. Conversely, salmon that 

were unprepared or not physiologically ready for seawater transfer would elicit 

a larger stress response. Barton el al. (I986) showed that the stress response 

is quantitative and cumulative and is dependent on the number of stressors and 

their magnitude. 

There was little or no change in the haematocrit or the condition factor of 

sockeye and quinnat salmon that successfully adapted to sea water. An 



increase in haematocrit of fish often indicates a stress response and this is 

especially noticeable in seawater-adapted fish (see Chapter 3). If this was 

used as a criterion of a stress response in fish, then it is reasonable to 
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suggest that those salmon which successfully adapted to sea water were not 

stressed by the abrupt transition from fresh to sea water. An osmotic 

imbalance may also occur in fish stressed by a medium that is either hypo- or 

hyper-osmotic to their plasma (see Chapter 3). Although an osmotic imbalance 

occurred in the salmon transferred to sea water, this would be due mainly to 

the change in salinity and not as a consequence of the transfer acting as a 

stressor. 

The rapid increase and subsequent return to basal levels of plasma cortisol 

after the direct and successful transfer of salmon to sea water is in 

accordance with other previous studies (Redding and Schreck, 1983; Redding et 

al .. 1984; Nichols and Weisbart, 1985; Patino et al .. 1987). Cortisol has a 

variety of effects in fish. It is known to influence the intermediary metabolism 

of the fish (a glucocorticoid role), and it also has been shown to playa part 

in the maintenance of ionic and osmotic homeostasis, thereby acting as a 

mineralocorticoid. It is commonly regarded as the putative seawater adaptation 

hormone. The rapid rise in plasma cortisol immediately after transfer could be 

interpreted in several ways. It could represent a stress response to the 

abrupt change in salinity, the hormone acting as a glucocorticoid, mobilising 

stored energy. Alternately or additionally it could be acting as a 

mineralocorticoid, having a more direct influence on the physiological 

adjustments needed for the salmon to survive in their new osmotic environment. 

The change in salinity should not only be viewed as a stressor with respect to 

a change in the external chemical composition. The initial rise in plasma 

cortisol may also have been stimulated by the increase in buoyancy associated 

with the salinity change. 

In the salmon that were physiologically unprepared for a life in sea water and 

subsequently failed to adapt, the direct transfer of these fish to sea water 

would act as a severe stressor. Assuming this be true, then part of the 

physiological changes observed after transfer would comprise a stress response. 

As mentioned previously, an increase in haematocrit can constitute a stress 

response in fish. The haematocrit did increase in these unsuccessfully 

transferred fish, although it would be difficult to distinguish this increase as 

being caused directly by the change in external osmolarity or indirectly as part 

of a stress response. The haematocrit of fish can increase by a decrease in 
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plasma volume (haemoconcentration which could be associated with dehydration), 

by recruitment of red blood cells from the spleen, and/or by a swelling of the 

red blood cells, the latter relating more to a stress response. Catecholamines 

which are released into the blood stream if a fish is stressed have been shown 

to cause swelling of the red blood cells (DeVries and Ellory, 1981). 

The same situation exists for all of the parameters studied, it being difficult 

to separate the physiological changes recorded into those constituting a stress 

response and those which are the direct result of the increase in osmolarity. 

A rise in plasma cortisol has been used in many studies as an indicator of a 

stress response (Pickering et al., 1986; Sumpter et al., 1986; Robertson et al., 

1987; see Chapter 3). In this study, plasma cortisol in the unsuccessful salmon 

rapidly increases after transfer and in contrast to the successful salmon, 

remained elevated. The initial, rapid rise in plasma cortisol was similar in 

successfully and unsuccessfully adapting salmon and these increases probably 

resulted from the same stimulus (e.g. it may have occurred as a response to an 

immediate increase in buoyancy of the fish on transfer to sea water). The 

continual high levels of plasma cortisol in the unsuccessful fish would more 

than likely result from the inability of the salmon to achieve ionic and osmotic 

homeostasis and/or could be associated with a general, lethal breakdown of 

homeostatic mechanisms within the fish (a pathological response). 
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CHAPTER 5 

Seawater Adaptability of New Zealand's 
Sockeye (Oncorhynchus nerka) and Quinnat Salmon (0. tshawytscha): 
Physiological Correlates of Smoltification and Seawater Survival 

Introduction 

Differences have been shown to occur in the seawater adaptability of the 

various species of salmon, and also between populations or brood years of the 

same species (Zaugg, 1982). Interspecific and intraspecific differences in the 

hypoosmotic regulatory ability of salmon are further affected by environmental 

conditions such as water temperature and the seawater salinity, and also by 

the physiological state of the salmon. Prior to, or during, seaward migration 

juvenile anadromous salmon undergo a period of development which prepares them 

for their transition into sea water. This preparatory metamorphosis which 

involves extensive biochemical, physiological, morphological and behavioural 

changes is known as the parr-smolt transformation, or smoltification (see 

reviews by Folmar and Dickoff, 1980; Wedemeyer et al., 1980; Barron, 1986; Hoar, 

1988). Salmon have to reach a critical size and age before smoltification can 

occur. Once the critical size or age is reached, smoltification occurs in 

relation to environmental cues. Increasing photoperiod (spring), water 

temperature, flow-rate and the lunar cycle have all been shown to influence or 

initiate the parr-smolt transformation. The timing of the sea water transfer 

with respect to the developmental stage of the salmon is critical for high 

survival. For example, coho salmon transferred to sea water at the wrong time 

may either die or be severely stunted (Folmar et al., 1982). 

The parr-smolt transformation is characterised visually by the disappearance of 

vertical dark streaks that mark the sides of parr and by an increase in body 

silvering due to the deposition of guanine crystals in the epidermis (Markert 

and Vanstone, 1966; Gorbman et al., 1982). Nevertheless, these changes in the 

salmonid's external appearance can not always be used as reliable indicators of 

the developmental stage of the salmon (pre-smoltified, smoltified or 

desmoItified). If salmon remain in fresh water after smoltifying they often 

revert back to a parr form (dcsmoltify) with respect to their osmoregulatory 
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status, but still retain the external morphology of a smolt for some time 

afterwards (Wedemeyer et al., 1980). Because of the unreliability of using the 

external appearance of the salmon as an indicator of smoltification a variety 

of physiological parameters have been considered or used to predict the 

developmental stage of the salmon in fresh water. The seawater challenge test 

(Clarke and Blackburn, 1978; Blackburn and Clarke 1987) also provides a useful 

measure of the hypoosmotic regulatory status of salmon by measuring plasma ion 

concentrations (chiefly sodium) in salmon transferred to sea water for 24 hours. 

Gill Na+-K+-ATPase activity levels have been widely used to monitor the 

osmoregulatory status of salmon. The greatest activity of this enzyme is 

localised along the baso-lateral membranes of the mitochondrial-rich chloride 

cells and is assumed to be coupled to one of the major ion pumps involved in 

maintaining osmotic and ionic homeostasis in fish. It is involved in both the 

excretion and uptake of sodium and chloride at the fish gills (Sargent et al., 

1980; Towle, 1981; De Renzis and Bornancin, 1984). An increase in gill 

Na+-K+-ATPase activity occurs when salmon are transferred to sea water 

(Sargent et al., 1975; Chernitsky, 1980; see Chapter 4), which is reasonable, 

since in seawater fish ionic exchanges are larger compared with those observed 

in freshwater fish (Maetz, 1974; Maetz and Bornancin, 1975). A rise in gill 

Na+-K+-ATPase activity has also been associated with smoltification and an 

increase in the sea water capacity of salmon and this increase provides a 

useful predictive index (Zaugg and McLain, 1970; Hoar 1976; Folmar and Dickhoff, 

1981; Ewing et al., 1985). 

The endocrine system has been implicated in the control of the parr-smolt 

transformation and hormones involved in this metamorphosis, such as thyroxine, 

tri-iodothyronine and cortisol, have been monitored in developing freshwater 

salmon (Folmar and Dickhoff, 1980; Specker and Schreck, 1982; Specker and 

Richman, 1984; Boeuf and Prunet, 1985; Dickhoff et al., 1985; Young, 1986). 

Thyroxine and tri-iodothyronine have been shown to be relatively reliable 

indicators of smoltification (Grau et al., 1985). 

Quinnat (Oncorhynchus tshawytscha) and sockeye (0. nerka) salmon were introduced 

into New Zealand from North America in the late 1800's and early this century. 

The quinnat established an anadromous population; however sockeye, despite 

originating from a sea run population, became voluntarily land-locked and have 

reproduced and perpetuated in fresh water for the past 86 years. The biologies 

of salmon (coho and to a lesser extent quinnat and sockeye) have been 
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extensively studied in North America, and in recent years much of the research 

has concentrated on aspects of their aquaculture. An important area of study 

has been the sea water adaptability of salmon and hence their suitability for 

ocean ranching and sea cage rearing. 

The chief purpose of this study was to investigate the seawater adaptability 

of New Zealand Quinnat and sockeye salmon. Salmon (1985-1987 brood years, 6 to 

18 months old) were subjected to rapid transfers from fresh water to sea 

water, being placed directly from fresh water into sea water with no 

intermediate salinities. Survival and growth in these seawater transferred 

salmon were monitored over 30 days. Various physiological parameters (gill 

Na+-K+-ATPase activity, cortisol, sodium, chloride, osmolarity, haematocrit and 

condition factor) were monitored in freshwater-adapted salmon and in salmon 

that had undergone a 24 hour seawater challenge test (Clark and Blackburn, 

1978). The viability of these variables as indicators of sea water survival in 

sockeye and Quinnat salmon is discussed. 

Materials and Methods 

Fish Stocks and Seawater Transfer Experiments 

Quinnat and sockeye salmon were obtained from a Ministry of Agriculture and 

Fisheries hatchery on the Glenariffe stream, a tributary of the Rakaia river, 

and from a private pond rearing salmon farm at Prebbleton, Christchurch. Three 

brood years were sampled (1985-1987 broods) at periodic intervals between 

September 1985 to November 1987, and 0+ to 1 year old fish were used. Seawater 

transfers were performed at the Edward Percival Field Station, Kaikoura. 

Salmon were housed under a natural photoperiod and in 80 litre tanks at a 

density no greater than 6-10g fish weight per litre. Fresh water was displaced 

by sea water flowing in at a rate of 10-12 litres per minute and a salinity of 

34% was achieved within 20 minutes. Control fish remained in fresh water at the 

same time as the sea water transfers wcre performed. The transfers, the water 

temperatures, and the weights and ages of the fish at the time of transfer are 

shown in Table 1. 
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Table 1. Water temperatures and the age and mean weights of fish transferred 
from fresh water into sea water. 

Transfer Species Mean Weight (g) Age Water Temp. (OC) 
Date (x ± S.D.) F.W. S.W. 

1985 BROOD YEAR. 
Sept. 1985 sockeye 1. 30±0. 27 7 

quinnat 0.23±0.02 5 11.0 11.8 

Oct. 1985 sockeye 3.54±0.67 8 
quinnat 0.44±0.22 6 12.0 12.7 

Nov. 1985 sockeye 6.84±0.70 9 
quinnat 1. 29±0. 67 7 13.8 13.6 

Jan. 1986 sockeye 23.1±3.4 11 
quinnat 9.2±1.9 9 15.2 17.6 

Mar. 1986 sockeye 58.0±13.2 13 
quinnat 30.2±5.6 11 14.2 16.8 

May 1986 sockeye 73.4±8.6 15 
quinnat 49.4±10.1 13 13.8 14.2 

July 1986 sockeye 95.0±13.0 17 
quinnat 70.9±11.2 15 11.4 10.5 

1986 BROOD YEAR 
Nov. 1986 sockeye 2.23±0.95 9 

quinnat 1. 03±0. 72 7 14.5 16.3 

Dec. 1986 sockeye 4.0±1.8 10 
quinnat 1. 94±1. 24 8 17.0 17.0 

Jan. 1987 sockeye 8.1±2.4 11 
quinnat 8.2±2.2 9 17.0 18.8 

Feb. 1987 sockeye 21.2±1.6 12 
quinnat 18.5±4.0 10 17.2 19.0 

June 1987 sockeye 84.3±8.9 16 
quinnat 67.2±14.5 14 12.3 13.0 

1987 BROOD YEAR 
Oct. 5th 1987 quinnat 0.9±0.3 6 

Oct. 28th 1987 quinnat 3.0±1.4 7 

Nov. 1987 quinnat 7.0 8 
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Following transfer, any dead fish were removed from the aquaria and the 

approximate time of death noted for each. The weights of the surviving fish 

were taken after 30 days to determine growth rates. The percentage of fish 

surviving after 30 days was taken as a relative measure of successful 

adaptation of the salmon to sea water. 

Sampling 

Fish from 1985 and 1986 brood years were sampled for physiological data. 

Freshwater adapted fish were sampled just prior to seawater transfer and for 

the 1985 transfers, salmon were also sampled 24 hours after seawater entry. A 

rapid and indiscriminate sample was achieved by catching 6 to 7 salmon with a 

hand net. The fish were immediately placed into an anaesthetic 

(2-phenoxyethanol, 20 mls mixed with 5 litres 30% sea water) that immobilised 

them within 30 seconds. Individual fish were measured and weighed, and blood 

extracted with heparinised (ammonium heparinate) syringes from the caudal 

vessels which were exposed by severing the caudal peduncle with a sharp 

scalpel. Once blood had been taken from the fish in a sample (approx. 8 minutes 

after netting), gill arches were exposed and excised. Observations were made of 

the degree of body silvering and the disappearance of parr marks. 

Sample Analysis 

Fish weight and length measurements were used to calculate Fulton's condition 

factor (l00W/1 3, where W = weight in grams and 1 = length in centimetres). Blood 

samples were transferred to Eppendorf centrifuge tubes and centrifuged at 

5000g for 3 minutes. Plasma was withdrawn with a pasteur pipette and frozen 

at -80°C in plastic vials. Plasma was subsequently analysed for cortisol 

concentrations, osmolarity, and sodium and chloride levels. Samples of whole 

blood were taken up into capillary tubes and spun at 20 OOOg for 3 minutes to 

determine the haematocrit. 

Plasma cortisol concentrations were measured by radioimmunoassay (see Chapter 

2) using duplicate lO}Jl samples. Osmolarities were determined from 8).11 plasma 

samples with a vapour pressure osmometer. 5-10).11 plasma samples were analysed 

with a Radiometer chloride meter to obtain chloride concentrations. Atomic 

emission spectrophotometry was used to measure the sodium concentration of 

5ul plasma samples diluted with 5mls of distilled water. 

The excised gill samples were washed in buffer (Na+-K+-ATPase homogenising 

buffer) and frozen at -80°C in plastic vials until analysed for Na+-K+-ATPase 
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activity levels. These were measured by a modification of the methods used by 

Johnston et al. (1977) and Langdon et al. (1984) (see Chapter 2). 

S ta tis tical Analysis 

Results are expressed as the mean standard error, or standard deviation. 

Statistical significance was determined by analysis of variance and Duncan's 

multiple range test or by the Student's t-test. Data that was not normally 

distributed was transformed before analysis. 

Results 

Seawater Survival and Seasonal Physiological Changes in Sockeye Salmon. 

1985 Brood Year 

There was high mortality (93%) when sockeye salmon were introduced into sea 

water in September 1985 (Fig. 1). The percentage of sockeye that survived 

seawater entry increased in the subsequent two transfers in October and 

November 1985, with nearly 100% survival in November. There was a 

corresponding increase in size of the salmon for these months with the salmon 

in November having a mean weight of 6.8±0.7g. Although of greater size, the 

sockeye salmon transferred in January and March 1986 failed to adapt to sea 

water (100% mortality for both transfers). The sea water temperatures were 

comparatively high (January =18.6 "C, March = 15.8°C) for these transfers (Fig. 1). 

In May and July there was 100% survival of salmon introduced into sea water. 

Overall no growth occurred in the sockeye that successfully adapted to sea 

watcr in September and October 1985. Most were stunted after 30 days in sea 

water, but a few of the remaining sockeye appeared to have grown though the 

overall growth rate for these two transfers reflected the larger number of 

stunted fish (Table 2). Significant growth did occur in the sockeye salmon 

transferred into sea water in November 1985, May and July 1986 (Table 2). 

Freshwater Sockeye 

Parr marks were clearly present on the juvenile sockeye in September and 

October. By November, the bands had disappeared and there was an increase in 

body silvering. Sockeye remained in this form throughout the rest of the 

experimental period (to July 1986). 
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Figure 1. Survival of sockeye salmon (1985 brood year) 30 days after being 
rapidly transferred from fresh water to sea water. Mean wet weights of the 
sockeye are displayed above the histogram bars. Seawater (S.W.) temperatures 
are plotted on the top axis. 

62 

Table 2. Growth of salmon, 30 days after direct transfer from fresh water to 
sea water. * indicates significant growth (P<0.05). 

Initial Weight (9) Final Weight (g) 
(x ± S.D.) (x ± S.D.) 

SOCKEYE 
1985 BROOD 
September I. 30±0. 27 1.4±0.7 

October 3.54±0.57 3.0±0.3 

November 6.84±0.70 8.9±0.8* 

Hay 73.4±8.6 87.4±6.2* 

.luly 95.0±13.0 150.1133.8* 

1986 BROOD 
June 84.3±8.9 103.6±10.8* 

QUINNAT 
1985 BROOD 
Nov. 1.29±0.67 1. 05±0. 75 

t1arch 30.2±5.6 39.1±9.4 

May 49.4±10.1 64.7±8.8* 

July 70.9±11.2 87. 7±4 .8* 

1986 BROOD 
February 18.5±4.0 27 .1±5. 7* 

June 67.2±14.S 89.518.4* 

1987 BROOD 
Dc t. 23th 3 .o± J .4 4.9±0.7 

Nover,ht:}~ 7.0 * 
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While still in fresh water, the gill Na+-K+-ATPase activities of sockeye salmon 

were significantly elevated in November 1985, and May and July 1986 (p<O.OI, log 

transformed data) (Fig. 2). These elevations correlated well with the successful 

sea wa ter tra nsfers (r=0.912, p<O.O I). A similar pattern occurred for plasma 

cortisol concentrations although the trends were not so clearly defined. 

Cortisol levels in November, May and July were not significantly different from 

the January sample but were higher than the rest of the monthly freshwater 

samples (p<0.05). There was also a significant correlation between seawater 

survival of sockeye and plasma cortisol levels (r=0.775, p<0.05). 

Chloride concentrations of freshwater-adapted sockeye were negatively 

correlated with gill Na+-K+-ATPase activity (r=-0.953, p<O.OI) and seawater 

survival (r=-0.856, p<0.05). Decreased chloride concentrations occurred when 

gill Na+-K+-ATPase activity levels were elevated (Fig. 2) and when seawater 

survival was high. No obvious trends existed for plasma sodium concentrations 

or osmolarity (Fig. 2). Haematocrit was, however, postively correlated with gill 

Na+-K+-ATPase activity (r=0.891, p<0.05) (Fig. 2). The condition factor of 

sockeye increased as the salmon grew in size until March 1986. In May and 

July, the condition factor decreased and levelled off (Fig. 2). 

Seawater Sampled Sockeye 

Greater differences existed between monthly samples when sockeye plasma was 

analysed 24 hours after seawater transfer (Fig. 3). In November, May and July, 

when sockeye successfully adapted to sea water, the plasma cortisol 

concentrations were significantly lower than the other monthly 24 hour samples 

(p<O.OI). During the months when the sockeye failed to adapt to sea water, 

plasma cortisol levels were elevated 24 hours after seawater entry. 

Conversely, in the sockeye that successfully adapted to sea water, plasma 

cortisol levels were unchanged or lower than the freshwater values (see Figs. 2 

and 3). A high negative correlation existed between the seawater survival of 

sockeye and the 24 hour plasma cortisol concentrations (r=-0.912, p<O.O I). There 

was a reverse relationship between the plasma cortisol concentrations of 

sockeye sampled in freshwater and those sampled in sea water. If the cortisol 

concentrations were comparatively low in frcshwater sockeye, then they tended 

to be comparatively high for their respective 24 hour seawater samples (see 

Figs. 2 and 3). 
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Figure 2. Variation in a range of physiological parameters (gill Na+-K+-ATPase 
activity, plasma cortisol, osmolarity, chloride and sodium concen tra tions, 
haematocrit and condition factor (C.F.) of sockeye salmon (1985 brood year) 
resident in fresh water. Each point represents the mcan±S.E. 
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Figure 3. Variation in plasma parameters and haematocrit ot socKeye salmon 
(1985 brood year) transferred into sea water and sampled after 24 hours. Each 
da ta point represents the mean±S.E. 

Plasma sodium and chloride concen trations showed a similar trend to cortisol in 

sockeye sampled 24 hours post·transfer. Concentrations were significantly 

elevated in the salmon that failed to adapt to sea water with a peak occurring 

in March (p<O.OI) (Fig. 3). Conversely, the lowest sodium and chloride 

concentrations occurred in salmon which transferred successfully into sea 

water. Gill Na+-K+-ATPase activity levels of freshwater-adapted sockeye were 

negatively correlated with the 24 hour sodium and chloride concentrations of 

the sea wa ter-ada pted sockeye (Na+, r=-0.924, p<O.O I; Cl-, r=·0.953, p<O.O I). These 

24 hour post-transfer plasma ionic concentrations were also negatively 

correIa ted with the seawater survival of sockeye (Na +, r=-0.958, p<O.O I; CI·, 

r=-0.956, p<O.OI). Plasma osmolarity in the 24 hour sampled sockeye showed very 

similar trends to sodium and chloride concentrations (Fig. 3). High osmolarities 

occurred in the unsuccessful (October, January and March) transfers and low 

osmolarities for the successful transfer (Fig. 3). Haematocrit was significantly 



elevated in the salmon that did not adapt to sea water (January and March). 

Generally, the differences between the 24 hour monthly samples were more 

pronounced and correlated better with the seawater survival of sockeye than 

the changes in the monthly parameters that were taken prior to seawater 

transfer. 

1986 Brood Year 
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Five seawater transfers were performed with the 1986 brood year sockeye. In 

November 1986, December 1986, January and February 1987, 100% mortality 

occurred after the sea water entry of sockeye, but in June 1987 sockeye 

adapted successfully (Fig. 4). The salmon transferred in June had grown by 30 

days (Table 2). The sockeye of this brood year were considerably smaller than 

the 1985 brood year (Table 1). 

Freshwater Sockeye 

Parr marks were present on the sockeye until December 1986. By January 1987, 

the bands had disappeared and there was an increase in body silvering. The 

salmon retained this external morphology through to the final transfer in June 

1987. 

Gill Na+-K+-ATPase activity levels of freshwater sockeye were significantly 

lower at the times that the salmon failed to adapt to sea water (Nov. 1986, 

Dec. 1986, Jan. and Feb. 1987) compared with the enzyme activities of salmon in 

June 1987 (p<O.O 1) (Fig. 5). In contrast to the 1985 brood year changes in gill 

Na+-K+-ATPase activity levels were not correlated with the seawater survival 

of sockeye, although the enzyme activities were all below 3 pmoles phosphate mg 

protein- 1 hr-l in the unsuccessful salmon. Like the 1985 brood year, the gill 

enzyme activities were negatively correlated with plasma chloride concentrations 

(r=-0.945, p<0.05). The chloride concentrations of freshwater-adapted sockeye 

were significantly lower in June when Na+-K+-ATPasc activity was high than III 

the other monthly samples (p<O.O 1) (Fig. 5). The condition factor of sockeye 

increased from November 1986 to peak in February 1987 and then decreased 

slightly by June 1986 (Fig. 5). 
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Figure 4. Survival of sockeye salmon (1986 brood year) 30 days after being 
rapidly transferred from fresh water to sea water. Mean wet weights of the 
sockeye are displayed above the histogram bars. Seawater (S.W.) temperatures 
are plotted on the top axis. 

1'25 +--f~ 
u: '·20 J--- jl + u 

1-15 

- 130 

t--+\j/l :E 
E 

125 
Q) 
"0 .;:: 120 

t 
0 
.c. 
U 115 

-.c. 

t "- 4'0 Q)"": 
In 0 

+ ___ i/+"-+~ 
o .... 

a.. a.. 
1-t;1) 
<r E 2'0 I::::::: 
:::.ca.. 
10 
o E 
Z ::J 

N D J F M A M J J 

Figure 5. Variation in gill Na+-K+-ATPase activity, plasma chloride levels and 
condition factor (C.F.) of sockeye salmon (1986 brood year) resident in fresh 
wa ter. Each data poin t represen ts the mean ±S.E. 
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Figure 6. Survival of quinnat salmon (1985 brood year) 30 days after being 
rapidly transferred from fresh water to sea water. Mean wet weights of the 
sockeye are displayed above the histogram bars. Seawater (S.W.) temperatures 
are plotted on the top axis. 

Seawater Survival and Seasonal Physiological Changes in Quinnat Salmon 

1985 Brood Year 

Quinnat salmon that were transferred directly into sea water in September and 

October 1985 failed to adapt (Fig. 6). In November 1985, 10.3% of the quinnat 

survived for the 30 days in sea water; however in January there was again 100% 

mortality. In March 1986, 27.3% of the quinnat transferred were alive after 30 

days. Survival increased to 100% in May and July 1986. The quinnat that 

successfully transferred to sea water in November and March did not grow and 

were stunted, whereas in the May and July transfers the quinnat had 

significantly increased in weight after 30 days in sea water (p<O.Ol) (Table 2) 

Freshwater Ouinnat 

The parr marks of juvenile quinnat salmon had partially disappeared by November 

1985 and were completely absent in January 1986, with a corresponding increase 

in body silvering. The quinnat retained this external morphology for the rest 

of the transfers. 

As the quinnat salmon increased in size, there was a corresponding increase in 

the gill Na+-K+-ATPase activity (Fig. 7) a maximum being recorded in July 1986. 



There was a positive correlation between the percentage of quinnat surviving 

sea water transfer and gill Na+-K+-ATPase activity: the higher the enzyme 

activity the greater the survival (r=0.916, p<0.05). Plasma cortisol 
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concentrations were significantly greater in the freshwater quinnat groups that 

successfully adapted to sea water (p<O.O I). A very high, positive correlation 

existed between cortisol concentration and gill Na + -K + -A TPase activity (r=0.940 

p<0.05). Plasma chloride concentrations decreased over the months in 

freshwater-adapted quinnat and were negatively correlated with gill 

Na+-K+-ATPase activity ( ATPase, r=-0.936, p<0.05). Osmolarity showed a similar 

trend to chloride concentrations, decreasing with increasing age of the quinnat 

but was not correlated with seawater survival, despite a significant difference 

between the January and July samples (p<0.05). The haematocrit of 

freshwater-adapted quinn at showed no obvious trends. There was an increase in 

condition factor of quinnat between September 1985 and March 1986. The 

condition factor rose to a peak in March 1986 and remained at this level 

through May and July 1986 (Fig. 7). 

Seawater Sampled Ouinnat 

Compared with the plasma cortisol concentrations of the freshwater-adapted 

quinnat the opposite trend occurred in cortisol levels of the quinnat sampled 

24 hours after seawater entry (Fig. 8). At 24 hours, significantly lower 

cortisol concentrations occurred in the quinnat that successfully adapted to 

seawater compared with the unsuccessful transfers (p<O.OI). A maximum mean 

cortisol concentration of 222:t39 ng ml- l was recorded in January 1986 when 

the quinnat failed to adapt to sea water. There was a decrease with age in 

the chloride concentrations of the seawater transferred salmon sampled after 

24 hours. The lowest chloride concentrations were recorded in May and July 

1986 and chloride levels were negatively correia ted with sea water survival 

(r=-0.879, p<0.05). The chloride levels at 24 hours post-transfer were higher 

than the pre-transfer concentrations. The changes in the osmolarity of the 24 

hour seawater quinnat were also similar to the changes that occurred in the 

freshwater-adapted quinnat, the lowest osmolarities occurring in quinnat that 

successfully adapted to sea water in May and July 1986. Similarly for the 

haematocrit of quinnat sampled 24 hours after transfer, it was significantly 

lower in the quinnat that adapted to sea water (p<O.OI) (Fig. 8). 
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Figure 7. Variation in a range of physiological parameters (gill Na+·K+·ATPase 
activity, plasma cortisol, osmolarity, chloride concentrations, haematocrit and 
condition factor (C.F.) of quinnat salmon (l985 brood year) resident in fresh 
water. Each point represents the mean±S.E. 
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Figure 8. Variation in plasma parameters and haematocrit of quinnat salmon 
(1985 brood year) transferred into sea water and sampled after 24 hours. Each 
data point represents the mean±S.E. 

1986 Brood Year 

Quinnat salmon of this brood year were smaller than the 1985 brood. Quinnat 

did not successfully adapt (100% mortality) when transferred into sea water in 

November 1986, December 1986, and January 1987 (Fig. 9). In February 1987, 

18.5% of the quinnat transferred to sea water were alive after 30 days and 

these salmon had grown significantly over this period (Table 2). Quinnat did 

adapt successfully to sea water in July 1987 and significant growth had 

occurred after 30 days (Table 2). 

Freshwater Quinnat 

Parr marks were present on quinnat through to February 1987. By July 1987 the 

parr marks had completely disappeared and the fish had taken on a very silvery 

external appearance. 
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Figure 9. Survival of quinnat salmon (1986 brood year) 30 days after being 
rapidly transferred from fresh water to sea water. Mean wet weights of the 
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are plotted on the top axis_ 
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Figure 10. Variation in gill Na+-K+-ATPase activity, plasma chloride levels and 
condition factor (C.F.) of quinnnt salmon (1986 brood yenr) resident in fresh 
water. Each data point represents the mean±S.E. 
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Gill Na+-K+-ATPase activity levels of freshwater-adapted quinnat were 

significantly higher in February and June than for the other monthly samples 

(p<O.Ol) (Fig. 10). The enzyme activity was highly positively correlated with the 

survival of quinnat transferred to sea water (r=0.994 p<O.OI). Chloride 

concentrations were significantly lower in the quinnat that successfully adapted 

to sea water in June 1986 and were negatively correlated with both sea water 

survival (r=-0.903, p<0.05) and gill Na+-K+-ATPase activities (r=-0.943, p<0.05) 

(Fig. 10). There was an increase in the condition factor of quinnat that peaked 

in January - February. The condition factor of the June quinnat was lower 

than in January and February (p<0.05). 

1987 Brood 

The quinnat of this brood year were considerably larger than the quinnat of 

1985 and 1986 brood years measured at similar ages. No quinnat survived the 

initial transfer to sea water in early October 1987. There was an increase III 

survival of the quinnat transferred into sea water 3 weeks later and a further 

increase in survival for the last sea water transfer (Fig. 11). The weight of 

the fish for the last transfer was 7.0g. 

Parr marks were clearly visible on the quinnat transferred in early October 

1987, but three weeks later the bands had all but disappeared and the quinnat 

had a silvery external morphology. 



Sockeye and Quinnat Freshwater Controls 

The sockeye and quinnat that remained III fresh water during the sea water 

trial periods suffered no mortality. 

Discussion 
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New Zealand sockeye salmon (0. nerka) were able to successfully adapt and grow 

in sea water. Eighty six years of being landlocked and excluded from sea water 

has not destroyed the ability of these salmon to successfully make the 

transition from fresh water to sea water. Unfortunately there areno data on 

the sea water capacity of New Zealand sockeye prior to this study, so whether 

the ability of sockeye to adapt to sea water has been reduced because of 

their isolation from sea water is unknown. Presumably, there has been no 

change in the sea water capacity of these sockeye as they show a similar 

pattern of seawater tolerance to the North American Pacific salmon. Burton 

and Idler (1984) found that Newfoundland landlocked Atlantic salmon (Salmo salar) 

had the capacity to adapt to sea water but only 11 % of the fish tested 

survived the transition into sea water. Depending on the time of the transfer, 

between 0% and 100% survival was recorded for sockeye after being in sea 

water for thirty days. As expected, New Zealand's quinnat salmon (0. 

tshawytscha) were able to adapt to sea water. 

The ability of salmon to survive in sea water does not necessarily indicate 

that the salmon have successfully adapted to the sea water. Growth of salmon 

after transfer provides a better indicator of success. In several transfers 

the salmon failed to grow after entry to sea water and were stunted. These 

salmon appeared to be able to tolerate the marine environment but were unable 

to grow. It would appear that all of the energy that would normally used for 

muscle growth was used instead to maintain osmotic and ionic homeostasis. This 

lack of growth was found to occur in coho salmon (Oncorhynchus kisutch) that 

were prematurely transferred to sea water (Clarke and Nagahama, 1977). More 

recently, Folmar et al. (1982) found that if coho salmon were transferred at an 

inappropriate time to sea water the fish developed abnormally resulting in two 

forms of seawater-adapted parr which they termed the 'stunt' and the 

'parr-revertant'. They suggested that the stunts arise from premature 

transfers to sea water while parr-revertants occur when salmon are 

transferred to sea water during desmoltification. The stunted salmon in this 

study were not separated into 'stunts' or 'parr-revertants'. All of the stunted 
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salmon had a similar external morphology, characteristically darkly pigmented and 

emaciated. Stunting usually occurred in the salmon that were transferred to 

sea water with low Na+-K+-ATPase activities (that is, not smolted). 

Generally there is an increase III the hypo-osmotic regulatory ability of salmon 

as they grow older and larger (Conte and Wagner, 1965; Wagner et al .. 1969). This 

can be related, in part, to a decrease in the surface area to volume of the 

larger fish. A critical minimum size needs to be attained before the salmon can 

successfully make the transition into the marine environment and this size 

generally equates to the minimum size needed before the parr-smolt 

transformation can be activated. New Zealand sockeye needed to be over 6.0g 

and Quinnat greater tha!l 7.0 g to adapt successfully to sea water. Clarke 

(1982) gave values of body weight for North American sockeye and Quinnat which 

showed optimal hypoosmoregulatory capacity of 2g and 5g, respectively. In this 

study, some of the sockeye were able to go into sea water at a weight of 2g 

but most of these fish were stunted and showed poor hypoosmoregulatory 

ability. Clarke and Shelbourne (1985) found that some populations of North 

American quinnat were able to regulate in sea water at the fry stage. This 

was not the case for the New Zealand Quinn at. 

In this study sockeye and Quinnat were able to adapt successfully to the 

marine environment primarily in spring (depending on the size of the fish) and/or 

during early winter. In North America, it is usual for salmon to smoltify and 

to adapt successfully to sea water in spring and during autumn (Buckman and 

Ewing, 1982; Hoar 1988). The New Zealand sockeye and Quinnat were able to 

smoltify and to go into sea water as underyearlings, a feature that is not 

uncommon for the Quinnat in North America; however, sockeye rarely smoltify in 

their first year in North America and normally undergo their metamorphosis as 

yearlings or 2 year olds. The growth rates of sockeye are considerably faster 

in New Zealand compared with their Northern Hemisphere counterparts due to 

higher freshwater temperatures. These higher temperatures would have an 

effect not only on growth but could also influence the hypoosmotic regulatory 

development of the salmon (smoltification). 

Together with increasing photoperiod, rising temperatures like those occurring 

during spring help to initiate the parr-smolt transformation. By increasing the 

freshwater temperature smolting has been shown to occur sooner. However, too 

high a temperature can have an inhibitory effect on smoltification and can 

accelerate desmoltification so that the time that the salmon is in a smoltified 
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state is short. Zaugg (1981) found that freshwater temperatures greater than 

13° C generally abolished the rise in gill Na + -K + -A TPase activity of steel head 

trout. Hoar (1988) suggests an optimum temperature for the parr-smolt 

transformation of 10-12° C. The sockeye and quinnat in this study were reared 

at freshwater temperatures well in excess of this suggested optimum. In New 

Zealand during the summer months, freshwater temperatures are often in excess 

of 17°C. The effect of such temperatures on the parr-smolt transformation of 

quinnat and sockeye was not directly examined in this study, although the high 

temperatures may partially account for the delayed rise in gill Na+-K+-ATPase 

activity until winter when freshwater temperatures were cooler. In the brood 

years in which a significant smolt size had not been reached by spring, little 

or no increases in gill Na+-K+-ATPase activity were recorded during the summer. 

It can therefore be assumed that smoltification was inhibited over the summer 

months and early autumn by the high water temperatures. 

Gill Na+-K+-ATPase activities have been used frequently to determine the stage 

of development in anadromous salmon. This enzyme is located at and 

concentrated along the baso-lateral membrane of chloride cells which are found 

at high densities in the gill epithelium. A peak in gill Na+-K+-ATPase activity 

levels during smoltification was first reported by Zaugg and McLain (1970) for 

coho salmon. Since then, comparable increases in gill Na+-K+-ATPase activity 

during the parr-smolt transformation have been reported for most of the 

anadromous salmonid species. Boeuf and Harache (1982) found tha t non 

anadromous species such as strains of brown (Salmo trutta) and rainbow trout 

(Salmo gairdneri) do not smoltify and hence do not show seasonal increases in 

gill Na+-K+-ATPase activities. Although non-anadromous, the New Zealand 

sockeye still exhi bi ts visual changes tha t correspond to smol tifica tion and this 

is further supported by coincidental increases in gill Na+-K+-ATPase activity. 

However, New Zealand's sockeye originally came from an anadromous population 

and this feature probably explains why the salmon exhibit these 

rhythms in enzyme activity which are normally associated with anadromy. 

Plasma cortisol and ionic concentrations (especially chloride) in freshwater 

salmon were highly correlated with gill Na+-K+-ATPase activities. When enzyme 

activities were high there were correspondingly high cortisol levels and low 

chloride concentra tions. These changes could be explained in several ways. 

Increases in cortisol may indicate that it has a controlling or regulative 

function in smoItification, and/or the increases may be the result of a 

generalised stress response to the transformation. Cortisol has a variety of 
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effects influencing the ionic balance of the fish (mineralocorticoid effect) as 

well as an effect on the intermediary metabolism (glucocorticoid) (Chester-Jones 

et al.. 1969; Chakraborti el al.. 1987). 

The control of smoltification undoubtedly involves the endocrine system of which 

the interrenal gland more than likely plays a role. The thyroid gland has also 

been implicated. Springtime elevations in plasma concentrations of thyroid 

hormone of anadromous salmonids coincide with the period of the parr-smolt 

transformation and possibly play a role similar to that in amphibian 

metamorphosis. There have been several studies also documenting a rise in 

plasma cortisol during smoltification (Specker and Schreck, 1982; Langhorne and 

Simpson, 1986; Richmann and Zaugg, 1987). Histological studies have shown that 

the interrenal cells undergo hypertrophy during smoltification (Olivereau, 1962; 

Nishioka el al., 1982). The cells producing adrenocorticotropic hormone (ACTH) in 

the pituitary have also been found to be more active during smoltification 

(Nishioka et al .. 1982). From results in this study, plasma cortisol 

concentration increased at the same time as Na+-K+-ATPase activity rose which 

could suggest a cause and effect relationship between these two variables. 

Cortisol may be stimulating the increase in gill Na+-K+-ATPase activity, 

although Langdon et al. (1984) found that cortisol administered to Atlantic 

salmon (Salrna salar) did not stimulate an increase in this gill enzyme although 

ACTH did have an effect. 

While in fresh water, salmon undergo preparatory modifications during 

smoltification that allow them to survive in the marine environment. Once 

salmon are in sea water, their freshwater ionic and osmotic regulatory 

mechanisms have to be inhibited and their salt water regulatory mechanisms 

quickly activated. These changes include changes in permeability and ion 

extrusion/absorption processes. Freshwater-adapted fish are more impermeable 

than seawater-adapted fish (Evans 1984). Smoltification allows the reversal of 

osmoregulatory mechanisms to be completed successfully and suggests that the 

salmon's osmoregulatory mechanisms are partially modified for the marine 

environment while the fish is still resident in fresh water. If this is the case 

then an ionic and osmotic imbalance would be likely. This was observed in the 

freshwater-adapted quinnat and sockeye that subsequently successfully adapted 

to sea water (presumed to be in a smoltified state). Primmett et al. (1988) 

found that whole body permeability changed in smolting Atlantic salmon. A net 

loss of sodium occurred slightly after maximal gill Na+-K+-ATPase activity and 

preceded maximal seawater tolerance. These changes in permeability could 
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explain, in part, the low plasma chloride concentrations of salmon with high gill 

Na+-K+-ATPase activities. 

The seawater preparatory changes that occur in the freshwater-adapted salmon 

during smoltification could act as a stressor, eliciting a stress response in 

salmon. Part of the generalised stress response of fish is an increase in 

plasma cortisol concentration (Mazeaud and Mazeaud, 1981; see Chapter 3). An 

osmotic imbalance also results when fish are stressed. Freshwater fish tend to 

lose ions and gain water osmotically, whereas in marine fish there is an influx 

of ions and water is lost. Therefore, the osmotic imbalance resulting from 

stress might explain the decrease in plasma ions or augment the loss resulting 

directly from the preparatory modifications. It should be noted tha t this 

decrease in ionic concentrations may be the stressor and therefore cause the 

increase in plasma cortisol. Supporting the assumption that the fish are 

stressed was an elevated haematocrit that coincided with high gill 

Na+ -K + -A TPase levels. Increased haematocrit is often associated with a stress 

response in fish due in part to the swelling of the red blood cells from 

circulating catecholamines (DeVries and Ellory, 1981). 

When changes that occurred in the 24 hours following transfer are compared 

between monthly samples, a clearer picture of the hypoosmoregulatory ability of 

the salmon emerges. Plasma osmolarity and ionic concentrations indicate 

whether the salmon are able to regain homeostasis within 24 hours of seawater 

transfer. For example, when chloride concentrations were greater than 170 mmol 

r 1, salmon generally failed to make the transition into sea water as they 

eventually became dehydrated and died; that is, high chloride concentrations 

indicated osmoregulatory failure (see Chapter 4 for details). In contrast to 

what happened in freshwater, cortisol concentrations were elevated in salmon 

that failed to go into sea water and which had correspondingly low gill 

Na+-K+-ATPase activities while in fresh water. The increases in plasma cortisol 

24 hours after seawater transfer may be the reaction of a generalised stress 

response (chiefly a glucocorticoid response), and/or the elevated cortisol may 

be secreted to restore osmotic homeostasis by attempting to stimulate 

hypoosmotic mechanisms such as increasing chloride cell ion pumps, in particular 

Na+·K+·ATPase (a mineralocorticoid response). High haematocrits in these 

salmon also suggest that the salmon with elevated plasma cortisol 

concen tra tions were stressed. 
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Physiological Indices of Seawater Survival of Salmon. 

Fish size is too simplistic to be used as an effective indicator of likely sea 

water survivaL It is useful to know the minimum size needed for the salmon to 

be considered for seawater transfer. Once this minimum size is attained, the 

seawater adaptability of the salmon is influenced by environmental conditions 

which in turn have an effect on the timing of smoltification. A more accurate 

measure is needed of the physiological status of the salmon. Size was found to 

give no real indication of the fish's osmoregulatory ability. 

Changes in external morphology (disappearance of parr marks and increases in 

body silvering) and condition factor of quinnat and sockeye salmon have been 

used more effectively to time the transfer into sea water. There is a 

reduction in the condition factor around smoltification, mainly due to the loss 

of lipid from the body wall external to the myotome (Sheridan et al., 1983, 

1985a, 1985b; Sweeting et al .. 1985). Occurring at abou t the same time as the 

decrease in condition factor is a disappearance of parr marks and an increase 

in body silvering. Changes in condition factor of sockeye and quinnat were 

small so the sensitivity of this variable as an indicator is low. Both the 

changes in condition factor and in the extent of body silvering were crude 

measures of smoltification in New Zealand's hatchery reared quinnat and sockeye 

salmon. Both of these indices are unreliable if the salmon desmoltify, as 

neither return back to the conditions that were representative of parr. 

Desmoltified sockeye and quinnat still had the visual appearance and condition 

factor of smol ts. 

Gorbman et al. (1982) found that in addition to the morphological changes in 

pigmentation there were a variety of other external changes that coincided with 

smoltification in coho salmon, Oncorhynchus kisutch. These include emergence 

and growth of teeth on the maxilla, mandible and tongue, changes in the pelvic 

fin and folds adjacent to the cloacal opening and variation in the growth of the 

scales. 

In this study, gill Na+-K+-ATPase activity was found to be a good indicator of 

sea water survival in sockeye and quinnat salmon. When there were elevated 

levels of this enzyme, there was generally high seawater survival in sockeye 

and quinnat. The usefulness of this enzyme as an indicator is limited by 

environmcntal conditions. Seawater temperature has an overriding effect, so 

even if enzyme levels are high, sea wa ter tempera tures grea ter than 17-18° C 

reduce the survival rate of transferred salmon (see Chapter 6 for details). 



Sea water temperatures which salmon are exposed to in New Zealand are 

generally higher than those encountered in North America: especially in the 

coastal areas used for sea cage rearing where water temperatures may reach 

19-20°C. 
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Of all the variables measured in fresh water, gill Na+-K+-ATPase activity levels 

proved to be the most reliable indicator of sea water survival. However, Ewing 

el al. (1985) found that as an indicator for the timing of release of salmon 

from ocean ranching operations, gill Na+-K +-ATPase activities of juvenile coho 

and quinnat salmon were not a good predictor of high adult returns. They 

suggest that enzyme activity levels can be affected by a multitude of 

environmental and rearil1g procedures and that the levels measured at the 

hatcheries may change before the salmon reach the ocean. This would be more 

likely to occur in salmon that have been released from a hatchery that is 

situated far from the ocean. The ocean ranching operations that are situated 

on the coast may have a higher degree of success as the salmon are released 

almost straight into the marine environment and are capable of withstanding 

abrupt transfer. 

Several other physiological parameters have been suggested as indices of 

smoltification and successful seawater adaptation. The thyroid gland has been 

shown to be activated during the parr-smoltification (Boeuf and Prunet, 1985; 

Virtanen and Soivio, 1985; Young, 1986; Hoar, 1988). Dickhoff el al. (1982) found 

that both yearling and underyearling (zero-age) coho salmon in freshwater 

showed spring and/or summer increases in plasma thyroid hormone concentrations 

which correlated with the fish smoltifying. Successful adaptation to sea water 

of zero-age coho coincided with the progressive rise in plasma tri-iodothyronine 

and for the yearlings with the progressive rise of plasma thyroxine. They also 

observed a similar trend in thyroid hormone peaks and sea water survival in 

quinna t salmon. 

Using freshwater variables indicating the fish's physiological state with respect 

to hypoosmotic regulatory ability is effective provided that the transfer and 

seawater conditions are 'ideal', Just monitoring the freshwater salmon does not 

take into account sea water conditions such as temperature which has a 

considerable effect on the salmon's ability to successfully osmoregulate in sea 

water (see Chapter 6), However, measuring changes in salmon transferred to 

seawater takes into consideration both the physiological state of the salmon as 

well as transfer and sea water conditions, so giving a more conclusive and 



accurate account of the salmon's hypoosmotic regulatory ability. This is the 

basis of the seawater challenge test described and vindicated by Clarke and 

Blackburn (1977), 

81 

The best indicator of sea water survival in this study was plasma chloride or 

sodium levels in salmon sampled after 24 hours in sea water, The differences 

between the chloride concentrations of successful compared with unsuccessful 

sea water transfers were large and more easily discernible than the freshwater 

chloride samples of similar transfers. Differences in the changes in plasma 

cortisol concentrations of 24 hour sampled salmon were greater than the 

freshwater changes and could also be used as an effective indicator of the 

osmoregulatory status of the salmon. Finally it should be noted that changes 

in the timing of smoltification and in seawater survival differed between brood 

years and seasons and so predictions made for one year can not be assumed to 

be the same for the following year. 



CHAPTER 6 

Effect of Seawater Temperatures on the Survival of 
Seawater Transferred Sockeye and Quinnat Salmon. 

INTRODUCTION 
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Fish have been found to occur in water temperatures that range from -2.0°C to 

44°C, although no one species of fish has been found to survive this full range 

of temperatures (Elliott, 1982). Individual species of fish can only live within 

certain limits and outside these the fish would be physiologically stressed or 

killed. The thermal lethal limits of fish indicate the maximum extremes that the 

fish can tolerate, but these limits do not necessarily indicate the range of 

temperatures best suited for growth and reproduction. Salmonids have a 

relatively small range of temperatures in which they can survive, especially 

when compared to the goldfish, Carassius auralus, which is able to withstand 

temperatures ranging from close to freezing point up to 41° C (Elliott, 1981). 

Brett (1952) found that the upper lethal temperature for juvenile quinnat salmon 

(Oncorhynchus tshawytscha) was 25.1 0 C and for juvenile sockeye salmon 

(Oncorhynchus nerka) it was slightly lower, at 24.4° C. However, these 

temperature limits are only valid if there are no other variables (stressors) 

affecting or disrupting the fish's homeostasis. The thermal tolerance of a fish 

is reduced if it is, at the same time, being influenced by other stressors 

(Wedemeyer and McLeay, 1981). 

A critical phase during the life history of an anadromous salmonid is the 

transition from fresh water to sea water. In sea-cage rearing operations, the 

transfer of salmon from fresh water to sea water is often abrupt and high 

mortalities can result if the timing of the transfer is not right. In such 

aquacultural practices, the abrupt sea water transfer would act as a stressor. 

To survive the large increase in salinity, the salmon changes from being a 

hyperosmotic regulator to a hypoosmotic regulator, a complete reversal of the 

fish's osmoregulatory mechanisms. Prior to migrating downstream to the ocean, 

juvenile salmon undergo preparatory modifications which permit them to 

successfully adapt to the marine environment (Hoar, 1976; Langdon and Thorpe, 

1984; Hoar, 1988). This is known as the parr-smolt transformation or 

smoltification. Successful adaptation to the new medium is dependent on a 

variety of factors, including the physiological state of the salmon prior to 
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transfer (the degree of smoltification) and environmental conditions (Wedemeyer 

et al .. 1980). This study investigates the effect of one environmental factor, 

seawater temperature, on the direct transfer of sockeye and Quinnat salmon to 

sea water. The salmon were transferred to 13°C and 19°C sea water and survival 

and physiological changes monitored. This range of sea water temperatures can 

be encountered along the New Zealand coastline where sea-cage rearing 

operations are situated. Although other studies have investigated the effect 

of water temperature (both fresh water and sea water) on the seawater 

adaptability of salmonids, most of these studies have looked at upper 

temperatures considerably lower than 19°C (Knutsson and Grav, 1976; Clarke et 

al., 1978; Clarke et al .• 1981; Clarke and Shelbourn, 1985; Pereira and Adelman, 

1985; Johnsson and Clarke, 1988). 

Material and Methods 

Fish Stock 

Sockeye salmon were obtained from a pond rearing farm at Prebbleton, 14km 

south of Christchurch, New Zealand. Quinnat salmon were obtained from the 

Prebbleton farm and from a Ministry of Agriculture and Fisheries hatchery 

situated on the Glenariffe stream, a tributary of the Rakaia river. Salmon 

were transported to the Edward Percival Field Station, Kaikoura where seawater 

transfer experiments were performed. Fish were housed in 80 litre aquaria at 

a density no greater than 6-10 g fish per litre and maintained under a natural 

photoperiod. All experiments were performed at least 4 days after the 

transportation of salmon to Kaikoura. 

Effect of Seawater Temperatures on Seawater Survival of Salmon 

Physiological data and survival were monitored in salmon that were transferred 

into sea water at two set temperatures: I3°C and 19°C. Transfers were made in 

February 1987, when the ambient sea water temperature was 19°C, and in June 

1987, when the temperature was 13° C. In February, salmon were also transferred 

into sea water that had been cooled to 13 °c, and in June, salmon were 

transferred to sea water heated to 19°C. Two size cohorts of Quinnat were 

tested in February (mean weights of 8.8±2.4g and 18.5±4.0g). Seawater survival 

of both sockeye and Quinnat salmon was investigated, although physiological 

measurements were only made from the larger cohort of (18.5g) Quinnat salmon. 

In February 1987, two size classes of Quinnat were studied. Table I summarises 

the different seawater transfers performed. All salmon were abruptly 



Table 1. Experimental temperature protocols and the mean weights of fish 
directly transferred from fresh water into sea water. 

February 1987 

Sockeye 

Quinnat 

Quinnat 

June 1987 

Sockeye 

Quinnat 

Fish Weight (g) 
(x ± S.D.) 

21.2±1.6 

8.8±2.4 

18.S±4.0 

84.3±8.9 

67.2±14.S 

Transfer Regime 
F.W. Temp. S.W. Temp. 

13'C I),C 
13'C 19'C 

13 'C 13'C 
13'C 19'C 

I),C 13'C 
13 'C 19'C 

13'C I),C 
13°C 19°C 

13'C 13 'C 
13'C 19'C 
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transferred to sea water from 13 "C fresh water. Fresh water was replaced with 

sea water within 20 minutes and all transfers were started between 09 00 and 

10 00 hours. 

Controls 

For controls, salmon were transferred from 13 "c fresh water to 19" C fresh 

water. Only survival was monitored, no physiological measurements being taken. 

Sampling and Sample Analysis 

Salmon were sampled initially in fresh water, then at 1.5, 4, 12, 24, 48, 96 

hours and 12 and 30 days after sea water transfer. To sample, fish were 

randomly netted from the aquaria and rapidly anaesthetised within 30 seconds III 

2-phenoxyethanol (4-6mls per litre 30% seawater). The fish were removed from 

the anaesthetic, excess fluid blotted off, and the salmon weighed and measured 

for determination of Fulton's Condition Factor (C.F.= 100Wj13, where W= weight in 

grams and 1= length in centimetres). The caudal fin was severed and blood 

collected from the caudal vasculature into heparinised (ammonium heparinate) 

hypodermic syringes. No more than seven fish were sampled at one time and 

such a sample would take less than 10 minutes. Once all the fish had been 

sampled, the blood was transferred from the syringes to Eppendorf centrifuge 

tubes. A small aliquot of whole blood was withdrawn into a micropipette, sealed 

at one end, and centrifuged at 20 OOOg for 3 minutes to determine haematocrit. 

The blood remaining in the Eppendorf tube was spun at 5000g for 3 minutes, and 

the plasma removed and stored in plastic vials at -80°C until analysed. 

A sample of white myotomal muscle was taken from the dorso-lateral region, just 
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below and behind the dorsal fin. A sharp scalpel was used to separate the skin 

plus any red muscle from the white myotome. Dissected muscle samples were 

immediately placed onto a preweighed square of tin foil and weighed. The tin 

foil was wrapped around the muscle and placed into a 70°C oven until a constant 

dried weight was attained (approx. 48 hours). The percentage water content was 

calcula ted. 

Gill tissue was excised from the salmon, washed in homogenising buffer (see 

Chapter 2) and stored in plastic vials at -80°C. This tissue was analysed for 

Na+-K+-ATPase activity by a modification of the methods used by Johnston et 

al. (1977) and Langdon et al. (1984) (see Chapter 2 for details). 

Plasma samples were analysed for chloride concentrations and osmolarity. 

Chloride concentrations were determined from duplicate or triplicate 10pl plasma 

samples that were analysed with a CMT 10 Radiometer chloride titrator. 

Osmolarity was measured with a Wescor 5100C vapour pressure osmometer using 

d uplica te 8 pI plasma samples. 

Data Analysis 

Results are expressed as the mean standard error. Statistical significance was 

tested using either the Chi Square test for heterogeneity, the Student's 

!-test, or analysis of variance in conjunction with Duncan's multiple range test. 

Data that were not normally distributed were transformed before statistical 

treatment. 

Results 

Seawater Survival of Salmon 

Sockeye that were transferred into sea water in February 1987 (mean weight 

21.2 ±l.6g) failed to adapt in either the ambient (19°C), or the cooled sea water 

(13°C) (Fig. la). Nevertheless, sockeye that were transferred into the cooled sea 

water survived 24 hours longer than the sockeye transferred into the sea 

water at ambient temperature. One hundred percent mortality occurred after 4 

days in the sockeye transferred to the cooler sea water. In June 1987, when 

the sockeye of a much larger size (mean weight = 84.3±8.9g) were transferred 

into sea water there was a large increase in survival (Fig. I b). There was no 

mortality in the sockeye transferred into the ambient sea water (13°C) and 30% 

mortality occurred in the sockeye transferred into the heated sea water (l9°C) 
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Figure 1. Survival curves for sockeye salmon transferred into 13 C (e) 
and 19 C (0) sea water in (A) February 1987 and (B) June 1987. 

which were significantly different (p<O.05). Salmon in both the June transfers 

had grown after 30 days in sea water. 

The gill Na+-K+-ATPase activities of the sockeye before transfer in February 

and June were 1.50±0.29 and 3.70±0.57 Jlmoles phosphate mg protein- 1 hour-I, 

respectively, the June sockeye gill ATPase activity being significantly greater 

(p<O.O 1). 

Two sizes of Quinnat were transferred into ambient (19" C) and cooled sea water 

(13 "C) in February 1987 (Fig. 2a&b). The smaller Quinnat (mean weight = 8.8±2Ag) 

suffered higher mortality than the larger Quinnat (mean weight = 18.5±4.0g), and 

for both size classes higher mortality occurred in the salmon transferred to 

the 19°C sea water (Fig. 2a & b). All of the smaller Quinnat were dead after 

3 days in 19°C sea water while there was 83.3% mortality after 30 days in the 

larger quinnat. Of the smaller quinnat transferred into the cooled sea water, 
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Figure 2. Survival curves for quinnat salmon transferred into 13 C (e) 
and 19 C (0) sea water in (A & B) February 1987 and (C) June 1987. 
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only 12.5% were alive after 30 days, compared with 72.2% survival for the 

larger Quinnat. In the larger size group of Quinnat, those that survived the 

seawater transfers in February 1987 had a body weight greater than IS.Og. 

Conversely, the fish that died were under 12.0g. With regard to the smaller size 

class of Quinnat, the 12.5% that survived in sea water for 30 days had a final 

mean weight of 16.9:t 4.3g. There was a direct relationship between fish weight 

and the time of death after transfer to sea water. Growth only occurred in 

the larger cohort of Quinnat transferred to the cooler 13°C sea water. 

In June 1987, only one size class of Quinnat (mean weight = 67.2±14.Sg) was 

transferred into ambient (13°C) and heated (19°C) sea water (Fig. 2c), with 9S% 

and 8S% survival, respectively. There was no significant difference in the 

survivorship of the Quinnat transferred to the two seawater temperatures (Chi 

Square = 1.111). Both groups of fish had grown after 30 days in sea water. 

In February, the smaller Quinnat had a gill Na+-K+-ATPase activity of 2.l1±0.S4 

and the larger Quinnat an activity of 2.97±0.S9 umols phosphate mg protein- l 

hour-I, which were not significantly different from each other. The gill 

Na+-K+-ATPase activity of the Quinnat transferred in June (4.SI± 0.70 umols 

phosphate mg protein- 1 hour-I) was significantly greater than the 

Fe bruary-transf erred Q uinna t (p<O.OS). 

Physiological Changes in Quinnat Transferred to Seawater 

February 1987 Seawater Transfers 

In February 1987, plasma chloride concen tra tions increased in Quinna t 

transferred to 13°C and 19°C sea water ( Fig. 3). There was a greater increase 

in chloride levels in the Quinnat transferred to the 19° C sea water, with a peak 

of 192±7 mmol I-I chloride, recorded 24 hours post-transfer. This was greater 

than the maximum chloride concen tra tion of 171 ±7 mmol 1-1, recorded 24 hours 

after Quinnat were transferred into 13 °c sea water (p<O.OI). The chloride 

concentrations for the two transfers remained significantly different until 96 

hours post-transfer (p<O.OS). After 30 days, the concentrations were the same 

for the two seawater transfers and were significantly greater than the 

pre-transfer levels (both, p<O.OI) (Fig. 3). 

The changes recorded in osmolarity were similar to the changes in chloride 

concentrations. Osmolarity increased in quinnat that were transferred to the 

13°C and the 19 °c seawater and a maximum osmolarity was recorded for both 

transfers at 24 hours (Fig. 3). There was a greater increase in osmolarity in 
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Figure 3. Physiological changes in Quinnat salmon transferred to 13 C (e) 
and 19 C (0) sea water in February 1987. F - initial freshwater sample. All 
results are means±S,E. Asterisks indicate a significant difference from initial 
freshwa ter samples (Duncan's multiple range test, P<O,05), 
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the Quinnat transferred to the 19°C sea water at 24 hours post-transfer 

(p<0.05). After 24 hours the osmolarity decreased and then stabilised at levels 

that were significantly higher than the pre-transfer values (p<O.OI, Fig. 3). 

There was no significant change in the haematocrit of Quinnat transferred to 

the 13 °c sea water (Fig. 3). However, the haematocrit of Quinnat transferred to 

19°C sea water, significantly increased from a pre-transfer value of 38.8±1.6% to 

45.2± 1.8%, 24 hours after seawater transfer (p<O.Ol) (Fig. 3). The haematocrit 

then returned to basal levels within 30 days post-transfer. 

The percentage water content of the myotome (white muscle only) significantly 

decreased after 12 hours in Quinnat that were transferred into both the 13°C 

and 19°C sea water (p<O.OI) (Fig. 3). In the quinnat that were transferred to the 

13°C sea water, the percentage water content remained at about 75% until 48 

hours post-transfer and then increased to a maximum value of 78.5±0.2% 30 days 

post-transfer (Fig. 3). This was significantly greater than the pre-transfer 

value (p<O.OI). The percentage muscle water content of Quinnat transferred to 

19°C sea water decreased to a recorded minimum of n.7±1.0% 48 hours after 

transfer, and this was significantly lower than the percentage muscle water 

content of quinnat that had been transferred to the 13°C sea water. After 48 

hours, the percentage muscle water content increased in quinnat transferred to 

the 19°C and stabilised at levels that were similar to the 13°C seawater 

transferred Quinnat at 30 days (Fig. 3). 

The condition factor of the quinnat transferred to the sea water at l3°C slowly 

decreased and was significantly lower than pre-transfer values after 48 hours 

(p<0.05). By 30 days, the condition factor had returned to pre-transfer levels. 

In the Quinnat transferred to the 19°C sea water, the condition factor decreased 

more markedly from 1.22±0.02 to a minimum of 1.09±0.03 at 48 hours, the latter 

being significantly lower than the condition factor of the 13 °c seawater 

transferred Quinnat sampled at the same time. The condition factor remained at 

this level until 4 days, after which it increased and returned to pre-transfer 

values by 30 days (Fig. 3). 

June 1987 Seawater Transfers 

The changes in Quinnat after transfer to 13°C and to 19°C sea water in June 1987 

were generally smaller in magnitude than the changes recorded for the Quinnat 

transferred to sea water in February 1987. This was especially so in the 

Quinnat introduced into the 19°C sea water. Moreover, the differences between 
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Figure 4. Physiological changes in quinnat salmon transferred to 13 C (.) 
and 19 C (0) sea water in June 1987. F - initial freshwater sample. All 
results are meanstS.E. Asterisks indicate a significant difference from initial 
freshwater samples (Duncan's multiple range test, P<O.05). 
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the 13°C and 19°C seawater transferred salmon at this time were not so marked 

compared with the differences between these temperatures in February. For 

comparative purposes, it should be noted that some of the y axis scales are 

different on Fig. 4 compared with Fig. 3. 

Plasma chloride concentrations rose significantly after Quinnat were transferred 

to 13°C and 19°C sea water (p<O.Ol), and maxima of l58±3 mmol I-I (l3°C) and 

l66.5±5 mmol rl (l9°C) were recorded after 24 hours (Fig. 4). There was no 

significant difference between the chloride concentrations of Quinnat 

transferred to the 13°C or 19°C sea water. Compared with the changes in 

chloride levels recorded in Quinnat transferred to 19°C sea water in February, 

the maximum level in June was considerably lower (Figs. 3 and 4). In February, a 

maximum chloride concentration of 192± 7 mmol I-I was recorded 24 hours post 

transfer in the 19°C seawater transferred Quinna t, and this was significantly 

greater than the maximum of 166±5 mmol I-I chloride recorded in June (p<O.OI). 

Similarly to the changes in chloride concentrations, the plasma osmolarity of 

Quinnat transferred into 13°C and 19°C sea water increased, and for both 

transfers a peak osmolarity was recorded after 24 hours (Fig. 4). This was 

followed by a decrease that stabilised to approximately 320 mosmol rl 4-12 

days post-transfer. There was no significant difference between the changes in 

osmolarity lfl Quinnat transferred to 13°C or to 19°C sea water. The changes in 

osmolarity in the 19°C transferred salmon were greater in February than in June 

(Figs. 3 and 4). 

Following the June transfers haematocrit steadily decreased to reach 35.6±1.5% 

(13°C) and 38.2±1.2 (l9°C) after 30 days (Fig. 4). There was no significant 

difference in any of the changes in haematocrit between the two temperatures. 

In Quinnat transferred to 13 °c and 19°C sea water, there was a significant 

decrease in the % water content of the myotome at 12 hours (p<O.OI, Fig. 4). 

This was followed by a return to pre-transfer values after 4 (I3°C) and 12 days 

(19°C). A significantly greater decrease occurred in the Quinna t transferred to 

the 19°C sea water (Fig. 4). 

The condition factor of Quinnat transferred into 13°C sea water did not 

significantly change throughout the duration of the experiment. In contrast, 

the condition factor of Quinnat transferred into 19°C sea water significantly 

decreased and remained lower than pre-transfer values until 12 days 



post-transfer. The condition factor was significantly lower in the 19 aC sea 

water transferred quinnat than in the quinnat transferred to l3 0 e. 
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No mortalities occurred in the control salmon that were transferred from fresh 

water to fresh water (either the 13°C to l3°C or l3°C to 19"C transfers). 

Discussion 

The ability of quinnat and sockeye salmon to survive and successfully 

osmoregulate in sea water was related to high sea water temperatures. High 

temperatures led to high mortalities, although it did not completely prohibit a 

successful sea water transfer. Quinnat and sockeye salmon were able to 

successfully adapt to, and grow in, 19° C sea water provided that they were 

large enough and that they had undergone sufficient preparatory modifications 

for ocean residence while in fresh water. 

Clarke and Shelbourne (1985) investigated the effect of both fresh water and 

sea water temperatures on the seawater adaptability of juvenile, fall quinnat 

salmon (Nth American). They studied a large number of different temperatures, 

but only considered sea water temperatures up to 14.5°e. They found that the 

optimum regulation of plasma sodium occurred with the transfer of 5.6g quinnat 

from 13.8°C fresh water to IO.2a C sea water. Both freshwater and seawater 

temperatures in New Zealand are generally much higher than those in Canada, 

thus any work carried out in New Zealand should be above these Northern 

Hemisphere optima. The present study was not designed to determine optimal 

growing temperatures, but rather to determine the ability of the fish to 

survive transfer to very warm (l9°C) sea water, as is commonly found in New 

Zealand. 

Differences occurred between the ability of the sockeye and quinnat to adapt 

to sea water. Sockeye were generally not as successful in surviving the 

transition to the 19°C sea water. However, the gill Na+-K+-ATPase activities of 

sockeye were lower than in quinnat for all transfers so the decreased survival 

may be due to this factor. If the sockeye had been transferred to sea water 

with gill Na+-K+-ATPases activities as high as quinnat then the same survival 

trends could have resulted for both species. Nevertheless, it should be noted 

that Brctt (1952) found that the lethal upper temperature limit of sockeye 

(24.4QC) was lower than quinnat (25.1 QC), which suggests that sockeye could be 



94 

more liable to fail a transfer at high temperatures. 

An increase in gill Na+-K+-ATPase activity has been used as an indicator of 

smoltification in salmonids (Hoar, 1988; see Chapter 5). It is during 

smoltification that the juvenile salmon undergo preparatory modifications which 

enable them to adapt successfully to sea water. Gill Na+-K+-ATPase activity 

levels are in a continual state of flux. The level of enzyme activity needed 

for successful seawater adaptation appears to be dependant on the other 

factors affecting the salmon during transfer. Gill Na+-K+ -A TPase activity does 

not have to peak for the salmon to successfully adapt to sea water as was 

shown when quinnat (the larger cohort, average weight = 18.5g) successfully 

transferred to the 13 °C sea water in February 1987. These salmon had 

considerably lower enzyme activities than the quinnat transferred in June 1987, 

yet both were successful in adapting to the 13°C sea water. However, when the 

same species were transferred to the 19°C sea water in June, only the quinnat 

with the higher enzyme activities were able to make the transition successfully. 

The salmon with the higher enzyme activities are better prepared for the 

seawater transfer and appear to be able to compensate for the higher sea 

water temperatures. 

The changes in plasma chloride concentrations, osmolarity, muscle water content 

and condition factor of quinnat transferred to sea water lend support to the 

role of elevated gill Na+-K+-ATPase activities as a prerequisite for the 

successful transfer of salmon to sea water. Smaller deviations away from the 

initial freshwater values occurred in the June seawater-transferred quinnat 

(which had higher ATPase activities) than the February transferred quinnat. For 

both groups transfer to the 19°C sea water caused a larger osmotic imbalance 

than the quinnat transferred to the 13 °C sea water. The fish suffered greater 

tissue dehydration and elevation of plasma chloride concentration and 

osmolarity. 

Not only do high temperatures affect survival but low seawater temperatures 

can also affect the seawater adaptability of salmonids. Finstad et al. (1988) 

found that rainbow trout (Salmo gairdneri) transferred to 1°C sea water suffered 

a reduction in the capacity to osmoregulate and all died with 7 days of 

transfer. 

The greater osmotic imbalance associated with high sea water temperatures 

could be due to the physical properties of high temperatures and/or a result 



of the high temperatures acting as an additional stressor to the seawater 

transferred salmon. High temperatures typically increase diffusion rates 

and can also increase the permeability of membranes by affecting the lipid 

bi-layer (Prosser, 1973) Both of these would increase the influx of ions 

into the fish upon sea water transfer. Elevated temperatures may also 

have an effect on the functioning of the gill Na+-K+-ATPase enzyme which 

increases in activity on sea water transfer (see Chapter 4 for details). 

High fresh water temperatures (above l3°C) have been shown to inhibit or 

reduce the elevation in this enzyme during smoltifica tion (Zaugg, 1981; 

Hoar, 1988), so it is conceivable that high sea water temperatures may 

also inhibit or slow down the increase of this enzyme after seawater 

transfer. 
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An increase in temperature has been shown to elicit a stress response in 

salmon (see Chapter 3) and an osmotic imbalance often results. Assuming that 

the high sea water temperature is acting as an additional stressor it would 

further increase the osmotic imbalance associated with the transfer of 

salmon to sea water. It should be noted that mortality on transfer could 

be the result of the temperature change rather than the 19°C per se. 

In conclusion, high sea water temperatures (19°C) can reduce the ability of 

quinnat and sockeye salmon to successfully adapt to sea water. However, as 

long as the salmon are adequately prepared for the transition into sea water 

(fully smoltified) they are capable of adapting to sea water temperatures as 

high as 19°C. 



CHAPTER 7 

Comparison of Direct and Progressive Seawater Transfers 
in Quinnat and Sockeye Salmon. 

Introduction 
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Salmon migrating downstream to the ocean would generally have the opportunity 

to stay for a period in the boundary zone which encompasses salinities 

intermediate to fresh water and sea water. However, in commercial salmon 

farming operations such as sea-cage rearing, the salmon are placed directly 

from fresh water into sea water. The osmotic shock imposed by an abrupt 

transfer to sea water would be considerably greater than if the salmon 

encountered a gradual change in salinity, and this could have an influence on 

the ability of the salmon to adapt successfully to the hypertonic medium. The 

abrupt transfer to sea water would act as a much larger stressor than a 

progressive transfer. After direct sea water transfer there is an initial 

increase m the concentration of plasma ions and osmolarity (see Chapter 4 for 

details). If this deviation away from regulated levels is too great, the result 

is often severe dehydration and death. The extent of this osmotic imbalance is 

in part due to the external salinity; therefore, if the salmon is exposed to a 

slow increase in salinity the osmotic disturbance could be reduced, enabling the 

salmon more time to activate hypoosmoregulatory mechanisms. 

This study compares the survival of quinnat (Oncorhynchus tshawytscha) and 

sockeye (0. Ilerka) salmon following direct and progressive transfer into sea 

water. Physiological changes m sockeye salmon after seawater transfer were 

monitored and the two types of transfer compared. 

~1aterjals and Methods 

Fish Stock 

Sockeye salmon and quinnat salmon were obtained from a Ministry of Agriculture 

and Fisheries hatchery situated on the Glenariffe stream, a tributary of the 

Rakaia river. Seawater transfer experiments were performed at the Edward 



Percival Field Station, Kaikoura. Fish were housed in 80 litre aquaria at a 

density no greater than 6-10 g fish per litre and maintained under a natural 

photoperiod. All experiments were performed at least 4 days after the 

transportation of salmon to Kaikoura. 

Experimental Design 

Effect of Rate of Seawater Transfer 
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Two types of transfer were made. Salmon were either abruptly transferred from 

fresh water to sea water (direct transfer), or they were exposed to a gradual 

increase in salinity (progressive transfer). Both sockeye and quinnat salmon 

were transferred into sea water by these two methods in September, October 

and November 1985. The mean weights of the salmon and the water temperatures 

are shown in Table 1. 

Table 1. Water temperatures and the age and mean weights of fish transferred 
from fresh water into sea water. 

Transfer Species 
Date 

September 1985 Sockeye 
Quinnat 

October 1985 Sockeye 
Quinnat 

November 1985 Sockeye 
Quinnat 

Fish Weight 
(x ± S.D.) 

1. 30±0. 27 
0.23±0.02 

3.54±0.67 
0.44±0.22 

6.84±0.70 
1. 29±0. 67 

Water Temps.(·C) 
F.W. S.W. 

11.0 11.8 

12.0 12.7 

13.8 13.6 

The direct transfer of salmon was achieved by displacing fresh water with sea 

water flowing in at a rate of 10 -12 Htres per minute. Fresh water was 

totally exchanged with sea water (salinity = 34%0 ) within 20 minutes, after 

which the flow was reduced to 2-4 litres per minute. The progressive transfer 

of salmon into 100% sea water was completed within five days and was conducted 

in well aerated, static water. The salinity was increased in discrete jumps 

(10°/00 , 17 °/00 , 25°/00 , 30 °/00 , and 34°/(0 ) at 24 hourly intervals. Once a salinity 

of 34 %0 was achieved, sea water was continually exchanged with new sea water 

(flow rate = 2-4 litres per min.). All sea water transfers were started between 

0900 and 10 00 hours. Tanks were checked at 12 hourly intervals for 

mortalities and the number of dead fish and their respective weights noted. 

Physiological data was collected from sockeye salmon transferred into sea water 

in November 1985. For the direct transfer, the salmon were sampled in fresh 

water, and at 1, 2, 4, 12, 24, 48, 96 hours and 12 days post transfer. The 
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salmon that were progressively transferred to sea water were sampled in fresh 

water, and after 2 and 24 hours for each salinity. Once into 100 percent sea 

water, the salmon were sampled at 48 hours and after 6 days. 

Sampling and Sample Analysis 

To sample, fish were randomly netted from the aquaria and rapidly anaesthetised 

within 30 seconds in 2-phenoxyethanol (4-6mls per litre 30% seawater). The fish 

were removed from the anaesthetic, the excess water blotted off, and the 

salmon weighed and measured for determination of Fulton's Condition Factor 

(C.F.= 100Wj13, where W= weight in grams and 1= length in centimetres). The 

caudal fin was severed and blood was collected from the caudal vasculature 

with heparinised (ammonium heparinate) hypodermic syringes. No more than seven 

fish were sampled at one time and the total sample would take less than 8 

minutes. Once all the fish had been sampled, the blood was transferred from the 

syringes to Eppendorf centrifuge tubes and spun at 5000g for 3 minutes. The 

plasma was removed and stored at -80°C in plastic vials until analysed. 

Plasma chloride concentrations were determined from duplicate or triplicate 10pi 

plasma samples that were analysed with a Radiometer chloride titrator. Plasma 

cortisol concentrations were measured by radioimmunoassay (see Chapter 2 for 

details). 

Data Analysis 

Results are expressed as the mean standard error. Statistical significance was 

tested using either the Chi Square test for heterogeneity, the Student's 

t-test, or analysis of variance in conjunction with Duncan's multiple range test. 

Data that were not normally distributed were transformed before statistical 

analysis. 

Results 

Comparison of Direct with Progressive Seawater Transfer 

Quinnat salmon 

No Quinnat survived either the direct or progressive sea water transfer in 

September and October 1985 (Fig. 1). In November 1985, only 10.3% of the 

Quinnat were alive 30 days after direct transfer to seawater, and for the 

progressively transferred quinnat, 25% survived. The two tren tments were not, 

however, significantly different from each other. 
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Figure 1. Survival after 30 days in quinnat salmon transferred directly 
(plain histogram) and progressively (hatched) into sea water. 

The rate of mortality for the different transfers are shown in Figs. 2a-f. In 

September, quinnat transferred directly into sea water were all dead by 24 

hours (Fig. 2a). The majority of the quinnat transferred progressively into sea 

water in September died while still in the intermediate salinities and 100% 

mortality occurred by 12 hours in 100% sea water (Fig. 2b). Quinnat transferred 

directly or progressively into sea water in October showed similar trends to 

the September transferred quinnat, although the October fish survived slightly 

longer in sea water (Fig. 2c & d). 

In November, there was a more gradual decrease in survival of quinnat 

transferred directly into sea water (Fig. 2e). Four days post-transfer, 34% of 

the salmon were still alive, though this had decreased to 10.3% by 21 days. No 

growth occurred in these remaining salmon and some appeared moribund. In the 

progressive transfer, the majority of the mortalities occurred after the 

quinnat had reached 100% sea water and once the salmon were in this salinity, 

the mortality rate was more rapid compared to the direct transfer of quinnat 

(Fig. 2f). There was also no growth in these remaining salmon. 

Sockeye salmon 

There was no difference in the survivorship of sockeye transferred directly or 

progressively into sea water in September 1985 and November 1985 (Fig. 3) In 

September, the transferred sockeye suffered high mortalities for both types of 

transfer, whereas in November the opposite occurred, and there was low 

mortality in both transfer groups (Fig. 3). In October, there was a significant 

difference between the direct and progressive transfer of sockeye salmon, with 

respect to seawater survival (p<0.05) (Fig. 3). There was lower mortality in the 

sockeye that were progressively transferred into seawater. 
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Figure 2. Survival curves for quinnat salmon transferred into sea water 
directly (left column, A, B & C) and progressively (right column B, D & F). 
Quinnat were transferred in September 1985 (A & B), October 1985 (C & D) and 
November 1985 (E & F). 
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Figure 3. Survival after 30 days in sockeye salmon transferred directly (plain 
histogram) and progressively (hatched) into sea water. 

The rate of mortality in sockeye transferred in September was the most rapid 

compared with the other months (Fig. 4a-f). In September, four days after 

direct seawater transfer 93% of the sockeye were dead, although the fish that 

remained at this time were still alive after 30 days (Fig. 4a). No mortality 

occurred in the progressively transferred sockeye until the fish were placed 

into a salinity of 34°/00 , after which the mortality rate was faster than the 

direct transfer (Fig. 4b). Neither the direct or the progressively transferred 

salmon increased in size while resident in sea water. 

Direct transfers of sockeye into fresh water during October caused a steady 

and continual loss of fish throughout the course of the experiment (Fig. 4c) and 

some that remained after 30 days appeared moribund. The progressively 

transferred sockeye, initially showed a similar rate of mortality to the 

directly transferred salmon once the salmon were in a salinity greater than 30°/00 

(Fig. 4d). In contrast to the direct transfer, there was no mortality 17 days 

post-transfer, although some sockeye appeared moribund. No growth occurred in 

the direct or progressively transferred sockeye. 

In November, similar survivorship occurred for the sockeye transferred into sea 

wa ter both progressively and directly (Fig. 4e & f). 

Direct transfer of sockeye to sea water produced a rapid and significant 

increase in plasma cortisol concentration (p<O.O 1) (Fig. 5). A peak of 169± 22 ng 

ml- l cortisol was recorded I hour post- transf er and this was followed by a 

decrease to basal levels by 48 hours post-transfer. Plasma chloride levels 

significantly increased after sockeye were transferred directly into sea water 

(p<O.OI) (Fig. 5). Twenty four hours after sea water transfer, a maximum chloride 
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Figure 4. Survival curves for sockeye salmon transferred into sea water 
directly (left column, A, B & C) and progressively (right column B, D & F). 
Quinnat were transferred in September 1985 (A & B), October 1985 (C & D) and 
November 1985 (E & F). 
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Figure 5. Changes in plasma cortisol, chloride concentration and condition 
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factor (C.F.) of sockeye salmon transferred directly into sea water in November 
1985. Results are means±S.E. Asterisks indicate significant difference from the 
initial freshwater sample (F). 

concentration of 168±4 mmol I-I was recorded. Chloride concentrations then 

decreased and by 4 days had stabilised at 139±5 mmol I-I which was significantly 

different from basal levels of 122±4 mmol 1-1 chloride. The condition factor of 

sockeye salmon significantly decreased after direct seawater transfer and a 

minimum value of 1.1 0±0.02 was recorded at 24 hours (p<0.05) (Fig. 5). The 

condition factor remained at approximately this value for the duration of the 

trial. 
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Figure 6. Changes in plasma cortisol, chloride concentration and condition 
factor (C.F.) of sockeye salmon transferred progressively into sea water in 
November 1985. Results are means±S.E. Asterisks indicate significant difference 
from the initial freshwater sample (F). 

Fluctuations in plasma cortisol concentrations after the progressive transfer 

of sockeye salmon were much smaller than changes recorded during their direct 

transfer (Figs. 5 & 6). A peak in plasma cortisol of 80±16 ng ml- l , was detected 2 

hours after the transfer of sockeye from a salinity of 17 °/00 to 25°/00 (Fig. 6). 

This was the only significant change in cortisol concentrations from 

pre-transfer levels (freshwater adapted sockeye) (p<O.05). Plasma chloride 

concentrations slowly increased after the progressive transfer of sockeye to 

sea water (Fig. 6). There was no rapid increase as in the direct transfer of 

sockeye and the magnitude of the increase was also much smaller, rising to 153±3 

mmol rl chloride. Chloride concentrations leveled off at 140±3 mmol rl 12 days 

post-transfer. The condition factor of sockeye transferred progressively into 
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sea water significantly decreased from a pre-transfer value of 1.15±0.0 I to 

1.l0±O.01 after 2 hours in a salinity of 30°/00 (p<O.OI) (Fig. 6). The condition 

factor returned to pre-transfer levels within 12 days. 

Discussion 

A gradual increase in salinity over 5 days to full strength sea water did not 

increase the survival rate of salmon that suffered near to, or 100% mortality 

after abrupt transfer to sea water. If the salmon failed to adapt to sea 

water then neither method of seawater transfer was effective in increasing 

survival. The salmon in these transfers were physiologically unprepared for the 

transition to sea water. However, one should note that a more gradual 

increase to 100% sea water (over a period of greater than 5 days) may be 

needed to stimulate hypoosmoregulatory mechanisms in these fish for an 

increase in seawater tolerance. 

Johnston and Clarke (1985) compared the ionoregulatory ability of rainbow trout 

(Salmo gairdneri) following rapid and slow salinity adaptation. They found that 

the poorest ionoregulatory capacity occurred in trout directly transferred to 

sea water and better regulation occurred in trout exposed to a gradual 

increase in salinity over 22 days. Exposure to a slow increase in salinity is 

possibly more important for trout, since although there is an increase in 

salinity tolerance with an increase in size (Bath and Eddy, 1979; Jackson, 1981), 

trout do not undergo the complex preparatory changes that occur in most 

Pacific or Atlantic salmon. These developmental modifications (smoltification) 

allow the salmon to successfully adapt to sea water after an abrupt transfer 

from freshwater. 

Unfortunately, the physiological data collected was from sockeye that 

successfully adapted to sea water after direct transfer from fresh water. The 

October 1985 transfer of sockeye salmon could have provided a better 

understanding of the effect of a gradual salinity increase on the development 

of osmotic and ionic homeostasis as only a proportion of the salmon directly 

transferred successfully adapted. 

As expected, sockeye salmon progressively transferred to sea water showed a 

considerably smaller osmotic imbalance than the abruptly transferred sockeye. 

Plasma chloride concentrations did not increase much above the final chloride 
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levels that occurred in the sockeye sampled after 7 days in sea water. Plasma 

cortisol levels also did not rise appreciably in the progressively transferred 

salmon, although a large, rapid increase in plasma cortisol occurred immediately 

after sea water entry in the abruptly transferred sockeye. Cortisol has been 

found to have a dual role in fish, acting as a mineralocorticoid and/or as a 

glucocorticoid (Chester-Jones et aI., 1969). The lack of a large increase in 

cortisol in the progressively transferred sockeye possibly suggests that the 

initial rise in cortisol after direct transfer is in response to the transfer 

acting as a stressor. The direct transfer would be a more severe stressor 

(causing a larger homeostatic perturbation) than the progressive transfer and 

so a greater rise in cortisol would be expected. For example, the rise in 

plasma cortisol may be in response to an increase in buoyancy which would be 

far more pronounced in the salmon transferred straight into sea water. 

In conclusion, sockeye and quinnat salmon are capable of successfully adapting 

to sea water after an abrupt transfer from fresh water providing that they 

are physiologically prepared for an existence in sea water prior to transfer 

(i.e. have undergone smoltification). Therefore, the progressive transfer 

method is not needed as a technique of increasing survival in these species of 

salmon unless the criteria suggested above are not met. In cases where 

sockeye and quinnat are only partially prepared for seawater residence then 

the exposure to a gradual increase in salinity can increase overall sea water 

survival. 



107 

CHAPTERS 

Surface Ultrastructural Changes in the Gills of Sockeye Salmon 
During Seawater Transfer: 

Comparison of Successful and Unsuccessful Seawater Adaptation 

Introduction 

Gills playa prominent role in maintaining the osmoregulatory balance of teleost 

fish and this can be attributed to the presence of hi,ghly specialised chloride 

cells that occur within the gill epithelium and which are believed to have ion 

transporting properties in both hypo-osmotic and hyperosmotic media. In fresh 

water, the chloride cells actively take up ions from the environment which 

counteracts the ionic efflux, and in sea water, the cells excrete ions, chiefly 

sodium and chloride, which counteracts the passive influx of ions (Maetz, 1971; 

Girard and Payan, 1980; Foskett et al., 1983). Although most teleosts are 

stenohaline and osmoregulate successfully only in sea water or in fresh water, 

a few species are euryhaline and are able to tolerate a wide range of 

salinities. Because of this wide salinity tolerance, many euryhaline species have 

been used in chloride cell research; e.g. pupfish, Cyprinodon variegatus (Karnaky 

et al., 1976), eels (Thomson and Sargent, 1977), tilapia, Oreochromis mossambicus 

(Hwang, 1987), killifish, Fundulus heteroclitus (Hossler et al., 1985), and guppies, 

Lebistes reticu/atus (Pisam, et al.. 1987). Chloride cells are large 

columnar-shaped cells that extend through the gill epithelium with their apical 

surface normally in contact with the external medium. At the ultrastructural 

level, the chloride cell contains numerous mitochondria that are in close 

association with an extensive membranous tubular system that is mostly an 

amplification of the basolateral membrane (Karnaky, 1986; Pisam et al., 1987) 

In addition, there is a vesiculotubular system found near the apical surface of 

the cell (Pisam, 1981). 

Viewed with the S.E.M., the teleost gill epithelium can be seen to be covered 

chiefly by squamous pavement cells which are adorned with surface microridges. 

Interspersed amongst the pavement cells are chloride and mucous cells. Mucous 

cells are generally found on the gill filament surfaces, especially the efferent 

surfaces, whereas chloride cells are most numerous on the afferent filament 
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surfaces and in the interlamellar spaces (Hossler, et al .. 1979; Dunel and 

Laurent, 1980; Hossler et al., 1985). The structure of the gills and, more 

particularly, the distribution and the condition of these cell types within the 

epithelium can give an indication of the physiological state and/or health of 

the fish (Mallatt, 1985; Evans, 1987). For example, an increase in the number of 

mucous cells and mucus hypersecretion have been associated with stress 

resulting from noxious chemicals (Hart and Oglesby, 1979). With respect to the 

fish's physiological state, the transfer of euryhaline fish from fresh water to 

sea water has been shown to cause a number of changes in the gill epithelium, 

especially the reorganisation of chloride cells. An increase in salinity 

stimulates an increase in the numbers and size of chloride cells and the 

tubular system of these cells develops into a tight and regular network. There 

is also an increase in the number of mitochondria and the apical surface 

becomes invaginated, forming a crypt or pit (Doyle and Epstein, 1972; Sardet et 

al., 1979; Hossler, 1980; Pisam, 1981; Hwang and Hirano, 1985). It appears that at 

least in some species these changes are even more complex, as recently Pisam 

et al., (1987) described in the freshwater-adapted guppy, Lebistes reticulatus, 

two types of chloride cells exist: a- and B- chloride cells. After seawater 

adaptation only the Ct- cells remained, and the B- cells degenerated and 

disappeared. 

Most studies have concentrated on changes to the chloride cell during fresh 

water and sea water adaptation of euryhaline fish, particularly where the 

transfer has been successful. There has been little published work on the 

changes in the gill morphology of anadromous salmonids transferred into sea 

water. Sockeye salmon (Oncorhynchus nerka), like all anadromous salmon ids, 

undergo a metamorphosis (smoltification) prior to, or during, seawater migration 

which assists or enables the salmon to successfully adapt to sea water (for 

reviews see Hoar, 1976; Folmar and Dickhoff, 1980; Barron, 1986). Failure to 

adapt to sea water might occur if salmon are transferred before they smoItify 

or if the fish remain in fresh water too long and revert back to the 

freshwater form (desmoltify). Other variables such as water temperature, fish 

health, and salinity may also affect the survival of fish transferred to sea 

water (Wedemeyer et al., 1980). 

The aim of this study is to compare the gill morphologies of sockeye salmon 

(Oncorhynchus nerka) which have succcssfully and unsuccessfully adapted to sea 

water. The influence of osmotic stress on the distributions and morphologies 

of chloride and mucous cells is investigated. 
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Materials and Methods 

Juvenile sockeye salmon were obtained from the Ministry of Agriculture and 

Fisheries' Glenariffe Hatchery situated on the Rakaia river, and transported to 

the Edward Percival Field Station. Kaikoura, New Zealand for seawater transfer 

experiments. Fish were maintained in aerated fresh water (801 tanks) for at 

least fours days before experimentation. Seawater transfer was achieved by 

running sea water (34°/00 ) into the tanks at a rate of 10-12 litres/min. The 

complete exchange of fresh water with sea water took less than twenty minutes. 

Mortality was recorded and the health of the fish (behavioural observations) 

also noted. Transfers of sockeye salmon from fresh water to sea water were 

performed in January, March and July 1986 (See Table 1 for sizes of fish at 

transfer and seawater and freshwater temperatures). Salmon successfully 

adapted to sea water in July, but were unsuccessful in acclimating during the 

January and March seawater transfers. One hundred percent mortality had 

occurred within five days in January and after four days in March (Fig. 1). For 

each of the transfers, gills samples were taken from fish in fresh water, and 

at various stages in sea water. In March, fish were sampled after 48 hours, and 

in July after 4 and 30 days. In January, samples were taken from seawater 

transferred salmon that were moribund. These were easily recognised by their 

dark pigmentation and generally erratic swimming behaviour. Moreover, moribund 

salmon were frequently seen close to the surface and on occasion, were 

observed gulping air. 

Sampled fish were rapidly anaesthetised in 2-phenoxyethanol (20m1/51 water) and 

then the first and second gill arches excised, washed in O.IM cacodylate buffer 

(pH = 7.3) and fixed in 3% buffered glutaldehyde for 12hrs at 4° C. The gill 

arches were again rinsed and finally stored in buffer at 4° C. 

Scanning electron microscopy 

Small numbers of gill filaments (2-6) were dissected from the gill arch and 

dehydrated in an ethyl alcohol series, followed by an amyl acetate series (two 

washes in 100% amyl acetate). The filaments were critical point dried with 

carbon dioxide, mounted onto aluminium stubs and coated with 50nm gold (Polaron 

E5000). The gill filaments were then examined with an S.E.M. (Cambridge 

Stereoscan 250). As a measure of relative abundance of cells, the density of 

both mucous and chloride cells on the afferent surface was determined from the 

S.E.M. micrographs. Length measurements were taken of the apical surface of the 

chloride and mucous cells. The greatest linear diameter was used as the 
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Table 1. Water temperatures and the mean weights of fish transferred directly 
from fresh water into sea water. 

Transfer Fish Weight (g) Adaptation to Water Temp. (OC) 

Date (x ± S.D.) Sea Water F.W. 

January 1986 23 .1±3. 4 Unsuccessful 15.2 

March 1986 58. 0±l3. 2 Unsuccessful 14.2 

July 1986 95.0±13.0 Successful 11. 4 
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Figure 1. Survival curves for the rapid transfer of sockeye salmon from 
fresh water to sea water in January (0), March ( ... ) and July (.), 

indicator of cell size. 

Light microscopy 
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Gill filaments stored in buffer were post-fixed in osmium (Os04), dehydrated, and 

then embedded in epoxy resin (Spurrs low viscosity resin). Semi-thick sections 

were cut, stained with methylene blue and viewed under the light microscope. 

Quantitative measurements were made of the numbers of mucous cells on the 

afferent surface in each cross section, and these have been expressed as 

number of cells per afferent cross-section. The afferent (with respect to 

blood flow) fila mental epithelial surface analysed for such measurements 

extended from lamella to lamella as indicated in Fig. 2a & b. 

Where applicable, results were analysed for significance with ANOV A or the 

Student's t-test. Results arc presented as means ± standard error. 



Fig u re 2 a a nd 1,) . Semi thin 
arte r y. (e) efferent artery. 
\\ hie h th e cell co u n t s we r C 

III 

eross-secli o ns of a g i ll filam ent. (a) aCferent 
(I) lamella. l'klrk ed ar ea indicat es the r esio n LD 

made. Scale bars (a) = O.lrnm (b) = O.OSmrn. 

Results 

Th e gill s o f sock ey e sa lm on c o nform e d to the plan seen in mo s t t e le osts. ;\ 

double row of filaments exten ded from ea c h of the four pair s o f g ill a rch es and 

t\V O sta c ks o r trapezoid shaped re spirat o r y lamellae pro jc c ,ed at regular 

intervals [rom each of the gi ll filaments (Fig. 3). The afCerenl surface of the 

gill filament had a I~Hgcr e pithelial SurL1cc than thc effcrent surfac e (Figs. 2a 

8.: band 3). A hi g h e r magnification rev ealed that th e s urface ultrastructure (If 

th e filament s con s isted chiefly of squ a m o us epi thelial c ells (p:n ement cells) 

w hi ch were c ove red \vith mi c roridg es (F ig. 4). The co ntinuity of the pa\' cI11 cn t 

cell S 0 i1 t he :1 f f c r en t s ur fa c c was i n t e rr u p t c d bye 11 lor ide an d m u eo usc clI o. N o 

chloride ce ll s were observ ed on th e effe r c nt su rfa ce , o nly pavcment and mu co us 

ccl ls. T he mi c ro g r a ph s (Fig s , 4, 5 an d 6) arc of , and the re s ults belov,,' di sc lls s, 

on ly the afC crcnt sur fa ces of the gill filam en ts. 

Freshwater adapted sockeye 

In fresh wa ter-a dap ted sockeye , ea ch chloride ce ll h a d a lar g e apical s urface 

tlLlt \\-:IS I' lat or sli g htly convex and \\-hich wa s in c o ntact w ith th e environment. 

Th e ce ll' s apical SllrCace v;lried In S I /C, I1lca '; uring be t wee n 4 -20pm in length 

(Y.= 11± 2pm ). '( here was v:lriali o ll in the api e il Sllrf:1 cc and at lC lst t wo 



Figure 3. R epresentatives o f g i ll filam en ts fr o m th c t wo 
a rc h displa y in g thc afferent (A ) and crCerent (E ) s ur f aces. 
lam e lla e. Scal e Bar = IO Op m 
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hemibranch s of a gill 
(L) respiratory 

morphologi ca lly di s tinct c hloride cells could be distinguished (F ig. 4a anc! 4b). 

Som e chloride cell s had an api c al surface that wa s rel:ttiv cly flat and smooth 

(termed smooth c hl o ride cells), wherea s other cell s had their expose d surface 

covcred in mi crov illi to var y ing de g ree s (termed r o ug h c hloride cells). The 

coverage by microvilli on individual ch loride cells ran ged Crom clearly o bs e rved 

an d isolated pro jection s to heavily inv ~lginatccl surface s \v here the microvilli 

we re c lu s tered t ogeth e r at hi g h cl ensiti es ( F ig . 4b). Til · t w o cell typ es w er e 

closely a ssoci ate d w ith e a c h o t he r and o l"t e n in c on tact alon g one ce ll b o rder. 
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Table 2. Morphometric data of chloride and mucous cells on the afferent 
surface of the gills of sockeye salmon. Data is presented as mean±S.D. 
* indicates a significant differencc from the freshwater sample (within one of 
the monthly transfers) (P<O.OS). 

Transfer Chloride Cells Mucous Cells 
Date Density Length of Apical Density Length of Apical Ho. cell s per 

(per 1000um2) Surface (urn) (per 1000um2) Surface (urn) afferent cross 
section 

July 1986 
9±2 2.4±0.6 5±2 6.4±1.8 F .W. 2.5±0.6 

48hrs S.W. 2.610.7 6±2 * 4.1±0.6* 6±2 6.6±1.7 
30d S.W. 1.6±0.3* 1·2 (pits) 3.3±0.6* 6±1 * 4.911.9 

March 1986 
6±l * 5.612.4 F .W. 1.3±0.4 10±2 2.6±0.9 * 

48hrs S.W. 1.2±0.4 6±1 * 4.5±0.5 * 11±2 6.3±2.5 
4d S.W. O. HO. 2 * 4.5±0.5 11±2 * 6.9±2.4 

Jan. 1986 
9±2 9.912.4 F .W. 0.9±0.3 13±3 3.9±0.7 

S.W. moribund 1.0±0.3 8±2 * 6.1±J.6* 10±2 10.3±3.3 

The number of chloride cells present on the afferent surface of freshwater 

adapted salmon varied between the different transfer times (January, March and 

July 1986) (see Figs. 4a & b, Sa and 6a & b). In July, there was a density of 

2.S±0.6 chloride cells per 1000llm2 which was significantly greater than in the 

January or March samples (p<O.OI). The density of chloride cells in January and 

March were not significantly different from each other, at 0.9±0.3 and 1.3±OA 

cells per 1000).lm2, respectively (Table 2). However, while the apical surfaces of 

the March and July chloride cells were of similar length (not significantly 

different), those measured in January were considerably longer than either of 

the other two months sampled (p<O.O I for both March and July). There was also 

variation between the three freshwater samples of sockeye in the proportion of 

chloride cells that were of the smooth variety. In January, approximately 80% 

of the cells had a smooth apical surface, compared to 40% in March and 30% in 

July. 

The number of mucous cells on the afferent surface of freshwater~adapted 

sockeye was variable (as viewed with the S.E.M.). The mucous cells appeared 

either as surface swellings (protuberances) as seen in the gills of the March 

and January salmon (Figs. Sa and 6a & b), or as indentations as in the gills 

of the January sampled salmon (Fig Sa). A greater density of mucous cells was 

found in January sampled sockeye salmon (3.9±0.7 cells per 1000).lm2) compared with 

March and July (p<O.OS, p<O.OI, respectively). The size of the cells was also 

significantly larger in January (p<O.OI) (Table 2). The quantitative data obtained 

from gill cross-sections (no. of cells per afferent cross-section, Table 2) 



114 

showed a similar trend to the differences that were observed from the S.E.M. 

measurements, with a greater number of mucous cells per cross-section in 

January than in March or July (p<O.Ol). 

Successful Seawater Adaptation of Sockeye Salmon 

The July 1986 sample of sockeye salmon adapted successfully to sea water after 

direct transfer from fresh water. There was no apparent change in the gross 

morphology of the gills but, over the time course studied, there were 

significant changes in the numbers (density and numbers of cells per afferent 

cross-section) and morphologies of the chloride and mucous cells (Table 2, Figs. 

4a-f). After 48 hours in sea water, the density of chloride cells had not 

changed significantly (Table 2). However, the apical surface length of the cells 

was markedly reduced, decreasing from a mean freshwater cell length of 9±2).lm, to 

6±2um after 48hrs in sea water (p<O.OO 1). The margins around the chloride and 

pavement cells were clearly demarcated and around some chloride cells distinct 

invaginations were noted (Figs. 4c and 4d). A greater density of mucous cells 

was seen on the afferent surface (S.E.M.) after 48hrs, increasing from 2.4±0.6 in 

fresh water to 4.l±0.6 mucous cells per 1000um2 in sea water (p<O.OOI). There 

was, however, no significant increase in the number of mucous cells when 

cross-sections were viewed (see Table 2). Under the S.E.M., the mucous cells 

appeared small, and many had not fully 'broken through' the pavement cells, the 

latter being deformed or stretched as the mucous cells developed beneath them. 

In these mucous cells, there were no obvious external openings to the surface 

epithelium. There was a slight increase in the size of other mucous cells which 

were open to the surface, these increasing from a mean pre-transfer length of 

5 ±2 to 6 ±2).lm after 48 hours (p<0.05). 

In contrast to the 48 hour samples, after 30 days, no apical surfaces of 

chloride cells could be seen. These were replaced by pits or crypts (Figs. 4e 

and 4f). The openings to the pits were 1-2).lm in length. The density of chloride 

cells (L6±0.3 chloride cells per 1000).lm2) on the afferent filament surface was 

considerably lower than in the freshwater or 48 hour seawater adapted salmon 

(p<O.OOI) (Table 2). After 30 days in sea water, mucous cells also occurred at 

lower densities than at 48hrs post-transfer (p< 0.01), but were still higher than 

the freshwater-adapted sockeye (p<O.OI) (Table 2). In contrast to the change in 

density of mucous cells, there was no significant difference in the number of 

mucous cells per gill cross-section between the freshwater, 48hr and 30 day 

seawater-adapted sockeye (Table 2). The mean length of the mucous cells at both 

48hrs and 30 days, was 6±l ).lm. 
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F igure 4. Su ccess ful transfer (July) o f fre s]1\vat cr -a da p ted so ckeyc sa lm on 
i n to sea wate r. A f ferent surfaees of i ll filam en ts of sa lm o n: in fr es h wa te r 
(a & b); af te r 4 8hrs in sea water (c & d ) ; an d aft er 30 clay s i n sea "a t e r (e & 
0. (*) ch lo ride ce ll s, (P) pavement ce ll s, (1\'1 ) mu co li S ce ll s, a rr ow - ap ic tl cryp t 
of c h lo ri de ce ll. Sc ale Bars (Fi gs . a , c & e) == IO p m; (F igs . b, d &. f) = 4)101. 



Unsuccessful Seawater Transfer of Sockeye salmon 

January Transfer 

Figures 5a-d are micrographs of the gills of January transferred salmon in 
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which 100% mortality had occurred after 5 days. Gills from freshwater-adapted 

salmon (Fig. 5a) and from moribund (seawater transferred) salmon (Fig. Sb, c & d) 

were analysed and gross differences noted. Compared with the freshwater 

controls, the gill filament stems of the moribund salmon were often shrunken, 

with ridges and grooves formed along the vertical axis; in addition, their 

mucous cells had pronounced cell boundaries, as the pa vemen t cells had 

apparently contracted (Fig Sb). The gills of the January freshwater-adapted 

salmon had a relatively high density of large mucous cells (3.9±0.7 cells per 

1000J.lm2, 9±2Jlm mean length). However, an even higher density of mucous cells 

occurred in the gill epithelium of the moribund salmon (6.1± 1.6 cells per 1000Jlm2, 

p<O.O I), and these were also large (I0±2Jlm). However, there was no increase In 

the number of cells per afferent cross section, nor in the size of the mucous 

cells of the moribund fish (Table 2). Of all of the gills sampled in this study, 

the greatest density of mucous cells in the gills occurred in these moribund 

fish. The mucous cells and their secretions affected a large area of the gill 

epithelium, often covering a substantial percentage of pavement cells (Fig. 5b, c 

& d). Chloride cells were smaller in the gills of the moribund salmon compared 

with the freshwater adapted salmon (p<O.Ol), although there was no change in 

chloride cell density. 

March Transfer 

Figures 6a-f are micrographs of the gills of the March salmon in fresh water, 

and 2 and 4 days after transfer to sea water. Mucous cells increased from a 

mean density of 2.6±0.9 mucous cells per 1000J.lm2 in the gills of 

freshwater-adapted salmon, to 4.S± 1.2 cells per I 000~m2 after 48hrs in sea water 

(Table 2, Fig. 6). Also, the size of the mucous cells increased from a mean 

length of 6±2J.lm in freshwater, to Iii IJ.lm after 48hrs (p<O.OI). The length of the 

March mucous cells was greater than that of mucous cells formed after 48hrs 

during the July (successful) transfer (Table 2 p<O.OOl), although the increase in 

density of mucous cells after transfer to sea water was approximately the same 

for March and july. After 4 days in sea water, no further change in the size 

and density of mucous cells was noted. No differences were recorded in the 

number of mucous cells per afferent cross-section between the freshwater and 

sea wa ter sampled salmon. 



Fi g ure 5. U nsuccess ful tran sfe r (January) of fr es hw a te r-ad ap ted sock,~ye 

sal mon into sea water. Affe rent sur fac es of gi ll fil ame nt of sal mon: in 
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fresh water (a ); after 4 days in se a wa tu and th at a rc moribund (b , e & d). 
arrovvs - chi o ri de cell s, (M)- mucou s ce l ls . Scale bars (F igs . a & b) = IOO pm; 
(F ig. c) = I O}Jrn; (F ig . d) = 4pl11. 

In the March tr ansfe r, th e number of chloride cell s on the afferent surface was 

lower after 4 days, dec rea sing f ro m 1.3±0.4 in fre sh wa ter to O.7±O.2 cel ls per 
I 

I OOOpI11~ (p<O.OI) Cra bl e 2) . (\ s in th e J uly sa lmon t ra nsfe r, th ere was a lso a 

decrea:,e in th e dimen sions of th e apical surla cc aft er the transfer in Ma rch 

(p<O.O O!). The me a n len gt h or the apical ~ urra cc decrea sed fr om IO±2 to 6±2pm 

af ter 48 hrs in SC3 \Vater. 
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F igure 6. U nsu cce ss ful tran sfe r (Mar ch) o f fre shwat c r-adapted soc ke ye salm on 
int o sea wZlter. Affcrent surf ae cs of gil l Cilamcnt of sa lmon: in fr es h water (a 
8c b); after ·18hr5 in sea water (c &. d); and after 4 days in sea water (c &. f) . 
R cC e r to fi g. 3 legend for character de sc ription s. 
S a le bars ( Figs. a, C &. e) = IO}JI11; (fi gs. b, ct &. r) = 4)J m. 
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Discussion 

Sockeye salmon gill ultrastructure, as viewed with the S.E.M., was similar to the 

pattern seen in the majority of teleosts studied. Pavement cells were the 

most abundant cell type and their surfaces displayed a complex system of 

microridges whose primary function is thought to be support of a protective 

mucus coat (Hossler et al., 1985). Changes in the structure of the gills 

occurred when salmon were transferred from fresh water to sea water and 

differences were also noted between gills of salmon that had successfully 

adapted and those that had unsuccessfully adapted to sea water. Squamous 

pavement cell surface ultrastructure remained unchanged with the transfer of 

sockeye from fresh water to sea water. Nevertheless, marked changes were 

recorded after seawater transfer of sockeye in the frequencies and 

morphologies of the two other major cell types, the mucous and chloride cells. 

Many authors have reported alterations in the structure and numbers of 

chloride cells in fish after seawater transfer, as well as differences between 

freshwater-adapted and seawater-adapted fish. Gross changes in seawater 

transferred fish include an increase in the size and number of chloride cells, 

and the formation of an apical crypt (Shirai and Utida, 1970; Hossler et al., 

1979; Miyamoto et al., 1986). Hossler et al. (1985) using the S.E.M., found that in 

seawater-adapted killifish, the chloride cells occurred at a greater density 

than in freshwater-adapted killifish and that the cells appeared as deep holes 

situated along the borders of adjacent pavement cells. For the 

seawater-adapted sockeye in this study, the chloride cells were visible as 

holes on the filament surface which opened into apical crypts. However, in 

contrast to the study of Hossler et al. (1985), the density of chloride cells on 

the afferent filament surface (determined by the S.E.M.) was less than in the 

freshwater-adapted sockeye. Because only the outer afferent surface can be 

observed with the S.E.M., it is possible there was an increase in chloride cell 

numbers in sea water adapted sockeye which would be undetectable with the 

methods used here. An increased number of chloride cells might be localised to 

the interlamellar region, or several chloride cells could be associated with 

each crypt. Neither location can be properly viewed with the S.E.M.. Several 

studies have shown that the crypt is often shared by two or more chloride 

cells. At least one of the cells has a fully developed tubular system, while 

the remaining cell(s) are either similar, or have a less-well developed tUBular 

system. These cells are known as the chloride accessory cells and have been 

suggested to be the precursors of the chloride cells proper (Ernst et al .. 1980; 
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Hootman and Philpott, 1980; Lauren t and Dune!, 1980; Karnaky, 1986). 

An increase in chloride cell numbers associated with the successful transfer of 

fish to sea water (as in the killifish) may have been disguised in sockeye 

salmon because that increase had already occurred while the sockeye were held 

in fresh water. The January freshwater-adapted sockeye had low numbers of 

chloride cells and failed to adapt to sea water. In contrast, the July salmon 

began with high numbers of chloride cells and were able to adapt to sea water 

successfully. It appears that a necessary requirement for the successful 

transfer of sockeye to sea water is a high number of chloride cells initially, a 

feature that has been described in smoltified salmon (Langdon and Thorpe, 1984). 

Since salmonids preadapt to the marine environment while in fresh water, one 

would expect the relative increase in numbers of chloride cells after seawater 

transfer to be smaller than in species not undergoing this transformation e.g. 

guppies. 

Along with the surface changes in the chloride cell, complex biochemical and 

ultrastructural changes also occur on transfer of euryhaline teleosts into sea 

water. The enzyme Na+·K+-ATPase, which occurs at high activity in chloride 

cells, increases when fish are transferred from fresh water to sea water. This 

has been associated with an increase in chloride cell size, a proliferation in 

chloride cells and, especially, an amplification of the membraneous tubular 

system (Karnaky et al., 1976). An increase in gill Na+-K+·ATPase activity 

occurred when sockeye were transferred into, and successfully adapted to, sea 

water (Chapter 5). This suggests an increase in chloride cell numbers and/or 

size. 

Under the light microscope, the numbers of mucous cells appeared to vary little 

between the freshwater, and the successful and unsuccessful seawater adapting 

fish. However, dramatic changes were noted when the gills were examined with 

the S.E.M. There are several possible explanations for this discrepancy and may 

be the result of methods used or, more specifically, the limitations of these 

methods. Several different functional types of mucous cells may exist. The 

light microscopy analysis of the gills gave very little information on the 

functional state of the mucous cells whereas the S.E.M. was more useful in 

determining whether a mucous cell was active on the epithelial surface. 

FunetionalIy active mucous cells had an obvious opening to the epithelial 

surface and mucus was present. However, with respect to actual numbers of 

mucous cells, counts using light microscopy should be more accurate since 
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surface analysis of the gill epithelium using the S.E.M. would fail to count 

mucous cells located beneath the pavement cells, the latter perhaps being in an 

inactive state. This would explain the dramatic increase in density of mucous 

cells as determined by the S.E.M. without the same magnitudinal increase in 

numbers of cells per afferent cross-section. These inactive cells could then 

be rapidly utilised if the situation demands, for example, when the salmon were 

put into sea water. If just the S.E.M. was used to analyse the gill epithelium, 

an accurate assessment of the functional number of mucous cells would be 

obtained, but total numbers of mucous present could be underestimated. This 

difference would be dependent on the percentage of mucous cells that were 

functionally inactive and beneath the epithelium; the greater the percentage the 

more the underestimation. If only the light microscope was used to analyse the 

gills a more accurate estimate of total numbers of mucous cells would result, 

but this would not indicate their functional state. Combining S.E.M observations 

with light microscopy analysis of the gills can give more detailed and accurate 

information than if only one method of analysis was used. 

A prominent feature of the sockeye gills, as viewed with the S.E.M., was the 

increased density of functional mucous cells after 48hrs in sea water. The 

increase in mucous cells and hence mucus production would have a protective or 

preventative role against the influx of ions and loss of water created by 

direct and rapid transfer into sea water. Ogawa (1974) reported that mucus 

reduces gill water permeability, and Laurent (1984) suggested that for 

freshwater fish (which generally have greater numbers of mucous cells) the 

mucus may control water influx and the loss of ions. A greater osmotic 

imbalance resulted in the sockeye that failed to adapt to sea water (Chapter 

4). In these unsuccessful fish, the mucous cells were larger at 48hrs and 4 

days after seawater transfer than the successful sockeye. This greater 

response to direct seawater transfer may be the result of either the larger 

osmotic imbalance or a pathological response to the osmotic stress. The 

greatest number of mucous cells was found in the gills of the moribund fish 

which tends to support the idea that an increase in numbers is a pathological 

response. A hypertrophy of mucous cells and an increase in mucus production 

has been associated with conditions that elicit a generalised stress response 

in fish. Lethal exposure to contaminants for instance show an especially marked 

response (Smart, 1981). 

Das and Sri vasta va (1978) and Zacone (1981) reported that mucous cells were able 

to transform into chloride cells, although Laurent (1984) suggested that this 
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needs to be substantiated by further studies. In the salmon that failed to 

adapt to sea water, chloride cells were conspicuously low in density on the 

afferent surface. The initial response in these fish might have been increased 

mucus production, thereby preventing water loss and ion influx, rather than 

actively compensating for these movements. 

The January sampled, freshwater-adapted sockeye had the highest density and 

cross-sectional numbers of mucous cells compared with the other freshwater 

sampled salmon. This could be the result of January's warmer water 

tempera tures elici ting a generalised stress response in the form of increased 

mucus production on epithelial surfaces. Diffusion rates in water are faster 

at higher temperatures and the increased mucus production might be 

advantageous in reducing the outflux of ions and the influx of water. Supporting 

this hypothesis is the mortality rate of the January and March 

seawater-transferred salmon. In the absence of mucus one would expect the 

fastest mortality to occur in the warmest water. However, the results show 

that 100% mortality occurred after 4 days in March (water temperature = 16.8°C) 

compared with 5 days in January (water temperature = 17.6°C). The increased 

mucus production in the January sockeye might have been a factor that 

prolonged survival. 

Apical morphology of chloride cells in freshwater-adapted sockeye was varied. 

The surface could be either smooth, or invaginated by microvilli. In the 

freshwater-adapted guppy, Pisam (1987) found the presence of two types of 

chloride cells which had, among other characteristics, differing apical 

morphologies. The 0:- chloride cells had an apical surface that was smooth, 

whereas the 8- cells had a surface that was bumpy and invaginated due to the 

existence of a well developed vesicula-tubular system just below the apical 

membrane. The chloride cells seen in sockeye might equate to the 0:- and 8-

cells found in the guppy. With such clear differentiation in their morphologies, 

functional differences between the smooth and invaginated chloride cells are 

likely. Since teleostean chloride cells play an important role in ionic and 

osmotic regulation (Karnaky, 1986), the distribution and the ratio of smooth and 

invaginated chloride cells may reflect the osmoregulatory status of the salmon, 

especially with respect to the freshwater osmoregulatory changes associated 

with smoltification. Variation occurred in the ratios of smooth to invaginated 

chloride cells. A high proportion of smooth cells occurred in the 

freshwater-adapted January salmon that failed to go into seawater, whereas in 

the July freshwater-adapted salmon that successfully transferred, there was a 
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higher proportion of invaginated cells. In March there was an equal proportion 

of invaginated and smooth chloride cells. From these observations it would 

appear that in salmon at least, a greater proportion of invaginated chloride 

cells are required for successful seawater adaptation. Further investigations 

are needed to help clarify the specific function of these different types of 

chloride cells. 
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CHAPTER 9 

Conclusions 

The purpose of this study was to examine the seawater adaptability of New 

Zealand's quinnat and sockeye salmon which were introduced from North America 

about 90 years ago. In investigating this topic it was neccessary to acquire 

an understanding of the factors, both environmental and physiological which 

affected the seawater tolerance of these salmon. This study focused on the 

physiological changes occurring in smoltifying freshwater-adapted salmon, and 

also in salmon transferred to sea water. These changes were discussed with 

respect to physiological stress. 

Despite the wealth of information on the seawater adaptability of Pacific 

salmon resident in North America (Bern and Mahnken, 1982; Thorpe et aI., 1985; 

Boar, 1988) research on this topic in New Zealand is limited. The fish stocks III 

New Zealand and environmental conditions present a unique situation that 

can not be compared with the North American scenario. For example, sockeye 

salmon which originally came from an anadromous population have formed a 

totally fresh water population in New Zealand and there was some doubt over 

whether or not these salmon could survive and grow in sea water. With respect 

to environmental conditions and in particular water temperatures, New Zealand 

has water temperatures that are considerably warmer than those found in the 

North American habitat. The New Zealand temperatures are well above the upper 

limits of most Nothern Hemisphere studies. To date there have been no studies 

which have looked at the success of, and the physiological changes in salmon 

transferred to sea water that is as high as 19°C, which is the of normal summer 

sea water temperatures around the northern parts of the South Island of New 

Zealand. 

In part this study was designed to have practical applications for the 

aquaculture of salmon. Hence, the transfer methods used, placing the salmon 

directly from fresh water into sea water are based on methods that are used 

in sea-cage rearing operations. This type of transition into sea water is 

unlikely to happen in wild stocks of salmon as they have the capability of 

choosing the time to migrate down to the sea and once there can remain in the 

intermediate salinities found in estuaries and around river mouths. 
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For the ease of this discussion, sockeye and quinnat salmon will not be 

differentiated as there was very little difference between the seawater 

adaptability of the two species. Sockeye despite being voluntarily landlocked 

are able to successfully adapt and grow in sea water. 

The findings of this study can be broadly divided into the factors influencing 

seawater survival in salmon, and indicators of sea water survival. The former 

relates to the actual ability of the fish to survive a rapid change from 

fresh water to sea water, while the latter relates to the ability of the 

aquaculturist to predict the success of a transfer. 

The factors affecting the seawater survival of salmon can be be conveniently 

separated into external influences (such as the method of transfer of salmon to 

sea water and seawater temperatures), and inherent changes in the salmon which 

lead to increases in their hypoosmoregulatory ability. It should be noted 

however, that the salmon's hypoosmoregulatory development in fresh water is 

also affected by environmental conditions (Hoar, 1988). 

An increase in salinity tolerance occurred with an increase in the size of the 

salmon. This reflects the effect of a decrease in surface area to vol~me (as 

the salmon gets larger) on ion and water movements. Further increases in 

salinity tolerance occurred in the salmon that could not be related to just 

size alone, but to a change in the physiological state of the 

freshwater-adapted fish. The physiological changes prepared the salmon for the 

transition into sea water. This process, known as the parr-smolt 

transformation or smoltification is a critical process which can be considered 

as a major factor influencing the seawater adaptability of salmon. Hence, many 

indicators of seawater survival are based on determining when the parr-smolt 

transformation occurs. A critical size needs to be reached before the 

parr-smolt transformation can occur and this metamorphosis is activated by 

seasonal changes such as an increase in the photoperiod (Bern and Mahnken, 

1982; Thorpe et aI., 1985; Hoar, 1988). 

In this study the salinity tolerance of the salmon fluctuated seasonally, 

increases in seawater adaptability occurring in spring and in late autumn/early 

winter. Coinciding with the increases in salinity tolerance were elevated 

activity levels of the gill Na+-K+-ATPase enzyme. High levels of this enzyme in 

freshwater-adapted salmon have been associated with the parr-smolt 

transformation (Folmar and Dickhof, 1978; 1980; 1981; Hoar, 1988). With the onset 
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of summer and high temperatures there was a decrease in the activity of this 

enzyme, which indicated that the salmon were desmoltifying. Salmon were not 

able to survive the transition during this time. This decrease in activity may 

be due either to an endogenous cyclical nature of the enzyme (Zaugg, 1982; 

Virtanen and Soivio, 1985; Folmar and Dickhoff, 1979. 1980, 1981) and/or a 

direct effect of the increasing water temperatures. High freshwater 

temperatures have been shown to have an inhibitory effect on the development 

of the gill Na+-K+ ATPase activity in freshwater adapted salmon (Zaugg, 1981; 

Hoar, 1988) and may also account for the desmoltification process. There is a 

corresponding increase in diffusion rates with an increase in temperature 

(Prosser, 1973) so during the summer one would expect a greater flux of ions in 

and out of the salmon. High activities of gill ATPase (late autumn) are related 

to low plasma ion concentrations in salmon which are still resident in fresh 

water, even though the water temperatures are low. Higher temperatures in the 

summer and the resulting increase in fluxes CQuid mean that these fish are 

unable to maintain high ATPase activities whilst still in fresh water. Hence the 

ability to move into sea water is lost. It would be interesting to test this 

assumption by placing salmon with high ATPase activities into warmer fresh 

water and noting the changes in plasma ionic concentration and ATPase activity 

levels. I would predict very low ion levels in these salmon and a decrease in 

A TPase activity. 

Generally salmon that have smoltified will successfully transfer to sea water. 

However, external conditions can overrride this preparatory process and result 

in mortality of salmon on transfer. High seawater temperatures (l9°C) were 

found to decrease the success of sea wa ter transfer of salmon (see Chapter 6). 

As a method of increasing seawater survival, exposing salmon to a gradual 

increase in salinity does not appear to be of any advantage. If salmon are 

correctly diagnosed of being capable of surviving the seawater transition, then 

the direct seawater transfer method is more than adequate. 

As mentioned, smoltification is a major factor determining the success of the 

seawater transfer of salmon. Predictors or indices of successful seawater 

transfer of salmon are based on determining when the salmon smoltify but also 

have to take into account environmental conditions. This is especially relevant 

with respect to New Zealand conditions. The developmental stage 

(pre-smoltified, smoltified, dcsmoltificd) of salmon and hence their ability to 

survive transfer to sea water is in a continual state of flux. Therefore it is 
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difficult to determine when the salmon are maximally prepared for the transition 

into sea water (fully smoltified). However, seawater transfer at this 'peak' in 

hypoosmotic capability is not required for success seawater adaptation in the 

salmon. The salmon need only to reach a certain level of hypoosmotic ability (a 

threshold) for seawater adaptation to be successful. This threshold level can 

increase or decrease depending upon environmental conditons. The salmon 

transferred into warm (19°C) sea water need to undergo more extensive 

preparatory modifications than salmon transferred to colder (13 °C) sea water. 

Therefore, if indicators of salmonid seawater survival obtained from 

freshwater-adapted salmon are to be reliable then the environmental conditions 

must be qualified. For example, the predictors may only be reliable if the 

seawater temperature in which they are to be transferred is below 15°C. 

Monitoring physiological variables in salmon following the transfer into sea 

water would however, overcome this problem of having qualifiers, provided that 

the test transfer is made in seawater that is representative of the sea water 

conditions found around the sea-cage rearing sites. This would give a direct 

and more accurate indication of the hypoosmotic regulatory ability of the 

salmon. Chapter 5 discusses specific indica tors in more detaiL 

The practicality of the methods to determine the hypoosmoregualtory status of 

the salmon is of importance to the salmon farm operator. Gill Na+-K+-ATPase 

activity is an accurate indicator of smoltification but the assay is lengthy and 

much equipment is needed. Similarly, for plasma cortisol determination, 

specialised equipment is required. Without comprising accuracy, the estimation 
--N-, 

of either the salmon's plasma chloride or sodium concentration after 24 hours 

10 sea water would seem to be the most practicable. Only one piece of 

specialised equipment is needed, either a flame photometer or a chloride meter. 

Finally, the underlying theme of this study was the concept of physiological 

stress. Both smoltification and the direct transfer of salmon from fresh water 

to sea water were viewed as potential stressors that could elicit a 

corresponding physiological stress response from the fish. Plasma cortisol was 

used as the major and primary indicator of a stress response although its role 

in both smoltification and seawater adaptation could be as a mineralocorticoid, 

and not as a glucocorticoid. I believe smoltified salmon (having high gill 

Na+-K+-ATPase activities) are physiologically stressed while they remain in 

fresh water as their osmoregulatory mechanisms are modified for their future 

life in sea water and so are not totally designed for functioning efficiently in 

fresh water. Desmoltification supports this argument, as if the salmon were not 
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stressed then it would seem reasonable for them to remain in the smoltified 

state. In addition, smoltified salmon have a preference for sea water (Hoar, 

1988). So in effect, it is not the process of smoltification that is the 

stressor but as a consequence of this transformation fresh water becomes a 

stressor to the salmon. In salmon that are transferred directly to sea water, 

it is abrupt change of salinity that is the stressor, although the severity of 

sea water as a stressor is dependant of the ability of the salmon to adapt to 

this new medium. The salmon that failed to adapt to sea water showed a 

grea ter stress response. 
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Appendix. 

Gill Na+-K+-ATPase Activity - Chemical Mixtures. 

Homogenising Medium. 

pH = 7.2 

lOmM Na2EDTA 

300mM sucrose 

lOmM 2-mercaptoethanol 

lOOmM Imidazole 

Incubation Mediums. 

pH = 7.2 

A. Total ATPase Activity. 

150mM NaCl 

75mM KCl 

20mM Mg C1 2 

lOOmM Imidazole 

lOmM Na2ATP 

B. Mg2+-ATPase. 

150mM NaCl 

75mM KCl 

20mM Mg C1 2 

lOOmM Imidazole 

lOmM Na2ATP 

O.58mM Ouabain 
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