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ABSTRACT

" Increases in the greenhouse gasses corresponding to a doubling
of the CO, content of the atmosphere is expected to occur around
2030. The most likely scenario indicates a temperature inrease
of 1.5 to 3.5°C in - Norway, mainly due to changes in winter
temperature and particular in inland areas. The precipitation is
expected to increase by 7 to 8 percent. The winter runoff will
increase mahifold, while the summer runoff will decrease. The
spring flood will be considerably reduced in rivers in western
and central Norway. Water temperature will increase, éxcept in
winter in rivers which will continue to have an ice cover.

Possible effects of the climatic changes on the ecology of
Norwegian Atlantic salmon are predicted, the salmon population
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in two Norweglan rivers are uséd as case studies. Hatchlng of
eggs will be accelerated, and initial feeding time for alevins
will occur earlier in spring. Due to changes in water temperature
and water flow .regimes, thé initial feeding time may be a
critical period in many salmon rivers.

Growth and survival of parr are éxpected to increase, and smolt
age will decrease. Hence, smolt production will probably increase
con51derably. A.hlgher proportion of mature male parr is expected
to occur in many rivers.

Altered temperature and flow reglmes in rivers may change the
timing of 'smolt runs. The smolt run may be less concentrated in
time, schools may be of smaller smze, and predatlon from marine
fish species will probably increase: Hence, survival from smolt

to adult is expected to be lower than today.

In the ocean thé change in climate may affect distribution, total
salmon production, as well as sea age at maturity of the salmon.

The upward migration of adult salmon is expected to be easier
in early summer, while in late summer drougths may more
frequently prevent salmon ascent. Reduced sprlng peak flow may
probably select for a smaller salmon size in Norweglan rivers.

INTRODUCTION

Evidence from many sources show that the consentration of
atmospherlc Co, is steadlly rising (Bohlln 1986, Keellng 1986),

and the mean global temperature has increased about 0.5°C the
last decénnium (Houghton and Woodwell 1989) Scenarios for future
climate change in Norway are reported by a Norwegian expert team
(Eliassen et al. 1989, Eliassen and Grammeltvedt 1990) The -
scenarios .assume an increase in the greenhouse gasses

correspondlng to a doubllng of the COzcontent of the atmosphere,

which is expected to occur around 2030. Based on these scenarios



3

physical consequences of climatic change on NOrwegian. water
courses and water resourses are also predlcted (Salthun et al.

1990) Changes in water flow and water temperature, in turn, will
affect.life in rivers and lakes. These consequenses are difficult
" to predict, partly because of lack of information about.the
environmental requlrements of animals. However, one species. by
which considerable lnformatlon about environméntal requlrements
excist; is the Atlantic salmon (Salmo salar L.). Because of its
complex life cycle in both freshwater and marine enyironhénts;'
effects of climatic change ‘may be difficult . to predlct.
Nevertheless the considerable information which ex01st about its
envrronmental requlrements 1nsp1re to make a preliminary assess
of possrble effects of climatic changes on the ecology of this
species;

'In this paper a theorétical base for predicting effects of
changéd climate on the different life stagés of Atlantic salmon
is given. The consequences of a doiibling of the CO, contént in
the atmosphere for two Norweglan Atlantic salmon populatlons are
predlcted the river Stryneelva populatlon in western Norway, and
the river Altaelva populatlon in northern Norway.

PREDICTED CHANGES IN WATER DISCHARGE AND WATER TEMPERATURE IN
NORWEGIAN RIVERS

The base for predlctlons of change in water. dlscharge and water
temperature (Selthun et al. 1990), as well as the consequences
of thése changes on Atlantic salmon, are the climatic Scenarios
for Norway given by Ellassen and Grammeltvedt (1990) These
scenarios are given for air temperature and pre01p1tatlon. The
most likely scenario indicates a temperature increase of 1.5 to
3.5°C, mostly in the winter and in the inland. The precrpltatlon

is expected to increase by 7 to 8 percent (Table 1):

Thé runoff has by Szlthun et al: (1990) been simulated for seven
Norwegian watercourses over a 30 year period; both for the
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present climate and for two scenarios:. The simulation describes
the changes for basins in three elevation bands, a mountalnous,
an intermediate level and a lowland basin. The model applled for
these simulations also predlcts changes in the snow cover, soil
moisture and ground water regime. These simulations are the basis
for the subsequent evaluation of possible consequences.

The most likely scenario indicates a moderate increase in the
annual runoff in mountainous districts and districts With‘high
annual precxpltatlon. The annual runoff will decrease in lowland
basins and in forested basins in the inland because of increase
in the evapotransplratlon. The seasonal pattern. will change

srgnlflcantly, in partlcular in basins within the intermediate
‘elevation band: The spring flood will be. strongly redused in many
basins. The winter runoff will increase manlfold, while the
summer runoff will decrease. Floods will occur more frequently
in autumn and winter. I used Atlantic¢ salmon from the river
Stryneelva (61°55 N, 6°33’E) in westérn Norway in the first
'SLmulatlon; However, simulated annual runoff 'followed by a
climatic change is not avallable for this river, so I used data
from the nearby river Vosso (60 38 N, 6°13'E) (Sélthun ét al.
rlvers As a second case study, I chose river Altaelva (69°58 N,

23 20’ E) in northern Norway (Flg 1b).

Accordlng to Szlthun et al. (1990) the duration of thé snow cover
on the ground will be rediuced by one to three months: The soil
moisture deficit will 1ncrease, lndlcatlng an increase in the
need for artificial irrigation on most areas except the western
coastal zone: Increased irrigation demand and reduced summer
runoff can give water shortage in small water courses.

A detailed prediCtion of water temperature is not given in Szltun
et al. (1990), but they state that the water temperature most
llkelY'Wlll increase with the air temperature in summer. The rise

in the water temperaturé from close to 0°C to nearly the air
temperature will occur one month earlier because of earlier
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termination of the snowmelt. Therefore, on the basis of these
informations and on meteorological data, I have proposed a new
temperature regime after the change in climate for the rivers
Stryneelva and Altaelva (Fig. 2).

EFFECTS OF CLIMATIC CHANGE ON ECOLOGY OF ATLANTIC SALMON

Spawnin

Photoperiod has been shown to be the major environmental factor
in the control of the sequence of endocrine and other
physrologlcal changes which ultlmately lead to spawnlng in
salmonlds (deVlamlng 1972 MacQuarrie et al 1978 Whrtehead et
al. 1978) However, water temperature during maturatlon may also
play a role in determlnlng the time of spawning in salmonids
(Henderson 1963; Morrison and Smith 1986) Within ‘nearby
populations of Atlantic salmon in Norway spawning time may differ
by two months (Heggberget 1988), indicating that if daylength is

_the predominant cue for timing of spawning, the salmon
' populations spawning at different lengths of day are adapted to

different lengths of photoperiod.

Mean water temperature in ten Norweglan rivers during peak

~spawning varied between 1.0 and 4.7° C, showing that spawning

occurs at various temperatures in various stocks of Atlantic
salmon (Heggberget 1988). Peterson et al. (1977) reported
spawning ,of Atlantic. salmon in the Miramichi River when
temperatures were about 6°C and falllng, indicating that

_populations. of Atlantic salom in Norway spawn at colder

temperatures than those in Canada.

Timing of spawning thus seems to be influenced by the thermal.
regime, in such a way that spawning occur at a time which will
result in hatching of eqggs, and initial feeding of alevins at a
specific and presumably optimal time for survival of fry
(Heggberget 1988, Jensen et al. 1991)



Hence, spawning is mainly adapted to a specific photoperiod,
which means that in spite of the climatic change predicted,
spawning time may probably remain unaltered. However, effects
of water temperature on spawning time should be furnished.

Eqg_incubation period

Hatching of salmonid alevins is a distinctive event and can be
determined objectrvely Temperature variation durlng development
is a major source of variation in hatchlng time (Alderdlce and
Velsen 1978 Crisp 1981, Jungwxrth and Winkler 1984, Humpesch
1985 Tang et al. 1987, Elliott et al. 1987, Beacham and Murray
1990). However, additive genetic variation (McIntyre and Blanc
1973, Sato 1980, Beacham 1988), changes in temperature
(Heggberget and Wallace 1984), oxygen consentration (Silver et
al. 1963, Garside 1966), and light 1ntensrty (Kwain 1975) can
also influence hatchlng time.

For Atlantic salmon eggs the development time at different
temperatures from fertilization to hatching is described
mathematically'by'Criép.(1981); Results from hatching experiments
performed at temperatures between 2.4 and 12°C were available to
Crisp (1981). Additional experiments at temperatures between 0.1
and 1.3°C have later been performed by Heggberget and Wallace
(1984) and Wallace and Heggberget (1988), who concluded that
Crisp s equation 1b satisfactorily described the time from
fertiliza;ion to hatching also at temperatures close to zero:

(1) log D = b log (T-a) + log a

-2.6562 log (T + 11.0) + 5 1908

where d = incubation time (days); T = temperature (°C); and a,
@ and b are constants (Crisp 1981, equation 1b).

" A climatic change will increase water temperature during winter,
and hence, accelerate hatching.



Initial feeding time

After hatching, alevins remain covered by gravel for several
" weeks, during which time they survive on nutrients in their large
yolk sacs. Some time before the yolk is exhausted, alevins begin
exogenous feeding, and emerge from the gravel. The duration of
the stage from hatching to 50-percent initial feeding is mainly
temperature dependent, and this relationship is described
mathematically by Jensen et al.- (1989b) for temperatures in the
range 3.9 - 10.4°C: '

(2) D = 472 TM¥
where D = number of days after hatching, T = temperature (°C),
and a and b are constants. ‘

Emergence from the gravel is closely related to initial feeding.
Alternatively, the time taken from ‘hatching to emergence may be
estimated according to Crlsp (1988).

The increased winter temperature followed by a climatic change
will shorten the period from hatching to 50-percent initial
feeding.

Since the duration of both incubation and alevin period depend
on the temperature regime, a llnklng of spawning time to a stream
temperature trlggers spawning at a time which will result in
initial feedlng at a spec1f1c and presumably optlmal time for
survival. Due to long time selection it is expected that in each
population the majority of alevins start feeding and emerge from
the gravel when the environmental conditions are favourable for
- highest possible survival. In Norwegian rivers initial feeding
is avoided during sprlng peak flow, and before water temperature>
reach 8°C (Jensen et al. 1991). Two different strategles are
indicated: (1) dinitial feeding may take place before the
culmination of the spring flow or (2) after the spring-peak flow.
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The choise of strategy depends on the témperature and flow
regimes in each river. After a change in climate both temperature
and flow regimés will be altéred: Hence, in some rivers alevins
may reach the inital feeding stage at a time when temperature or
flow is unacceptable; resulting in high mortality. Therefore, the
initial feeding time seems to be a critical period in many salmon
rivers with changing climate in the future.

Growth of parr

when the yolk sac is absorbed; growth is mainly dependent on
nutrient . conditions,; water temperature, and fish welght
(Donaldson. and Foster 1940, Baldwin 1957, Brett et al. 1969,
Elliott 1975a, b, Spigarelli et al. 1982). When food is present
'in abundance, estimated optimum temperatures for growth vary
among species (Brett et al. 1969, Elliott 1975a; b, Hokanson et
al:-1977). In sockeye salmon (Oncorhynchus nerka) optimum growth

occurred at 15°C at excess rations, and progressively shifted to
a lower temperature at each lower ration (Brett et al. 1969);-A
corresponding model for brown troit was developed by Elliott
(1975a, b): For brown trout, the optlmum temperature for growth
at excess rations was found to be 13°C, while growth commences
at 4°C.

A similar model for growth of Atlantic salmon is lacking, but
the optimum temperature for growth of parr seems to be about 16-
17°C at excess food rations (Siginevich 1967, Dwyer and Piper
1987). At temperatureé below a certain limit Atlantic salmon parr
move from riffles to pools and reduce or stop feeding (Allen
- 1940, 1941, Gibson 1978; Gardiner and Geddes 1980, Rimmer et al.

1983, 1984). This lower temperature limit for growth is not
fixed, but varies from river to river accordlng to the
temperature regime (Jensen 1990). In rather cold Norwegian rivers
this limit seems to be about 7°C (Jensen and Johnsen 1986); the
same as observed in Britain by Allen (1940, 1941) and Gardiner
and Geddes (1980). Also a higher temperature limit for growth is
probably'exc15t1ng, and the upper ultimate lethal temperature for
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Atlantic salmon has been found to be 27.8°C (Garside 1973).

In expectation of such a growth model for Atlantic salmon, I
have used a modified version of the brown trout model (Elliott
1975a, b) to estimate growth of Atlantic salmon parr. I used the
same growth rate, but I increased the optimum temperature for
growth to 16°C, and excluded growth estimates at temperatures
below 7°C. The maximum temperature for growth was increased in
parallel - with the optimum temperature, i:.e. from 19.5°C to
22.5°C. I made the aésumptiOh that nutrient conditions for salmon
will rémain the same after the temperature increase.

A climatic change probably results in increased growth rates of
Atlantic salmon parr, and hence, lower smolt age; in rivers where
water temperatures will stay below 16-17°C and nutrient
conditions are favourable. In rivers where water temperatures
in part of the year will be higher than this limit, growth will
be retarded in these periods. In rivers with poor nutrient
conditions for salmon, the growth will be retarded also at
temperatures lower than 16-17°C. Generally, the length of the
growth season will increase. As a consequence, the annual growth
of parr will be better, and the smolt age lower than today.
Annual mortality of salmon parr has been estimated at 40-66
percent (Elson 1975; Symons 1979); and smolt production is
inversely related to smolt age (Symons 1979). Therefore, salmon
smolt production is expected to increase in most Norwegian
rivers.

Since maturation of salmon male parr has been associated with
' fast growth rate (Thorpe et al. 1982, Dalley et al. 1983, Randall
et al. 1986, Thorpe 1986), the proportion of mature male parr is
expected to increase in the future.

Effects of .increased winter flow and winter temperature on parr

Increased water flow and water temperature in winter is expected
to increase survival of salmon parr. In Norwegian rivers
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discharge is usually lowest in winter, and the area covered by
water at that time is probably limiting for bottom fauna
produétion, as well as for hiding places for salmonids. Atlantic .
salmon parr become photonegatlve, arid hide in shaded areas
beneath rocks of the stream bed during winter (Llndroth 1955,
Gibson 1978, Rimmer et al. 1983, 1984, Rimmer and Palm 1990)
Therefore, the size of habitat available in winter is 1mportant
for survival of salmonids (lemer et al: 1983) Bulldlng of weirs
increases water level in pools, and increases survival of
salmonids in winter (Saunders and Smith 1962, Nislund 1987)
Chadwrck (1982) reported high mortallty of eggs of Atlantic
,salmon in perlods with low water flow, following spawnlng at high
water levels. The river Orkla in central Norway is utilized for
hydroelectrlc purposes, and the flow reglme is considerably
- altered. In winter a minimum flow of 10 m’/s is now lmposed,
while flows as low as 1 m’/s occurred earlier. This is probably
the main reason why the production of Atlantic salmon smolts have
increased from 4 per 100 m? before the hydropower regulation to
5211 per 100 m? today (Hv;dsten 1991) Similarily, Wolff et al.
(1990) neasured a more than twofold increase in brown trout
standlng stock after lncreaSLng mlnlmum low flows in Douglas
Creek, Wyomlng.

 Elevated winter temperature may increase the proportion of
downstream mlgratlng previously mature male parr: In a river
release experlment Berglund et al. (1991) showed that rearing
prev;ously mature males at 4-7°C above the ambient water
temperatﬁre from December to April increased the number of
downstream migrating fish to a level similar to that of immature
smolts.

Smolt. migration

Photoperiod during spring has been identified as the major
ehvironmental variable controlling the trathorﬁation from

‘‘‘‘‘

al. 1980) After the transformation from parr to smolt, some
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environmental stimulus triggers the migration, the nature of the
stimulus often appearing to differ in different rivers. Water
temperature, water flow, cloudiness, and lunar cycle have been
suggested to regulate tlmlng of the seaward mlgratlon of smolts
(Foerster 1937, White 1939, bsterdahl 1969, Bagllnlere 1976,
Solomon 1978 Grau 1982 Jonsson and Ruud-Hansen 1985 Hesthagen
and Garnds 1986). Somé authors have stressed the importance of
a threshold water temperature prior to thé start of the smolt
run, either 5°C (Fried et al. 1978) or 10°C (Elson 1962; JeSsop
1975)1 In the river Imsa in southern Norway the smolt decent was
not trlggered by a specrflc water temperature or a specxflc
number of degree-days, but was controlled by a combination of
actual temperature and temperature increases in the water durlng
sprlng (Jonsson and Ruud-Hansen 1985) In the river Orkla in
central Norway the smolt run was correlated with changes in water
flow. The temperature was only 2=3°C when the smolt run was
_ 1nlt1ated, suggestlng that this factor is of less 1mportance in
controlllng the onset of the smolt run ln that river (Hesthagen.
and Garnds 1986) Correlations between the smolt run and water
level has been observed also in several other rivers (Allen 1944,

Hoar 1953, Bsterdahl ‘1969, Bagliniére 1976, Nott 1973).

Irrespective of which of these factors regilate smolt run,
changed temperature and flow regimes in rivers may change the
tlmlng of smolt runs, with severe effects on salmon stocks: This
is because survival of salmon in the sea depends partly on the
time when the smolts enter the sea. Delayed downstream migration
of smolts have resulted in decreased Survival to adults (Cross
and Plgglns 1982 Hansen 1987), and successive smolt plantlngs
showed that a short period during sprlng was the optlmal time for
smolts to leave freshwater (Larsson 1977, Hansen and Jonsson
1989)

Descending smolts are subject to heavy mortality from f£ish and
birds in the river and estuary (Plgglns 1959, Thurow 1966,
Larsson 1985 Reitan et al: 1987 vadsten and Mokkelgjerd 1987

Hvidsten and Lund’ 1988) In estuaries and fjords in central
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Norway the major mortallty is caused by marine fish spec1es,
espeCLally cod, Gadus morhua,. and saithe, Gadus pollachius
(Hv1dsten and Mzkkelgjerd 1987, Hvidsten and Lund 1988). To avoid
predatlon, the smolts leave the river in schools; and at nlght
(Hayes 1953, Thorpe and Morgan 1978, Thorpe et al. 1981, .
Hesthagen and Garnds 1986). Hvidsten and Hansen (1988) observed

that water discharge at release is. of great J.mportance for
survival of hatchery-reared smolts released within the normal
period of smoltification, and that high water discharge at
release improves ‘survival to adults. They believed that the maln
reason for this is reduced mortality due to predation just after
reléase: In the estuary of the river Orkla in central Norway
Hvidsten (pers. med: ) observed highest mortallty from cod and
saithe of smolts leav1ng the river outside the peak migration
tlme,llndlcatlng that schooling is lmportant to avoid predatlon.

A climatic change will reduce the spring peak flow in many
Norwegian rivers. In rivers where water flow is the triggering
mechanism to initiate smolt migration; the smolt run will
probably be less concentrated in time, schools will be of smaller
size, and predation from cod and saithe as well as from birds
will increase. Hence, survival from smolt to adult is expected
to be lower. '

Ocean life

A climatic change according to the levels given in Table 1 is
expected to give a general warmlng of the sea outs;de Norway of
about 2°C (Piestad 1990) Piestad (1990) expects that thls
warming of the sea will give increases in populatlons of specxes
like cod, herrlng and capelln north of 62°N to a level similar
to historic maximum values. The predlctlons for invertebrates as
well as fish fauna indicdates that food supply for salmon on the
feeding areas will increase or at least be the same as today
(Diestad 1990).

Once the Atlantic salmon smolts have entered the sea little is
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known about their movements. Knowledge about the biology of
postsmolts is scarce (conf Reddin and Short. 1991), and we have
no information about Norwegian populations from they leave the
coastal areas to they are found on the feedlng areas. The feedlng
areas for the Norwegian salmon are in the North Norwegian Sea,
and the fish are found both off the Faroes and off the Norwegian
coast (Mills 1989). '

‘Althdugh tembérAturéé of 16-17°C seem to be optimal for feeding

and growth of juvenile Atlantic salmon (Slglnev1ch 1967, Dwyer
and Piper 1987), such temperatures are seldom available to them
durlng their life at sea: Judging from catches in various
fisheries and from research vessels, the acceptable temperatures
durlng the.marine phase are between 4 and 12°C (Saunders 1986)

Temperatures at the feeding areas of Norweglan strains of
Atlantic salmon are sparce. However; salmon near West Greenland
and in the Davis Strait are seldom found in water colder than 2°C

‘(May 1973). The best catches have been made on and east of the
" Grand Bank in May at temperatures of 5-8°C (Reddln 1985), and in

the West Greenland area durlng late summer/autumn when water
temperatures are from 3 to 8°C (May 1973). Alm (1958) reported
that Baltic salmon move to deeper, cooler water when surface
temperature exceeds 11-12°C, and return to surface layers when
they cool to 11-12°C. Accordlng to Thurow (1966) sea temperatures
from 2 to 8°C constitute an optlmum range for Atlantic salmon in
the Baltic.

The Atlantic salmon may face the warmer sea either by staying
in the same feeding areas as toddy, and hence, accept a 2°C
increase ln sea temperature,; or they may move northward to new
areas with temperatures similar to those preferred today.'
However; thé feeding areas may be closely linked to gyres or
rotating ocean currents (Stewart 1978). Changes in the climate
may affect the strength of the ocean currents, and thereby the
location and distribution of the gyres. A hypothes;s that the
migration of salmon is dlrectly or lndlrectly pre-programmed

and thus under influence of a circannual rhythm is also proposed.
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If so; the travelled distance could be seen as a result of a
temporal migratory actlv1ty sequence, rather than belng a result
of a dlrect goal orientation (Erlksson et al. 1982 Eriksson
1989).

That climatic changes can affect the distribution and abundance
of many species of marine fish have been shown by c'u‘;e‘.hi'ri‘g (1983):
Dunbar and Thomson (1979) attributed the presence and absénce of
salmon at West Greenland to climatic change Periods of abundance
appear to correspond with coollng sea surface temperatures, not
warmlng perlods. They suggest that northward expansion of the
Labrador Sea gyre into Davis Stralt, together with the
intensification of the West Greenland Current have shifted the
distribution of salmon into this area. The northeastérn limit of
salmon distribution was until recently the Pechora River and -
Varandei Island in thé USSR (MacCrimmon and Gots 1979): However;
appearently because of a gradual warming trend in the climate
" from 1919 to 1938, enhanced by a strong inflow of warm Atlantic
water, salmon penetrated eastward into the Kara Sea and spawned
in the Kara River from 1932 onwards (Jensen 1939, Berg 1945);

Temperature conditions in the ocean may have some influence on
total salmon productlon Scarnecchia (1984) obtained s;gnlflcant
correlatlons between lowmAprll -July sea temperatures and declines
in primary prOduction; standing crop of zooplankton; reduced
abundance ‘and altered distribution of pelagic forage fishes and .
salmon catches in the northeast Atlantic. Reddln (1988) suggested
similar relations in the northwest Atlantic.

Temperature may also be 1linked to sea age at maturitY'
Scarnecchia (1983) p01nted out that salmon from southern and
western Islandic rivers enter relatively warm ocean water and
return mainly as grilse. Those from northern and northeastern
rivers enter colder ocean water and produce fewer grllse. He
showed that ocean temperature in June explalns much of the
varlablllty in the ratlo of grllse to multi-sea-winter (MSW)
salmon in Iceland. Slmllarlly, Saunders et al. (1983) showed
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that cold winters inhibited maturation of cage-reared salmon and
significantly reduced the grilse to MSW salmon ratio. However,
results obtained by Martin and Mitchell (1985) contrast
completely with those of Scarnecchia (1983) and Saunders et al.
(1983). Martin and Mitchell (1985) examined possible influence
of sea temperature upon the age of return salmon using the catch
and weight data of grilse and MSW salmon of the vicinity of the
River Dee, and found that increase in temperature in the
subarctic is associated with larger numbers of fish returning as
MSW salmon and fewer as grilse. Martin and Mitchell (1985)
speculated that the distinction between - the salmon observed by
Scarnecchia (1983) and Saunders et al. (1983) and those returning
to the River Dee is that the former, either by capture or
circumstances; are forced to endure cold sea temperatures while
the latter are free to avoid such conditions.
From this overview I concludeé that a warmer ocean will affect
the distribution area of the salmon, the total éalmon production,
as well as the grilse to MSW salmon ratio. However, the present
knowledge is too scarce to predict details.

River ascent of adult salmon

River flow is thé factor most frequently cited as controlling
the rate of upstream migration of salmon in rivérs. But its
effects are often modified by others, like water temperature,
cloud cover, atmospheric pressure; turbidity, water quality, and
general weather, wind and tide (Banks 1969). Increases in flow
stimulate salmon to ascend a river; in cases with and without
physical obstacles (HuntSman 1939; 1948, Hayes 1953, Harriman
1961, Jensen et al. 1986). However, salmon may be able to ascend
an obstaclée at certain water flows only (Stuart 1962, Jensen et
al. 1989a).

Water temperature is an important factor for salmon ascent,

especially in early summer. Even small obstacles are difficult
to ascend when water temperature is below about 5-8°C (Menzies
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1939; Pyé;‘fihch 1955, Jackson and Howie 1967, Jensen et al.
1989a). Salmon are not able to ascend the first obstacle in river
Vefsna in Norway-befdre the water temperature has increased to
8°C, and the river discharge is reduced to 300 m’/s. Ascént is
delayed in the upper reaches of Vefsna in wet years compared with
dry years; lndlcatlng that water discharge in perlods may be too
high for ascendlng some of the falls. However, also at too low
discharge the ascént sStopped (Jensen et al: 1986, 1989a).

In the river Vefsna increases in water temperature increased the
ascent of salmon (Jensen et al. 1986). On the contrary, Hayes
(1953), MacKinnon and Brett (1953) and Jackson and Howie (1967)
concluded that when water temperature increased to above the
crltlcal temperature necessary for ascendlng obstacles, it

Too high water temperatures may decrease the intensity of upward
migration. Elson (1969) concluded that the intensity of Atlantic
salmon ascent in the North-West Miramichi River incréased with
increasing water temperature up to 22°C, and then decreased. In
the River Dee Alabaster (1991) estimated the rate of migration
to beé reduced to about 0.5 of the average at a mean weekly
maximum water temperature of 19.5°C, and reduced to about 0.25
of thé average at 25.5°C.

The percentagé of grilse is found to be inversely relatéd to
dlscharge of river and length of river (Schaffer and Elson 1975,
Power 1981, Scarnecchia 1983) ngh water dlscharge durlng the
upstream spawning mlgratlon Seems more essential for large than
small salmon: In the River Imsa in Norway the larger, multi-sea-
winter salmon were more dependent on high water lévels when
migrating than smaller one-sea-winter f£ish (Jonsson et al. 1990)

Some of the largest salmon strains in Norway' are; probably
because of long time selection, found in rivers with high peak
spring flow as well as a high mean flow (for example the rivers
Altaelva, Eira, Stryneelva and Drammenselva) Hence, “the reduced
peak spring flow followed by a cllmatlc change probably selects
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for a reduced salmon size in Norwegian rivers.

A change in climate results in an earlier temperature rise in
spring, as well as a reduction in peak spring flow (Fig. 1, Fig.
2). For both reasons it will be easier for the salmon to ascend
obstacles in early summer, and it is expected that the upward
migration in some rivers will take place earlier than today. On
the contrary, in July and August water flow will be reduced, and
periods with too low flow for ascent in these months will occur
more frequently than today.

CASE STUDY NO. 1; THE RIVER STRYNEELVA ATLANTIC SALMON

Life historvy

The river Stryneelva has a catchment area of 546 kmz, and the
annual water flow is 33 m®/s. Atlantic salmon can migrate 27 km
upstream from the river mouth, including the 13 km lake
Strynevatnet. The annual catch is about 2 tons. Also sea-run

brown trout (Salmo trutta L.) and stationary Arctic char
(Salvelinus alpinus L.) are present in the watercource.

The salmon in.river Stryneelva spawn in November and December.
Peak spawning occurs between 15 November and 25 November
(Heggberget 1988). Peak hatching is estimated to take place the
last days of April, and peak initial feeding in early June (Fig.
3) (Jensen et al. 1991).

The mean smolt age is 3.3 + 0.1 years (range 2-5), and mean smolt
length 124.7 + 1.4 mm. The mean length of a one year old parr is
45 mm. Annual growth rate for 1+ and 2+ parr averages 28 mm, and
since the growth season (defined as the number of days with a
water temperature at or above 7°C) is 149 days (range 119-178),
the mean daily increment is 0.19 mm (Jensen and Johnsen 1989).

Density of Atlantic salmon parr is estimated to 54-102 per 100
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m2, while numbers of brown trout parr, the only other species
of interest, were 6-10 parr per 100 m? (Jensen and Johnsen 1989):

The salmon in the river Stryneelva are typical for populatlons
of large salmon. About 75 percent of all males and females
remained 3 winters at sea. before they returned to the river to
spawn. The average welght of salmon remaining one, two and three
winters in the sea was 1. 9, 6.9, and 10. 3 kg, respectlvely
.(Jehsen and Johnsen 1989). ‘

Possible effects of climatic change

The elevated winter temperature in Stryneelva (Fig. 2a) is
expected to accelerate hatching by about 32 days. Hence, peak
hatching is expected to take place about 19 March, compared to
20 Aprll today Initial feeding time will occur about 31 days
earlier than today (about 5 May vs. about 5 June today). Since
both temperature rise in spring and initial feedlng are expected
to occur one month earlier than today, water temperature seems
to be about the same at this stage (about 8°C) also after the
climatic change (Fig. 2a). The water flow will be considerably
lower than today at initial feeding. Therefore, the initial
feeding stage will probably not be more critical than today in
this population.

An increase in the summer temperatures as predicted in Fig. 2a
will, according to the growth model, result in an increase in
the annual growth rate of 0+ salmon from 45 mm to 65 mm, and of
1+ parr from 28 mm to 46 mm, corresponding to a new smolt age of
about 2.0 years. Since the normal annual mortality of salmon parr
is about 40-60 percent (Elson 1975, Symons 1979), this lower
smolt age is expected to give a doubling of the smolt production
in Stryneelva.

As we do not know neither the time for smolt migration nor the
environmental factors which regulate smolt run in Stryneelva,
effects of climatic change on smolt migration are inpredictable.
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After the climatic change prespawning migrants will meet a river
with a different flow regime than today (conf. Fig. la). The
spring flood will probably be considerably reduced, and when the
migrants arrive (usually in June/July today), the river discharge
will be only about 50 percent of today. Hence, large salmon,
which are in majority today, will hesitaté in ascending the
river. The reduced discharge in this period probably selects for
a smaller salmon size in Stryneelva. ‘

CASE STUDY NO. 2; THE RIVER ALTAELVA ATLANTIC SALMON
Life history

The river 'Altaelva has a catchmeht area of 7 400 km2, and the
annual water flow is about 77 m’/s. Atlantic salmon can migrate
46 km upstream from its outlet to the sea. Salmon is the dominant
fish species in Altaelva, and mean annual catch the last ten
years was about 19 000 kg. Female spawners are dominated by 3 sea
winter fish, while male spawners are dominated by two groups, 1
sea winter fish and 3 sea winter fish. Mean weight of the salmon
after one, two, and three winters at sea are 2.1, 6.7 and 10.7
kg, respectively (Saksgdrd and Heggberget 1987, Heggberget 1989).

The Altaelva salmon spawn between 10 November and 15 December,
with peak spawning the last days of November (Heggberget 1988).
Peak hatching is estimated to take place the first days of June,
and peak initial feeding about 10 July (Fig. 4).

Both density and growth of parr is highest in the upper third
of the river, and in that area mean smolt age and size are 3.85
+ 0.07 years, and 153 + 3 mm, respectively (Heggberget 1989).
Mean length of a one year old parr is 43 mm, and annual growth
rate of 1+ and 2+ parr averages 31 mm (Heggberget et al. 1986).
The growth season (days > 7°C) is 98 days (range 82-112), and
 hence, daily growth increment is 0.32 mn.
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Possible effects of climatic change

In spite of the elevated winter temperatures the river will
probably remain covered by icé for several months. HoWever; this
perlod will be shorter than today Hatching of salmon eggs is
' expected to be accelerated with 23 days (peak hatchlng at 18 May
vs: 10 June today), and initial feeding will probably also occur
23 days earliér than today (17 June vs. 10 July). Both rise in
water temperature and river flow in spring will occur about three
weeks earlier than today, and theréfore initial feeding is
expected to take place at about the same water temperature (12-
13°C, Fig. 4) and river discharge as today (about 50 percent of

peak spring flow, Fig. lb). Hence; survival of alevins at initial

feedlng is. expected to be similar to today.

According to the growth model, the increased summer temperature
(Fig. 2b) results in increased annual growth of 0+ salmon to 54
mm, and the annual growth of 1+ and 2+ parr is estimated to
increase to about 43 mm: This corresponds to a new smolt age of
slightly less than 3 years,; compared to 3.85 years today. The
lower smolt age is expected to give a doubling of the smolt
production (Symons 1979) in the river Altaelva.

Today the main smolt run takes place in the river Altaelva in
late June/early July. The smolts decend at decreasing water flow
- and at a water temperature of about 10°C. The water temperature
is probably the triggering mechanism to initiate migration (T:G.
Heggberget pers. com.): If this is the case, the smolt run will
be accelerated with about three weeks after the climatic change.
Irrespectlve of such an acceleratlon, the water dlscharge will
be lower at the smolt run than today (Fig. 1b):. As a consequence,
predation from fish in the estuary will probably increase.

The upstream migration of adult salmon takes placé mainly in
June and July. After a change in climate, thé spring peak flood
will occur earlier, and the water discharge in June/July will be
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lower than today (Fig. 1b). Because of the low river flow it will
probably be more difficult for large salmon to ascend the river
in June/July in the future. Therefore, a selection against a
smaller size, or a selection against an earlier ascent

(May/June), or a COmbinat;on of these alternatives, is expected.
 CONCLUSION

A change in the climate corresponding to a doubling of the CO,-
content of the atmosphere will alter the water discharge and
water temperature regimes in Norwegian rivers. The flow will
increase in winter, and the spring flood will be considerably
‘reduced in most rivers. Water temperature will increase both
summer and winter. | '

Hatching of Atlantic salmon eggs as well as initial feeding of
alevins will be accelerated, and occur earlier in spring.
Dependent on temperature and flow, the initial feeding time may
‘'be a critical perioq'in many'SélmOn rivers.

Increasing length of the growth season, combined with elevated
summer temperatures, is expected to increase annual growth of
parr in most rivers. Increased water discharge and water
temperatures in winter is expected to increase parr survival.
Hence smolt age will decrease, and smolt production probably
increase considerably. A larger proportion of mature male parr
is expected to occur in many rivers.

Due to changed temperature and flow regimes, the timing of the
smolt run may be changed, and may be a critical period in some
rivers. The smolt run may be less concentrated in time, schools
may be of smaller size, and predation from marine fishes will
probably increase. Hence, survival from smolt to adult is
expected to be lower than today.

After the change in climate the salmon may choose feeding areas
in the ocean other than today. Temperature conditions in the
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ocean may;influence total salmon production, and may also be
linked to sea age at maturity. However, the present knowledge is
too scarce to predict details.

The ascent of adult salmon in rivers is expected to be easier
in early summer, while in late summer droughté may more .
frequently prevent upward migration. Reduced spring peak‘flood
' may probably select for a smaller salmon size in Norwegian rivers

than today.
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Table 1. Expected change in air temperature and precipitation
in Norway due to a doubling of the CO,-content (Eliassen and
Grammeltvedt 1990).

Coast Inland

Air temperature (°C):

winter +3.0 +3.5

summer +1.5 +2.0
Precipitation (%):

spring +15 . +10

summer +10 +10

autumn + 5 + 5

winter + 5 + 5
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Figure 1. .Annual water discharge in a) river Vosso (61°N), and
b) river Altaelva (70°N); present regime (solid line) and
predicted regime after doubling of the CO, content of the

atmosphere (stipled line) (redrawn from Salthun et al.
1990).



a)

) emed med e
X o N s o
1 I 1 | [

Water temperature (°C)

] F M A M J J A S O N D

Water temperature (°C)

] FM A M }J J A S O N D
Month

Figure 2. Water temperature in a) river Stryneelva, and b) river
Altaelva; present regime (solid line), and expected regime
after doubling of the CO, content of the atmosphere (dotted

line).
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Figure 3. Present water discharge (solid 1line) and water

temperature (stippled line) regimes in the river Stryneelva.
Spawning time (S), hatching time (H) as well as time for
initial feeding of alevins (F) are also given.
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Figure 4.

Present water discharge

(solid line)

and water

temperature (stippled line) regimes in the river Altaelva.
Spawning time (S), hatching time (H) as well as time for
initial feeding of alevins (F) are also given.



