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FIG. 8 Growth, food-imake  (appetite), and raie
of gastnic evacuation in relation to  acdimation
temperature. A relates 1o excess ration at two ages,
Lo excess and restricted  rations, € 1o daily
satiation intake, and P shows the time required 1o

Intevdependent and type vesponses (Fig.
5). When ration and growth rate are both
measured, gross conversion efhciency (4,
flesh from food) can be calculated and
plotted as isopleths (Fig. 5A). The rela
ton provides a center of maximum  efh
ciency indicating the best combination of
emperature and ration—an  “interaction
optimum” peaking at 11.5°C.

By examining the combination of con-
version efhciency, growth rate, maximumn
meal size, and digestion rate (Fig. 5B). the
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digest pelieted feed—the reciprocal (1 time) wonld
give the yate. with the lines sweeping  up the
graph. (hrom Biett, ef el 19659 Bietr and Hhges.
1970

suppressing  effect of Jow temperature is
apparent in all cases. Although rate of di-
gostion continues o increase above 15°C,
comversion efhicieney begins 1o decdling, fall-
ing ofl precipitously above 20°C, as does
appetite. This results in a corresponding
decline of growth which is completely
blocked a1 24°C. (Brett and Higgs, 1970).
The parallel interdependence ol per-
formance. metaholic scope. and  cardiac
scope i to be expeaed  (Fig. 5Ch. Since

the drag associated  with swinmmning = in-
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cardhiac output Gy, and cardiac work  (flow X
pressives (D0 vclation o acchimation temperature
Fhe cnded pomts in D oat 20°C have  been

aeases as the square of velocity, the points
plotted  as percent of  maximum  per-
formance do not rise as steeply as the cor-
responding  power  yequirements  would.
This accounts for the difierence of Hater
slope. The decline in metabolic  scope
above 15°C 18 thought 10 be reiated to
Imitng oxvgen availability  (Brett, 1964).
Cardiac scope mav be responding to the
same phenomenon. Whatever the reason,
these esential  capacities fall off  above
15 €. The debilitating eflect of high tem-
peratines is multiple.

Fhreo tvpe vesponses are illustrated in
Fie 53D with thenr slopes and terminal
points labelled according 1o Favis (1947
micipretation of eovitonmental factors. It
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derived from the observed values in € multiplied
In the interpolated values in B (Adapted  from
Davis, 1968),

is possible to superimpose a general “zone
of efhciency™ within the thermal rolerance
range, based on the depressing efiect of Jow
temperatures  (below 49C), the  limiting
and inhibiting eficas at high temperatures
(above 18°C), and the span ol efhcient
food conversion (greater than 209, from
5C 10 17°0C).

Retmning to Table 1, the responses
have been rotalled according 10 tvpe. The
majority (569 ) show a downward defiec-
tion, above an  optimum emperature.
Within this 1ype, 794 of the cases displin
an optimum at about 15°C. The predictiion
from such powerful physiological statistics

would be that voung sockeve would hie-
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quent this thermal vegion of a Take at such
time as seasonal temperatine 1ose 1o this
level and above. The onlv phyvsiological
exceptions to the 15°C optimum ocan
where ratton 1s vesticted, yesulting i g
downward displacement of the optimun.
and some indication of beter appetite at
temperatures a degice or two above the
general optimum.

ECOLOGICAL DESCRIFTION

Farly Findings

The genus Oncorkynchus, the Pacihie
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salmon, has evolved & number of divergem
ceological patterns within the major be
havioral pattern of migrating 1o sca at an
carly stage and retorming as an adult 1o
spawn in heshwata streams, Upon emaerg
mg lrom the gravel as Iy, two of the hive
North American species (O kete and O
sorbuschay migrate  immediately 1o sea.
two species (0. kisutch and O, tsha-
wvischay yremain for sinx months o1 more
as strcam dwellers. and one species (0.
nevkay spends one 10 two vears i the
offshore waters of lakes. Al are plankton
cating in their ey lile. two (O
and O, wnerkay remain  marine
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plankton feeders while ther other three
become fish-cating.

It is the lake-dwelling, plankton
feeding, schooling sockeye that has been
the object of greatest studv—the most
cconomically valuable of the five salmons,
and a highly vulnerable species which un-
fortunately is declining in abundance
throughout its full range (Extensively re-
vicwed by Foerster, 1968). On the average
only 6 to 89 of any one year-class survives
lake residence to head seaward, usually as
4-6 gram smolts in early spring. By con-
trast with the ease of procurement when
moving downstream as frv or smolt. the
difhculties surrounding capture in the vast
lake expanse defied success until 1955
when rapidly towed, mid-water trawls were
furst emploved (Johnson. 1956, 1958).

Knowledge of the lacustrine habits was,
however, far from lacking prior to that
date. There is something to be said for
knowing where and when fish cannot be
found. Also, sockeve predators could be
caught. On occasion fresh voung sockeve
were discovered in the stomachs, which in
tnn were examined for their stomach con-
tents. By combining knowledge of _zoo-
plinkton  abundance and distribution,
penetrating speculation on the niche rela
tions of sackeve was possible  (Foerster,
1956, 1968: Ricker, 1957). It appeared tha
as the Lake became thermally stratified the
sockeve  undervearlings  congregated  in
the vicinity  of the thermocline where
rooplinkton abundance provided ease of
captire and where cool subsurface waters
wore available. Both at dusk and at dawn
extensive surface-dimpling revealed a for-
acing pattern which could not be ascribed
to any other species of voung fish. Further,
the termination of smolt emigration from
the Take in spring was highly conclated
with the devclopment of a siable thermo
cline which  Foerster  (1957) consideved
blocked furthar exodus by creating a ther-
mal “blankcr.”

With  the  development of  the  tow-
netting procedure, samples of voung fish
could he obtained throughout the summer,
penmnitting detailed studies on density and
distribution  (Johnson, 1958, 1961). This
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led 1o confirmatory support for the earlicr
indirect findings, adding further beliel that
the mass of young fish remained near the
surface (above 5 m) in company with
their preferred zooplankton food. Mid-
summer surface temperatures were usually
about 15° 10 17°C in Babine Lake (British
Columbia), the scene of most intensive
study.

In the light of the physiological evidence
on similar optimum temperatures for the
majority of basic responses, the strength of
the temperature correlation could be
ascribed a  cause-and-effect relation  with
rather more than slight justification. At
this point of arrival it might well have
been considered a closed book—considerable
physiological evidence supporting extensive
ecological findings.

Recent Discoveries

Despite the wealth of seasonal informa-
tion, both McDonald (1969, 1971) and
Narver (1970) pointed out that even
Johnson's advances did not provide direct
evidence for other than the periods of dan
when tow-netting was successful, mostlv in
late evening and sometimes at dawn. The
advent of high-frequency echo  sounders
and the introduction of decp seine nets (1o
16 m) with the support of faster tow-
netting  allowed  around-the-clock  sam
pling. The pooled observations and limno
logical records revealed an extensive diur-
nal vertical migration. On a tvpical dav in
late August in Babine Lake, voung sockeve
remain during davlight howrs at depth
(30 to 45 m) in the cold hypolimnion.
rising rapidlv at dusk through the thermo-
cline to feed activelv near and at the sur-
face. By midnight the majority descend 1o
the upper stratum of the thermocline (10
to 12 m) rising slowh with dawn 1o {eed
again, followed by o rapid descenmt be
tween the hours of 6 and & av 10 depth
As a result, their dailv temperature pattern
follows a curve oscillating between 57 and
17°C (Fig. 6). This dvnamic state involy-
ing voluntary temperature changes of up
to 12 Centigrade degrees, with nearlv 60¢;
of each dav @t temperatmes between 4°
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FIG. 6. Pattern of dinrnal vertical migration of
socheve in mid-summer with conesponding temper-
atmes. Feeding near the surlace ocaurs over a one
and 6°C, obviously desttoys amy hypothesis
accounting for lake distribution based on
single,  experimentallyv-determined  pre-
fenned and/or optimum temperatmnes,

ALTERNATIVE HYPOTHESIS

Since the prima facic examination ol
temperature relations does not lead o am
ready explanation of the observed diurnal
migration, it is necessary cither 1o seek a
totally new  basis. o1 to re-examine  the
temperatuie responses for some more suby
te intenrelation of an adaptive natne.

What hypothesis can be postulated 10
explain the vertical migration of sockeve?
Currently there are a number in vogue,
namely:

(1 Untavorable  epilimal
tives. This has alrcady been discussed in
part. Relavely high temporatmes (above
2000 debilitating Nanver  (1970)

tenmperi

al1c

1o two-hour period ai dusk and dawn. Dotted lines
indicate the general hmits of  thernal - experi-
ence. (Adapted from McDonald, 1971,

noted that in warm Lake Washington,
sockeve rarely ascend above a depth of 15
m. Avoidance of surface waters was consid-
cred characreristic of Takes in the southern
range of the species where summer epilim.
nion temperatines hequently rise above
20°C.

Such an hypothesis may be dismissed o
lakes like Babine which rarely get above
I8°C. Further, daily retreat 1o great depth
and low temperatures is not accounted for,
which. from prelened  wemperature e
sponses  (Fig. 1), would be avoided 10 the
same extent as high temperatnes.

(2y Light (and  predator, woodance.
There is an obvious, strong, temporal cor-
relation with light in the vertical move-
ments siuch that exposure 1o bright light is
avoided  (Narver, 1970, The dusk and
dawn feeding pattern is reminiscenm of ae
puscular annals which appear ta escape
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predation by coming out 10 feed in the
twilight periods. Support for this hypothe-
sis is Jacking since the predator population
is surprisingly scant in Babinc Lake
despite the predominant abundance of
young sockeye (Narver, 1970). In general,
it is harder to formulate an acceptable
adaptation hypothesis governing numbers
ol animals on predator-dependent behay-
ior patterns over prey-dependent relations.
Abundant prey are more likely to govern
predator behavior than vice versa.

But more important in this case, the
vertical movement becomes clearly estab-
lished only as the thermal stratification de-
velops, disappearing at the time of the fall
turnover. Although light may act as a cue
or timing device it does not offer a satistac-
tory causal explanation.

(3) Response to prey. Zooplankion are
noted for their diel vertical migrations.
Narver (1970) gave this aspect particular
attention in Babine Lake. While most
zooplankters are concentrated near the sur-
face, of the eight major species only two
(Heterocope septentrionalls and Bosmina
corcgont) display vertical movement, and
these are in opposite directions. The spe-
cies (H. septentvionalis) that does corre-
spond with the sockeye migration is not
dominant in the stomachs at feeding time,
but appears in greater relative abundance
for samples caught at depth during the
day. Heterocope is a knge and consequent.
Iy vulnerable zooplankton. ‘The fact that it
is one of the lesser components of the diet
tends 1o dispel selective prev response as
the basis for the fish behavior. Remaining
near the surface during the day, as John
son  (1961) believed, would maintain
closer  relation  with  the  predomimam
rooplankton biomass. Since the availability
o concentration rather than the average
abundance ol the prey is important in the
enaigy balance of captine and reward, it is
necessary to have f more information on
rooplankton behavior before final  assess-
ment of this hypothesis is possible. The
evidence from aeerage ooplankion abun-
dance does not support it.

(4) Brocuergetic hypothesis. Following
the experimental work on sockeve growth
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and metabolism in relation to temperature
and ration (Brew, et al. 1969; Breu,
1970a) it appeared quite possible that the
diel pattern could be related to most efh-
cient conversion of the available food into
growth, a behavior based on energy conser-
vation. High food conversion cfhciency is
maintained between 5° and 17°C  (Fig.
5D); also, maintenance metabolism is re-
duced by at least one-hall going from 17°
to 5°C. McLaren (1963) formulated such
an hypothesis 10 account for vertical mi-
grations of zooplankton, suggesting that
growth conversion efhciency would be im-
proved in thermally stratified waters by
feeding near the surface and digesting in
deeper colder water. If temperature is in-
volved, the records of significance in Table
1 would have to be drawn more from the
exception than the rule—from growth rela-
tions under restricted rations (Fig. 3B).

Since the hypothesis stands or falls on
the basis of food-limiting conditions, it is
necessary to formulate the case by critical
examination of a number of pieces of evi-
dence.

BIOENERGE HIC HY POTHESIS

In a study of avian bioenergetics. Zim.
merman  (1965) expressed the essence ol
the biological argument thus: “The success
of a species is measured by its smvival,
and 10 survive is to work, 1o expend ener
gy. Since economical utilization of energy
is intimately associated with adaptation 10
a particular envivonment, the bioenergetics
ol a species s a basic determinant of i
mche requivements. . . . It has been
demonstrated  that the maimtenance of a
satisfactory energy balance 15 reflecred in
the distribution of species, in the adjust
ment 1o the annual march ol temperature
and  photoperiod, and in the  dispartite
range of migratory species. Furthermore,
availability ol sufhcient encigy for  the
young has been suggested as the ultimate
lactor in the evolution of specific breeding
scasoms” —to which could undoubtediv be
added. specific breeding areas.

Assessment of the essential encrey rela
tons for sackeve is possible from the vani
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FIG. 70 Swidace and bottom  seasonal  tempera-

tres in Babine Pake, 1967 (Data from MeDonald,
1971). “Average sodheve  emperstimne’” was - com-
ous somces dealing with growth and meta-
bolic rate in aclation 10 size, temperature,
and leeding mensitv (‘Table 1), Suthcient-
I accmate estimates can be denved for de
termining both the extent 1o which food is
a limiting facior in Babine Lake, and the
metabolic vates associated with the daily
patiern of feeding,

Biisie data and Dervivations

(hy Tempeiatune history

From the Babine Lake limmological
studies and records of sockeve vertical dis-
tribution, the annual ovele of temperatnes
at the surface, near the bottom, and the
average experienced by sockeve! has been

Y Compted as duily SVCTAges, pml;«-nmnm’ In

howrs acconding to the tompetatire at depihi-as an
g Gober Nagus .

puted as daily averages of the temperatires experi-
enced during vertica! migration.

ploned in Figme 7 (Data from McDon-
ald. 1971). 1t may be noted that lor about
357, of the vear the lake is icecovered; for
some 5047 of the time it is at 4°C or below;
and the surface has an average high tem-
peratmre of about 17°C in late August.

(2) Observed growth rate

In the vears 1966 and 1967, McDonald
(1971 recorded the weight of young fish
sampled as frv (about 0.2 g) entering the
lake early in June from spawning streams,
foraging as small fingerlings during the
summer and fall @bout 5.5 g by Ot 1),
and then as migrating smolts  (about 5 g)
leaving the lake shorth afier ice break-up
and sprmg tnnover v Mav. These are
ploted i Figme ¥

() Possabile growtt rate
interest can be

Twe calcabinons ol
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FIG. 8. Observed giowth rate of sockeve in Ba-
bine Lake (From MdDonald, 1971). Possible
growth rates computed for satiation ration at “av-
crage socheyve” temperatures and for surface tem

made of the growth which might have
been achieved if ration were not limiting,
first, at the average temperature experi-
enced, and second. that which could b
attained at the maximum annual tempera-
tme ovele. The second obviously implies
no dicl vertical movements, providing an
“ultimate” course available 10 the fish.

The experimental data on growth rate X
size > temperature X full ration were pro
grammed on matrix tables and computed
to provide the weight estimates plotted in
Figme 8. Bv the middle of October the
observed weight was approximaiely 5.5 g,
the possible (average temperature) was 7.2
g and the ultimate (surface temperature)
was 158 g. It is apparent that observed
weights were from 10597 10 3509, less than
the computed possible  weights.  Because
gross {ood-conversion cthciency would like-
I deaease with inareasing size. the doub
ling of weight would requive more than
twice the food intake. This adds fmther

peratures. T he mean weight and range of one-year-
old sockeve smolts from Lake Dalnee, Kamchatka,
is included for comparison.

confirmation for, and extends, the suspect-
ed food-limited state which was condluded
by Johnson (1961) from a studyv of food-
abundance and density-dependent  vela-
tions in various basins of the Jake, 1t is of
inerest that the weight of the smolis
which could be expected from computa-
tions on possible size for avervage tempera-
ture was almost exactly the same as the
mean  size of the one-vem-old  sockeve
smolts (16.5 g) which emigratwe from high
ly productive Lake Dalnee. Kamchatks
(Fig. 8) (Krogius and Krokhin, 1948; Tu
ble 65 in Foersier, 1968). This lake is in a
fairly cold climatic zone, where lakes freczc
over for a number of months, not unlike
Babine Lake.

I can be concluded that the majo
hinge of the energetic hypothesis is sup
ported—enargy  intake i decidedly  subs
maximal.

(M Fecdimg and digestion vates

Fhe fact thar intake s bedow the pos

it 8
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sible level does not actually mean that
food mass is limiting, but rather that food
is not taken to the point of daily satiation
(full ration). An immensc biomass of
zooplankton (above the thermocline) is
obviously still present at any one time.
The  densitv-dependent  observations  of
Johnson (1961), however. strongly suggest
that the availability is sufficiently reduced
to make the reward of further cropping an
inefficient energy investment.

There remains the obvious question that
if the energy dissipated by expensive
maintenance metabolism at high tempera-
tures can be saved at low temperatures
why do the fish not retreat to depth during
the dark hours of night when prey visibil-
ity is a serious handicap to further feeding?
A vertical distance of 40 m only represents
about 5 minutes swimming (for a 5 em
fish at 3 I./sec). This nocturnal behavior
appears to support the thesis of predator
avoidance by cover of darkness.

The energetic analysis  derives from
studies of voluntary food intake. rate of
digestion. and return of appetite which are
cach distinctively temperature-dependent
(Bret, 1971: Brett and Higgs, 1970). At a
single feeding the stomach of small fish
can hold about one-half the amount which
can be consumed in a dav on multiple
feedings at 15°C. Governed bv rate of di-
gestion, the appetite of satiated?® fish builds
up rapidlv following a 6 to 8 hr digestive
pausc. At 6°C the equivalent pause would
be of the order of 20 10 30 hrs. Conse
quenth. descent below the thermocline
would delay the processing of the heavier,
dusk feeding blocking the refeeding oppor-
tunity which is apparently presented at
dawn. A compromise is therefore imposed
in the interest of increased dailv energy
intake

EIHAVIORAD THIRMOREGUL ATION

I he validin of the hioenergetic hye
pothesis 1emains to be tested. a task which

is canrenthv underway. Whatever the out
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FIG 9 Schematic yepresentation of daily  mid-
summer metabohic rates of sockeve compared with
simitar compilations for the Little brown bat and
the Allen humming bitd  (The latter two taken
from Gordon, 1968,

come, and whatever the final resolution,
the behavioral phenomenon inducing daily
oscillations in body temperature must in-
duce a corresponding oscillation in meta-
bolic rate. coupled with the phased meta-
bolic demands imposed by periodic feeding
and digesting. Tt is possible to compute
the Tikelv pantern. using preliminary data
from experiments on metabolic rates ac-
companving various  feeding  levels and
temperatures (Bret, 197040 This schemat-
i presentation is compared  (Fig. 9) with
similar compilations for the Little brown
bat and  Allen humming-bird, both  of
which undorgo dailv 1orpor periods, ap-
parenth 1o consave enagy (From Gordon
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1968). The metabolic resemblance s
striking. If the foregoing hypothesis is cor-
rect, the conclusion is inescapable that
sockeye have evolved a pattern of ther-
moregulation peculiarly adapted to max-
imizing growth, through the selective pres.
sure of bioenergetic cfficiency. Whereas
certain endotherms have had 0 compro-
mise the daily costs of complete homeother-
my with heterothermic periods, a compara-
ble form of metabolic pacing has appar-
ently evolved in this aquatic ectotherm, an
ectotherm which is denied the direct radi-
ant source of heat so effectively exploited
by reptiles but has. instead, utilized the
available means of heat flow.

CONCLUDING COMMENT

It might well be wondered what is the
significance of the predominently optimum
temperature of 15°C derived from the
physiological studies. This remains a very
meaningful parameter for all cases such as
performance, metabolic scope. and cardiac
function and will apply with as much
physiological significance in the natural
environment as in the laboratory. Sus-
tained performance can confidently be ex.
pected to be maximum in the vicinity of
15°C no matier where the animal is. The
field condition which dictates so much of
the energetic physiology of voung sockeve
is restricted ration. Relatively few experi-
ments have been performed where this bi-
otic factor has been coupled with an abiot-
ic variable such as temperature (or light,
o salinity etc.). (mmannll\ from the
mmpllalmn in Table 1. it turned out that
it was NECessary to go to the t\((‘plmn al
case rather than the general case. It was
the shunt in optimum temperatme for
growth to successively lower levels. as 1a-
tion  was  progressivelv limited,  which
provided the laboratory insight for a pos
sible explanation of a ficld condition. Fur-
ther it is the retemtion of a high food
comversion efficieney over the full range of
the dailv temperatmes experienced which
becomes most meaningful.

Finallv, it must be admitted, it is inher-
enth dificult 10 examine existing condi
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tions and deduce the important biological
factors which have occurred in the past 1o
explain the present. While a major force
in evolving the diurnal patern can be at-
tributed to energetics, both the prev ol
sockeve and the predators of sockeve are in
a dynamic state of balance with their 10
1al environment. The present state of the
sockeve population is a product of a com-
plex interaction of all the abiotic and biot-
ic factors.

Mauchline and Fisher (1969) have re-
viewed information on the diurnal move.
ments of cuphausiids and concluded that
vertical migration probably confers a num-
ber of benefits on the organisms.

It would be hard to argue that the
physiologically possible “energy bonus™
from vertical migration was not a very
meaningful segment in the overall benefit
conferred.
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