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ABSTRACT
The purpose of this project was to increase the_und%rstanding%of

the effect of cycling temperatures on growth of juvenile chinook

salmon, (Ontorhynchus tshéwytscha), and to investigate the.

implications of this information;ain “environmental s timpact

assessment. Growth rates of Jjuvenile chinook salmon were
o o

examined under three constant and three cycling temperature

regimes, and two rations. The constant temperatures, 13°C, 16°¢%

iz

and 19°C, corresponded to the means of{the cycling regimesgﬁﬁieh
had amplitudes of #2°C. The two rations were 12% and 7% of dry
body weight per day. Growth of juvenile . chinook salmon
acclimated‘vto cyclihg temperatures,was‘éreater_than or equal to
their growth when acclimated to the constant mean temperatures.
The difference 1in growth rates between the two thermal regimes
was larger when the mean acclimation temperature was below the
optimum metabolic temperature.

A simulation model was used to investigate the magnitude
and direction of any difference that might occur in estimation
of fry weight if a growth function based on cycling rathér than
constane temperatures was wused. The difference was small when
mean temperatures were high. At lower mean temperatures,
estimates of fry weights based on cycling temperatures were 10%
larger than estimates based on constant temperatures. This

-difference could have implications in fisheries management and

environmental impact assessment.

iii ‘
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The model was extended to a pfelimiﬁary impact . éssessment
of the aKemapo Completion Project, (KCP);Voh'sumher growth of
juvenile chinook salmon in the Upper Nechako River. If post-KCP
temperatures in the Upper Nechako ﬁiver were similar to those. ﬂ?
assumed in the model, an increase in fry weié@} from pre-KCP‘: }
conditions Céuld occur. o \ _ _*bt |

] .
B - N
¢ . - . “
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I.tINTRODUCTION

Water resources have many different wuses. Allocation
between competing uses relies, in\pért,'bn envirohmental impact
asséssment. Risg and uncertainty may play large roles in the
allocation prbcess if the lknowledge required to accufately
predict impacts is incomplete. Environmental ;cientiSts work to
clarify the scientific Questions and thereby assist in

determining;i sensible use of our resources.

&

9

water allocation process are hydroelectric power generation and

fish habitat maintenance. Hydroelectric projects can™ alter

downstream tempergtﬁres, én important component of fish habitat.
CHanges in temperature regimes may influence the gfowth rates of
fish living in the alté;ed environment.

Estimates of the effect of temperéture changes on \fish

- growth have 1implicitly assumed that growth under constant

temperatures is representative of growth under daily cycling

temperatures, as long as the constant temperature is equal to-

In British Coiumbiaf two uses that often compete in the

the mean of the cycle. The assumption is based on the belief

that fish -under cycling temperatures acclimate to the cycleist

mean. This has permitted the results of laboratory studies of
fish growth at constant temperatures to be applied to field
situations where water témperétures cycle daily.

Recent studies 1indicate that this assumption may not)be

warranted (Hokanson et al. 1877, Biette and Geen 1980, Cox and

o
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Coutant 1981, Spigarelli et al. 1982).’E£é forerunner to these."
reéentr investigation§ was an 'hypotﬁ;;;; advénééq byéMcLare;
(1963) to explain the gelectiQe aévéntage of the déily_‘vertical
migrations of zooplénkton‘ between warm éurfaCe’ and cool

, éubsu:face waters. He hypothesized that a metabq}}é uadvantage
resdféed from this ‘gehaviour because the food ingested in the
warm surface waters was metiksgized at lower - temperatures in:
subsurface waters. The;efore,, the gro@th and reproductive .
capabilities of migratory zooplankton were enhanced compared ‘tof
those of non-migratory zooplankton. Other scientists tested this B
Qypothésis with fish growth in stratified lakes (Brett 1971
Biegfe 1978), -and 1in waters receiving thermiﬁr effluent
(Hokanson et al. 1977, Cox and Cou;ant 1981). At  low
‘temperatures, these authors found higher growth rates under
cycling.temperatures than under cohstant temperatures egual to
the cycle's mean or extremes. ‘3” *

The studies that found higher growth rates’ under cycliné
temperatures have involved large cycle amplitudes; which may not
be found in rivers. Yet, it is possible that-the application of
fish growth studies at constant temperétures to fish gerth ih
rivers maylproduce an error in estimation of growth rates. The

purpose of this project was:

1. to test wKether juvenile chinook salmon, (Oncorhynchus

tshawytscha), grow faster when acclimated to a «cycling

temperatuire rather than a constant temperature, when the
: ’ : &
constant temperature is egual to the mean of the cycle; and,



2. to investigate the implicatiohs of the experimental results

in environmental impact assessment.

The need for this study arose because of a hydroelectric
development proposal in central British Columbia, the Aluminum
Company of Canada's, (ALCAN), Kemano Coﬁpletion Project,'(KCP).
ALCAN was granted a water licensé by the B.C. government in 1850
for the use)of all water in the Upper Nechako §nd Nanika Rivers,

(Fig. 1), as- a source  of low-cost, assured-supply

-

hydroelectricity for aluminum smelting. Part of this potential
was developed in the early 1950s. In the late 1870s ALCAN bégan
to investigate possibilities .of developing the remainder. The

resulting KCP proposal would reduce mean annual flows in the

Upper - NecKakd River, and if co@ling water was not provided, .

lowered flows could be accompanied by higher summer water
temperatures. Higher water temperatures, parficularly near the
Stuért_Rivér confluence, cquld be harmfui to -salmon species 1in
the Nechako River' (International Pacific Salmon Fisheries
Commission 1983).

ALCAN 1is committed to sharing use of the water in the
Nechako River with fish (ALCAN 1982), and has planned to add
cooliné water to the Nechako River's flow. This éooling water,

provided ‘in July and August, would maintain downstream water

T e ——— -

Pacific Salmon Fisheries Commission, (IPSFC), and the Department
of Fisheries and Oceans, (DFO). ALCAN has proposed to build a

cold-water release facility in the existing Kenney Dam, and to

> .

—



Figure 1: Kemano Completion Project Location Map

4a



, w L T
‘L 84nBi4 | swnjoA ‘seipmig 108 8 Oov 02
iBjuswuopaul eujjesegd juewdojeasq

~ O111081901pAH u0)1e|dwon ouew ey
1861 "P17 uod0oNAUg WOl peldepy

dVW NOILYDOT 103rodd NOILITdNOD ONYWIN

UOISIeA|p
10MIBSBY O)eydeN Supce
i o - . stiey | ONVIHE
m . weq Asuue w ~~ BuBisey) q
MW ) < uojssaaip Semod
% yoeIn) 18010~ £ e pesodosd
TS

400HYHIANVA ”

n Ay

. J9A1Y BuBN
JOAH Aepnuen

. HsuMe

Z

4o




mix flows from this source with the warm surface waters ofi
Murray Lake to ©produce 10°C source water discharged at 1100
cubic feet per second, (cfs), (DFO 1984). In years of average
sunshine, ALCAN believed this cooling water would restrict water
temperatures in July and August near the Stuart River confluence
to less than 18°C. However, the 10°C source water would depress
temperatures in the Upper Nechako River.

Juvenile chinook salmon could be affected by the addition
fof cooling water to the Nechako River. Adults spawn 1in rivers
during the fall. Fry emerge from the gravel in April and May and
rear in freshwater for periods varying from three months to a
full vyear before migrating to sea. Adult chinook salmon spend
three to five years in the ocean befofe returning to spawn. The
-freshwater rearing period may be important 1in determining
juvenile and adult survival rates. Chinook salmon use the Upper
Nechako ﬁiyer for spawning and ;earing‘and the growth of the
rearing juveniles could bé, affected by the cooler waterw
temperatures.

A study by Brett ét al. (1982) was wused to estimate the
impact of proposed temperature changes on growth of juvenile
chinook salmon. That study was based‘ on fish acclimated to
constant temperatures énd fed-satiat}on rations. Application of
their results requires the implicit assumption that growth 1is
equivalent under = constant and cycling temperatures,
Consequently, predictions of the impact of temperature changes

in the Upper Nechako River on growth rates of juvenile chinook
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salmon could be . incorrect. This project was d;fécted towards

a preliminary assessment of the effect Qf
temperature regimes on the growth of juven}f

~

undertaken.

o



II. MATERIALS AND METHODS

Experimental

Three groups of juvenile chinook salmon were obtafpned from
the Capilano River Salmon Hatchery on January 23, February 28,
and April 19 of 1984. All groups were from the Sahg‘ stock of
Capilano chinook salmon. Eaéh group was acclimated to a
different mean temperature; 13°C, 16°C, and 19°C respeétively.
Half of each group)was kept under a constant temperature equal

&

to the meanvtemperatures above, the other half was kept under a
.,

daily temperature fegime which cycled #2°C around the mean.

The‘ggggﬂyeight of the juvenile salmon was determined. Only
fish within #1 standard deviation of the mean weight were used
in the experiments. The objective was to reduce the competitive
edge in feeding engendered by large size differences (Bret;
1879) and so reduce depensator&v growth, <characterized by
increasing variance in fish weights over time.

Forty fish were placed in each of eight 80-liter aquarja.'
Each aquarium held 60 liters of dechlorinated water, 40 ligers
of which were replaced with fresh water every Monday, Wednesday,
and Friday mornings. Aguaria were cleaned»every morning of the
week and once on weekends. The a@uaria were aerated constantly

<

and held under a 12L:12D photoperiod at Simon Fraser University.



Salmon in four of the aguaria received a 12% ration daily,
and in the other four £hey ‘rgceived a 7% ration daily,
calculated on a dry weight basis. The&ac;ual ration provided to
the fish was slightly less than 12% and 7% becéUée the food
weights were calculated at the beginning of the ten-déy sampling
period and were not adjusted for assumed fish growth during £hat
period. Tbé temperature treatments and rations provided are
presented in Table 1. |

Two of the four aquaria at each ration were exposed to
constant temperatures and two to éycling temperatures. Cycling
temperatures were achieved by heating = the water with
time-controlled, SO-waﬁt aguarium heaﬁers which produced a-.
semi-sinusoidal temperature pattern (Fig. 2). Thermograph
recordings and daily spot-checks showed that the cycling pattern
was reésonably constant, (within #0.5°C), during and among £he
experiments. Corstant tempefatures were also achieved through
the wuse of aguarium heaters,' which kept temperatures within
+0.5°C of the desired temperatures. |

The fish were held for four days in the aguaria before
beginning the experiment. The average weight of the juvenile
salmon at the beginning>of each experiment was:

experiment 1 - 0.824 g ( 0=0.053 g);

experiment 2 - 1.249 g ( 0=0.035 g); and,

experiment‘3r- 0.806 g ( 0=0.037 g).

Fish wergffed Oregon Moist pellets, which were kept frozen

and weighed out fhgsh daily. Records were kept K of mortalities
“,



Table Y- Exper1mental Design, showing: temperature treatments,
ration levels, and feeding regimes.

Expt Treatment Temp Ration  Actual ' Feedin
- (C) (%) Ration(%) Regime
1 1 1-15 12 10.35 1
2 13 12 10.35 1
3 11-15 7. 6.6 1
4 13 7 6.6 1
2 1 14-18 12 10.0 -1
2 16 12 10.0 1
3 14-18 7 6.1 2
4 16 7 6.1 2
3 1 17-21 12 11.35 2
2 19 12 11.35 2
3 17-21 7 6.6 2
4 19 7 6.6 2
where: feeding regime 1 indicates single ration

feeding 6 days/week; and,
feeding regime 2 indicates double ration
feeding every other day.



and the food provided was immediatelf adjusted. On average,
total mortalities were less than 10% of the pdpulation:'or
'approximately 0.3% per day. | |
B Two feeding techniques were employed. If the ration was
sufficient for all fish to have a reasonable opportunity. to
feed, the fish were fed 6 aays per week between 1700 and 1800
hours. 1f the ration was insufficient for all fish_ to have a
reasonable opportunity to feed, the fish were fed double rations
every othér day, also between 1700 and 1300 hours. The latter
feeding techniqgue was an attempt to reduce the depensatory
growth that occu£s in fish growth studies. I assumed that this
change in feeding regime between experiments did not iﬂfluenﬁé
the growth rates, and so did not 1limit comparison oﬁ the
results.
| Neilson and Geen (1985) and Shelbourn et al. (1973) have
studied the effects of different feeding regimes on salmonid
growth rates. Neilsodn ahd Geen's finaings indicated that, at low
rations, juvenile'_ggﬁnook salmon fed once per day would grow
faster than when fed tQice per day. The change in feeding regime
may have biased the results from the experiments using a 7%
ration. At this ration, the growth rates in experiment 1, (13°C
mean temperature), could be lower than they would have been if
the fish had been fed on the same regime as in the other two
experiments. Shélbourn et al. (1973), stuaying the growth of

sockeye salmon fry, compared the effect of continuous satiation

feeding for 15 hours per day versus three, half-hour satiation
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feedingsv per day. They found that the all-day feeding regime
resulted in significantly higher growth rates than the three

times per day regime. This evidence suggeststhat\;?Bw;Q\ftudies
involving diséreet feeding migkt unéerestimate growth rates .in
nature where feeding may be more continuous.

The experimental duration’was 28 days. Approximately 15
fish were randomly sampled from eaZh aquarium‘on day 1, 10, 20,
and 28 of each.experimeng.‘They were anaesthetized and their -
weights ana lengths recorded to the nearest 0.01 g and 0.1 cm
r?spectively. The fish were weighed in a tared, water-filled
ébntainer, and then replaced into their original aguarium. Dry
weights of the‘fish and'fobd were!detérmined at the Dbeginning
and end of each experiment.

Before the growth rates could be statistically\‘compared,

-

several steps were necessary. First, replicate weight data were
pooled because logistic cgnstraints gequired that the number of
treatment replicaées and the sample sizes be small. A t-test,
comparing mean weights of replicate saqples, was used to
determine 1if the data could be pooled, and in all cases it waé.
possible. Second, natural logarithms of Ehe- weight data were
reéressed against time. The slopé‘of each regression line gave

an éstimate of the instantaneous growth rate of the juvenile

chinook salmon. Gross conversion efficiencies, (GCE), were

12



determined for each experiment using the equation:

GCE=100-x (( total growth ( dry. wt. ))
' . T(total food consumption(dry wt.)

Simulation Model

A simulation model was constructed to invéétigate the
potential implications of the experimental rgsults in impact
assessment. The ;odel; based on the KCP %nd addition of cooling
water to the Nechako River, simulated the deterministic
freshwater growth 5f juvenile chinook salmon from time of
emergence, late April, until the end of August. For the purpose
of this préject the Upper Nechako River was defined as ‘the
stretch of river between Cheslatta Falls and Vandérhoof (Fig.
1). Chinook salmon spawn along this part of the river, with the
heaviest concentration of spawners located near Cheslatta Falls
(Envirocon 1981b). Three locations along the Upper Nechako River
were chosen for study because the temperature of the water
changes as it travels dovwnstream. They were Greer Creek, Nautley
River, and Vanderhoof. The model simulated chinook.salmon growth
during the summer at each of these locations, and then averaged
the three weights.

The model -hagA tws';;ajor " components; average ménthlyv

temperatures in the Upper Nechako River from May to August, and



N
a mathematical representation of:juvenile chinookcgzéfﬁn,growth
rates ;t vériousftemperatufes. |
In the first component separate functions described the
estimated temperatﬁré patternﬁ from May to August\'atr eacQ
location on the Upper Nechako River for eight different therm;l
}egimes. The 'first thermal regim; was an estimate -of tﬁe
long-term, average water temperatures and reflects temperatures
in the Upper Nechako River from 1950 to the present. The data
were obtained from Envirocon's (1981b)' baseline reports, and
this case was represented by Case 1 (Table é). The\ actual
températures used in the model can be foﬁﬁd‘in Appendix 1B,
Table B1. Predictions of post-KCP thermal regimes in the Nechako
River were not awailaple from ALCAN or Envirocon Ltd., and sb
the information for the seven remaining thermal’ regimes was
obtained from a variety of other soﬁrces which are outlined

below.

¥

The second, third, and fourth thermal regimes were

~

7

estimates’ of post~KCP water temperatures and were drawn from-

Figure 22 in DFO's discussion paper of KCP (DFO 1984). This
figure gave predicted temperatures at various locations along
the Upper Néchéko, assuming a source'watér temperature of 10°C,
a flow rate of 1100 cfs, and three <c¢limatic conditions, hot,
average, and cold. Temperatures froﬁ this figure were used for

three post-KCP thermal regimes, Case 2, 3, and 4 (Table.2).

' Envirocon Ltd. was ALCAN's environmental consultant on the KCP

proposal. . >

14
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-.The four remaining thermal regimes pOstulated two colder
source water temperatures, 8°C and 6°C, ‘combined with two flow
rates, 1100 cfs and a flow rate between 500 and 1100 <cfs. The
effects of these ~thermel regimes were 51mulated because of
suggestions by IPSFC (1983) thaﬁ/fpegpfcposed 10°C source water

e X
would still allow too maﬁy daxs annually when water temperature

in the Nechako River at tHé»Stbart River confluence would exceed

20°C,. and that the long term average water temperatures in July
and August at thig point would be shifted from“16.9°C to 19.2°C.
These conditions ~would be unsatisfactory to IPSFC, and so a
source.water.tehperature colder than 10°C or a higher discharge
of -the 10°C source water might be required. The provision of
additional‘coeling water would represent lost: power production

to ALCAN, and so colder source ‘watef temperatures were

N =l . -« . ¢ .
'postulateﬁ’even though it might not be possible to obtain such

" cold water from behind the Kenney Dam in the summer. For the

cases where a flow rate of 1100,cfs was postulated, predictions
of downstream temperatures were based on the average climate
temperature profile in Figure 22 of the DFO (1984) report. For
the ceses’that postuléted a lower flow/rate, it was assumed that
most of the effect of cold‘é%u}ce watef was lost when the Qar;g}

Nautley River entered the Nechako River. Conseguently there was

a large increase in water temperature at this point.. A general

outline of the thermal regimes considered is presented in Table

&

2. The actual temperature patterns assumed in the model a}e

oo

presented- in Appendix IB, Table B1.

Vo
A .
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Table 2 - The eight thermal regimes in the Nechako River
explored in the simulation model.

Q - N
- Case KCP Climate Flow Rate Source Water
Temperature
1. no average 1100 cfts . 10C
2 yes average 1100 cfs 10C
3 yes hot 1100 cfs 10C
4 yes cold 1100 cfs ' 10C
5 yes average 1100 cfs. 8C
6 yes . average low - 8C
7 yes average 1100 cfs 6C
8 yes average low . : 6C

where KCP represents the Kemano Completion Project.

Table 3 - The eight distributions of juvenile chinook
in the upper Nechako River assumed for the
simulation model.

Case Proportional Distribution by Area

a - o) <
1 .80 10 .10
2 .50 .25 . .25
3 .25 .50 .25
4 .25 ’ .25 .50
5 .15 .30 .55
6 .10 .20 .70
7 .05 .15 .80
8 .05 ) .05 ' .90
where a = the area near the Greer Creek

confluence with the Nechako River;
b = the area near the Nautley Creek
confluence with the Nechako River;
¢ = the area near Vanderhoof on the
Nechako River,

16
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. The second model component was a mathematical description
of the growth rates of juvenile chinook salmon at'varfous,
temperatures. The Qrowth function was assumed to represent the
growth capabilities of a 0.82 gram chinook salmon feeding at 50%
of satiation. It was derived from data generated inu the
experi;enfal portion of this project combined with information
from Brett et al. (1982). Third order polynomial growth
functions were fit to data from <cycling and constant,
temperatures. The addition of the £hird term in the polynomial
did not improve the fit statistically but provided a curve that
was closer to the shape of the growthjraﬁion-témperature
relatig;gfip described for sockeye salmepkarett et al. 1969)

'd
.

and for chinook salmon (Brett et al. 1982). The eguations used

PR

in the model were: e

-

1. G6=0.215+(0.207xT)+(0.0229xT?)-(0.0016xT?)

2. 6=0.057+(0.256xT)+(0.0139xT2)~(0.0012%T?)

where G is instantaneous Ag}OWth_ygaté’ and T is"femberature.
Equation‘ 1 predicts growth gnder daily cycl;ng temperatgres and
equation 2 predf&ts' growth under constant temperatures. For
details of how the growth functions were constructed, see
Appendix‘IC. |

The potential maximum growth rate of fish decreases as size
increases (Bfett 1979, Brett and Shelbourn 1975). In the model, -~
the growthvfdnctions aésume a size of 0.82 grams. Conseguently,
the growth rate predicted for a given temperature had to  be

adjusted for the size of the fish before using i1t to calculate

17



the weight gained in any timé period. Brett and Shelbourn (1975)
presented an ’equation that described the - maximum potential‘
growth rate of fish at different sizes, and this equation was
the basis of the growth rate adjustments made iﬁ the model. For
a complete discussion of this.adjustment process, see Appendix
ID. F , '. . !
The "variable in the model choseh to provide an indication
of the impacts of altered thermal regimes was the predicted
average weight of the chinook salmon fry in the Uppef Nechako
River at the end of August. Other possible indicators, such as
-fry abundance, :ere not modelled because reliable information
about the effect of temperature shifts on freshwater survival
was lacking. Analyses were conducted ko explore two objectives:
1. to determine the magnitude and direction of aﬁy difference
in predicted size caused by using growth functions based 'op
cycling versué constant’ temperatgrés; and,‘

2. to explore the potential effect of KCP on summer growth of
juvenile chinook salmon.

Sensitivity analyses were conducted to det;rmine how the
model's predictions gegérding the 'second objective varied with
the Jjuvenile distribution ‘pattern in the‘Upper Nechako River.
Eﬁ§irocon (1981b) suggested that up to 90% of the fry population
ma? migrate out of the Upper Nechako River in late June or early
July. This was based on beach seine catches takeqvin the summers

of 1979 and 1980 which may have underestimated the size of the

rearing population {(DFO 1984). Beach seines sample habitat close
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to the riQer banks and exclude the faster flowing, mid-river
hipitat preferredrby!older chinook salmon juveniles. DFO (1984)
. reported further}étudies by Envirpcon on downstream migration of
chinook saimon fry that estimatea that 30% of the population
leaves the Upper Nechako Riv;r by the end of June. Russell et
al. (1983) estimated that, in 1980, 35% of the fry population
had migrated downstream by late June. It is wunknown where ' the
remaining juveniles rear 1in the‘ﬁpper Nechako Ri&er; As there is
uncertainty regarding the size and location of the rearing:
population during ‘the summer 1in the Upper Nechako River, the
model tested different distributions of .a hypothetical
population of 100 fry, and averaged the weights predicted at the
three locations to give one 1indicator wvalue. Eidht« different
distributions were explored in the  model, each having a
proportion of the  population located arodﬁd one of the three
locations described earlier (Table 3). If\was assumed that no
further changes in these distributions occurred. Russell et al.
(1983)® and Envirocon (1981b) breported minor downstream .

migrations of juvenile chinook salmon ~from the Upper - Nechako

River during July and August.

The model was narrow in scope, focussing only onl the
;elat;onship between water temperature ahd growth of juvenile
chinook salmon. Consequently, many factors were omitted and
several assumptions were made. First, I assumed that juvenile

chinook salmon obtained an average ration equal to 50% of
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satiation during the>summer, both before and after KCP. Benthic

i

invertebrates and drift organisms are the major components of -

~

the diet of juvenile chinook salmon (DFO 1984, Russell et al.
1983). Several authors have.reported a decrease in diversity of
benthic invertebrate species accompanied by an increase in the
density of remaining species downstream of impoundments
~releasing cold, hypolimnetic, nutrient-rich water (Helseﬁhéff
1971, Spence and Hynes 1971, Ward and Stanford 1979). The
assumption of similar feeding levels pre- and pést-KCP would be
reasonable if juvenile chinook salmon are opportunistic feeders,
as indicated by Russell et al. (1983), and kso easily able to
switch  food preferences, and if_fzhe chénges in species
c \poéition resulted in no net loss of caloric <¢ontent 1in the
availabief fobd‘ The assumption of maintenance of an average
feeding level during the summer would ,be reasonable 1if £fish
abundance in the Upper Nechako River paralleled the abundance of
food organisms. This may not be true before the June
Qutmiggation but may hold afterwards. Growtﬁ in May and June may
thus be slightly ovéfestimated, but this overestimation wole be
common td all analyses.,.

Second, I assumed that changes in the thermal regime of the
river had little effect on the behaviour or individual fitnéss‘
of juvenile chinook salmon. It is possible that an 1ncrease 1in
growth  would improve individual fitness, which might be
reflected in other characterisgics such as a higher survival

rate. However, these relationships are difficult to estimate
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Third, . I assumed tha‘\;qny ~change \ik rearing habitat
resulting from changes in fl w‘rates\from_sdr cfs to 1100 cfs
-was of no consequencé to juvenilgﬂchinook salmor\i&xw Two of lhe
eight ‘poétulated thermal regimes) Cases 6 andxﬁ (Table\Z);

assumed a flow rate between 500 and 1100 cfs, ahd to be

comparabler®o regimes with flow rates of 1100 cfs, the a ;ilable
habitat had to be similar so the results ﬁpyld not be confounded
. by crowding and behavioural interactions. Holden- (1979) nétgd
that dewatering is'one of ‘the 1important and immediate ‘fisﬁ\
habitat changes resulting from dams, but Envirocon (1981b)
predicted no majorkchange in available habitat iﬁ‘the Upper
Nechako River for flow rates between 500 qfs and 1000\cfs. Flow
.rates greater than. 1500 cfs produced a 1loss of\\habitat.

Therefore, this assumption is reasonable.

Fourth, I assumed that the potential maximum growth rate of

chinook salmon from the Capilano River was the same as Chinook;
salmon from the Nechako River. Brett et al. (1982) found;‘
significant differences between the potential maximum g?owtﬁ
rates of two different stocks of <chinook sélmbn. This m§§
. . , k
influence how accurétely the model predicts the size of chinoék
salmon fry in the Nechako River. 4 j
Lastly, I assumed that water éemperatures'in the Uppér
Nechako River cycled an average of +2°C around the mean from Ma;
to August, and that this amplitude was constant along the entire

length of the Upper Nechako River. Envirocon (1981b) provided
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some support for this assumption, however, it may have
Qverestimated‘the amplitude in the Upper Nechako River helow the
Nautley River confluence, where discharge is greater..This might
result in overestimation of growth rates at Vanderhoof when

using the growth function based on cycling temperatures.
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I11. RESULTS

Experimental

Table 4 presents the calculatea growth rates of juvenile
chinook salmon acclimated to cycling and constant tempefatures
for the three mean temberatures examined in this study. The
 probability wvalues indicate that growth under cycling
temperatures Vwas significantly greater than growth under
constant temperatures on one occasion; in experiment 1 at fhe 7%
ration. This assumes thét the significance 1level in* the
statistical test is 0.05. When oné considers the small number of
replicates, fhe small sample sizes, and the large variance in_l
the data, it may be reasonable to choose a higher alpha level,
0.10, to evaluate the result; of ‘the statistical comparisons. At
a=0.10, growth under cycling temperatu;es was significantly
greater that growth .under constant temperatures on threé
occasions; experiment 1 at the 7%'ratiQn, experiment 1 at the
12% ration, and experiment 2 at the 12% ration. There was no
significant difference between growth rates under ‘the other
three temperature/ration combinations. The relationship between
gfowth rate and temperature is graphically presented in Figu;e
3. The average initial weight, average final weight, and growth

rate for the juvenile chinook salmon at each mean temperature

are presented in Appendix IB, Table B2.
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It is worth noting - some trends in the growth rate'data.
First, for f{sh fed the 12% ration, -growth rates under both
cycling and constant temperatures were high, near 3.10% wet
weight per day, at 13°C and 16°C, and declined to approximately
1.60% wet weight per day at 19°C (Fig. 3). For fish fed the 7%
ratioh, growth rates were moderate at 13°C,aﬁd»16°c under both
cycling and constant temperatures, around 1.6% wet welght per
day and declined to approximately 1.1% wet wefght per day at
19°C (Fié; 3). Second, the differgnce in growth rates under
cycling and constant temperatures was larger at lower
temperatures than at h{gher temperatures. At the 12% ratdon,
growth rate differences at 1§6C and 16°C were larggr,: but at
19°C the difference~ was much smaller. At the ration, the
growth rate difference, large at 13°C, was almd%t n(;éxistent at

16° and 19°C.

The gross conversion efficiency, (GCE), data are presented

-
—

graphically in Figure 4. The GCE of juvenile chinook salmon
acclimated to cycling temperatures wés.greater than thg GCE of
those acclimated to constant temperatures. At both rations, the
difference in GCE between the daily <c¢ycling and constant
temperatureé' lessened as the temperature rose, becoming almogt
equ;l at 19°C, particularly at the 7% ration., Statistical
comparison. of GCE's was not possible because the fish in each

aguarium were fed as a unit and so no measure of individual

variation in food consumption was possible.
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Table 4 - Juvenile chinook salmon growth rates,

- (% wet weight per day), and results of

. hypothesis test where:

Ho: Growth rate under cycling temperatures
is less than or equal to growth rate under
constant temperatures vs.

H,: Growth rate under cycling temperatures
is greater than growth rate under constant
temperatures.

ﬁation Mean , Sﬁeciﬁic Growth Rates Probability
"Level Temperature G(Cycle) G(Const) :
EXPT 1 | )
7% 13C 1.8 1.36 0.0293
128 13C 3.20 2.90 0.0933
EXPT 2 ’
7% 16C .67 .61 . 0.3879.
12%‘-\> 16C 3,10 2.75 0.0885
EXPT 3 |
7% 19C 1,12 ’ 1.13 _0.4850
12% 19C 1.69 1.53 0.3215



Figure 3: Growth rates of juvenile chinook salmén h
acclimated to cyeling and constant temperatures and fed
12% and 7% rations. Points represent average values
+ 1 S.D. '

represents 12%, cycling temperature data,
————— represents 12%, constant temperature data,
---------- represents 7%, cycling temperature data, and
—— ——represents 7%, constant temperature data.
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Flgure 4: Gross conversion efficlencies of juvenile
chinook salmon acclimated to cycllng and constant
temperatures and fed 12% and 7% rations.
represents 12%, cycling temperature data,
———-—-represents 12%, constant temperature data,
------represents 7%, cycling temperature data, and
————represents 7%, constant temperature data.
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Simulation Model

- -Table 5 presents the fry weights predicted by the model for
growth functions based on <cycling and constant temperatures,
G(Cycle) and G(Const)'respectively. These results were used to

-~

address the first objective of the modelling exercise, to

-~

-

determine what difference one might expect in predicted size
caused by using growth functions based on' cycling or constant
teﬁperatures. Under thermal regime 1, there was a 2% difference
in the predieted fry weight. This regime reflected long-term,
average temperatures in the Nechako River (Case 1, Table 2). The
other thermal regimes, Cases 2 thgough 8, represented pessible
post-KCP Nechako River temperatqres, and the difference in
predicted fry weight increased to appfoximately 10% of predicted
weight. The model results presented in Table 5 assumed one
juvenile distributiqn pattern, (JDP), éase 1 (Table 3). This JDP-
assumed thét; the largest proportion of the population was
located near Greer Creek. When the JDP was changed in the model
tc one that had the largeet prepertion of the population located
near Vanderhoof, Case‘8 (Table 3), the difference 1in predicted
fry weights caused by the use of different growth functions was
reduced to 7% (Table 6).

Table 6 -'presents the predicted fry we?ghts at the end of
August under the eight thermal regimes, four of the JDPs
considered, and both grewth functions. These results were used

to address the second objective of the modelling exercise, to

explore the potential effect of KCP on summer growth of juvenile
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Ehinook salmon. Under the average curreﬁ; thermal regime, Case
1, the predicted fry wgight was approximateiy 4.70 grags.' The
model predicted laréer fry weights for :hpe other thermal
regimes, indicating an increase in growth réteé after KCP. The
amount of the increase varied with.the thermal regime considered
and the JDP assumed. 1n general, larger increases were'predicted
assuming _thermal regimes 35, 8, 'and 4, and smaller incréases
predicted assuming regimes 6 and 3. Specifically, assuming JDP 1
and G(Cycle), the predicted fry weight under thermal regime 5,
7.84 grams, represents an approximate 68% increase in weight
from 4.60 grams. The predicted weight under thermal regime 7,
6.04 grams, represents an approximate 30% increase in weight;
There iwere some general trends in the simulation model
results. Fﬁrst, the JDP assumed in the model determined the
relative positions of the thermal regimes regarding the rank
order of the predicted weights. For example, simulations that
assumed thermal regime 7 and JDP 1 predicted the smailest fry
weight. Simulations that assumed therﬁal regime 7 énd ‘JDP ?
predicted the fourth largest fry weight; Second, the variance in -’
the predicted weights between thermal regimes increased as the
large propértion of thé population was éhifted downstream. For
example, the difference between the largest .and smallest fry
weight ©predicted for thermal regimes 2 through 8, assuming JDP
1, was 1,80 grams; This difference was increased to 2.74 grams

'by assuming JDP 8.
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Table

Thermal Regime

5

- Predicted average fry weight (grams) using
cycling and constant growth functions for
the eight thermal regimes, and juvenlle

distribution pattern

Predicted Average

(Case) G(Cycle)

1 4,66

2 7.45

3 7.49

4 7.36

5 7.84

6 7.17

7 6.04-

8 7.45

30

4.

6

Weight

(g)

Difference

Fr
‘GZConsf7

74

.76

.86

.65
.19
.52
.49

.93

L]

.08
.69
.63
.71
.65
.65
.55

.52

\



Table . 6 - Predicted average fry weights (grams)
‘ for four juvenile chinook salmon distributions,
eight thermal regimes and two growth functions.

-

" THERMAL JUVENILE DISTRIBUTIONS
“REGIME = _
1 ‘ 3 4 8
G(Cycle) Simulations :
p 4.66  4.2% 4.02 3.56
2 = 7.45 7.43 7.23 6.96
3 7.50 . 6.81 6.24 5.60
4 7.36 7.52 7.61 | 7.71
s 5 7.84 8.20 8.20 - 8.34
6 7,17 7.34 7.15 6.94
;- 6.04 6.93 7.09 7.62
8 7.45 7.62 7.62 7.68
G(Const) Simulations ‘ ' :
1 4.74 4.41 4.22 3.85
2 6.76 6.82 .69 6.53
3 - 6.86 6.40 5,99 5.52
4 6.65 6.81 6.90 7.00
5 7.19  7.54 7.54 7.66
6 6.52 6.74 6.61 6.52
7  5.49 . 6.28 6.43 6.91

8 6.93 : 7.14 7.14 7.21
where thermal regimes 1 through 8 are those of

Table 2, and the juvenile distributions are
from Table 3.

o~

N
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IV. DISCUSSION

The experimental work was conducted to determine if the
assumption of equivalent growth ﬁnder cycling and constant
temperatures. was reasonable when studying juveniie chinook
salmon. Ih my experiments, the growth rates of juvenile chinook
salmon, acclimated to cycl&ng temperatures were greater than br
equal fo their growth rates when acclimated to the cycle's meani
temperature. At :both rations, as the mean temperature under
»examination increased, the difference between growth rates of
fish under <cycling and constant temperatures decfeased. This
indic;ted that the assumption of equivalent growth may not be
reasonable at low temperatures.

My observation of fagter fish growth "under 1low cycling
femperatures was consistent with the findings of other'studieé.
Biette and Geen (1980) studied the growth of juvenile sockeye
salﬁon, 0. nerka, fed several rations underr one «cycling
temperature regime and a constant »temperafure' approximately
equal to the «cycle's mean. Tﬁey founé juvenile sock;ye salmon
grew significéntly faster under the cycling temperature regime
when fed restricted rations. At sét;ation feeding, they grew

~ faster under the constant temperature. Spigarelli et al. (1982)

reported that brown trout, Salmo trutta, fed to satiation grew

faster wunder a «cycling thermal regimé than a’ constant
. temperature approximately equal to the cycle's mean. Hokanson et

al. (1977) studied the growth of rainbow trout, S. gairdneri,
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under several «c¢ycling temperature regimes and a series of"
constant temperatures. They "~concluded that rainbow trout grew
faster wunder c¢ycling temperatures compared to constant

temperatures when these temperatures were low. Cox and Coutant

(1981) studied growth of juvenile striped bass, (Morone
saxatilis), at several rations, three §cycling temperature

regimes and three constant temperatures. They found .cycliné
temperatures enhancedrérowth at low temperatires.

At High temperatures my results were not in agreement with
the findings of otgéﬁ studies. My results suggested there would
* >
be little difference between growtHh rates of fish undér cycling
compared to constant’ temperatures. The results of Hokanson et
51.7(1977).and Cox and Coutant (1981) sudgested that growth
would be aepressed under cyéling temperature regimes when the

cycle's mean temperature was high.

Spigarelli et al. (1982), reviewing the work of Hokanson et
al. (1977), suggested that a‘depression of growth rates under
high «c¢ycling temperatures could results from the cycle's mean
being higher than the metabolic optimum. To examine my resﬁIts
from this perspective, I first had to identify the“optimum
metabolic temperature at each ration. The optimum metabolic
temperatufe can be cdefined as the temperature, for any given
ration, that produces the maximum growth rate (Brett 1979).
Brett et al. (1969) observed that this optimum shifted down as

ration decreased and referred to this péttern as the temperature

shunt phenomenon. My results provided a rough estimate of the
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opt imum metabolic temperature of juvenile chinook saimop at each
ration. At.the 12% ration, the growth rates suggésted that the
opt imum may be between 13°C and 16°C. At the 7% ration, growth
rates suggested an optimum near 13°C (Fig..3). Thé sugge;tion‘of
the 'latter optimum“is strengthened by the possibility that the '
growth rates at 13°C were biased downwards from their truer
values because of the feeding fggime employed.

Brett et al. (1982) studied the growth of juvenile chinook
salmon fed satlation rations at a number of c;nstant
temperafures and determined that 19°C was the optimum metabolic
temperéture; under those <conditions. They deduced that the
opt imum temperaturé at 60% of satiation feeding would be 15°C..
My results compared favourably with these bec5use the 12% raEion
in my experiments roughly correspondea to an average feeding
level of 50% of satiation, and the 7% ration to 30% of
satiation. There is a potential‘difficulty'ﬁn directly comparing
my results to Brett et al. (1982) because the two studies were
conduéted in different seasons. Thére may be a éeasonal shift in
the metabolic optimum that . would complicate or confound
comparison{ Yet, my results suggested optimum temperatures that
would be 1in the ranges expected according to the temperature
shunt phenomenon and the findings of Brett et al. (1982).

In my experiments, 19°C( was above the optimum metabolic
temperafure at the 12% ration and growth undef cycling and

constant temperatures was ‘not different (Table 4). At the 7%

ration 16°C and 19°C were above the optimum temperature and



growth under cycling and constant temperatures was not different
(Table 4). So, my experimental results are not in complete
agreement'with those of studies that have specifically examined
temperatures 'above the metabolic optimum (Hokanson et al. 1977,
Cox and Coutant 1981). One difference in experimental design
that might explain the gontradictory"observations is the
amplitude of the cycling temperature regimes in each study. My
cycling temperature regimes had amplitudes of *2°C aroupd the
mean temperature, whereas Hokanson et al. (1977) and Cox and
Coutant (1981) ueed amplitudes of +3.6°C ahd +4.0°C
respectively.

Spigarelli et al. (1982) suggested that some knowledge of
amplitude effects might be important in understanding hod
eycling temperatures affect fish growth. Different cycle
amplitudes\might cause varying physiological outcomes because
the fish may, in effect, be acclimating to a temperature between
the mean and maximum of the <cycle (Hokanson et al. (1977{,‘

-Houston 1982). Fish exposed to a wide cycfe amplitude weuld
acclimate to a higﬂer temperature than fish expoéed to ;
narrower cycle ‘centred’around the same mean temperature. Above
the metabolic optimum, where growth rates decline: with
increasing. temperatufe, fish exposed to a wide‘compared to a

_narrow temperature cycle might grow more slowly. Further;
narrower cyele amplitudes might make differentiation between
growth under cycling and constant temperatures more difficult

because the acclimation temperatures would be closer. This could
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explain why my results 1indicated 1little difference between,
growth rates under cycling and constant temperaﬁuresaonce -above
the metabolic optimum while Hokansonlgé‘al. (1977) and Cox and
Coutant (1981) found depressed growth rates Qnder cycling
temperatures. These observations could lead one to hypotheéize
that the size of the cycle amplituae;i§ correlated with the size
“of the growth rate difference that would be observed between
jcycling and constant temperature regimes. Some support for this
hypothesis can be found in Threader and Hﬁuston (1983) who
observed that rainbow trout had varying‘khermal tolerances when
accliﬁated to different cycle amplitudes. |

The experimental work was conductea to determine 1if the
assumption of equivalent growth under <cycling and congtant
temperatures was reasonable when studying juvenile chinook
salmon. My results suggest it 1is probably not reasonable at
temperatures below the metabolic optimum where growth is faster
under cycling temperatures. For temperatures above the metabolic
optimum, the assumption may be reasonable if cycle- amplitudes
are small. I1f cycle amplitudes are large, one‘might exPectr
growth to be lower under 'cycling | compared to cénstant
temperatures. The experimental work would have benefited from a
more extensive series of cycling ané constant temperatures, and
more ' replication of the treatménts. Analysig of the results was
difficult because only a rough 1identification of the optimum
metabolic temperature ’at‘each ration was poésible, and because

the variance in the weight data was large.

P
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The  simulation model was constructed to explore the
}implications'of the experihental results in environmental impact
assessment. Specificaliy, one objective'was“ﬁo détermine whether
any difference in predicted fry weight resulted from the use of
growth functions based on cycling or constant temperatures. The
growth functions wused in the model assumed that fish were
feeding ét 50%‘of satiation ahd predicted a metabolic optimum
between 13°C and 16°C. The only thermal regime with temperatures
gééé{ggxggan 16°C at every location on the Upper Nechako River

was' Case 1 (Table 2), which was an estimate of the long-term

e LS

average water temperatures. Fr} weights predicted by‘simulatjoﬁs
of the effects of that regimé varied little when I used growth
functions based on <cycling or constant temperatufes. The
majority' of assumed temperatures in the other seven thermal
regimes were less than 16°C. When the effects of these regimes
were simulated, fry weights predicted using c?cling temperaturé
growth functions were 10% larger on average than the weights
predicted using‘constant temperatufe growth functions.

The identification of differences in predicted fry ,weights_
»couid be important in fisheries management because there are
many ways that changes in growth could influence a fish stoék's
biology. Size may influence survival rates of juvenile,fish.
Birds and other fish are the major predators of juvenile saimon,-
and each mayihave a preferred prey size (Mace 1983, Parker 1871,
Patten 1971)5 Changes in growth rates might influence how loﬁg a

juvenile salmon will remain within that preferred size range.
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Size may also influence ocean survival fates. Biltoneﬁ él.
(1982),-studying coho salmon, fogndfthat smolt size;and time of
release were significant _determinénts'of the number of adults
"~ returning, with late releases of large smolts producing - high‘
returnsL Other studies (Bilton 1978, 1980, Peterman 1982)
suggested that large smolts could also lead to an eariier ége at
maturity, thereby implying a loss ovaqe or more years of ocean
growth and a poésible loss in yield to the fishery. For exawmple,
a '10% increase 1in smolt weight could lead to a 6% incréase in
the percentage of age class 4 adults in the returns of Babine

Lake sockeye salmon (Peterman 1982). Fro@)Bilton'svstudies of

Oregon coho salmén (Bilton 19785~ 1980) an increase in smolt
weight from 10 grams to 11 grams could produce:
1. an increase in jacks from 12% to 18% of the total

escapement;
2. an increase in total adult returns, (catch + escapement),
from 25% to 2%% of smoits released; and,
3. an increase in total adult biomass, (catch + escapement),
from 119 million pounds to 133 million pounds,
The predictions from Bilton's work are based on June emigrations
of 10 or 11 gram coho salmon smolts, which has not been observed
for chinook salmon in the Nechako River, but i1llustrates the
potential biblogical significance of a 10% différence in smolt
weight. 1In systems that have high variability in, for example
smolt returns, this error may not be crucial. But, if
temperaturés>are being used to predict fry or smolt weights, and

e
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if the wuse of growth studies based on constant ‘temperatures

caused a significant error in estimation of these ‘weights, the

.effect on other stock parameters might be incorrectly

anticipated;

Fish acc%ﬁmated to cycling temperatures have éxhibited
changes in,étkekrcharacteristics that are important in fisheries
managemeﬁf} For example, several s%udies, (Feldmgth et al: 1974,
Otto 1974, Threader and Houston 1983), reported that fish.
acciimated to cycling témperatures exhibited an increase in heat
tolerance. Fish acclimated to cycling temperatures were aple to
withstand highér exposure temperatures than fish acclimated_tob
constant temperatures.

The preceding discussion has ' shown how accuracy in

knowledge . of the effect of «cycling compared to constant

.temperatures on fish growth' and other factors can affect

fisheries management and impact assessment.

The\ simulation model was also used to assess the potential
effgct of Kcé on summer growth of juvenile chinook salmon in the
Upper Nechako River. To determine how well the model sihulated
conditions in the Upper Nechako RiQer, it's weight predictions
were compared to existing data. The model predicted that the

average fry weight at the end of August under the current

. thermal regime was approximately 4,70 grams. This assumed the

majority of the juveniles were located near Greer Creek. When
compared to Existing data of ju&enileuchinook weights in the

Upper Nechako River in September, this appeared to be an
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upderestimate. Brett et al. (1982) reported the average weight
of. juvenile chinqok salmon'sampled by DFé iﬁ;the Nechako-iiver'
ne;} Cheslatta Falls in early September, 198;' was 6.50 grams
(n=50): The 'we&ght predicted by the mo?el Qas different from
this obséfved wéight because water temperatures in 1981 were not
the same as those assumed in the_jmédel (Table B1). When I
substitutea the mean monthly water temperatures -reported by
Brett et él. (1982) into the model, it éredﬁcted the fry weight
at the fnd of August at Greer Creek was approximatefy 6.0 grams,
" This is close to the =size reported by.Brett et al. (1982).
1Russe¥l et al.(1§83): reported two years of size data for
juvenfié chinook .salmon caught iﬁ_the,Upggr Nechako. In 1980,
their data,suggested’that the average size in mid-AugusF was
approximately 6 grams. In 198}, they reported'data obtainéé from
Envirocop which SQggested that fry weights at }he beginning of
September were apéroximately 9.2.grams. Although sample sizes ié
September 1981 were moderate,‘(average saméie size = 16, 14‘
samples), I do not believe this was an accurate estimate of the
weight of)juvenile chinook salmon in the Upper Nechako RiQer in
early September, and was perhaps cauéed by sampling error;
different sampling %péations, or 5 mor e favoﬁrablé environment
“in 1981, | | | E

The model predicted that an increase‘in the summer growth
of juvehile chinook salmon would occurvif cooling water was

added in July and August to the Nechako River's flow. This

result should only be 1interpreted as preliminary becaufé the

—

s T
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growth functions that'it:is based 6h’were.derived from{few real
data points., Athtempé:atures léss than 13°C, the growth curves -
are. extrapoiét}ongk\bésed .on my results and thése of Brett gt
'al.(1982)Aand assumed that the grqyth‘advantage observed under
cycling\-temperatufes was ‘maintaihéd at mean temperatUres,less
than 13°C;,Further investigation to tést,the Qalidity of this
;;sumption woulé be ‘desirable. .Secondly, the results must be
regarded as preliminary bedausé the//;gmperatures used in the
"~ model to simulate posﬁ—KCE therfmal regimes méy‘notvaccurately
represent tRe actual—kemperqthres in. the Upper Nechako Rivér
after KCP.-ZXCAN;S p;edictions were unavailable.r |

‘The increase in summer growth of juvenile chinook salmon
"was predicted when ;eithér the é&cling or,cénstant tempefature
growth function wés uéed in the model. This prédiction can also
be deduced from Brett Ltval; (1982). According to that study,
growth rates 1in July'and August would average 1.33% éer day 'andﬁ
1.05% per day at 18°C and 19°C respectively, temperatufes that
reflect long-term averages in the Nechako River. A reduction of
the témperaturé ;to 11°C in July and Auéust, which is predicted
for the Greer Creek area after KCP, could produce daily growth
rates of approximately 1.50%. This is la;ger than the long-term
temperatures would produce yei less thén 80% of- the potential
makimum rowth rate, but éhe current temperatures do not prddﬁce
growthk{zteg within theNBO%-range either,

The increase 1in' summer growth, represented by the weight
preaicted‘for the end of August, varied with the thermal regime

o
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and‘ juvenile‘ distribution .pattern, (JDE’; éssumed, inb} the

simulation (Table 6). Predictions of post-KCP fry weights ranged

from 5.5 to 8.34 grams. Thermal regimes 5, 4, and 8 consistently
jpredicted larger fry increases; ’3 and 6 predicted smaller
increases, reflecting the warmer ﬁempefatures assumed in thermal
regimés 3'énd 6. The sensitivity of the bredicted weights to JDP
'suggested that 1f the bulk of the population was ups£ream,
warmer source water temperatures would pfoduce larger weights
than if the bulk of the population was downstream. The opposite
of this wa% the case for cold souice water temperatures.

It was surprising to pfind that the xmodel predicted an
increase in fry weight Qhen the effects of the four cold source
_water thermal regimes we}é simulated, Cases 5; 6, 7, and 8

(Table 2). The modei made this prediction when cycling and
constant temperature growth functions were used, and when the
bulk of the population was located near Greer Creek. This is
contrary to what one would predict from Brett et' al. (198?)
whose work indicated that growth rates at tempergtures below
;S°C’;ould be lower than at 18°C. Ba;ed on that study, growth,
and so éventual weight, would be lower under these regimes. The
curves usea in the model to describe the growth rate -
temperature relationship suggest that growth would be greatef
than or equal to that achieved at 18°C at temperatures as low as
7°C »(Fig. 5{. This result may be suspect because I have no real

data for temperatures less than 13°C, but I also have no reason

to believe the growth advantage under cycling temperatures would
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Figure 5: Predicted growth rates of juvenile chinook salmon

acclimated to cycling and coRstant temperatures at 50% of
satiation ration. ‘ B

represents the cycling temperature growth function, and
? :
_____ represents the constant temperature growth function.
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not berobserved at iow témperétures as foﬁnd by Hokanson et al.
(1977). |

The model's'resu}ts were important because, assuming that
an increase in fry ‘growth and weight |is beneficial, they
indicated that the addition of cooling water in the summer to
the Nechako River could provide benefits to the chinook salmon
juveniles rearing there. The temperatures changes could enhance
-their growth. In addition, the,resglts provided an indication of
which thermal regimes might be expécted to produce larger or
smaller fry, aAd still satisfy the downstream ﬁaximum
temperature c6nstraint. The results also indicated the wvariable
importance of JDP to average growth rates achieved by the
pbpulation} changing JDPs caﬁsed a large difference in predicted
fry weight only when the temperature 'profile 1in the Upper
Nechaio had substantial differences between ' the upstream and
downstream temperatures.

The model was used to achieve two objectives: to determine
the magnitude and -direction of any error in weight prediction
that might be encountered b; using growth functions based on
cyclihg or constant temperatures; and, to attempt to remové some
of the uncertainty surrounding the effect of different thermal
regimes on juvenile chinook ‘salmoﬁ growth. By examining ghe
critical assumptions made in the model, othérginformation needs
were identified that might improve tﬂe model's predictions and
widen its applicability. First, the growth curves used 1in the

model were generated 1in a 'best-guess' fashion, combining
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results from these experiments and othér studies. It wouldbbe
desiréble to have a series of growth functions for sevéral
rations under a more complete range of both constant and cycling -
temperatures. Second, the model assumed no change 1in the food
available to  juvenile chinook salmon. This may not be'correct
but is crucial in growth rate. determinations becaﬁse' ration
affects the growth capabilities of fish. Third, the effects of
temperature and flow changes on juvenile chinook saimon
mortality due to predation or other factors was assumed to be
negligible._ The model's predictions might be improved if
information on these féctors could be included. The model's
predictions might also be improved froﬁ more precision in the
temperature component. Perhaps a weekly or biweekly, rather than
monthly, estiméte of average }temperatures would inc;ease the
accuracy of the predictions. The model could also be extended in-
the source water temperature and flow - rate comﬁinations
considered, with perhaps an estimate of the power production}
gain or loss associated with each regime.

The KCP proposal presents an opportunity to investigate, the
envirogmental impacts of large scale changes in temperatures and
flow rates. Experimental manipulation of the thermal rdgime in
the Nechako River could be undertaken. Some sciengiét; support
this adéptive approach to environmental management (Holling
1978, Hilborn and Walters 1981). Other sciehtists, belieying

adaptive management is not always a feasible alternative (Larkin

1984) recommend long-term observations of ecosystems, and stress



the need for both pre- and post-construction evaluations in
impact assessment (Lash et al. 1974, Geen 1975), EitherAédaptivewp/
management ér post-conétfudtién evaluation studies ,épplied to
KCP could yield large gains in understanding the impacts of flow
and temperature changes on thé composition and production of
benthic @ invertebrate speciés, the gréwth\ and survival of
juvenile chinook salmoﬁ, and perhaps evén on stock produétion
parameters. |

Scientific infotmation, combined with other basic
informatioﬁ, plays a large role in ‘environmental impact
assessment, and so is a component of the water allocation
process in British Columbia. The information is used eérly in
the process by. both proponents and government managefs.
Proponents use it‘to evaluate the feaéibility of projects and to
anticipate problems, and the government uses it to review and
assess the project. Accuracy, therefore, is important. Accurate
information leads to confidence in impact assessments ‘and the
resulting reqomméndations. Then the tradeoffs in decision-making
are pictured more realistically and.value judgements about the
social acceptability of those tradeoffs are clearer. Wi

This pfoject was directed towards improvingQ(EEe knowledge
of growth of juvenile chinook salmon under cycling compared to
constant temperatures, and towards investigating the
implications of this type of information in envirbnmental impact

assessment. Juvenile chinook salmon grew faster wunder cycling

 temperatures when ‘the mean of the cycle was less than the
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P
optimum metabolic temperature. When the mean was greater than

the optimum temperature, there was no difference in growth rates
' under cycling or constant temperatures. This result suggested -
that application of growth ~studies . based on  constant.
temperatures would underestimate ,ffy weighis at moderate, but
not at exfreme temperatures. At low temperatures, (<16°C),
predicted fry weights based on «cycling temperature growth
studies might be 10% larger than those based on constant
tempera{;re growth studies. This size _difference might be
important in fisheriés management- and 1impact assessment. The
addition of - cooling water to the Nechako River could result in
an increase in fhe growth rate of juvenile chinook salmon
rearing there, dépending on thé effects of the thermal changes

on JSther ecosystem components,
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APPENDIX I

A. Model Documentation

OOO00O0O0n Q

OO0O0O0

—_—

o —

SUBROUTINE UMGDEL (ITIME)

COMMON
COMMON
COMMON
COMMON
COMMON
COMMON
COMMON
COMMON
COMMON-
COMMON
COMMON
COMMON

AVWT(3) ,AVWTSM,FLAG
GMAX,GRATE(3),I,IFLAG,J,N

o,pP,Q,R,S5,0,V,W
PERCNG(3),POPN(3),T,TT, TEMP, TIME, TOT, TPOP
XGMAX(3),XGRATE(3) ,XVEC(4),YVEC11(4),YVEC12(4)
YVEC13(4),YVEC21(4),YVEC22(4),YVEC23(4)
YVEC31(4),YVEC32(4),YVEC33(4)
YVEC41(4),YVEC42(4),YVEC43(4)
YVEC51(4),YVEC52(4) ,YVEC53(4)
YVEC61(4),YVEC62(4),YVEC63(4)
YVEC71(4),YVEC72(4),YVEC73(4)
YVEC81(4),YVEC82(4),YVEC83(4)

r

. . \
FRY EMERGE IN TWO WEEK PERIOD FROM MID TO LATE APRIL
'MEAN WEIGHT = 0.40 g

PROPORTION OF FRY AT EACH LGOCATION

SET IN

DATA FILE

DO 5 I=1,3
AVWT(I)=0.40 ‘ s
CONTINUE

CALCULATE THE AVERAGE TEMPERATURE FOR THE MONTH
ACCORDING TO LOCATION ON THE UPPER NECHAKO RIVER

DO 20 1

EIGHT OPTIONS AVAILABLE FOR THERMAL REGIME

1 .
=],3 el

DO 10 J=1,4
TIME=FLOAT(J)

IF(FLAG.EQ.1..AND.I.EQ.2) TEMP=SLP(TIME,XVEC,
IF(FLAG.EQ.1..AND.I,.EQ.3) TEMP=SLP(TIME,XVEC,

C12,N)

IF(FLAG.EQ.!..AND.I.EQ.1) TEMP=SLP(TIME,XVEC,YVEC11,N)

Ci13,N)

, ;
IF(FLAG.EQ.2..AND.I.EQ.1) TEMP=SLP(TIME,XVEC,YVEC21,6N)
IF(FLAG.EQ.2..AND.I.EQ.2) TEMP=SLP(TIME,XVEC,YVEC22,N)
IF(FLAG.EQ.2..AND.I.EQ.3) TEMP=SLP(TIME,XVEC,YVEC23,N)
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10
20

IF(FLAG.EQ.3..AND.I.EQ.1)
IF(FLAG.EQ.3..AND.I .EQ.2)
IF(FLAG.EQ.3..AND,.I.EQ.3)

IF(FLAG.EQ.4..AND.I.EQ. 1)
IF(FLAG.EQ.4..AND.I.EQ.2).
IF(FLAG.EQ.4..AND.I.EQ.3)

IF(FLAG.EQ.5..AND.I.EQ. 1)
IF(FLAG.EQ.5..AND.I.EQ.1)
IF(FLAG.EQ.5..AND.I . EQ.1)

IF(FLAG.EQ.6..AND.I.EQ.1)
IF(FLAG.EQ.6..AND.I.EQ.2)
IF(FLAG.EQ.6..AND.I.EQ.3)

IF(FLAG.EQ.7..AND.I.EQ.1)
IF(FLAG.EQ.7..AND.I.EQ.2)
IF(FLAG.EQ.7..AND.I.EQ.3)

IF(FLAG.EQ.8..AND.I.EQ.1)

IF(FLAG.EQ.8..aND.I.EQ.1)
IF(FLAG.EQ.8..AND.I.EQ.1)
p N

DETERMINE THE APPROPRIATE

FROM THE CYCLING OR CONSTANT TEMPERATURE GROWTH FUNCTION |

TEMP=SLP (TIME, XVEC, YVEC31,N)
TEMP=SLP (TIME, XVEC, YVEC32,N) .
TEMP=SLP (TIME, XVEC, YVEC33,N)

TEMP=SLP (TIME, XVEC,YVEC41,N)
TEMP=SLP (TIME, XVEC,YVEC42,N)
TEMP=SLP(TIME,XVEC, YVEC43,N)

TEMP=SLP (TIME, XVEC, YVEC51,N)
TEMP=SLP(TIME, XVEC, YVEC52,N)
TEMP=SLP(TIME, XVEC, YVEC53,N)

TEMP=SLP(TIME, XVEC,YVEC61,N)
TEMP=SLP(TIME, XVEC, YVEC62,N)
TEMP=SLP(TIME, XVEC,YVEC63,N)

TEMP=SLP(TIME, XVEC,YVEC71,N)
TEMP=SLP(TIME, XVEC,YVEC72,N)
TEMP=SLP(TIME, XVEC,YVEC73,N)

TEMP=SLP(TIME, XVEC, YVEC81,N)

TEMP=SLP(TIME, XVEC, YVEC82,N)
TEMP=SLP(TIME, XVEC, YVEC83,N)

GROWTH RATE FOR THE MONTH

POWER 3 POLYNOMIAL DESCRLBING CHINOOK GROWTH
ALL DERIVED POINTS PLUS MY DATA .

IF(IFLAG.EQ.3) GRATE(I)=0+(P*TEMP)+(Q*TEMP**2)~-(R*TEMP**3)
IF(IFLAG.EQ.4) GRATE(I1)=S+(U*TEMP)+ (V*TEMP**2)-(W*TEMP**3)

ADJUST THE GROWTH RATE FOR DIFFERENCES IN AVERAGE WEIGHTS

PERCNG(I)=GRATE(I)/GMAX

XGMAX (I )=EXP((ALOG(5.42))-

0.4*ALOG (AVWT(I)))

XGRATE(I)=PERCNG(I)*XGMAX(I) -

APPLY GROWTH RATE FOR THIRTY DAY PERIOD TO FRY ACCORDING

TO THEIR DISTRIBUTION IN THE UPPER NECHAKO RIVER

V. o

AVWT (1) =AVWT(I)*((1+(XGRATE(I)/100.))**30.)

CONTINUE
CONTINUE

DO 26 1I=1,3 i
T=AVWT(I)*POPN(I)
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TT=TT+T
TPOP= TPOP+POPN(I) »

26 CONTINUE N ‘ —
AVWTSM=TT/TPOP ' 7
RETURN '

END

SUBROUTINE UINIT -

CALL CMREAD('ALCAN.C ') . -
CALL DFAULT('1;ALCAN.D ")

CALL DFAULT('O0=-OUT(LAST+1) ')

CALL DFAULT(' 8-—OUT(LAST+1) ")

RETURN

END

FUNCTION SLP(X,XX,YY,N)

DIMENSION XX(N), YY(N)

SLP = YY¥(1)

IF (X .LT. XX(1)) GO TO 99
M =N -1

DO 10 I =1, M

IF (X .GT. XX(I+1)) GO TO 10 *
SLP = YY(I)+(YY(I+1)-YY(I))/(XX(I+1)-XX(I))* (X-XX(I))
GO TO 99 . .
10 CONTINUE
SLP = YY(N)
99 RETURN
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B. Tables Presenting Supplementary Data and Results

Table B1 - Temperatures assumed in the model for each
thermal regime during the summer at each’
location.,

THERMAL REGIME “ AVERAGE MONTHLY TEMPERATURE (C) y
GREER CREEK May June " July August
R 8.5 13.5 18.0 19,0 -
2 8.5 13.5 . 11.0 1.0
- 3 9.0 14,0 12.0 12.0
4 8.0 13.0 10.8 10.8
5 8.5 13.5 9.0 9.0
6 8.5 13.5 10.0 10.0
7 -~ 8.5 13.5 7.0 7.0
8 8.5 13.5 8.0 8.0
NAUTLEY RIVER
1 8.5 14.0 19.0 19.0
2 8.5 13.5 14,0 14.0
3 9.0 14.5 15.8 15.8
4 8.0 13.5 11.8 11.8
5 8.5 14.0 12.0 12.0
6 8.5 13.5 14,0 14,0
7 8.5 13.5 10.0 10.0
8 8.5 13.5 13.0 13.0
VANDERHOOF ;
1 S,0 14.5 20.0 20.0 i
2 9.0 14.5 16.0 16.0
3 9.5 15.0 18.0 18.0
4 8.5 14,0 12.8 12.8
5 9.0 14.5 14,0 14,0
6 9.0 14.5 16.0 16.0
7 ’ 9.0 14.5 12.0 12.0
8 9.0 14,5 15,0 15.0

These temperatures were derived according to the .
method outlined in the Materials and Methods section
of this report, -
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Table B2 - Initial and final average weights, and

12% RATION

EXPT 1

EXPT 2

EXPT 3

7% RATION

EXPT 1

EXPT 2

EXPT 3

growth rates of juvenile chinook salmon under
daily cycling and constant temperatures
at two ration levels. ‘ .

Tem Initial Final ‘ Gro&th- S.D.
C Weight(g) - Weight(g) Rate (%) -
11-15 0.814 1.976 3.20 0.14

13 0.857 1.903 2.90 0.14
14-18 ° 1.273 2.372 3.10 0.17
16 1.269 2.175 2.75 0.19
17-21" 0.848 REVER 1.69 0.23
19 0.885 1.424 1.53 0.24
11-15 0.764 1.275 1.81 0.15
13 0.824 © 1,203 1.36 0.14
14-18 1.173 1.445 1.67 0.23
16 1.220 1.503 1.61 0.14
17-21 0.801 1.150 1,12 0,26
19 0.758 1,067 . 1.13 0.23
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Table B3 - Dry weight increase, dry weight of food
consumed, and gross conversion efficiency
of juvenile chinook salmon under daily cycling
and constant temperatures at two ration levels,

?

Tem Dry Weight Dry Weight = G.C.E.
C Gained(g) Food(g) (%)
12% RATION |
EXPT 1 J
11-15 19.35 49.43 .. 39.2
13 6.15 - 18.48 33.3
. LW
EXPT 2
14-18 | 16.19 77.95 20.8
16 12.77 83.77 15.2
EXPT 3 _ .
17-21 B8.71 50.07 17.4
19 7.08 49.52 14,3
7% RATION
EXPT 1
11-15 8.71 22.30 39.1
13 1.90 8.94 21.3
EXPT 2
14-18 -3.28 28,92 11,34
16 2.05 17.70 11.58
EXPT 3 \
| 17-21 3.29 26.74 . 12.30
19 2.42 21.28 11.37
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C. Method for Construction of Growth Function for Model

Difficulties were encountered when construction of a

growth-temperatupe relationship was attempted. . The major

*

‘obstacle was _lack of data points: only three growth rates were

available for each of the cycling and constant temperatufgs, and
they were all in ;he temperagyre range of 13°C-19°C. To obtain
estfmates of growth rates at 6ther' temperatures, a literature
search was conducted.

' Thefe is a dearth of availablé information repgrting growth
rates of chinook salmen_juveniles at various temperatures and
rations. Brett et al. (1982) studied the gré;th ratés of two
races of juvenile <chinook salmon fed satiation rationé at
several constant temperatures. The two races were the Néchako
River and Quinsam River stocks. Their study concentrated on the
upper end of the thermal range of- juvenile chinook (16-24°C).
Banks et al. (1971) studied the growth of Abernathy fall chinook
fed . satiation rations, again under several constant
temperatures. In this work, the temperatures studiéd were in the
middle of the FhermalAirange of juvenile chinook . salmon
(10-18.3°C).: One can compare the results of these two
experiments at two temperatures, 16°C and 19°C'. The data chosen -
from Brett et al. (1982) for comparison were growth rates of the
Nechako River stock. After adjustments were-made ta the growth

.- n e e - e e -

' Brett et al. (1982) tested growth at these temperatures
exacgly, while Banks et al. (13971) tested growth at 15.6°C and
18.3°C. '
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rates so that - a starting size of 0.82 grams was common, the
growth rates were;

1. Banks et al., (1971) : 16°C - 4.91%/day 19°C - 4.75%/day

~e

2. Brett et al. (1982) :-16°C - 5.12%/day ; 19°C - 5.20%/day

~e

‘The difference in maximum growth fates could be accounted for
simply by stock characteristics. The Nechako River juveniles
might have a higher potential maximum growth rate than the
Abernathy juveniles.

Direct comparison of the result§g9f this study with thoese
of Banks et al. (1971) or Brett et al. (;982) was not possible
because the feeding levels in the studies were different. So, an
indirect comparisén of my experimental results with those of the
other studies wés made. The growth rates'at the 12% ration
levels in this experiment represented 69.4%, 63.1%, and 35.6% of
the maximum growth rates in Banks et al. (1971)% at temperatures
of 12.8°C, 15.6°C, and 18.3°C. This points out the weakness in
an assumption made in building the simulation model and so, a
possible bias in the model's predictions. The assumption was
that the 12% ration growth rates were approximately equal to
those that would be achieved at feeding levels equal‘to 50%
satiation.  The comparison of my results to Banks et al. (W97{f
indicated that this was not ‘exactly correct, with possible over-
and undegestimations of growth rates  at low and high
temperatures respectively. However, the manner in which the
growth curves were constructed probably/ evened out these

—— o —— —  — ae —  — ——————

‘2 Adjusted to a starting size of 0.82 grams.



/v _ ‘ —

temperature-specific biases. The growth rates at the 7% ration
level in this expetiment represent 39.2%, 34.0%, and 23.6% of

similarly adjusted max imum growth rate figures reported by Banks

et al., (1971).

.

Brett et al. (1982) derived a growth function for juvenile
chinook salmdn and, 1in Figure 8 of their report, generated
growth temperaturé relationships for vafious leQels of satiation
feeding. 1 adjusted these curves to achieve a common size of
0.82 grams and plotted the 12% ratioh growth rates onto the same
graph. The 12% ration growth rates appeared to represent what
Brett et al.'s (13982) growth function would predict for 50% of
satiation feeding. This size-adjusted gfowth'function was chosen
as the basis for estimation of growth rates outside the 13°C to
19°C range. A curve was fit by eye to the available data points,
making every effort to have this %curve closély resemble the.
shape of the <curves presented 1in Figure 8 of Brett et al.
(1982). Growth rates at 1'°C, 5°C, 10°C, and 20°C were estimated
from this hand drawn curve. Polynomial functions were then fif
to the combinations of estimated and real data points }for botb
the cycling and constant temperatures. A third order polynomial
more closely approximated the shape of the desired curve even
though the addition  of the extra term in the equation did not

improve the fit statistically, due to a lact of data points. The

growth-temperature functions for thevdai;z\cycling and constant -

—_——

temperatures at 12% ration, (50% satiatﬁon),\zgre:

3
| ;2
1]
e

i
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"1, G=0.215+(0.207xT)+(0.0229xT?)-(0.0016xT?)

2. G=0.057+(0.256xT)+(0.0139xT2)-(0.0012xT?)

where G is instantaneous .growth rate and T is temperature.
Equation 1 predicts growth under daily cycling temperatures and.
equation. 2 predicts growth under constant temperatures. Figure

presents these equations graphically.



D. Method for Adjustment of Growth Rates as a Function of Size

The growth 'rates udetermined through the use of the

growth—tembefature curve cannot be directly applied to chinpok
salmon of any size; adjustménts for size differengég7must be
made to these estimated rates before using them in the»rmodel.
This was accomplished in paft by using the equation presentea in
Brett et al. (1969) that éllows!Eomparison of growth rates of
different sized‘salmoh:'

1n(G)=In(5.42)-0.41(1n(W)) r

where G 1is the maximum instantaneous growth rate and W is the
wet weight of the fish in grams.

This equétion provides the maximum growth capability of a

particular size of salmonid. One can then determine the
difference in the maximum potential growth rate between tw6//
sizes and then either add or subtract this difference from one
of the observed growth rates, which Vmake§ the growth rates
comparable.

In Vthe model, the growth function is not based on maximum
ration levels but- 12% ratién leQels. Therefore, to apply the
rationalé éxplained above, 1t was assumed that the proportion of
the maximum growth rate, (Gmax), represented by the growth at
the 12% ration at any temperature would be the same for chinook
salmon of all sizes, at least éuring the freshwater portion of

their 1life. For example, the maximum instantaneous growth rate

of a ﬁ0.82 gram salmon 1s 0.0579. Under a daily cycling

o
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| - \ 7N
temperature of 15°C + 2°C, and a ration level éf Jé%, Ekp
predicted instantaneous growth ra?e,,using_the grégfh/fgnctiq%
based on cycling temperatures, is 0.0330. This repr&sentg"”gé%
(0.0330/0.0579f of the maximum growth potential, If, in the °
simulation, the average weight of the fish is 10 grams when the
water temperature 1is averaging I15°C, then the instantaneous

growth rate 1is determined by multiplying | the maximum

instantaneous growth rate for a 10 gram salmon, 0.0216, by 0.57,

——

This gives an instaﬁtaneoﬁgpgfbgth rate of 0.0123 which is then
used 1in. the model to determinexthe growth of the fish over the
next time period.

This approach is based on the assumption that a 12% ration
always produces the same proportion of Gmax, no matter the size
of the fish. Clearly, this 1is not accurate. However, if -one
assumes that the 12% ration curve is equal to some proportion of
satiation, then it is realistic té approach the problem in this
manner. After examining the results of Brett et al. (1982) I
have concluded that, for the purpose of the model, thg 12%
ration growth function can be looked upon as an approximation to
one assuming 50% satiation feeding. This approach li%il
underestimates the insténtaneous growth rates - at//,hféher
temperatures %and consequently may “«cause an ungefég?{%ation of
average fry weight when high water temperéfﬂ;gg, - (>18°C), are
simulated. However, the time péffga over which temperatures
greater than 18°C occur is short, and so the influence of thfé\

bias is probably slight.
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