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ABSTRACT


The bioenergetics of two anadromous native salmonid fishes in Californiawere investigated,


concentrating on effects of water temperature and ration size on juvenile Nimbus Hatchery


strain steelhead (Oncorhynchus mykiss irideusy and juvenile Nimbus strain chinook salmon


(Oncorhynchus tshawytscha). Nimbus strain steelhead reared at water temperatures of 11,


15, and 19°C and ration levels of 100 and ca.87% satiation showed increases in growth rates,


food consumption rates, and upper acute thermal tolerance at increased temperatures.


Temperature generally did not affect steelhead oxygen consumption rates, swimming


performance, or thermal preference. Ration level affected oxygen consumption rates.


Juvenile Nimbus strain steelhead differ from some other anadromous and resident rainbow


trout strains. Nimbus strain chinook salmon reared at water temperatures of II, 15, and


19°C and ration levels of 100 and 25% satiation showed increases in growth rates and food


consumption rates with temperature. Salmon recieving the 100010 ration grew faster than


those on the restricted ration atall temperatures. Salmon fed the unrestricted ration at 19°C


had higher swimming performances than those fed the restricted ration; no ration dependent-

differences in upper acute thermal tolerance or oxygen consumption were observed.


Keywords:


Anadromous fish and fisheries, bioenergetics, American River, species variation, temperature,


ration level, chinook salmon, steelhead, Oncorhynchus mykiss, Oncorhynchus tshawytscha.
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STATEMENT OF PROBLEM AND RESEARCH OBJECTIVES


California's limited supply of fresh water is shared among three major user groups: urban,


agricultural, and wildlife/fisheries (Miller 1993~ SWRBC 1993). Because the current demand


for water exceeds the supply compromises on the allocation of this resource must be made.


Historically, water allocations have favored agricultural and urban users, with the wildlife and


fisheries getting what little water remains (Miller 1993~ SWRBC 1993). This situation has


severely affected the state's aquatic resources (Moyle 1976; Moyle and Williams 1990;


Moyle and others 1995).


Most of California' s water is located in the northern half of the state, while most of the users


are in the southern half. An extensive system of impoundments, pumps, and aqueducts has


been constructed to make timely deliveries of water to the areas of greatest demand.


Components of this water distribution system have had severe impacts on the aquatic biota


(Herbold and others 1992; Moyle 1976; Moyle and Williams 1990~ Moyle and others


1995). The adverse effects of these structures can be placed in one of two classes:


1.Loss of habitat because of physical barriers to migration in the form of dams, diversions


~d pumps (Clay 1995; Fletcher 1985; Moyle and others 1995).


2. Alterations in environmental conditions; both abiotic ones such as temperature profiles,


flow regimes, and substrate; and biotic ones such as food availability and species composition


(Moyle and Williams 1990; Moyle and others 1995).
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Steelhead trout (Oncorhynchus mykiss) and chinook salmon (0. tshawytscha) have been


severely impacted by these impoundments and diversions (Chatters and others 1991; Moyle


and others 1995; Taylor 1988). Researchers have recognized that studying the effects of


temperature and ration size on the physiological responses are critical for establishing


managementcriteria for these "at risk" species (Heming and McInerney 1982; Kope and


Botsford 1990; Kreiberg 1989; Neilson and Geen 1985). The previous citations represent


just a few studies of a substantial, yet inadequate body of literature in reference to steelhead


and chinook salmon populations in California.


It has been conclusively shown that Oncorhynchus species in a different drainages have


genetic differences (Beacham 1990; Beacham and Evelyn 1992; Beacham and Withler 1991;


Gall and others 1992) that result in differences in physiological performance (Cheng and


others 1987; Kreiberg and others 1988), behavior (Taylor 1990b; Taylor and Foote 1991;


Taylor andMcPhail 1985)and life-history strategies (Clarke and others 1992; Healey 1994;


Taylor 1990a). Because the California populations of steelhead and chinook salmon reside at


the southernmost limitof these species' distributions (Moyle 1976), one can expect the fish


to show significantly different responses to environmental conditions compared with their


more northern conspecifics, thereby creatingthe need for research on California strains.


There have been limited studies on the physiological responses of California strains of


steelhead and chinook salmon to differentenvironmental conditions, especially temperature


and ration size (Castleberry and Cech 1993; Castleberry and others 1991; Mulchaey 1994;


Rich 1987). Mulchaey (1994) showed that hatchery-reared steelhead fed maximal rations are
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significantly better swimmers than resident rainbow trout. Rich (1987) measured the growth


and survival of juvenile American River chinook salmon fed maximalrations at a variety of


temperatures to determine the temperature optima. The optimal rangeRich [Rich, 1987 #960


reported for the laboratory-reared fish was 12.2 - IS.SoC.Castlebeny et al. (1993; 1991)


evaluated the relations among river conditions and growth rate, condition, and physiological


performance of wild-caught chinook salmon and steelhead from the American River. The


feeding and thermal history of these fish was not wen known, but they appeared to be


growing well in water of 15 - 17°C. This study identified a need for: 1) laboratory


experiments that could establish cause and effect relations among various conditions,


including temperature, on the performance of American River salmonids and; 2) laboratory


experiments that would assess and validate their in situ measurements of growth.


The objective of this study was to evaluate the effects of temperature, ration size and


genetics on the growth, survival, and bioenergetics of Californiastrains of chinook salmon and


stee1head. The parameters measured included food (energy) consumption rates (C


consumption rate, % body weightper day), growth rates (0: growth rate, % body weight per


day), active and resting routine respiratory metabolic (oxygen consumption) rates and


mortality rates (from temperature exposure, poor condition, susceptibility to being swept


downstream).


The primary goal of this study was to collect a baseline data set that would provide water


and fisheries resource managers with critical data on California strains for application to


current management decisions involving steelhead and salmon populations. Examples would
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include helping set water quality criteria for the American, Sacramento-San Joaquin Rivers


and Delta, and helping set suitable approach velocities for water diversions to minimize the


entrainment and impingement losses of juvenile salmonids at pump and water diversion


intakes, currently a major source of out-migrant mortality (Fletcher 1985; Herbold and others


1992; MIler 1993; Moyle and Williams 1990; Moyle and others 1995). The data set will


also determine the suitability of using published data on non-California steelhead and chinook


salmon strains for managementdecisions within California.


Additionally, results of the proposed study will be useful for modeling exercises and to


delineate future research efforts. The collected data are suitable for use in individual-based


bioenergetic models that would allow resource managers to explore different management


strategies through computer simulation (Hewett and Johnson 1992). the results could also be


used for baseline comparisons with future studies of 1)family differences to assess natural


variability within spawning runs (e.g., fall-run)of chinook salmon, 2)other runs (e.g., winter-

run, spring-run) of chinook salmon, and 3) other anadromous species (e.g. coastal coho


salmon and cutthroat trout).
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REVIEW OF 11ETHODOLOGY


Facilities Description


All experiments were conducted at the Center for Aquatic Biology and Aquaculture facility


on the University of California, Davis, campus, Both steelhead and chinook salmon were


held indoors in a facility that received both natural light through translucent roof panels and


artificial lighting set to the natural photoperiod (July to September for steelhead; May to July


for chinook salmon), The 100-L round fiberglass tanks received a constant flow (4 L min-I)


of air-equilibrated well water at temperatures of either 11, 15, or 19°C (± 0.5 °C), Water


temperatures were maintained by a computer-controlled mixing valve and were constantly


monitored by microcomputer, In-tank water velocities were adjusted using angled spray bars


to 1 body length per second (BL S-I). Flow direction was reversed every 5 days to uniformly


exercise the fish. Mean well water characteristics during the experiments were: total


dissolved solids 390 mg Lol, total suspended solids < 5.0 mg L-

1


, total alkalinity 300 mg t.',


pH 7.8 and hardness 320 mg L-

1


. Dissolved oxygen levels in the flow-through experimental


tanks, which also incorporated continuous aeration, were never below 90% air-saturation;


weekly tests for dissolved ammonia detected none (0.1 mg Lo

1 

detection limit).


Source and Care of Steelhead


Age-O winter-run steelhead hatched from Nimbus strain eggs collected from the American R.


at the Nimbus State Fish Hatchery in the winter of 1996 - 1997 were reared at the


Mokelumne River State Fish Hatchery (tributary to the Sacramento-San Joaquin R. system).


12




Steelhead (mean weight: 2.7 g, mean standard length [SL]: 59.2 mm) were taken to the


University of California, Davis, and acclimated to air-equilibrated well water at 11, 15 and


19°C at 1°C d". Steelheadwere stocked in I100L round fiberglass tanks (4 replicate tanks


per temperature/strain treatment) at a density of 25 fish per tank. Steelhead were fed


Silvercup floating steelhead pellets.


Source and Care of Chinook Salmon


Age-D fall-run chinook salmon from Nimbus strain eggscollected from the American R. at


the Nimbus State Fish Hatchery in the fall of 1997were hatched and reared at the Nimbus


State Fish Hatchery. Chinook salmon (n = 720; meanweight: 1.65 g, mean total length [TL]:


·60.4 mm) were taken to the University of California, Davis, in late April, 1998 and


acclimated to air-equilibrated well water at 11, 15 and 19°Cat 1°Cdol. Salmon were stocked


in 1l0-L round fiberglass tanks (4 replicate tanks per temperature/ration treatment) at a


density of 30 fish per tank. Chinook salmon were fed Rangensemi-moist salmon pellets.


.Food Consumption and Growth


All steelhead and chinook salmon were first used in 3O-d food consumption and growth


experiments. At the conclusion of these experiments, the rearingconditions (ration levels and


temperature regimes) were continued while the individual fish were used in oxygen


consumption, swimming performance, thermal tolerance, and thermal preference experiments.


Fish were fed a satiation ration (100%) or a reduced ration (ca.87% for steelhead, ca.25% for


chinook salmon). The reduced rations were calculatedusing:
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LFC

d l 

Reduced ration = L . x W
 x k

W r 


f


(1 )


where .I:FCd_l is the total amount of food consumed (g) by all the 100% satiation tanks at


temperature T the previous day, Wf is the sum of the biomass (g) of the 4 full ration tanks at


temperature T from the previous weighing, Wr is the biomass (g) of the particular reduced


ration tank from the previous weighing, and k is the reduction coefficient (ca. 0.87 for


steelhead and 0.25 for chinook salmon). The amount offood consumed was quantified after


each feeding by subtracting the weight of the uneaten pellets from the weight of the food


given. Mean consumption rate (C) in percent body weight of food consumed per day was


calculated for each tank (Wurtsbaugh and Davis 1977b) using:


consumption rate (% body weight dol) = (c ) x 100 

0.5 "'i+WI. t


(2)


where W

j 

is the initial estimated dry weight of a group of fish, W

2 

is the final dry weight of


the group of fish, t is the duration of the experiment in days (30 days), C = estimated dry


weight of food consumed. Dry weights were estimated by multiplying the total wet weight


of the fish in each tank by the mean dry weights determined by oven-drying a subsample of 5


fish per treatment per sampling date at 60°C until no reduction in weight was detected


(approximately 4 days),


Growth rates were calculated for each tank. All fish were weighed and measured on day 0,


10,20, and 30, Fish were fasted for 24 h prior to weighing, anesthetized (50 mg C

1  

MS-222~


3 gel NaCl; 0.1 g L-

l 

NaHC0

3

) , weighed to the nearest 0.1 g on a calibrated electronic
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balance and standard length (SL), fork length (FL), and total length (TL) measured to the


nearest mm. Initial (Wi) and final (W

2

) dry weights (g) for each time interval (t) were used to


calculate the mean growth rate (G, % body weight per day) for each tank (Wurtsbaugh and


Davis 1977b) using:


W-W,


growth rate (% body weight dol) = q 2 I) x 100 

O.-\~ +W

2 

t


(3)


Mean specific growth rates (SGR, % body weight per day) were also calculated for each


steelhead tank using:


(4)


where t2 - 11is the duration of the growth experiment in days (Busacker and others 1990) and


Wi and W

2 

are as above.


Gross food conversion efficiencies (GeE, %) were calculated for each tank using:


gross conversion efficiency (GeE, %) = 1;
w,x 100 

30

G


(5)

where W

2 

and WI are as above, and C; is the daily amount of food consumed. Steelhead and


chinook salmon results were analyzed separately. The mean initial and final weights for each


treatment were compared using Student t-tests. Differences among treatment mean C, G,


GeE, and SGR were tested for using ANDV A. Multiple pairwise comparisons were made


using the Student-Newman-Keels method.
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Immediately following the conclusion of the 3O-d growth and food consumption experiment,


the chiller supplying our system with cold water failed and began leaking refiigerantand oil


into the 11 and 15°Ctreatment tanks. Because of the unknown, but potentially toxic effects


of these compounds, and because of the loss of the cold water supply, we did not conduct


oxygen consumption, thermal tolerance, or swimming velocity experiments on the 11 and


15°C salmon. Also, the loss of the cold water prevented us from conducting thermal


preference experiments on any chinook salmon.


Resting Routine Oxygen Consumption


Resting routine oxygen consumption (MO

2

) was measured in 900-ml cylindrical glass static


respirometers. Oxygen consumption experiments were conducted on 24-h fasted fish in


temperature-controlled water baths setto the fish's rearingtemperature. Individual fish (8 to


10 replicates per steelhead treatment; 19 replicates per chinook salmon treatment) were


placed in covered respirorneters and allowed ~ 4 h to reach a quiescent state. Water in the


respirometers was exchangedat 100 ml min" during this period. After 4 h, an initial water


sample was taken using a 1 ml glass syringe, and the respirometer was sealed. The partial


pressure of oxygen (P0

2

) in the water sample was measured using a Radiometer


PHM711D6161E5046 thermostatted O

2 

analyzer system. P0

2 

values were converted to O2


contents (mg O

2 

L-

t


) using a solubility nomogram. After enough time elapsed for a 20 - 30

nun Hg drop in P0

2 

(25 - 45 min, depending on temperature) the final water sample was


taken for analysis and the respirometer unsealed. The volume of the respirometer was
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determined, and the fish removed, over-anesthetized (500 mg L-

1 

MS-222), weighed, and


measured. M O

2 

was calculated using:


M


·° (initial
02 content - final 02 content) .


2 ::::
 X volume of respirometer 

elapsed time of experiment


(6)


We tested for differences between steelhead treatments' mean oxygen consumption rates and


morphometries using ANOVA; differences between chinook salmon treatments were tested


for using Student T-tests,


Critical Thermal Tolerance


Acute upper thermal tolerance was evaluated on individual 24-h-fasted fish (8 to 10


replicates per steelhead treatment; 20 replicates per chinook salmon treatment) using Becker


and Genoway's (1979) critical thermal maxima (CTM) procedure as modified by Young and


Cech (1996). Fish were acclimated to their rearing temperature (11, 15, or 19°C) for at least


30 d. We increased the water temperature from the acclimation temperature by O.3°C min"


using loss of equilibrium as our primary endpoint. Differences among steelhead treatment


CTM and morphometric values were tested for using ANOVA procedures. Student T-tests


were used to detect differences among mean chinook salmon treatment morphometric and


CTM values.


Swimming Performance


Steelhead and chinook salmon aerobic swimming performance was assessed by measuring the


critical swimming velocity (U

ent

) (Brett 1964) of individual 24-h-fasted fish (7 to 10
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replicates per steelhead treatment; 11 to 15 replicates per chinook salmon treatment) in a


152-L Brett-type swimming flume (modified from Bell and Terhune's 1970 design). Fatigue


was taken as the point where the fish would not move off the rear screen of the swimming


flume, even after reductions in current velocity and gentle prodding with a nylon rod. We


used a short lO-min interval and a 1 BL s ' velocity increment because we were solely


concerned with a comparative measure of swimming performance (Hammer 1995). We


accounted for fish size differences by dividing the D

crit 

by the TL, giving the length-specific


U

crit 

in BL s". Differences among steelhead critical swimming velocities and morphometries


(fish length and weight) were detected using ANOV A. Student's t-tests were used to detect


differences among chinook salmon mean treatment U

crit 

and morphometric values.


Thermal Preference


The l-h thermal preferences of individual, 24--h-fasted steelhead were determined using 1.5-

m-long thermal gradient tanks in which a 20

0

e thermal gradient (10 to 30°C) was established.


Individual steelhead (10 replicates per treatment) were carefully transferred to the tank at


their acclimation temperature. Fish were allowed 1 h to recover from handling before the


gradient was established by introducing 10 and 30° water at opposite ends of the tank. The


fish's location and water temperature at that location were recorded every 15 minutes for 1 h.


The initial (control, To), final preferred temperature (temperature at t = 60 min) and mean


preferred temperature:
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(7)


for each fish were determined. T-tests were used to compare each treatments mean and final


preferred temperatures. Analyses of variance were used to detect differences among the


treatments' initial, final, and mean preferred temperatures. Multiple pairwise comparisons


were made using the Student-Newman-Keuls method.
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DISCUSSION OF RESULTS AND THEIR SIGNIFICANCE


Results


Food Consumption, and Growth All steelheadwere treated for a Costia infection a week


before the experiments started, but there was some residual mortality during the first week of


the food conswnption and growth study. Survival rates varied greatly within and among


treatments (by up to 22%), but there were no significant differences among treatments'


survival rates (Table 1). Reduced ration food consumption rates were 82, 92, and 88% of


satiation rations at 11, 15, and 19°C, respective!y. We observed a trend of increasing


consumption rates at 19°C, comapred with those atthe two lower temperatures, but this was


only statistically significant between the 19°-reduced ration steelhead and their reduced


ration counterparts at 11 and 15°C (Table 1).The overall food consumption rate QlO (11 -

19°C)for the full and reduced ration steelheadwere 1.30 and 1.63, respectively.


Mean steelhead size increased significantly (postive growth) in all treatments (Table 1). Full


ration steelhead had consistently higher final wet weights than reduced ration steelhead but


this pattern was not reflected in the G or SGR values (Table 1). Morphometries (body


proportions) were not sensitive to these temperature/ration treatments (slopes of the log


length-weight relationships were not significantly different, Table 2). The 19°C full-ration


steelhead grew significantly faster than the 11 or 15°C full ration steelhead and the 19°C


reduced ration steelhead (Table 1). No other significant differences among growth rates were


observed. Gross food conversion efficiencieswere temperature and ration level-independent


(Table 1).
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Food consumption and growth rates for chinook salmon fed to satiation increased


significantly with temperature (Table 3). We did not detect a significanttemperature effect


on full ration salmon gross conversion efficiencies, although an increasing trend with


increasingtemperature was seen. Reduced ration chinook salmon growth rates were similar,


and negative, at all temperatures tested (Table 3). Reduced ration food consumption rates


increased with temperature because of their dependence on the corresponding ~ll ration


treatment's food consumption rate (Table 3). Reduced ration gross conversion efficiencies


were also similar, and negative, at all temperatures tested (Table 3). Full ration tanks had


significantly higher chinook salmon growth rates and conversion efficiencies than the


corresponding reduced ration tanks atthe same temperature (Table 3).


Resting Routine Oxygen Consumption Mean steelhead weights among treatments were


notsignificantly different. The 19°Creduced-ration fish had significantly lower mean oxygen


consumption rates than the 19°C,full-ration steelhead (Figure 1). A similar trend was


observed within the 11and 15°Ctreatments, butthe differences were notstatistically significant


(Figure 1). No temperature effectwas detected among either reduced or full-ration treatments.


The mean weight of the 19°Cfull-ration salmon was notsignificantlydifferent from thatof the


19°Creduced-ration salmon. Although the 19°C reduced-ration oxygen consumption rate was


1.5 times higher than thatof the full ration fish, the difference is notstatistically significantdue


to substantial individual variability(Figure 2) ,


Critical Thermal Tolerance Juvenile steelhead critical thermal maxima increased


significantly with rearing/acclimationtemperature (Table 4). Ration did not have a significant


effectwithin an acclimationtemperature, with the exception of the 3.4% higher C~M of the


15°C reduced-ration treatment (Table 4).
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Despite a significantdifferencebetween the weights of 19°Cfull-ration salmon and the 19°C


reduced-ration salmon (14.7 ± 1.2 g and 3.2 ± 0.4 g, respectively), their critical thermal


maximawere not significantly different (Figure 3).


SwimmingPerformance 

The larger 15 and 19°C full-ration steelhead swam significantly


faster than the 11°C full ration steelhead (Table 4). Additionally, the 15°C full-ration


steelhead swam significantly faster than the smaller 15°C reduced-ration steelhead (Table 5).


No other ration or temperature-related differences were observed (Table 5).


The larger 19°C full-ration chinook salmon swam faster than the 19°C reduced-ration salmon


(Table 6).


Thennal Preference Steelhead in all but the 19°C treatments selected significantly higher


final and mean temperatures than their initial temperature (rearing/acclimation temperature)


(Figure 4). There were no significant differences between the mean or final preferred


temperatures of any treatment (Figure 4). No significantration or thermal acclimation effects


were observed.
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PRINCIP AL FINDINGS, CONCLUSIONS, AND RECOMMENDATIONS


Steelhead


Juvenile Nimbus strain steelhead show a higher level of temperature-independence of growth,


oxygen consumption, food consumption, and thermal preference than has been previously


reported for other steelhead strains over the 11 to 19°C range. Nimbus steelhead swimming


performance and thermal tolerance generally increased with increasing temperatures. Reduced


ration levels of 82 to 92% reduced growth rates, swimming performance, and oxygen


consumption rates.


Food Consumption, and Growth 

A fish's ingested energy (C) (Warren and Davis 1967) is


allocated to somatic and reproductive growth (G, and G,., respectively), maintenance and


activity metabolism (M, and M

a

, respectively), specific dynamic action (SDA), and losses in


fecal (F) and urinary wastes (U) according to:


(8)


Nimbus steelhead food consumption rates increased with temperature increases to 19°C. The


QlO (temperature-dependent rate constants) of 1.30 and 1.63 for the reduced and full-ration


fish, respectively, are lower than the QlO values of 2.to 3 more typically observed (Schmidt-

Nielsen 1990). Elevated consumption rates may result from an increased ability to eat or in


response to elevated energy demands at higher temperatures, as has been reported for other


fishes (Jobling 1997). Temperature-related increases in some right side variables (energy use)


in equation 8 must balance decreases in other right side variables or increases on the left


23




(energy ingestion)side. Because reproductive growth in juvenile fish is negligible, and losses


due to egestion and energy used for SDA are functions of the food consumption rate (Beyer


and others 1988~From and Rasmussen 1984), the surplus energymust have been partitioned


into growth, activity, and maintenance metabolism. Steelhead growth rates showed an


increasing trend with temperature increases to 19°C.. Resting routine oxygen consumption


rates were temperature-independent; possible reasons for this are discussed below. Steelhead


activity levels may have increased atthe warmer temperatures, but these were not quantified.


Increased activity rates as temperatures approach the upper incipient lethal limit have been


documented in rainbow trout (Briggsand Post 1997).


Our steelhead had lower consumption rates than resident Eagle Lake or Mt. Shasta strain


rainbow trout used in a similar study (Myrick and Cechin press) (Table 7). The two studies


were similar, differing primarily in the type of feed used and the stocking density (25


fish/tank vs. 30 fish/tank). Some size differences were also apparent. Our full ration


steelhead consumed less food than Oregon steelhead (Table 7), but consumed more food than


4 - 8 grainbow trout used by Alsop and Wood (1997). The differences between the values


reported in these studies and our study may have resulted from differences in fish size, feed


type or experimental protocol. Rainbow trout and sockeye salmon (0. nerka), consumption


rates are generally inversely related to fish size (Brett and others 1969; Wurtsbaugh and


Davis 1977a).


Given the similarity of the two ration levels, the statistically indistinguishable growth rates


between ration treatments (Table 1)was not surprising. The ability of the reduced ration fish
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to match the growth rates of the full ration fish suggests differences may have been due to


activity. Reductions in conversion efficiency at ration levels approaching C

max 

have been


noted in brown trout (Elliott 1976), but we observed no temperature or ration-related


differences in conversion efficiency (Table 1). This result is important because it suggests


that juvenile Central Valley steelhead do not require maximal rations to achieve high growth


rates. However, the two ration levels were too close to conclusively demonstrate this.


Nimbus steelhead growth rates increased with temperature to a maximum at 19°C. Similar


temperature effects have been reported for other fish, including Eagle Lake rainbow trout (0.


m. aquilarum), Mt, Shasta rainbow trout (Myrick and Cech in press), and Oregon steelhead


(Wurtsbaugh and Davis 1977b). It is premature to conclude that the optimal temperature for


Central Valley steelhead growth is 19°C until further growth data are collected at


temperatures just below (e.g., 17°C) and above 19°C. We can, however, conclude that the


observed maximum growth rates correlate with mean preferred temperatures (Figure 4). This


increase in growth rate would allow the steelhead to take advantage of the higher water


temperatures of the primary rearing areas and maximize their growth, thereby reducing the


effects of size-dependent predation (Brown and Moyle 1981) and enhancing ocean survival


following emigration (Johnsson and others 1997; Mathews and Ishida 1989; Unwin 1997),


providing sufficient food is available.


Nimbus steelhead had lower growth rates than those reported for other strains of resident


rainbow trout (Myrick and Cech in press) and Oregon steelhead (Wurtsbaugh and Davis


1977b) (Table 7). Differences in fish size can account for the differences between our results
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and those for the Oregon steelhead. The differences in growth rate between our fish and the


Eagle Lake and Mt. Shasta rainbow trout probably result from those strains' higher food


consumption rates.


Resting Routine Oxygen Consumption 

Mean steelhead weights among treatments were


not significantly different. The 19°C reduced-ration fish had significantlylower mean oxygen


consumption rates than the J9°C, full-ration steelhead (Figure 1). A similar trend was


observed within the 11 and 15°C treatments, but the differences were not statistically


significant(Figure 1). No temperature effectwas detected amongeither reduced or full-ration


treatments.


Nimbus steelhead used in our oxygen consumption experiments showed an interesting ration-

related response. Although only significantat 19°C, full ration fish generally had higher


oxygen consumption rates than reduced ration fish (Figure 1). It appears that the full ration


treatment MO

2 

included both the resting routine metabolism component and some SDA


component. The factors that determine the duration of the SDA effect have not been


exhaustively investigated, but are known to include temperature, meal size and type, fish


size, and interval between meals. Jobling and Spencer-Davies (1980) reported that the


duration of the SDA effect in plaice (Pleuronectes decurrensy decreased with increasing


temperature and increased with the percentage of protein in the meal. Du Preez (1987) noted


differences in the magnitude of the SDA effectin leervis (Lichia amia) that were related to the


length of the interval between meals and Armstrong et a1(1992) and Furnell (1987) reported


that the SDA effectcould be detected two or more days after feeding in northern pike (Esox
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lucius) and sablefish (Anoplopomaflmbria), respectively. Although all of our steelhead were


fasted for ?: 24 h, this may have been insufficient time for complete gastric evacuation.


Boyce and Clarke (1997) reported that larger Antarctic plunderfish (Harpagifer antarcticus)


showed detectable SDA effects over a longer interval than smaller fish, but that neither the


duration nor magnitude of the SDA effect was affected by ration size. If this observation


holds true for juvenile steelhead, then the larger size of the full ration steelhead (1.2 to 1.6


times larger than the reduced ration steelhead) could have resulted in SDA effects with longer


durations and therefore explain the observed MO

2 

differences.


Nimbus steelhead used in our experiments had temperature-independent oxygen


consumption rates over the narrow (8°C) range tested. The temperature-independent MO

2


appear surprising at first, as one normally expects a poikilothermic vertebrate's M0

2 

to


increase with increasing temperature (Schmidt-Nielsen 1990) but temperate fish are known to


show reduced metabolic sensitivity to temperatures approaching their thermal optima


(Taylor and others 1997). The preferred thermal range for Nimbus steelhead is 17 - 20

0

e


(Figure 4), so their metabolic rates near that temperature range are likely to show thermal-

independence (Taylor and others 1997). An ecological advantage of this temperature-

insensitivity in respiration is that Central Valley steelhead can move to wanner water to take


advantage of the higher growth and, possibly, activity rates without incurring a significant


-,


maintenance metabolic cost, providing sufficient food is available.


Full ration treatment oxygen consumption rates are comparable to those of resident Eagle


Lake and Mt. Shasta strain rainbow trout (Myrick and Cech in press) and Little Kern River
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golden trout (Myrick and Cech, unpublished data). The similarities among these four


California O. mykiss strains oxygen consumption rates suggests that the thermal


independence may be an adaptation to California's variable conditions. Although M02


measurements techniques are not as variable as those used for measuring growth or food


consumption rates, differences due to fish size, respirometer design, and experimental


procedures may influence comparison between studies. For example, our steelhead and


resident rainbow trout (Myrick and Cech, unpublished data) M O

2 

were 20 to 25% lower


than those reported by Cech etal.(I 990)for Californiarainbow trout.


Thermal Preference Nimbus steelhead used in this study preferred temperatures between


17 and 20°C, irrespective of ration level or rearing temperature (Figure 2). The lack of any


kind of ration effectis interesting, as other studies have reported that fish may behaviorally


thennoregulate and'seek lower temperatures when rations were restricted to decrease their


maintenance metabolic costs (Hughes 1998; Konecki and others 1995~ Reynolds and


Casterlin 1978). It is likely that the difference between the two ration levels was not


sufficientto elicitsuch a response in our steelhead. Much variation in thermal preference was


observed within each treatment. Konecki et al. (1995) investigated the potential for


population-level variation in the related coho salmon (0. kisutch). They found that the large


degree of variation at the individual level may have been masking any population-level


differences.


Nimbus steelhead reared at 11°C have higher mean preferred temperatures than those


reported by for anadromous Great Lakes rainbow trout acclimated to 10 to 11°C water but
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show similar thermal preferenda at acclimationtemperatures in the 15 to 19°C range (Cherry


and others 1975; Cherry and others 1977). Our Nimbus steelhead preferred higher


temperatures than the 7 to 15.6°C range reported as optimal for California steelhead


(McEwan and Jackson 1996; McEwan and Nelson 1991; Zedonis and Newcomb 1997).


Care should be taken before applying our thermal preference results because the interactive


effects of factors like predation, inter- and intraspecific resource competition, disease, and


instream hydraulics may influence temperature selection in the AmericanRiver.


Thermal Tolerance Nimbus steelhead critical thermal maxima were significantly affected


by acclimation (rearing)temperature, but not by ration level. However, steelhead receiving


reduced rations tolerated slightly (but not significantly) higher temperatures than full-ration


steelhead. This difference is interesting, because some studies have documented size-related


differences in thermal tolerance (Baker and Heidinger 1996; Becker and Genoway 1979)


while others reported that no size effect (Bidgood 1980; Bidgood and Berst 1969). If size


did have an effect, one would expect the larger full-ration fish to display greater thermal


inertia and hence a slightly greater thermal tolerance. We detected no size-related differences.


One possible explanation for the observed trend involves the observed aerobic metabolic rate


differences. In order to meet their elevated oxygen demand, the full-ration fish must extract


more oxygen from the water by increasing gas exchange rate either by increasing gill


ventilation volume, increasing gill perfusion and/or adjusting other efficiency variables


(Campagna and Cech 1981; Randall 1982). The higher exchangeefficiency of gill tissue may
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translate into higher heat exchange, especially from convective ventilation and perfusion


increases (Graham 1983), leadingto a slightly faster submission to the acute thermal stress.


Past reports on salmonid acute thermal tolerance generally report a positive thermal


acclimation effect (Bidgood 1980; Elliott 1991; Kowalski and others 1978). Our steelhead


also displayed this positive thermal acclimation effect, showing that they have a limited


ability to increase their tolerance when reared under elevated temperatures. Even though the


magnitude of the acclimation effect is only 2°C, this could represent a significant difference


under natural conditions, High summer and fall water temperature is the environmental factor


that limits the survival of juvenile steelhead in the American River and adversely affects the


production of yearling steelhead atNimbus Fish Hatchery (McEwan and Nelson 1991), Our


data indicate that Nimbus steelhead can tolerate higher temperatures, provided that dissolved


oxygen levels remain near saturation and disease outbreaks are controlled.


The CTM values we reported for Nimbus steelhead were similar to those reported for other


rainbow trout (both resident and anadromous). With the possible exception of lake trout


(Salvelinus namaycush), Arctic charr (S. alpinus) (Lyytikainen and others 1997) and other


cold-adapted salmonid species restricted to high latitudes, salmonids appear to have very


similar thermal tolerances, irrespective of origin (Grande and Andersen 1991~ Lee and Rinne


1980).


SwimmingPerformance 

Nimbus steelhead critical swimming velocities were affected by


fish size and to a lesser degreeby temperature and ration level. The larger 15 and 19°C full-

ration steelhead swam significantly faster than the 11°C full-ration steelhead. Although little
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difference existedbetween steelhead length-specific swimming performances at 11 and 19°C,


there is an increase in swimming performance between 11 and 15°C (P = 0.07) and a decrease


in swimming ability between 15 and 19°C. This result suggests that the steelheads'


locomotory muscular system (e.g., muscle fibers, enzymes) has an optimum operating


temperature (Johnston and others 1990~ Rome 1995~ Rome and others 1990)between 15


and 19°C.


Although not statistically significant, full ration treatments had consistently higher relative


V

erit 

than their reduced-ration counterparts. Nimbus steelhead fed full rations may have had


larger endogenous energy stores that allowed them to maintain aerobic swimmingperformance


longer than steeIhead fed reduced rations. However, Alsop and Wood (1997) reported that


rainbow trout fed to satiation at 15°C were 9 and 15% slower than fish fed a maintenance


ration and fasted fish, respectively. They attributed the difference in aerobic swimming


performance to a reduction in the maximumaerobic capacity because of the increased SDA


associated with feeding to satiation. Because of the small difference between ration levels,


and the 24-fasting period prior to the swimming trials, we suspect that the difference in


performance may be related to size. A number of authors have reported that size influences


swimming performance, with larger fish having lower relative swimming velocities than small


fish (Brett 1965~Webb and others 1984). Full ration treatment steelhead were 1.1 to 1.4


times longer (TL)than reduced ration fish, yet they still showed higher Verit. Taylor (1991~


1985) documented strain related differences in the swimming performances of the related


sockeye and coho salmon, while Plaut and Gordon (1994) found that while individual wild-
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type zebrafish (Brachydanio rerio) had highly variable swimming performances, those of


cloned zebrafish were nearly identical. Our steelhead all came from the same strain. so the


presence of population-related variation can be discounted, but it is almost certain that there


is a high degree of individual variability, even among closely related hatchery steelhead.


However, individual variability still does not provide an explanation for the observed trend.


A final possibility is that steelhead fed full rations were able to draw on larger endogenous


energy stores and thus maintain aerobic swimming performance longerthan the reduced ration


fish.


Nimbus steelhead aerobic swimming performances are intermediate compared with those


reported for other resident and anadromous rainbow trout (Table 8). ResidentEagleLake and


Mt. Shasta rainbow trout (Myrick and Cech in press) were faster than the steelhead at all


temperatures, as were Aberdeen strain steelhead swimming at 10°C (Hawkins and Quinn


1996). Nimbus steelhead swam at roughly the same velocity as Mad River hatchery


steelhead (4.74 BL s-1) (Mulchaey 1994) and were faster than the rainbow trout used by.


Alsop and Wood (1997). Variation among studies can be introduced by differences in fish


size, conditioning (Bainbridge 1962; Hammond and Hickman 1966), experimental protocol


(peake and others 1997a), and apparatus design (Webb 1993). As a result of this, and


because of the known performance differences between wild and hatchery fish (Brauner and


others 1994; Duthie 1987; Peake and others 1997b)swinuning performance data should be


interpreted carefully.
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Chinook Salmon


Water temperatures in the 11 - 19°C range significantly affected the food consumption and


growth rates of juvenile Nimbus strain chinook salmon (Table 3). Chinook salmon fed a


restricted (25% satiation) ration had reduced growth rates, swimming performance, and


oxygen consumption rates, when compared to salmon receivinga satiation ration.


Food Consumption, and Growth 

As expected, increases in water temperature led to


increases in chinook salmon food consumption rates, with a corresponding increase in growth


rates. These results shows that temperature-related increases in the costs of maintenance are


offset by the increased conversion efficiency, leading to higher.growth rates at the warmer


temperatures. Surprisingly, our chinook salmon reached a growth maximum at 19°C, where


others have reported the growth maximum for chinook salmon occurs at or around 16°C(Rich


1987). The growth and conversion efficiency values we report in this study are consistently


higher than those reported by Rich (1987) 2.6 - 3.0 g Nimbus strain chinook (Table 9).


Unlike our study, Rich used filtered water from the American R. and encountered problems


with disease and reduced dissolved oxygen levels. It is important to qualify our findings by


stating that these were fish held under saturated dissolved oxygen conditions in pathogen-free


well water, so some of the common problems associated with higher temperatures were


controlled for.


Restricting the ration level to 25% had the expected effecton the mean growth rates. Indeed,


the 25% satiation ration did not provide enough energy for the fish to maintain their weight,


and negative growth rates resulted. However, an interesting aspect of the restricted ration
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treatments was the changein size distribution over the course of the experiment. As shown


in Figures 5 through 7, the distribution of initialweights in the 25%-satiation treatments was


normal, but at the end of the growth and food consumption experiment, there were a 1 to 2


very large fish in each tank, while the rest of the fish followed a regular weight distribution.


The reason for the disparity in sizes and the changein the distribution is the establishment of


dominance hierarchies within the tanks. The dominance of one individual in both laboratory


and natural settings has been widely documented (Cutts and others 1998; Harvey and


Nakamoto 1997; Johnsson and Akerman 1998; McMichael and Pearsons 1998; Wagner and


others .1996). The management implication of this result is that increasing the density of


juvenile chinook salmon in the American River without increasing the available food base will


probably reduce the growth rates of most of the juvenile salmon, though a small group of


dominant individuals may experience high growth rates.


Resting Routine Oxygen Consumption Ration level had no significant effect on the


oxygen consumption rates of juvenile chinook salmon held at 19°C. It is likely that the trend


seen, with the reduced-ration fish having a higher oxygen consumption rate than the full-

ration fish is due to differences in size. Size-related differences in oxygen consumption rate


have been widely reported, though usually for sizes that differ by at least an order of


magnitude (Cai and Summerfelt 1992; Maxime and others 1989). Although the difference


was not statistically significant, the mean weight of the reduced-ration fish was 46% higher


than that of the full-ration salmon. Because the differences in weightwere not significant, we


can compare the mass-specific oxygen consumption rates (mg O

2 

consumed per hour per
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gramoffish, or mg O

2 

h-

I 

got).As with the unadjusted oxygen consumption rates, there was


no significantdifference between the reduced ration salmon (0.28 mg O

2 

hotgot)and the full-

ration salmon (0.27 mg O

2 

h" got). This is an important resultbecause itclearly demonstrates


that in this case there was no SDAeffect after the 24-h fast (unlike the steelhead mentioned


above). Another important conclusion that can be drawn from this result is that the


maintenance metabolic costs are independent of feeding history, at least for 24-h-fasted


juvenile chinook salmon at 19°C.


Thennal Tolerance JuvenileNimbus strain chinook salmon acclimatedto 19°C showed no


ration-related differences in upper critical thermal maxima.Despite a significant difference in


meanweightbetween the reduced and full-ration salmon (3.2 g and 14.7 g, respectively; P <


0.001), we did not observe any size-related differences in critical thermal maxima. Juvenile


Nimbus strain chinook salmon have a CTM that is approximately 1°C lower than that of


juvenile Nimbus strain steelhead, but which is generally similar to those reported for other


salmonids acclimated to 19°C. Because American R. temperatures are primarily managedfor


juvenile chinook salmon production, during the period the salmon are present (until early


summer), conditions should be favorable for both juvenile salmon and steelhead (McEwan


and Jackson 1996; McEwan and Nelson 1991). Following the out-migration of the majority


of the salmon to the Sacramento River and Sacramento-San Joaquin Delta, the reduction in


flows and subsequent increase in instream temperatures is deleterious for the remaining


steelhead.
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The critical thermal maxima protocol uses a very rapid rate of temperature increase.


However, as Coutant (1973) demonstrated, even very short exposures to high temperatures


affects the predator-avoidance response in chinook salmon. Coutant found that thermally


shocked juvenile chinook salmon were selectively preyed upon by larger trout in the


laboratory when exposure times to elevated temperatures exceededa minimum duration. This


duration was 10% (chinook)of the exposure duration that caused obvious loss of equilibrium


(complete body inversion)of half a test population at that temperature (26 - 30°C). Longer


exposures increased vulnerability to predation relative to controls almost exponentially. The


thermal shock issue is of particular concern on the American River because of the temperature


difference between the American River and the Sacramento River, into which it flows (up to


7°C difference). As juvenile salmonids move from the American to the Sacramento R., they


may experience a period of enhanced vulnerability to predation because of the thermal shock.


Better management of river temperatures (particularly Sacramento R. temperatures, e.g.,


through cold-water releases from the Feather R. impoundments) would help mitigate this


problem.


SwimmingPerformance 

Juvenile chinook salmon aerobic swinuning performance is


affected by feeding history. Our study demonstrated that the larger (by 48%) full-ration


19°C salmon were 20% faster than the reduced-ration 19°C salmon. It is possible that the


difference in critical swimming velocity is completely due to the greater size of the full-ration


fish as larger salmonids are faster than small ones (Brett 1965; Brett and Glass 1973; Fry


and Cox 1970; Taylor and Foote 1991). However, another possibility is that because the
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larger full-ration salmon had greater endogenous energy stores, they were able to maintain a


high level of aerobic activity for a longer interval than the reduced-ration salmon. In light of


the resting routine oxygen consumption results reported above, this is an important finding.


While there was no difference between the two ration levels' MO

2

, the difference between


their critical swimming velocities clearly indicates that the full-ration fish have a significant


metabolic advantage over the reduced ration fish. Their greater aerobic swimming ability


would allowthem to exploit feeding lanes in areaswith higher current for longer periods than


the reduced-ration salmon, thereby increasing their feeding opportunities and their growth


rates. Because larger juvenile salmon have a better chance of making the transition from


freshwater-adapted parr to seawater-adapted smolt (Wallace and Collins 1997) and


negotiatingthe Sacramento-San Joaquin Delta (Kope and Botsford 1990~ Reisenbichler and


others 1982), it is important that the system is managed to allow for maximum freshwater


growth rates.
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SU:M:MARY


Our study on the effects of temperature and ration level on Nimbus steelhead physiology


demonstrated that this strain differs from other anadromous and resident rainbow trout


strains in some respects. The presence of these strain-related differences recommend the use


of strain-specific data, where they are available, in makingmanagementdecisions or testing


bioenergetic models. Although the steelhead population in the AmericanRiver is primarily of


hatchery origin, the population is still ecologically, economically, and aesthetically important


(MacArthur and Wilson 1963; McEwan and Jackson 1996; McEwan and Nelson 1991).


Nimbus steelhead, derived from Eel River (coastal steelhead)may be poorly adapted to the


altered conditions in the AmericanRiver.


Unlike the steelhead, the Nimbus strain chinook salmon appear well-adapted to conditions in


the American River. They displayed temperature and ration-dependent growth rates, and


ration-dependent critical swimmingvelocities. Our study demonstrated that temperatures up


to 19°C are not a problem for these fish, provided that food and oxygen availability are not


restricted and disease problems do not arise. The American River is managed for juvenile


chinook salmon, and under current management practices should continue to produce


acceptable returns of adult salmon to support the important adult salmon fishery


(MacArthur and Wilson 1963; McEwan and Jackson 1996; McEwan and Nelson 1991).


Ifwe truly want to make an effortatrestoring the AmericanRiver or any of the other Central


Valley rivers, then temperature and flow conditions need to be jointly managed to avoid the
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risk of creating thermal shock zones and/or conditions that are favorable for only one of the


two anadromous saImonid species. Only by further studies of the different strains of


anadromous saImonids present in the Sacramento-San Joaquin system will we collectthe data


needed to make sound managementdecisions. Because salmonids have highly variable life-

history characteristics (Beacham and Evelyn 1992; BeachamandWithler 1991; Bradford and


Taylor 1997; Healey 1994), it is important that future research efforts address this issue at


the individual, run, and drainageleveL
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Table 2.


Summary of mean steelhead morphometries and IOglOlength-weight relationships. Significant


increases in length and weight over the 30-d experiment were observed in all treatments.


There were no significant differences among the slopes of the log length-weight regression


equations,


Treatment 

Wet Total


Slope 

r'


Number weight length Intercept 

of fish 

(g) (mm) 

a 

SE b 

SE


Day 1


11°e full ration


100 3.08 70.8
 -4.83 0.203 2.86 

0.11 

0.87

.. 

Il°e reduced ration


100 3.05 70.7 

-5.12 

0.194 

3.02 

0.11 

0.89


15°Cfull ration


100 

2.37 

69.1 

-5.49 

0.140 

3.17 

0.08 

0.95


15°e reduced ration


100 

2.15 

67.1 -5.20 

0.218 

3.01 

0.12 0.87


19°e full ration


100 2.96 

71.8 

-5.'67 

0.121 

3.30 

0.07 

0.96


1gee reduced ration


100 2.59 68.8 -5.72 

0.113 

3.33 

0.06 

0.97


Day 30


I I°e full ration


91 

5.3 

81.5 

-6.38 0.212 

3.69 0.11 0.93


11°Creduced ration


90 

5.08 

80.3 

-6.23 0.165 3.61 

0.09 

0.95


15°e full ration


71 4.71 79.9 -6.53 0.219 3.75 0.12 

0.94


15°Creduced ration


66 

4.65 79.6 -6.85 0.265 3.92 

0.14 

0.92


19°Cfull ration


86 

7.52 87.6 -6.15 0.175 3.58 

0.09 0.95


19°e reduced ration


66 

6.63 

84.8 

-6.07 

0.250 

3.55 

0.13 

0.92
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Table 3.


Effects of temperature and ration level on mean (± SE)food consumption rates, growth rates,


and gross conversion efficiency of juvenile Nimbus strain chinook salmon. Superscripted


numbers denote statistically significant differences between ration levels at the same


temperature. Superscripted letters denote statistically significant differences between


temperatures at the same ration level. Asterisks denote significant differences between initial


and final values.


Treatment 

Number 

Food 

Growth


Gross


consumption 

conversion


Temperature


of rate 

rate


(OC), ration


replicates 

(% body wt./d) 

(% body wt./d)


efficiency (%)


level (%)


11. 100 4 

11.20 ± 0.26 a 1 

2,68 ± 0.16 a 1 

23.7 ± 4.4 a 1


11,25 

4 

3.72 ± 0.04 b 2 

_ 0,27 ± 0,08 b 2 

.; 7 ± 2.0 b 2


15. 100 

4 

13.5 ± 0.26 C 3 

3.60 ± 0.06 c 3 

27 ± 0.4 a3


15,25 

4 

5.49 ± 0.05 d 4 

-0.75±0.14

b4 

-13.5±2.5

b4


19,100 

4 

15.02 ± 0.53 e 5 

4.38 ± 0.06 d 5 

29.5 ± 1.2 a5


19,25 

4 

5,64 ± O.13 d 6 

-O.54±O.18

b6 

_9.7±3,2

b6
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Table 4.


Mean Nimbus strain steelhead critical thermal maxima. Superscript numbers indicate


significant differences between temperatures and superscript letters indicate significant


differences between ration levels.


Number


Standard 

Critical thermal maxima


Treatment 

of 

length (mm)


Weight (g)


eC)


replicates


11°C, reduced ration 

10 

76.5 ± 3.76 7.5 ±  1.15 

27.8 ± 0.11

1


·


11°C, full ration 

8 

78.3 ± 4.72 8.0 ± 1.60 27.5 ±  0.17 1.


15°C, reduced ration 

10 76.0 ±  4.96 

6.7 ±  1.39 

29.4 ± 0.28 2b


15°C, full ration 

9 82.6 ±  4.82 

9.4 ± 1.81 . 28.4 ±  0.33 3b


19°C, reduced ration 

10 

72.7 ±  4.24 

6.9 ± 1.53 

29.9 ±  0.25

40


19>C, full ration 

10 89.1 ± 5.62 

14.3 ± 2.91 

29.6 ±  0.33 4 c
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Table.5.


Mean Nimbus strain steelhead critical swimming velocities. Superscript numbers indicate


significant differences between temperatures and superscript letters indicate significant


differences between ration levels.


Treatment Number 

Morphometries 

Critical swimming velocity


of


SL(mm) 

TL(mm) 

weight (g)


(m s') 

(BL s')


replicates


11°C, reduced


10 100 ± 7.77 

119 ± 8.55 

17.9 ± 5.15 

0.51 ± 0.04 I.  3.88 ± 0.30


ration


11°C. full ration 

10 

118 ± 8.46 136 ±  9.48 29.3 ± 5.13 0.51 ± 0.02 1 b 4.34 ± 0.22


15°C, reduced


7 

84 ± 5.52 

101 ± 6.29 

9.6 ± 1.60 

0.50 ± 0.05 2 . 4.77 ±  0.25


ration


15°C, full ration 

10 

124 ± 6.09 144 ±  6.76 31.7 ±  3.95 0.67 ± 0.02 3 c 4.96 ±  0.38


1goC, reduced


10 

101 ± 4.83 120 ± 5.75 16.4 ± 2.14 

0.57 ± 0.04

4


· 4.11 ± 0.28


ration


19°C, full ration 

9 

141 ± 4.86 

164 ± 5.52 48.7 ±  5.06 0.67 ± 0.04

4

· 4.79 ± 0.31
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Table 6.


Effects of ration size on the critical swimming velocity of juvenile Nimbus strain chinook


salmon at 19°C. Asterisks indicate significantdifferences between treatment means.


Number of 

Mean total 

Mean weight


Critical


Treatment 

swimming


replicates length (mm) 

(g)


velocity (m/s)


19°C; 100% ration 

15 

111 ± 4.1* 

15.7 ±  1.6* 

0.61 ± 0.02*


19°C, 25% ration 11 

75 ±  3.2* 

3.8 ± 0.52* 

0.51 ± 0.02*
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Table 7.


Comparison of steelhead and rainbow trout food consumption and growth rates. 

Sources: L


This study; 2.Myrick and Cech (in press); 3.Wurtsbaugh and Davis (1977).


Temperature 

Size range


Consumption


Growth rate


Strain


eC) 

(g) 

rate
 (% (% body wt d-I) 

Source


body wt d-l)


Nimbus steelhead 

11 

3.1 - 5.3 

5.4 

0.95 

1


Eagle Lake rainbow trout 

10 

2.3 - 5.2 

8.7 2.56 2


Mt, Shasta rainbow trout 

10 

4.1 - 9.3 

8 

2.56 2


Nimbus steelhead 

15 

2.3 - 4.7 5.3 

0.82 1


Eagle Lake rainbow trout 

14 

2.4 -7.0 

9.4 

3.22 2


Mt Shasta rainbow trout 

14 

2.7 - 8.3 

9.7 

3.31 2


Oregon steelhead (strain


16.2 

1 - 1.2 

14.3 

2.9 3


unspecified)


Nimbus steelhead 

19 3.0 -7.5 

6.7 

1.90 

1 


Eagle Lake rainbow trout 19 

2.4 -7.5 

9.9 

3.32 2


Mt. Shasta rainbow trout 

19 

2.3 -7.6 

10.8 3.56 

2


Oregon steelhead (strain


19.5 

1- 1.2 

15.7 

3.4 

3


unspecified)
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Table 8.


Comparison of steelhead and rainbow trout critical swimming velocities.


Species


T tur Totallength 

Critical
swimming


Source


empera e (mm) 

velocity (BL s')


Nimbus steelhead 

11 

136 4.34 

This study


Eagle Lake rainbow 

10 102 

5.20


Myrick and Cech


trout


(in press)


Mt. Shasta rainbow 

10 

120 5.27


Myrick and Cech


trout


(in press)


Aberdeen steelhead 

10 

100 7.69


Hawkins and


Quinn (1996)


Nimbus steelhead 

15 

144 4.96 

This study


Eagle Lake rainbow 

14 

107 

5.72


Myrick and Cech


trout


(in press)


Mt. Shasta rainbow


14 

114 

5.47


Myrick and Cech


trout 

(in press)


Great Lakes rainbow 

15 

90 - 120 

3.85


Alsop and Wood


trout 

(1997)


Nimbus steel head 

19 

164 4.79 

This study


Eagle Lake rainbow 

19 113 5.66


Myrick and Cech


trout 

(in press)


Mt. Shasta rainbow 

19 109 

5.24


Myrick and Cech


trout


(in press)
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Table 9.


Comparison of chinook salmon growth rates and conversion efficiencies.


Gross


Temperature Number of 

Growth rate 

conversion


Source


eC) 

replicates (% body wt./d) 

efficiency


(%)


10.5 

2 2.1 

21.2 

Rich (1987)


11 

4 2.68 

23.7 

This study


15 

4 3.6 

27 

This study


15.2 

2 

2.8 24.9 

Rich (1987)


19 

4 4.38 

29.5 This study


19 2 

2.4 

22 

Rich (1987)
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Figure 1. Effects of temperature and ration level on Nimbus strain steelhead resting routine


oxygen consumption rates. Error bars are standard errors. The asterisk indicates a significant


difference between ration levels ata particular temperature,
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Figure 2. Effects of ration .level on 19°C Nimbus strain chinook salmon resting routine


oxygen consumption rates. Error bars are standard errors. There were no statistically


significantdifferences between treatment means.
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Figure 3. Effects of ration level on the critical thermal maxima of juvenile Nimbus strain


chinook salmon acclimated to 19°C. There are no significantdifferences between treatment


means. Error bars are standard errors,
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final weights.
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Figure 7. Histograms showing the change in distribution of 19°C chinook salmon initial and


final weights.
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