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Preface 

This report describes the findings of the first year of a multi-year study of the growth and 

condition of juvenile salmonids in the lower American River. The primary objective of the 

multi-year study is to describe the relations among river conditions (e.g., river flow and water 

temperature) and growth rate, condition, and physiological performance of juvenile salmonids 

that rear in the river. This study will draw its strength from repetition within years that are 

similar in river conditions and comparisons among years that differ in river conditions. 

Obviously, with only one season of observations, we can not make comparisons among years. 

We are limited to making comparisons among sites and dates. 

With this in mind, we would like to make some general statements about the state of our 

analyses. These follow: 

1. As this study continues and we collect more data, we will attempt more robust data 

analyses. 

2. Our preliminary data analyses are mostly descriptive in nature. In most cases, the 

data sets are not extensive enough to support comprehensive statistical analyses. 

Further data collection will allow more robust data analyses. 

3. Because our analyses are descriptive and preliminary, our conclusions could be 

considered "working hypotheses". These preliminary conclusions (or hypotheses) 

will be tested as more data are collected. Readers must recognize our conclusions 

as preliminary. 

Some readers may feel that we have not gone far enough; others may feel we have gone 

too far. Some may call for more rigorous testing. This will come as more data are collected. 
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Some readers may feel that we have gone too far with too little data. To these readers, we 

emphasize again that conclusions in this report are necessarily preliminary. Data collected in the 

future will allow us to test the robustness of these preliminary conclusions. We welcome any 

suggestions for improved data collection and analyses. 
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Summary 

The lower American River provides millions of people with recreational enjoyment every 

year. The river is also a potential source of high-quality water. Diverting water from the 

American River will alter flow regimes. Altered flow regimes may decrease the recreational and 

aesthetic value of the river. This impact may be especially acute on chinook salmon 

(Oncorhynchus tshawytscha) and steelhead trout (Oncorhynchus mykiss), two species which 

contribute heavily to the recreational and aesthetic value of the river. 

The purpose of this study was to provide information on growth, condition, and 

physiological performance of juvenile chinook salmon and steelhead trout rearing in the American 

River. We accomplished this objective with graphical presentations of our data. Insofar as 

possible, we attempted to determine the effects of flow and temperature regimes on the overall 

health of chinook salmon and steel head trout by comparing the growth and condition of fish of 

different sizes among sites and dates of collection. Sites and dates of collection are poor 

surrogates for years with different flow regimes, and therefore our conclusions concerning the 

effects of flow and tempeni.ture on fish condition must be considered preliminary and speculative 

in nature. 

Our preliminary conclusions are as follows: 

1. Temperatures in the American River varied on a daily and seasonal basis. 

2. Emergence of chinook salmon fry began prior to March and ended in May. 

Steel head trout emerged from early April through early May. Chinook salmon 

spawned mostly in the upper site, whereas steelhead trout also spawned in the 

middle-lower site. 
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3. Growth rates (from both otoliths and RNA/DNA ratios) were not affected by 

changes in the temperature at which fish were captured. Both otoliths and 

RNA/DNA ratios suggested that growth rates increased as fish grew larger. 

Growth rates were lowest for newly emerged fish. 

4. The lipid content of chinook salmon and especially steelhead trout from the 

American River decreased with an increase in temperature. Lipid content of 

both chinook salmon and steelhead trout increased with size of the fish. 

5. Gill Na+ -K+ ATPase activities increased with fish size for both chinook 

salmon and steelhead trout. ATPase activities for chinook salmon seemed 

to plateau or decrease in fish over 80 mm SL. Higher A TPase activities 

were measured for fish captured at high temperatures and later sample 

periods than for fish captured at low temperatures and earlier sample periods. 

6. Fish under 60 mm SL did not survive a rapid transfer to full-strength 

seawater in the seawater challenge test. 

7. The critical swimming velocity of chinook salmon under 50 mm SL and 

steelhead trout under 70 mm SL appeared to increase with an increase in 

temperature. Larger chinook salmon and especially larger steelhead trout did 

not exhibit this increase at temperatures above 20-22°C. The critical 

swimming velocity of chinook salmon over 50 mm SL decreased as fish size 

increased. 
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Recommendations 

Our recommendations are as follows: 

1. We need more data. The resolution of our data analyses, especially 

statistical analyses, will improve with more data. 

2. We need to collect data under a wider variety of river conditions. 

3. Our studies would benefit from data on fish collected with a greater variety 

of methods. 

4. We need laboratory experiments to establish effects of changes in particular 

conditions on salmonids from the American River (i.e., to establish cause

and-effect relations). 

5. We need laboratory experiments to assess and validate our measurements of 

growth. 

6. Tagging studies would help to assess the relations between river condition, 

fish condition, and adult returns. 

We believe that continued data collection will increase the size of our data set and the 

robustness of our conclusions. Comparisons among years that differ in river conditions will 

allow us to directly address the effects of different flow regimes. 
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Introduction 

Statement of purpose 

Page 1 

The purpose of this study was to provide information on growth, condition, and 

physiological performance of juvenile chinook salmon (Oncorhynchus tshawytscha) and steeJhead 

trout (Oncorhynchus mykiss) rearing in the American River. These data, collected over several 

years and at several locations on the river, will help determine the effects of flow and 

temperature regimes on the overall health of chinook salmon and steelhead trout. 

Background 

The American River flows from the central Sierra Nevada, through Sacramento, and into 

the Sacramento River just north of the Sacramento-San Joaquin Delta (Figure 1). The Bureau 

of Reclamation's Folsom-Nimbus project separates the lower American River from its upper 

reaches. 

The lower American River is a resource of extraordinary value, providing fishing, rafting, 

swimming, and aesthetic enjoyment. It is listed as a wild and scenic river by both national and 

state authorities. The river supports over 5 million visitor days per year, with an estimated non

market value of $96,000,000 (Snider and Gerstung 1986). The commercial fishery for chinook 

salmon originating in the lower American River is estimated to be worth over $9,000,000 

annually (County of Sacramento 1987). The value of the recreational fishery for both chinook 

salmon and steelhead trout is considered to be greater than the value of the commercial fishery. 

The lower American River is a potential source of high-quality water. The Bureau of 

Reclamation (BR) has contracts to deliver water from the American River, including up to 

150,000 acre-feet annually to the East Bay Municipal Utility District (EBMUD). The 
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Environmental Defense Fund (EDF) challenged the contract between BR and EBMUD in an 

effort to protect public trust resources, especially chinook salmon and steelhead trout, in the 

lower American River. 

Diverting water from the American River will alter flow regimes. The probable effects 

of changes in flow regimes on juvenile chinook salmon and steelhead trout that rear in the lower 

American River were debated during court proceedings (EDF y, EBMUD trial proceedings, 

especially testimony by Charles C. Coutant, Oak Ridge National Laboratory; Charles H. Hanson, 

Tenera Environmental Services; and Theodore H. Kerstetter, Humboldt State University). 

Resolution of this debate was hindered by insufficient knowledge of the status of chinook salmon 

and steelhead trout in the river. As part of his decision, Judge Richard A. Hodge directed the 

litigating parties to cooperate in developing and implementing scientific studies on fish, wildlife, 

and habitat issues that were identified during the trial proceedings. 

Representatives of the Court, EBMUD, EDF, Sacramento County, Save the American 

River Association, California Department ofFish and Game, California State Lands Commission, 

California State University, the U.S. Fish and Wildlife Service (FWS), and the University of 

California, Davis (UCD) helped to define an overall program to study critical fisheries issues on 

the lower American River. These studies will yield information important to the California State 

Water Resources Control Board's review of applications for increased diversions from the 

American River, and the conditions attached to BR' s water rights permits for Folsom and Nimbus 

dams. 

The study program is intended as a long-term investigation, requiring at least 3 (and as 

many as 10) years to complete. The program is composed of five interrelated components: Fish 
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Community Surveys, Macroinvertebrate Community Surveys, Fish Food Habit Studies, Fish 

Physiology Studies, and Anadromous Salmonid Emigration Surveys. The program is divided into 

two phases. In Phase I, baseline information will be obtained and data collection procedures will 

be establihsed. Information from Phase I will be used to prepare a work plan and cost-estimate 

for Phase II investigations. This report describes our findings from Phase I of the Fish 

Physiology Studies. 

Fish Physiology Studies 

The Fish Physiology Studies are a collaborative effort between D. T. Castleberry and 

M.K. Saiki of the FWS and J.J. Cech, Jr., ofUCD. Other cooperators include D.J. Ostrach and 

D.E. Hinton of the School of Veterinary Medicine at UCD, P.B. Moyle and L.R. Brown of the 

Department of Wildlife and Fisheries Biology at UCD, C.D. Vanicek of the California State 

University at Sacramento, W.M. Snider of the California Department of Fish and Game, and 

W.S. Zaugg of the National Marine Fisheries Service. 

The effects of changes in river flow on growth rate and condition of fish are important 

because slow-growing or poorly conditioned fish are unlikely to survive. Attempts to relate 

variations in growth and condition of fish to changes in flow regimes require the simultaneous 

study of fish and river conditions. To determine these effects, we need several years of data on 

growth rates and condition of chinook salmon and steelhead trout that rear in the American 

River. 
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This study is designed to answer the following questions: 

1. What are the growth rate, condition, and physiological performance of juvenile 

chinook salmon and steelhead trout reared in the lower American River? 

2. What are the relations among river conditions and growth rate, condition, and 

physiological performance of these salmonids (i.e., are river flow and water 

temperature good predictors of salmonid growth rate)? 

3. Does elevated temperature impair the ability of juvenile salrnonids to complete the 

smolting process? 

Answers to these questions will provide basic information on the overall health of anadrornous 

salmonids rearing in the lower American River and will address concerns raised during the court 

proceedings. 

Management implications 

Management implications associated with evaluation of the effects of river flow and 

temperature regimes on growth, condition, and physiological performance of juvenile salmonids 

include, but are not necessarily limited to, the following: 

1. Provision of critical information for assessing the effects of potential river flow and 

water temperature regimes on salmonids. This information will improve predictions 

of the effects of water diversion on anadromous salmonids in the lower American 

River. 

2. Identification of nver conditions that compromise growth, condition, and 

physiological performance of salmonids rearing in the lower American River. This 
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information will help defme in-stream standards for river flow and water temperature 

regimes that protect salmonids. 

Inasmuch as water diversions impact in stream temperatures throughout California, these 

data should have wide application. Benefits may extend beyond the current litigation and could 

include concerns regarding thermal impacts on salmonids in other rivers. In addition to annual 

reports~ this research, if conducted over several years, should result in publications in scientific 

journals that ensure availability of our findings for resolution of future debates. 

Growth 

Many environmental factors, including temperature, affect growth rates (Brett 1979). 

Higher growth rates are expected in healthy, well-fed fish. Advantages to high growth rates 

include reduced predation risk, improved prey capture ability, and shorter time to emigration. 

Small fish are more vulnerable to predation. Large fish swim faster and can capture Larger prey. 

Size plays a role in determining when fish move out of the American River; chinook salmon are 

ready to emigrate when they reach 5 grams in weight ( •68 mm standard length, SL), and 

steelhead trout, at 40 grams ( •131 mm SL). Reduced time at small size means reduced risk of 

predation, starvation, and exposure to variable river conditions. 

The growth rates of anadromous salmonids rearing in the river can indicate their overall 

health and condition. Analyzing the growth of fish in relation to environmental factors (including 

river flow and temperature) can identify conditions that have the largest effect on growth rates. 

Environmental conditions causing negative impacts can also be identified. 

To do this, we need information on growth of chinook salmon and steelhead trout rearing 

in the lower American River. By measuring the daily growth increments on otoliths (ear stones) 
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of fish, we can calculate both their age and long-term growth rates (Neilson and Geen 1982, 

1985; Wilson and Larkin 1982). Otolith growth is time-dependent. As otoliths grow, they lay 

down alternating bands of calcium carbonate and protein that, after preparation, look like the 

growth rings of a tree. Bands are usually laid down daily. By counting the number of bands, 

we can determine the age of the fish. Band thickness and, ultimately, otolith size are correlated 

with growth rate of fish. By measuring the distance between bands and the size of the fish at 

the time of capture, we can determine growth rate over discrete time intervals. Long-term 

growth rates of fish, as determined from otoliths, could be compared with river conditions that 

existed between the date of otolith formation (pre-hatch) and the date of capture to show long

term growth rate responses to river conditions. 

Measurements of RNA-DNA ratios allow us to determine the short-term or current 

growth rates of these fishes (Bulow 1987). DNA provides the code or blueprint for cell 

construction and synthesis. DNA is not synthesized during normal cell metabolism and therefore 

the amount of DNA in a cell is constant and can be used to determine the total number of cells 

in a tissue sample. RNA provides the necessary intermediate between the DNA code and protein 

synthesis. RNA concentration varies directly with protein synthesis and therefore RNA 

concentration is highest in growing cells. RNA-DNA ratios provide a measure of growth 

(protein synthesis) on a cellular basis and are higher in fast-growing fish. Short-term or current 

growth rates, as determined by RNA-DNA ratios, could be compared with river conditions near 

the date and time of capture to give another measure of growth rate response to river conditions. 

Determinations of long-term and short-term (current) growth rates provide an integrated, 

corroborative approach to characterizing fish growth rates. Growth rates could be compared 
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among fish from locations and years characterized by varying river flow and water temperature 

conditions to determine the relations between river conditions and fish growth. 

Condition indices 

In addition to measuring growth, fish condition and health are assessed from body lipid 

content, gill Na+ -K+ ATPase activity, seawater challenge response, and 

morphometric/histoJogical analyses. Fish in good condition are more likely to survive than fish 

in poor condition. Data on the condition and health of juvenile sa.lmonids collected in the lower 

American River after natural exposure to various flow and temperature regimes will provide 

critical information on the response of salmonids to river conditions. 

Determination oflipid content in fish indicates the potential energy reserves available for 

growth and activity (Busacker et al. 1990). High lipid content in fish indicates that 

environmental conditions were appropriate and the habitat contains sufficient food for fish to 

exceed their basic energy needs. Lipids accumulated by fish are high-energy stores that fish can 

use for future growth and activity. Fish with high lipid content have a higher probability of 

survival than fish with lower lipid content (Peterson 1973, Rondorf et al. 1985, Wagner 1974). 

Comparing lipid content in fish collected during years with different flow and temperature 

characteristics can provide critical information on how those conditions influence condition and, 

ultimately, survival of juvenile salmonids. 

Elevated water temperatures may impair the smolting process of juvenile sa.lmonids (see 

trial testimony by Dr. Theodore H. Kerstetter), but few data are available on this effect (Clarke 

and Shelbourn 1985). Smoltification is a process of physiological and biochemical change that 

salmonids undergo in preparation for life in seawater. Seawater survival requires different 
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physiological mechanisms than those used in freshwater to regulate water and ion balance. The 

relation between water temperature and the ability of salmonids to complete smoltification is 

important because these fish migrate from the American River to the Pacific Ocean. Comparing 

gill Na+ -K+ ATPase activity and seawater challenge response among fish collected from 

locations and years with different flow and temperature characteristics can provide direct 

evidence of the effects of these conditions on juvenile salmonid condition and, ultimately, 

survival . 

Gill Na+-K+ ATPase activity is highly correlated with a fish's ability to survive in 

seawater (Zaugg and McClain 1972). This crucial enzyme allows fish in seawater to excrete 

excess Na+ and a - (salt) into the seawater across special "chloride" cells in the giJl tissue 

(Karnaky 1986). Migration of sahnonids into seawater generally coincides with peak gill Na+

K+ ATPase activity (Hart et at. 1981, Buckman and Ewing 1982, Zaugg et al. 1985), making 

gill Na+ -K+ ATPase activity a good measure of the fish's readiness to migrate. 

Another measure of readiness for seawater survival is the seawater challenge test. This 

test consists of transferring fish from freshwater directly into seawater and subsequently 

measuring Na+ concentrations in blood plasma. In fish ready for seawater exposure, plasma Na+ 

concentrations quickly return to normal after exposure to seawater whereas Na+ concentrations 

in fish with poorly developed seawater readiness take much longer to return to normal. The 

seawater challenge test provides an integrative approach to testing for seawater readiness. 

However, these tests are labor-intensive and therefore expensive. For this reason, gill Na + -K+ 

ATPase activity was measured on large numbers of fish under various river conditions, whereas 

seawater challenge tests were conducted on smaller numbers of fish. 
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Morphometric/histological condition of certain tissues (especially liver tissues) provide 

a detailed picture of recent feeding conditions, energy reserves, disease level, prior exposure to 

toxic chemicals, and overall general health (0'Connel1976, Eldridge et al. 1981, Bennett et al. 

1990, Hinton and Lauren 1990). Morphometry (measurement of external and internal features) 

provides quantitative data for statistical methods that identify fish in poor condition and health. 

These fish will be good candidates for histological analysis. 

Histology (microscopic assessment of tissue and cellular anatomy) provides a qualitative 

assessment of the nutritional and pathological status of fish (e.g., fish with poor nutrition usually 

have little or no stored glycogen). Coupling morphometric with histologic examination of 

essential internal organs and tissues provides detailed information on condition and health of 

tissues and cells of fish. By areal analysis of sections, volume of various organs, specific organ 

compartments, or individual cells can be quantified. The histopathologist combines volume data 

with the appearance of cells and organs to determine the condition (health) of individual fiSh. 

Healthy tissues of salmon have been described and deviations from this normal range of 

appearance, termed lesions, indicate the presence of abnormalities. These lesions may result 

from dietary deficiency and may cause skeletal abnormalities. Alternatively, they may result 

from toxicant uptake, and cause alterations in gill epithelium or liver cell morphology. If 

abnormal tissues are found, they may suggest new areas for research germane to river flow and 

water temperature conditions. For example, low-flow conditions may reduce dilution of toxicants 

in urban run-off. Fish exposed to these toxicants may be in poor condition. Our other analytical 

approaches would identify poor fish condition associated with low river flow. Histological 

analysis may identify abnormalities that might suggest exposure to toxicants. Such a scenario 
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would suggest that decreasing the concentrations of toxicants in urban run-off, rather than 

increasing river flow, would protect salmonids. Without histological analysis, this insight would 

not be possible. 

Physiological performance 

Critical swimming velocity is a standardized measure of the physiological performance 

of fish (i.e., a treadmill test for fish). High critical swimming velocities suggest an improved 

ability to catch prey and avoid predation (Beamish 1978). Critical swimming velocities, 

measured for chinook salmon and steelhead trout collected from the river under different 

conditions, can be used as an indicator of a fish's ability to function in the American River. 

Critical swimming velocity can also be measured after an abrupt increase in temperature to 

simulate movement of fish from the American River into the Sacramento River. Critical 

swimming velocity data can provide insight into long-term (after emigration from the American 

River) effects of early life history exposure to river conditions (Cech et al. 1990). 

Examination of individual fish collected from various locations on the American River 

can provide insight into the nutritional history and overall condition of juvenile salmonids rearing 

in the river. By comparing these data among years with different flow and temperature regimes, 

we may be able to predict the effects of environmental conditions on fish growth, condition, and 

physiological performance. These results can identify environmental conditions that compromise 

public trust resources in the American River (in this case, chinook salmon and steelhead). 
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Methods 

Members of the American River Fisheries Technica.l Committee (including W.M. Snider 

and K.R. Fothergill of the California Department of Fish and Game, P.M. Bratovich and T.A. 

Jackson of Beak Consultants, Inc., C.H. Hanson ofTENERA Environmental Services (now of 

Hanson Environmental, Inc.), P.B. Moyle and L.R. Brown of the UCD, C.D. Vanicek of 

California State University at Sacramento, and the authors) chose four sampling sites on the 

lower American River (Figure 2). These sites were selected to represent upstream-to

downstream conditions in the American River. Situating sites at representative locations along 

the American River allowed salmonids to be captured as they moved downstream during their 

migration and also allowed differences in river conditions between upstream and downstream 

sites to be evaluated in relation to fish condition. 

Water quality and quantity 

Environmental data included site-specific temperature, dissolved oxygen, conductivity, and 

pH in addition to other variables measured by the fish community survey teams. We 

continuously monitored temperature, dissolved oxygen, conductivity, and pH with Hydro lab 

DataSonde® I units located at each of the sites. All DataSonde® units were in flowing water at 

least 2 m below the surface, 30 em above the bottom, and 5 m from shore. DataSonde® units 

were in place from April4 through June 27, 1991. The upper-site unit was located below the 

Sunrise Recreation Area pedestrian and bicycle bridge, middle-upper-site unit was below the Jed 

Smith Bridge, middle-lower-site unit was below the H Street (Fair Oaks Boulevard) Bridge, and 

the lower-site unit was below the Southern Pacific Railroad Bridge. In addition to site-specific 

measurements, we also used river discharge rates and temperature monitoring data from in-river 
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recording devices maintained by the U.S. Geological Survey, U.S. Bureau of Reclamation, Beak 

Consultants, Inc., Tenera Environmental Services, and others. 

Fish collections 

Fish were obtained by seining and electrofishing, both during the intensive fish surveys 

and in extra efforts by fish survey crews and the authors. In general, forty juvenile fish of each 

species (chinook salmon and steelhead trout) were collected at two-week intervals from each of 

the four sample sites, but extra fish were collected when necessary for certain analyses. On 

several occasions, fewer fish were collected when more fish were not available (Tables 1 and 2). 

In Phase I, studies with juvenile steelhead trout focused on young-of-the-year fish instead of 

yearlings because the history of yearlings in the river (both environmental and physiological) was 

unknown. Few yearling steelhead trout were caught and no measurements on yearlings were 

made. 

Lipid measurements 

Approximately 10 fish of each species from each location were frozen (-20°C) for lipid 

content determinations. Lipid content was determined with a petroleum ether lipid extraction 

procedure similar to that used in Reznick and Braun (1987). Ether extraction was used because 

ethers are non-polar solvents and remove only neutral (i.e, storage) lipids whereas polar solvents, 

like chloroform-methanol, remove significant amounts of polar lipids and non-lipids (Dobush et 

al. 1985). 

Fish were thawed, weighed to the nearest 0.01 mg, their stomach contents and otoliths 

were removed, and the fish reweighed. Fish were then dried at 60°C to a constant mass and 

placed in individual ether baths. Fish were reweighed every 1-to-3 days and the baths renewed 
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until the fish reached a constant mass. The weight after lipid extraction in the ether bath was 

subtracted from the dry weight and this difference was divided by the dry or wet weight and 

multiplied by 100 to calculate lipid content in percent dry or wet body mass. 

Na+ -K+ ATPase measurements 

Approximately 10 additional fish of each species were used for measurements of gill Na +

K+ ATPase activity and RNA/DNA ratios. Gill samples were removed from each fish 

immediately after capture, immersed in 1-mL of a pH-adjusted sucrose-EDT A-imidazole (SEI) 

solution (see Zaugg 1982a for details), and frozen on dry ice. These were stored at -80°C and 

later shipped to W.S. Zaugg's laboratory at the NMFS's Cook Field Station for determination 

of gill Na+-K+ ATPase activities (Zaugg 1982a). 

RNA/DNA measurements 

The bodies of fish from which gills had been removed were frozen on dry ice and stored 

for up to 12 weeks at -80°C for later measurements of RNA and DNA concentrations. Fish 

were processed by removing samples of white muscle from just anterior to the dorsal fin of each 

fish for determination of RNA and DNA concentrations. Concentrations of RNA and DNA were 

determined by the fluorometric assay of Bentle et al. (1981). We used a Perkin-Elmer 

Fluorescence Spectrophotometer Model No. 204 set at an excitation wavelength of 546 nm, an 

emission wavelength of 590 nm, and a sensitivity of 8. 
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Histological analyses 

Ten fish of each species were preserved in Bouin' s fixative for morphometric/histological 

analyses according to procedures outlined in Bennett et al. (1990). After fixation, these samples 

were transferred to D.J. Ostrach (Department of Medicine, School of Veterinary Medicine, 

UCD) for processing with procedures outlined in Bennett et al. (1990) and Hinton and Lauren 

(1990). 

Only 80 fish (out of a possible 324 fish) were processed for histological analysis. Fish 

were chosen according to their time of capture and external morphometric data. Emphasis was 

placed on analyzing equal numbers of chinook salmon and steelhead trout, on fish nearing 

migration from the American River (to allow time for effects of river conditions to be reflected 

in fish tissues), and on fish identified by morphometric analysis to be likely to show effects. All 

remaining fish were archived to allow later processing if further analysis becomes necessary. 

Because these samples are still being processed, the results for this portion of the 

investigation will not be discussed in our report. Results from these samples will be reported 

elsewhere by D.J. Ostrach and D.E. Hinton. 

Critical swimming velocity measurements 

Approximately 10 fish of each species were kept alive and transported within 3 hours of 

capture in an insulated, 50-L plastic container to the DFG's Fish Pathology Laboratory. 

Transport water was oxygenated and water temperature was maintained near the capture 

temperature by adding ice in sealed plastic bags when appropriate. At the Fish Pathology 

Laboratory, fish were held in 30-L aquaria at temperatures within 2 oc of their capture 

temperature for at least 3 hours and usually overnight prior to measurement of critical swimming 
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Seawater challenge test 

In addition to biweekly coJlections of fish mentioned above, approximately 100 chinook 

salmon were collected on April29 from the middle-lower site for a seawater-challenge test. We 

had proposed to do this test on two groups of chinook salmon, one collected in March or early 

April when water temperatures had not exceeded 15.6°C (60°F) and a second group coiiected 

in late May or early June when temperatures were 18.3°C (65°F) or higher. 

U nfortunate1y, water temperatures exceeded 15. 6 o C before chinook salmon reached smolt 

size (70-90 mm in fork length, FL). Even by the end of April, we were not able to capture 50 

chinook salmon greater than 70 mm FL. In addition, temperatures in late May and early June 

were similar to or lower than temperatures in late April. We had proposed these tests to test the 

hypothesis that increased rearing temperatures impaired the survival of smolt-size chinook salmon 

in seawater. Because temperature conditions did not allow this comparison, the American River 

Fisheries Technical Committee decided on June 18 to cancel the second seawater challenge test. 

Seawater challenge tests on steelhead trout were not planned. 

Chinook salmon for the seawater challenge test were transported to the Fish Pathology 

Laboratory and held in a 350-L fiberglass tank that received a continuous flow of water from the 

lower American River at a temperature within 2°C of that measured when the fish were 

collected. After 48 hours, the largest chinook salmon were randomly distributed among 10 

aquaria. Each aquarium was 30-L in volume and received an inflow of 300-600 mL/min of 

American River water. Water temperatures in the inflowing water and in the water bath 

surrounding the aquaria were maintained at 16-l7°C. 
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On the following day, five aquaria were randomly switched to seawater. Seawater was 

prepared by adding Instant Ocean balanced sea salts to water from the American River to attain 

a salinity of 30-32 g/L (measured with a hydrometer and refractometer) . Both seawater and 

freshwater aquaria were aerated and maintained at 16-l7°C (average water temperature during 

May and June 1990 in San Francisco Bay) throughout the test. The chinook salmon were held 

in the aquaria for 24 hours with no feeding. Qualitative observations on swimming activity and 

behavior and quantitative observations of numbers of fish that lost equilibrium or died were made 

three times daily. After 24 hours, flows were turned off to each aquarium and the chinook 

salmon were anesthetized with 50-80 mg/L of Tricaine. Anesthetized fish were immediately 

weighed and measured, and blood and gill samples were taken. 

The caudal peduncle of chinook salmon was severed, and blood was collected in a NH4 +

heparinized microhematocrit tube. The blood was centrifuged in a microhematocrit centrifuge, 

hematocrit (% packed erythrocytic volume) was determined, and the plasma fraction was 

transferred to individual sealed containers. Plasma was stored at 4 °C. The next day, plasma 

Na+ and K+ concentrations were determined using an LL. Model 343 flame photometer. Gill 

samples were removed from each fish, frozen, and later shipped toW .S. Zaugg for determination 

of gill Na+ -K+ ATPase activities. 

Analysis and interpretation of data 

The Phase I report consists of data summaries and preliminary data analyses and 

interpretation. Phase I data summaries and analyses attempt to: 

1. Describe growth, condition, and physiological performance of juvenile salmonids 

rearing in the American River. 



Growth, condition and performance of salmonids Page 19 

2. Describe environmental conditions in the American River during the period that 

juvenile salmonids are rearing. 

3. Characterize the relations among growth, condition, and physiological performance 

of juvenile salmonids and environmental conditions in the American River. 

4. Identify river conditions that compromise the growth, condition, and physiological 

performance of juvenile salmonids rearing in the American River (including whether 

or not elevated temperature impairs the ability of juvenile salmonids to complete the 

smolting process). 

Because results from Phase I cover only 4 months of data collection and include only 

seasonal variations in river conditions, our ability to accomplish the latter two objectives was 

compromised. Phase II will add inter-year variability in river conditions and increase the size 

of our data matrix. The Phase I report is primarily descriptive in nature; robust data analyses 

and conclusions will be developed in Phase II. Recommendations developed from Phase I studies 

are presented at the end of this report. 

Growth, condition, and physiological performance data were combined with environmental 

data to allow generation of tabular/graphical summaries and appropriate statistical analyses. 

Graphical summaries were produced with Freelance Graphics (Lotus Development Corporation 

1991), SAS/GRAPH (SAS 1988a), and SYGRAPH (Wilkinson 1990a). Statistical summaries and 

analyses were produced with SAS (1988b) and SYSTAT (Wilkinson 1990b). 
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Results and Discussion 

Environmental data 

Flow 

Page 20 

Flows varied daily in the American River (Figure 4), but remained between 285 and 600 

feef/second (cfs) from February through April. Flow increased briefly to 800 cfs in early May, 

decreased to 355 cfs for most of May, then increased to 1300-1750 cfs at the end of May. In 

June, flows increased to as high as 3750 cfs. 

Temperature 

Temperatures fluctuated daily in the American River and were generally warmer at 

downstream sites (Figures 5 through 9). Consequently, we assumed that fish collected at 

downstream sites were exposed to warmer temperatures than fish at upstream sites. 

Throughout April and early May when river flows were relatively constant (Figure 4), 

river temperature generally increased as the season progressed (Figures 5, 6 and 7). On May 

21-24 when flows increased from 355 cfs to 1504 cfs (Figure 4), temperatures at all sites 

decreased and the difference between upstream and downstream sites also decreased (Figure 7). 

A similar pattern occurred after June 9 (Figures 8 and 9) when flows increased from 1255 to 

3437 cfs in less than 4 days (Figure 4). 

Although this summary does not consider air temperature, thermal profiles in upstream 

reservoirs, the depth of water released from Folsom Reservoir, localized inflows of water, or 

other factors which may influence water temperature in the American River, it suggests that 

water temperature was influenced by flow during our study. Consequently, fish in the American 

River were exposed to increasing temperatures prior to April and during early May (however, 
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we only have isolated temperature readings prior to early April). In general, water temperature 

did not increase after late May. 

Dissolved oxygen, conductivity, and pH 

Although dissolved oxygen concentrations, conductivity, and pH varied diurnally, they 

did not vary as much as temperature (Table 3). Dissolved oxygen concentrations, conductivity, 

and pH were similar among sites (Table 3). Measurements of these variables were within the 

tolerance ranges for salmonids. 

Fish data 

Length frequencies and length-weight relationship of chinook salmon 

A total of 910 young-of-the-year chinook salmon were measured for SL prior to 

determining RNA/DNA concentrations, lipid content, and swimming performance (Figure 10). 

About 35% of our samples of chinook salmon were collected from the upper ~ite, 26% from the 

middle-upper site, 22% from the middle-lower site, and 17% from the lower site (Table 1). 

These percentages do not necessarily reflect the relative abundance of chinook salmon because, 

when plentiful (e.g., early March to late May), a quota system was used to limit the number of 

individuals taken from each site. From early to late June, chinook salmon became progressively 

more difficult to capture. Although fish were still present, high flows in the river either 

prevented us from sampling habitats where they might have been abundant or allowed the fish 

to disperse laterally (into backwaters and side channels) and longitudinally (especially downstream 

into the Sacramento River and Delta). 

According to Wang (1981), chinook salmon fry are 30-35 mm total length (TL; about 24-

28 mm SL; conversion equation from D.T. Castleberry et al., unpublished data) at completion 
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of the yolk-sac stage. This post-yolk-sac stage (also known as the button-up stage) typically 

corresponds to the time that salmonid fry emerge from spawning gravel and become free

swimming (Mills 1971). Chinook salmon fry < 30 mm SL were frequently collected only from 

the upper site (Figure 10). Because button-up fry often start moving downstream at once (Moyle 

1976), their occurrence primarily at the upper site suggests that most redds were located in this 

vicinity rather than farther downstream. Button-up fry were captured from early March (when 

we made our first collections) to early May, indicating that fry emergence began prior to March 

and ended sometime in May. 

On average, chinook salmon from the three downstream sites were larger than fish from 

the upstream site (Figure 1 0), suggesting that fish moved downstream as they grew larger (older). 

Moreover, chinook salmon larger than 80 mm SL were rarely found at any of the four sites 

during our study, indicating that most fish exceeding this length had already emigrated from the 

river. According to Moyle (1976), juvenile chinook salmon in California seldom spend more 

than 30 days in freshwater, with fish often passing through estuaries and entering the ocean when 

only 2-4-months-old (40-80 mm SL). 

After early May, juvenile chinook salmon were not collected in the lower site (Figure 10). 

Although not addressed by our study, high water temperatures in late spring, a sandy bottom 

substrate, and other unfavorable habitat conditions might have contributed to the scarcity of 

juvenile salmonids at this site. 

The length-weight relationship for 562 chinook salmon was mathematically described as 

follows (r2, 0.9672): 

log W = -5.2397 + 3.2367 log L 
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where W is weight (g) and Lis SL (mm). According to Carlander (1969), a slope above 3.0 

indicates that fish become plumper (heavier for a given length) as they grow. The length-weight 

relationship for chinook salmon from the Great Lakes, where suitable forage is believed to be 

in short supply, had an average slope of 2.901 (Murphy et al. 1991). In the Georgia Strait of 

British Columbia where forage presumably was not severely limiting, the slope of the length

weight relationship for chinook salmon was 3.282 (Healey 1980). Based on our equation, a fish 

measuring 40 mm SL should weigh about 0.88 g, whereas a fish measuring 80 mm SL should 

weigh about 8.32 g. 

Length frequencies and length-weight relationship of steelhead trout 

A total of 343 young-of-the-year steelhead trout were measured for standard length prior 

to processing for RNA/DNA concentrations and lipid content (Figure 11). Approximately 22% 

of the steelhead trout were obtained from the upper site, 30% from the middle-upper site, and 

the remaining 49% from the middle-lower site (fable 2). We were never successful in capturing 

steelhead trout from the lower site. As with chinook salmon, the percentages of steelhead trout 

captured from various sites might not reflect their relative abundance because a quota system was 

used when large numbers of individuals were available. 

The first steelhead trout was captured in early April from the middle-lower site 

(Figure 11). According to Wang (1981), steelhead trout fry complete the yolk-sac stage (which 

generally corresponds with emergence from redds) when about 22-25 mm TL (19-22 mm SL; 

conversion equation from Carlander 1969). Becker (1983) reported that rainbow trout, the non

migratory form of steelhead trout, are about 24 mm (type of measurement--SL or TL--was not 

specified) when they become free-swimming. Our initial collection of steelhead trout averaged 
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26.4 mm SL (range, 22-32 mm SL). Steelhead trout as small as 21-22 mm SL were also 

captured in late April from the upper site, and in early May from both the upper and middle

lower sites. The~e observations suggest that steel head trout fry emerged from redds during a 45-

day interval extending from early April through early May. In addition, unlike chinook salmon 

which apparently preferred to spawn at the upper site, steelhead trout also spawned in the middle

lower site. 

Steelhead trout were most numerous from early to late May at the upper site, from late 

May to early June at the middle-upper site, and from early May to early June at the middle-lower 

site (Figure 11). By late June, steelhead trout were difficult to capture at these sites, perhaps 

because high river flows allowed fish to disperse over a wider area. In addition, although 

steelhead trout do not usually migrate to sea until they are 1-3 years of age (Moyle 1976), many 

young-of-the-year individuals may have moved downstream to the Sacramento River and Delta 

where they are known to frequent inshore, slough, and open-water areas (Wang 1986). 

The length-weight relationship for 270 steelhead trout was mathematically described as 

follows (r, 0.9878): 

log W = -5.1364 + 3.18241og L 

where W is weight (g) and Lis SL (mm). By comparison, Carlander (1969) reported slopes of 

1.140 to 3.340 (average, 2.766) for rainbow trout from 10 locations in western North America 

and Hawaii. Judging from our equation, a fish averaging 40 mm SL should weigh about 0.92 g, 

whereas a fish measuring 80 mm SL should weigh about 8.32 g. 
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Relation of water temperatm·e to growth and condition 

For this report, we focused on the effects of water temperature because temperature is 

probably the most important flow-related factor affecting growth and condition of juvenile 

salmonids in the American River. To facilitate our our examination of temperature effects, we 

assumed that fish captured from a given site had been there long enough to respond 

physiologically to river conditions at that site. We make this assumption knowing that salmonids, 

especially chinook salmon, vary in their migration patterns (Healey 1991). Because most fish 

will be moving from cool to warmer water (i.e., fish will be moving downstream and, as summer 

progresses, water temperatures will increase), fish collected from warm water will often have 

recently inhabited cooler water. This pattern of movement should reduce the probability that we 

will observe differences between fish collected from cool water compared to those collected from 

warmer water (i.e. , our analyses will be conservative). 

We considered several forms of expressing water temperature for use in our analyses. 

Capture-temperature describes the temperature to which fish were exposed at the time of capture, 

but may not reflect its thermal exposure prior to capture. Because temperature fluctuated daily 

at each site (Figures 5-9), even long-term residents at a site were exposed to different 

temperatures at other times of the day. As a result of this temperature cycle, fish captured in 

the afternoon had higher capture temperatures in relation to the mean temperature at a site than 

fish captured before noon (Figure 12). Fish captured early in the day were captured at lower 

temperatures than fish captured later in the day at the same site, but presumably had the same 

thermal history (excluding the time between captures). 
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The selection of mean temperature over a predetermined time interval at the capture site 

(e.g., time interval at least one daily cycle because physiological condition may represent a 

response to long·term acclimation) would address the problem of different temperatures at 

different times, but would not reflect fluctuating conditions (especially the magnitude of 

fluctuations at the site). Cox and Coutant (1981) observed that rate responses (e.g. , metabolic 

rate, growth rate, etc ... ) of fishes in diurnally fluctuating water temperatures are geared to a 

temperature higher than the mean, suggesting that mean temperatures would not accurately 

predict physiological responses. For example, fish exposed to small daily fluctuations in water 

temperature would respond more like fish held at the mean temperature than fish exposed to large 

daily fluctuations in water temperature. In addition, the physiological responses of fishes exposed 

to temperatures that cycle above their tolerance range may be similar to the physiology of fishes 

exposed to a constant temperature below the mean of the temperature cycle. 

Other measures of temperature exposure, such as daily temperature units or thermal sums 

(Piper et at. 1982, Alderdice and Velsen 1978), provide reasonably good predictions of 

physiological response for fish exposed to non-fluctuating water temperatures, but suffer the same 

short falls of average temperatures under fluctuating temperature conditions. Degree days (the 

integration of the area below the temperature curve but above some predetermined threshold 

temperature) can account for effects of fluctuations in temperature, but use of degree days lumps 

fish exposed to temperatures near or below the threshold temperature (this may be desirable for 

certain comparisons; see T .H. Kerstetter's use of a modification of this measure in his testimony 

during the EDF v. EBMUD trial). 
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We used the temperature of the water from which fish were captured to describe their 

thermal history, partly because we had capture temperatures for all of our samples (Table 4). 

We do not have continuous recordings of temperature for each site prior to early April, and 

therefore we can not calculate mean temperatures or degree days for all of our sample periods. 

Tenera Environmental Services and Beak Consultants, Inc., maintained temperature monitoring 

devices in the river during part of our study. We hope to use these data, along with ongoing 

temperature modelling efforts being conducted by these companies, to calculate temperature 

summaries for time periods where our data do not allow such calculations. 

In this report, we used capture temperatures to describe the thermal history of fish from 

each site during each sample period. We also summarized the data by site and sample period 

in bar graphs. Because downstream sites were warmer than upstream sites during a particular 

sample period, both mean temperatures and numbers of degree days were higher in fish from 

downstream sites than in fish from upstream sites. In addition, temperatures increased or 

remained constant over time so fish captured late in the study were exposed to similar or higher 

mean temperatures and larger numbers of degree days than fish captured early in the study. 
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Growth 

Otoliths 

Page 28 

In general, growth rings on otoliths of salmonids have been shown to be deposited daily 

(e.g. , Bradford and Geen 1987; Campana 1983, Neilson et al. 1985). However, some 

investigators (e.g., Neilson and Geen 1982, 1985; Wright 1991) have reported that environmental 

factors such as water temperature, ration level, and photoperiod, and biological factors such as 

metabolic rate and activity level of the fish can influence the frequency at which rings are 

formed. The use of otoliths to estimate the age of chinook salmon and steelhead trout from the 

American River should be validated. Any statements concerning the age and growth rate of 

salmonids based on our data assume that rings were formed daily. Methods for validating the 

use of otoliths to estimate the age of fishes have been described by Geffen (1987) and Rice 

(1987). 

We read otoliths from 198 chinook salmon and 62 steelhead trout during the time we had 

access to DFG's Biosonics® Optical Pattern Recognition System. These otoliths were removed 

from fish used in measurements of critical swimming velocity. We have archived over 600 

additional otoliths from chinook salmon and over 180 additional otoliths from steelhead trout. 

Chinook salmon ranged in SL from 29 to 86 mm and yielded otoliths containing 40 to 100 

rings. The relationship between length of chinook salmon and growth rings on their otoliths was 

best described by the equation, 

1og(L) = log(0.89196) + 0.93087 * log(RINGS) 

where Lis SL (mm) and RINGS is the number of growth rings (Figure 13). According to 

Marshall and Parker (1982), growth rings first occur in otoliths of salmonid embryos, with 
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additional rings continuing to form in yolk-sac fry (alevins). Judging from our equation, by the 

time that fry reach the button-up stage (which, according to information from Wang 1981, 

average about 24-28 mm SL) and emerge from redds, their otoliths may already contain 34-41 

rings. 

Our data indicated that the numbers of otolith rings in chinook salmon generally increased 

with fish size among chinook salmon less than 70 rom standard length (Table 5). In larger fish, 

the relation between numbers of rings and fish size was not consistent perhaps because of high 

variability in ring counts and sma11 sample sizes. Rings in otoliths from large fish might not 

have been as easily detected by the Optical Pattern Recognition System because otolith samples 

from larger fish were usually thicker in cross-section than those from smaller fish (even though 

we polished many of these otoliths on both sides to reduce their thickness). In addition, when 

measuring the rings in large otoliths we had to use multiple images (each representing different 

sections of the radius); this procedure may have introduced substantial variation in the counts of 

rings. The numbers of otolith rings in chinook salmon of similar SL did not vary significantly 

in the counts of rings (,.e >0.05; based on Tukey-Kramer HSD tests) among sites. 

Other researchers have shown that, on average, otolith rings are formed daily in natural 

populations of salmonids, including chinook salmon (e.g. Neilson et al. 1985). If rings on 

otoliths of chinook salmon from the American River are also formed daily, our results suggest 

that the mean overall growth rate of these fish was about 0.9 mm/day. This growth rate is much 

higher than the average of 0.33 mm/day reported for tagged chinook salmon fry in the upper 

Sacramento River, and slightly higher than the 0.53~0.86 mm/day reported for fry in the 

Sacramento-San Joaquin delta (Healey 1991) . 
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The 62 steelhead trout from which otoliths were used for age detenninations ranged in 

SL from 23 to 93 mm and contained an average of 71 growth rings (range, 34-93) on their 

otoliths. The relationship between length of steelhead trout and growth rings on their otoliths 

was best described by the equation, 

log(L) = log(0.33870) + 1.20743 * log(RINGS), 

where L is SL and RINGS is the number of growth rings (Figure 14). Judging from this 

equation, button-up fry (which typically average 19-22 mm SL; Wang 1981) contain about 28-32 

rings on their otoliths when they emerge from redds. 

Our data indicated that the numbers of otolith rings in steelhead trout generally increased 

with fish size (Table 6). In addition, the numbers of otolith rings in fish of similar standard 

length did not vary significantly (£ >0.05; Tukey-Kramer HSD tests) among sites. 

Assuming that rings on otoliths of steelhead trout from the American River are formed 

daily, the mean overall growth rate of these fish was about 1.2 mm/day (Figure 14). We were 

unable to locate reports of the early growth of steelhead trout under field conditions. However, 

Moyle (1976) stated that rapidly growing rainbow trout in California can achieve a TL of 230 

mm in one year (about 201 mm SL, or 0.55 mm/day if growth occurred year-around). 

As a frrst approximation of the daily growth rates of fish, we divided the total number 

of rings on an otolith (including rings laid down prior to emergence and hatching) by the SL of 

the fish. This measure is not intended to be a precise estimate of actual growth; instead, it 

provides a comparative index of growth. In order to use traditional techniques (mathematical 

formulae) for back-calculating growth rates, we still need to verify that the rings on otoliths are 

formed daily. 
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Most otoliths of chinook salmon came from 30-70-mm-SL fish captured at temperatures 

between 13° and l8°C (Figure 15). The smoothed-contour plot for chinook salmon is limited 

to data in this region (Figure 17). Most otoliths of steelhead trout came from 

50-90-mm-SL fish captured at temperatures between 16° and 21 oc, although data coverage for 

this region is relatively sparse (Figure 16). The smoothed-contour plot for steelhead trout is 

limited to this region (Figure 18). 

Our index of growth rate increased with fish size for both chinook salmon and steelhead 

trout (Figures 17 and 18) . Indices for both species were lowest among smaller fish (Figures 15 

and 16). The growth rate index for both species did not vary with sample site (Figures 19 and 

20). This result is not surprising because our index of growth rate integrates growth over the 

entire life span of the fish. Fish presumably spent relatively brief periods of time at each site. 

Our index of growth, using otoliths, would not be responsive to the short residence time of a fish 

at its capture site. 

Only the smoothed-contour pJot for chinook salmon showed a decrease in growth rate with 

an increase in temperature (Figure 17). This plot does not include fish larger than 70 mm SL 

that were captured at temperatures greater than l8°C; some of these fish had relatively rapid 

growth rates (see Figure 15, but also see the discussion on possible sources of error when 

counting rings in otoliths of large salmon). Steelhead trout did not show a decrease in growth 

rate with an increase in temperature (Figure 18). Our index of growth for steelhead trout 

remained constant or increased with sample date for both chinook salmon and steelhead trout, 

suggesting that fish grew faster as the summer progressed (Figures 19 and 20). This preliminary 



Growth, condition and performance of salmonids Page 32 

analysis suggests that growth rates in chinook salmon and steeJhead trout did not decrease with 

increasing temperature. 

RNA/DNA ratios 

We measured RNA/DNA ratios for 347 chinook salmon and 73 steelhead trout (fables 1 

and 2). Because we were able to capture more chinook salmon under a greater variety of 

conditions, we are more confident in these results than in results for steelhead trout. Scatterplots 

show data distributions and densities for both species (Figures 21 and 22). 

Chinook salmon showed an increase in RNA/DNA ratios with increased size of fish 

(Figure 23). This pattern was especially pronounced for chinook salmon less than 40 mm SL 

(Figure 21), which had recently emerged from redds. Zeitoun et al. (1977) and Thorpe et al. 

(1982) observed low RNA/DNA ratios in fry that had just absorbed their yolk sacs. RNA/DNA 

ratios for small chinook salmon (~35 mm SL) that we collected from the American River were 

similar to literature values for small salmonids (Table 7). Thorpe et al. (1982) observed 

increased RNA/DNA ratios and growth rates as fish began feeding. Our data for chinook salmon 

showed a similar pattern--RNA/DNA ratios increased rapidly for fish 30-50 mm SL (Figure 23). 

We do not have similar data for small (20-30 mrn SL) steelhead trout, although the few data we 

have for fish less than 45 mm SL are less than ratios for larger fish at similar capture 

temperatures (Figure 22). 

Chinook salmon and steelhead trout between 60 and 80 mm SL do not show a strong 

increase in RNA/DNA ratio with an increase in size (Figures 23 and 24), suggesting that growth 

reached a plateau in fish over 60 mrn SL. 
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RNA/DNA ratios for chinook salmon and steelhead trout from the American River were 

similar to ratios from the literature for similar species at similar sizes (Table 7). Bulow (1987) 

recommended that growth rate comparisons based on RNA/DNA ratios should be limited to the 

same species at similar sizes. Wilder and Stanley (1983) observed lower ratios in brook trout 

(Salvelinus fontinalis) fed less than 0.1% body weight per day than in fish fed 1-2% body weight 

per day. Comparing our data with those in the literature suggests that salmonids from the 

American River had RNA/DNA ratios comparable to ratios for fed fish held under laboratory 

or culture conditions (i.e., fast-growing fish in good condition), suggesting that juvenile 

salmonids in the American River were growing rapidly. This comparison is tenuous because it 

does not consider possible problems with differences between studies in techniques for measuring 

ratios or "acclimation" temperatures for fish. We did not find RNA/DNA ratios for salmonids 

from environments as warm as the American River. These problems can be addressed in future 

laboratory studies with salmonids from the American River. 

RNA/DNA ratios did not vary with collection temperature for chinook salmon or 

steelhead trout (Figures 23 and 24), but did show a decline with sample dates after early May 

for steelhead trout (Figure 26). Previously, RNA/DNA ratios were used to evaluate the effects 

of temperature on growth rate (Spigarelli and Smith 1976). Buckley (1982) and Ferguson and 

Danzmann (1990) observed increased growth rates at higher temperatures, but did not observe 

a concomitant increase in RNA/DNA ratios. Apparently, RNA can have a greater effect at high 

temperatures (up to some maximum), resulting in greater growth from a given amount of RNA. 

Ferguson and Danzmann (1990) recommended that RNA/DNA ratios be used with caution when 

fish from different thermal environments are being compared. 
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Buckley (1984) developed a model for estimating larval fish growth at sea based on water 

temperature, RNA-DNA ratio, and growth of larval fish reared at different temperatures in the 

laboratory. A similar model could improve the use of RNA/DNA ratios to estimate juvenile 

salmonid growth rates in the American River. Laboratory growth studies are necessary to model 

the relations among temperature, RNA/DNA ratio, and growth rate in salmonids from the 

American River. This model would improve use of RNA/DNA ratios to assess differences in 

growth rate of American River fish. 

Condition 

Lipid content 

We measured the lipid content of 321 chinook salmon and 150 steelhead trout (Tables 1 

and 2). Because we were able to capture more chinook salmon under a wide variety of 

conditions, we are more confident in our results for chinook salmon than for steelhead trout. We 

do not have data for chinook salmon greater than 60 mm SL collected at temperatures below 

15 oc, or for chinook salmon less than 40 mm SL collected above l7°C (Figure 27). We do not 

have any data for steelhead trout at temperatures below 13.5°C (Figure 28). Smoothed-contour 

plots (Figures 29 and 30) are limited to regions with relatively good data coverage. 

Chinook salmon and steelhead trout from the American River showed an increase in lipid 

content with size, although this increase was greater for steelhead trout (Figures 29 and 30). 

Both species also showed a reduction in moisture content with size. Reinitz et al. (1979) and 

Parker and Vanstone (1966) noted a similar reduction in moisture content with size for rainbow 

trout and pink salmon (Qncorhynchus gorbuscha), but Rondorf et al. (1985) observed an increase 

in moisture content as chinook salmon smolts migrated down the Columbia River. Elliot et al. 
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(1966) observed that the whole body lipid content of chinook salmon fingerlings varied with fish 

size. Sheridan et al. (1983) observed that the lipid content of selected tissues and serum 

decreased during the parr-smolt transformation in rainbow trout. Hoar (1988) reviewed the 

effects of smoltification on lipid content of salmon and steelhead trout, and observed that 

depletion of lipid reserves is a normal part of the smoltification process. Our data did not show 

a reduction in lipid content as chinook salmon reached smolt size, but instead seemed to show 

an increase (Figure 29). 

Juvenile chinook salmon and steelhead trout from the American River showed a decrease 

in lipid content with an increase in capture temperature (Figures 29 and 30), although a few 

chinook salmon and steel head trout captured at temperatures above 20°C had high lipid contents 

(Figures 27 and 28). Steelhead trout showed a reduction in lipid content after the late May 

sample period (Figure 32), but chinook salmon did not show a similar reduction (Figure 31). 

Taken together, these data suggest that both species, especially steelhead trout, showed a 

reduction in lipid content with an increase in temperature. 

A reduction in lipid content with an increase in temperature suggests that warmer 

temperatures may result in reduced survival of chinook salmon and steelhead trout from the 

American River. Several studies have demonstrated higher survival and higher adult returns for 

hatchery reared fish with high lipid content. Rondorf et al. (1985) measured lipids in several 

groups of spring-run chinook salmon released into the Columbia River and, using survival data 

for the same fish presented in McKenzie et al. ( 1983, 1984), determined that higher survival rates 

were associated with higher lipid content. Burrows (1969) reported that the rate of return for 

adult fall-run chinook salmon increased by 188% when the whole-body lipid content of juveniles 
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average 7.9% instead of 4.1 %. Peterson (1973) observed a similar response in Atlantic salmon 

(Salmo salar). 

Castledine and Buckley (1980) suggested that high lipid content provided energy for fish 

adjusting to novel environments. Ersbak and Haase (1983) observed reductions in condition of 

hatchery brook trout (Salveljnus fontinalis) following stocking and concluded that nutritional 

deprivation was a mechanism leading to mortality in stream-stocked salmonids. Castell et al. 

(1972) observed that the need for lipid reserves is more critical for salmonids in seawater. 

Sheridan (1988) observed that exposure to seawater stimulated lipid depletion in juvenile salmon. 

Wagner (1974) observed that steelhead trout with higher lipid reserves had a greater ability to 

adapt to seawater. Rondorf et al. (1985) made a similar observation for chinook salmon. 

Although hatchery fish face a novel environment when released into rivers, American River fish 

also face novel environments as they migrate through the Sacramento River and Delta and into 

seawater. If high temperatures reduce the lipid content of chinook salmon and steelhead trout 

rearing in the American River, this reduction may impair the survival of this fish, resulting in 

a lower return of spawning adults. 

lipid content in salmonids from the American River were similar to those in fed 

salmonids from other studies (Table 8). Starved fish in other studies had non-polar lipid contents 

below 1. 3%. Comparable data for salmon ids from the American River never fell below 1.55%. 

Although this comparison suggests that "average" American River fish had a lipid content similar 

to fed fish, these averages were generally in the low range when compared to those for hatchery 

fish. Only values presented in White and Li (1985) are lower for fed fish. White and Li (1985) 

fed their fish as much as 6% body weight per day for 10 days, but present little information on 
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the condition of their fish at the start of the experiment. Our comparison suggests that American 

River salmonids were not starving (on average) but may have had relatively low lipid reserves. 

Gill Na+ -r ATPase activity 

We took gill tissue samples from 347 juvenile chinook salmon and 73 juvenile steelhead 

trout (Tables I and 2). These samples were sent to W.S. Zaugg for determination of Na+ -K+ 

ATPase activity. Some tissue samples for fish under 60 mm SL had to be pooled to provide 

enough biomass for this assay. Tissues of similar sized fish from the same collections were 

combined to avoid obscuring the relation among size, temperature (or site), and Na+ -K+ ATPase 

activity. After combining tissues, we had 224 determinations of ATPase activity for chinook 

salmon and 72 for steelhead trout (Figures 33 and 34). 

Chinook salmon and steelhead trout showed an increase in gill Na+ -K+ ATPase activity 

with an increase in temperature (Figures 35 and 36). Zaugg and McClain (1976) observed that 

in coho salmon (Oncorhynchus kisutch), elevated temperatures accelerated and shortened the 

smolting period such that fish held at 20°C showed only a transient peak in ATPase activity. 

Muir et al. (1991) and Giorgi et al. ( 1991) used elevated temperatures with advanced 

photoperiods to accelerate smolt development in yearling chinook salmon. Our data for chinook 

salmon show the same trend--greater A TPase activities at higher temperatures. 

Zaugg and his co-workers (Zaugg et al. 1972, Zaugg and Wagner 1973, Adams et al. 

1973, Zaugg 1981) observed that the normal increase in gill Na+ -K+ ATPase activity in steelhead 

trout is suppressed or declines at temperatures above 13°C. Contrary to these findings, we 

observed an increase in ATPase activity with temperature in steelhead trout; however, ATPase 

activities in American River steelhead trout did not seem to increase with fish size, suggesting 
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that the steelhead trout were not developing into smolts at sizes below 100 mm SL (Figure 36). 

Taken together, these data suggest that increased river temperatures did not suppress 

smoltification and may have enhanced it. 

Chinook salmon showed an increase in gill Na+ -K+ ATPase activity with an increase in 

size up to 80 mm SL (Figure 35). Gill Na +-K + ATPase activity appeared to decline in juvenile 

chinook salmon larger than 80 mm SL, but we captured few chinook salmon in this size range 

(Figure 33). Ewing and Birks (1982) and Buckman and Ewing (1982) noted that major migration 

events coincided with peaks in gill Na+ -K+ ATPase activity. Stee1head trout showed no increase 

in ATPase activity with fish size (Figures 36 and 38), but one 128 mm SL fish had a higher 

ATPase activity than any other steelhead trout (Figure 34 ). 

Numerous studies have shown an increase in gill Na+ -K+ ATPase activity with an 

increase in size, especially for fish migrating downstream (Rondorf et al. 1985, Ewing and Birks 

1982, Zaugg and McLain 1972, Zaugg et al. 1985). Ewing et al. (1980) observed that chinook 

salmon fed reduced rations showed either no peak or a reduced peak in ATPase activity. 

Smoothed-contour plots of our data suggest that chinook salmon developed or were developing 

a peak in ATPase activity (Figure 35). 

Gill Na+ -K+ ATPase activity levels for chinook salmon were consistently lowest at the 

upper site for fish larger than 40 mm SL (Figure 37). Comparisons among the other sites for 

chinook salmon and data for steelhead trout did not show consistent differences among sites 

(Figures 37 and 3 8). Gill N a+-K + A TPase activity levels for chinook salmon generally increased 

with each sample period until May (Figure 37). 
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Gill Na+-K+ ATPase activity levels for chinook salmon and steelhead trout from the 

American River are greater than published values for similar sizes of chinook salmon (Table 9). 

Only values for larger chinook salmon nearing the end of their migration from the Columbia 

River were higher. 

Morphology and Histology 

We collected and preserved 285 chinook salmon and 39 steelhead trout in Bouin' s fixative 

for morphological and histological analyses. We transferred these samples to 70% ethanol and 

gave them to D .J. Ostrach. Eighty of these samples will be processed and the remaining 244 fish 

will be archived. 

Seawater challenge test 

The 50 chinook salmon used in the seawater challenge test averaged 70 mm SL 

(range, 57-87 mm SL) and 3.31 g (range, 1.89-6.23 g). After 24-hi of exposure, a few 

mortalities (5 of 25 fish) occurred in saltwater (30-32 g/L) but none occurred in freshwater 

( < 1 g/L; Figure 39). According to Clarke and Blackburn (1977), the minimum size for parr

smolt transformation (i.e., smoltification) and seawater adaptation to occur in chinook salmon 

is about 4-5 g (64-65 mm SL; estimated from the length-weight equation). Fish dying in 

saltwater were significantly (£<0.05) shorter (X, 56.6 mm SL; range, 53-60 mm SL) than fish 

surviving in saltwater (X, 65.0 mm SL; range, 57-76 mm SL). Collectively, these observations 

suggest that small fish died during the saltwater challenge test because they had not yet 

undergone smoltification. 

Smolts can be identified by their ability to osmoregulate properly in saltwater. According 

to Hoar (1988), juvenile salmonids in freshwater usually contain 133-155 meq/L of sodium and 
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3-6 meq/L of potassium in their blood plasma. However, Blackburn and Clarke (1987) indicated 

that the mean value of sodium for smolts held in freshwater lies within the range of 154 to 162 

mM/L (= 154-162 meq/L). If these fish undergo smoltification and are placed in saline water, 

transient increases occur initially in plasma electrolyte concentrations, after which the plasma 

concentrations stabilize at or near the freshwater values (Hoar 1988). Clarke and Blackburn 

(1977) stated that fully smolted chinook salmon exhibit plasma sodium concentrations of 170 

mM/L or less within 24 hr after being introduced into saltwater with salinities ranging from 28 

to 30 g/L. Subsequently, Blackburn and Clarke (1987) reported that the mean sodium value after 

challenging chinook salmon smolts to seawater is 165 mM/L (range of group means, 162-168 

mM/L). If over 200 mM plasma sodium/L is measured after 24 hr, fish usually suffer 

considerable mortality (Clarke and Blackburn 1977). During our study, chinook salmon in 

freshwater had plasma sodium concentrations averaging 131.77 meq/L (range, 99.3-152.5 

meq/L), whereas chinook salmon surviving in saltwater had plasma sodium concentrations 

averaging 146.98 meq/L (range, 131.2-176.0 meq/L). In addition, plasma potassium 

concentrations of fish from freshwater averaged 5.63 meq/L (range, 1.6-12.0 meq/L), whereas 

plasma potassium concentrations in fish from saltwater averaged 5.73 meq/L (range, 2.6-11.4 

meq/L). These data suggest that, on average, chinook salmon surviving the exposure to saltwater 

were osmoregulating properly. 

According to Bath and Eddy (1979), fish that are not osmoregulating properly in saltwater 

(a hypertonic environment) will begin to drink more water. Initially, the water ingested by fish 

is almost equivalent to the branchial osmotic water loss. Urine output also decreases to a very 

low level. Eventually, however, the fish becomes dehydrated as water from tissues moves into 



Growth, condition and perfonnance of salmonids Page 41 

the gut. Seawater in the gut also promotes a reduction (through osmosis) in the volume of 

plasma water. Although a decrease in plasma water might be expected to lead to an increase in 

blood hematocrit, the hematocrit may actually decrease if blood cells become shrunken from 

dehydration (Bath and Eddy 1979). In fish that adapt successfully to higher salinity, however, 

the period of increased drinking of salt water (which adds to the body burden of salt in the fish) 

is followed by reduced drinking and the stimulation of salt-excreting mechanisms that return the 

hematocrit to its appropriate value. For example, chloride-secreting cells in the gills increase 

in number (along with an increase in Na+ -K+ ATPase activity), and little-understood changes in 

intestinal and renal function also occur (Bath and Eddy 1979; Hoar 1988). During our study, 

plasma hematocrit values in chinook salmon held in freshwater (46.8%; range, 42-54%) were 

similar to those in chinook salmon surviving in saltwater (average, 45.2%; range, 33-59%). 

An increase in Na+-K+ ATPase enzyme activity of the gill microsomal system is one of 

the most important changes occurring during smoltification (Wedemeyer et al. 1980). The gill 

ATPase system is involved in excretion of monovalent ions from the blood (Wedemeyer et al. 

1980). Salmonids typically show increased A TPase and ion pump activity prior to and following 

adaptation to seawater (Wedemeyer et al. 1980). Judging from data presented by Zaugg (1982b), 

mortality of chinook salmon transferred directly to seawater was high whenever Na + -K+ A TPase 

activities were less than about 10 llmoles P/mg protein/hr. During our study, the Na+ -K+ 

A TPase activity in gill tissue of chinook salmon held in freshwater, which averaged 26.8 JliDOles 

PJmg protein/hr (range, 17-36 1.1moles PJmg protein/hr), was similar to the average activity of 

28.6 ~moles P/mg protein/hr (range, 6-40 JliDOles P/mg protein/hr) for chinook salmon held in 

saltwater. 
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PhysiologicaJ perfonnance 

We measured critical swimming velocity for 227 chinook salmon and 105 steelhead trout 

(Tables 1 and 2). We do not have data for chinook salmon over 60 mm SLat temperatures 

below 15°C and relatively few data for salmon over 70 mm SL (Figure 40). The temperature 

range on the smoothed-contour plot for steelhead trout starts at l5°C because we did not have 

data for fish at temperatures below 14.5°C (Figure 41). 

The smoothed-contour plot of critical swimming velocity for chinook salmon show a slight 

increase but no decline with increasing temperature (Figure 42). Steelhead trout showed a 

sharper increase in critical swimming velocity with temperature and larger steel head trout showed 

a decline at temperatures above 22°C (Figure 43). Brett and Glass (1973) observed an increase 

in critical swimming velocity for sockeye salmon (Oncorhynchus nerka) as temperature rose from 

5 to 15°C, but a reduction in critical swimming velocity as temperature rose to 20°C and 24 °C. 

Griffiths and Alderdice (1972) made a similar observation for juvenile coho salmon 

(Oncorhynchus kisutch), characterizing peak performance for their fish at about 20°C with a 

steep drop above 23°C. Beamish (1978) reviewed the effects of temperature on critical 

swimming velocity in fishes and observed that, within the therma1 tolerance range of a species, 

critical swimming velocity typically increased with temperature to a maximum and thereafter 

declined. 

The reduction we observed for American River steelhead trout larger than 70 mm SLat 

temperatures above 22 oc suggested that these fish were outside their optimal performance range 

(Figure 43). Other than this case, smoothed contour plots of our data do not suggest a negative 
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effect of temperature on critical swimming velocity of juvenile salmonids from the American 

River. 

The smoothed-contour plot for chinook salmon shows an increase in critical swimming 

velocity with an increase in the standard length of fish under 50 mm SL (Figure 42). Critical 

swimming velocity declines for chinook salmon 50-70 mm SL. Chinook salmon generally 

undergo the parr-to-smolt transformation in this size range. The smoothed-contour plot for 

steelhead trout from the American River did not show a reduction in critical swimming velocity 

with increasing size (except at high temperatures, Figure 43). Steelhead trout generally do not 

complete the parr-to-smolt transformation until their second year. 

Flagg and Smith (1982) found a reduction in fatigue velocity with smoltification in coho 

salmon. Thorpe and Morgan (1978) observed that Atlantic salmon which successfully swam at 

high speeds before smolting were unable to do so after smelting. Taylor and Foote (1991) noted 

that older and larger sockeye salmon had lower critical swimming velocities than younger, 

smaller sockeye salmon. Our data for chinook salmon from the American River suggest a similar 

phenomenon. 

Smith (1982) suggested that a reduction in swimming stamina in smolts is a necessary 

component of smolt migration. When salmon smoltify, they are no longer able to maintain 

position in the stream, resulting in their initial downstream migration. The reduction in critical 

swimming velocity for 50-70 mm SL chinook salmon from the American River corroborated our 

findings from length frequency data (Figure 10) that fish in this size range were leaving the river. 

Critical swimming velocity for chinook salmon and steelhead trout showed no general 

trend with capture site or sample period (Figures 44 and 45). Critical swimming velocities for 
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chinook salmon collected at the lower site were less than critical swimming velocities measured 

for fish from the other 3 sites in 6 of 7 cases where we have measurements for more than the 

lower site in selected size classes (Figure 44), but these differences were often small ( < 10 

em/sec). 

Critical swimming velocities for salmonids from the American River are similar to values 

from the literature for similar species at similar sizes (Table 10). This suggests that the 

salmonids we captured from the American River are capable of performing to levels similar to 

those in fish measured by other workers. 

Conclusions 

Our conclusions in this report are preliminary. Infonnation presented in this report 

represent initial assessments and comparisons with data from other studies. 

Our preliminary conclusions are as follows: 

1. Temperatures in the American River varied on a daily and seasonal basis. 

2. Emergence of chinook salmon fry appeared to begin prior to March and ended 

sometime in May. Steelhead trout emerged from early April through early May. 

Chinook salmon spawned mostly in the upper site, whereas steelhead trout also 

spawned in the middle-lower site. Salmonids were difficult to capture at high river 

flows. 

3. Growth rates (estimated from otoliths and RNA/DNA ratios) were not affected by 

changes in the temperatures at which fish were collected. Judging from our data on 

otoliths and RNA/DNA ratios, growth rates increased as fish grew larger. Growth 

rates were lowest for newly emerged fish. 

•. 
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4. RNA/DNA ratios were not affected by changes in the temperatures at which 

the fish were collected. RNA/DNA ratios increased as fish grew larger. 

Ratios were lowest for newly emerged fish. RNA/DNA ratios for fiSh from 

the American River were similar to ratios reported in other studies. 

5. The lipid content of chinook salmon and especially steelhead trout from the 

American River decreased with an increase in temperature. Lipid content of 

both chinook salmon and steelhead trout increased with size of the fish. 

Preliminary comparisons of our data with the published literature indicated 

that chinook salmon and steelhead trout were on the lower end of 'fed' 

hatchery fish. 

6. Gill Na+ -K+ ATPase activities increased with fish size for both chinook 

salmon and steelhead trout. ATPase activities for chinook salmon seemed 

to plateau or decrease in fish larger than 80 mm SL. High ATPase activities 

were measured for fish captured at higher temperatures and later sample 

periods than for fish captured at lower temperatures and earlier sample 

periods. 

7. Chinook salmon less than 60 mrn SL did not survive a rapid transfer to full

strength seawater in the seawater challenge test. 

8. The critical swimming velocity of chinook salmon less than 50 mm SL and 

steelhead trout less than 70 mm SL increased with an increase in 

temperature. Larger chinook salmon and especially larger steelhead trout did 

not demonstrate this increase at temperatures above 20-22 o C. Chinook 
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salmon larger than 50 mm SL showed a decrease in critical swimming 

velocity with an increase in size. 

Recommendations 

Our recommendations are as follows: 

1. We need more data. The resolution of our data analyses, especially 

statistical analyses, will improve with more data. We can only acquire more 

data by continuing our studies. 

2. We need to collect data under a wider variety of river conditions. We lack 

data on small fish at warm temperatures and on large fish at low 

temperatures. A low-flow year with high air temperatures, especially in 

winter and spring would give us data on small fish at high temperatures (This 

past year, although a low-flow year, was especially cold in the winter and 

cool in the spring and summer). A moderate-flow or high-flow year would 

yield data on large fish at low temperatures. No two years will be the same. 

We can only acquire data from different years by continuing data collection. 

3. Our studies would benefit from data on fish collected with a greater variety 

of methods. For example, data on fish collected with out-migrant traps 

would improve our ability to assess the condition of fish as they leave the 

river. Electrofishing may allow us to capture more fish of larger sizes, 

especially steelhead trout. 
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4. We need laboratory experiments to establish effects of changes in particular 

conditions on salmonids from the American River (i.e., to establish cause

and-effect relations). 

5. We need laboratory experiments to assess and validate our measurements of 

growth. 

6. Tagging studies would help to assess the relations between river condition, 

fish condition, and adult returns. We are collecting data on river and fish 

conditions. To our knowledge, no one is collecting data on adult returns. 

Many of the measurements we made on juvenile salmonids caught from the American 

River require further evaluation and testing under laboratory conditions. We have attempted to 

accomplish this wherever opportunity allowed. Laboratory studies are needed to improve the 

interpretation of these measurements and to determine the causal effects of changes in river flow 

and temperature on juvenile salmonids. 
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Table 1. Sample period, date, and number of salmon collected for each analysis at each of the 
sites. Sites are designated as U=upper, MU=middle upper, ML=middle lower, and L=lower. 

Sample RNA/DNA Swimming Lipid Morphology/ 
period Site Date +ATPase velocity content histology TOTAL 

1 u 26 Feb 20 0 13 10 43 
MU 6Mar 10 0 10 10 30 
ML 6Mar 10 0 10 10 30 

2 u 11 Mar 10 6 10 10 36 
MU 11 Mar 10 5 10 10 35 
ML 13 Mar 10 5 10 10 35 
L 13 Mar 10 5 10 10 35 

3 u 26 Mar 10 10 10 10 40 
MU 27 Mar 10 10 10 10 40 
ML 27 Mar 10 11 10 10 41 
L 28 Mar 10 10 12 10 42 

4 u 8 Apr 10 10 22 10 53 
MU 10 Apr 10 10 10 10 40 
ML 10 Apr 10 10 10 10 40 
L 12 Apr 10 10 10 10 40 

5 u 22 Apr 10 10 13 10 43 
MU 22 Apr 10 10 10 10 40 
ML 24 Apr 10 10 10 10 40 
L 24 Apr 10 10 14 10 44 

6 u 6May 27 10 11 10 58 
MU 6May 12 10 10 10 42 
ML 8 May 10 8 5 10 33 
L 8 May 10 11 10 10 41 

7 u 22 May 17 11 10 10 48 
MU 22&23 May 11 10 11 10 42 
ML 20&23 May 10 0 12 5 27 
L 20May 0 0 0 0 0 
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Table 1. continued. 

Sample RNA/DNA Swimming Lipid Morphology/ 
period Site Date +ATPase velocity content histology TOTAL 

8 u 3 June 12 10 13 10 45 
MU 3,4&7 June 10 11 7 10 38 
ML 5&7 June 10 0 0 10 20 
L 5 June 0 0 0 0 0 

9 u 18 June 12 4 13 0 27 
MU 19 June 6 0 0 0 6 
ML 17 June 0 0 4 0 4 

TOTALS 347 227 321 285 1178 
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Table 2. Sample period, date, and number of steelhead trout collected for each analysis at each 
of the sites. Sample periods and sites from which steelhead trout were not captured are not 
included in this table. Sites are designated as U = upper, MU =middle upper, ML= middle lower, 
and L =lower. 

Sample RNA/DNA Swimming Lipid Morphology/ 
period Site Date +ATPase velocity content histology TOTAL 

4 ML 10 Apr 0 10 17 0 27 

5 u 22 Apr 0 0 3 0 3 
MU 22 Apr 0 0 0 0 0 
ML 24 Apr 0 10 12 0 22 

6 u 6May 0 10 20 0 30 
MU 6May 0 7 7 0 14 
ML 8May 10 11 10 10 41 

7 u 22 May 0 10 11 0 21 
MU 22&23 May 10 10 10 9 39 
ML 20&23 May 10 10 10 10 40 

8 u 3 June 0 7 7 0 14 
MU 3,4&7 June 10 10 17 0 37 
ML 5&7 June 10 10 12 10 42 

9 u 18 June 3 0 0 0 12 
MU 19 June 10 0 1 0 11 
ML 17 June 10 0 13 0 23 

TOTALS 73 105 150 39 367 
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Table 3. Mean, minimum and maximum values for dissolved oxygen, conductivity, and pH data 
recorded hourly at each of four sites during early-April through late·June, 1991. 

Dissolved 
oxygen 

(mgO/L) 

Conductivity 
(mS/cm) 

pH 

Mean 

Minimum 

Maximum 

Mean 

Minimum 

Maximum 

Mean 

Minimum 

Maximum 

Upper 

9.80 

8.17 

12.02 

0.073 

0.045 

0.098 

7.45 

6.95 

8.25 

Middle 
upper 

9.14 

6.95 

11.29 

0.071 

0.026 

0.105 

7.71 

7.16 

8.72 

Site 

Middle 
lower 

9.27 

7.18 

11.43 

0.072 

0.017 

0.106 

7.65 

6.79 

9.01 

Lower 

9.74 

7.17 

12.96 

0.064 

0.020 

0.112 

7.90 

7.11 

9.42 
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Table 4. Capture temperatures at each site for each sample period. Where data exist, mean 
temperatures for two weeks prior to sample date for each site are also listed. 

Sample period 

Early March 

Mid-March 

Late March 

Early April 

Late April 

Site 

u 
MU 

ML 

L 

u 
MU 

ML 

L 

u 
MU 

ML 

L 

u 
MU 

ML 

L 

u 
MU 

ML 

L 

Date 

26 Feb 

6Mar 

6Mar 

11 Mar 

11 Mar 

13 Mar 

13 Mar 

26Mar 

27 Mar 

27 Mar 

28Mar 

8 Apr 

10 Apr 

10 Apr 

12 Apr 

22 Apr 

22 Apr 

24 Apr 

24 Apr 

Capture temperature 
CC) 

9.6 

11.8 

11.1 

10.8 

12.8 

11.8 

12.2 

10.3 

9.4 

12.1 

14.5 

12.7 

15.7 

15.7 

13.6 

13.5 

17.0 

14.5 

14.7 

Mean temperature 
CC) 

13.8 

14.7 

16.0 

14.7 
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Table 4. continued. 

Sample period Site 

Early May u 
MU 

ML 

L 

Late May u 
MU 

ML 

L 

Early June u 
MU 

ML 

L 

Late June u 
MU 

ML 

L 

Date 

6May 

6May 

8 May 

8 May 

22May 

22&23 May 

20&23 May 

20 May 

3 June 

3,4&7 June 

5&7 June 

5 June 

18 June 

19 June 

17 June 

Capture temperature 
(oC) 

14.1 

18.0 

20.4 

18.6 

15.0 

21.0&19.5 

19.3&21.2 

16.4 

15.0 

18.2, 18. 7&18.5 

16.7&17.0 

17.2 

14.5 

17.4 

16.6 
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Mean temperature 
(oC) 

14.5 

15.6 

16.8 

17.7 

15.5 

16.9 

17.9 

18.6 

15.7 

16.7 

18.4 

18.6 

15.2 

16.4 

17.7 

18.0 



Table 7. Selected RNA/DNA ratios for juvenile salmonid fishes from the literature and our study. We selected values from the same 
(rainbow trout and steelhead trout are conspecific) or similar species at similar sizes and water temperatures to those in our study. 
All values are means of at least 7 fish. 

Length Weight Temp. 
Species (mm) (g) CC) RNA/DNA Notes References 

Rainbow trout -- 0.139 10-16 2.12 Pre-hatch fry. Zeitoun et al. 1977 

Atlantic salmon -- 0.271 -- 3.61 No information on rearing Thorpe et al. 1982 
conditions. 

Chinook salmon 32.8 -0.4 11.1 2.14 86 American River fish This study 
s35 mm SL, just post-
emergence. 

Atlantic salmon 651 - - 3.31 Will smolt next year. Thorpe et al. 1982 

Atlantic salmon 65 -- -- 5.41 Will smolt within the year. Thorpe et al. 1982 

Chinook salmon 65.5 •4 17.1 4.62 68 American River fish 60- This study 
70 mm SL. 

Steel head 65.1 •4 18.2 5.71 15 American River fish 60- This study 
70 mm SL. 

Rainbow trout 121.3 20.48 8 5.39 Fed 1.7% of body wt./day for Ferguson and Danzmann 
3 weeks. 1990 

Steel head 106.6 ... 15 17.6 6.10 8 American River fish This study 
:alOO mm SL. 

1 Data visually estimated from figures. 
2RNA/DNA ratio calculated from RNA and DNA concentrations presented in the paper. 



Table 8. Selected lipid content values (% wet body weight) for juvenile salmonid fishes from the literature and our study. We 
selected values from the same (rainbow trout and steelhead trout are conspecific) or similar species at similar sizes and water 
temperatures to those in our study. 

Length Weight Temp. Total lipid Non-polar 
Species (mm) (g) (oC) content lipid contentr Notes References 

Chinook salmon _,_ 2.2-2.7 -- 3.5-6.5 2-5.8 Fed different diets. Elliot et al. 1966 

Chum salmon -- 0.8-3.63 14-18 2.3-4.0 1.6-3.2 Fed different diets. Takeuchi and Watanabe 
1982 

Chinook salmon 51.8 2.46 15.2 -- 1.55 27 A.R. fish 2-3 g. This study 

Steel head 52.4 2.46 18.9 -- 2.26 7 A.R. fish 2-3 g. This study 

Chinook salmon 55.6 -- 15 -- 1.09 A. R. fish, starved White and Li 1985 
for 10 days. 

Chinook salmon 59.7 -- 15 -- 1.38 A.R. fish, fed White and Li 1985 
2.5% body wt./day 
for 10 days. 

Chinook salmon 55.7 -- 15 -- 1.61 A.R. fish, fed 6% White and Li 1985 
body wt./day for 
10 days. 

Chinook salmon 55.2 2.93 16.4 -- 2.24 45 A.R. fish 50- This study 
60 mm SL. 

Steelhead 54.4 2.77 18.4 -- 2.22 16 A.R. fish 50- This study 
60 mm SL. 

Chinook salmon -- 6-73 -- 4.2-7.8a 3-7.1 Fed different diets. Elliot et al. 1966 

Chinook salmon -- 7.8-9.83 10 6.6-7.6 5.1-6.9 Fed different diets. Mugrditchian et al. 1981. 



Table 8. continued. 

Length Weight Temp. Total lipid Non-polar 
Species (mm) (g) ec) content lipid content1 Notes References 

Chinook salmon 73.4 7.20 17.2 -- 3.33 14 A.R. fish 6- This study 
10 g. 

Steelhead 76.3 7.88 18.1 - 2.90 26 A.R. fish 6- This study 
10 g. 

Chinook salmon -- 18.8 - 4.3 2.8-3.6 At release from Rondorf et al. 1985 
hatchery. 

Chinook salmon -- 22.7 -- 1.4 0-0.7 End of migration, Rondorf et al. 1985 
full smolts. 

Chinook salmon -- 24 11.7 2.0a 0.5-1.3 Starved for 5 Rondorf et al. 1985 
weeks. 

Steelhead 90 13.16 17.5 -- 2.80 18 A.R. fish This study 
~10 g. 

Rainbow trout -- 51 15-16 7.5 6-6.8 Hatchery fish. La11 and Bishop 1976 

1Non-polar lipid contents for referenced studies other than Takeuchi and Watanabe (1982) and White and Li (1985) were estimated 
by subtracting 1.5% from the largest total lipid content value and 0.7% from the smallest value. 1.5 and 0.7% span the range of 
measured polar lipid contents of juvenile salmonids (Rondorf et al. 1985, Takeuchi and Watanabe 1982, Love 1980). 
4 Data visually estimated from figures. 



Table 9. Selected gill Na+ -K+ ATPase activity values (~moles P/mg protein/hour) for juvenile salmonid fishes from the literature 
and our study. We selected values measured by similar techniques from the same or similar species at similar sizes to those in our 
study. 

Length Weight Temp. ATPase 
Species (mm) (g) (oC) activity Notes References 1 

Chinook salmon 41 1.13 13.1 10.9 223 A.R. fish :s;3 g. This study 

Steelhead 46 1.48 20.4 14.9 9 A.R. fish :s;3 g. This study 

Chinook salmon -- 4.4 - 6 Hatchery fish before release, 1978, Zaugg 1989 
3.6 _,_ 10.5 1979, 1981, 1982. 
4.7 -- 7 
4.1 -- 11 

Chinook salmon 64 4.03 16.8 20.4 55 A.R. fish 3-5 g. This study 

Steelhead 64 4.05 18.0 15.4 12 A.R. fish 3-5 g. This study 

Chinook salmon -- 6.7 -- 12 Hatchery fish before release, 1978, Zaugg 1989 
5.8 -- 9 1979, two from 1981, 1982. 
6.4 -- 6.5 
6.9 -- 7.5 
6.2 - 9 

Chinook salmon 74 6.37 18.1 26.3 14 A.R. fish 6-7 g. This study 

Steel head 74 6.55 18.9 16.2 7 A.R. fish 6-7 g. This study 

Chinook salmon -- 8.1 -- 18 Hatchery fish before release, 1978, Zaugg 1989 
8.7 -- 20 1979, 1982. 
9.3 -- 14 

Chinook salmon 81 8.77 16.5 25.3 7 A.R. fish 8-9.5 g. This study 

Steel head 81 8.66 19.5 15.9 4 A.R. fish 8-9.5 g. This study 



Table 9. continued. 

Length Weight Temp. ATPase 
Species (mm) (g) (oC) activity Notes References 1 

Chinook salmon -- 18.8 -- 11.0 Hatchery fish after release as they Rondorf et al. 1985 
19.8 - 33.0 migrate down the Columbia River. 
21.0 - 38.5 
22.7 - 38.0 

Chinook salmon 93 14.42 17.2 22.2 3 A.R. fish ;?!lQ g. This study 

Steel head 96 15.08 17.5 15.1 31 A.R. fish ;t!JO g. This study 

1 All referenced values are estimates from graphed data. 



Table 10. Selected critical swimming velocity values for juvenile salmonid fishes from the literature and our study. We selected 
values from the same or similar species at similar sizes and water temperatures to those in our study. 

Swim 
Length Weight Temp. Increment csv 

Species (mm) (g) (oC) (min)1 (em/sec) Notes References 

Chinook salmon 55 2.3 14.8 5 42.5 16 A.R. fish 50- This study 
60 mm SL. 

Steel head 54 2.1 15.1 5 43.3 4 A.R. fish 50- This study 
60 mm SL. 

Sockeye salmon 57-59 -- 15 60 38.6-42.8 Hatchery fish. Webb and Brett 1973 

Chinook salmon 59 -- 15 20 53.3 None. Davis et al. 1963 

Chinook salmon 79 7.2 21.9 5 39.3 8 A.R. fish 75- This study 
95 mm SL. 

Steel head 84 8.8 21.1 5 52.8 21 A.R. fish 75- This study 
95 mm SL. 

Coho salmon 75-95 -- 2-26 60 7.5-55.1 Wild-caught fish, Griffiths and Alderdice 
~3 weeks 1972 
acclimation. 

Coho salmon 97 -- 5-19 60 38.6-57.9 Wild-caught fish, Glova and Mcinerney 
~1 weeks 1977 
acclimation. 

Rainbow trout 89-104 7.5-11.7 15 30-60 35.2-42.2 None. Beamish 1978 

Rainbow trout 109 13.2 11.9 20 65.9 Hatchery fish. Jones 1971 

Rainbow trout 125 23.4 14.1 20 43.4 Hatchery fish. Jones 1971 

Rainbow trout 118 18.1 22.4 20 52.3 Hatchery fish. Jones 1971 



Table 10. continued. 

Swim 
Length Weight Temp. Increment csv 

Species (mm) (g) (oC) (min)1 (em/sec) Notes References 

Rainbow trout 125 21.0 22.6 20 79.3 Hatchery fish. Jones 1971 

Steelhead 100 15.8 20.2 5 61.2 1 A.R. fish This study 
~95 mm SL. 

1Davis et al. (1963) stated that increasing the time interval between velocity changes "did not materially influence the test results." 
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18 o<.)\ 
'

~0 
rGrtf 

,0<S'~ 
~..$-0 

CJ'b--q 



~ 
"> u en 
Q) 
C/) 
en n.. 
~ 
+ 
~ 
+I 

en z 
·-CJ 

30 

24 

18 

12 

6 

9"0 an 
7"0 

Standard length (mm) 

Figure 36. Smoothed-contour plot of steelhead trout gill Na+ -K+ ATPase activity data. 

20 0 C)\ 
0\.. 

18 ~.:§ 
ro' 

,0<S'~ 
~0 

ottr~ 



Growth, condition and performance of salmonids Page 110 

30 

25 

20 

15 

10 

5 

~ 0 
"> u 30 

ctS 25 -
Q) 

~ 20 -
Q.. 

~ 
15 

+ 10 

-

-
~ 

+' 
ctS 

5 -

z 0 

·- 30 
(!) 

25 -

20 -

15 -

10 -

5 -

0 

Site: 

• Upper 

E Middle upper 

~ Middle lower 

E3 Lower 

I~ 

m 
t::::: 

r- I'"" 

I '" I ''· ._ 

SL<40 mm 

40to 60 mm 

I'"" 

t ~ 

00 If, 
I 

"-

>60mm 

F 

I~ 

Early March .
1
d M hLate March_ Late April E 

1 
M Late May E 1 J Late June 

M - arc Early April ar y ay ar y une 

Sample period 
Figure 37. Gill Na + -K+ ATPase activity data for three size classes of chinook salmon 

at each site during each sample period. Size classes are shown in the upper right 
corner of each graph. Bars are generally means (n = 2 to 15), but in some cases 
are values for individual fish. 



Growth, condition and peiformance of salmonids Page 111 

30 

25 

20 

15 

10 

5 

>. ... 0 ·s: 
n 30 

ro 25 
(1) 
CJ) 20 ro c.. 

15 

~ 
+ 10 
~ 

I 

+ro 5 

z 0 

- 30 ·-
" 25 -

20 -

16 -

10 -

5 -

0 

Site: 
• Upper 
E Middle upper 

I:E] Middle lower 

EJ Lower 

SL<40 mm 

40to 60mm 

>SOmm 

~. 

Early MarchMI M chL.ate March_ 
11 

Late April E 
1 

M Late May E ly J Late June 
d· ar Early Apr ar y ay ar une 

Sample period 
Figure 38. Gill Na + -K + A TPase activity data for three size classes of steelhead trout at 

each site during each sample period. Size classes are shown in the upper right 
corner of each graph. Bars are generally means (n =2 to 15), but in some cases 
are values for individual fish. 



I 
(j) 

5 

4 

LL3 
LL. 
0 
a: w 
[D2 
~ 
:J 
z 

1 

0 
1 2 3 4 

FRESHWATER 
5 1 2 3 4 

SALTWATER 

5 

tJJ DEAD 

II ALIVE 

REPLICATE 
TREATMENT 

Figure 39. Numbers of juvenile chinook salmon that survived or died during a 24-hr-Iong seawater challenge test. 



-0 
Q) 
U) -... 
E 
0 -
~ 
0 
0 
G) 
> 
0> 
c 
E 
E 
·~ 
en 
~ 
0 
;:; 
·;:: 
0 

83.63 

59.16 

34.68 

I / ------

48 

Standard length (mm) 
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25.30 

oe)\ 
20.37 \... 

~(Q 
15.44 rt-'lf 

~q 
2.9 1 0.51 • ,c.. ,ro 

~~ ... 
g 



0 
Q) i 74.80 

-
~ 
0 
0 

Q) 57.08 
> 
C) 
c.: ·-E 
E 
-~ 39.36 

~ 
j: ._ 
0 

49.33 

Standard lenglh (mm) 

Figure 41. Scatterplot of steelhead trout critical swimming velocity data. 
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Figure 42. Smoothed-contour plot of chinook salmon critical swimming velocity data. 
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Figure 43. Smoothed-contour plot of steelhead trout critical swimming velocity data. 
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Figure 44. Critical swimming velocity data for three size classes of chinook salmon at 

each site during each sample period. Only data for fish that swam at capture 
temperatures are shown. Size classes are shown in the upper right comer of each 
graph. Bars are generally means (n =2 to 15), but in some cases are values for 
individual fish. 
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Figure 45. Critical swimming velocity data for three size classes of steelhead trout at 
each site during each sample period. Only data for fish that swam at capture 
temperatures are shown. Size classes are shown in the upper right corner of each 
graph. Bars are generally means (n=2 to 15), but in some cases are values for 
individual fish. 
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Table 9. Celcius to Fahrenheit conversion table. Formula for conversion of Celcius to 
Fahrenheit is: op = cc X 9/5) + 32. 

oc OF oc OF 

0.0 32.0 16.0 60.8 

1.0 33.8 17.0 62.6 

2.0 35.6 18.0 64.4 

3.0 37.4 19.0 66.2 

4.0 39.2 20.0 68.0 

5.0 41.0 21.0 69.8 

6.0 42.8 22.0 71.6 

7.0 44.6 23.0 73.4 

8.0 46.4 24.0 75.2 

9.0 48.2 25.0 77.0 

10.0 50.0 26.0 78.8 

11.0 51.8 27.0 80.6 

12.0 53.6 28.0 82.4 

13.0 55.4 29.0 84.2 

14.0 57.2 30.0 86.0 

15.0 59.0 31.0 87.8 


