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ABSTRACT 

To administer the Clean Water Act, the U.S. Environmental Protection Agency and state water quality 
agencies throuxhout the nation have ado~ted numeric and qualitative criteria that establish environmental 
conditions known to protect aquatic life-hm adverse effects. Pacific Northwest states have adopted 
temperature criteria designed specifically to protect fish with emphasis on Salmonid species because water 
temperature plays a mle in virtually every aspect of salmon life. Adverse levels of temperature can affect 
growth, behavior, disease resistance, and mortality. In recent years, the EPA and National Academies of 
gcience and Engineering have promoted risk assessment techniques to develop water quality criteria, 
includinn formal orotocols that have been Deer reviewed nationallv. Risk assessment is desi~ned to 
combine"the info-tion from biological s i i e s  with an analysis of each population's expos-&. to 
quantified effects. Risk occurs when the stress' magnitude, frequency and duration exceed the species' 
ability to deal with that stress. A risk-based approach seems ideally suited to developing criteria for and 
assessing temperature risk to fish because exposure has been well documented through temperature 
monitoring and extensive research on the lethal and sublethal effects on salmon physiology has been 
conducted over the past 40 years. Nevertheless, risk-based approaches have not yet been used to establish 
temperature criteria in recent state agency reviews of water quality standards. 

In this paper we develop a risk-based approach to analyze summeldme temperature effects on juvemle 
salmon species. We use available research findings to quantitatively evaluate the biological effects of 
temperature in combination with measured stream temperature ranging h m  very cold to vev warm. 
Many currently exceed Washington's temperature standard. Acute risk to high temperatures was assessed 
using laboratory-derived values of mortality in relation to duration of exposure. Despite warm 
temperatures, the risk analysis found that direct mortality from temperature is unlikely in the range of 
temperature in study streams because temperatures high enough to cause mottality are either never 
observed, or occur over too short of periods of time to cause death. The analysis suggested that there is 
little or no risk of mottality if annual maximum temperature is less than 26'C, although sitespecific 
analyses are suggested when annual maximum temperature exceeds 24'C to affirm this result in local river 
conditions. Short-term occurrence of temperatures sufficient in duration and magnitude to cause mortality 
is feasible, within p m  of the Pacific Northwest region, and therefore streams in other geographic areas or 
streams with known temperature extremes should be individually evaluated with the method. Chronic 
exposure to temperature was based on the growth potential of fish as assessed using a simplified 
bioenergetics approach developed in the report. This analysis found that growth predicted from ambient 
temperatures is somewhat less than the maximum potential growth in all streams regardless of temperature 
regime, because no stream experienced temperatures that fully optimized growth all of the time during the 
summer rearing period. Generally the effect of temperature regime on growth was small in the range of 
streams studied, but growth effects were evident at higher temperatures. The results suggest that 
quantitative analysis of growth effects can be determined with reasonably simple methods that can be 
applied at specific sites or at a region scale to identify appropriate temperature thresholds. Assuming a 10% 
growth loss represents an appropriate risk level, an upper threshold for the 7-day maximum temperature of 
16.5"C is appropriate for coho and 20.S°C is appropriate for steelhead. Criteria derived in this manner are 
somewhat lower than those developed in a U.S.E.P.A. paper in 1977 and close to, but not identical, to those 
currently specified in Washington and Oregon criteria 
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SECTION 1 ~NTRODUCTIONAND OBJECTIVES 

Maintaining the quality of aquatic environments that allow fish and other organisms to 
grow and prosper is a primary objective of the Clean Water Act adopted by Congress in 
1972. To administer the Act, the U.S. Environmental Protection Agency (EPA) and state 
water quality authorities throughout the nation have adopted numeric and qualitative 
criteria that establish environmental conditions known to protect aquatic life from adverse 
effects. Historically, physical environmental characteristics have been used to indicate the 
minimum requirements for biological health. The criteria address naturally occurring 
conditions that may be affected by human activities (e.g., temperature, sediment, dissolved 
oxygen, pH, and nutrients) and numerous exogenous pollutants introduced by 
manufacturing and agricultural activities. Water quality criteria are often a single value 
defining thresholds of favorable or adverse conditions (Suter et al. 1993). The public and 
the regulatory system have accepted simple physical criteria as indicators of biological 
health, although natural systems ate dynamic and often exhibit a range of water quality 
conditions over time in response to many non-anthropogenic factors. Thus, even though 
criteria are often an over-simplification of real biological response, they have generally 
been accepted as necessary to effectively administer the regulatory system. 

The Environmental Protection Agency and other agencies have conducted water quality 
research over the years to accomplish two major objectives: 1) develop sound cause-and- 
effect relationships between water quality conditions and biological response, and 2) 
develop repeatable methodologies that use research findings to craft regulatory water 
quality criteria grounded in sound science. A primary technique used by researchers is to 
subject fish and other aquatic organisms to pollutants in a controlled laboratory setting to 
determine the relationships between dosage, length of exposure and biological responses 
such as growth loss, stress, altered behavior, disease, or death. Such laboratory-based 
research has been a cornerstone of fisheries science during this century and its validity has 
been confirmed in field-based studies (Brett 1971, Shuter et al. 1980, Baker et. al. 1995, 
Filbert and Hawkins 1995). Conversely, field observations alone are often not reliable for 
deriving water oualitv criteria because of variabiiitv in the natural environment and the - ~. ,~ 

complexity of factors controlling natural systems and habitat response. Bren (1971) 
observed that "it is inherently difficult to examine existing conditions and deduce the 
impottant biological factors which have occurred in the past to explain the present." 
Laboratory studies were the basis for EPA recommended temperature criteria (U.S. EPA 
1977), and field studies have been used mainly for validating the appropriateness of water 
quality criteria (Hansen 1989, Mount et al. 1984). 

Most water quality criteria were originally adopted in the 1970s (e.g., U.S. EPA 1980) 
with relatively little revision since implementation (Hansen 1989). In recent years, water 
quality agencies in the Pacific Northwest have conducted scheduled reviews of criteria to 
reassure their effectiveness or change them if necessary (ODEQ1995, WDOE 1999). 
Interest in the validity of temperature criteria has been particularly keen because of 
concern that temperature is one of the habitat elements that has contributed to the decline 
in certain tuns of salmon and trout in the region (NAS Committee on Protection and 
Management of Pacific Northwest Anadromous Salmonids 1996). Within the home range 
of salmon in Washington, Oregon, and Idaho, over 2500 streams are currently listed on 
Clean Water Act section 303(d) lists, many for exceeding summer temperature criteria. 
High summertime ternpetaNteS in these streams are due in part to a variety of land use 



and manufacturing activities that have historically impacted temperature regimes (Sullivan 
et al. 1990). as well as natural phenomenon that affect stream temperature. 

The risk to salmon and trout populations associated with temperature is perceived to be 
high because: 1)the potential for biological effects exists according to laboratory-derived 
results; and, 2) many populations arealready exposed to temperatures exceeding those 
believed to induce negative biological consequences. Water temperature plays a role in 
virtually every aspect of salmon life (Brett 1995; Weatherly and Gill 1995), and adverse 
levels of temperature can affect behavior (e.g. migration delays and timing), disease 
resistance, growth, and mortality (Brett 1956). Such concerns have led agencies to 
reconsider temperature requirements and tolerances of these species, with emphasis on 
those listed as threatened or endangered: chinook and coho salmon, steelhead trout, and 
bull trout. Recent reviews have called for lowering of temperature criteria to levels 
thought to be more desirable (less stressful) for these species (e.g. ODEQ 1995;WDOE 
1999, U.S. EPA in preparation). 

The scientific justification for these recommendations relies largely on review of the 
scientific literature and application of a number of implicit assumptions concerning the 
temperatures that occur and those that cause adverse effects. They also include safety 
factors to ensure that adverse effects and exposures are not underestimated. These 
assumptions and safety factors areusually developed using best professional judgment. A 
more objective risk assessment technique, where adverse effects are placed in an exposure 
context to identify population risk, has not yet been applied in these temperature criteria 
reviews, despite its accepted value for establishing criteria (Suter and Mabrey 1994) and 
risk for other pollutants (U.S. EPA 1995). 

Risk assessment involves comparing effects and exposure periods to achieve probability 
of adverse effects for the defined exposure. This process includes: 1) biological effects 
characterization, 2) exposure characterization, and 3) a risk characterization that combines 
the two. The effects characterization requires a quantitative measure of the biological 
effects of temperature, and the exposure characterization requires a quantitative 
measurement of the temperatures occuning in the fish's environment. These quantitative 
measures are expressed as probabilities for the risk characterization, where the in situ 
temperature regime is related to the temperature biological effects relationships to 
estimate the likelihood of adverse biological impacts. 

A risk-based approach seems ideally suited to developing criteria for and assessing 
temperature risk to aquatic life. Fish are constantly exposed to temperatures that vary by 
minutes, hours, days, weeks, and months depending on celestial forces that guide the earth 
around the sun. Fish are thermoconformem; that is, they cannot maintain body 
temperatures much different from the water in which they occur. Thus their exposure is 
variable, ranging over the full array of optimal and suboptimal temperatures. 
Considerable laboratory study has been conducted on a variety of salmon and trout species 
to characterize their responses to temperature; these data may be sufficient to characterize 
the responses of some species and life stages. Finally, temperature is easy to measure and 
there is an abundance o i  data available in Washington andelsewhere to characterize 
temperature regimes and to evaluate exposure with considerable precision. 

The objectives of this paper are (1) to review relevant temperature research and (2) to 
evaluate the biological risks associated with ambient temperature regimens on populations 
of two species of juvenile salmonids using a probabilistic risk assessment. This 



assessment is based on laboratory data concerning the effects of temperature on growth 
and mortality. The analyses concentrateon the summerrearing life history phase of 
species within the Salmonidae family that dwell in stream environments,namely juvenile 
coho salmon and steelhead trout. There has also been considerable study of the thermal 
requirements of chinook, sockeye, pink, and chum salmon, but since these species are not 
typically found in western Washington streams during the summer months, they will not 
be directly considered here. This analysis illustrates the use of risk analysis for 
objectively deriving temperature criteria: similar techniques could be applied to other 
species, stocks, and life history phases (Hokanson 1977). We also use results to evaluate 
the biological effects of existing and proposed temperature criteria in the context of risk 
assessment techniques. 

This report contains: 

A review of the scientificliterature regarding the effects of water temperature on 
direct acute mortality and growth of fish, with emphasis on salrnonids during 
fresh water rearing (Section 2) 

A description of the temperature data collected from a variety of stream 
conditionsin Washington used in the quantitative analyses, with a discussion of 
temperature indices (Section 3). 

A synthesis of available scientificinformation into a quantitative, risk-based 
approach to evaluatingbiological response to acute or lethal temperatures in 
natural streams (Section 4), 

A comprehensive development of a new, quantitative approach to assessing fish 
growth in response to long-term exposure to temperatures in natural streams 
(Section 5). 

A synthesis of the risk-based approaches to suggest temperature criteria for coho 
and steelhead (Section 6), 

A discussion of the use of scientificinformation, including methods developed in 
this report, to identify temperature standards in federal and state regulatory 
approaches (Section 7).  

A brief summary of key findings and a synthesisof information for policy-makers 
and scientists (Section 8). 





ABSTRACT 

In this section, the biological effects of temperature on fish are briefly reviewed, with 
emphasis on the fresh water rearing phases of salmonids. Lethal and non-lethal effects are 
discussed. 

Key fmdirigs: 

Many of the lethal and non-lethal effects of temperatureon salmonids are well 
understood and in many cases have been quantitatively established. 

Both lethal and sub-lethal effects of temperature depend on its magnitude in relation 
to duration of exposure. 

Fish have behavioral and physiological mechanisms to tolerate temporary excursions 
into stressful temperature levels. If exposure and magnitude limits are exceeded, 
mortality can occur. 

Growth has been widely used to evaluate the sub-lethal response of fish to 
temperature. 

INTRODUCTION 

Temperatureis a dominant factor affecting aquatic life within the stream environment 
(Hynes 1970). Temperatureinfluences all aspects of fish life, as well as those of the 
macroinvertebrates (Sweeney and Vannote 1986) and primary producers (algae, bacteria 
etc.) that dwell within the stream and serve as food for fish (Hynes 1970). As summarized 
by Brett (1956 pg. 76): 

"Becauseof the all-pervadingnature of environmental temperature, thefundamental 
thermal requirement offishes isan external environmental temperaturemost suitable to 
their internal tissues... Temperaturesets lethal limits to life; it conditions the animal 
through acclimation to meet levels of temperature that would otherwise be intolerable; it 
governs the rate of development; it sets the limits of metabolic rate within which the 
animal isfree toperform; and it acts as a directivefactor resulting in the congregation of 
jish within given thermal ranges, or movements to new environmentalconditions." 

Quantitatively definingthe effects of temperature on key biological functions is essential 
for understanding how temperature contributes to fish success as well as how it places 
species at risk. Temperatureeffects have been extensively studies for all aspectsof fish 
life. Although review of all temperature effects arebeyond the scope of this report, we 
note that there are excellent references where temperatureeffects are discussed more fully 
(e.g., Groot et al. 1995),or where specific species are reviewed in detail (e.g. McCullough 



1999 on chinook salmod). We narrow our review to aspects of temperature affecting the 
rearing of salmonid species in the fresh water environment. 

Two important elements of temperature affect the growth and survival of fish: 1) the 
relationship between temperature, metabolism, and food conversion efficiency over long 
periods, and 2) the thermal tolerance of fish to lethal temperatures over relatively short 
periods. Both aspects are important because ambient stream temperature may vary from 
very low levels in winter to occasionally high peaks in summer (e.g., Beschta et al. 1987; 
Sullivan et al. 1990). 

The thermal tolerance to temperature has been the focus of considerable laboratory testing 
for many fish species, including salmonids, beginning early in this century and continuing 
today (see reviews by Fry 1967, NASNAE 1973, Coutant 1977). Much of the available 
laboratory research on temperature tolerances was performed prior to 1980 and was 
stimulated principally by the need to assess the impact of heated effluent from power 
plants, dams and other facilities (Hokanson 1977). Since that time, temperature research 
has focused on studying additional species and refining the understanding of contributing 
factors such as the effect of acclimation temperatures, daily diurnal temperature 
fluctuations, food rations, and the interaction of temperature with other pollutants (e.g., 
Elliott 1976, Wurtsbaugh and Davis 1977, Brett et al. 1982, Thomas et a1 1986, Coutant 
and Talmage 1977). 

These and other studies show that fish respond to temperature through physiological and 
behavioral adjustments that depend on the magnitude and duration of temperature 
exposure. Upper and lower temperature extremes that cause death after exposures ranging 
from minutes to 96 hours are termed acute temperature effects. Temperatures causing 
thermal stress after longer exposures, ranging from weeks to months, are termed chronic 
temperature effects. Endpoints of exposure to temperature over longer periods (chronic 

Effects of Temperature on Salmonlds 
36 
 I 

1 \ Rapa death 

Reduced g r o w t v  
10 I 

Minute8 Hours BYS Weeks ___,Duratlon 

Figure 2.1 General biological effects of temperature on salmonids in relation to duration and magnitude 
of temperature. 



effects) are sublethal and may include growth, competitive interactions, change in 
behavior, or disease. Temperature ranges defined by acute and chronic temperature 
effects are referred to as the zones of thermal resistance and tolerance ( Elliott 1981, 
Jobling 1981). The range of physiological response relative to temperature is summarized 
in Figure 2.1. The range of temperature over which feeding occurs without signs of 
abnormal behavior is referred to as the optimum temperature range (Elliott 1981). 

ACUTE TEMPERATURE EFFECTS 

The acute effects of temperature are frequently expressed as effects on survival that result 
from exposure to elevated temperatures for specified time periods. Mortality, expressed 
as the median lethal time (LT50). and the ultimate upper incipient lethal threshold (Brett 
1952) have been the most common endpoints measured. The median lethal time is the 
duration eliciting 50% mortality at a specific temperature. The ultimate upper incipient 
lethal limit is the temperature at which acute mortality does not increase with any further 
increase in the temperature. 

Laboratory studies repeatedly 
show that salmon have the ability 
to extend their temperature 
tolerance through acclimation. 
Brett (1956) reports that the rate of 
increase in ability to tolerate higher 
temperatures among fish is 
relatively rapid, requiring less than 
24 hours at temperatures above 
2OoC (e.g., Figure 2.2). 
Acclimation to low temperatures 
(less than 5'C) is considerably 
slower (Brett 1956). Studies of the 
acute temperature effects on 
salmonids have yielded remarkably 
consistent results between studies 
and among salmon species (Brett 

1956; Lee and Rinne 1980), 

indicating temperature's influence 
on fish with similar biochemistry 
and physiology. The upper lethal 
limit, that is the temperature at Figure 2.2 Example of a relationship between the time (min) 
which death occurs within minutes. for SO?& mortalnyof brown trout (Selmotrutta, and the lethal 

temperature (oC) at dmerent accllmatlon temperatures. (From ranges from 27' to 30°C for Elllotl 1981).
salmonids (Jobling 1981). Fish 
acclimated at cold temperatures can have upper lethal limits 3' to 4OC lower. Many 
species of fish have considerably higher upper thermal levels than members of the 
Salmonidae family, which are classified in cold water temperature guilds (Magnuson et 
al. 1979). At temperatures below the upper lethal limit, fish can tolerate each successively 
lower temperature for exponentially increasing intervals of time. 

Behavioral mechanisms may allow fish in situ to resist short-term extreme temperature, 
and acclimation will promote resistance to high temperature, although there is an upper 



limit to the temperature to which fish can acclimate (Jobling 1981). This resistance to the 
lethal effects of thermal stress enables fish to make excursions for limited times into 
temperatures that would eventually be lethal (Brett 1956; Elliott 1981). The period of 
tolerance prior to death is known as the "resistance time" and the duration-temperature is 
termed the "zone of resistance" (Figure 2.1) (Hokanson 1977, Jobliig 1981). Laborato~y 
studies have repeatedly found that 
salmon can spend very lengthy 
periods in streams of 24OC or less 
without suffering mortality. Thus 
temperature as a direct cause of 
death generally ceases at 
temperatures less than 24' C 
(Brett 1956). Acute effects are 
not generally considered below 
this level, because continuous 
long duration exposure to 
temperature of this magnitude is 
not likely to occur in natural 
environments within the species' 
normal geographical range. 
Laboratory studies testing daily 
fluctuations in temperature as 
large as 13S°C did not shown 
effects on growth or mortality of 
salmonids, although lethal levels 
were never exceeded (Thomas et. 
al. 1986). 

0 5 10 15 25 30 35 40 

SUBLETHAL TEMPERATURE EFFECTS Ternperdure (oC) 

Chronic exposure to sublethal 
flpure2.3 Urample ofa muRMarnliyspeclflc growth rate curves temperatures can have a broad (stter Christieand Regier 1888) 

range of effects on the various 
functions of fish. Brett (1971) 
described 25 physiological 
responses for sockeye salmon and, similarly, Elliott (1981) identified 19 similar 
characteristics for brown trout. The relationship between these responses and temperature 
follow two general patterns: either the response (e.g., standard metabolic rate, active heart 
rate, gastric evacuation) increases continuously with rise in temperature, or the response 
(e.g., growth rate, swimming speed, feeding rate) increases with temperature to maximum 
values at optimum temperatures and then decreases as temperature rises (Brett 1971, 
Elliott 1981). In the latter case, the form of the responses to temDerature and the ootimum 

A 


temperatures are not always the same for different functions, and the optimum 

temperature for a response may change if there is an alteration in another factor such as 

energy intake (Elliott 1981). 


Based on this theory, fish rarely occur within a temperature regime that is optimal for all 
functions given the natural die1 and seasonal variability in water temperature. 
Consequently, fish have developed mechanisms to survive various levels of thermal stress 
both above and below optimal ranges to maintain the health and survival of a population. 



Several studies have indicated that growth under fluctuating temperatures is essentially the 
same as that under constant temperature if the fluctuating temperature is expressed as the 
time-weighted mean' (Thomas et al. 1986: Brett 1971; Everson 1973; Iverson 1972; 
Wurtsbaugh and Davis 1977). 

Fish are poikilothermic and temperature plays a key role in regulating their metabolic 
functions. Fish tolerate suboptimal temperatures by metabolic adjustment and behavioral 
thermoregulation @lliott 1981). For example, as temperatures increase above the 
optimum for feeding, the feeding rate declines and is completely inhibited at temperatures 
several degrees below the incipient lethal level (e.g, at 22OC for brown trout, Elliott 1981; 
and 24°C for sockeye and chinook salmon, Brett 1971). Similarly, the metabolic rate of 
and scope for activity declines, reducing the overall energy expenditure, which helps to 
conserve energy and reduce thermal stress. Behavioral adjustments, such as movements 
to cooler refuge sites, also enable fish to avoid thermal stress. Numerous observers have 
reported significant changes in salmonid activity at or near 22°C (Donaldson and Foster 
1941; Griffiths and Alderdice 1972; Wurtsbaugh and Davis 1977; Lee andRinne 1980; 
Bisson et. al. 1988; Nielsen et al. 1994, Tang and Boisclair 1995; Linton et al. 1997; Biro 
1998). This temperature is consistent with a sharp drop in food consumption and 
conversion efficiency observed in laboratory studies (Brett et al. 1982). At very low 
temperatures, salmonids have been observed to cease feeding and seek cover under banks 
or within stream gravels (Everest and Chapman 1972). 

How large fish grow is fundamentally determined by environmental and population 
factors that determine the availability of food. Temperature, however, regulates how 
much growth can occur with the food that is available. Growth is dependent on the energy 
consumed by the fish balanced by its energy expenditures to meet basic demands such as 
metabolism and swimming. What is left over can be used to grow body mass and 
reproductive capability. The long-term exposure of salmonids to environmental 
temperature during their freshwater rearing phase has an important influence on the size 
fish achieve and potentially the timing at which they reach readiness for smolting 
(Weatherly and Gill 1995). 

The size of salmonids during juvenile and adult life stages influences survival and 
reproductive success. Although the large majority of anadromous salmonid growth occurs 
in the ocean environment, growth of juveniles in natal streams is especially important for 
anadromous salmonids that must reach minimum sizes before they can smolt.(Weatherly 
and Gill 1995). Holtby and Scrivener (1989) and Quinn and Peterson (1996) 
demonstrated that the size achieved by juvenile coho at the end of their first summer 
growing period was a strong determinant of their later success in overwintering and 
smolting. Larger size generally conveys competitive advantage for feeding in the 
freshwater environment (Puckett and Dill 1985, Nielseu 1994) for both resident and 
anadromous species. Mason (1976) and Keith et al. (1998) found that the smaller fish 
tend to be those that are lost fromrearing populations. Brett et al. (1971) described the 
freshwater rearing phase of juvenile sockeye as one of restricted environmental conditions 
and generally retarded growth. This synopsis is also generally true for salmonid species 
that dwell in stream and river environments for lengthy periods of time. 

To explore the effects of prolonged exposure to temperature, numerous investigators have 
found growth to be a reliable and measurable integrator of a variety of physiological 

''In$mhmlempcraturc ~ M i c deannatbc high enough10 &sit moltality. 
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responses (Brett 1971, 1995; Iverson 1972; Bmngs and Jones 1977; Wurtsbaugh 1973). 
Growth rate is the most frequently reported measure of fish health from laboratory studies 
and occasionally from field studies. Growth can be viewed as the net effect of the 
environment on the 
relation between food 
consumption, metabolism, 
and activities of an 
organism (Warren 1971). 
Growth integrates a host 
of specific physiological 
responses to temperature, 
including metabolic rate 
(basal and active), feeding 
and digestion, and 
swimming performance or 
the ability to hold position 
with the current (Brett 
1995: Weatherly and Gill 
1995). 

Laboratory studies 
demonstrate that virtually 
all fish, including 
salmonids, grow best 
within a range of 
temperatures. Optimal 
growth generally occurs at 
a midpoint of 
temveratures where the 
fisilive, and it declines in 
waters that are warmer or Figure 2.4 Bawlc relationship between temperature, ratlon and growth of 
cooler. The range of 7-12month-old sockeyesalmon (fmm Bren et. a ~ .1%~). 

temperature at which 
growth occurs is generally wide, and usually reflects the ambient temperatures likely to be 
found within the natural range of the specie's habitats (Hokanson 1977). Significant 
differences in growth curves exist among fish families (Figure 2.3). from Christie and 
Regier 1988), but growth curves are often similar for species within the same genera and 
family. Because all salmonids have a similar biokinetic range of tolerance, performance, 
and activity, they are classified as temperate stenotherms (Hokanson 1977) and are 
grouped in the cold water guild (Magnuson et al. 1979). 

The effect of temperature on growth varies significantly with the ration of available food 
(Figure 2.4). For example, in Figure 2.4, sockeye salmon held at optimum temperature 
and fed satiation rations achieved 600% more growth than fish held at optimum 
temperature with starvation rations. As ration increases from maintenance level (no net 
growth) to satiation or excess level (more than is needed for growth, metabolism. and all 
physiological functions), the optimum temperature for growth shifts progressively to 
higher temperatures. This response is consistent for all salmonids where laboratow 
studies are available (Brett 1971; Everson 1973: Iverson 1972; Wurtsbaugh and ~ a v i s  
1977). 
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The relationship between food and temperature must be taken into account when 
considering the productivity of fish populations (Filbert and Hawkins 1995). Many studies 
have observed an increase in the growth and productivity of fish populations in streams 
when temperature (and correspondingly) food is increased. This tends to occur even in 
the cases where temperatures exceed preferred and sometimes lethal levels (Murphy et al. 
1981, Hawkins et. al., 1983, Martin 1985, Wilzbach 1985). This situation indicates that 
starved fish require somewhat lower temperature, although the low environmental 
temperature tends to create conditions of low food supply (Weatherly and Ormerod 1990). 

The forgoing discussion indicates that the optimum temperature for fish extends over a 
broad range depending on the function and the presence of other interacting factors. This 
optimum (preferred) range is defmed by Elliott (1981) as the range over which feeding 
occurs and there are no external signs of abnormal behavior, i.e., thermal stress is not 
obvious. This delineates a wider range than the peak optimal temperatures where growth 
is maximized. 

Within the optimum temperature range, research has identified a preferred temperature 
range, which is defined as the temperature around which all individuals will ultimately 
congregate regardless of their prior temperature exposure history (Fry 1947). Some 
investigators specifically define the optimal temperature as the temperature at which 
maximum growth occurs, and refer to the range of temperature where growth occurs as 

temperatures. Determining this range, however has resulted in considerable 
variability within the same species due to different experimental test procedures and the 
multiplicity of environmental factors that affect fish preference (~lliott 1981, Johling 
1981). This uncertainty has led Elliott (1981) to conclude that the optimum temperature 
range defined based on physiologic response is a more realistic concept for studies on 
thennal stress then definitions based on concepts of "preference". Different uses of the 
terminology can create confusion. 

Elliott's optimum temperature definition fits well with the behavioral response of fish to 
natural temperature regimes. For example, Brett (1971) showed how behavioral 
thennoregulation by juvenile sockeye resulted in energy conservation. Vertical 
movements in a thermally stratified lake over the course of a day enabled the juveniles to 
maximize the efficiency of food conversion into growth by controlling energy intake and 
metabolism as temperature followed the solar cycle. The sockeye salmon exhibited varied 
behavior in selecting temperatures that did not solely reflect the preferred temperature 
available to them within the lake. Other field studies have also documented salmonid 
utilization of temperatures outside of the preferred range when those within or near the 
preferred level were readily accessible (e.g. Matthews et al. 1994, Brett 1971, Biro 1998). 

Metabolic characteristics are not the only response, but they are the most important and 
most easily quantifiible. Less quantifmble in a dose-response context are relationships 
involving temperature and disease resistance, and temperature effects on sensitivity to 
toxic chemicals and other stressors. It is well recognized that temperature can decrease 
disease resistance in the most sensitive individuals within each species' population and 
influence their sensitivity to certain toxic chemicals (e.g., Cairns et al. 1978). However, 
the study of Cairns et al. (1978) concluded that "temperature-toxicity interactions are far 
more complex than earlier literature has indicated," and increased temperature does not 
necessarily lead to increased sensitivity to toxic chemicals. For example, Linton et al. 
(1997) found that sublethal levels of ammonia enhanced growth at higher temperatures 
and Dockray et al. (1996) found better performance at high temperature when pH was 



low. For temperature to affect the occurrence of disease, diseasecausing organisms must 
be present, and either those organisms must be affected by temperature or fish must be in 
a weakened state due to the effect of temperature. In addition, some diseases may be more 
prevalent at high temperature, others are more prevalent at low temperature, and some are 
not apparently related to temperature. Therefore, for disease and pollutants, the specific 
nature and local presence of the diseasecausing organism or pollutant influences its 
interaction with temperature. 

The response of fish to temperature in natural streams is not only based on physiological 
functions but also on the overall interaction with other ecological factors (e.g., predators, 
prey abundance, and competitors). Differences among species can confer competitive 
advantages in relation to environmental variables that are reflected by the species' 
distribution (Brett 1971, Baltz et. al. 1982, Reeves et al. 1987, DeStaso and Rahel1994). 
Natural stream environments nearly universally have increasing temperature from 
headwaters to their mouths (Hynes 1970), largely reflecting systematic changes in a 
variety of critical environmental factors that control heat transfer processes (Sullivan et al. 
1990). Systematic changes in the occurrence or dominance of species within river 
systems in part reflects these temperature patterns. 

ASSOCIATING BIOLOGICAL EFFECTS AND STREAM TEMPERATURE 

Identification of appropriate temperature criteria to protect fish is complicated by the 
highly variable nature of temperature at stream sites, coupled with the differing 
temperature requirements of fish species. Water temperature at individual sites varies 
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Figure 2.5 Annual temperature reglme ot the Deschutes River (148 km2)and Hard Creek (2.3 kmz), a headwater 
tributary, near Vail, Washington. Data are hourly measurements. 
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significantlywith time, ranging from lows in winter to highs in summer, with daily 
fluctuationsdepending on sueam and climatic characteristics(Figure 2.5). The life 
history phases of salmonids are generally adapted to the prevalent temperature as 
illustrated for two stream sites in Figure 2.5, although species and stocks have specific life 
history timing (Weatherly and Gill 1995). Growth of alevins within the gravel bed and as 
fty and resident adults within the stream is a functionof temperature; the timing of 
movement of alevins, fry and adults also depends, in part, on temperature. 

The intent of temperature criteria is to index or describe key characteristics of the 
temperature regimen that have important measurable impacts on individuals or 
populations. Many authors favor identificationof criteria appropriate for each life history 
phase (Bell 1973, Reiser and Bjornn 1979,h o u r  1991) that reflect the temporal 
variability of temperature through the year. Hokannson (1977) described a quantitative 
means of establishing criteria for each life history phase of percids (perch, walleye) in a 
procedure he termed the "Envelope Method." Quantitative estimates of fish response to 
temperature for maturation cycles, spawning times, migrations, activity and spatial 
distribution are compared to seasonal changes in temperature. In Hokannson's example, 
natural history observationssupplement experimentaldata where available. Temperature 
ranges that indicate optimal, sub-optimal, and lethal temperatures are plotted or tabulated 
for each life stage period (e.g., migration, spawning,incubation, rearing) to show the 
range and temporal distributionof temperature preferenceltoleranceregimes (temperature 
envelopes) during the hydrologic year. 

Recent development of temperature standards in Oregon and Washington have also 
endorsed life history-based criteria for salmonid and char species, and promoted reach-
and watershed-based approaches for determining criteria (ODEQ 1995; WDOE 1999). 
The intent is to identify 
a series of criteria that 
can be applied to limit 
impact on all species Table21 Characterlstlcsof temperature regimes relevant to 

and life stages that may temperature criteria. 

exist in a stream reach 
at that time of year. 
There has been some 
interest in "tailoring" 
criteria to specific time 
of the year, species, and 
even individual stream 
reaches. However, 
reach-, species-, or 
temporally-specific 
criteria can create 
enormous data 
collection and 
management issues. 

Regime Characteristic Variables 

0 Aate 
TemperatureThreshold Sub.lethal 

0 Maximum 
TemperatureFluctuatidn M,, 

Characterisffc 
Mioimum 
Flucixation 
(maximum-minimum) 

0 Instultuleoosmaximum 
Averaging Period 7-Day average 

0 Monthly or seasonalaverage 

Criteria that can be applied on a regional basis require indices of the key characteristics of 
temperature regimes that are biologically meaningful, measurable without extraordinary 
means, and sensitive to humancaused effects. Factors to consider when reducing the 
variable summer temperature regime to simpler indices include: 1) the temperature 
threshold that reflects biological effects (e.g., usually a maximum but can be a minimum); 



2) the temperature statistic within the amplitude of fluctuation (e.g., maximum, mean or 
minimum); and 3) the averaging period that characterizes temperature exposure (e.g., 
hourly, daily, or weekly) (Table 2.1). 

ESTABLISHINGWATER QUALITY CRITERIA 

In recent years, the EPA and National Academies of Science and Engineeringhave 
promoted risk assessment techniques to develop water quality criteria, including formal 
pmtocols that have been peer-reviewed nationally (Parkhutst et al. 1996, U.S. EPA 1995). 
Risk assessment is designed to enhanceunderstanding of the potential adverse effects of a 
pollutant on species by combining the information from biological studies with an analysis 
of each population's potential exposure to those effects. Risk occurs when the stress' 
magnitude, frequency, and duration exceed the species' ability to deal with that stress. 
Risk has little to do with the organisms' or species' sensitivity to a stress or to the 
concentrationor level of environmental stress; risk depends entirely on whether the 
combination of exposure and sensitivityexceeds the organism's ability to withstand or 
adapt to the stress (Suter et al. 1993;U.S. EPA 1992). 

Recent risk assessment techniques use more availabledata and disclose more uncertainties 
than assessments based on comparing a number denoting an effect, criterion or an 
exposure (Parkhutst et al. 1996; Solomon et al. 1996). Exposures and potential effects 
may be represented as probabilitiesof occurrence. Uncertainties about exposures and 
effects can also be expressed (e.g., as 95% confidencelimits) and used in decision-
making. Risk assessment techniques have been used to derive water quality criteria for 
aquatic life (U.S. EPA 1993), wildlife, and human health, and are being considered as one 
of the site-specific water quality criteria tools (Spehar and Adams, 1998). They can be 
used to evaluatebroad effects if general patterns of exposure are known or to develop 
stream-specificcriteria. 

To derive a meaningful biological measure for specific life phase requirements, careful 
consideration must be given to both magnitude and duration of temperature, since these 
factors together have great effect on the risk that temperature poses to fish. In the 
remainder of this report, we will use a risk assessment approach to quantitatively estimate 
acute and chronic effects of temperature on salmonids. Risk assessment requires a 
quantitative analysis of fish response to temperature, and a quantitative assessment of the 
exposure to temperature that a fish may experienceduring the period of interest. The 
overlap betweeneffects and exposure determines the risks associated with temperatures 
experienced in the aquatic environment. 

CONCLUSIONS 

The implications of this research to the question of establishingtemperature criteria are: 

The effects of temperature on physiologic functions during the freshwater phase 
of salmonid life history are reasonably well understood, and in many cases have 
been quantitatively established in a laboratory setting. 

Salmon and trout have physiological and behavioral mechanisms that resist death 
at high and low temperatures unless extreme maximums are achieved. 



Establishing temperature criteria for water quality standards is benefited by 
considerationof both duration and magnitude of temperature within these 
extremes. 

The effects of temperatureon other factors, such as resistance to disease or 
pollutants, are more variable, depending on site conditions, and are less well 
characterized. 





Abstract 

Temperature data collected during the summer months from a number of streams and 
rivers in Washington are used for biological analysis in following sections of this report. 
In this section, we introduce these data and summarize the site and temperature statistics 
for each of the monitoring stations, and compare them among sites and with previous 
temperature studies. Temperature data span a range of temperatures from cold to warm, 
and many stream sites exceed cumnt temperature criteria. Sites are shown to be broadly 
representativeof temperatures observed in many Washington streams. Temperature 
indices, including annual maximum, 7-day maximum, and 7-day mean temperature are 
closely related at each site, and any can be used to index stream temperature measured 
over longer periods. 

KEY FINDINGS INCLUDE: 

The data used in this report are broadly representative of stream temperatures in fish-
bearing streams found in forested, rural, and urban streams in Washington. 
Temperaturepatterns are also probably representative of many streams throughout the 
Pacific Northwest. 

Temperatures span a range of temperatures, from 12" to 26'C in the annual maximum 
water temperature. This temperature range is within the range that salmonids may 
experience growth and lethal effects from short and long-term exposure. 

There is year-to-year variation in temperaturesat sites, which affects short-duration 
temperature indices. 

Various temperature indices such as annual maximum, 7day maximum, and 7-day 
mean are closely related to one another. 

TEMPERATURE DATA 

Analysis of the biological effects of temperature that follows in Sections 4, 5 and 6 is 
based on temperature recorded at 19stream sites in the Chehalis, Deschutes, and Toutle 
river watersheds, located in the Coast Range and the west slopes of the Cascade 
Mountains in Washington. Temperaturehas been monitored over the years for various 
monitoring and research projects. All sites are located on portions of the river systems 
where forestry is the dominant land use. Sites with hourly temperaturerecords varying 
from very cool headwater streams that support cutthroat steelhead, and coho populations 
to warm river mainstems with more diverse fish communities were selected. 

Three sites are located in the mainstem of the headwaters of the Chehalis River near the 
town of PeEll and represent the largest river in our analysis. Bankfull stream widths 



average 30 to 60 meters. The amount of shade varies with stream width, ranging from low 
to high. The river and its tributaries flow through second growth forests, and riparian 
areas are in various stages of regrowth following past logging-related disturbance. EXght 
tributaries to the headwaters of the Chehalis River were monitored. Each is approximately 
5-10 meters in width at their confluence with the mainstem. Tributary streams were 
logged to the stream banks, and in some cases cleaned of woody debris, in the 1970's. 
Most are now well shaded with second-growth alder and Douglas-fu plantations. The 
mainsteam of the Chehalis River supports fall chinook nearly as far upstream as site 3. 
The lower portions of the tributaries support steelhead and coho spawning, incubation and 
rearing. Several of these streams are the location of marine nutrient and fish carcass 
supplementation research previously reported in the literature (Bilby et al., 1996, 1998). 
Porter Creek is a tributary to the lower Chehalis River flowing from the Capitol Forest 
near Olympia. It is well shaded with a predominantly alder overstory. This stream was 
the site of a woody debris addition study (Cederbolmet al. 1997). 

Four sites in the Deschutes River basin were monitored, including the mainstem, near the 
town of Vail and at the downstream end of the forest land use zone. A 2000-ha tributary, 
Thurston Creek, and two small streams ( ~ 3 0 0ha) in the headwaters (Hard and Ware 
Creeks) have been monitored since 1974. Previous monitoring information is available in 
Sullivan et al. (1987). The smallest tributaries support cutthroat trout populations, while 
coho use the lower tributaries and mainstem. Anadromous fish are excluded from the 
upper tributaries by a barrier falls. 

Two sites are located in the Mt. St. Helens blast zone. These streams have experienced 
vegetative recovery since the eruption in 1980, and currently support populations of 
steelhead and coho, that at times are supplemented by hatchery fish. Previous research on 
the interaction of temperature and fish production has been reported by Bisson et al. 
(1988). 

Sites represent a range of small to large streams with shade varying from 0 to 100%. 
Maximum potential shade naturally varies among the sites with stream width. However, 
current shade is lower than potential at many sites due to past forest practices or natural 
disturbance. 

Water temperature was sampled to the nearest OT each hour by an electronic temperature 
recording device (HoboTempB or OmnidataB) calibrated at the time of deployment and 
field-checked at least once each month. The temperature recorded by the instrument was 
the average temperature for the hour. Water temperature probes were placed in the stream 
near the bank and out of direct exposure to sunlight. 

Temperature Characteristics 

Temperatures span a range from predominantly cold to predominantly warm as indexed 
by the annual maximum temperature (the single highest hourly temperature during the 
year) (Table 3.1, Figure 3.1). Multiple years of data were available at some sites. The 
selection of years to include in the analysis was arbitrary, largely reflecting the ready 
access to data in the archives. Although additional years or sites could have been 
included, data would fall entirely within the range of data observed at the example sites. 
We did not feel that is was as important to include a large number of sites in this 
temperature analysis, as it was to select sites that span the range of temperatures likely to 
occur within Washington to the extent possible with the data available to us. 



Table 3.1 Basin and temperature characteristics of 18stream sites used in acute (Ssction 4) and growth 
riak analysis (Ssction 5). These site8 a n  referenced as temperature study skes in the text 

Site WacMihed Basin 7-Day 7 - 9  Annual Year 
Area Maximum' Mean Maximum' Measured 
Orm') "C "C "C 

Deschutu Rivw mainstem Deschutes 145.0 21.0 18.4 22.5 1994 
l l m w nCreek Deschutcs 9.1 14.9 14.1 15.5 1994 

Hard Creek Deschutes 3.0 14.0 13.0 14.0 1994 
Wars Creek Deschutes 2.8 17.5 16.1 18.3 1994 

Hucklebay Creek Deschutes 5.3 18.4 17.6 18.5 1991 
Chehalis Rivw mainstem (Site 1) Chehalis 181.8 21.1 18.9 22.1 1997 
Chehalis River mainstem (Site 2) Chehdis 57.5 22.1 18.2 23.2 1997 
Chehalis River mainstem (Site 3) Chehalis 29.5 20.6 18.6 21.4 1997 
Crim Creek Chehalis 22.0 18.8 16.9 19.4 1997 
Lester Creek Chehalis 10.4 18.4 16.3 19.0 1997 
lhraah Creek Chehnh 16.7 15.3 14.3 15.8 1997 
Rogers Creek Chehah 13.1 15.7 14.1 16.1 1997 
Big Creck Chehdis 9.O 16.5 14.6 16.9 1997 
Sage Creek Chehalis 5.3 16.5 14.6 16.9 1997 
S h n  Creek Chehalis 8.9 15.8 14.2 16.2 1997 
Mack Cnck Chehalis 2.8 12.9 125 13.1 1997 
P m r  Creek Chehalis 25 17.5 16.3 18.6 1990 
Hoffitsdt Creek TouUe 25.6 24.5 18.4 26.0 1988 
Harrington Creek Twtle 8 19.1 16.7 20.5 13.3 1988 
'madmum value of the 7-day movlng average of the dally madmum tempe(Bhre 

mdmmv~4ueof the7diy movlng everage ot ihe d*ly mean temperature
'Insuntenwus medmum 

median oldally mean temperahre from June 1 to September 15 

The coolest measured stream was Mack Creek. The temperature never exceeded 13°C at 
any time during the summer (Figure 3.1). The warmest temperatures recorded in the 
temperature study occurred in Hoffstadt Creek located within the Mt. St. Helens blast 
zone, although this stream continues to cool with vegetation regrowth since previous 
studies (Bisson et al. 1988). The mainstem of the Chehalis River (sites 1.2 and 3) 
experienced the longest duration of high temperature at or above 20°C. The Chehalis 
River is among the warmest rivers in Washington and well exceeds existing state 
temperature standards. The contrast in seasonal temperature regime between a 
consistently warm and a consistently cool site within the same time period and watershed 
is shown in Figure 3.2. Except for Hoffstadt Creek, the temperatures of the other sixteen 
sites fell somewhere between these two. All streams that exceed 16'C annual maximum 
temperature exceed cunent Washington water quality temperature standards. 

The minimum temperatures observed during the period between June I and September 15 
were between 7 and 9 "Cin all streams (Figure 3.3). This temperature is close to 
groundwater temperature and was typically experienced early in June. The maximum 
temperature observed reflects site characteristics such as openness to the sky, stream 
depth, and the extent of groundwater inflow (Sullivan et al. 1990). Despite large 
differences in the annual maximum temperatures among sites (Figure 3.1), most streams 
also spent a considerable amount of time at the same temperatures, most notably in the 
range between 12 and 17"C. This temperature is coincident with the optimal temperature 
range of many salmonids. 
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Figure 3.4 also includes the cumulative distribution of maximum temperatures measured 
ina synoptic study of 570 u r b d m r d  streams throughout the Puget sound region 
coordinated by the University of Washington Center for Urban Studies. Temperature data 
were collected by volunteers within a 2-hour interval in the afternoon of ~ u g u s t  19,1998. 
Data fmm this study do not necessarily represent the hourly maximum temperature since 

temperatures did not 
necessarily coincide with 

-+ msk Analysls (n=19) 	 the hottest hour of the 
year. However, the data 

+TFW IgBO(n=W) 
are representative of the 

+u.Wash. Center Uban Studles (nSm) 
long-term average daily 

4 0.9 

1 	 maximum for August 
(Derek Booth, pers. com.) 
5 

o 
0.8 and are likely to be within 


e 0.7 a few degrees of the 

0e 0.6 	 annual maximum 

0.6 	 (Sullivan et al., 1990). 

Streams tended to be small 
P 0.4 


.Z 
0 

0.3 tributary streams. Stream 

qs 0.2 temperatures at these sites 


5 tended to be slightly 

0.1 

cooler than risk analysis 

O o sites, and no streams were 


10 16 20 25 30 as warm as those included 

Annual MaximumTernperature ('C) in this analysis. 


In further consideration of 
flgure 3.4 Cumulative distribution of the annual maxlmum temperature how the risk Sites 
at temperature nudysltes included In thls study in comparison to the represent the range of
8s shes included in the staiewlda study of temperature conducted by 
Sullivan et al. (1880) and the 510 ales Included in the Unlversllyof high temperatures 
Washington Center for Urban Studio8 synoptic survey ot urtran and observed throughout the 
rum1 streams in the Pugai Sound area. The 1980 TFW study included pacific ~ ~region, f i ~ sites located throughout Washington. 

we examined published 
U.S. Geological Survey 
temperature records from 


Washington, Oregon and Idaho. We selected the year 1978-79 for several reasons: there 

were more sites recording temperature in the 1970's and 1980's than are operative today, 

and this was a period of rather high temperature throughout the region due to the 1977-78 

drought. The annual maximum temperatures are shown by state in Figure 3.5. (Note 

differences in the number of sites in each state.) The U.S.G.S. sites are primarily on larger 

rivers, although some smaller streams are also included. For example, the Columbia River 

mainstem is represented 6 times in the Washington data and 3 times in the Oregon data. 

Rivers such as the Columbia, Skagit, Yakima, Snake, Deschutes (OR), Wilamette, Rogue, 

and Umpqua, to name a few, are included in this data set. (See Appendix A for a listing of 

U.S.G.S. sites.) None of the sites in the Timber/Fish/Wildlife study, University of 

Washington survey, or the risk sites (Table 3.1) were located within the zone of influence 

of dams. Dams often cause local heating or cooling depending on the release depth from 

the upstream reservoir. A few of the U.S. Geological Survey sites were located below 

dams. These sites were generally colder than expected given the size of the river at these 

locations. 




Of the 129U.S.G.S. sites, 11 (8.5%) had an annual maximum temperature greater than 
26'C, the highest temperature observed at the risk analysis sites. One of those was in 
Washington (Yakima River), 1 was observed in Idaho (Snake River) and 9 were observed 
in Oregon. The John Day River in eastern Oregon reached temperatures as high as 31°C. 
The remainder of the Oregon sites exceeding 26'C were concentratedin the southwestern 
corner of the state, including the Applegate, Siuslaw, N. and S. Fork Umpqua, Calapooia 
River, and Elk Creek. 

The four sources of data cited in this report provide perspective on the temperatures of 
small forested and urban streams and moderate to large size rivers in both the dry interior 
and wet coastal wnes. The sites included in the risk analysis are broadly representative of 
temperatures of moderate to small size streams (all sites had basin area less than 200 km2). 
Larger rivers tend to fall within the temperature ranges observed in the smaller rivers. 
However, it is appropriate to recognize that the largest rivers, and those in some 
geographic areas, have different temperatureregimes than most Pacific Northwest 
streams, and if temperature is of concern, these should be specifically evaluated to 
determine whether the duration of specific temperatures exceeds adverse levels. 
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Figure 3.5. Annual maximum temperaturn lor ail stream and river shes lirtsd in the 
U.S.GaoIogicaI Survey Water resources data tor Washington, Oregon, and Idahofor ths 
year 1878-7s. 

The data from the University of Washington website, the statewideTimber/Fish/Wildlife 
study, and the U.S. GeologicalSurvey ate presented merely to establish how well the 19 
risk analysis sites used in this report (Table 3) represent the streams found in a variety of 
geographic and land use settings that occur in the Pacific Northwest region. Only the 
records from the 19sites are used for the analyses of acute and chronic temperature effects 
that follow in Sections43 ,  and 6 of this report. 



We had no hourly temperature records for comparable time intervals from the coldest 
streams (e.g., <12'C). These are most likely to occur in well-shaded, small headwaters 
streams (Black, 2000). When well-shaded, these streams tend to hover near groundwater 
temperature (typically 6'-10°C during the summer, depending on geographic location) 
with little, if any, daily fluctuation. Such patterns were evident in Norwegian Creek 
(western Washington) and Cee Cee Ah Creek (eastern Washington) as examples taken 
from the TFW statewide study in 1990 (Sullivan et al. 1990). To represent this type of 
stream, we assigned constant temperahlres through the summer. All temperature indices, 
including daily mean and daily maximum were set to 10°C for 'Ten Site" and 8OC for 
"Eight Site". 
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Figure 3.8 Annual maximum temperature ot the Deschutes Rlver near Veil, Washington from 1975-1995. 
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Temporal Varlatlon at a Site 

Temperature regimes at sites often vary somewhat from year to year due to climatic 
factors. Annual variation is illustrated in the 7-day maximum temperature at the 
Deschutes River mainstem (Figure 3.6). The long-term mean at this site was 20.3'C 
averaged over 20 years but the upper temperature ranged 21.25'C the average. The shape 
of the frequency distribution, available in hourly increments for eight years since 1988, 
was similar from year to year, but tended to shift up or down the temperature scale (Figure 
3.7). Therefore, the time-averaged characteristics of temperature are likely to vary on an 
annual basis at a site. However, the relationship between the indexing characteristics such 
as maximum 7-day temperature and the overall distribution of temperature during the 
same summer period should remain consistent. 

Temperature Indices 

Later in this report (Sections 6 and 7). we will discuss the temperature indices that have 
been used to characterize the complex long-term temperature regime experienced by the 
biological community inhabiting streams (e.g., Figures 2.5 and 3.2) in ways that are 
meaningful ecologically. These indices or metrics are considered necessary as per Clean 
Water Act requirements to establish temperature criteria that are protective of salmonids 
or other designated uses. When water quality criteria are exceeded in water bodies, 
activities that contribute to or cause the exceedances to those water bodies may be 
restricted. Many streams and rivers are currently identified as exceeding water quality 
criteria according to the 305b reports from the states in the Pacific Northwest region, with 
a large number of them listed for temperature impairment. Therefore, the temperature 
criteria take on significant legal and economic meaning, and their appropriateness is of 
great concern to the public, scientists, and regulators. 

Temperature criteria generally specify a temperature threshold calculated over an 
averaging period (Table 2.1). For example, Washington's current criteria, sometimes also 
referred to as standards, specifies the annual maximum temperature, expressed as the 
maximum hourly temperature that occurs each year. Oregon specifies the average of the 
daily maximum temperature of the 7 warmest consecutive days (ODEQ 1995). The U.S. 
EPA (1977) recommends the average of the daily temperature of the 7 warmest 
consecutive days (MWAT). Each of these measures for each temperature site is listed in 
Table 3.1. 

There is an implicit assumption with these indices that they are representative of 
temperatures that is biologically meaningful in some way. The relationship between 
short-term indices and acute temperatures, which are typically expressed for short 
intervals, may be direct as discussed in Section 4. However, the threshold values 
associated with state water quality criteria appear to be selected to prevent long-term 
chronic effects as discussed in Sections 5 and 6. Therefore, there is an implicit 
assumption that short-term indices, based on temperature measured for only a few hours 
each year, represent the effects of long-term exposure. This assumption is worthy of 
evaluation. Furthermore, there is no consensus on how to report stream temperature with 
meaningful hut simplified measures: laboratory and field studies use a wide variety of 
methods, and seemingly, no two are alike. Lack of standardized methods for reporting 
temperature among both the physical and biological sciences makes comparison among 



studies difficult, and the selection of temperature criteria based on field ecological and 
laboratory studies tenuous. 

Our analyses of acute and chronic biological effects associated with natural stream 
temperatures that follow in Sections 5 and 6 of this report rely on hourly records 
summarized only to average daily temperature. These analyses are therefore not limited 
by the lack of consensus on methodology to compress long-term temperature regimes into 
very short duration indices. We will, however, use results based on detailed temperature 
records in Section 6 to evaluate whether short-term indices are reliable indictors of at least 
some long-term biological responses. 

Nevertheless, although there is some debate as to whether short-term indices are 
appropriate to represent long-term exposure, it appears that all of the short-term indices 
are closely related to one another (Figure 3.8). This makes selection among them a matter 
of procedural and logistical questions, rather than a biological question, since all similarly 
index the characteristics of the upper tail of the distribution of the temperatures sampled. 

Perhaps a more important question is how well the short-term measures correlate with 
temperature characteristics occurring over longer periods. The median temperature for the 
period from June 1 to September 15,a long-term measure, is shown in relation to the three 
shortduration indices in Figure 3.9. Although more variable, the short-term indices are 
well correlated with the season median, indicating that short-duration measures can 
meaningfully characterize seasonal temperature patterns, albeit with some loss of 
precision. Not surprisingly, the 7-day mean temperature (MWAT) is best correlated with 
the season median, probably because each is respectively characterizing the central 
tendency of the temperature within the daily and seasonal period. 
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Figure 3.9 Relationship between season mediantemperature (June 1-Sept 15)with shod 
duration indices. 

CONCLUSIONS 

The data used in this report are broadly representativeof stream temperatures in fish-
bearing sfreams found in forested, ~ r a l ,and urban streams in Washington. Their 
temperatures also appear to be representativeof many streams throughout the Pacific 
Northwest, based on comparisons of data from other sources in the region. 

Observed temperatures at study sites span a range of temperatures, from 13" to 26°C 
in the annual maximum water temperature. This range encompasses most of the 
temperatures where salmonids may experience acute and chronic effects from short 
and long-term exposure. 

Various temperature indices such as annual maximum, 7-day maximum, and 7day 
mean that are often used in temperature criteria are closely related to one another and 
can be compared or used interchangeably with the appropriate correlation 
relationships. 

Measures representing long duration exposure, such as the median temperature 
observed over the summer period are related to short-term measures. 

There is year-to-year variation in temperatures at stream sites, which is reflected in 
short-duration temperature indices. 





SECTION4 ASSESSMENT OF RISKOF SALMONSPECIESTO 
ACUTETEMPERATUREIN STREAMSAND RIVERS 

Abstract 

In this section, we examine temperature records from streams and rivers in Washington 
spanning a range of summertime maximum temperatures to determine whether acute 
lethal temperature conditionsexist, and if they could be associated with water quality 
temperature criteria. A relationshipbetween temperature and duration of exposure 
sufficient to cause mortality was establishedbased on previously published research. 
Hourly temperature records were scanned for occurrencesof sufficient continuous 
duration, defined for each level of temperature to cause mortality within salmonid 
populations. Although at least one stream had temperature as high as 26'C, a temperature 
that can be lethal to salmonids,the length of exposure was not sufficient to cause 
mortality. We found no occurrenceof acute lethal temperature conditions in any of the 
stream sites, which are broadly representativeof streams and rivers in the Pacific 
Northwest. 

Key findings of this chapter: 

a There is sufficient information to quantitatively define the lethal effects of 
temperature on salmonids. 

No occurrences of acute lethal temperatures were observed at stream sites with a 
wide range of temperatures including many with annual maximum temperatures 
that well exceed current water quality standards. 

o Nevertheless, lethal level temperatures of sufficient duration to cause mortality 
have been reported in the Pacific Northwest. Therefore, although not a common 
occurrence, attention should be paid to local site conditions that can lead to acute 
mortality. 

a A temperature threshold of 26'C is suggested to prevent mortality of salmon and 
trout species in natural rivers and streams. Further analysis of temperature to 
determine exposure is suggested for streams where annual maximum temperature 
is between 24' and 26'C. 

INTRODUCTION 

Temperature duration and lethality relationshipshave been established through laboratory 
study for most salmon species. Acute effects of temperature typically have been assessed 
as effects on survival that result from continuous exposure to elevated temperatures for 
specified periods of time (usually from 1 to 96 hours). Mortality has been commonly 
expressed as the duration eliciting mortality of some specified portion of the population at 
a specific temperature (Brett 1952). This is a measure of mortality from temperatures 
cccumng within the zone of resistance (Figure 2.1) (Fagerlund et al. 1995); that is, where 
the temperature must be experienced for some duration greater than 1hour before 



mortality occurs. These temperatures ate more likely to occur than the ultimate lethal 
thresholds where mortality of most or all of the population occurs within a very brief time. 

Risk analysis is performed by quantitatively relating key temperature characteristics with 
specific measures of probable population response to those temperatures. We examined 
the likelihood that exposure to temperature is of sufficient magnitude and duration that it 
causes direct mortality within the fish population using conventional probabilistic risk 
assessment procedures (Parkhurst et al. 1996). Laboratory mortality data available fmm 
the literature were used to develop temperature effects relationships. Temperature data 
from streams monitored continuously during the summer months were used to assess 
exposure. Acute effects would most likely be associated with the occasional spikes of 
warm temperature that may induce mortality. 

ACUTE THERMAL EFFECTS CURVES ASSOCIATED WITH 50% MORTALITY 

Past research has emphasized the exposure duration causing 50% mortality in the 
population at a given temperature, as the most common lethality measure. Data from 
several sources were used to generate curves showing the relationship between temperature 
and duration to 50% mortality (EPA 1977, Brett 1952, and Golden 1978). Each curve 
estimates the length of time that 50% of a population can survive at some temperature above 
its upper incipient lethal temperature. This temperature is referred to as the LT50. At each 
successively lower temperam, the duration of exposure must be longer to achieve the same 
amount of mortality (Figure 2.2). 

EPA (1977, page 11 of text and page 38 of Appendix C) provides a regression equation 
relating exposure time (in minutes) to the LT50 (in OC): 

log,, t = a +b .LT50 (4.1) 

where t is the exposure time, and a and b are coefficients of the relationships. Equation 4.1 
can be arranged to 

LT50 = (log,, t -a)l b  

The regression coefficients, a and b, ate provided in EPA (1977) for many fish species, 
including all those identified above, except cutthroat trout (pages 55-58 of Appendix B). 
From the coefficients provided, curves can be generated for selected species of salmon 
and trout: pink salmon, chum salmon, coho salmon, sockeye salmon, and chinook salmon. 
The coefficients in EPA (1977) were gathered from many different sources, including 
Brett's 1952 paper summarizing his study of lethal temperatures for the five salmon 
species. It is a necessary assumption of this analysis that the data fmm these laboratory 
studies conducted on a small number offish and a few stocks ate representative of the 
species, and that these relationships correctly characterize the mortalityltemperature 
relationships. Golden (1978, Figure 4 on page 14) provides regression coefficients for 
cutthroat trout. Steelhead LT50 curves were generated using data from Alabaster and 



Table 4.1 Regmssion coelfichts for the relationship between duration and percent mortality of the sample populstion for laboratory studies on salmon 
and trout species. Uost of Ula data are taken from a summary U.S.E.P.A document (1977). Studiesreport LT50, unless othemka noM.  



Downing (1966) and Alabaster and Welcomme (1962), as cited in the EPA document. 
Data were combined where studies were reasonably comparable. Coefficients for each 
species are provided in Table 4.1 for experiments that tested a range of acclimation 
temperatures. Generally, the higher the acclimanon temperatm, the higher the LT50 
temperature. 

The acute thermal effects curves were generated in Excel@ using regression coefficients 
provided in EPA (1977) and Golden (1978) for a range of exposure times. While the 
kquations provided in EPA (1977) were based on exposure times measured in minutes, we 
converted them to hours in order to be consistent with temperature measurements at field 
sites. To generate the hourly curves, equation 4.2 was modified to 

LT50 = ((log,, t .60) -a ) lb  

Although it was assumed that the regression coefficients in Appendix B of EPA (1977) 
were correct, one appeared to be in error. The value for a was given as 16.2444 for pink 
salmon at an acclimation temperature of 20°C from Brett's study (1952). The resulting 
curve did not match the one presented in Figure 5 of Brett (1952). To generate a curve 
more representative of Brett's (1952) figure, a value of 13.2444 was used for a instead. 

A few of the studies included in EPA (1977) were excluded from the analysis. These 
were studies in which the fish being tested showed signs of gas bubble disease or other 
effects of gas supersaturation. 

COMPARISON OF LT50 and LTlO MORTALITY RELATIONSHIPS 

Most of the available information on the& effects is based on 50% survival. We felt 
that it was appropriate to use a more conservative population measure for risk assessment. 
Therefore, we also expressed acute effects as the duration of time needed to elicit 10% 
mortality (LT10) for each temperature and species studied. LTlO was selected because it 
is the amount of mortality considered acceptable in the control groups for acute toxicity 
tests (ASTM 1997), and 90% (100% - 10%) is a recommended protection level for species 
populations (SETAC 1994; Solomon et al. 1996). 

In the EPA (1977) document. two unoublished studies orovided regression coefficients for -
both 50% and 10% (LT10) mortality curves at acclimation temperatures of 15'C or 
higher. McConnell and Blahm (1970) calculated regression coefficients for sockeye 
salmon; and Blahm and McConnell(1970) calculated regression coefficients for both 
spring and fall runs of chinook salmon. Using the regression coefficients generated from 
these studies, LT50 and LTlO values for sockeye (Table 4.2) and chinook (Table 4.3) 
were calculated for a range of time periods, along with their ratio. 

For the range of exposure times, the LTlO values were 98.0 to 99.7% of the LT50 values. 
This is consistent with Brett (1958, page 76 and Figure 4), who indicated that differences 
between temperatures for 50% mortality and those for 6 0 %  mortality are relatively 
small. This "implies that temperatures of this order have only to increase slightly to cause 
a large difference in mortality." Based on visual inspection of the LT50 and LTlO curves, 
the slopes were similar. That is, on the log-time scale, the differences between the LT50 
and LTlO curves were approximately constant. (There was insufficient information 



Table 4.2 Reldlonahlp batween LT50 and LTlO for sackey3 aalmon. Accllmatlon temperature Is 20PC. 
Daa from McConnel and Blahm (1970). unpubllshed daa (cltad in U.S. EPA 1977). 

Table 4 3  Relalonshlp betwean LTSO and LTIO for chinook salmon. Accllmalon temperature is 20°C. 
Daafrom McConnel and Blahm (1070). unpublished data (cited in U.S. EPA 1977). 



presented in Appendix B of the EPA (1977) document to statistically compare the slopes.) 
Had the differences not appeared constant, the application of a singe adjustment factor 
would not have been appropriate. 

ACUTE THERMAL EFFECTS CURVES AT 10%MORTALITY 

The adjustment factor estimated from the McConnell and Blahm (1970) and Blahm and 
McComell(1970) data for.sockeye and chinook salmon was assumed to be appropriate to 
use in estimating LTlO curves for the other salmon and trout species. For the other 
studies from which LT50 curves were generated, LTlO curves were estimated by applying 
a factor of 0.98 to each LT50 curve. The equation used to calculate the estimated LTlO 
values is 

(log,,(tLTlO = *60)-a)  .0.98 

The estimated LTlO curves for 15°C acclimation for four salmon species are provided in 
Figure 4.1. (Relationships for all species and acclimation temperatures are graphically 
depicted in Appendix C, under separate cover.) 

Durationcurve for the L n o  acute effects of 

The resulting LTlO lethal curves are 
very similar among salmon species 
although cutthroat trout have higher 
tolerance to high temperature than 
the other species (Figure 4.1). We 
note that using the relationship based 
on fluctuating acclimation 
temperature (Golden 1978) produced 
higher LT5O's than when tested at 
constant temperature. Continuous 
exposures of 3 to 30 hours are 
necessary to cause mortality at 
temperatures between 24' to 26'C, 24 25 26 27 28 29 

varying by species. The duration of 
time necessary to cause mortality 

Temperature (oC) 

decreases sharply with small 
increments of temperature above 
approximately 26°C. Short duration neure 4.1 

temperature for coho and chinook salmon and cutthroat and excursions (less than two hours) steelhead trout. acclimated at 15%. (Data from BreU 1952,
above 27'C are very likely to cause Alabaster and Downing 1966, Goldsn 1978; see Appendix C). 
mortalitv of some individuals in the 
population because only one hour 
duration is necessary 

30 



ACUTE EXPOSURE CHARACTEREATION 

The maximum tempefatures juvenile salmonids experienced in situ were determined 
through exposure characterization, (U.S. EPA 1992). Summertime temperatures for sites 
described in Section 3 (Table 3.1) were assembled for this study. The occurrence of 
potentially lethal temperatures was determined by examining the temperature 
record at each of the 19 temperature sites for exposure periods defined as the number of 
continuous hours at or above the exposure temperature (temperature was rounded to the 
nearest OC). We used a lower level of 16'C since it approximates the ootimum 
temperature for several salmon species (Weatherly and Gill 1995) although it is important 
to note that acute mortality does not commence until 24OC under naturally fluctuating 
conditions. Exposure was based on hourly temperatures so that we could capture 
relatively short duration effects and the LTlO data were expressed in hours. 

An exposure period is the number of consecutive hours each temperature (measured to the 
nearest l.O°C) occurred within a period when the temperature was at or above 16'. For 
example, if the temperature increased from below 16" to 16.6", a count of one was added 
to 16'C. If the next hourly temperature was 18.SoC, then a count of one was added to16', 
17' and lS°C. If the following hourly temperature decreased back to 17"C, then a count of 
one was added to 16', and 17', and so forth. As soon as the next temperature retreated 
below each temperature degree category, the counting (i.e., duration of exposure) for that 
temperature ceased. When temperatures dropped below 16"C, the entire exposure period 
was concluded. In the example above, there was one exposure period where temperature 
reached 16' for 3 hours, 17' for two hours, and 18' for one hour. 

Exposure to temperatures above 16'C varied significantly among sites. Table 4.2 lists the 
number of exposure periods for temperatures greater than 16'C and the number of hours 
by temperature category for the warmest continuous exposure period at each site. At 
some sites there were no exposure periods at any time during the summer months, while at 
others both the magnitude and duration of exposure were relatively large. Hoffstadt Creek 
in the Mt. St. Helens Blast Zone experienced the warmest temperature (26.0°C) which 
lasted one hour (Figure 4.3A and 4.4). This stream is shallow, and it heats and cools 
rapidly over the course of the day. The deeper Chehalis River sites (Figure 4.3B) did not 
reach quite as high a temperature (2Z°C), but experienced higher temperatures over much 
longer continuous periods. 



Table 4.4 Number of exposure sequences where temperature was continuously greater than or equal to 1 6 O  C for one or more hour at each of the sites 
and the duration of wntinuous exposure (hours) at each temperature for the wannest perlod. 

Number orHoursbg Temperatureforthe Mnrimum Sequenceat the Site 

Site 	 TatPlNumber -16- -17- -18- -19- 30- -21- -22- -23- - 2 4  -2% -Z& 
ofSeqoeneer 

Chehalir Rivw Main 1 49 455 70 21 16 12 8 2 0 0 0 0 

Chehalis Rivw Main 2 69 44 33 26 21 16 1 6 1 0 0 0 
Chehalis Rivw Main 3 62 44 32 23 n I I 0 0 0 0 0 0 

Crim Creeh 54 22 14 7 3 0 0 0 0 0 0 0 

Deschutes RivcrMain 70 139 65 17 14 10 7 5 0 0 0 0 

Had Cmk 0 0 0 0 0 0 0 0 0 0 0 0 

HarringtonCmk 36 25 17 12 9 5 0 0 0 0 0 0 
Haffstadl Ceek 83 19 16 15 13 12 7 8 7 5 5 1 

Huckleberry Creek 34 405 65 12 0 0 0 0 0 0 0 0 
LsrcuC~dr 47 14 8 5 0 0 0 0 0 0 0 0 

Mack Creek 0 0 0 0 0 0 0 0 0 0 0 0 
Portw Creek 30 21 15 9 0 0 0 0 0 0 0 0 

Rogers Cr. 1 2 0 0 0 0 0 0 0 0 0 0 

Sage Cr. 17 7 0 0 0 0 0 0 0 0 0 0 

SalmonCr. 2 3 0 0 0 0 0 0 0 0 0 0 

k  h  Cr. 0 0 0 0 0 0 0 0 0 0 0 0 
Thurston Cr. 0 0 0 0 0 0 0 0 0 0 0 0 
Ware Cr. 24 34 23 13 0 0 0 0 0 0 0 0 

I-' 

I& 

-	 I-' 
h) 
0) 



ACUTE RISK CHARACTERIZATION 

To assess acute risk to lethal temperature, the periods when duration of temperature 
equaled or exceeded the LTlO curve (e.g. Figure 4.1) were examined to determine if the 
duration of exceedance was of sufficient length to cause mortality. If the time spent at any 
temperature equaled or exceeded the time necessary to elicit mortality at the LTlO level, 
then an exceedance occurred. If an exceedance occurred, we assumed that 10% of the 
population died. The number of exceedances that occurred during the summer interval was 
counted. It follows that if 10% of the population died at each exposure, then the 
cumulativerisk to the population (Lethal Risk) could be calculated using the number of 
exceedances (n)experienced by the population: 

Lethal Risk = 11.0 - (1.0 -0.lo)"] 	 (4.5) 

where lethal risk is defmed as the proportion of the population that dies due to the 
temperature exposure. For example, if a stream's temperature exceeded an LTlO once, the 
cumulative total mortality risk would be [1.0-(0.90)'] or 10%; if it exceeded an LTlO four 
times, the total mortality risk would be [1.0-(0.90)'] or 34%. 

There were no indicated periods of acute exposure for chinook, coho, steelhead, or 
cutthroat at any of the stream locations despite higher temperaturesat some sites. The 
warmest period of exposure at each of the 19temperature study sites in relation to species' 

LTlO exposure curves is 
shown in Figure 4.2. 

I O O O O  Some sites did not 
P exceed optimal 
x 
Y 1000 	 temperature

(approximately 16OC) at 
D 
 any time during thel o o  --5 summer and do not 

appear on the figure. Forc 
0 1 0  those that exceeded acute 
0-	 lethal temperatures (24°C
0 

1 	 or greater), the exposure,.= 	 was generally much less 
r 
0 

0.1 	 than required to cause 
mortality. 

The only site that 
30 exceeded 24'C (the 

T a m  p e i a t u r e  P C )  temperature zone where 
mortality depends on 

Flgure4.2 Hours of continuous exposure at temperature sites (see Table duration of exposure) 
4.1) and LTlO lethality relationships for fish specles. was Hoffstadt Creek. 

which peaked at 26.OoC 
for one hour (Figure 4.2 and 4.3A). Hoffstadt Creek had an additional two exposure 
periods reaching 25°C (three-hour duration) and twelve reaching 24'C (five-hour duration). 
Although the one-hour maximum temperature approached the magnitude and duration that 
could elicit mortality at this site, the duration of exposure at 24O, 2 5 O ,  and 26'C for 
Hoffstadt Creek was too short to directly cause mortality (Figure4.3A). The Chehalis 
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Helens, temperatures of streams within the blast zone were extreme relative to those 
twicallv recorded in the Pacific Northwest. Bisson et al. (1988) and Martinet al. (1986) 
reported temperaturesin Hoffstadt Creek and other moderate size streams in the blast zone 
that exceeded 29OC for short daily intervals several times during the summer. The lethality 
cwve suggests that even short duration exposure to such warm temperatures could cause 
mortality of individual fish and repeated exposures could have a measurable effect on 
salmon populations. In this case, the acute effects analysis would have predicted mortality, 
although we do not have temperature data from these earlier studies to calculate the 
cumulative mortality. Populationsof juvenile coho salmon successfully survived the 
temperature episodes exceeding lethal levels (Bisson et al. 1988). However, Martinet al. 
(1986) also reported significantmortality of juvenile coho within populations in the same 
streams as Bisson et al. (1988) that was proportional to the magnitude of daily temperature 
fluctuations (maximum fluctuation of 17OC) when temperatures exceeded 26'C. 

Temperatures have since sufficiently declined with vegetation re-growth that mortality is 
not expected at temperatures existing eight years after the eruption and beyond. Hall and 
Lantz (1969) reported no reduction in numbers of coho, and a 25% reduction in cutthroat 
trout, when summertime temperatures reached 30°C in a small Oregon stream (Needle 
Branch) after clearcut logging and severe burning. 

Elsewhere in the Pacific Northwest, water temperatures greater than 24'C aremeasured 
relatively rarely in streams and rivers (see Section 3). Based on the foregoing analysis,one 
can conclude there is low risk of acute lethality to salmonid species juveniles from 
temperatures observed at the nineteen sites in this risk assessment. The temperatures at 
these sites are representative of the potentially lethal temperature of most of the natural 
streams up to 5' order found in the Pacific Northwest, including many with disturbed 
riparian forest cover (Sullivan et al. 1990). Streams in this analysis include many sites 
affected by land use and catastrophic natural disturbance. Nevertheless, if temperatures 
should reach as high as 28°C for as little as an hour, mortality of some portion of the 
population can be expected. 

CONCLUSIONS 

There is sufficient information to quantitatively define the lethal effects of temperature 
on salmonids. 

No occurrences of acute lethal temperatures were observed at stream sites with a wide 
range of temperatures including many with annual maximum temperatures that well 
exceed current water quality standards. 

Nevertheless, lethal level temperatures of sufficient duration to cause mortality have 
been reported in the Pacific Northwest. Therefore,although not a common occurrence, 
attention should be paid to local site conditions that can lead to acute mortality. 

A temperature threshold of 26'C is suggested to prevent mortality of salmon and trout 
species in natural rivers and streams. Further analysis of temperature to determine 
exposure is suggested for streams where annual maximum temperature is between Zdo 
and 26OC. 





SECTION5 DEVELOPMENTAND CORROBATIONOF A BIO-
ENERGETICS-BASED APPROACH TO EVALUATING SALMON 
GROWTH IN RELATIONTO ENVIRONMENTAL TEMPERATURE 

Abstract 

Growth is an important biologic function for juvenile salmonidsrearing in streams and rivers. In 
this section, we develop a quantitative method to evaluate the effects of the long-term temperature 
on the growth of salmonids. The mathematical model considers the effects of temperature and 
food consumption on daily growth rate. When applied over time to measured stream temperature 
regimes, the model simulates the weight gain of salmon species, and can be used to assess the 
importance of the cumulative or chronic effects of temperature on growth. At present, the model is 
formulated to assess the growth of juvenile salmonid species during the summer months with 
variable temperatures. Previous researchers have used similar approaches, although this specific 
method has not been explicitly described previously. We use well-established bioenergetics 
principles and models available in the scientific literature to help develop it. 

The relatively simple formulation appears to predict weights well according to a number of 
comparisonsof observed and predicted growth at stream sites where fish populations bad been 
sampled. The method is sensitive to temperature, making it a useful tool for evaluating salmon 
response to temperature in natural streams, and it allows direct comparisons among sites and 
species if desired. Application of bioenergetics principles to field observations using this tool 
suggests ecological adaptation to environmental temperatureand food supply. The model may 
prove useful for helping field investigators sort out the complex relationships between population 
dynamics, environmental temperature, and fwd supply that control growth in natural streams. 

Because the model is central to determining the effects of temperature on fish growth in relation to 
temperature, the mathematical approach is developed in detail in this section. If the scientific basis 
for the growth analysis is not of interest, the reader is urged to move directly to Section 6, where 
the method is applied to develop temperature criteria. 

Key findings include: 

Methods of predicting growth based on quantitative bioenergetics principles can be applied to 
streams to assess the effects of temperature on juvenile salmonid growth; with results-that are 
consistent with observed wild fish population growth patterns. 

The method is sensitive to temperature and can be applied to the daily temperature regime 
making it a useful tool for assessing the biological impacts of temperature in natural streams. 



they have been used to explore ecological responses to environmental conditions (Filben and 
Hawkins 1995, Preall and Ringler 1989, Railsback and Rose 1999). 

J.F. Kitchell and colleagues at the University of Wisconsin have made bioenergetics analysis 
available to a wide variety of scientists and managers. They have summarized research for many 
fish species, including salmonids, and packaged the energy functions in software for easier use of 
the multiple mathematical statements required for the energy balance (Kitchell et al. 1974, Hewett 
and JohnSon 1992, Hansen et. al. 1997). In practice, model users are urged to supply data to 
calibrate model parameters and to validate population growth. There are a variety of data needs in 
conducting full bioenergetics analysis. The Wisconsin models require a relatively large number of 
parameters (15-30), some of which are measured from the population and environment of interest 
(Hanson 1997). Default values are supplied if the user is unable to develop local data, often times 
borrowed from similar species that have received greater laboratory and field study. The 
proliferation of parameters, each with its own estimation error, has led some to criticize 
bioenergetic models for being insensitive statistically and difficult to apply (Hansen et al. 1993). 

For practical applications, it is often desirable to construct the simplest model possible that can 
capture the key environmental or biological effects of interest (Kitchell et al. 1974). Moreover, Ney 
(1993) has suggested that elaborate energetic characterizations may not be necessary to provide 
satisfactory answers to some bioenergetics questions. Although grwoth is only one of the 
bioenergetic functions, many authors argue that it integrates a host of specific physiological 
responses to temperature, including metabolic rate (basal and active), feeding and digestion, and 
swimming performance or the ability to hold position with the current (Brett 1995; Weatherly and 
Gill 1995). For example, Brett et al. estimated weight gain of sockeye (1971) and chinook (1982) 
in relation to environmental temperature assuming that the relationship between temperature, food 
consumption and growth rate, such as illustrated in Figure 2.4, adequately integrates the organism's 
response to temperature. Mallet et al. (1999) applied a temperature-modified form of a von 
Bertalanffy growth model, which has no explicit of energetics, to estimate the growth of grayling in 
a European River. Up to 25 to 30% of the energy consumed by salmonids is allocated to growth 
and the remainder is allocated to the other energy demands (Brett et al. 1982, Brett 1995). With the 
exception of respiration, the pattern of response of all of the energetic functions to temperature is 
similar to that of growth rate, with maximums and minimums of activity peaking and declining at 
similar optimal temperatures (e.g. Brett et al. 1971, Hansen et al. 1997). Energy consumed by 
respiration continually increases reaching maximums at temperatures coincident with shut down of 
other metabolic functions, including growth (e.g., 24'C for salmonids, Brett 1995). 

Growth, or more precisely, gain in weight for our purpose, is one of the few energetic functions 
that can be readily measured in natural environments, and it perhaps is the quality of greatest 
interest for juvenile salmonids. Because bioenergetic functions respond similarly to growth, the 
approach of Brett et al. (1982) assumes that the other components of the energy equation can be 
ignored yielding a modeling approach that requires only a few parameters. 

In this section, we develop a mathematical approach to predict growth from temperature and food 
consumption, using realistic estimates of food supply. It follows the approach of Brett et al. (1971, 
1982) in that only growth rate as mediated by temperature and food consumption are accounted for 
in the energy balance. However, we use the bioenergetics approach to estimate the interaction of 
food consumption with temperature. We develop the rationale for each of the components of the 
growth model, and parameterize them based on laboratory and field studies of fish populations. 
We then compare model simulation results with fish population weight gain at a number of stream 



sites to evaluate model performance. This analysis considers growth during summer rearing 
because high water temperahlres are of a particular concern in how they may restrict growth. The 
analysis focuses primarily on coho and steelhead species because 1) they occur widely in Pacific 
Northwest streams, penetrating well into the headwaters, and 2) necessary biological data were 
available for constructing the model and evaluating its performance. The growth model is then 
used in Section 6 to explore methods for quantifying growth response to identify biologically-based 
water quality criteria. 

GROWTH MODEL 

The basis for the mathematical formulation for daily weight gain in juvenile salmonids is its 
relationship to temperature and food consumption. This relationship has been graphically depicted 
for sockeye and chinook salmon by Brett and colleagues (summarized in Brett 1995 and Weatherly 
and Gill 1995). The relationship for sockeye salmon is shown in Figure 2.4 of this report. 

The change in weight is calculated for defined scenarios of temperature, food availability, and 
species size characteristics on a daily basis, and summed through the growth period. Weight gain 
is determined by multiplying the daily specific growth rate by the body weight: 

where: 

A w, = curtent day' s growth, day i (gram ,,,/day) 
g,= specific growth rate, day i (gram ,,,/gram My ,,.u,, .day) 
w,= body weigh t, day i (gram My ,,,, ,) 

Next day's weight is computed by adding the daily growth to the current day's weight: 

Weight at some time t can be computed as a function of an initial weight woand daily growth rate 
coefficients: 

The daily specific growth rate is a function of the water temperature to which the fish are exposed 
that day and daily food consumption: 

where: 



T,= temperatur e, day i ("C) 

C, = daily consumptio n day i (gram ,,/gram ,,,@ , . day) 


In turn, the consumption is a function of the water temperature to which the fish are exposed that 
day, the weight of the fish, and the food supply (Ri): 

Looking at equations 5.1,5.4 and 5.5, one can see that growth is being modeled as a function of 
water temperature, consumption, and size of the fish. The interaction of these terms is discussed in 
detail as the mathematical relationships are developed. The fact that consumption is both a 
dependent and an independent variable of temperature introduces some complexity into the 
growthcalculation that must be addressed. 

The growth model is developed in two parts. Fist, the relationship between consumption, 
temperature and weight (equation 5.5) is estimated following the approach discussed by Stewart 
and Ibarra (1991), and used, for example, in the Wisconsin bioenergetics model (Hewett and 
Johnson 1992, Hanson 1997). Second, the relationships between specific growth rate, temperature 
and consiumption (equation 5.4) are developed for several salmon species. We draw from 
previously published laboratory experiments to establish these relationships. Tbese studies 
exposed juvenile salmonids for periods sufficiently long to determine the rate of growth (e.g., 
change in weight from one interval to the next) of the sample population at a given temperature and 
food consumption. Experimental data for coho salmon (Oncorhynchus kisutch) were obtained from 
Everson (1973) and for steelhead trout (Oncorhynchus mykiss) from Wurtsbaugh and Davis (1977). 
We assumed that these experimental data are representative of the species' response to temperature 
and consumption in the natural environment. (Data from these experiments is provided in 
Appendix A.) 

Consumotion. There is a maximum level of food consumption for each species that constitutes 
satiation or fullness. There is also a minimum consumption required to maintain standard 
metabolism. Consumption is Benerally expressed as a proportion of food mass to fish body mass 
consumed each day (g gb, -Id'), or alternatively, as a percent of body mass per day. Within the 
range of consumption between satiation and minimum maintenance, the growth rate varies with 
consumption as illustrated for sockeye salmon in Figure 2.4. 

The consumption rate at satiation, (C,), and by corollary, at lesser amounts of food, varies with 
temperature and changes systematically with the fish's weight (Brett 1995). Salmonids respond 
physiologically to temperature by altering food consumption and the efficiency with which food is 
converted to growth (Weatherly and Gill 1995). C, is at a maximum at optimal temperature and 
declines at colder and warmer temperatures (Brett 1971), yieldihg the characteristic shape of 
growwtemperature response (e.g., Figure 2.4). For example, coho consumption was 40% greater 
at 21" than at 1 1°C in the laboratory experiments (Everson 1973), but dropped off sharply above 
22'C (Brett et al. 1982). Consumption at satiation also declined with increasing fish weight (Brett 
1995). The rate of consumption of Everson's (1973) experimental fish at 3.6 grams was 45% of 
that of fish weighing 2.0 grams at the same temperature. 

There is a maximum consumption rate for each species, (C-), a key benchmark established in 
laboratory studies at optimum temperature, low weight, and unlimited food supply. Generally, the 



consumption at 1 gram of weight and optimum temperature is the highest consumption likely to be 
observed for the species (C-), and serves as an important reference point for growth computations 
(Hanson 1997, Beauchamp et al. 1989, Hewett and Johnson 1987). The maximum consumption at 
satiation rations for other temperatures and weights (C,) is less than C,, , and can be calculated as a 
proportion of maximum (p)according to equation 5.6. 

where: 

p = normalized consumptio n (dimension1 ess) 

C,, = satiation ration at reference weight and optimum temperatu re 


(gram of food gram of body weigh t.' day .I, g ,''d.l-) 

C,, varies by species (sockeye: Brett 1971; chinook: Brett et al. 1982; coho: Everson 1973, 
steelhead: Wurtsbaugh and Davis 1977). 

To appropriately estimate growth rate (g), it is necessary to establish the consumption at each 
weight (C,) and temperature (CT).We follow the approach used in the Wisconsin bioenergetics 
model (Hanson 1997) where consumption equatioGare of the basic form: 

We develop equations for each independently, and then we will bring the two effects together by 
referencing consumption relative to C,, and calculating the reduction from that benchmark due to 
each of the two factors. Hanson (1997) notes that developing a set of parameters for these 
relationships may be accomplished by deriving them from published reports, estimating them from 
specifically designed field or laboratory experiments, or borrowing parameters from closely related 
species. 

The allometric relationship between consumption and weight (eq. 5.8) generally has the form of a 
negative power function (Ricker 1975) whose terms are the intercept, CA, and the coefficient, CB. 
TGintercept value of CA is the consumption of a 1-gram fish and has units of grams per gram of 
body mass per day (g g" b, dl). These terms must be estimated from ad libihlm feeding 
experiments conducted at the optimum temperature. There are relatively few such laboratory 
studies reporting values for salmonid species of interest in this report, although several other 
salmon species have been extensively studied. The laboratory studies of juvenile growth for coho 
(Everson 1973) and steelhead (Wurtsbaugh and Davis 1977) were not designed specifically to 
determine the allometric relationship of consumption to weight. However, in both studies, a series 
of one-month long feeding trials were conducted on individuals drawn from a population of fish 
that was maintained in a natural stream between experiments over a year-long period. Thus, the 
fish grew at natural rates between experiments and represented a range of weights from 1 to 4 
grams, which is within the range of size expected for salmonids in natural streams in the first year. 



We examined the laboratory data of Everson (1973) and Wurtsbaugh and Davis (1977) to estimate 
CA and CB for coho and steelhead looking only at trials where: 1) fish weights were reasonably 
near 1 gram 2) rations were considered to be at satiation; and 3) temperatures were optimal, as 
suggested by high growth rates. Data matching these criteria were limited and some of o w  
selected data values only marginally fit these criteria. Nevertheless, a relationship between 
consumption and weight at satiation ration followed an allometric relationship with CB equal to 
-0.254 for coho (RZ3.19) and -0.31 1 for steelhead (~'=0.41), albeit the R' is relatively low. (The 
poor fit in the relationship could be because some of the experimental data points did not match the 
criteria as closely as desirable). Stewart and Ibarra (1991) and the Wisconsin user's manual 
recommend values for CB of -0.275 for coho, based on the work of Beauchamp et al. (1989). and 
-0.30 for steelhead based on Rand et al. (1993). Although these studies were conducted with larger 
fish, the results are very similar. Calibrating predictions of weight gain of populations in natural 
streams, as described later, we found that selecting values for CB of -0.275 for both coho and 
steelhead, as suggested by other researchers, produced satisfactory modeling results. Setting CB at 
-0.3 for steelhead slightly but consistently underestimated growth, suggesting that consumption 
was not declining at quite this high of a rate in natural populations. 

Maximum consumption observed in a few of the laboratory trials suggested values-for the 
intercept, CA, of 0.11 and 0.16 g g1d-' for coho and steelhead, respectively. The allometric 
relationship developed from all trial data suggested CA equaled 0.083 and 0.16 for coho and 
steelhead, respectively. Calibrating the model predictions in natural streams suggested that CA was 
closer to 0.10 for coho (10% body weight per day). The User's Manual for the Wisconsin model 
(Hanson 1997) recommends values of CA between 0.15 and 0.35, which are higher than those we 
derived using the laboratory data. We selected values for CA of 0.10 and 0.16 for coho and 
steelhead respectively. These are also the values of C,, for each species. 

Bartell et al. (1986). Beauchamp et al. (1989) and Hanson et al. (1997) have noted that the 
allometric parameters for the dependence of consumption on body mass (CA and CB) are among 
the parameters that have the greatest influence on bioenergetics predictions. In subsequent model 
predictions, described later in this section, we found this to be true. Within the narrow range of 
ialues separating adult from juvenile studies, there was relatively little effect of CB on weight 
predictions, and we selected the widely cited values. However, the laboratory studies of juvenile 
fish did not support CA values greater than we selected. Growth predictions are sensitive to this 
parameter. 

Food consumption in relation to weight as calculated with the allometric parameters is shown in 
Figure 5.1. There are significant differences in consumption levels between these two species. 

The proportion of consumption at each weight (C,) relative to C,, ,is defined by the slope of the 
allometric equation (CB) and can be calculated as: 
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Conaumptlon at Satiation 
To determine the effects of 
temperature on food consumption, 
a number of authors have used the 
Thornton and Lessem algorithm 
(1978) (Beauchamp et al. 1989, 
Stewart and Ibarra 1991, Hanson 
et al. 1997). The algorithm 
estimates the maximum 
consumption at each temperature, 
expressed as the proportion of the 
maximum consumption at the 0 4  . . . . . . . . . . . . . . . . . . . . . .  

0 1 2 3 4 5 6 7 8 9 1 0 1 1 optimal temperature @J.The 
algorithm fits two sigmoid curves Weight (gram) 
to specified parameters, which 
include the optimal temperature 
and the upper and lower 

Figure 5.1 Consumption at satiation in relation to weight as temperatures where consumption 
modeledby selected parameters for CA and CB described in 

ten. 	 nears zero. Thus, the general 
shape of the relationship between 
temperature and consumption is 

assumed and key temperatures must be known or estimated to fit the proper shape of the curve for 
each species. The user's manual for the Wisconsin bioenergetics model (Hanson 1997) suggests 
values for the key parameters of the Thornton and Lessem algorithm drawn from Stewart and 
Ibma (1991) and Rand et al. (1993). We began with those parameters, but then calibrated them to 
fit the experimental data for coho (Everson 1973) and steelhead (Wurtsbaugh and Davis 1977) 
(Figure 5.2). Small adjustments to the suggested parameters appeared to slightly improve the fit 
compared to the laboratory observations, although our final curve for coho is very similar to that 
presented by Stewart and Ibarra (1991). The parameter values we derived are provided in Table 5.1 
and the fitted relationships are shown in Figure 5.2. The Thomton and Lessem equation is 
awkward to use in an EXCEL@spreadsheet format. We fit a polynomial regression to the 

Coho 	 Steelhead 

Temprature (OC) 	 Temperature (%) 

Figure 5.2 Maximum consumption in relation to temperature computed wnh the Thornton and Lessem 
eigorlthm (1078). 



Thomton and Lessem algorithm results to provide an equation for calculating p, at each 
temperature (Figure 5.2). 

The fit was quite close (Figure 5.2), especially in the range of temperatures likely to be observed 
during the summer, when the relationship was used for growth modeling. The polynomial terms 
describing the equations are provided in Table 5.1. 

We now have mathematical expressions that account for the influence of weight (p,), and 
temperature @,) on consumption at satiation where each is expressed in proportion to C - .  The 
maximum consumption rate, p,, at each combination of weight and temperature expressed relative 
to C-, (a constant value for each species) is calculated according to equation 5.10: 

and ranges between 0and 1.The actual amount of food consumed (C,), expressed in grams of prey 
mass in relation to grams of body mass per day, (g gb,'ld'), is equal to: 

Table 5.1 Estimated physlOlOglCal parameter values used in equations calculating consumption tor coho 
and ateelhead. 

Rclstlonship Parameter Caho Steelherd 

AUometric CA 0.10 0.16 

CB 0.275 -0.275 
Thorntan and Lessem CQ 7 5 
function far temperature 
dependence (1978)' 

CKI 

CTO 

0.4 

15.6 

0.2 

14.0 

Regression fit ta Thomtan b 0.1419 -0.1229 
and Lessem algorithm 
senerated by stove 1, 0.0544 0.0607 

parameters b 0 . W l  0.0055 

The value of C,computed over a range of temperature and weight is illustrated for coho in Figure 
5.3. As expected from the formulation, the highest levels of consumption occur near optimal 
temperatures and at lowest weight. The deepest shades on the contour map represent starvation. 
Falling below the minimum maintenance consumption (approximately 0.03 g gb,"d'for coho 
juding from the laboratory trials) for extensive periods of time should result in no growth, or even 



Coho Food Consumption, Proportion of Body Weightlday 
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Temperature (OC) 

FIgure 5.9 lllustratlon ol the relationship of the maximum food consumpiion at satiation wlth 

temperature and coho weight. Contours are the dailyconsumptlon rate, C,expressed In prey 

mass per flah body mass per day (g gai'd"). This figure illustrates the maximum potentfal 

consumption where food supply Is not llmitad and flsh can eat to satiatlon. 


weight loss. The maximum potential consumption is relatively moderate for most of the 
temperatures and weights that juveniles are likely to encounter in the freshwater growth phase of 
their life history due to the interaction of the temperature and weight. However, consumption is 
severely limited only at high and low temperatures at all weights. Consumption approaches the 
maximum potential (0.10 g gb,"dl forcoho) only for a relatively few combinations of weight and 
temperature, and therefore for probably relatively little time during the life of a fish. Maximum 
consumption at all weights is achieved at optimal temperature (To&,where growth rate is greatest 
for each level of consumption (approximately 17OC for coho). 

The food consumption illustrated in Figure 5.3 represents the upper maximum controlled by the 
physiology of the fish at each combination of weight and temperature. We refer to this as the 
maximum potential consumption. In the natural stream environment, as well as in the laboratory, 
the amount of food available to consume may be less than the maximum that the fish can 
potentially consume and the fish may experience some degree of hunger. We distinguish 
consumption, which we use to refer to the physiological response controlling food intake, from 
ration, which we use to refer to the food supply. Ration, which we express as % satiation, is 100% 
satiation at the maximum consumption (C,) at each weight and temperature. 

Consumption in natural streams depends on food supply, competition for food, and the size of the 
fish based on the past regime of water temperature. The Wisconsin model accounts for ecological 
constraints on the maximum consumption rate (C,) by imposing an additional proportionality (P-
value) that can also range from O to 1 at rations less than the physiological maximum @,). Thus, 
when modeling consumption at less than satiation for each temperature and weight, C,may be 
calculated as 



It's important to note that,on any given day, field consumption may be limited by either the 
physiological limits imposed by temperature or weight or by the food supply. Consumption in 
streams must be determined from in situ observations of feeding, or inferred from weight gain. 

S~ecifieGrowth Rate. The specific growth rate (g)is the daily growth rate in relation to 
temperature and consumption, expressed in proportion of body weight per day. Specific growth 
rate functions ("growth curves") are defined with data from the laboratory studies. This 
relationship was established for sockeye by Brett (1971). and for chinook by Brett et al. (1982). 
Both Brett (1995 pp. 28-29) and Weatherly and Gill (1995) recently reaffirmed this relationship, 
some form of which appears to apply to all species of salmonids. 

Growth rate curves for who and steelhead have not been previously published, although the 
requisite laboratory studies were available to develop them. Experiments on growth of juvenile 
coho reported by Everson (1973) were conducted at temperatures between 11.1" and 22.5'C and 
rations between satiation and starvation. Experiments on steelhead growth repo-d by Wurtsbaugh 
and Davis (1977) were conducted at temperatures between 6.9' and 22.5'C and the full range of 
rations. Growth rate of the population during the experimental period, represented by the average 
population weights, was calculated as: 

where w. and woare the weights at the end and beginning of the experiment, respectively, and t is 
the number of days (generally 25) in each trial. Dry weights were used to calculate the growth 
rates because the moisture content of fish is similar to that of their prey in natural streams 
(Winberg, 1971) and thus the dry weight relationships would appropriately match growth curves of 
fish living in natural environments to their natural food supply. 

We used standard linear regression to build mathematical expressions for the growth rate g (g gb; 
1 1d') from food consumption, C, (g gm"d"), temperature, T, ("C), and initial weight, w,,for coho 
and steelhead. To reduce multicollinearity problems during the model building process, the 
independent variables were centered by subtracting each sample value from the population mean. 
The models were built with the Reg procedure in SAS" Version 6.12 (SAS Institute Inc., 1989). 
The general form of the model is: 

The relationship for coho includes squared and linear terms for temperature and consumption and 
has high R' (0.93) and low root mean square error (0.0023). Similarly, the relationship for 
steelhead includes squared and linear terms for temperature and wnsurn tion as well as a linear P
term accounting for weight of the fish. This relationship also has high R (0.97), and low root mean 
square error (0.0021). Statistically determined coefficients for these relationships are provided in 
Table 5.3. It is essential to note that the growth rate equation (eq 5.14) will compute erroneous 
growth rates if the consumption term is not appropriately constrained for each weight and 
temperature as described earlier. Thus, the use of this model always requires a two step process 
where consumption level is estimated and then growth rate is selected. 



The growth curves for coho and steelhead resulting from the full growth model formulation 
calculated at a weight of 1gram are shown in Figure 5.4. They show the familiar form of sockeye 
and chinook that have been previously published by Brett and others (Brett 1969, Brett et al. 1982, 
Weatherly and Gill 1995), although the curves in Figure 5.4 are derived mathematically. Brett et 
al. (1982) discussed how optimum temperature declines with decreasing ration, thus skewing the 
growth rate curves towards cooler temperature with less food. The mathematical formulation of 
equation 5.14 also produces skew in optimal temperature with declining consumption. The cross- 
product (%) between temperature and consumption determines this shape. 

The growth curves for each species are similar, but differ in details such as optimal temperatures, 
growth rate, and consumption levels at which growth rates are achieved. One can see that the 
growth rate varies widely with the temperatures and food availability that salmon are likely to 
encounter in the natural environment of Pacific Northwest streams and rivers, suggesting that fish 
size should be strongly influenced by these two parameters. 

In natural streams, temperature varies over the course of the day and some temperature value must 
be chosen to represent the daily temperature. Laboratory tests have noted that the daily average 
temperature approximates the constant exposure test conditions. Experiments where temperatures 
were fluctuated to mimic daily temperature regimes have found either no effect from variable 
temperature (Thomas et al. 1986, Dickerson and Vinyard 1999) or an improvement in growth 
(Spigarelli et al. 1982, Weatherly and Gill 1995). Water temperature fluctuated with natural stream 
temperatures in the experiments of Everson (1973) and Wurtsbaugh and Davis (1977). We select 
the daily mean temperature as appropriate to represent the temperature related to daily growth rate. 

Tabla 5.2 Coetflclant8 for spsclflc growth rate mlstlonship to tempsrature and consumption (q.Coho 
date era from Everson (1973), Steelhaad daa am from Wurtrbsugh and Davis (lsn). 

Variable Coho SLeelbead 

w 

Regression R-square 0.93 0.97 



Flgum5.4. SpecHic g r M h  rate curves for coho salmon, atnlhead trout a 1 gram weight. Coho gmwh 
curve8 baaed on Everaon (t973), sleelhead curves baaed on Wurlabaugh and Davis (1977). Each line is the 
ration la expreaaed in % &intion, p. 

Coho Salmon 

Temperature (O) Temperature PC) 



Growth Model 

Substituting equations 5.13 and 5.1 1 back into equation 5.3 gives a model for computing 
weight as a function of initial weight and the time series of daily water temperatures and 
food supply to which a fish is exposed: 

The model simulates the change in mass of an individual fish or a cohort of specified size. 
We define a cohort as a group of similar aged fish of the same species experiencing 
identical environmental conditions (Hanson et al. 1997). Cohort weights may be 
represented by the average population weight. It is important to recognize that the 
estimates of weight gain do not consider population interaction effects (Walters and Post 
1993). Thus, they do not account for changes in population density that can also affect the 
average weight and biomass of populations. Measuring growth as the difference in a 
cohort's weight between two dates is subject to biases from any size-dependent movement 
and mortality (Railsback and Rose 1999). Our estimates only address temperature and 
food effects with the assumption that changes in number or weight areunbiased by size. 

The growth formulations (equations 5.7-5.12) were easily programmed into an EXCEL@ 
spreadsheet to perform the calculations of growth over time. To estimate weight gain of 
populations in natural streams, three parameters must be determined: initial weight (wo), 
temperature (7') and the food consumption (Cl) that must reflect the food supply. 

APPLICATION OF THE METHOD FOR PREDICTING GROWTH IN NATURAL STREAMS 

In the remainder of this section, we apply the growth model to fish populations observed 
in natural streams to demonstrate model behavior and corroborate its predictions. We 
show a number of simulations where the three input parameters wereknown with varying 
degrees of certainty. No new experiments to determine food consumption or to validate 
the growth model's ability to accurately predict weight gain were conducted. Instead, 
model performance is examined using data from a number of previously reported studies. 

The parameters required by the model are rather modest. Daily mean temperature is 
known with certainty at any site where temperature is contiuuously recorded, and we 
restrict growth simulations to sites where this condition was met. Initial weight and food 
consumption must be determined from fish population characteristics observed in streams 
or from hown food consumption amounts. Of these two variables, the consumption 
characteristics of juvenile salmonids in natural streams are by far the least well quantified 
(Fiben and Hawkins 1995, Railsback and Rose 1999) and difficult to obtain (e.g., Mamn 
1985). For this reason, we begin simulations with data from a field experiment where 
food was well known and the assumptions about the 3 input parameters were limited. 

Mason's Feedine Ex~eriment. Mason (1976) reported an experiment where juvenile coho 
in a natural stream on Vancouver Island, British Columbia were fed to satiation for a 2- 
month summer period. Data from this experiment were ideal for comparing observed with 
predicted growth since environmental limitations on food supply were reduced, if not 



eliminated, for most of the individuals in the population. Thus errors associated with 
estimating consumption were minimized and the other two input parameters were well 
known. 

Mason (1976) reported that temperatures were between 12' and 13OC during the study. 
We used a constant 12.5"C temperature for the simulation. Mason (1976) provided 
information on individual fish size within the population. We modeled three cases where 
the initial weight was set to the weight of the largest, average, and smallest fish at the start 
of the experiment. (Figure 5.5). Fish were feed daily at what Mason calculated was a 
satiation ration for the population. For this simulation, growth was predicted at the 
maximum potential consumption determined by the weight and temperature (eq.5.1 I), 

Largest Coho. Mason (1976) 

'm 

Flgure 5.5. Observed end predicted growth of coho in an emrimental feadlng study in a natural channel In 
BrRlsh Columbia (Meson 1S76). The growth of the smallest, average and largest tbh at the start ol the 
feeding trial were modeled for the lull range ol satiation (shown in bars). Weight ol the smallest, average and 
Iargwt flsh at theend of the experiment ere shown relstlve to growth simulations: The predicted dallyweight 
of the largest sire fish Is shown at right. 

assuming that the available rations supplied 100% of the potential consumption and there 
was no food limitation. We also modeled the full range of rations ( p a expressed as 
percentage of satiation of shown in increments of 80,60,40, and 30%in Figure 5.5. 

After simulating growth for the two-month period, the estimated weights of the largest and 
average fish, computed at high food ration, were vety similar to their observed weights 
(Figure 5.5). The largest fish in the population increased its weight by 286% (2 g to 5.9 g) 
during this period. The predicted weight for that fish, assuming 100%satiation, was 
within 2% of its observed weight. These results appear to comborate growth predictions 
and confum Mason's conclusion that some of the fish obtained satiation rations. 
Progressively smaller individuals within the population apparently ate at lesser rations 
than the largest individual. (It should be noted that it is not knownwhether the fish that 
held these ranks at the end of the study were the same individuals as those at the start.) 
The weight of the average size fish was consistent with growth predictions at 80% ration. 
The smallest fish did not fare nearly as well, achieving little weight gain consistent with 



subsistence at minimum maintenance rations. Mason (1976) observed that the smaller 
fish tended to be those dying or migrating downstream, emphasizing the impottance of 
larger size providing survival benefit through more effective feeding strategies (Puckett 
and Dill 1985, Nielsen 1994). 

Overall, Mason (1976) observed many large fish remaining after the feeding experiment; 
moreover, the average population weight increased significantly. This has been taken as 
evidence that coho growth in streams tends to be limited by food supply. Other field 
experiments have showed improved growth resulting from activities that increased light 
(and temperature) in streams, presumably improving the food resources (Hawkins et al. 
1983, Martin 1985, Bisson et al. 1988). 

Fish Po~ulations Livine in Natural Stream Conditions. As they grow during the summer, 
juvenile fish living in streams in the Pacific Northwest experience temperatures that are 
relatively low in spring after emergence from the gravel, warm during the summer, and 
cool again in the fall after mid-September. Food resources may be limited and the manner 
in which natural populations regulate their numbers to match individual and population 
growth needs with available food supply is complex and largely unknown (Walters and 
Post 1993). 

In the next set of simulations we estimate the average growth of a cohort of age 0 coho 
and steelhead in natural streams having natural and unknown food supplies. Fish 
population data were available from sites representing a number of treatments and controls 
in experiments previously reported in the literature (Table 5.3). Physical habitat 
characteristics varied among sites. Like many streams within the region, the stream 
segments where fish were sampled generally contained low amounts of large woody 
debris (LWD)and varying amounts of shade. The examples include sites with water 
temperature spanning very warm to cool (but not cold, e.g., less than lZ°C). Porter Creek 
was the site of a habitat improvement experiment where LWDwas added to increase pool 
habitat (Cederholm et al. 1997). Several sites were severely impacted by the Mount St. 
Helens eruption in 1980, but have since experienced recovery of vegetation (Bisson et. al 
1988). A dam-break flood scoured portions of Hucklebeny Creek and its floodplain in 
1990 after several years of population monitoring during a feeding experiment (Fransen et 
al. 1993). Bear Creek is a tributary to the Bogachiel River, above a barrier falls, that 
flowed through undisturbed old growth forest (Martin 1985). 

Although the experimental objectives and study designs differed, fish populations in these 
stream segments were sampled routinely in a similar way providing comparable data sets 
to draw from. Populations were sampled by electrofishig using the three-pass removal 
method (Young and Robson 1978, Bisson et al. 1988). The lengths of all captured fish 
were measured, while weights were sub-sampled. We selected a number of cases from the 
available data where fish populations were sampled at the beginning and end of the 
summer. A few sites were sampled mid-season. Early season sampling was conducted 
between March and July while end of season sampling was conducted between September 
and November. Coho occurred at all six sites and steelhead were found at four. The time 
periods encompassed by the temperature and fish population data did not always overlap 
at all sites, and, in a few cases. daily temperatures were not available. 



Table 5.3. Charaderlptlcsof flsh populationsmdetennlned by field surveys 
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ConsumvtionRates in Natural Streams. Ideally, consumption rates in natural 
populations are determined by observation of food intake or availability (e.g., Martin 
1985, Filben and Hawkins, 1995). Such data are rare. In lieu of direct measurement, 
consumption can be approximated by examining the pattern of growth over the growing 
period (Beauchamp et al. 1989, Hanson et al. 1997). Consumption may be inferred by 
estimating how much food must have been consumed, given the prevailing temperature 
regime, to have maintained growth at the observed rate (Hanson et al. 1997). To estimate 
consumption indirectly, populations should be sampled several times over the summer 
duration, because consumption rates should decline through time as fish grow, based on 
the expected allometric effect. Such data are also rare. 

A naturally-spawned coho population was sampled multiple times during the summer of 
1991 at Huckleberry Creek. We selected 1991 data because fish were sampled a number 
of times over a long period from March to October, and we focused on the lower of two 
sites on the same stream because the population was naturally spawned fish with no 

augmentation. Coastal cutthroat m u t  

were sampled multiple times at Bear 


~ o w 4 r d ~ = d m ~ # b f u  Creek in 1978 (Martin 1985). We 

P p O O h ,  assume that the cutthroat trout 
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establish the relationships used to 
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using stomach evacuation techniques 
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and growth rates for age 0 coho at Huckleberry Cr., COnsum~tion then inferred 

lower site, and age 0 cunhroat trout at Bear Creek. selecting the value from [he computed 




range that corresponded most closely to the observed growth rate. Important assumptions 
accompany this analysis; only fwd and temperature influence the observed data, our 
growth equations capture these factors correctly, there are no effects from population 
dynamics and there are no sampling errors. Therefore, this approach is only an 
approximation and it is preferable to establish consumption estimates by direct 
measurement of food supply or intake, such as was done for cutthroat. 

Average population weight and estimated (coho) and measured (cutthroat) growth and 
consumption rates for the two populations are shown in Figure 5.6. Growth rate was 
calculated using equation 5.13 assuming a linear growth rate between each sampling 
interval. Weight gain slowed late in the season and growth rate and consumption declined 
from initially higher rates for both species (Figure 5.6). This pattern is consistent with 
what would be expected for an allometric consumption relationship, where consumption 
declines with increasing weight. However, it can also suggest diminishing food supply 
that may accompany increasing size in an environment where fwd  supply is fixed. 

The pattern of consumption 
ConsumpNontor Age 0 Coho 	 observed at the sites is of 

particular interest with regard to 
its implications, vis-a-vis the 
physiological limits of 
temperature and weight versus 
food supply. Maximum potential 
consumption (C,)was computed 
using the mean temperature and 
weight for each interval. It is 
plotted with apparent 
consumption in Figure 5.7. The 
apparent consumption was 
greatest during the early half of 
the summer and declined through 
the later half for both species. 
(Note that the time intewals differ 

Conaumptlm for Age OCunhr~lt 	 for the two sites). 

An important implication of the 
observations in Figure 5.7 is that 
the observed consumption of both 
species was remarkably similar to 
each species's physiologically- 
determined potential 
consumption. This was true for 
coho from swn after emergence 
from the gravels until the end of 
June or early July and into 
September for cutthroat trout. 
Cutthroat trout actually showed 

Figure 5.7. Maximum potential consumption based on temperature greater consumption than 
and weight for the period in relatlon to observed consumption. estimated during this period, but 

values were probably within the 
error range due to estimates of 



average temperature and because the maximum potential is based on steelhead specific 
growth curves. During these periods, the data suggest that the physiological factors were 
controlling consumption and the average size fish was eating at satiation. That is, even if 
there were more food, the individual fish represented by the average population weight 
would not eat it. Later in summer, the apparent consumption was less than maximum 
potential for both species. The difference between the apparent and maximum potential 
consumption estimates suggests the degree of fwd limitation in the streams. The closer 
the observed lines are to potential, the closer available ration is to satiation. 

It is interesting to note that it is during the early summper period that the number of 
individuals in a population following emergence is determined, suggesting that population 
density adjusts to match the food supply (Chapman 1966). Carl (1983) observed that the 
number of coho in a population adjusted in response to popuiation density, but that their 
daily growth rates werenot dependent on density during the period ~ h e n ~ ~ o ~ u l a t i o n  
adiustment after emerzence occurred (Mav to July). Similarlv, rainbow trout mowth rate 
was not correlated wi& their populati& density. Carl's (1981) observations of population 
dynamics and growth are consistent with results from our analysis of consumption. 

For coho, the difference between apparent and potential consumption was much larger 
than for cutthroat in the later half of the summer. Apparent consumption declined to near 
starvation ration by the end of the summer, while estimated potential consumption 
remained relatively high because both temperature and weight were moderate. Potential 
consumption actually increased during part of this period reflecting favorable (closer to 
optimum) temperatures. Declining fwd supply for coho during this period could be 
explained by increasing size of individuals in the population and limited food supply. 
Although the effects of size on consumption are not great, the absolute volume consumed 
by each fish must increase since the consumption is expressed as a proportion of body 
weight each day (Hanson 1997). The same food supplies that may have been adequate for 
the population at small size may represent a much smaller proportion as the fish grow. The 
decline could also reflect a change in the food supply. Studies generally show fairly 
steady or increased food availability during the summer, depending on habitat conditions 
(e.g., under forested vs. open riparian canopies, Hetrick et al. 1998). 

Observed and maximum potential consumption were similar during the entire period for 
cutthroat trout (Figure 5.7). During the time period coincident with coho, cutthroat were 
apparently consuming at or near maximum potential (satiation) and food supply did not 
appear to be a major factor limiting the fwd consumption by this species. The decline in 
potential consumption in the fall can largely be attributed to lower temperature. One 
reason that consumption is nearer the maximum for much of the summer period may be 
that the cutthroat fry emerge later and are smaller than the coho in late summer. Thus, 
satisfying juvenile fwd demands is less challenging. 

The apparent consumption patterns observed in populations inhabiting natural streams 
have important implications for the growth simulations. When consumption can be 
assumed to equal maximum potential (eq 5.11) there is no need to calibrate the 
consumption estimates to account for the ecological constraints on food supply (eq 5.12). 
This appears to be a reasonable assumption for age 0 cutthroat throughout the summer. 
We assume that age 0 steelhead have similar feeding patterns as cutthroat, and therefore, 
we assume that we can use the maximum potential consumption to represent age 0 
steelhead. This also appears to be a reasonable assumption for coho until the end of June. 
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Flgure 5.8 EStImates ol  consumpt(0n at Huckleberry Creek. Data polnts are 
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field obsewatlons suggestlng ecological constraints on food supply. 

After June, apparent oonsumption by coho declined significantly relative to maximum 
potential and the consumption estimate must be modified by a factor reflecting fwd 
limitation (P-value in the Wisconsin model terminology). To do so for coho, we fit a 
linear regression to the apparent coho consumption from July to October (figure 5.7) 



using a dated time step. Maximumconsumption values and the ecological adjusted 
relationship are shown in Figure 5.8A. For readers familiar with the Wisconsin model, the 
relative consumption for each day, @I), is also shown in Figure 5.8B. During growth 
simulation, each consumption value is calculated in the defined time frame (site adjusted 
P-Value and maximum potential) and the value that is lower is selected. (During the 
spring and early part of the summer, the P-value is not calculated since the cont%uation of 
the calculation outside the time interval on which it is based may estimate unrealistic 
values, although it does appear to fit the data during this interval as well.) Ideally, 
population weight data would be available at each site where the growth simulations are 
conducted, at least for coho. However, this information was not available at other sites 
(Table 5.4) since it is common to measure populations only at the beginning and end of 
the summer. Therefore, all population growth simulations for coho and steelhead that 
follow use the consumption estimates developed at Lower Hucklebeny Creek, depicted in 
Figure 5.8A. to estimate consumption. 

Comparison of Model Predictions to Observed Fish Growth 

The apparent consumption estimates were used to simulate growth of the fish populations 
listed in Table 5.3, using initial weights and temperature recorded over the period between 
the initial and final sampling of populations. We first simulated coho population growth 
at the two sites at Huckleberry Creek where the coho consumption estimates were 
developed (Figure 5.8). Presumably, errors would be less here than at sites where 
consumption was not calibrated site-specifically, The simulation results and observed 
population weights at the two sites are shown in Figure 5.9 

Between the fust and last 
sampling time, the naturally- 
spawned coho at the lower Hucklebetry Creek, Coho 

site increased in weight more -Lower RediCted a Lower Observed 
than threefold from 0.9 to 3.2 -*per Rediited e &per Observed 
grams. The predicted weight 
was within 3% (0.1 g) of the 
observed weight at the end of 
the summer. The predicted 
and observed values are so 

m
close that the simulation line 

3appears to connect the g 
2 

observations. The model 
correctly predicted the ending 1 . - .... . . . .  . .  . . . .  ~. 

population weight and those 0 4  , , , , , , , , , , , , , , , , , , , 1r 

observed at each mid-season $ $ 9 8 2 8 
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a surprising result given that 

the food consumption Figure5.9 Observed and simulated weight gain atthe lower and 

estimates (Figure 5.8) were upper sites at Huckleberry Creek. 

developed at this site. 

However, the simulation 

shows that, when food intake is calibrated at a given location, the model can accurately 

predict weight gain. 




may be feeding at satiation ration, althou& population density controls could prevent fish 
from achieving this level of ration (Brett 1995). Individuals feeding at less than minimum 
maintenance ration over extended periods of time are likely to be lost from the population 
due to starvation. 

Weight gain was simulated for the coho population at lower Huckleberry Creek (1991) 
and the steelhead population at Salmon Creek (1994) for the intervals between fish 
population samplings, with weight initialized at the observed average population weight. 
The maximum potential consumption was computed each day based on temperature and 
fish weight, then categorized into 5 rations between 100% satiation and minimum 
maintenance (30,40,60,80 and 100%). A minimum of 30% satiation was chosen 
because this is very near starvation but still allows some growth at some temperatures. 

Predicted ending weight at each ration level is shown in comparison to the range of 
individual weights observed in the population on the final sampling date in Figure 5.13. 
The range of weights observed within the two populations near the end of the summer was 
wide, but typical of what is usually observed: the largest fish were 4 to 6 times larger than 
the smallest fish for both species. There was a range of weight among individuals within 
the population early in the season, although it was considerably narrower than it was at the 
end of the summer (Figure 5.14). The growth model predicted a range of weights that was 
similar to observed. Model predictions suggested that coho as large as 9.5 grams could 
occur at 100%satiation ration and the largest fish observed was 7.4 grams, a weight 
consistent with bigh consumption, but less than satiation. For steelhead, the largest 
predicted individual was about 3.5 grams, considerably smaller than the largest individual 
in the population assigned to the 0 age class by the field biologist. Seventy-five percent of 
the steelhead individuals were within the predicted range. The steelhead that are larger 
than the 100% ration prediction could actually be yearling fish since scale analysis was 
not performed, and it can be difficult to distinguish age of the fish fromohservation alone. 

Exact correspondence in individual weights was not expected since the average population 
weight was used to initialize the simulation. If we apply the same analysis of the growth 
of the largest, average and smallest fish in the coho population at Huckleberry Creek as 
we did earlier for Mason's population, we estimate the average degree of satiation for 
each ranked fish (Figure 5.14). During this period there was only a small change in the 
number of fish in the population, although we do not know if the fish that held these ranks 
at the end of the su'mmer were the same one's that held them at the beginning. As in 
Mason's experiment, the largest fish ate at a higher satiation level than smaller fish in the 
population. The largest fish is estimated to have eaten at 73% satiation, the average fish at 
62%. and the smallest fish at 45% satiation, averaged over the growth period. These 
results are consistent with Fausch (1983), who found that dominant fish obtained more 
energy during natural feeding. 



Modeling individuals within the range of population sizes produced qualitatively similar 
results as modeling the average fish for the range of rations, in terms of the range of 
weights predicted and the average consumption. Perhaps this is because the average 
population ration was in the mid-range of rations. Nevertheless, the growth model 
suggested a plausible range of weights at the individual scale using a range of rations, and 
the model closely approximated the average population weight and at the population scale 
using average weights and field-calibrated ration (Figure 5.1 1) 
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Finally, we conducted a brief sensitivity analysis to demonstrate model behavior over a 
range of temperatures and food consumption levels. Weight gain was simulated using the 
same time interval, starting weight, and range of rations from satiation to minimum 
maintenance, allowing only the temperature to vary for each site. June 1 to Sept 15was 
selected to represent the prituaty growth period for coho and steelhead since both species 
should have emerged from the stream bed by this date, and our data set from temperature 
sites was complete during this interval. A representative initial weight was estimated by 
regressing weight of all the populations sampled early in the summer season with time. 
Steelhead tended to be very similar in weight early in tbe season, despite differences in 
sample dates, averaging 0.5 grams on June 1 Cjulian day 152). Coho weight varied more, 
and in some cases, included some sites with hatchery-raised fish. Coho averaged 1.4 
grams on June 1. Temperature simulations included site temperature, which varied 



through the season, as well as constant temperature for the period (Figure 5.15). 
Simulatedweights based on each site's temperature regime are plotted as circles; constant 
temperahwe predictions are the solid parabolic lines at each ration, and the observed fish 
population weights are plotted as squares. The solid lines computed at constant 
temperature follow the growth rate curves on which they are based, but they reflect the 
effect of long-term exposure while compensating for effects of increasing weight on 
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consumption. 

Weight can be strongly affected by both the prevailing temperature and the amount of 
food available to fish. Either factor can have the same level of effect, although maximum 
weight can only occur when prevailing temperatures are near the species' physiological 
optimum temperature and food supply is high. Low to moderate weight can result from 
many combinations of temperature and food supply, perhaps helping to explain why it is 
difficult to determine whether food or temperature is limiting growth in natural streams 
from empirical field observations alone. 

Weight is maximized when temperature over the course of the summer is closer to optimal 
temperature (Figure 5.15). Washington streams and rivers tended to be near optimal, 
despite significant differences in the temperature patterns at the sites when indexed by the 
annual extremes such as annual temperature (Figure 3.1). The effects of temperature are 
more pronounced at higher levels of food. Interestingly, observed weights of coho and 
steelhead populations show patterns consistent with those simulated across the range of 
temperatures, although food supply at sites was not well known. The biomass of fish 
populations measured at the study streams is moderate to high relative to those reported 
from the coastal areas of the Pacific Northwest and Alaska (Bisson and Bilby 1998). At 
very low levels of food, growth is very low, but is somewhat better at cooler temperatures. 

The weights predicted using observed temperatures do not deviate far from those 
calculated with a constant temperature (Figure 5.15). Thus, since there is little loss of 
information using the constant temperature, these simulations suggest that the weight gain 
at sites much wanner and colder than those available in our data sets are realistic. The 
constant temperature can be represented by the median temperature of the period. Figure 
5.13 suggests that the model is sensitive to temperawe, and would estimate significantly 
different weights for significantly different temperature pmfiles. The similarity in the 
weights predicted with the growth simulation methods at many of the sites (Figure 5.15) 
does not appear to reflect lack of sensitivity of the model, but rather the relatively narrow 
range of average temperature at streams within the sample. Population weights should be 
less in streams with predominantly wanner or colder than occur in our data sets. 

DISCUSSION 

We have developed a bioenergetics-based approach to assessing the effects of temperature 
on growth of salmonids. At this time, it has only been applied to age 0steelhead trout and 
coho salmon living in natural streams. Growth of other salmonids could easily be modeled 
with the same approach if the basic consumption and growth functions can be established. 

There are many examples of growth modeling based on bioenergetics principles available 
in the literature. Most use similar methods for estimating consumption terms but provide 
more comprehensive evaluation of energetic functions in addition to growth (Beauchamp 
et al. 1989, Kitchell et al. 1974, Hewlett and Johnson 1987, Beauchamp et al. 1989, 
Hansou et al. 1997.). Our formulation differs from these in that energy consumed by 
growth, as evidenced by observed growth rate, is the only energy function considered, and 
we make no attempt to close the energy balance between intake and expenditure. Thus, 
we view our approach as bioenergetics-based but not a true bioenergetics model. 
However, the growth model developed here shares many key elements with bioenergetic 



models, and therefore its application enjoys many of the same challenges and criticisms 
(Ney 1993, Hansen et al. 1993). 

In a review of bioenergetics models, Ney (1993) noted that corroborative studies of 
bioenergetics models showed a number of deficiencies that appear to compromise their 
ability to estimate consumption and growth of non<aptive fish accurately. Some critics 
feel the models are overly complex (Ney 1993) and prone to errors in parameter 
estimation (Boisclair and Leggett 1989). A comprehensive model of energy functions 
results in the proliferation of parameters, which may create difficulties in adequately 
informing a number of the input variables, and defining some of the energetic 
relationships. Hansen et al. (1993) comment that bioenergetics models having 20 or more 
input parameters, each with its own estimation error, can lead to estimates of consumption 
or growth that, in some circumstances may have to differ by 100% or more to be judged 
statistically different (Boiscalii and Leggett 1989.) This poses particular problems for 
trying to use these models to sort out complex ecological interactions. Beauchamp et al. 
(1989) noted that bioenergetics models are used more frequently to predict consumption 
than growth because of the additional errors associated with bringing in other equations. 
To the contrary, Hanson (1997) argues that forcing a balance of the energy budget acts to 
limit ermr propagation (Bartell et al. 1986). 

The growth model developed in this paper is relatively simple, especially in field 
appiication, but the errors are unconstrained. Our model shares some of the same 
relationships that are most sensitive to the errors that are found in full bioenergetics 
models. Specifically, the consumption terms that apply to the physiologic controls of 
temperature and allomey, as well as the food supply, are both important in estimating 
growth (Stewart et al. 1983, Beauchamp et al. 1989, Bartell et al. 1986, Hanson et al. 
1993). The physiologic relationships appear to be reasonably well established for 
salmonid species, given the similarity of parameter values developed from different 
studies (Hanson et al. 1997). We achieved good modelling results using these values. 

There have been questions as to whether such laboratory study results can be used for 
predicting response of fish living in natural environments. Laboratory studies have unique 
conditions of food, environment, and population pressures that themselves may create 
stresses that may not be observed in natural settings. In our analyses, the gain in weight of 
fish living in stream environments was closely approximated by relationships derived 
from laboratory studies. This suggests that laboratory studies can be used with some 
confidence to predict responses in more natural ecological settings. 

Achieving a quantitative understanding of the cause and effect linkage between food 
consumption and temperature in natural environments is a signifcant challenge, as 
suggested by Figure 5.14, where different conditions can produce similar population 
weight. Field studies are labor intensive and field estimates are laden with their own 
assumptions and subject to their own errors (Ney 1990). Trying to discern such 
relationships by empirical observation alone is problematic, given the multivariate and 
dynamic nature of the interaction and the difficulty of measuring some of the key 
fundamental relationships in natural environments (Brett 1971, Boisclair and Leggett 
1991, Railsback 1997). While the growth model can not solve these problems, it can help 
field investigators to develop physiologically-based hypotheses that may help them 
understand the responses they observe. 



We found that our simplified application of bioenergetics principles provided some useful 
structure to the analysis of field observations of environmental temperature and food 
supply that appeared to address some of the complexity of the. interactions. This could 
lead to greater insight into their inter-relationships when compared to empirical 
observation alone. For example, our results suggest that food limitation existed for some 
species and not for others (at least at this age), and that food limitation varies in time in 
ways that have important implications for population dynamics. Additional study of food 
consumption and supply in natural streams, where data are extremely limited, would be 
very useful, given the importance of these factors in determining fish productivity and 
response to temperature. It seems clear from this analysis that there is more opportunity to 
affect productivity (population weight and density) by changing food supply than by 
changing temperature within the range of temperature observed in the study streams, at 
least during the summer months. This interpretation is consistent with field studies that 
have shown increased productivity with canopy removal, despite increases in temperature 
that at times have appeared to be adverse (Hawkins et al. 1983, Bisson et al. 1988). 

Importantly, the hypotheses presented by the model can be explicitly tested in field 
experimentation, and rejected if model results fail to predict observed responses. In this 
first application, the model hypotheses were confirmed, but more carefully implemented 
field experiments would be beneficial. We caution that these results corroborate the utility 
of the model, but do not constitute a rigorous test of the model or its underlying 
assumptions (Hansen et al. 1993). Validation would best be achieved by field and 
laboratory experiments to confim the growth curves and allomebic functions and to 
independently determine food availability, rather than estimate consumption from 
observed change in average population weight through time (e.g. Filbert and Hawkins 
1995, Martin 1985). Such tests would help refine the input parameters, as well as reveal 
whether our assumption that energetic functions, other than those captured in the 
allometric and growth rate functions, can be ignored in estimating growth effects of 
environmental temperature at a necessary level of precision. 

It was somewhat surprising that we were able to achieve such good predictions of weight 
gain compared to observations of fish populations given the sparse amount of data used to 
develop consumption estimates. Weight estimates for populations of juvenile salmonids 
were generally within 11% of observed following growth over several months during a 
rapid growth phase. However, the model is always likely to perform best using site- 
specific estimates for food consumption. Nevertheless, extrapolated estimates proved 
satisfactory for our purposes. 

We conclude that the methods developed in this section perform weil for the purpose of 
assessing the effects of environmental temperature on juvenile salmonid growth. Ney 
(1993) concluded that, in their present state of development, bioenergetics models are best 
suited for making relative rather than absolute predictions such as comparing outcomes of 
different habitat and food availability scenarios. This is how we emphasize use of this 
method. The method is used in Section 6 to evaluate the effects of temperature regime on 
salmonid growth relative to temperature thresholds that could be used as water quality 
criteria. 



Conclusions 

a Methods of predicting growth based on quantitativebioenergetics principles can be 
applied to streams to assess the effects of temperatureon juvenile salmonid growth, 
with results that are consistent with observed fish population growth patterns. 

The method is sensitive to temperature and can be applied to the daily temperature 
regime making it a useful tool for assessing the biological impacts of temoerature in 





Abstract 

In Section 5, we developed a method to estimate the effects of temperature and food 
consumption on the gain or loss of weight of coho salmon aqd steelhead trout during the 
summer months. In this section, we use the methodology specifically to identify 
temperature indices, including the duration and magnitude of threshold temperatures that 
minimize the negative growth effects of the temperatures that occur over long periods of 
time. The analysis provides an objective method to establish temperature criteria based on 
protecting the opportunity for growth, rather than avoiding catastrophic impacts. 

Analyses demonstrated that some effects from the ambient temperature occurred at all 
sites, because no stream spends all of its time at a fish's optimal temperature for growth. 
Sites with both chtonically high and chronically low temperatures were estimated to 
experience significant growth loss. Using the 7-day maximum temperature, and allowing 
10% growth loss, the upper threshold for coho salmon was found to be 16.5"C and the 
lower limit was 13.0°C. The range for steelhead was wider at 14.5 to 21°C. Many sites 
included in the analyses exceed current temperature criteria for Washington (annual 
maximum of 16OC). Streams that far exceed the criteria also were predicted to have high 
growth loss. Those near the threshold criteria (fl°C) appeared to experience the best 
temperatures for growth. Streams with lower temperature (<13OC) also had higher growth 
loss and temperature less than lO0C were adverse to growth of both coho and steelhead. 
The method could be used to identify thresholds for other temperature indices such as 
annual maximum and 7-day mean, or other levels of growth loss. 

Key findings include: 

0 It is feasible to apply a risk-based approach that uses data without safety factors 
and produces an estimate of cumulative risks. This technique is a true quantitative 
benchmark that is measurable and testable. 

0 The majority of temperatures experienced by salmonids are generally suboptimal 
for growth, and these exert some cost on the maximum potential growth. 

o Colder water temperatures are not necessarily better for rearing salmonids, and 
warmer water temperatures are not necessarily worse. concepts of safety factors 
in selecting thresholds need to be exercised with some caution. Thresholds that 
are too low can also negatively effect growth. 

o Despite what appear to be large differences in temperature among sites, especially 
with regard to the wannest temperatures that occur each summer, there was less of 
a difference in the predominance of temperatures that are important to growth. 
Sites with significantly different temperature regimes often have similar predicted 
growth risk. 



a 	 An upper threshold for the 7day maximum temperature of 16.5"C minimizes growth 
losses for coho. A 7-day maximum temperature or 20.5"C minimizes growth losses 
for steelhead, based on an analysis that does not consider population dynamics. 

Introduction 

One of the most important aspects of temperature in natural environments is its effect on 
growth. Growth is regulated by a complex interrelationship between food supply, 
population dynamics, and the physiologic responses of the fish to temperature (Weatherly 
1972). Trying to discern such relationships by empirical observation alone is problematic, 
given the multivariate and dynamic nature of the interaction and the difficulty of 
measuring some of the key fundamental relationships in natural environments (Brett 1971, 
Boisclair and Leggett 1991, Railsback 1997). The physiological responses. including 
energy consumption and expenditures are generally studied under laboratory conditions, 
and have been quantified for many species of salmonids (Weatherly and Gill 1995, Brett 
1995). Field studies are labor intensive and they are laden with their own assumptions and 
subject to their own errors (Ney 1990). Consequently, there are relatively few field 
studies that have successfully established the linkage (Martin 1985, Filbert and Hawkins 
1995). A combination of field and laboratory study offers the best hope for establishing a 
quantitative understanding of the cause and effect linkage between growth and 
temperature in natural environments (Hansen et al. 1993). 

Laboratory studies have produced quantitative relationships between energy consumption 
and expenditure mechanisms. The rate at which most energetic functions proceed is 
mediated by ambient environmental temperature. Bioenergetics models have been 
developed to help manage understanding of the multitude of physiologic responses to 
temperature (Kitchell et al.1974). accounting for energy consumption and expenditures. 
Some have been packaged into software programs (Hewlett and Johnson 1992, Hanson et 
al. 1997), and have been proven to be useful tools for a number of applications in fisheries 
management (Hansen et al. 1993). These include the rearing of fish in hatcheries 
(McLean et al. 1993), and populations in natural environments (Hanson et al. 1997). The 
downside to such models is that they often require many parameters to inform a number of 
energetic functions, most of which are difficult to quantify in natural environments. Thus 
their application to explore ecological responses to environmental temperature are more 
limited, although researchers have recently found them promising for this purpose (Filbert 
and Hawkins 1995, Preall and Ringler 1989, Railsback and Rose 1999). 

In Section 5, we developed and corroborated a bioenergetics-based approach that can be 
used to evaluate the effects on growth of the variable temperatures that occur over the 
juvenile rearing period in natural stream environments. The model treats the population as 
a cohort, and does not account for population density effects. Thus, the method allows us 
to focus on temperature differences among streams while minimizing biological data 
requirements. The mathematical model simulates weight gain over a specified duration, 
and requires only three input parameters (temperature, initial weight, and daily food 
consumption). The method is sufficiently simple that it can be applied in field 
experimental studies. Only the food consumption term is difficult to assess in streams 
(Filbert and Hawkins 1995). To our knowledge, no simple methodology for assessing 
food availability has been developed. 



The ecological constraints on food supply can vary significantly among sites, and they are 
potentially influenced by many factors: population dynamics and competition for food, 
(Walters and Post 19931, riparian, in-channel habitat characteristics as they control 
primary and secondary production (Hawkins et al. 1983, Bilby and Bisson 1988, Hetrick, 
Murphy 1998, Railsback and Rose 1999) and the energy content of food prey (Stewart and 
Ibarra 1991). Information about these riparian, in-channel habitat and population 
characteristics is embodied in the time series of daily temperatures, consumption and body 
weights of fish as they grow in natural environments over time. 

Despite difficulties in establishing in sinc food consumption, we were able to generate 
estimates of consumption for juvenile coho and steelhead from observations of fish 
growth over time that produced close correspondence between simulated and obsenred 
weight gain, even when parameters were extrapolated among streams. Weight gain 
predicted for 16 populations of coho and 8 populations of steelhead were generally within 
11% of the observed, during a rapid growth period where weight gain ranged from 67 to 
415%. Based on corroboration with observed population growth, we concluded that the 
method is a useful tool for quantifying the effect of temperature regime on growth, though 
not biomass until population effects are accounted for. 

In this section, we use the model to perform a series of relative comparisons of growth 
effects from observed stream temperatures from a number of stream sites with widely 
varying temperature profiles. We pay particular attention to interpreting results relative to 
temperature thresholds that are often used for water quality criteria. 

Growth Slmulatlon Method 

The growth model was used to simulate weight gain for coho and steelhead using standard 
timelines, initial weights, and consumption estimates for each species (Table 6.1). Only 
the temperature varied, according to measured daily temperature at the 19 sites. Thus, this 
assessment isolated the effects of the long-term temperature on growth. Temperature 
profiles at the sites varied from very warm to cold (Table 6.2, and further described in 
Section 3). and many exceed the current Washington Department of Ecology temperature 
criteria. The temperature data set did not include very cold streams (12'C or less). These 
typically occur in the extreme headwaters, and are small and non-fish-bearing in this 

reglon (Black 2000). To 
Table 8.1 Input variables for growth slmulatlons. See W l O n  5 for a represent these streams, 
full deffirlptlon of the growth model and the determlnatlon of 
parametem. we also conducted two 

simulations using a 

Input Variablw Coho Steelhead 
constant temperature of 
8' and 1O0C. 

SimulanonPeriod June 1-Sept 15 June 1-Sept 15 
Growth of coho and 

Jiutial Weight (g) 1A 0.5 steelhead oo~ulations 
~ w dConsum~tion 

(g g-'d.')' 
~eclinesthroueh time with 
ecologicalcaiswint (see 

Section 5, Figure5.8) 

~ s s u m dat m i m u m  
potential calculated by 
tempemtunand weight 
(seesection 5. F U ~-

5.8) 

was characteked bv the 

average population 
weight according to the 
parameters identified in 

Tempuarun ('C) Daily mean calculated from 
hourly tempnature 

measurements 

Daily mesn calculated 
from hourly t e m p t w e  

rneasumu1ts 

Table 6.1. Simulations 
were run from June 1 
through September 15 



because we had a complete temperature record for all of the sites and this period 
encompasses most, if not all, of the growth occurring during the summer rearing period. 

The consumption was varied according to observed or estimated rates inferred from 
growth of fish between time periods as described in Section 5. The analysis found that 
there are important differences between fish species in their consumption patterns. Age 0 
steelhead appear to have no environmental constraint on food supply, subject only to 
physiological constraints imposed by temperature and weight. Coho show ecological 
constraint on food supply beginning in late June that lasts through the summer season. 
Fausch (1984) observed similar patterns, concluding that these differences are likely to 
influence the species' response to temperature. 

Coho 

Steelhead 
4.5 , 

Figure 6.1 Estimated weight after 1Wday growth period using the same initial weight and 
food consumption assumptions at each site. 
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Temperature Effectson Weight Gain 

The predicted weights after 107days of simulated growth are shown in Figure 6.1. 
Because the initiating assumptions are the same, the predicted weights are similar. Any 
differences in observed weight are due to the temperature at each of the sites. Coho vary 
up to 1.2 grams (31% of the mean), and cwler sites generally had greater weights. The 
predicted weights of steelhead vary by only 0.5 grams among sites (12% of the mean), 
despite large differences in the temperatures. 

Reiatlve Temperature Effectson Growth 

Our approach to evaluating the effects of temperature on salmonid growth is to estimate 
the weight gain achieved during the summer according to the observed temperature 
regimes and estimates of food availability, then compare that growth to a reference point. 
Our reference point is the gmwth the fish would have achieved if temperatures had been at 
optimal for growth, and at the same level of fwd consumption. Brett (1971), Brett et al. 
(1982), Railsback and Rose (1997). Preall and Ringler (1989) used a similar reference 
approach, and growth models as a basis for prediction. 

Establishing Ootimal Temoerature and Growth. Previous studies have established a 
maximum potential growth as the point of reference. Many have used the size calculated 
at constant optimal temperature and maximum consumption (a reference only observed at 
optimal temperature and low weight). (See Section 5 for a full discussion of this point). 
This represents the maximum possible gmwth that fish could achieve, and it is probably 
only observed in the laboratory setting where both of those parameters can be maintained 
at required levels and for a short period in a fish's life. 

It's imponant to note that optimal temperature is not static but varies with weight and 
ration (Stewart and Ibarra 1991, Bren et al. 1971, Brett 1995). The change in optimal 
temperature with rations between the minimum required for basic metabolic functions and 
the maximum at satiation is shown for coho and steelhead in Figure 6.2. Note that 
consumption rates differ for thetwo species, as does the range of optimal temperatures. 

There are also changes in 
0ptlm~lTemp.rature In Reletlon to Food Consumptton consumption rates the fish 

gain weight, referred to as 
allomeuic relationships (Brett 
1995, Stewart and Ibarra 1991). 
In the optimal growth 
simulations, we reduce 
consumption according to fish 
weight and any ecological 
constraints on the fwd supply. 
Optimal temperature is then 
reduced accordingly. This 
yields realistic estimates of 
optimal growth reflecting well- 

Consumptlon (g g'd") documented allometric effects. 
By adjusting optimal 

Figure8.2 Opllmai temperature in rmlalion to food consumption. temperature with consumption, 
Consumption is eXPms8sd ae gmms ol preyper gram of body mass we believe the reference optimal 
per day. The range dlsplaysd Is from sellation to minimum growth simulation d ~ s t i c a l l y  mslntenance for each specie@. 
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represents the potential effects of temperature, It is not clear if previous researchers who 
have used optimal growth benchmarks have performed this adjustment. 

In the second scenario, weight is calculated allowing the daily growth rate (gr) to vary 
with temperature according to the specific growth curves in Figure 5.4, and food 
consumption assumptions (as illustrated in Figure 5.8). We express growth in terms of the 
Reaitction In Maximum Growth (RMG). RMG is defined as the percentage of reduction 
in growth for the site specific temperature compared to the maximum growth achieved at 
the optimum temperature for each ration. 

RMG (%) is calculated according to: 

RMG = (1 - W f  )n100
W,=,,d 

A sketch of the calculation is provided in Figure 6.3. Since no stream had optimal 
temperature all of the time, the gain in weight with varible temperature should be less than 
that for the optimal case. The RMG is expressed as a percentage of the maximum weight. 
The lower the value of RMG, the less the deviation from the optimal growth rate. A RMG 
value of 0% suggests there is no growth loss due to the tenlperatnre at the site. 

The reduction in maximum growth due to temperature varied among species (Table 6.2). 
It is clear that fish spent only a portion of their time in the optimal temperature range 
during their growth period, since RMG was greater than zero at all sites for both species. 
Consequently, there was some cost to growth for salmonids living in Pacific Northwest 
streams due to their temperatures during the reacing growth phase (Table 6.2). Uowever, 
the RMG were generally within 20% for both species at all sites. 

Figure 6.3 liluslrallon ofthe reduction in maximum growth based 
on two temperature scenarios; growthat constant optimal ,,._"^.-...Î "̂*,../.,..~ .̂.-- - __.^ - . .. .. . ,..LI_ L.... 
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Table A2 Locatlonand ternpeahue charaderlsllar ot wmpentwe sites used in reduction in growth adysis. 

lbWmGeek DescbUcs 9.1 1594 14.9 14.1 15.5 
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(Site D 
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Flgure 6.4 Eatlmaiadgrowth risk at tempemlure study sites In relation to severaltlmeaveragedtemperature metrlcs: A) 7-
day maxlmum, 8)annual maxlmum, C) 7dw mean, and D) median temprature tor the simulation period. 

Temperature criteria for water quality standards are generally applied for time-averaged 
characteristics of temperature such as the warmest 7day average of daily maximum and 
mean temperature, or the annual maximum temperature (instantaneous measure) (see 
Section 3). Growth reduction (RMG) is shown relative to various time-averaged 
temperature indices in Figure 6.4. RMG was at a minimum when the stream's 
temperature index most closed approximated the species'optimal temperature. All streams 
had some growth loss due to its long-term temperature, since no stream had RMG equal to 
0.RMG tended to increase for streams significantly warmer or colder than the optimum 
or lowest point of the growth curves. Generally, the sites with lowest growth loss had 
indexing mean temperatures within the range of optimal temperatures (e.g., Figure 6.2). 
These are 14' to 17'C for coho and 11.5" to 14°Cfor steelhead using the 7-day maximum 
measure. Both species showed steep response in growth loss at higher and lower 
temperatures than their optimal range. There was significantly growth loss for both coho 



and steelhead when the 7day maximum temperature was less than lqDC and greater than 
24OC. The patterns are similar for both species, although coho predictions are more 
variable with site temperature than steelhead. These two species often cohabit the same 
streams, and with the growth simulation method, they are predicted to have similar level 
of response at approximately the same temperatures, despite fundamental differences in 
their specific growth rateltemperature curves (Section 5). 

The general patterns in RMG described for the 7-day maximum temperature also held true 
for all of the time-averaging periods (Figure 6.4). Of course, the range of temperature 
where growth was optimized varies with each of the temperature indices. The relationsllip 
with the least scatter was the 7-day mean temperature, suggesting it may be the best for 
temperature criteria. 

While the species have similar patterns of response, there were also important, non- 
intuitive, differences in simulation results. Although the optimal temperatures for coho are 
higher than steelhead (Figure 6.2), their growth was maximized within a nanower and 
lower range of temperatures. Steelhead maximized growth at a wider and somewhat 
higher range of temperatures. We believe that these differences reflect the food supply 
with which each species is modeled. Because no food limitation was assumed for 
steeihead, their optimal temperatures were on the high end of the optimal range. This 
gave steelhead a broader temperature range where growth was not compromised by 
temperature. Coho had a narrower range of temperature where growth was optimized, and 
this range was consistent with the optimal growth range indicated by their specific growth 
curves. Assumptions of food supply restrictions helped ensure that the optimal growth for 
coho would include those temperatures associated with low consumption (13 to16.5 OC). 

The short-duration indices appear to be useful for characterizing the long-term 
temperature pattern in a way that is meaningful to fish growth. In Figure 6.5, the daily 
mean temperature for the entire simulation period is shown for three sites. Some sites 

Coho 
-Hoffstadt Cr --Big Cr -Hard Cr -Optimal 

Figure 6.6 Temperature reglme at selected sites with estimated optimal temperature. 



spend a lot of time above optimal temperature (e.g., Hoffstadt Creek), and some spend all 
or most of the time below optimal (e.g. Hard Creek). Growth is impacted in both these 
cases by approximately 20%. The sites where temperature was close to optimal for the 
longest time (e.g., Big Creek), had the least effects on growth. Most site temperatures 
tended to be well below optimal early in the summer growing season when growth rates 
are maximized, partly because fish were smaller. Better growth early in the season 
appeared to compensate somewhat for very warm temperatures later in the season. Figure 
6.5 also illustrates how optimal temperature declines through time with decreasing food 
consumption due to weight gain. 

Since the sites span a range of temperature regimes, the site with the lowest growth loss 
represents the temperature profile that best encourages growth for that species. In a sense, 
this site fits the concept of an "index" stream, although in this case, the reference is 
defined by fish growth rather than its naturalness or lack of disturbance. Interestingly, Big 
Creek had the most optimal temperature for both coho and steelhead. This site has an 
annual maximum temperature of 16.g°C, nearly 1 degree over the Washington water 
temperature criteria. 

Risk Associated with Growth Limitation 

Holtby and Scrivener (1989) and Quinn and Peterson (1996) found that coho size at the 
end of summer was a primary factor influencing overwintering sunival and smelting. 
Holtby and Scrivener (1989) provided an equation relating probabilities of overwintering 
success to coho length. We translated this relationship to an equation based on weight 
using a oooulation lennth/weipht - . .  
relationship (Ricker 1975). Trhe 

- M b y  and Scrivener 1989relationship between weight and the 
probability of overwintering success from e Qutnn and Wterson 1996 

100these two studies are shown in Figure 6.6. !
P ,,I . 

Holtby and Scrivener (1989) found a large & a *  
increase in overwintering success with ,F --
increased size, possibly because the coho 
were so small at Carnation Creek f g(generally less than 2 grams). According o 

40 

to their relationship, weight of about 6 f 20 
grams or more yields an 80% or better 
probability of successfully overwintering. 

a o 
Note that we have extended Holtby and g o 2 4 6 8 1 0 1 2  
Scrivener's relationship beyond the limits weight (grams) 
of their data to cover the larger fish sizes 
at our sites. Quinn and Peterson (1996) 
found more modest improvement in Figure 6.6 Probebllity of success for coho ovemlntering 

su~ iva l(from Holtby and Scrlvener 1989) based on end of 
overwintering success at Big Beef Creek summer fish size. Data from Quinn and Peterson (1996) are 
with fish Size, although the fish in this also shown. The two poinls were connected wilh a linear 

stream were significantly larger than regression. 


Camation creek. Theseauthors found 

that the probability of successfully overwintering was about 50% for fish >89 mm 

(approximately 8 grams) and only 17% for fish <60 mm (approximately 2.5'grams). 

These values agree more closely with fish sizes in our study streams. We connect the two 

lines to determine a relationship of overwintering success with weight. 




We use both of the relationships to illustrate the potential effect of growth reduction on 
overwintering success. The probability of success for each individual in the population at 
Salmon Creek was calculated 
based on its weight (shown as 
actual weight in Figure 6.7). A) Probablllty of Overwlnterlng Success 
Ouinn and Peterson's data are Quinn and Peterson 

used in Figure 6.7A and Holtby gActual Weight n-10% m-zO'% 
and Scrivener's relationship is 
used to calculate Figure 6.7B. 
Despite the large differences in 
estimated probabilities with the 
two relationships, both produce 
similar relative results. There is 
a reduction in overwintering 
success with lower weight; the e o O $ ' @ . 9. r $ $ f $ &  ,:.magnitude of change is 
approximately equal to the 
percentage change in weight. 

Probabllny Category 

That is, a 10% reduction in 
growth calculated for the Probablitty of Overwintering Success 
population results in an average B, and Scrivener ~ o ~ t b y  
reduction in overwintering 
success of 9%. qActual Weight 0-10% m-20% 

25 

The important outcome of this 20 
analysis is the suggestion that 3 15the relatively small changes in 5 10weight that we calculate due to z 
temperature (e.g. Figure 6.1) 5 
are sufficient to affect 0 
individual and population * @ @ P @ p 4 Q @ @ $

*< -*,overwintering success to some Fi *< $' +4 p' %\ ,4 
->

extent. A 10% reduction in 
growth would be difficult to Probability Category 

statistically detect given the 
typical range of sizes in natural ~igure6.7 Histogram of probabllkyot overwintering survival based on 
populations. However, a 20% weight of individuals wkhln the population and simulated effects wlth 

redcutlon In weight due to temperature. Probabllnycalculated based reduction should be detectable, (luinn and Peterson results from B I ~B& Creek, WA (A) and from 
especially when field Holtby and Scrlverner'sfrom Carnation Creek (8). 
experiments are guided by 
hypotheses generated from the growth model. Brett et al. (1982) suggested a 20% upper 
l i t  for change in weight due to temperature for chiikpopulations living in the 
Nechako River. This appears to be somewhat high for coho, based on implications for 
loss of overwintering success. However, it should be noted that many factors affect the 
survival of salmon in the marine environment. 

Use of either rela,tionship extends them beyond the original data or application developed 
by the authors. Therefore, even though we use both relationships to estimate the effect of 
growth reduction from temperature on overwintering success, we acknowledge 
uncertainty in this analysis. Additional research quantifying the effect of size on success 
at later life history stages would increase confidence in the analysis of risk to growth loss 
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due to temperature. This, in turn, creates uncertainty regarding the choice of 10% as the 
growth reduction limit. It appears clear that at least 5% growth loss can be expected at all 
sites due to long duration exposure, even when the bulk of temperatures are near optimal. 
The difference in temperature thresholds selected at 10 and 20% RMG is quite significant. 
Increased understanding of the role of juvenile size in determining success at later life 
history stages would improve confidence in selecting an appropriate limit to growth loss. 

In the Carnation Creek study, improved growth of steelhead fry with increased 
temperature after logging did not translate to larger smolts after two to three years of 
rearing (Hartman and Scrivener 1990). Steelhead will usually spend at least one 
additional year in the stream regardless of size achieved in the first year. Thus the impacts 
on growth from temperature are shown to be small in this analysis, which is consistent 
with observations at Carnation Creek. The negative or positive effects on growth are not 
great enough to change weight sufficiently to change migratory patterns, that is, to speed 
up or delay them by one year. 

This is in contrast to coho at Carnation Creek, where temperature increased growth 
sufficiently to bring some fish to smolting size in one year. It should be noted that 
Southern British Columbia represents the most northerly locale where coho are typically 
able to reach smolting size in one year (Sandercock 1991). Coho at Carnation Creek 
typically migrate at 2-years rather than one, presumably due to lower temperatures. In this 
case, increasing the temperature accelerated growth to the point where the coho 
outmigrated after the fust season. This was interpreted as negative for the species, 
because the timing of their migration made them more susceptible to predation in the 
estuary and ocean environment. Where fish typically migrate in one year (e.g., 
Washington and Oregon), growth improvement would probably benefit their success by 
producing fish of larger size, according to Quinn and Peterson (1995). 

Growth Loss and Temperature Crlterla 

We translate the RMG data (Figure 6.4) to zones of reduction in maximum growth to 
facilitate identifying tbresholds of growth response in Figure 6.8. The range of 
temperatures was determined by ordering the site temperature data and estimating the 
temperature where the 10 and 20% boundaries occurred. The range of 20% reduction 
encompasses most of the stream temperatures typically observed in the region. The range 
of temperature where there was relatively little effect less than 10%) was fairly narrow for 
both species. It should be noted that at temperatures above and below the ranges 
illustrated, there is high growth loss due to temperature (30% or more). 

The temperature assessment approach provides a method for indexing the ~ l a t i v e  effects 
of stream temperature regimes on salmonid growth. A value of the approach is that the 
relative effects of temperature and food consumption can be evaluated independently of 
other habitat or population characteristics, and each other. Results can be also be used to 
directly compare growth effects among species. Because these factors are assumed 
constant in this analysis, the growth estimates only account for the direct effects of 
temperature, and do not account for population dynamics. 
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Flgure 8.8 Ranges of tempersture where reduction from maximum growth is 0-10% and 11-20% At temperatures above and 
below these ranges RMO. exceeds 20%. 

Species were similar in their range of response. However, coho were more temperature 
sensitive, and steelhead tended to grow somewhat better at warmer temperatures than 
coho. If bioenergetics relationships are correct, this can be explained by differences in 
food supply. This, in turn, may reflect the different foraging strategies that each species 
utilizes when coexisting in the same streams (Bisson et al. 1988b). Selection of 
temperature criteria in management situations may be most useful if they reflect the most 
sensitivespecies (coho) when both species are present. 

Fish were predicted to be growing near optimal within many streams, including a number 
that exceed current water quality standards. The temperature ranges observed at the sites 
included in this analysis are representative of current conditions in Washington streams 
and rivers. The vegetative overstory of many has been dishlrbed within the last 50 years, 
and therefore streams may be currently wanner than they have been at other times in their 
history. However, the range of temperature represented at these sites is likely to be 
representative of the range that has occurred historically, given the history and frequency 
of Fie disturbance in the region (Agee 1993). 

The patterns of biological growth response in relation to all of the time-averaged 
temperature regime metrics demonstrates that they can be used to index the temperature 
regimes of sites in biologically meaningful ways. Short averaging periods such as 7-day 
and even the annual instantaneous maximum temperature are strongly indicative of the 
long-term temperature regime that partially controls fish growth during the summer. 



CONCLUSIONS 

o It is feasible to apply a risk-based approach that uses data without undefined 
safety factors and produces an estimate of cumulative risks. This technique is a 
true quantitative benchmark that is measurable and testable. 

a Modeled growth using measured temperature suggest that the majority of 
temperatures experienced by salmonids are generally suboptimal for growth, and 
these exert some cost on the maximum potential growth. 

Despite what appear to be large differences in temperature among sites, especially 
with regard to the warmest temperatures that occur each summer, there is 
considGable similarity in the of temperatures that are important to 
growth. Sites with significantly different temperature regimes can have similar 
predicted effects on growth. 

An upper threshold for the 7-day maximum temperature of 16.5'C minimizes 
growth losses for coho. A 7-day maximum temperature or 20.5"C minimizes 
growth losses for steelhead. 

o Concepts of safety factors in selecting temperature thresholds defined for 
salmonids need to be exercised with some caution. Thresholds that are both too 
low and too high can negatively affect growth. 

a The criteria above assume 10% growth loss as the acceptableievel of risk. There 
is uncertainty associated with this number, since there are relatively few 
quantitative data to base it on. Further research could help confirm acceptable 
risk levels. 



SECTION7 RELATIONSHIPBETWEEN EXISTINGAND 
PROPOSEDTEMPERATURECRITERIAAND RISK 
ASSESSMENTFINDINGS 

Abstract 

Understanding the biological effects of temperature on fish is essential for effectively 
managing stream temperature under the Clean Water Act. One of the key elements of 
water quality management is to establish temperature criteria (e.g., water quality 
standards) that will limit human<aused impacts to the beneficial uses of the stream (e.g., 
fish). Ideally, criteria are based on an understanding of the interactionof fish physiology 
and ecology (biological effects) and the physical watershed and climatic processes that 
control the temperature of streams (exposure). Scientific understanding of these factors 
should then lead to criteria that are realistic and appropriate in assigning a temperature 
threshold that appropriately reflects temperature. In this section, we review and compare 
methods of determining temperature criteria used to select criteria, including those 
developed in this report. 

Key findings of this chapter are: 

o Risk assessment allows the effects of magnitude, duration and frequency of 
temperature on fish growth and survival to be quantified in an objective and 
repeatable manner. 

The U.S. EPA (1977) temperature criteria were found to be the most objectively 
defmed and consistent with risk analysis results. They generally appear to allow 
up to 20%reduction in growth due to temperature. 

o Criteria derived from review of scientific literature without quantitative synthesis 
are generally consistent with risk assessment and U.S.EPA methods, although 
they tend to overestimate the benefits of cold temperatures and slightly 
underestimate the positive growth effects at temperatures somewhat higher than 
optimum. 

Introduction 

From a scientificbasis, methods for deriving temperature criteria should be explicitly 
defined and based on sound scientific data that pass data quality screening criteria (ASTM 
1997). A criteria derivation protocol needs to have: 

clearly defined, trans~jarentand repeatable methodology; 

data quality objectives, attributed data sources, and quality control screens; 

defined levels of protection for species populations, communities or ecosystems; 



stated assumptions, safety factors, and data extrapolation factors; and 

temperature criteria that incorporate magnitude, frequency,and duration as 
decision variables. 

In previous sections of this report we: reviewed the scientificliterature elucidating the 
growth and acute lethal response of salmon to temperature during the rearing life history 
phase (Section 2); explored relationships between long-term and short-term temperature 
indices (Section 3); performed risk analysis on the effects of temperature on mortality of 
salmon (Section 4); developed a quantitative method to asses effects of long-term 
exposure to temperature on growth (Section 5); and established temperature threshold 
criteria (Section 6). In this section we evaluate water quality temperature criteria derived 
from several methods that have been adopted or proposed by various authors and agencies 
relative to their biological effects, including the analyses developed in this report. 

Crlteria and MethodsTo Derive Them 

Review of scientificliterature and agency policy documents identified a number of 
different approaches to derive water temperature criteria for the summer maximum 
temperature. Methods fall into three general categories: 

o criteria derived from experimental temperature tolerance studies; 

0 criteria derived from field observations of fish occurrenceunder different 
temperature regimes; and 

criteria derived from professional review of temperature information. 

The degree of objectivity or subjectivity by which the information is synthesized into 
recommended criteria, the degree to which data forms the basis for the criteria, and the 
extent to which population effects can be probabilistically determined varies between 
methods. 

ExperimentalInformation-based Method (EPA) 

The EPA has published temperature criteria for a number of fish species based on a 
review of laboratory-based research on the thermal tolerance of fish (Bmngs and Jones, 
1977,also cited as U.S.E.P.A. 1977). Bmngs and lone's method includes identification of 
acute and chronic threshold values, definition of averaging time of specific daily 
temperature characteristics,and explicit treatment of safety factors to ensure the 
recommended criteria control population level effects. Temperaturecriteria are based on 
temperature tolerance studies that generally follow the protocols developed by the 
NASiNAE (1973). These protocols include procedures to derive specific temperature 
criteria for both chronic and acute exposure. Criteria for chronic exposure are derived 
from incipient lethal temperature and physiological (bioenergetic) performance (e.g., 
growth optima) data. The temperature assessment methods described in Sections 4.5 and 



6 of this report are based on similar data such as the acute lethal and growth 
temperaturelration relationships. 

From the perspective of selecting temperature criteria, some very simple principles can be 
derived from the growth curves that aremeaningful (Figure 5.4). Beginning with the 
coolest temperatures (O°C), growth increases with temperature up to the temperature up to 
optimal where the maximum growth rate is achieved without any increase in ration 
(approximately 16'C). This improved growth is due to increased food conversion 
efficiency and consumption. At temperatures above the maximum growth rate, growth 
rates cannot be maintained because consumption declines and metabolic energy costs 
increase. Further increases or maintenance of growth rate must come from increased 
food, if possible within satiation limits. Because the shape of growth curves is broad at 
the maximum, there is little or no negative effect of temperature several degrees above 
optimum. 

Bmngs and Jones (1977) describe an objective method for developing threshold criteria 
based on optimal temperature and the range of preferred temperatures from laboratory 
derived growth curves available at the time. The criterion for chronic exposure is 
expressed as the maximum seasonal 7-day moving average of the daily mean temperature. 
Bmngs and Jones (1977) refer to this metric as the "maximum weekly average 
temperature" (MWAT). This value may be derived for different seasons and life stages 
(e.g., summer rearing or falywinter incubation). The scientific rationale for using the 
MWAT as a temperature limit is based on data showing that moderate temperature 
fluctuations can be tolerated as long as the incipient lethal temperature is not exceeded for 
long periods. The method also assumes that optimum temperatures are neither necessary 
nor realistic at all times to maintain viable fish populations (NASINAE 1973). 

Criteria for protection from exposure to extreme temperatures are based on thermal 
tolerance data. Regression equations of median survival times (LT50) (e.g., Figure 2.2) 
are used to predict the upper incipient lethal temperature for a 24-hour exposure, and a 
2°C safety factor is subtracted to derive a short-term criterion that will provide 100% 
survival (Bmngs and Jones 1977). Since LTlO's and LT5O's are very close, the safety 
factor is sufficient to preclude effects on any fraction of the population. 

Protocols for deriving criteria based on experimental temperature tolerance studies have 
not changed since being proposed by the Environmental Protection Agency ( B ~ n g s  and 
Jones 1977). Various authors continue to recommend this method as an option for 
protecting fish habitat (Armour 1991). 

The acute and chronic temperatures for the EPA protocol were computed for the rearing 
stage of seven native salmonids in Washington using the experimental temperature 
tolerance data that could be found in the literature (Table 6.1). This includes relevant data 
reported by the N A S W  (1973) and any newer data that could be found. Original 
criteria reported by Brungs and Jones (1977) are shown for comparison with the updated 
numbers. Note, the latter results are slightly different than criteria reported by Bmngs and 
Jones (op cit) for the same species because our values are based on data from individual 
studies and not on the average of several studies. The results from multiple evaluations of 
the same species produced similar results (usually within 1°C), and differences among 
salmonid species were relatively small. 
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Differences between maximum and minimum MWAT and acute criteria are 3.3' and 3.Y 
C, respectively (Table 6.1). This exercise demonstrates that the EPA method is highly 
objective and reproducible; there were no difficulties in updating the analysis with results 
of more recent studies. Bmngs and Jones also provide criteria for other life history stages. 

Field Observation Methods 

Observation of temperature at which fish occurrence is verified is another method used for 
estimating fish temperature requirements. Bovee (1978) recommended the use of fish 
observations where temperature is simultaneously collected to determine a "probability of 
use" curve based on the distribution of observations. This technique of characterizing 
physical environmental conditions in conjunction with fish observations forms the basis 
for the U.S. Fish and Wildlife Service Instream Flow Incremental Methodologies (IFIM) 
Habitat Suitability Index model (HSI) (McMahon 1983). This method has been used to 
evaluate population effects from physical habitat alterations. Presumably, this method 
would reflect preference temperatures of the fish, but their quantitative relationship to 
optimal temperature, growth'or lethal temperatures cannot be known since resul~would 
also strongly reflect the ambient temperature occumng when observations were made and 
may not indicate true preference or long-term exposure. 

Eaton et al. (1995) proposed a technique for deriving the maximum thermal tolerance of 
fish matching stream temperature records with fish presence data. Their fish and 
temperature data matching system (FTDMS) provides a direct measure of the 
temperatures that are utilized by fish populations in nature. In this protocol, fish presence 
data are matched with weekly mean temperatures taken from the same location and time 
period to derive a fish presence by temperature frequency distribution. An estimate of the 
maximum temperature tolerance for a species is assumed to be equivalent to the 
temperature at which 95% of the fish observations occur for a large (n = 1000 matches) 
database that represents the geographic range limits of the species. The 95* percentile 
observation is proposed as a safe estimate of thermal tolerance to protect against 
inaccuracies in temperature records and biased observations of fish presence that may be 
contained in the database. 

The FTDMS is recommended as an 
approach for determining the 

Table 7.2 Waier temperature criteria tor salmonids based on -humtemperatures that limit the the fish and temwraiure data matching system (FTDMS).
distribution of salmonids. With Taken from Table 1 in Eaion et al. 11995). 
regard to temperature criteria, this -

method seems to relate best to the Specics Mean weekly temperatun 
('C) for the 95' percentile

acute temperatures rather than the observation 
chronic temperatures. Table 7.2 lists OnMmynchus clarld (Cutthat trout) 23.2 
the mean weekly temperature derived 0. gmbushcha(pink salmon) 21.0 
from over 1000 field observations 0. keta (chum salmon) 16.8 
(Eaton et. a1 1995). The field 0.hisvtch (coho salmon) 23.4 
observation method of establishing 0. mykiss (steelhcad/rainbowm i )  7A.O 

upper lethal limits suggested by Eaton 0. uchawytscha (chinmk salmon) 24.0 

et al. (1995) produced very similar 
results to those of Bmngs and Jones 
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(1977) which were based on laboratory tests (Table 7.1): field observation estimates were 
within 1°C of EPA's acute temperature criteria for all salmonids except chum salmon. 
These observations suggest that laboratory derived criteria can predict the thermal 
tolerance limits in nature reasonably well. 

RISK ASSESSMENT APPROACH 

The temperature assessment methods described in Sections 5 and 6 followed a risk 
assessment approach and provided a time-integrated and quantitative estimate of the 
influence of the temperature regime on the potential growth of salmon within selected 
stream reaches where temperature was known. This approach could be used to develop 
site-specific or regional temperature criteria for both acute and chronic effects on summer 
rearing. Here we use the results of the acute and growth analyses to evaluate generally 
applied temperature indices used as temperature criteria. The assessment of acute 
temperatures suggested that 26OC is threshold temperature for salmonid species (Section 
4). 

The reduction from maximum potential growth due to temperature regime was calculated 
for a number of stream segments with widely varying temperature regimes in Section 6, 
based on a growth model developed in Section 5. The range of temperatures where growth 
was within 10% and 20% of optimum based on those analyses is shown in Figure 7.1. For 
each temperature indices, coho and steelhead reduction from maximum growth (RMG) are 

7-myMaxlmum Annual Maximum 7-myMean 

30 30 


25 25 

9 20 9 20 

3 15 

x 

E 

I?! l o  8 I 0  

5 5 5 

0 0 
Coho Steelhead Coho Stealhead Coho Steelhead 

Figure 7.1 Rangeoftemperature where reduction from maxlmum potentlal growth (RMG. %)was 10 and 20% during the 
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plotted together to facilitate comparison among species. Growth is highest within the 
range of optimal temperatures, and declines at temperature higher and lower than optimal. 

There is a narrow range of temperature where growth is optimized for each species. 
Gmwth rate is highest at sites with 7-day maximum temperatures between 9'C to 17°C. 
Patterns are similar for other temperature indices (7-day mean and annual maximum 
temperature), although the temperature range enveloping various levels of growth 
reduction vary with each temperature index. 

Steelhead and coho often occur together in stream environments, and their growth 
responses are similar, although there are important differences in threshold values. 
Selecting the criteria based on the 10% RMG for the more thermally sensitive coho would 
suggest an upper threshold of 16.5'C for the 7day maximum temperature and 14.8'C for 
the 7-day mean temperature. Selecting the criteria based on the 10% RMG for the 
steelhead would suggest an upper threshold of 20.5'C for the 7day maximum temperature 
and 17.0°C for the 7-day mean temperature. The upper end of the temperature range is 
well below temperatures where behavioral avoidance has been observed (e.g. Bisson et al. 
1988, Nielsen et al. 1994), and interspecies competitive interactions have been noted (e.g., 
Reeves et al. 1987; Taniguchi et al. 1998). 

Table 7.3 Temperature crlterla rC)lor growth of luvenile salmonids dsdvad from temperature analysis at 
values 01 reductlon from maxlmum growth (RMG) of 10% and 20% 

method @able 6.1)
10% RMG 2Wb 1Wb 20% 

RMG RMG RMG 

7day Maximum' 13.0-165 9.0-20.5 14.5-20.5 10.0-24 
(OC) 


7&yMwb("C) 12.8-14.8 9.0-19.0 13.0-17.0 10.0-19.0 193 coho 
19.6 steelhead 

The growth effects predicted by the criteria will be the same wherever the fish live. Even 
though streams for resident trout may be naturally colder due to proximity to headwaters, 
the growtWfwd1and temperature effects should be the same. It should also be noted that 
these criteria are only appropriate for streams with normal seasonal and daily temperature 
fluctuations. Streams or other aquatic environments (e.g., thermal plumes at discharge 
sites) with significantly different temperature patterns would require site specific analysis, 
i.e., characterization of their temperature regimes to determine exposure. 



Revlew Approach 

Temperature criteria derived by the review approach are based on the professional 
interpretation of temperature requirement information organized by life stages and time 
periods for each species of interest. These temperature requirements are derived primarily 
from key review articles (e.g., Bjornn and Reiser 1991, Bell 1973, 1986). Measurements 
of performance optima from laboratory studies and field 0bSe~ations of temperature 
during different life stages may also be used. 

Criteria, for example, are derived by selecting a temperature regime low enough to protect 
the most sensitive life stage for the summer juvenile rearing period. F'rotection of this life 
stage is assumed to protect all other life stages that may occur at the same time (e.g., adult 
holding). The review method is not a defined protocol, but rather is a general approach 
for evaluating temperature information. Review-based approaches are inherently more 
subjective as analysts attempt to explicitly synthesize a number of factors and species into 
one recommended criteria. 

Table7.4. Examples of four water temperature envelopes by life stage summaries for spring chinook 
salmon. (Temperature in '12.) 

Life sfage BeU (1973) Bjomn and Reisa Armow (1991)' ODE4 (1995) 
11991) 

Adult migration 3.3-13.3 3.3-13.3 3.3-13.3 3.3-13.3 

Spawning 5.6-13.9 5.6-13.9 5.6-13.9 5.6-12.8 
Incubation 5.0-141 5.0:14.4 5.0-14.4 4.5-12.8 
Juvenile rearing Optimum 7.2-14.4 P n M 12-14 7.9-13.8 hi t ibe  growth 4.5-19.1 

Optimum pr;duction 10.0-15.6 
'AUdata arc for Ulc rsommendcdtcmpemturerange 

Data linking fish performance and temperature are evaluated by a professional, or group 
of professionals, who identify the temperature range that provides some level of 
protection. While the analysis may include laboratory orfield derived data, the manner in 
which such data are used is not explicitly defined, as it is in the EPA and RDMS 
methods (e.g. ODEQ 1995, WDOE 1998a). Also, the level of protection1 generally is not 
explicitly defined and appears to vary depending on policy objectives and the amount of 
available information. 

Bell (1973) conducted one of the first reviews of temperature to establish criteria, 
compiling most of the information known at the time, and presented the data in the form 
of temperature ranges or envelopes by species and life stage. Bell (1973) synthesized a 
temperature range from the available information to provide a recommendation. 
However, he did not describe the method by which the recommendations were derived, 
including consideration of safety factors, and he did not attribute the recommendations 
with specific citations (i.e., only a list of references is given). Thus the scientific source 
for each recommendation cannot be verified and the primary data sources that may have 
been used are not directly tied to the f i a l  recommendations. 

' Lesel of prorecuon refers lo whal pcrccnwr of the lndlvlduals repmenung a race subrpecres or spccler mpmacted 
le 8 90.95 99. 100%) Lm~Luly.n referr 0 the percentage or streams tha would bcpmrecled.and uhar prcenlsge of the 
tune Far exsmple. a goal my be 0pmtecl9SLb of h e  Ealmanid m e r  and sueams 95%of the tune 



A series of subsequent reviews have relied heavily on the work of Bell (1973) to develop 
and revise temperature criteria. For example both Armour (1991) and ODEQ (1995) cite 
Bjomn and Reiser (1991) as the source for some of their temperature recommendations. 
Bjornn and Reiser (op cit) reference Bell (1986), which is the second edition of Bell 
(1973). as source for their temperature information. The Bell (1973) report is also the 
basis for U.S. Fish and Wildlife Service recommended temperature criteria for coho 
salmon (Laufle et al. 1986), c h i i k  salmon (Allen and Hassler 19861, and steelhead trout 
(Pauley et al. 1986). These references are also cited for temperature criteria in the 
"ManTech Report" sponsored by the National Marine Fisheries Service (Spence et al. 
1996). The interdependence of these review reports results in recommended temperature 
criteria that are remarkably similar. For example, chinook criteria shown in Table 7.4 are 
the same in each of four different papers. 

This review approach has formed the basis for temperature criteria in the Pacific 
Northwest in recent years, despite the lack of firmly documented primary data (ODEQ 
1995, WDOE 1999). ~riteriadevelo~ed in Oregon (ODEQ 1995) and proposed in 
Washington W O E  1999a) appear to be based on less quantitative approaches than 
advocated by Hokanson (1977). Bmngs and Jones (19771, Armow (1991) and Eaton et al. 
(1995), although experimental biological effects data are available for this purpose. The 
primary weaknesses of review approaches are the absence of a clearly defined decision 
process for selecting and evaluating temperature information, synthesizing factors of 
safety and uncertainty into the criteria, and lack of clear linkages to field and laboratory 
data. In some cases, the numbers for juvenile rearing derived from literature reviews are 
consistent with those produced from risk analysis and other quantitative methods (e.g., 
Bjornn and Reiser 1991). However, in most cases, the recommended ranges assume 
greater growth at lower temperatures than is likely to occur and less growth at warmer 
temperatures. 

Temperature Criteria 

Existing and proposed temperature criteria, including objective criteria and those that were 
derived primarily by the review method described above, are presented in Tables 7.5 and 
7.6. Only criteria relevant to the growth period of juvenile salmon and trout, exclusive of 
bull trout, are shown for this example. The Oregon temperature criteria combine trout and 
salmon species together, with a different standard for bull trout. The proposed 
Washington criteria group salmon species and steelhead with one criteria, and cutthroat 
trout for another. Washington's proposed criteria also vary the maximum temperature by 
specified periods during the summer months, a detail we will not address during 
subsequent analyses. 



Table 7.5 Existing and proposed temperature criteria for anadromous salmon specles and steelhead 
derived from various methodologies relevant to the summer growth prlod. Numbera ere maxlmum 
allowable values. 

ACUZB SUB-IJimAL 

Melhcd TempuaNr~ Metric Temperame Meuic 
r c )  r o  

EPA 24.0 Annual insmtaneovs 18.0 Maximum 7day moving 
@rungs and Jones 1977) maximum' avaage of the daily mean 

Eaion el. al. (1995) 23.5 Maximum 7da.y moving .. -
averageof tile daily mcao 

Risk Assessment 25.5 Annual instantaneous 16.5 Maximum 7-daymoving 
(this report) maximum' averageof the daily maximum 

ODEQ (1995) None speciflcd .. 17.8 (64'7) Maximum 7day moving 
average of the daily maximum 

W O E  proposed (1999) 21.0 Annual i n s m m m s  16.5 Maximum 7day moving 
(June-Sept) maximum avcrageof the daily maximum 

W E  (current) None specified .. 16.0 (AAIb Annual instantaneous 
18.0 (A) marimum 
21.0@) 

assumed at least a 1-howi n w a l  
"streaas are classified as AA. B and C aceording lo WAC 173-201680 

Each criterion/standard in Tables 7.5 and 7.6 typically is assumed to represent the no-
effect level for the most sensitive life stage of the most sensitive species, plus a safety 
factor. The EPA's goal is to protect 95% of the species 95% of the time. This level of 
protection is extended to include economically important species, ecological keystone 
species, and threatened and endangered species (Stephan et al. 1985). Other groups of 
scientists have suggested that protecting 90% of the species will protect aquatic 
communities (SETAC 1994). It is not always necessary to protect 95% of the individuals 
in a population when it is desired to protect the species, based on rationales presented by 
Ricker (1975). However, in the case of the ODEQ and WDOE criteria, the actual level of 
protection embodied in the criteria has not been defined. 

Temperature criteria from the various methods have the following similarities and 
differences (Tables 7.5 and 7.6): 

Most index the juvenile growth phase, which lasts several months, with the 
wannest 7-day period occurring during that interval. 

No criteria use an averaging period longer than a week. One specifiesthe annual 
instantaneous maximum (e.g., Washington's existing temperature criteria). 

Criteria vary in whether the daily maximum or mean is used to calculate 
temperature during the averaging period. 

No criteria state an acceptablelevel of variation in the threshold temperature, 
indicating that are likely to result from natural factors and uncertainty. 



Somecriteria do not specify upper acute temperature levels, relying instead on 
the temperature criteria derived for chronic effects to control maximum 
temperature. 

For most of the criteria, the temperaturerange of 16" to 18'C is used as the 
upper maximum. 

No criteria establish a minimum threshold temperature. 

The temperature criteriaderived from the review approach atemore variable, although 
much of the data used are similar among the evaluations (ODEQ,1995WDOE,1999). 
The Oregon and proposed Washington criteria are reasonably similar to the EPA criteria 
for salmonids (Tables 7.5 and 7.6). 

The differences in the temperature indices used by different sources makes it difficult to 
compare them. In Table 7.7 we translate each recommended threshold to each of the 
short-term indices, using the relationships between indices shown in Figure 3.7 (Section 
3). When placed on a common footing, it is evident that there are differences among the 
recommended criteria. 

Table 7.6 €xla(lng and popored temperature crlterla cutthroat trout derived from various meihodologles 
relevant to ihe 8ummer growth period. Numbersare maximumallowable valuer. 

ACUTE SUB-LETHAL 

Method Tempbratun Metric T e m p m e  Mraic 
PC) ("C) 

EPA 24.2 Annual instantaneous 18.5 Maximum 7day moving 
(Bmngs and Jones 1977) ,"admum' average of the daily mean 

Earan eL al. (1995) 23.2 M&nm 7day moving .. .. 
averageof the daily Mesn 

Risk Assassmcnt 26.3 Annual insmtanews 16.5 Maximum 7day moving 
(this report) maximum ' average of the daily 

maximum 

ODEQ (1995) None specified .. 17.8 (64W M h u m  7day moving 
avadge of the daily 

maximum 

W O E  proposed (1999) 14.5 Annual instantaneous 13.0 Maximum 7-day moving 
nwimum~ average of m e dally 

maximum 

W O E  (cumnt) None specified .. 16.0 (AA)' Annual instantaneaus 
18.0 (A) maximum 
21.0 @) 

assumed at least a 1-how i n t w s l  
%ueamsaxe classifiedas AA, B and C sccording to WAC 173-201-080 



Table 7.7 Threshold temoeratures for short-term duration indices from various sournee. 

~ e m ~ e m t u n a 
have bean translated to common values using nlstionshlps 
among tempemture indbes developed in Section 3 (see Figure 3.7). Values 
In bold 6ere orlalnal reDarted numbers. Authors renoi  
recomrn~ndations a variety of metrics. Each recommended value is also 
translated to the other metrlcs using the regression relationships presented 
in Section 3 to facilitate their compdson. 

Sub-LcthalTuesholds Acute Thnshald--
Species Refmnce 

Annual 
Maximum 

7-Day 
Maximum rC) $27  Annual Maximum 

Tempemm ('C) rC)  Temperatun (T) 
Coho salmon EPA 1977 21.5 21.2 

Risk assessment (thisreport) 17.5 16.5 

ODBQ (1995) 19.0 17.8 

W W E  (existing) 16.0 15.5 

W O E  (proposed) 17.0 16.5 

Pame (1995) .. .. 

Steelhead trout EPA 1977 24.0 23.0 19.0 26.0 

Risk assessment (this report) 21.0 20.5 17.0 26.0 

ODEQ (1995) 19.0 17.8 16.0 .. 
W O E  (existing) 16.0 15.5 14.3 -
WDOB(proposed) 17.0 16.5 15.0 21.0 

Eamn (1995) - - 24.0 31.0 

The temperature analysis developed in this report produced similar though not identical 
criteria to those developed using a variety of other methods. The thresholds derived fmm 
the risk assessment methods are somewhat lower than the EPA recommendations (Bmngs 
and Jones 1977), largely because of the restriction to 10% growth loss and the realistic 
accounting of food consumption. BmngS and Jones (1977) used the 7-day mean 
temperature (MWAT) of lS°C for coho and 19'C for steelhead. The growth analysis 
suggests that an upper threshold for the 7day mean temperature of 14.8"C for coho and 
17.0°C for steelhead will maintain growth within 10% of optimum, and 19°C will maintain 
growth within 20% of optimum. 

Eaton et al. (1995) primarily studied the upper temperature limiting salmonid distribution 
but not growth. Their numbers are several degrees higher than our recommendation for 
acute thresholds. Indeed, their thresholds are so high that it would suggest that coho and 
steelhead still live in natural streams until maximum temperatures reach upper critical 
lethal levels for a significant period of time (at least 1 week). This appears to conFinn that 
the thresholds we have identified are conservative and not likely to result in population 
loss. No site included in the risk assessment had 7day mean temperature anywhere close 
to the upper threshold that limits distribution, although this was not true for some rivers in 
the region found in U.S.G.S. water resources records (see Appendix B). Coho, steelhead 



andlor cutthroat trout were present in all of these streams. We estimate that growth loss 
due to temperature for Eaton's (1995) upper limits for coho and steelhead would be 
approximately 50%. 

Temperature criteria derived with the risk-based methods bave only moderate agreement 
with criteria derived through various reviews. It appears that the review approach tends to 
recommend similar temperatures for the lower end of the range but lower temperatures for 
the upper end of the range, than was found by risk analysis and other methods. While the 
example ranges we cite are for chinook salmon, the temperature response curves for coho 
(this report) are very similar to those of chinook (Brett et al. 1982). It is difficult to 
directly compare with recommendations from these reviews since no indexing temperature 
measure is provided. 

ODEQ (1995) criteria appear to match results of the growth assessment reasonably well, 
despite its reliance on reviews rather than laboratory data. ODEQ (1995) specifies the 
maximum 7-day temperature at 17.g°C. The 7-day maximum criteria derived for coho 
are 16.5'C for 10% growth reduction and approximately 19'C for 20%. However, if just 
steelhead were considered, the threshold would be 20.5'C for 10% growth reduction. 

Current WDOE criteria specifying an annual maximum of 16OC for Class AA streams 
are lower than that derived from the risk assessment approach. Risk assessment suggests 
the annual maximum should be between 13.5'C and 17.5'C for coho, or between 15.5 OC 
and 21.0°C for steelhead, to maintain no more than 10% growth loss. The current criteria 
for Class A (<18'C) and Class B (21°C) streams is more comparable to risk assessment 
results. The proposed temperature criteria published as a discussion draft by WDOE 
(1999) are very similar to those derived with the growth assessment for 10% growth loss 
for coho; 16S°C 7-day maximum for aU anadromous salmon rearing. This criteria is 
lower than needed for steelhead. 

The quantitative analysis confumed that biologically meaningful temperature thresholds 
could be identified with and of the indices (annual maximum, 7-day maximum or 7-day 
mean). There is no consensus on what index to use for temperature criteria, introducing 
additional confusion in comparing among them. This study found that all of the most 
typical indices are closely related to one another, and that any could be used with 
satisfactory results. The 7-day mean temperature was most closely correlated with growth 
loss estimates and therefore may be the best indexing measure for this purpose. However, 
other measure are quite suitable. It is important that the selected temperature match the 
time-averaging period appropriately. It should be noted that the longer the averaging 
period, the lower the threshold value. 

The growth analysis developed in this paper can form a basis for selecting temperature 
criteria, but some other methods also were reproducible and produced similar though not 
identical results. The risk assessment results described in this report rely on similar 
laboratory data as used by B ~ n g s  and Jones in developing EPA-recommendations (1977). 
Our results suggest lower criteria by a few degrees, primarily because we use observed 
temperature regimes to estimate the growth of fish over the long-term, and because we 
account for realistic estimates of food consumption. Analyzing temperature relative to 
duration did affect the choice of thresholds. In the case of coho, temperature thresholds 



were lowered, while in the case of steelhead the thresholds were similar, and could 
possibly be raised. 

CONCLUSIONS 

Risk assessment-basedapproaches allows the effects of magnitude, duration and 
frequency of temperature on fish growth and survival to be quantified in an 
objective and repeatable manner. 

o Moderate temperatures are likely to be more biologically productive for salmonid 
species than very warm or cold temperatures at the level of food availability that 
appears to exist in smams. 

o The U.S.EPA (1977) temperature criteria were found to be the m s t  objectively 
defined and consistent with risk assessment results. They generally appear to 
allow up to 18%reduction in coho growth due to temperature. 





SECTION 8 A DlSCUSSlON OF THE SCIENTIFICAND MANAGEMENT 
IMPLICATIONSOF FINDINGS 

lntroductlon 

In this section we review the informationpresented in the report and identify the scientific 
and managementimplicationsof the results. This section serves as both a summary of key 
findings ahd a synthesisof information for scientistsand policy-makers. 

For ease of reading, we conduct this discussion without extensivereferencing from within 
the report or from external documentsor the scientificliterature. Although these sources 
of information are critical for the context of this discussion, they have been described and 
referenced in detail in the main body of the report. We have included several key figures 
found in previous chapters. 

The RegulatoryContext of Temperature Criteria 

The Clean Water Act requires states to protect the public's values for water bodies. To 
administer the CWA, the state water quality agencies must: 

. assign beneficial uses to each water body (e.g., fishable,swimmable,aquatic life),. specifywater quality niteria that are sufficientto protect the designated beneficialuses, 
assess and report on the condition of water bodies relative to those criteria (30%). 
identify the sources of pollutants, 
develop various management steps to protect or restore water body conditionsto meet criteria, 
monitor thewater quality on an ongoing basis. 

The type of regulatory activities and management restrictions that may be imposed 
depends on the current and projected condition of the water body relative to the criteria. 
Therefore, the water quality criteria have enormous legal and economic meaning, and their 
appropriateness is of great concern to the public, scientists, and regulators. 

States have specified fish species in the cold water guild (salmon and char) as the 
designated beneficial uses in many streams and rivers of the Pacific Northwest region. 
Water temperature plays a role in virtually every aspect of fish life, and adverse levels of 
temperature can affect behavior (e.g. feeding patterns or the timing of migration), growth, 
and vitality. Fish have ranges of temperature wherein all of these functions operate 
normally contributing to their health and reproductive success. Outsideof the range, these 
functionsmay be partially or fully impaired, manifesting in a variety of internal and 
externally visible symptoms. Fish have a number of physiologic and behavioral 
mechanisms that enable them to resist adverse effects of temporary excursions into 
temperatures that are outside of their preferred or optimal range. However, high or low 
temperatures of sufficientmagnitude, if exceeded for sufficient duration,can exceed their 
ability to physiologically adapt and can cause growth or weight loss, disease, competitive 



stream, geographic, and riparian forest characteristics. A factor of safety is typically 
added when selecting numeric criteria to account for the uncertainties in knowledge 
associated with eachof these elements and any factors that are not unaccounted f&. 

The averaging period has typically been either the annual maximum temperature 
(observed for a period as short as an hour, but more probably occurring for several hours 
on sequential days), or a weekly average (generally focused on the warmest seven 
consecutive days) observed for the year. For example, Washington's current criteria 
specify the annual maximum temperature, expressed as the maximum hourly temperature 
that occurs each year. Oregon specifies the average of the daily maximum temperature of 
the 7 warmest consecutive days. The U.S.EPA (1977) recommends the average of the 
daily temperature of the 7 warmest consecutive days (MWAT). Some have also 
argued that the daily temperature fluctuation should also be accounted for, but this 
characteristic has not been widely specified in states' criteria. 

The Basis for Derivatlon of Temperature Criteria 
A number of different approaches have been used to develop and justify the temperature 
criteria that are currently widely used in the Pacific Northwest region. All draw upon a 
large body of scientific research focused on the thermal tolerance of fish. There has been 
considerable laboratory testing for many fish species, including salmonids, beginning 
early in the 1900's and continuing today. Much of the available research on temperature 
tolerances was performed prior to 1980 and was stimulated principally by the need to 
assess the impact of heated effluent from power plants, dams and other facilities. Since 
that time, the research focus has been to add species and refine the understanding of 
contributing factors such as the effect of acclimation temperatures, daily diurnal 
temperature fluctuations, and food rations, and to enhance understanding of the interaction 
of temperature with other pollutants. A considerable amount of the available research has 
been performed in the laboratory setting. Ecological field studies have lagged behind 
laboratory work, although their application has increased in recent years. 

Various methods have been used to analyze temperature effects on fish to develop criteria. 
The methods vary in terms of degree of objectivity or subjectivity by which the 
information is synthesized into recommended criteria, thedegree towhich data forms the 
basis for the criteria, and the extent to which population effects can be probabilistically 
determined. The temperature criteria in use in Pacific Northwest states have largely been 
drawn fmm professionals' review and interpretation of available scientific literature (e.g. 
ODEQ 1995). There also has been some effort to use the more well-established scientific 
relationships to synthesize objective analyses of threshold temperatures and the duration 
of exposure (e.g., U.S.EPA 1977). This approach has not been widely integrated into 
regulatory activity. 

In recent years, the EPA and the National Academies of Science and Engineering have 
promoted risk assessment techniques to develop water quality criteria, including protocols 
that have been peer-reviewed nationally. Risk assessment is designed to enhance 
understanding of the potential adverse effects of a pollutant on a species by combining the 
information from biological studies with an analysis of each population's potential 
exposure to those effects. These methods are foimal, obiecti;e:and analvtical. Thev have 
been primarily applied to contaminant pollutants; guidance for other poli~tants is s&l 
under development. Risk assessment can lead to site or season-specific criteria. 



To date, naturally occumng "pollutants", such as water temperature, have not been 
addressed with risk assessment techniques to determine criteria. Instead, temperature 
criteria generally are simpie indices that summarize the seasonal and diurnal range of 
temperature observed in natural streams into the averaging period, and that address the 
complex array of biological responses of all of the life functions with the temperature 
threshold value. Although there is a general interest in tailoring criteria to specific life 
functions at specific times of year, this has not been widely accomplished to date. In most 
states, simple numeric indices are applied over broad regions to primarily address the high 
temperatures that may occur during the warm summer months, targeting the most 
sensitive species that are likely to occur in the water body. The methods described earlier 
fall short of the objectively rigorous expectations of formal risk assessment. 

Criteria selection teams are faced with a challenge. It is difficult to match simple criteria 
to multi-species communities dwelling in streams and rivers whose temperatures naturally 
vary with position in watershed and climate. Specifying the wrong criteria could have 
negative, possibly catastrophic, biological consequences. At the same time, the need for 
management solutions that may accompany even small changes in criteria can have large 
economic and legal consequences. In addition, all approaches to developing biologically 
meaningful temperature criteria face significant technical challenges. Some of these stem 
from the selection process itself. Subjective reviews often lack a clearly defined decision 
process for selecting and evaluating temperahrre information, and they fail to establish a 
clear linkage between field and laboratory data. Furthermore, subjective evaluations often 
use unquantified safety and uncertainty factors. 

The more that scientific research can be used to quantitatively assess the extent that risk to 
fish is minimized, such as those promoted as risk assessment techniques, the more 
confident the public and regulators can be that temperature criteria are protective. Such 
confidence does not currently exist. Over the past 25 years since temperature criteria were 
first adopted, there has been considerable debate over them but little scientific 
experimentation to validate or improve them. While the subjective analyses that form the 
basis of current temperature criteria are apparently consistent with the scientific literature, 
they have failed to generate measurable hypotheses that can be scientifically tested and 
rejected. 

The objective of this report was to synthesize relevant temperatwe research and to 
develop quantitative risk assessment techniques that could be objectively applied to 
natural streams 1) to identify the risks posed by ambient temperature and to suggest 
temperature criteria, and 2) to formulate experimentally testable hypotheses. Analysis 
focused on the summer rearing phase of juvenile salmonids because most existing 
temperature criteria target annual maximum temperatures, salmonids are of primary 
interest in much of the Pacific Northwest region, and there is a rich history of laboratory 
experimentation available to draw € m a  

Quantitative Analyses to Assess the Effects of Temperature on Flsh 
in Natural Environments 

The conceptual approach that frames this report is that temperature is a fundamental 
component of fish habitat. Water temperature is the thermostat that controls energy intake 
and expenditure. The overall success of individual fish is partially a result of the 
cumulative effect of its environmental temperature on its ability to grow and survive over 



time. If energy intake is adequate to fuel the physiological energy consumption, mediated 
in large part by the environmental temperature, then the organism can live in a healthy 
state. The individual is not likely to be healthy if the water temperatures force energy 
consumption at a pace that cannot be sustained by food intake, dictated in part by appetite 
and in part by food supply, for long periods of time. If the duration of moderately 
negative temperatures is fairly short, cessation of feeding or refuge seeking by the 
individual fish may be sufficient to withstand short-term excursions into higher 
temperatures. If this continues for long, the fish loses growth opportunity, and may be 
displaced by competitors in the population. If temperatures reach a more severe level of 
impairment, it creates physiological stress, loss of appetite, and can leave the fish open to 
disease and competitive pressures from other species. Stress is exacerbated at high 
temperature because dissolved oxygen content of the water is inversely related 6 its 
temperature. If temperatures reach very high levels, it invokes significant stress that 
causes immediate death. For salmonids, this temperature occurs at approximately 30°C. 
Low temperatures can also induce cessation of feeding, but unless water freezes, the fish 
also can withstand excursions into cold water temperature by limiting activity. 
Temperature is not the only ecological factor of importance to biologic productivity, but if 
its central effect on the individual can be accounted for, then the influence of other 
environmental factors, such as food supply and population dynamics, may become more 
apparent in the complex ecology of natural environments. 

We work from the assumption that there is a continuum of biologic response to 
temperature that ranges from healthy, as indicated by maximum growth, to unhealthy, 
culminating in diiect mortality. Along this spectrum there are a variety of ways that 
temperature effects manifest in the organism's physiologic condition or its behavior. 
Some of these characteristics can be readily observed in natural environments and are 
simultaneously amenable to quantification and prediction based on measured temperature. 
These include the growth (weight change), direct mortality, and embryo development (not 
addressed in this report). These functions lend themselves to mathematical expressions, 
many of which have already been established for many species, including salmonids. 
Laboratory studies have shown that activity rates are closely correlated with temperature 
and that they can be predicted with some precision with linear or non-linear equations. 

We were able to develop models for direct mortality and growth as a function of 
temperature for several species of salmonids using laboratory data and bioenergetic 
principles available in the scientific literature (Figure 8.2). An extensive portion of this 
report describes and corroborates these models. The relationships were formulated in a 
way that they can be applied in natural ecological settings. The growth model simulates 
weight gain over time in relation to daily temperature and food supply. Its formulation 
constitutes a new contribution to modeling fish biological response to habitat factors. 

Importantly, the models predict qualities that allow them to be corroborated against 
measurable population characteristics, and therefore they produce hypothesestbat can be 
rejected by diiect observation. The methods are objective and repeatable. Our 
comparisons of simulated growth (or more specifically weight of 21 populations 
living in natural streams showed consistent and close agreement with observed weight 
characteristics (Figure 8.3). 

We were not able to fully corroborate the acute temperature model because, when 
temperature records available to us were scanned for occurrence of combinations of 
temperature and duration sufficient to cause mortality, none were found. The data 



represented a wide variety of 
streams, including many with 
high annual maximum 
temperature. Therefore, 
although no mortality was 
reported in the field studies, 
model predictions cannot be 
considered fully corroborated 
until diiect mortality is observed 
at predicted exposures. Failure 
to detect mortality is consistent 
with the general perception that 
diiect mortality from 
temperature rarely occurs within 
the natural range of a species 
distribution. Nevertheless, lethal 
temperatures can and have 
occurred in the region, and there 
are situations where further 
analysis for risk of direct 
mortality to salmonids is 
warranted. 

Some concern has been 
expressed that the use of 
information from laboratory 
studies to defme temperature 
criteria for fish living in natural 
streams is inappropriate. Such 
concerns confuse the synthesis 
of scientific information into 
temperature criteria since so 
much of the most relevant 
information comes from 
laboratory experiments. 
Laboratory and field studies 
each have unique limitations. 
Laboratory studies are 
conducted in highly artificial 
environments that create stresses 
from the experimental 
procedures. Field studies are 
labor intensive, and discerning 
the effect of temperature by 
empirical observation in streams 
is problematic given the 
multivariate and dynamic nature 
of the interaction, and the 
difficulty of measuring some of 
the key fundamental 
relationships in natural 

F i m m  8.2 Theacuteandchronic effects offemoerature soecies have 
bein q u a w e d  fora number of s&onid~pecies. ~irec;morrolily in 
rehtion to exposure iime for 4 species is shown in A. Ifthe 
combinorion of t e m d r e  and continwus duration deoicted bv the . . 
regression line6 occurs, 10%of thepopulonon is likaly t i  die in each 
incidence of exceedence. I n  nuhimi stream envimnmenfs, stream 
temoemhrres mustaenemllv exceed the hiehest shofl duration 
lem~emhrrrs (e.g. %PC or ;hghsr~ for the; to be a risk of direct 
mortality because temperatures mrely remain at these temppmnrres 
continwusiy due to M h r r a I d d y  t e&emrepuc tudon~  

24 25 a n a B 30 

TemperaturerC) 

The rehtionship between &iiv temoemare, food consumorion, and 
growth rate for-coho sahon shown in B.' iirowth mu &slro~gly 
inJluenced by tempermrr, with optimalgrowth occum'ng whenfih 
feed olsariation ration and ~amperature is approximately IPC 
(optimal tempemhue for growth). Crowrh rate declines with 
lempemhrres either wanner or colder than the optimal. Growth 
effects are rignilicant ol temperohrres greater than 22'C and less 
than PC.Each line represents a level offood consumption. This 
relalionship and on^for steelhead (not shown) were used with daily 
lemoemhrre measuredin a number ofstreams and rivers to assess the 
l o n & n  effect of tempemhue on wiighl gain during the summer 
months. During thisperiod, temperature in  many of the shrdy 
sneams mnaed over much of thasoecmm of  oositive nrowthshown - .  ". -
by the cum&. 

B. 
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environments. Many scientists have argued that best way to investigate ecological 
problems involves a combination of laboratory and field experiments. 

Our results suggest that laboratory results are of fundamental value in explaining observed 
fish growth in natural streams. We could not reject the hypotheses regarding growth in 
relation to environmental temperature using simulations based on the laboratory research. 
In fact, the simulations, were remarkably representative of the observed weightgain of 
naturally spawned and 
hatchery-raised populations in 
streams. We also believe that Porter Creek, 1988 
the direct mortality from the 
lethal temperature model would 
predict mortality consistent 
with the temperatures where 
death has been observed, but 
we do not know if the 
proportion of population 
experiencing mortality would 
be as we predict. Confirming 
this may be important for 

: 5 5 7 3 g 2 g 2 g g 2 a a P aassessing the environmental x a ; $ x q q < d d t 8
factors controlling species 3 - z z k + $ $ &  
distribution, but less important 
to establishing criteria. Figure 8.3 SimuCnrion of weighIgain for coho andsteelhead in 

relation to temperahire and food supply using the growth model Temperature criteria should developed in this report in relorion to observed weight of 
primarily target sublethal populafions living in natural streams. Modei simularions 
effects to protect fish health. computed M y  waightgain using the measureddaily temperature 

and~stimatesoffood consumofion derived from obsmeMne 

Some biological responses to popuCnrion growih rates and back calculari;,g how much iod  had 
to have been consumed to account for ffie weight gain beweentemperature can be observed, Iwo samoiine interwlr. ResuIfs shown for PO& creek for borh 

but they are not amenable to species b eshiror to those observeda;mosr sites. ~ v e r h l ,  
mathematical exoression or predicted weight deviated only 89ofrom observed on avemze for 

prediction. ~ h e i e  include lmth species in  21populnrion sinuIcrtions. Such good m&ting 
results establish confidnce in useof ffie model to esrintak the behavioral responses such as efecfs of tempemure on growth for determining tempcmrure 

cessation of feeding and criteria It d o  confms the shona sirrnahire oforevailin~ " 
seeking refuge, and competitive temperature on the-size ofmh in z m i s ~ i i s .  
interactions. There are internal 
physiological stress effects that 
stimulate such externally 
visible symptoms, and additional study associating stress measures with temperature 
characterization would be a useful augmentation of the analyses of growth. Although 
associated with environmental temperature, the occurrence of some responses depends on 
the presence of specific factors such as cold water refuges or disease organisms that 
respond consistently with the prevailing temperature. (The role of temperature in 
increasing incidence of disease is particularly problematic since some disease organisms 
are more virulent in cold temperatures while others are more virulent in warm 
temperatures.) There are also factors that interact directly, indirectly or independently of 
temperature, to affect the organism's condition. These include, but are not limited to, 
ecological constraints on food supply, population interactions, and genetic adaptability. 
Increased understanding of these in the context of environmental temperature would 
enhance understanding of the effects of environmental temperature. 



The Sclentlflc Basls for Translating Quantitative Biological Analyses 
to Temperature Criteria 

A synthesis of the scientific literature supports the premise that the temperatures 
associated with the spectrum of biologic responses fall between low level growth loss and 
direct mortality, escalating as temperatures move towards the extremes of the tolerance 
range. The criteria suggested by our analyses for growth and direct mortality envelop 
these responses. For coho (one of the more comprehensively studied species), the 
approximate temperatures associated with various biological effects that we could broadly 
interpret from our modeling and the scientific literature are listed in Table 8.1. 

On one end of the spectrum is direct mortality from short-term exposure to high 
temperature. Clearly, direct mortality is an unacceptable endpoint condition, and would 
not fully protect fish. However, it is important to be on the alert for these conditions, 
because there are some geographic, watershed, and climatic conditions where acute lethal 
temperatures have been documented in natural conditions or due to management activities. 
On the other end of the temperature spectrum, positive growth for juveniles, or weight 
maintenance for adults, is a measurable quality that is very responsive to temperature 
(among other factors). Therefore, it can be a sensitive and early indicator of the general 
health of individual fish. While a variety of ecological factors are known to influence 
population characteristics, the growth simulations showed that there is a very strong 
temperature signature in the size and condition of fish observed in natural streams. 

Table8.1 The spectrum of coho salmon response at I e m p e ~ r e  IhreshokLF synthesirsdfrom this repon 
and the scien* l itemre. Threshold values are appmximm~ons, due m lock ofconsirlcncv in renom'n~ 
resub among smdies. Resub were s~11ndnrdized toD 7-day maximum tmpe&e using r&ssior; . -
ralallonships between various temperamre indices described in Sechbn 3. Assumpllons regarding the 
relotianship bemsen reporfedmeasures and 7&y maximum temperafures were &signed to stan&mfize 
results. 

~ 

Approximate 

Biologic Response T e m m h r r e  Threshold 
'C (Average of the 7-day 

daily maximum 
temperature) 

Upper Critical Lethal Limit (death within minutes) 31 

Geographic limit of species (Eaton 1995) 30 


Growth loss 40%(simulated at average f w d  supply) 30 

Acute threshold (this report) 26 


Acute threshold selected by U.S. EPA 1977 25 


Complete cessation of feeding ( laboratory studies) 24 

Growth loss of 20% (simulated at average f w d  supply) 22.5 


Increased incidence of disease (under specific situations) 22 

Tempormy movemenu M t h d  refuges 22 


Growth Loss of 10% (simulated at average food supply) 16.5 


Optimal growth at range of food satiation (laboratow) 14-17 

Growth loss of 10% (simulated at average food supply) 9.5 


Cessation of feeding and movement to refuge 4 




There is no consensus among physical or biological scientists as to how to report 
temperature regimes represented in their studies. Therefore, we had to translate these 
reported temperature measures to a common standard (7-day average of the daily 
maximum temperature) using relationships between temperature indices developed in the 
report. The values in Table 8.1 should therefore be viewed as approximate'. One can see 
that simulated growth loss values identify biologic effects closest to what appears to be the 
healthiest conditions. At the temperatures where avoidance behavior or competitive 
exclusion can be observed, the growth simulation would have predicted measurable and 
possibly significant growth loss. 

Importantly, the analysis leads to the conclusion that the cumulative effects on potential 
weight gain due to the temperature regime for the summer rearing period can be a bell 
weather of more visible, and possibly more serious, effects observed at higher 
temperatures. It appears that temperature criteria selected on the basis of growth can be 
protective without explicitly accounting for all biologic responses or causal mechanisms. 
Concentrating on those that can be quantified and simulated (growth, direct mortality, 
incubation) allows the interactions between biologic response to environmental 
characteristics to be quantified. Thus, it may be the most sensitive indicator of effects that 
can also be measured in populations in natural streams without sacrificing fish. This also 
allows multiple species living in a common stream to be assessed and compared on the 
same objective basis, and in relation to observed and potential stream temperature 

Temperature Thresholds Based on Risk Assessment 
The growth simulation method was very sensitive to temperature, predicting a range of 
average population weights that varied with temperature regime. The method is capable 
of assessing a specific biological response on a continuous temperature scale. However, 
the results also support the concept that useful thresholds can be assigned, experimentally 
tested, and justified with probabilistic risk assessment. When this approach is applied at a 
site, with interpretation assisted by the mathematical model, it appears that rather small 
changes in average population weight could be detected. According to typical size 
distributions in populations of juvenile salmon populations, a minimum detectable weight 
loss or gain due to any factor would be approximately20%. The growth simulation can 
associate such small changes with a temperature threshold. Without an assist in 
hypothesis formulation by the growth simulation techniques, it would probably be 
difficult to have confidence in interpreting the influence of temperature on population 
weight differences as small as 20% . 
Risk level for establishing thresholds. A quantitative expression of the consequence of 
size completes [he formal ap~raisal of risk. There is ample evidence to suggest that larger 
size conveys many competi&e and survival benefits. we attempted to associate risk with 
growth loss to guide selection of threshold values. We did so for coho salmon based on 
scientific literature that suggests that size at the end of the juvenile growth phase 
contributes to the individual's success at later life history stages. We found that weight 
loss as small as 20%of the average population weight at the end of the juvenile summer 
rearing phase may be important in this context. However, the research results supporting 
this conclusion are neither abundant nor sufficiently consistent to have full confidence in 
using them to select risk criteria. For example, later success in the marine environment 

'The7day maximum and annual maximum tempcrawre are closelyre lad  and are offenwiUlin 1' to 2'C of each other. 
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also depends on timing and location factors. Nevertheless, within the juvenile rearing 
phase, studies have consistently reported that larger size generally conveys a number of 
advantages such as better feeding position and lower mortality. Such observations 
indicate that working with growth or weight maintenance is a useful approach. The 
threshold level of growth loss is an important policy choice if it is used to determine the 
thresholds in numeric temperature criteria. Knowledge of the implications of growth and 
size to organism success is not as well quantified as desired to guide that important 
decision. Establishing the effect of size on organism success merits greater research 
attention. 

Nevertheless, several lines of 
evidence, as well as precedent in the 
scientific literature, suggest growth 
loss values between 10 and 20% as an 
appropriate, risk-guided threshold. 
We selected a growth loss of 10% as a 
threshold in our discussions and to 
compare temperature criteria with 
other existing criteria derived from 
other approaches. This level should 
prevent a statistically observable 
change in average population weight, 
assuming that population numbers 
remain consistent for the period. It is 
possible that somewhat higher growth 
loss would be acceptable, although we 
suspect that growth loss can't be 
much higher since temperatures 
associated with higher growth loss 
begin to coincide with the outward 

. . . . . . . . . . .  manifestation of other adverse effects 

10 12 11 14 I 8  10 2 1  24 26 

7 4 . v  	M axlmurn Temperature (.C) such as avoidance behavior (Table 
8.1). We do not attempt to quantify 

Figure 8.4 The rehrionship between various temperarum the response of resident adult fish to 
indices currentlv used as the avemrineoeriod for growth loss as an indicator of adverse 

" ". 
avemgingpcriod h & ~ ~ ~ i u r ~ ~  

been eilhur the annuai maximum temperature (observed for same physiologic mechanisms 
aperiod as short as an hour, bur mo&probably occuni& manifest as weight loss in resident 
for seveml hours on sequential days), or a weekly average 
(generally focused on the warmest seven consecuh've days) adults and undoubtedly have 
observed for theyear. For example, Washington's current ecological ramifications. 
criteria specify the annual maximum tempemtrrre, 
expressedas the maximum hourly temperalure rhatoccurs ~vera&g ~ e r i o d ~  

IempeMNre criieria. ~ h s  	 temperature effects, although the 

for ,-riteria.
each year. Oregon specipes the avemge of the daily Temperature criteria use short-term temperature of the 7 wannest consecutive dqyJ. 
The U.S.EPA (1977)recommends the avemge of the daily averaging periods as indices the 
~ t m p e m l u r e  	 long-term response. Results provided of the 7 warmesf consenrfive days 
(MWAT). AN of these indicesrepresent the upper tail of in this report confirm that these 
the dism'burion of tempemtrrres observed during the indices can be used reliably to 
summer months, andare closely re&dto one another. We 
conclude that any of the indices can be used forthepurpose represent the temperature 
of tempemlure criteria because they are closely related. regime. All of the indices (annual 
Furthermore, the shortterm measuresappear to adequately maximum temperature, 7 day
represent chronic axposure and long-tern effeccts. averages of the daily maximum or 



daily mean temperature) characterize the upper tail of the sampled temperature 
distribution, and they are closely correlated with each other. This makes selection among 
them a matter of procedural and logistical concerns, rather than a biological question. 
Some standardization of reporting measures would be most helpful. We urge scientists to 
provide at least one of these indexing measures with their study results, thus enabling 
comparisons among them as well as their use in supporting the development of 
temperature criteria for regulatory purposes. We found that the average of the maximum 
7 consecutive days of the daily mean temperature (MWAT, U.S. EPA 1977) was best 
correlated with growth simulations, but the annual maximum and 7-day maximum were 
also quite suitable. Appropriate temperature thresholds vary with each index. 

Temperature Criteria Derived From Risk Assessment 

Thresholds generated from risk assessment are reasonably consistent with criteria 
developed previously, including those derived from subjective review methods and 
objective analysis, and those currently authorized by states. The upper temperature 
thresholds associated with 10% weight reduction are 16.5' and 20.5"C for coho and 
steelhead respectively (Figure 8.4). Sub-lethal thresholds suggested by the risk 
assessment method tend to be slightly lower than those derived from objective methods 
(e.g. EPA 1977). probably because we directly accounted for realistic estimates of food 

7.m~Madmum Annual Modmum 7.D.y Mean 

0 0 0 

Coho Slealhasd Coho Steakad Coho Beelhead 

Fagwe 8 4  Tempsmnrremngr f o r i n e m m r ~  olgmrlh &s9 a r s m i d  w h  lonb.rtnn rnpemnvc regam ar apressedfor 3 
renptrr?rwcmdurr and 2 rpeciies of robmldr )7u -I mnge repnrmr9 up to 10% gmwh 10s and the ourer mnge npr<mr 
upto 2Wbgmwrhh.Abovaond babw the ~ ~ g c s s h o ~ n  50% near&rh68mWh loss ae& 2 O % d  w8 ar hqh 
atwmr of #re rmrqxronrrr mnge Ruk atrrrrmcnrauodaed *rrh grouh lou juggest*&z a 10% lime wouldpreycot m y  
mrarur&Ie dfsr M avemgr mhopopulmioon e g k  A Ion  of2m would b e d t r ~ l o b kmdrhe rnpcwun arsmbred l ~ l h r h u  
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be norroppmp~or~fornmblirhurg re?vemnrrec":~m. Tk threshold retnprmrevo& uzrh mch hda 



availability in the simulations. The riskderived thresholds tend to be somewhat higher 
than those emerging from subjective evaluations (e.g. WDOE 1999). possibly because we 
did not add arbitrary safety factors (Figure 8.5). We believe that the choice of low 
thresholds of growth loss (e.g. 10%) provides an adequate margin of safety. Using the 
growth loss to set the risk level also prevents any unintended consequences of selecting 
values that are too low for a particular species. Our results demonstrated that 
temperatures that are low relative to a species' optimum have growth loss effects that are 
comparable to those associated with those that are high relative to the optimum. 

When two or more species coexist, as is often the case, it may be appropriate to select the 
threshold for the more sensitive species. In the case of coho and steelhead, there would be 
no negative effect on steelhead by targeting lower temperatures appropriate for coho, the 
more sensitive species. If the margin between species is wider, the tradeoffs for species 
could be evaluated in selecting the temperature thteshold if growth models for all species 
were available. 

The fundamental relationship quantifying growth and mortality were similar, though not 
identical, for the two salmon species we modeled. However threshold temperatures 

7Dsy Maximum Temperature 
25 
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Figure 8.5 A comparison of temperare criteria for coho and recornmendedmngesfrom a variely of 
sources standardized to the ?-day marimurn femperafure. The risk assessment is the range ofvalues 
developed in this report. Bell (1973) is the originalsource of temperafura range recommend&ns that 
have been wIdorY usedas the basis for subjective analyses. These were used in Dart to form criteria 
ured by o regon (0DE~  1995) mdrhe cu&ent ondpioposed criteria for washington (WDOE). The 
U.S. EPA used an objective approach based on the growth curves to &ermine threshold criteria. The 
various methods van  in terms of de~ree of obiectivitv or subiectivirv bv which the informadon is 
synthesized into rec~mmended~rite& thp degree t i  which &a fobs the basis forerhe criteria, and 
the extent to which population flee& can beprobabilisricnlly determined The tempermure criteria in 
use in Pacific Northwest stales have lamely been drawn tiom orofessionals' reviewand infernretarion 
of availnbk scientific literature (e.g. 0- 1995). he; &been someprevious effort10 h e  the 
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and the dumrion of exuosure (e.~., U.S. EPA 1977). This aooroach has nor been widelv inrezmred into -. .. . " 
regulatory activily: ' 
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generated through growth simulation varied between them, reflecting the differences in 
food consumption estimated by observing population growth in natural streams that was 
used in the modeling. This result highlights the importance of food availability as an 
important factor determining fish growth, a conclusion consistent with observations from 
field ecological studies. The simulation results suggest that coho populations ate at 
approximately 50% of satiation rations and steelhead, using a different feeding strategy, 
ate at 100% satiation. Importantly, food availability influences the temperature threshold 
for adverse effects. There is very little documentation of how much food is available for 
fish dwelling in streams and rivers, and how management activities may alter it. Greater 
understanding of how site and watershed conditions determine how much food is available 
and how it is allocated within populations would allow understanding of how temperature 
affects total productivity in addition to its effect on weight gain of the individuals in the 
population. 

The analyses documented in this report addressed the juvenile rearing phase of coho 
salmon and steelhead trout. These species are widely distributed within the region, they 
are listed as threatened and endangered in a number of locations, and there was sufficient 
laboratory and population data to build models and corroborate them in natural streams. 
Nevertheless, this is a limited representation of the fish species that occur in the Pacific 
Northwest. Similar techniques could be applied to all fish species if the fundamental 
laboratory relationships used in the growth simulation method were available. Currently, 
there are a number of gaps in information for key functions used in modeling species of 
interest such as cutthroat trout and bull trout. 

Analysis of lethal temperatures suggested that a threshold of 26'C for annual maximum 
temperature is a signal of imminent risk of direct mortality to salmonids. Althougb the 
occurrence of water temperature this high is rare, it has occasionally been observed in 
natural streams as well as in those impacted by anthropogenic activities in some situations. 
We also recommend site-specific analysis of duration of exposure when annual maximum 
temperature is between 24' and 26'C in order to assure that durationlmagnitude thresholds 
are not exceeded. The relationship between thresholds for growth and mortality suggests 
that, if growth thresholds are met, lethal temperatures will not occur. However, there are 
situations where rivers md streams cannot be expected to meet these criteria, even under 
natural conditions. Acute criteria may be most helpful for triggering additional study in 
certain situations, and for prioritizing restoration activities. 

It may be useful to vary temperature criteria on a seasonal basis matching fish 
requirements, although differing criteria for too fine a resolution of time may be difficult 
to administer and may offer relatively little additional benefit if ambient temperatures are 
generally within exposure duration limits. The risk-based approach could be used to 
investigate the need for more finely tuned seasonal criteria. or to develop site-specific 
criteria. The concept of selecting criteria for particular species appears valid, and the risk 
assessment method can be employed to help guide the selection of appropriate criteria for 
target species or it can be used to address multiple species living in the same location. 
There was no indication in our analysis that criteria for daily fluctuating temperature 
would improve biological characterization. Also, some states have a maximum allowable 
increase in temperature as well as an upper threshold. The value of this provision is not 
immediately apparent in the context of either acute or chronic effects analysis discussed in 
this report. 



Uncertainties In Applying Criteria in Natural Environments 
There are natural factors contributing to uncertainty and variability when it comes to 
administering temperature criteria. There are systematic patterns in temperature dictated 
by watershed and geographic conditions. It is important to recognize that the attainment 
of biologically based criteria will vary with watershed characteristics. Temperature 
regime also varies annually by as much as several degrees due to climatic factors, so it 
may be appropriate to establish confidence limits around threshold values to determine 
whether water quality standards areattained. 

Conclusion 
In conclusion, the analytical approaches to assessing risk to salmon associated with 
ambient environmental temperature presented in this report appear to be promising 
techniques for objectively defining temperature criteria. They could also assist ecological 
field studies to segregate the effects of temperature from other habitat and population 
factors that influence productivity. The risk-based analyses support the approach and 
general range of numeric threshold values currently used as temperature criteria by Pacific 
Northwest states. However, the specific numbers generated by quantitative risk analysis 
techniques vary slightly from existing authorized criteria. Assuming the most sensitive 
salmon species is used to select the threshold, and a growth loss threshold of lo%,the 
levels suggested by risk assessment are slightly higher than used by Washington and 
slightly lower than used by Oregon. Additional research is needed to develop the 
biological basis for other species of interest. 
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APPENDIX A 


DATA USED TO DEVELOP RELATIONSHIPS BETWEEN GROWTH 

RATE. TEMPERATURE AND RATION AND CONSUMPTION 


DETERMINED FROM LABORATORY STUDIES 


Coho salmon 

Steelhead trout 
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DESCRIPTION OF METHODOLOGY 

The temperature risk assessment relies on growth/ration/temperaturerelationships 
developed in laboratory experiments. In these experiments, the growth of individual or 
populations of fish are tracked over intervals of time under known temperature and f w d  
ration. Previously published studies were used to either obtain growth curves already 
developed by the authors (sockeye and chinook salmon), or to develop curves from 
original data provided by researchers (coho salmon and steelhead trout). In the studies 
used in this analysis, temperatures were maintained at constant levels for the duration of 
each trial, and various levels of food were provided as treatments. Trials were repeated at 
several levels of temperature. 

Data used for growth of coho salmon was taken from Everson (1973). Growth of juvenile 
coho was studied in 60 trials where temperature was varied from 11.1" to 22.4'C and food 
ration was varied from satiation to near starvation. Experiments were replicated in 1969 
and 1970. Everson reported growth rates of individual fish. Table A.l shows the trial 
averages. The average for each trial at each temperaturettreatment replication were used in 
to develop specific growth curves in the main body of the report. 

Data used for growth of steelhead analysis taken from Wurtsbaugh and Davis (1977). 
Growth of juvenile steelhead was studied in the laboratory. A total of 44 trials were 
completed over the course of a year, varying temperature from 6.9' to 22S°C and ration 
over the range from satiation to near starvation. Table A.2 shows data for each trial. 

Both studies were conducted at Oregon State University, and local stocks were used. In 
both experiments, the fish were acclimated for approximated 14-16 days before trials, and 
fasted for 48 hours before tests began. The fish were fed for 23 days, and their weights 
were measured after 25 days. 
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Table A.1 Experimental data for growth of coho salmon in relation to temperame and food consumption Data is fromEverson, 1973. 

Trlal Rshshe 

T m  1 Med 
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T d  7 Med 
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Table A.2 Experimental datafor growthof steelhead trout in relation to temperature and food consumption. Data is from Wurlsbangh and Davis 1977. 

Trial Temperat 
u n% 

Season lnmslWel 
Weighl 

flMIWet 
W e W  

WtWMy Fhlsl Dry
Weight Wolght 

DryWolght 
CMwm@h 

UidWalght %Fish 
Dry Ydskw 

F W O q  My
Weight% Dally 

(s) (9) (9) (9) IWd) COnsUrnptiOn WMM 
@'#dl 

UoWth 
Rat0 

WsM) 

RabWWl 

Trial 1 6.9 W W  2 1.W 0.443 0.337 0.5 0114670 0 2 l 6  0.165 4.011 4 4 9 8  

Trial 2 6.9 Winter 2.01 1.96 0.438 0.580 1.5 0.15W 0218 0.194 OW6 4.101 

Trial 3 6.9 was 1.95 2.1 0.425 0.456 2.5 0.27525 0.218 0217 0.005 a296 

Trial 4 6.9 winter 1.91 2.3 0.416 0.534 4 2  0.49874 0.218 0232 0.010 0.741 

Trial 5 9.4 Spring 2.35 2.35 0.470 0.430 2 5  026127 0 2  0.163 4.m 0 . m  

Trial6 9.4 Spring 2.25 2.71 0.450 0.526 4 9  0.59764 0 2  0.194 0.036 0.742 

Trial 7 9.4 Spring 2.35 3.19 0.472 0.657 7 0.988M) 0.2 0.206 0.013 1.1% 

Trial 8 9.4 Spring 2.23 3.38 0.446 0.690 102 1.44779 0.2 0.204 0.017 1.640 

T1ial9 10 Ammn 0.98 0.96 0.190 0.177 2 2  0.103% 0.194 0.184 4 . ~ 3  4.082 

Trial 10 10 AYfumn 1 . ~ 4  1.31 0.202 0.261 4.3 0.24857 0.194 0.199 0.010 0.819 

Trial 11 10 AUmn 1.02 1.64 0.198 0.341 7.9 0.53226 0.194 0.208 0.021 1865 

Trial 12 10 Ammn 1 1.89 0.194 0.412 14 1.06054 9 4  0218 0.029 24M 

Trial 13 10.1 Winter 1.96 1.66 0.414 0.300 0.6 0.05355 0.211 0.181 4.013 4.663 

Trial 14 10.1 Whlw 1.96 1.82 0.414 0.351 1.5 0.14340 0.211 0.193 4.037 4 2 9 6  

Trial 15 10.1 Wmter 1.97 2.02 0.416 0.396 2.7 0.27391 0.211 0.196 0.002 0.1w 

Trial 16 10.1 Winter 1.94 2.35 0 . m  0.496 4.9 0.55443 0.211 0.211 0 . m  0.765 

Trial 17 12.6 Spring 229 2.23 0.463 0.428 3 8  0.42313 0.202 0.187 4.W 0 . W  

Trial 18 12.6 Spring 2.33 2 .62 .  0.471 0.531 6.1 0.77173 0.202 0.192 0.036 0.761 

Trial lQ 12.6 Spring 2.24 3.17 0.452 0.650 9.1 1.25390 0202 0.205 0.014 1.375 

Trial20 12.6 2.28 3.75 0.461 0.810 12.7 2 M 7 M  0.202 0.218 0 . 0 2  1.950 

Trial 21 13 Wmls 1.92 1.7 0.394 0.296 2 0.17235 0.205 0.174 4.011 4.486 

Trial 22 13 Winter 1.64 1.72 0.377 0.316 3 0.26013 0.205 0.184 -0.007 4.270 

Trial 23 IS Winter 1.88 221 0.351 0.477 5.7 0.61160 0.205 0.216 0.009 0.688 

Trial 24 13.3 AYf~mn 1 0.93 0.199 0.169 2.2 0.10127 0.199 0.162 4.W 4 2 9 0  
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Table k 2  Continued. Experimental d m for growth of steelhead trout in relation to tempeIaNIe and food consumption. Data is fmm Wurtsbaugh and Davis, 
1977. 

TIIal 	 Tern@ - hWWet FlllplWet IWDry FhPlDry L4yWe(ght MY W W  %FWI FhPlDV Dry Wet DsOy 
urn% Weight Weight Welgn W e W  CanumpU My Ydrmn W d m X  Mhl Grmum 

(9) 	 (a) (9) (9) On(glgM) -umtlo w e t  Growth Rats(dWl"ws) Rela(we 
Trial 25 13.3 Aulumn 0.98 1.17 0.105 0.227 4.6 024265 0.199 0.194 0 . m  0.707 


Trial 26 13.3 Auhlmn 1.02 1.56 o m  0.315 7.7 0.4982 0.109 0205 0.017 1650 


Trial 27 13.3 Auhlmn 0.97 2.11 0.193 0.473 165 1.37234 0.199 0224 0.034 2961 

Trial 28 152 S m  2 . a  2.33 0.456 0.419 5.5 0.601e4 0 2  0.18 0 . ~ 3  0 . W  

Trial 29 15.2 SpriW 225 3.17 0.450 0669 102 1.42658 0 2  0.211 0.016 1.358 

Trial 30 15.2 sping 22.5 3.73 0.450 0.791 15.4 258846 0 2  0212 0 . m  ism 
Trial 31 16.2 Summer 1.14 1.21 0.239 0.241 4.9 029412 0.21 0.199 0 . m  0-

Trial 32 16.2 SUnmM 1 1.51 0.258 0.345 6.8 0.51315 0.21 0.22 0.012 0.07i 

Trial 33 16.2 S ~ m e r  1.18 1.64 0.248 0.364 9.5 0.72661 0.21 0.222 0.015 1305 

Trial 34 16.2 Summer 1.2 2.13 0.252 0.494 14.3 1 . m 7 6  0.21 0.232 0.026 2234 

Trial 35 16.4 Autumn 0.94 1.29 0.185 0.258 8.3 0.45980 0.197 0.2 0.013 1268 

Trial 36 16.4 Autumn 0.92 2 0.181 0.469 20.1 1.63423 0.197 023 0.W5 3.027 

T d  37 19.5 Summer 1.18 1.28 0.258 0.274 6 439911 0.217 0.214 0.002 0291 

Trial 38 19.5 Summer 1.21 1.53 0.26a 0.341 7.9 0.59621 0.217 0.223 0.010 0934 

Trial 39 19.5 Summer 1.16 1.- 0.252 0.380 10.3 0.81307 0.217 0.233 0.016 1.348 

Trial 40 19.5 Summer 1.18 2.02 0.256 0.475 15.7 1.43412 0.217 0.255 0.024 21m 
Trial 41 22.5 Summer 1.1 1.21' 0.243 0.258 7.4 0.45327 0.P1 0213 0 . m  0.381 

Trial 42 22.5 Summer 1.1 1.25 0243 0.273 9.2 0.50294 0.221 0.218 0.005 0511 

Trial 43 22.5 S m e r  1.11 1.41 0245 0.326 11 0.78515 0.221 0.231 0.011 0962 

Trial 44 22.5 Summer 1.16 1.61 0.256 0.380 13.4 i.as202 o z i  0.242 0.011 11M 
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APPENDIX B 

REGIONAL TEMPERATUREDATA FOR THE PACIFICNORTHWEST 

REGION, FROM U.S. GEOLOGICAL SURVEY WATER RESOURCES 


DATA 


Washington 

Oregon 

Idaho 

From 1978-79Water Resources Data 
U.S.GeologicalSurvey 
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Table B.l Annual maximum temperature for 1978-79 and most extreme temperature 
measured at all stream and river sites listed in the U.S.G.S.water resources inventory for 

Washington. 

Rivu USGS Stadon Number Basin 1979Annual Extreme 
Area Maximum 
W2) Temperatwe 

MMimum ?C) 

("C) 
Washington Wyncmhec River 12037400 401 22.5 24 

N.F.Skckmnkb River 12056500 148 14 15 
Skokomish River 12056500 588 16 20.5 
Nisqually River near Natimal 12082500 344 18 18.5 
Nisqually River near LnGrande 12086500 756 18 18.5 
(inen River 12113000 1,033 22.5 24 
Cedar River new Landsburg 12117500 313 15.5 19.5 
Cedar River near Renton 12119000 477 23 24 
MP. Snoqualmie River 12141300 399 18.5 
N. F. SnoqualmieRiver 1214200 166 21 
S. F.Snoqualrnie River 108 19 
SkagitRiver 12179000 3.300 13 
Tank Creek 12197040' 6 17.5 
Minkler Cleek 12197110 13 21 21 
Black Cnek 12197680 1 16.5 17.5 
Wiseman C m k  12197700 8 16 16.5 
Skagit River near S e h WwUey 12199000 7.809 18 18 
Skagit River new Mount Vernon 12200500 8.01 1 17.5 17.8 
Kalama River 14223600 325 20.5 21.5 
Cowlitz River near Randall 14233400 2.668 18.5 19 
CowUaRivar below Mossyrock Dam 14234810 2.989 11 15 
CowlitzRiver below Mayfield Dam 14238000 3.626 12.5 21 
Tilton Rivu 14236200 365 21.5 24.5 
Columbia River at Wmndale 14128910 621,600 22 22.5 
Columbia River at Bradwwd. OR 14247400 665,900 21.5 22.5 
Columbia River at Northport, WA I2433000 154,600 20 21 
Columbia River at Grand Couloe Dam 12472900 193.500 19 19 
Columbia River at Richland 12473520 251,000 21 21.5 
Columbia River at UmatiU 14019250 554,300 22 22.5 
Pend Orrille River 12398600 65,300 23 24.5 
Spokane River 12433000 15,590 20.5 24.5 
Yakima River at Kiona 12510500 14543 28 29 
Snake River at Anatone 13334300 241.W 23.5 25 
Snake River at Burbank I3353200 281.800 23.5 24 
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Table 8.2 Annual maximum t e m p e l a m  for 1978-79and most extreme tempenlure  measured a t  
all stream and liver sites listed in  the U.S.G.S. water resources inventoly for  Oregon. 

State River USGS Station Number Basin 1979 Annual 
Area Maximum 
(km2) Tempvatun 

(T) 
Oregon Columbia River at Rainier 21.5 

ColumbisRtvu at Wama 
Columbia River at Vaaeouver 
Owhec River 
~ A o wcreek near Smkey 
Meadow Creek abwe Bear Cr. 
Minam River 
UmatiUaRiva 
John Day River 
Deschutes River nearBend 
Deschutes River near Madma 
Deschuw RivanearMwdy 
DonnerundBlitzenRiver 
Willamcue at Portland 
Bull Run River 
FE&ek 
N. F. BuU Run River 
S.F. Bull Run River 
M. F. Willamcue near Oak Ridge 
Hills CMk 
M.F. WiUamette above Salt Cr. 
M. F. Willamcue below N. Fmk 
M.F. WiUamette near Dexter 
Fall Crrelr 
Wincbcny Crrelr 
Fall Creek below Winebeny Cr. 
M.F. Willame(te atJasper 
Coast Foh Willamctte Riva 
McKsnzis River below TrailCr. Dam 
McKenzie River at McKenzie Bridge 
S. Fork McKenzie 
S. Fo& McKenzie "near Rainbow 
Blue River 
McKeozie River near Vida 
Wdamette River at Harrisburg 
Maty's River 
Calapooia River at HoUp, 
Ca l ap i a  River at Albany 
N. S a n b  River below Boulder 
Bnitenbush River 
N. Santiam River at Niagara 
S. Sandam River below Cascadia 
M. SantiamRiveraearCucadia 
QuartlviUe Creek 
S. Santiam River near Fmter 
S. Santiam River near Waterloo 
Sandam River 
WiUamette River at Salem 
Tualatin River near G u m  
TualatinRiver at West Linn 
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Table 8.2 Continued Annual maximum temperature for 1978-79and most extreme temperature 
measured at all stream and river sites listed in the U.S.G.S.water resources inventory for Oregon. 

State Rivu 

Nehalem River 
Nutucca River 
Big Rock Crsck 
Siiea River 
Siuslaw River 
S. Umpqua Rivu at Days Cr. 
S. Umpqua River near Roseburg 
N. Umpqua River at Whchwm 
Umpqua River 
Rogue River below Rospeof 
S. ForkRogue River 
Roguc River at McLeod 
Big Bull Creek 
Rogue River nearMcLmd 
Elk Creek 
W. Branch Elk Creek 
Elk Cnek near Trail 
Rogue River at Dodge Bridge 
Rogue River at Raygold 
Rogue River at GrantsPass 
Rogue River nearMerlin 
Rogue River at Marial 
Rogue River near Agnes 
Elliot Creck 
Carbwy Creck 
Applegate River near Coppsr 
Applegate River near Applegate 
Applegate Rhcr near WildmiUe 

USOS Station Number 

14301000 

14303600 

14304850 

14305500 

14307620 

14308MH) 
14312260 

14319500 

1432lWO 

1433MMO 

14335075 

14335075 

14337500 

14337600 

14337800 

14337870 

14338000 

1 4 3 3 9 0  

1435900 

14361500 

14370400 

14372250 

14372300 

14361600 

14361700 

14362000 

14366000 

14369500 


Basin 
Area 
W2) 


1.728 

466 

18 


523 

1.523 

1,660 

4.657 
3.481 
9.539 

982 

637 


1.787 

635 


2.429 
2W 
37 

344 


3.147 
5.317 
6,369 
8.472 
9,873 
10,202 

134 

178 

583 


1.251 
1,808 

1979 Annual E x w e  
Maximum Maximum (T) 

Tempemtun 
ec, 

245 24.5 
23.5 24 

19.5 
24.5 

31 31 

29 30 

25 29 

26 265 

27 30 


20.5 	 205 

20 20 


14.5 	 14.5 

24 24 


14.5 18 

27.5 	 28.5 

24 25.5 


31.5 31.5 
18.5 	 20 

19 22 

17 23.5 


22.5 25.5 
24.5 27.5 
24.5 265 

223 23 

23.5 23.5 
25.5 	 26.5 

26 28 

28 28 
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Table B.3 Annual maximum temperature for 1978-79 and most extreme temperature measured at 
all stteam and river sites listed in the U.S.G.S. water resources inventory for Idaho. 

' State River USGS Station Number Basin 1979Annual Extreme 
Area (kd) Maximum MaximumCC) 

Tmperamm 
("C) 

Idaho Kcotenai River at his 12305000 30.407 14 
Koncnai River near Copchd 12318500 34,710 19 24 
Kaotenai River at Porthill 12322000 35 20 23.5 
Salmw River at Whitebird 33269000 35,090 25 28 
Yankee ForkSalmon River 13296000 505 16 17.5 
N.RnkClemvaar nearCanyon 13340600 3,520 21.5 23 
Cleamater River near Peck 13341050 6,320 21 25 
Cleanwer River at Spalding 13342500 24.790 22 28 
Bear River at Border, WY 10039500 6.439 23 23 
Sdt River above m m o  Alpin WY 13023000 1.160 16.5 21 
Snake River at Weiser 13269000 565 28.5 
Snake River at Hells CanyonDam 13269000 190,000 19.5 20 
Snake River near Lwin 13032500 13,533 15.5 18.5 
Snake River at Neeiey 13077000 35.200 23.5 23.5 
Snake River at Minidoka 13081500 40.700 23 23.5 
Snake River at King Hill 13081500 92,700 20.5 23.5 
Willow Cnek near Ririe 13058000 1.620 25 
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C Calculation of Acute Temuerature Relationshius A ~ ~ e n d i x  

APPENDIX C 


ACUTE EF'FECTS OF TEMPERATURE ON SALMON AND TROUT: DATA USED, 

ANALYSES AND ASSUMITIONS 


Chinook salmon 

Chum salmon 

Coho salmon 


Cutthroat trout 

Pink salmon 


Rainbow trout 

Sockeyesalmon 


DESCRIPTION OF METHODOLOGY 

This memorandum summarizes how estimated acute thermal effects curves were generated for 
selected species of salmon and trout: pink salmon, chum salmon, coho salmon, socieye salmon, 
chinook salmon, rainbow trout (steelhead), and cutthroat trout. Effects of elevated temverahlres on 
these fish species were of interest; thus, curves were generated from available data foiacclimation 
temperatures of 15OC and higher. 

Most of the available thermal effects information is based on 50% survival; however, curves for 
90% survival (10% mortality) were desired. The process by which 10% mortality curves were 
estimated from the 50% mortality information is detailed here. Three attachments are provided to 
illustrate the data used and analyses: 

Attachment 1: Acute Effects of Temperature on Salmonids: Median Lethal Times 
(LT50) in Relation to Temperature 

Attachment 2: LT50 to LTlO Conversion Factors for Pacific Salmon: Sockeye and 
Chinook. 

Attachment 3: Acute Effects of Temperature on Salmonids: Times to 10% Moaality 
(LTlO) In Relation to Temperature. 
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Calculation of Acute Tem~erature Relationshivs Av~endixC 

ACUTE THERMALEFFECTS CURVES ASSOCIATED WITH50%MORTALITY 

Data from several sources were used to generate curves showing the relationship between 
temperature and d d o n  to 50% mortality (EPA 1977, Brett 1952, and Golden 1978). Each curve 
estimates the length of time 50% of a species population can survive at some temperature above its 
upper incipient lethal temperature. For the remainder of this memorandum, this temperature will be 
referred to as the LT50, the temperature causing 50% mortality in a population of fish within a 
specified length of time. 

EPA (1977, page 11 of text and page 38 of Appendix A) provides a regression equation relating 
exposure time (in minutes) to the LT50 (in EC): 

log[exposure time] = a  + b*LT5O, 

which can also be written as 

LT50 = (log[exposure time] - a)lb. 

The regression coefficients, a and b, are provided in EPA (1977) for many fish species, including all 
those identified above, except cutthroat trout (pages 55-58 of Appendix B). Golden (1978, Figure 4 
on page 14) provides regression coefficients for cutthroat trout. The coefficients in EPA (1977) 
were gathered from many different sources, including Brett's 1952 paper summarizing his study of 
lethal temperatures for the five salmon species. In the attachments, the specific studies are cited 
rather than the EPA (1977) document. 

The acute thermal effects c w e s  provided in Attachment 1 were generated in Excel using regression 
coefficients provided in EPA (1977) and Golden (1978) and the second form of the regression 
equation presented above for a range of times (durations). For the five salmon species, Brett (1952) 
provided ultimate upper incipient lethal temperatures, and the acute curves were discontinued at 
these values. For rainbow trout and cutthroat trout, the c w e s  were discontinued at 25 OC. 

Although it was assumed that the regression coefficients in Appendix B of EPA (1977) were 
correct, one appeared to be in error. The value for a was given as 16.2444 for pink salmon at an 
acclimation temperature of 20 O C  from Brett's study (1952). The resulting c w e  did not match the 
one presented in Figure 5 of Brett (1952). To generate a curve more representative of Brett's (1952) 
figure, a value of 13.2444 was used for a instead. 

A few of the studies included in EPA (1977) were excluded from Attachment 1. These were studies 
in which the fish being tested showed signs of gas bubble disease or other effects of gas 
supersaturation. 
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Calculation of Acute TemgeratureRelationshius Amndix C 

COMPARISON OF LT50 AND LTlO CURMES 

In the EPA (1977) document, two unpublished studies provided regression coefficients for both 
50% and 10% (LT10) mortality curves at acclimation temperahues of 15ECor higher. McConnell 
and Blahm (1970) calculated regression coefficients for sockeye salmon; and Blahm and 
M c C O M ~ ~ ~(1970) calculated regression coefficients for both spring and fall runs of chinook 
salmon. Using the regression coefficients generated from these studies, LT50 and LTlO values 
were calculated for a range of durations. 

Attachment 2 contains two tables (one each for sockeye and chinook salmon) of the calculated 
values and their ratios (i.e, LTlOLT50). For the range of durations calculated, the LTlO values 
were 98.0 to 99.7% of the LT50 values. This is consistentwith Brett (1958, page 76 and Figure 4), 
who indicated that differences between temperatures for 50% mortality and those for <50% 
mortality are relatively small, "implying that temperatures of this order have only to increase 
slightly to cause a large difference in mortality." 

ACUTE THERMAL EFFECTS CURVES C 10% MORTALITY 

Based on the comparison of LT50 and LTlO curves generated from the McCo~el land Blahm 
(1970) and Blahm and McConneU (1970) studies, and to be somewhat conservative, LTlO curves 
were estimated for the other studies by applying a factor of 0.98 to each curve. That is, each LTlO 
value was estimated to be 98% of the LT50 value calculated itom the regression equation. The 
estimatedLTlO curves arepresented in Attachment 3. 

Based on visual inspection of the LT50 and LTlO curves included in Attachment 1 from these two 
studies, the slopes were similar. That is, on the log-time scale, the differences between the LT50 
and LTlO curves were approximately constant. (There was insufficient information presented in 
Appendix B of the EPA (1977) document to statistically compare the slopes.) Had the differences 
not appeared constant, the application of a singe adjustmentfactor would not have been appropriate. 

KEY ASSUMPTIONSnSSUES 

The following text summarizes key assumptions used when evaluating the available data and 
estimating the LTlO curves. Other issues relevant to the use of these data are also identified. The 
information is presented in bullet form and can be expanded upon at a later date if desired. 

The most important assumption is that the data provided in EPA (1977) were 

representative of the same species from different locations (i.e., different stocks). There 

ate many factors to coqsider with such an assumption: different environmental influences 

(water quality, temperature fluctuations),genetic differences, size, life stage, etc. 
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Calculation of Acute Temoerature Relationshi~s Aucendix C 

As stated above, the regression coefficients reported in EPA (1977) were assumed to be 

correct. 

. The adjustment factor estimated from the McConnell and Blahm (1970) and Blahm and 

McConnell (1970) data for sockeye and chinook salmon was assumed to be appropriate 

to use in estimatingLTlO curves for the other salmon and trout species. 

. Effects curves appear to differ for fish tested using a constant acclimation temperature 

versus a fluctuating one (see Attachment 1 for cutthroat trout). Can results based on 

constant acclimation temperatures be applied to fish living in streams with temperatures 

fluctuating on a daily and seasonal basis? 

For many of the studies, the test fish were obtained from a hatchery, and sometimes from 

a limited number of females. While this limited variability in the biological responses to 

temperature because of the genetics, it also may have l i i t e d  the representativeness of the 

results for a wider population of fish of same species. 
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Calculation of Acute Tem~erah~re Av~endix C Relationshivs 

APPENDIX C 


ATTACHMENT 1 


Acute Effects of Temperature on Salrnonids: 

Median Lethal T i e s  (LT50)in Relation to Temperature 
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CHINOOK SALMON 
Acdim. Source A d s i z e  a b N r limehr) L W C )  

1% BreU(1952) juv IFshwtrfry 16.4454 -0.5364 4 4.9906 0.1 292 
0.25 28.5 
0.5 27.9 

1 27.3 
2 26.8 
4 26.2 
6 25.9 
8 25.7 

10 25.5 
12 25.3 
13 25.3 
14 25.2 
16 25.1 

24C Bren(i952) juv. frshwtr fry 18.9940 -0.5992 9 -0.9923 0.1 
0.25 
0.5 

35 


34 -- ' s  

"' 33.. . ', 

26 --

25 

24 w 
0.1 

-
-LT50 for 15C Acclirn. (Brett 1952) 
-LT50 for 20C Acdirn. (Brett 1952) 
-LT50 for2-U: Acdim. (Brett 1952) - - - WLT50 (25.1C. b t t  1952)----L M  (17C. Cautant 1970) 
- LT50 (2OC. Coutant 1970) 

~-HI 
10 10M 

Duration (hr) 

L W  for 20C Acdirn. (Brett 195 
L W  for 24C Acdim. (Bren 195 

0 40 60 120 160 
Duration (hr) 

td 17C Coutanf (1970) 'Jacks'(1-2 yrs) 13.2502 -0.4121 4 -0.8206 0.1 
0.25

lb 0.5 



CHINOOK SALMON 
Acclim. Source AgdSize a b N r lime(hr) 

1 
LTSO(C) 

27.8 

The 17C and 19C tmperaiures were Cdumbia River 
temperatures (at Grand Rap*ls Dam)during lall 
migrations two different yean. 



- - 

CHINOOK SALMON 
Acclim. Source AgdSize a b N r lime(hr) LTSO(C) 

20C Blahm 8 juv. (spring run) 
McCmell(1970) 

21.3981 -0.7253 3 0.9579 0.1 
025 

284 
27.9 30 

unpublished data 0.5 27.5 
1 27.1 
2 26.6 
4 26.2 
8 25.8 

10 25.7 
16 25.4 
20 25.3 
24 25.1 
26 25.1 

2oC Blahrn 8 jw. (spring run) 27-6664 -0.7797 4 -0.9747 0.1 28.1 25 --
McCOMell(1970) 0.25 27.6 
unpuMished data 
10% mortality 

0.5 
1 

27.2 
26.8 24 i H-H 

2 26.4 0.1 1 
4 26.0 
6 25.8 
8 25.6 

10 25.5 
12 25.4 
16 
20 

25.2 
25.1 30 

2oC Blahm& a.(springtun) 
McConnell(1970) 

20.9294 -0.7024 3 -0.9463 0.1 
0.25 

28.7 
28.1 29 

unpublished data 0.5 27.7 
90% mortality 2 26.8 '28 

4 
6 
8 

10 
16 
20 

26.4 ' 

26.2 
26.0 
25.8 
25.6 
25.4 

$ 
3 27 
g 
$ 26 

24 25.3 25 
32 25.1 

24 
0 40 

-LEO for 20C Adm.  (Brett 1952)- UULT50 (25.lC. Bren 1952)-LTSO (2OC. Blahm 8McCcnneU 1970) 
..-...LT10 (m,Blahm8 McCcnnell1970) 

.---.- Blahm8 McCannell1970)LT90 (X. 

Kh 

10 100 loo0 
Duration (hr) 

-LT50 for 20C Acdim. (Brett 1952) 

~~ - UULTSO (25.1C. Brett 1952) -

-LEO (20C, B l a h  8 McConnell1970) 
......LTlO (20C. Blahm 8 h43Annell1970) 

.-...-LT90 (20C. Blahm 8 McConnell1970) 

~ ~. 

80 120 
Duration (hr) 



- - 

CHINOOK SALMON 
bb N " - . , " . L I T r ^ , L IAcclim. Source AgdSize aAcclim. Source AgdSize a N r Time(hr) LT5qC) 

2CC2CC Blahm8Blahm8 juv.juv. (fall(fallrun)run) 22.212422.2124 -0.7526-0.7526 44 0.97380.9738 u.10.1 
McConnell(1970)McConnell(1970) 0.250.25 
unpublishedunpublished datadata n~0.5 

I 

20C20C BlahmBlahm 88 juv.juv. (fall(fall mn)mn) 21.675621.6756 -0.7438-0.7438 44 -0.9550-0.9550 0.10.1 
McConnell(1970)McConnell(1970) 
unpuMishedunpuMished datadata 

0.250.25 
.-0.5 

10%10% morfalitvmorfalitv 1 

2CC Blahm8 iuv. (fall~ n )  20.5162 -0.6860 3 -0.9475 0.1 
McConnell(l970) 0.25 
unpuMisheddata 0.5 
90% morlality 2 

4 
6 
8 

10 
I 6  
20 
24 
32 

za.328.5 
28.028.0 
o,r27.6 
27.2 

2a12a1 
27.627.6 
.-A27.2 
26.8 

30
30 I -LT50 for 2 s  Acdim. (Brett 1952)-LT50 for 2 s  Acdim. (Brett 1952) 1- Esl. UULT50 (25.lC) 

-LT50 (20C. Blahm8McCondl1970) 
......LTlO (20C. Blahm8 McCcnneU 1970) 
- - - - - -LT90 ( X .  B l h8McCannell1970) 

I-

25 ,-

30 -	 -LT50for XAcclim. (Brett 1952) 

29 -- 	 - - .. UULT50 (25.1C. Bren 1952) 

-LT50 (20C. Blahm 8 McConnell1970) 
......LT10 (2CC. Blahm8 McCannell1970) 

- - - - - -LTW (20C.B l a h  8 McConna 1970) 

24 4 	 I 
0 	 40 80 120 

Duration (hr) 



COHO SALMON 
Acclim. Source AgdSize a b N r Time(hr) LTSO(C) 

-LTS for 1% Acdim. (Brett 1952) 
-LT50 for 2M: Acdim. (Bra  1952) 
-LEO- - for2X Acclim. (Brett 1952) 

" UULTSO (25.W. B r a 1952)-LT50 (17C. Ca&nl1970) 

292 
28.6 24 
28.2 0.1 10 10W 
27.3 Duratlon(hr) 
26.8 . 
26.6 

23C BreU(l952) juv. frshwtr fry 18.9736 -0.6013 5 -0.9956 

0 40 80 120 160 
Duration(hr) 

P 
IQ 

- tJ 
W 
a, 

17C Coutanl(l970) aduU 5.9068 -0.1630 
Reported acclimation temp. was h a  Cdumbia River 
temp. (at PriesI Rapids Dam) during fall migralbn. 

5 -0.9767 



COHO SALMON 
Acdim. Source Aqe/SLe a b N r lirne(hr) LTsqC) 

0.4 27.8 



RAINBOW TROUT 
Acdim. Source AgdShe a b N r Time(hr1 

15C Alabaster& 
Downing(1966) 

jwenile 15.6500 -0.5000 2 - 0.1 
025 
0 5  

I8C Alabaster & juvenile 18.4654 -0.5801 5 -0.9787 0.1 
Welmmme H9621 0.25 
Dissolved o>ygen at 7.4 mglL . 

18C Alabaster & juvenile 13.6531 -0.4284 5 -0.9742 0.1 
Welcomme (1962) 0.25 
Dissolved Oxygen at 3.8 mdL 0.5 

I-' 
If? 

- h) 
If? 
0 

LTSO(C) 

29.7 
28.9 
28.3 

30.5 
29.8 

32 

31 -- 

-LT50 for 15C Acclim. (Alabaster & Downing1966)
-LT50 for 1BC Acclim (7.4 DO. Alabaster & Welcomme 1962) 

-LT50 for ISAcdim. (3.8 DO. Alabaster & Welmmme 1962) 
-LT50 for 20C Acdim. (Alaba&er & Downing 1966) 

I I 

30.2 
29.3 
28.6 

2 4 

0 
- 1 ! 

40 
: : I ! : 

80 
DuraHon (hr) 

I : : 

120 

: I : 

160 
~ 



RAINBOW TROUT 
Acclim. Source AgelSize a b N r 'iims(hr) LTSqC) 

2CC Alabaster & 
Downing (1966) 

iuvenile 19.6250 -0.6250 2 - 0.1 
0.25 

30.2 
29.5 32 -LT50 for 20C Acdim. (Alabaster 8 Doming 1966) 

31 
-LT50 for 20C Acdim. (SS, Craige 1963)-LTSOfor 20C W i m .  ISH. Craiqie 196311 

f.=- LT50 for 20C h G m .  (HS. Craige 1963) 

!2 29 
a 

28 

27 

26 

25 

2CC Craigie (1963) yeading 14.6405 -0.4470 3 -0.9787 0.1 24 
Raised in soh water, tested in soh water (SS) 0.25 0.1 10 1000 

0.5 
1 

Duration (hr) 

2 
4 
6 
8 

10 32 
16 

31 50 for20C Acclim. (SS. Craigie 1963) 

-30 
0 
g 29 
a" 2 28 
0 

27 
I-

26 

25 

24 

0 40 80 120 160 

* Duration (hr) 

- h)* 
2% Craigie (1963) yearling 15.0392 -0.4561 

Raised in soft water, tested in hard water (SH) 
3 -0.9917 0.1 

0.25 
0.5 

31.3 
30.4 
29.7 

1 29.1 

p 2 28.4 



RAINBOW TROUT 

Acclim. Source AgdSize a b N r Timefir) 


4 

6 

8 


12 

16 

20 

32 

40 

60 

72 


20C 	 Craigie(1963) yearling 15.1473 -0.4683 3 -0.9781 0.1 
Raised in hard water, tested in soft water (HS) 0.25 

0.5 

20C 	 Craigie (1963) yeading 12.8718 -0.3837 3 -0.9841 0.1 
Raised in hard water, tested in hard water (HH) 0.25 

0.5 

p 1 


I& 	 3 
2 


LTSOfC) 
27.8 
27.4 
27.1 
26.7 
26.4 
26.2 
25.8 
25.6 
25.2 
25.0 

30.7 
29.8 
29.2 

31.5 
30.5 
29.7 
28.9 
28.1 
27.7 



RAINBOW TROUT 
Acclim. Source AgeISize a b N r Time(hr) LT5OfC) 

16 25.8 
20 25.5 
24 25.3 
32 25.0 



CUTTHROAT TROUT 
Acdim. Saurce AgdSie 

23C Gdden (1978) jwenile 
1975 tests, hatchery only 

a 

18.092 

b N 

-0.56523 ? 

r 

-0.996 

TimNhr) LTSWC) 

0.1 30.6 
0.25 29.9 
0.5 29.4 

1 28.9 
8 27.3 

16 26.7 
24 26.4 
32 262 
40 26.0 

33 

32 

31-
030 
2 
2 29i2a 

-LT50.13 
- L m .  2% Acdim. (Gdden 1978.1976 data) 

15256 Golden (1978) jwenile 
1975 tests, hatchew only 

22.543 -0.71999 ? -0.999 0.1 
025 
0.5 

2 
4 

30.2 
29.7 
29.3 
28.4 
28.0 

I-
27 

26 

25 

24 

0.1 

~ + 4 i  W 

10 
~uration(hr) 

-H-H+I A 
1000 

33 

32 

31 

-LTSO. 23C Acdim. (Gdden 1978,1975 data) 
-LEO, 1325C Acclim. (Gdden 1978.1975 data) 
-LT50,23C Acdim. (Gdden 1978.1976 data) 

23C Gdden (1978) jwenile 18.3166 -0.5723 ? 
1976 tests, hatchery and wild trout data poled 

-0.990 0.1 
025 
0 5  

30.6 
30.0 
29.4 

0 120 240 360 
Duration (hr) 

480 600 



CUTTHROAT TROUT 
Acclirn. Source AgdSize a b N r limelhr) LTWC) 

132X Gdden(1978) jwenile 18.1515 -0.5723 ? -0.892 0.1 30.4 
1976 tests, hatchery and wild trout data pooled 0.25 29.7 

0.5 29.1 
1 28.6 
2 28.1 
4 27.6 
6 27.3 
8 27.0 
12 26.7 
20 26.3 
32 26.0 
40 25.8 
60 25.5 
80 25.3 
120 25.0 



- -  - 

-- 

SOCKEYE SALMON 

Acdim. Source Adsize a b N r Time(hr) 


20C Bren(1952) jjw. frshwtr fry 19.2821 -0.6378 5 4.9032 0.1 
025 

2 
4 
6 
8 

10 
16 
24 
40 
48 
56 

116 

23C Brett(1952) juv. frshwtr fry 20.0020 -0.6496 4 -0.9981 0.1 
0.25 
0.5 

1 
2 
4 
6 
8 

10 
16 
24 
40 
56 
72 
96 

120 
220 

LTSWC) 

29.2 
28.5 

27.1 
26.7 
26.4 
26.2 
26.0 
25.7 
25.4 
25.1 
25.0 
24.9 
24.4 

29.6 
29.0 
28.5 
28.1 
27.6 
27.1 
26.9 
26.7 
26.5 
26.2 
25.9 
25.6 
25.4 
25.2 
25.0 
249 
24.4 

32 
-LT50fw 1% Acdim. (Brett 1952) 


31 -- -LT50 f a  2% Acdim. (Brett 1952) 

30 LTSO far 23C Acdirn. (Brett 1952) 
- - - UULTSO (24.C. Bretll9.52) 

- L W  (20C. McCcMell B Wahm 1970) 

25 --

24 --

23 -1 *::I CH+t 4 
0.1 	 10 loo0 

Duration (hr) 

32 -
--	 -LT50 fw 156 Acdim. (Brea 1952) 

31 -LTSO for 2% Acdim. (Brett 1952) -30 -- -LT50 for 2% Acdim. (BreU 1952) 

029 -- - UULT50 (24.4C. BreU 1952) -

-LT50 (20C. McConneM B Blahrn 1970) 

24 

2 3 , : : : :  l : : l : : : : : : : l : : : : : : :  

0  40 80 120 160 200 240 
Duration (hr) 



SOCKEYE SALMON 
Acdim. Source0~ 

20C McConneflB juvenile 16.7328 -0.5473 6 0.9552 0.1 

Blahm (1970) (under yearling) 0.25 
unpublished data 0.5 

1 
2 
4 
6 
8 

10 
16 
20 
40 

2OC McCannellB juvenile 17.5227 -0.Y161 6 -0.9739 0.1 
Blahm (1970) (under yearling) 0.25 
unpublished data 0.5 
10% mortality 1 

2 
3 
4 
6 
8 

10 
12 
28 

20C Mdonnell B juvenile 15.7823 -0.5061 6 -0.9539 0.1 
Blahm (1970) (under yeading) 0.25 
unpublished data 0.5 
90% mortality 2 

4 
6 
8 

10 
16 
20 
24 
44 

23.2 
28.4 
27.9 

27.3 
26.8 
262 
25.9 
25.7 
25.5 
25.1 
24.9 
24.4 

2a6 
27.9 
27.4 
26.9 
26.3 
26.0 
25.8 
25.5 
25.3 
25.2 
25.0 
24.4 

29.6 
28.9 
28.3 
27.1 

26.5 
26.1 
25.9 
25.7 
25.3 
25.1 
24.9 
24.4 

30 

- " UULT50 (24.4C. Bren 1952) -

LTSO (m,MoCwnellB Blah 1970) - ......Oz8--

f
5 27 .. 
m 


g --
8 26 

25 --

24 7 Hh 

0.1 1 10 100 1000 

Duration(hr) 

-LEO fw 20C Acdim. (Brett1952) 

- - UULTSO (24.4C. Brett 1952)) -LT50 (20C. Mdonnell B Blahm 1970) 

......LTIO (20'2, McCwnell 8 Blahm 1970) 

..--..LT9O (20C. McConnell a Blahm 1970) 

0 40 80 120 

Duration (hr) 



CHUM SALMON 
Acdim. Source AgelSie 

jw. frshwir fry 

a 

15.891 1 

b 

-0.5252 

N 

8 

r 

-0.9070 

limefir) LTSO(C) 
I 

-LT50 for 20C Aeclirn (Brett 1952) 

LTSO for 23C Adim. (Bren 1952) 

juv. frshwtr fry 16.1894 -0.5168 9 0.9750 

25 

24 --

23 7 

0.1 

-- 

10 
Duration (hr) 

CHh 

1000 

32 

31 --

30 - -
LT50 for 20C Acclim. (Brett 1952) -LTSO iw 2% Acclm.(Bra 1952) 

23C Brett(1952) juv. frshwtr fry 15.3825 0.4721 4 0.9652 0.1 
0.25 
0.5 

30.9 
30.1 
29.5 

2 3 , : : : 1 : : : : : : : l : : : I : : : : : : : ,  

0 40 80 120 160 200 
Duration (hr) 

240 



PINK SALMON 
Acdim. Source A Q & ~  a b N r Tirnemr) LT50(C) 

15C Bren(1952) iuv. frshw fry 12.8937 -0.4074 8 -0.9884 0.1 29.7 
0.25 28.8 
0.5 28.0 

1 27.3 

20C Bretf(1952) jw. frshwtrfry 13.2444 -0.4074 7 -0.9681 0.1 30.6 
16.2444 in EPA (1977), but 0.25 29.6 

the rssulfingcurve does not 0.5 28.9 10 
match the information 
presentedin Brett(1952) 

1 
2 

281 
27.4 

Duration (hr) 

<Fig. 5> 4 26.7 
6 26.2 
8 25.9 

10 25.7 
16 25.2 
24 24.8 -32 24.5 LT50 for 20C Accllm (Bran 1952) 
40 24.2 -LT50 for 24C Acclim. (Brett 1952) 
56 23.9 .' UULTSO (23 9C.Bren 1952) 

24C Brett(1952) iuv. frshwtr fry 14.7111 -0.4459 6 -0.9690 0.1 31.2 
0.25 30.4 

0 40 80 120 160 200 
Duration(hr) 



C Calculation of Acute Tem~eratureRelationshius A ~ ~ e n d i v  

APPENDIX C 

ATTACHMENT 2 


LT50 to LTlO Conversion Factors for Pacific Salmon: Sockeye and Chinook 


Appendix C 



Attacment 2: Sockeye Salmon (20C Acclimation Temperature) 
From McConneU & Blahm (1970) unpublished data 

Time(hr) 
0.1 

LT5O(C) 
29.2 

Time(hr) 
0.1 

LTfO(C) 
28.5 

Ratio 
98.00% 

Appendix C 





Calculationof Acute Tem~erahreRelationshivs A~uendixC 

Attachment2: Chinook Salmon (20C Acflimation Temperature) 
From Blahm & McComell(1970) unpublished data 

Spring Run Fall Run 

21.3981 -0.7253 S.6664 a7797 LTIWLT50 D&aT 22.2124 21.6756 -0.7526 21.6756 -0.7438 LTIWLT50 Delta T 

Time(hr) LTSqC) limethr) LTlO(C) Ratio (C) Xme(hr) lime(hr) LTSO(C) Timefir) LTIqC) Ratio (C) 

0.1 28.4 0.1 28.1 98.74% 0.4 0.1 0.1 28.5 0.1 28.1 98.65% 0.4 

0.25 27.9 0.25 27.6 98.86% 0.3 0.25 0.25 28.0 0.25 27.6 98.60% 0.4 

0.5 27.5 0.5 27.2 98.95% 0.3 0.5 0.5 27.6 0.5 27.2 98.56% 0.4 

2 S.6 2 26.4 ' 99.1% 0.2 2 2 26.8 2 26.3 98.49% 0.4 

4 26.2 4 26.0 99.23% 0.2 4 4 26.4 4 25.9 98.44% 0.4 

6 26.0 6 25.8 9928% 0.2 6 6 26.1 6 25.7 9842% 0.4 

8 25.8 8 25.6 99.33% 0.2 8 8 26.0 8 25.5 98.40% 0.4 

10 25.7 10 25.5 99.36% 0.2 10 10 25.8 10 25.4 98.39% 0.4 

16 25.4 16 25.2 99.4% 0.1 16 16 25.6 16 25.1 98.36% 0.4 

24 25.1 24 25.0 99.49% 0.1 24 24 25.3 24 24.9 98.33% 0.4 

40 24.8 40 24.7 99.57% 0.1 40 40 25.0 40 24.6 98.30% 0.4 
60 24.6 60 24.5 99.64% 0.1 60 60 24.8 60 24.4 98.27% 0.4 

80 24.4 80 24.3 99.68% 0.1 80 80 24.6 80 24.2 98.25% 0.4 

100 24.3 100 24.2 99.72% 0.1 1W 1W 24.5 100 24.1 98.24% 0.4 

Appendix C 



Calculation of Acute Tem~erature Relationshios Ao~endixC 

APPENDIX C 

ATTACHMENT 3 


Acute Effects of Temperature on Salmonids: T i e s to 10% Mortality (LT10) 
In Relation to Temperature. 

Appendix C 



CHINOOK SALMON -Estimated LTlOs 
Acclim. Source AgdSize a b N r Time(hr) LTIO*(CL 

1% Bmlt(1952) juv.fnhwirfry 16.4454 -0.5364 4 -0.9906 0.1 28.8 35 - -LTlO'for 1%Acafm. (Bran 1952)
0.25 27.9 34 -<. -LTIO* for 2OC Aalim. (Bran1952)0.5 27.3 

33.- ' \1 26.8 -LTIO' for 24C Acdim. (8ren 1952) 
2 26.2 c 32 -- .'.. -- - - LTIO' (17C. Cartant 1970) 
4 25.7 g 3 1  -- \ LTI 0. ( 2 0 ~ .-1 1970)
6 25.4 
8 25.1 

10 25.0 
12 24.8 
13 24.8 
14 24.7 

26 --16 24.6 
25 

24 -i 

0.1 

-- 

10 
Duration (hr) 

+h 

1MX) 

24C Brett(l952) juv. frshwtr fry 18.9940 -0.5992 9 -0.9923 0.1 
0.25 
0.5 

29.8 
29.1 
28.6 

35 
34 
33 

32 ---
2 31 -: 

-- 
-- 

-..- LT10' (20C. Coutant 1970) 

-LTIO' for 1% Acdim. (Bren 1952) 

-LTIO' for 20C Acdim. (Brett 1952) -LTIO' for 24C Acdim. (Bren 1952) 

-..- LT10' (17C. Coutanl1970) 

2 

a 
4 1 1 

40 
: : I 

80 
Duration (hr) 

I : 

120 

: : 

160 



CHINOOK SALMON -Estimated LTlOs 
A&. Swrce AaelStze a b N r Time(h11 LTIO'(CL 

17C Coutant (1970) 'Jades' (1-2 yrs) 132502 4.4121 4 -0.8206 0.1 29.7 
0.25 28.7 30 

0.5 28.0 
1 27.3 

The 17Cand 19Ctempearurns were Cdumbvt Rlver 
leaweralures lal GrandRapids Dam) during Id.~~~ ~ ~ 

miimtiws two different years 

30 


20'2 Blahm 8 juv. (spring run) 21.3981 -0.7253 3 4.9579 0.1 

McConnell(1970) 0.25 

unpublished data 0.5 


1 
 E28 

-LT10'for 20C Adim. (BM1952) 


-LTlO. I9ru: tal( run, B l h  8 McComdI 1970) 
 I 

-LTIO*for 2K Acclim. (Brm 1952) 

L T I O '  IZOC, fall Nn, Blahm & McConnell1870) I 
LTIO (20C. fall ~ n .BlahmB McConnell1970) 

LTIO' (20'2, spring Nn. Blahm8 McComell) 

!?
5 27 
g
E 
m 26
I-

25 

24 -1 
0 40 

Duration(hr) 
80 

I 
120 



CHINOOK SALMON -Estimated LTlOs 
Acdlm. Source A@Sie a b N r lime(hr) LTIOe(CL 

20C Blahma juv.(spring mn) 22 66M -0.7797 4 0.9747 0.1 28.1 
McCmell(l970) 025 27.6 
unpublished data 0.5 27.2 
lo?; morlaiily NOT ADJUSTED 1 26.8 

2 26.4 
4 26.0 
6 25.8 
8 25.6 

10 25.5 
12 25.4 
16 25.2 
20 25.1 
32 24.9 
48 24.6 

20C Blahrn& jw. (fall~ n )  22.2124 0.7526 4 -0.9738 0.1 27.9 
McCannell(1970) 0 25 27.4 
unpublished data 0.5 27.0 

20C Blahm & juv. (fall mn) 21.6756 -0.7438 4 -0.9550 0.1 
McConnell(l970) 0.25 
unpublished data 0.5 
10% mortality NOT ADJUSTED 1 

2 



COHO SALMON -EstimatedLTlOs 
Acdim hma AgdSire a b N r Time(hr) LTlO'(CL 

32 

31 -- 
-LT10. f a  1% Acdim (Brett 1952) -LTIO' fa20C A d m  (Brett 1952) 

-LTlO'for - 2% Accl'i. (8ren 1952) 
LTIO' (17C. Colltant 1970) 

24 i w H+I 
0.1 10 loo0 

Duration (hr) 

16 
24 
40 
48 

! 
I 

32 

31 LT10' fa20C Aodim. (Bren 1952) 
56 
70 

30
E 

LT10' for 23C Acdim. (Bren 1952) 

23C Bren(1952) juv. frshwhfry 18.9736 -0.0313 5 -0.9956 0.1 
0.25 
0.5 

29 
a..g 28 

1 
2 

27 
4 I- 26 
6 
8 25 

10 
16 24 

0 40 80 120 160 
Duratton(hr) 



COHO SALMON -EstimatedLTlOs 
Acdim. Source AadSize a b N I Tiie(hr) LTIO'IC) 

17C Coutant (1970) adult 5.9068 -0.1630 5 -0.9767 0.1 30.8 
Reported acclimation tamp. was the CdwnbiaRber 0.2 29.0 
temp. (at Priest Rapids Dam) duting fan migration. 0.3 28.0 

0.4 27.2 

0.5 26.6 

0.6 262 

0.7 25.8 

0.8 25.4 

0.9 25.1 


1 24.8 
1.1 24.6 

1.15 24.5 




RAINBOW TROUT -EstimatedLTlOs 
Aecli. Source A9e/&e a b N r l i i m t )  LTIO'(C) 

- -15C Alabaster & jwwnile 15.6500 -0.5000 2 -- 0.1 29.1 32 LTIO' for 15CAalim. (Alabaster 8M n g  1966)-D d n g  (1966) 0.25 
0.5 

1 

28.4 
27.8 
27.2 

31 -- LT10' for 10CAdirn. (7.4 DO. Alabaster &W$oanme 1962) 

-LT1OS for 1% Acdim. (3.8 DO, Alabaster8Welmmme 1962) 

-LTIO'for2W Acdim. (Alabaster8 Downing 1866) 

25 -- 
1% Alabaster8 

Welcanme (1962) 
jweoie 18.4654 -0.5801 5 -0.9787 0.1 

0.25 
29.9 
29.2 2 4 7  : : : ~ + H I  : : : : c w  Hh 

DissolvedOxygen at 7.4 mgll 0.5 
2 
4 

28.7 
27.7 
27.2 

0.1 10 
Duratlon (hr) 

1MX) 

6 26.9 
8 26.7 

-LT10' lor 18CAcdlm. (7.4 DO. Alabaster 8 Welmmme 1962) 

-30 
0 

LTIO' for 1% M r n . (3.8 DO, Alabaster 8 Welcomme 1962) 

18C Alabaster 8 
Welccmme (1962) 

juvenile 13.6531 -0.4254 5 -0.9742 0.1 
0.25 

$29 

$ 28 
DissolvedOxygen at 3.8 m@L 0.5 

1 27 

!- 26 

25 

24 4 : : : : : : : : : : : : : : :  
0 40 80 120 160 

Duration(hr) 



RAINBOW TROUT -Estimated LTlOs 
Acdim. Source AgdSize a b N r Xme(hr) LTlO'(CL 

2M; 	 Alabaster .% juvenile 19.6260 -0.6250 2 -

Downing (1966) 


2M; Craigie (1963) yearling 14.6405 -0.4470 3 -0.9787 
Raised in soft water. tested in son water (SS) 0.1 10 1000 

Duration (hr) 

-LT10' for 2% Acclim. (Alabaster .% Downing 1966) 
LT10' lor 2OC Acclim. (SS. Craigie 1963) 

-30 	 LTIO' for ZOC Acdfm. (HS, Craigie 1963) u 
g 29 	 -LTtW for 20C Acclim. (HH. Craigie 1963) 

0 40 80 120 160 
Duration (hr) 



RAINBOW TROUT -EstimatedLTlOs 
A o d i .  %JlC3 AgelSize a b N r lime(hr) LTlO'(C1 

20C 	 Craigie(1963) y&g 15.0392 -0.4561 3 0.9917 0.1 30.6 
Raised in son water, tested in hard wafer (SH) 0.25 29.8 

0.5 29.1 
1 	 28.5 
2 	 27.8 
4 	 27.2 
6 	 26.8 
8 26.6 

12 26.2 
16 25.9 
20 25.7 
32 2S.3 
40 25.1 
60 24.7 
72 24.5 

20C 	 Craigie (1963) yearling 15.1473 -0.46E3 3 -0.9781 0.1 30.1 
Raisedn hard water, lesledin solt water (HS) 0.25 29.2 

0.5 28.6 
1 	 28.0 
2 	 27.3 
4 	 26.7 
6 	 26.3 
8 26.1 

10 26.9 
16 25.5 
20 25.3 
24 25.1 
32 24.8 
40 24.6 
48 24.5 



RAINBOWTROUT -Estimated LTlOs 
Acclirn. Source Age/Size a b N r Tirne(hr) LTIOe(CL 

20C 	 Craigie (1963) yearlinq 12.8718 -0.3837 3 -o.g&11 0.1 30.9 
Raised in hard water, tested m hard water (HH) 0.25 29.9 

0.5 29.1 
1 	 28.3 
2 	 27.6 
3 	 27.1 
4 	 26.8 
6 	 26.3 
8 	 260 



PINK SALMON -Estimated LTlOs 
Acdirn. Source A!m'Size e b N r Timelhr) LTIO'ICL 

1% Breu(1952) iw.frshwtrfry 12.8937 -0.4074 8 0.98&1 0.1 29.1 

2OC Brett(l952) jw. frshwtrfly 13.2444 -0.4074 7 -0.9681 
16.2444 in EPA (1977). bot 

the resulbngcuwe does not 
matchlhe infomfion 
presentedinBran (1952) 
<Fig. 5, 

24C BreH(1952) juv. frshwtr fry 14.7111 -0.4459 6 0.9690 

0.1 
0.25 
0.5 

1 
2 
4 
6 
8 

10 
16 
24 
32 
40 
56 

0.1 
0.25 
0.5 

I 

0.1 10 loo0 
Duration(hr) 

I 

LT10'for 20G Mi.(Brett 1952) 

0 40 80 120 
Duration(hr) 

160 200 




