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INTRODUCTION

SALMON STATUS

Average annual adult salmon runs were estimated to be 10-16 million fish historically. Of
this number there were 7.4-12.5 million salmon destined for above Bonneville Dam.
Currently, this number has dwindled to 600,000, of which approximately 58% are produced
by hatcheries (ODFW and WDFW 1995, as cited by CRITFC 1995). Passage mortalities
through the system of dams average 15-30% per dam for juvenile emigration and 5-10% per
dam for adult immigration. Cumulative dam mortality through 9 dams is 77-96% for
juveniles and 37-51% for adults (NPPC 1986). Sources of mortality are numerous and
include environmental effects of timber harvest, agriculture, livestock grazing, mining,
urbanization, overfishing, and direct habitat destruction (e.g., estuary diking or filling), in
addition to dam-related mortalities. These mortality sources taken cumulatively threaten the
inherent capability of salmon populations to replace themselves.

Currently, the National Marine Fisheries Service has listed numerous stocks of salmon in the
Columbia River basin under the Endangered Species Act. These include stocks listed as
endangered (Snake River sockeye, upper Columbia River steelhead), and threatened (Snake
River fall chinook, Snake River spring/summer chinook, Snake River steelhead, lower
Columbia River steelhead). Other stocks recently have been proposed for listing as
endangered (upper Columbia River spring chinook) and threatened (lower Columbia River
chinook, upper Willamette River chinook, upper Columbia River spring chinook, Columbia
River chum, upper Willamette River steelhead, and middle Columbia River steelhead) (NMFS
1998a). Numerous other species and stocks have been candidates for listing, such as coho,
bull trout, cutthroat trout. Adverse stream temperatures caused by cumulative anthropogenic
activities in the mainstem and tributaries of the Columbia River contribute significantly to
making recovery of these stocks uncertain. Similarities in response to temperature
perturbation make all these species and stocks vulnerable.

Among these listed stocks some population trends indicate the perilous biological status. For
example, Snake River fall chinook were listed as threatened in 1992. This population
numbered approximately 72,000 natural spawners in 1940 but in recent years (1992-1996) this
declined to 500. Snake River spring summer chinook, which were also listed in 1992 have
been estimated to have had 1.5 million adults in 1800, a number that has been reduced to
2500 natural spawners recently. The stream area utilized by such low population numbers of
these stocks is very large. With a small overall population size distributed over a massive
habitat area, population density for any individual stream can be so low as to make success in
spawning marginal. In addition to these demographic effects, poor habitat quality impairs
prospects for recovery. Among the most significant water quality parameters, elevated water
temperature does not tend to be a problem confined to limited portions of these large



spawning and rearing habitats. Rather, the problem is extremely widespread throughout the
range of these stocks. Once water temperatures become warm along the course of any river
they remain warm, except for stream reaches gaining significant groundwater inflow.

Presence of dense riparian canopy can delay downstream warming trends, but when a stream
is opened up and warmed, it does not cool appreciably in downstream shaded zones, but
again has a delayed rate of warming.

SALMON HABITAT STATUS

Since 1850 there has been a substantial loss in hgbéaiity for the Columbia River basin's
stocks of spring, summer, and fall chinook, chum, sockeye, coho, and steelhead. The
Columbia River before 1850 supported 12,935 miles of anadromous fish bearing stream and
currently affords access to 8,916 miles, representing a loss of 31% in available stream length
owing to water development (NPPC 1986, p.4). Loss of anadromous fish habitat in the
Columbia basin above Bonneville Dam over this same time period has been 38% (10,525
miles, reduced to 6537 miles). What remains has been substantially altexeitin leading

to further reductions in potential anadromous fish production. Historically, the majority of the
high quality habitat of spring, summer, and fall chinook was on privately owned lands where
degradation has been most severe. Loss of habitat quantity and quality in the tributaries is
responsible for a decline in the carrying capacity of tributary spawning and rearing areas
(McCullough 1996) but carrying capacity for the salmon production system as a whole brings
into question the quantity and quality of essential habitats throughout the entire migration
pathway.

Loss of habitat quantity has resulted from land management actions such as building of
mainstem hydroelectric dams, tributary irrigation dams, and installation of hundreds of
culverts on road crossings over small tributaries, all of which can create passage impediments.
In addition, summertime diversion of water from stream channels causes a partial or total loss
of usable habitat area. Loss of habitat quality in the Columbia River subbasins has arisen
from land management actions that have increased stream water temperatures, increased
sediment delivery and deposition of fine sediment in spawning and rearing substrate,
increased stream channel width, reduced average depth, reduced pool volume and frequency,
and reduced large woody debris volume and distribution in the channel. Loss of quality has
also been produced by cumulative impacts across the entire stream system that have resulted
in habitat fragmentation and disproportionate loss of certain critical habitats for key life

stages. Evaluation of this site-specific loss of habitat quality can be made by accounting for
spatial considerations, such as whether migration corridors are maintained or whether
migration distances among components of habitat (e.g., spawning, summer rearing,
overwintering areas) are acceptable.

Among these impacts to habitat condition, it is probable that the combination of increased
water temperature and increased streambed sedimentation by fine sediments is a sensitive
indicator to the biological effects of the majority of land management actions. For example,
land management activities in the riparian zone and on forest, range, and agricultural lands of
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the watershed tend to increase sediment delivery over natural background levels and result in
loss of pool volume and frequency, degradation of spawning and rearing substrate, and
increased width-to-depth ratio (W/D). Riparian timber harvest or vegetation removal (grazing,
clearing, thinning) results in increased water temperature, reduction in recruitable woody
debris, and frequently in reduced bank stability that leads to increased W/D, sediment delivery
from bank erosion, and loss of primary pools and bank overhanging cover. Streambank
impacts magnify the severity of water temperature elevation by increasing channel width and
thereby the water surface area subject to direct solar radiation or heat exchange with the air.
Water temperature and sediment effects are, themselves, among the most significant factors
directly affecting salmonid habitat quality and production in the Columbia River and its
tributaries (Rhodes et al. 1994).

A recent report by the USEPA, Region 10 (1992) prepared for the Northwest Power Planning
Council tabulated the collective professional judgement of the Water Quality Committee of

the Columbia River Water Management Group (represented by USGS, USFS, USFWS, SCS,
EPA, COE, USBR, and BPA) and information submitted to EPA under Sections 305(b) and
319 of the Clean Water Act. Although this report did not identify the spatial extent or
magnitude of temperature problems within a subbasin, it does reveal the pervasiveness of
threats to salmon habitat. Temperature problems were noted for the Columbia River estuary,
Mainstem Columbia from mouth to Chief Joseph Dam, Willamette, Coast Fork of the
Willamette, Lewis, Cowlitz, Deschutes, John Day, Umatilla, Walla Walla, Yakima, entire
mainstem Snake River, Clearwater, Tucannon, Palouse, Grande Ronde, Salmon, Imnaha,
Burnt, Payette, Owyhee, Boise, Wenatchee, Entiat, Methow, Okanogan, Flathead, and
Spokane rivers. Because of the extent of ecosystem alterations produced by years of logging,
road building, grazing, and mining throughout the John Day River subbasin, the habitat usable
by spawning chinook is currently limited to less than one third of probable historic habitat
(Wissmar et al. 1994). This has restricted current distribution to headwaters of the mainstem,
the Middle Fork, and the North Fork tributaries of the John Day.

Attempts have been made to quantitatively estimate the magnitude of thermal alterations made
to tributaries and the mainstem of the Columbia River. Assessments by federal scientists
indicate that in 85% of managed (i.e., those lands not designated as wilderness or roadless)
watersheds maximum water temperatures have increased°Gyover historical values

(National Academy of Sciences 1996). In Oregon, Washington, and Idaho nearly 2500 waters
have been assigned to State 303(d) lists. Of these waters, 1100 were listed for their
temperature problems (Cleland 1997). "On federal lands in Oregon, 55 percent (20,400

miles) of the streams are moderately or severely impaired (Fig. V-7). On Bureau of Land
Management lands, 7,300 miles of streams, and 4,900 miles of streams on Forest Service
lands have water temperature problems. An additional, 8,000-11,000 miles have problems
with turbidity, erosion, and bank instability” (FEMAT 1993). In the mainstem Columbia

River there has been a trend during the last 50 years of increasing summer water temperatures
and progressively earlier peak temperatures (Quinn and Adams 1996). This trend may be
influenced to some extent by long-term climatic trends, but the current reservoir system has
produced other related thermal changes. The large storage volumes, by virtue of thermal



inertia, cause a several-week prolongation of temperatures exceeding critically high levels and
a reduction in diel variation (Karr et al. 1992, Karr et al. 1998).

These assessments are useful attempts to map out the water quality status of streams
throughout the region but unfortunately, the true extent to which temperature pollution
undermines salmon production is vastly underreported. This situation is a product of lack of
monitoring data (see McCullough and Espinosa 1996), lack of analysis and/or reporting of
available data, lack of widespread recognition of the temperature requirements of salmon,
political unwillingness to make the obvious linkages between land management causes and
effects and to implement controls. Science, as practiced in the Columbia Basin, is also
frequently at fault, for allowing spurious technical arguments to deflect attention from these
known cause-effect relationships. For example, technical uncertainty over the degree of
spatial/temporal variability in water temperature, the proportional role of natural events vs.
management as causative agents, allowing the full range of natural variation in "unmanaged"
watersheds to act as a reference condition for managed watersheds, or the use of
unrealistically stringent statistical detection limits to demonstrate management effects (see
Rhodes et al. 1994) are all frequently obstacles to applying the best of our understanding
about managing watersheds.

Approximately 50% of the remaining anadromous fish habitat area in the Columbia River
basin is federally owned and this portion constitutes the majority of the best remaining habitat
for many species. Wilderness and roadless areas on these lands have taken on increasing
importance as refuges where much of a subbasin's salmon production is concentrated, owing
to the cold water and generally high habitat quality. The remaining relatively cooler streams
providing habitat for chinook, steelhead, bull trout, and cutthroat trout or contributing cool
water to downstream anadromous fish zones tend to be found on U.S. Forest Service land.
The following tributaries and wilderness or roadless areas of these subbasins are key
production areas: North Fork John Day River, North Fork John Day Wilderness in the John
Day River subbasin; Wenaha-Tucannon Wilderness, Tucannon River and Wenaha River in the
Tucannon and Grande Ronde River subbasins; North Fork Umatilla River and North Fork
Umatilla River Wilderness in the Umatilla River subbasin; Minam River, Imnaha River, and
Eagle Cap Wilderness in the Grande Ronde and Imnaha subbasins; Frank Church Wilderness
and Middle Fork Salmon River in the Salmon River subbasin; White Sand Creek in the upper
Clearwater River subbasin. Many of the roadless areas have been the focus of recent attempts
to apply "new forestry" concepts in an attempt to restore "ecosystem integrity." Rationales

for incursions into roadless areas have been reliant on salvage logging or thinning for
reduction of disease or fire threat. Protection of the cold water resource vital to salmon
production in these and other salmon strongholds has too frequently been compromised via an
economic process of optimizing the rewards to the salvage operation and trading off habitat
quality with the promise of recovery sometime in the future. Also, despite the good

intentions of ecosystem management in forestry today, the physical linkages among water
routing and sustained summer flows, basin-wide sediment delivery and channel morphology,
natural or altered stream width and old growth tree height, stream width or pool volume and
stream heating, air or soil temperature and groundwater temperature, loss of shade on



intermittent streams and water temperature elevation, and cumulative effects of canopy
reduction on a basin-wide scale and increase in the longitudinal temperature profile tend to be
rapidly obscured when it comes to planning future management actions in watersheds that are
already damaged. These "oversights" in management tend to aggravate water temperature and
streambed sediment conditions in the short as well as the long term (see Espinosa et al.

1997).

POTENTIAL FOR RECOVERY

The potential for recovery depends upon the severity of alterations to the physical state of the
watershed and stream, the significance of relatively permanent engineered features (e.g.,
dams, roads), or biological events (e.g., extirpation, introduction of exotic fish species or
disease vectors), the potential of the biogeoclimatic system (sensu Warren 1979, McCullough
1987, 1990), recovery actions applied, and the protection measures directed to the watershed
and stream system in forest practices. Even if one were to assume that water quality was
satisfactory for salmonid production in stream reaches whose watersheds are already
developed, the prognosis for basin-wide water temperature control is not sanguine. Forest
Practices rules in the Northwest states on private lands allow for harvest of riparian timber in
perennial and intermittent fish-bearing and non-fish bearing streams tributary to salmonid
production zones. Considering forestry rules on private and state lands in Oregon,
Washington, and Idaho, the designated widths of riparian management areas vary considerably
among states for various stream classes on the westside and eastside of the Cascades.

Protection afforded to the large, permanent, fish-bearing stream reaches is typically far less
than what is needed to maintain optimum ecological function (shading, LWD delivery,
sediment control) and the protection given to intermittent and non-fish bearing streams, which
can comprise a large percentage of a watershed's stream miles, is reduced to negligible levels
(Spence et al. 1996). Protection of riparian management areas required in federal land
management strategies outlined in FEMAT and PACFISH for westside and eastside forests,
respectively, is greater than for non-federal lands, but timber harvest or reduction in riparian
buffer width is still allowed provided that it can be justified with a watershed analysis or to
meet a riparian management objective. There are numerous approaches used to justify
logging in riparian areas that frequently result in aggravating thermal regimes in either
salmon-bearing streams or streams that are tributary to them, such as salvage, conifer disease
reduction, thinning for growth release effects on remaining trees, stand conversion from alder
to conifer, wildlife enhancement, etc. Some of these effects can be short-term (a few years)
but if basin wide stream temperatures are already critically high, even a few years of
increased temperature regimes could create a major biological impact.

The Forest Practice Act adopted by each state is considered by them to be a BMP that will
result in meeting water quality standards, despite the fact that each state has different BMPs.
Unfortunately, when BMPs are used, there is an assumption by managers that water quality
will be maintained despite the amount of riparian area subject to harvest in any particular
year. That is, the distribution in time of impacts from application of BMPs is not regulated,
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except if an integrated management plan (coordinated among landowners and regulated in
time) is in effect. The same problem exists for federal lands. Even federal land managers
seldom consider the cumulative effects of their actions in conjunction with those of non-
federal land managers, partly because of an assumption that BMPs will not result in water
quality degradation. The inadvisability of relying on BMPs is apparent when one realizes that
even federal land managers frequently propose further impacts to riparian buffers before a
stream has recovered to the point that it meets habitat standards (Espinosa et al. 1997).

The potential for recovery in water temperature regime in stream reaches and longitudinally in
a stream system is well illustrated on the Tucannon River subbasin, Washington, by Theurer
et al. (1985). They used the stream segment temperature model SSTEMP developed by the
Soil Conservation Service and the US Fish and Wildlife Service to predict stream temperature
profiles along the Tucannon's entire mainstem length under historic climax vegetation and
channel morphology condition. This modeling exercise required extensive data on current and
historic riparian cover and channel widths. It was estimated that by restoring riparian cover
and channel morphology to predevelopment conditions, the mean daily water temperature for
July observed at the mouth (22.4°C) could be reduced to 19.1°C. Current mean maximum
water temperature for July measured at the mouth of the Tucannon River was 26°C (Theurer
et al. 1985), but would be reduced to 22°C if all riparian and channel morphology restoration
is done. This amount of temperature recovery does not account for limitations that may still
be caused by loss of pool volume due to in-channel sedimentation, restoration of wetlands,
reduction of road density, or riparian restoration on tributaries (see Rhodes et al. 1994).

Theurer et al. (1985) estimated the effect of improving the riparian cover and channel
morphology for the Tucannon River mainstem. This restoration would result in an increase in
adult returns from 884 currently to 228&g. 1). Chinook rearing capacity would increase

by a factor of 2.5 (i.e., from 170,000 to 430,000). Using this same framework, one could
estimate by extrapolation on an areal basis that adult returns and juvenile rearing capacity
would decrease to 704 adults and 135,000 juveniles if there is an additional 1.1°C temperature
increase (J. Rhodes, Columbia River Inter-Tribal Fish Commission, Portland, OR, pers.
comm.).

Similar results were achieved by EPA (Chen and Chen 1993, Norton 1996) in reconstructing
the historic temperature regime for the upper Grande Ronde River, Oregon. These authors
used aerial photography to evaluate current riparian condition. They used the HPSF model to
estimate the degree of improvement achievable by restoring the entire riparian system to
predevelopment riparian canopy conditions. Significant improvement was indicated for all
stream reaches and a large increase in travel distance downstream of cold water from
headwater tributaries was produced by the increased canopy cover. This resulted in an
increase in total area available that meets minimum biological needs. This modeling did not
account for improvements in usable area that could occur from restoration of channel
morphology, wetland restoration, reduction of sediment impacts, or increase in pool volume
and frequency.



Given the magnitude of the alterations to thermal regimes of streams of the Columbia River
basin, the continued worsening of these conditions under existing forest practices and other
land management practices, and the tendency to extend inappropriate management regimes to
remaining high quality habitats having cold water temperatures, there is greater need than
ever to understand the temperature requirements of coldwater species and the numerous
mechanisms for detrimental biological impact at various salmonid life stages, how to evaluate
the thermal environment, and how to improve and restore suitable conditions throughout the
historic range of the species. This approach is based upon "full protection of beneficial uses"
(refer to Clean Water Act) in its truest sense and the physical conditions that permit this.

This approach is antithetical to current practices of setting temperature standards and then
allowing new dispersed and ongoing thermal impacts to cumulatively limit or reduce suitable
habitat, shrinking it headward to low order tributaries. Likewise, this approach points out the
need to undertake restoration in a comprehensive watershed program rather than as site-
specific, after-the-fact mitigation for continued dispersed degradation in other stream reaches.
Impacts to the stream system (especially water temperature and substrate fine sediment) from
land management actions and recommended protection and restoration were reviewed in
Rhodes et al. (1994). This current report explores the varied biological effects of water
temperature or temperature regimes on all life stages of salmonids. Today's multifaceted,
comprehensive attack on the integrity of the ecosystem requires an equally comprehensive
understanding of the biological impacts.

OBJECTIVES AND APPROACH TO BE TAKEN IN LITERATURE
REVIEW AND SYNTHESIS

Few stream habitat management issues are so controversial as control of land management
impacts that increase water temperature, nor so prone to muddled understanding of biologic
response. This is remarkable because the literature on effects of water temperature and
temperature change on species and communities is so voluminous. Such effects have been
described on survival, growth, metabolism, production, reproduction, behavior, competition,
predation, swimming, etc. It may be largely the magnitude of information available on so
many species and their life stages that makes full comprehension of the influence of
temperature during a species' life cycle so difficult. And with so many kinds of effects and
linkages between them, one has to evaluate the relative importance of these impacts and
determine what kinds of temperature monitoring indices would be of use in scientific
investigation and in management.

Numerous compilations have been made of thermal requirements of various fish species over
the last 40 years (Parker and Krenkel 1969, EPA and NMFS 1971, Coutant 1972, 1977,
Brungs and Jones 1977, Alabaster and Lloyd 1982, CDWR 1988). Despite the extent of the
literature relevant to effects of temperature on fish, there is still great debate on how and
whether all this information applies to conditions found in natural streams. The objectives of
this review of the literature are to: (1) interpret and synthesize the literature on temperature
effects to salmonids and other coldwater species and their life stages, (2) consider not simply
effects during a single short-term exposure to a sustained high temperature but effects of
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altered temperature regimes under short-term and long-term exposure to constant or
fluctuating temperatures, (3) compare and contrast response to temperature of several
coldwater fish species, stocks, or family groups, (4) recommend standards that are
biologically defensible, (5) review and recommend methods for evaluating water temperature
regime to determine whether it meets biological requirements.

To meet these objectives this review will focus on the life stages of spring chinook
(Oncorhynchugshawytschpas a template. Upon this foundation the results and conclusions
from related studies on other coldwater fish species will be evaluated. This approach to
review of salmonid response is reasonable because of the high degree of similarity exhibited
among these species. Frequently, it will be found that when information on certain effects of
temperature are lacking in chinook technical literature, information will be available for other
salmonids. Taking the salmonid literature as a whole and by comparing and contrasting, the
understanding of response to thermal experience by salmon and trout can become very robust.
Selected coldwater non-salmonid literature will be considered to indicate those temperature
conditions that both salmonids and other coldwater species would find suitable. Temperature
requirements for common warmwater exotic species will also be noted to indicate the
ecological problems faced by salmonids in competitive and predator-prey interactions and to
provide a relative index by which to judge salmonid requirements (e.g., contrasting optimum
conditions for coldwater and warmwater fishes). Significant differences among salmonids
occur frequently via separate life histories. For example, spring chinook, which immigrate in
the spring and spawn in 3rd to 5th order streams, face different migration and adult holding
temperature regimes because of life history variation, fish size, and habitat selection than do
summer or fall chinook, which spawn in streams of 5th order or greater as a rule. However,
for similar life stages experiencing the same thermal regime (e.g, if spring and summer
chinook juveniles have overlapping habitats), biological responses do not vary so much that
different temperature standards are warranted, with a few exceptions.

It is important to gain a comprehensive understanding of responses to temperature regimes in
order to adequately evaluate their suitability with respect to a given life stage or the entire life
cycle. This kind of understanding can only be gained by synthesizing both field and
laboratory observations. This review is an attempt to synthesize experience on salmonids
during their life stages and their associated responses (avoidance, preference, growth, survival,
reproductive success, migration (upstream, downstream, intrabasin) success, disease, feeding,
territoriality, aggressiveness). All of these aspects of fish ecology are useful in identifying
temperature requirements and the potential consequences of temperature modification.
Cursory evaluations of the literature can be prone to overlooking synergistic effects,
cumulative effects during the life cycle, and can mistake tolerable for optimal in the short

term and long term.

Examples of the complexities in evaluating biological significance of temperature regimes are
numerous. For example, temperatures under which migration occurs in streams are
potentially misleading because of the difference between preferred (or optimal) conditions and
those experienced by fish given few alternatives. Also, migration temperatures identified as



optimal may not be suitable when fish are confronted with combinations of other stressors
(e.g., low dissolved oxygen, chemical pollutants). Egg incubation might be able to occur with
high percentage survival at 10°C, but a specific number of degree days may also be essential
to ensure proper hatching and emergence timing. Because establishing habitat standards on
the basis of existing conditions can lead to progressive erosion of quality, it is important to
distinguish between optimum and marginal conditions. Observations of juvenile salmonids in
warm stream margins may be misleading because age 0+ fish can have higher preferred
temperatures than older age classes. Even the age 0+ fish might not have the relatively high
temperatures as optimal growth temperatures because their occurrence in stream margins
might be merely a means of escaping predation in deeper water. Observations of adults in
warm water in riffles can be misleading because they might be spending the majority of their
day in cold thermal refuges and never let their internal body temperatures become warmed.
Field growth rates depend largely on temperature, but proper measurement of temperature
regime can be controversial. In addition, growth rate and optimum temperature are also
functions of food availability, alkalinity of the water, degree of competition, etc. Results of
laboratory experiments, likewise, need interpretation and analysis because of many of the
same reasons as just expressed about field work. Also, laboratory methodology can influence
biotic response.

Although field observations are often considered more meaningful because they are not an
artifact of experimental equipment (e.g., horizontal or vertical temperature gradient apparati,
swimming tunnels, laboratory streams), much of the most reliable information on temperature
requirements comes from laboratory studies because experimental conditions permit strict use
of controls. Experimental work has been indispensable in determining fish survival and
preference under constant or fluctuating temperatures. Laboratory studies on egg development
rate and survival and juvenile survival and growth rate under constant temperatures are most
commonly relied upon to establish water temperature standards in tributaries. These
biological responses can be very precisely described mathematically (responses are highly
repeatable) but the responses in the field can vary slightly from those predicted from constant
temperature experiments depending on field temperature regime (i.e., diel fluctuating
temperatures, temperature trends throughout the incubation period). A portion of the observed
variability can be attributed to the difficulty of knowing the thermal exposure of a monitored
population in the field or its previous exposure history, the complexity of the thermal pattern

in the field compared with temperatures used in establishing laboratory-based relationships, or
the possibility that field responses are significantly influenced by one or more other factors.

There are many notable field and laboratory studies illustrating the effects of temperature on
chinook salmon in streams of the Northwest. Where necessary this database was
supplemented with experience from populations spanning the range from the Sacramento
River to Alaska. A significant portion of the body of literature on temperature criteria for
chinook is summarized iRigure 2. Further review on temperature effects on salmonids was
made by reviewing literature on species from California to Alaska, the entire Pacific
Northwest, the Rocky Mountains, the Great Lakes, east coast of the United States, Greenland,
Iceland, Europe, Russia, and New Zealand.



TERMINOLOGY

THERMAL STRESS

Thermal stress is any temperature change producing a significant alteration to biological
functions of an organism and which lower probability of survival (Elliott 1981). Stress was
categorized by Fry (1947) (as cited by Elliott 1981) and Brett (195&tt@8 (leading to

death within the resistance timdéniting (restriction of essential metabolites or interference

in energy metabolism or respiratiomhibiting (interference in normal functions such as
reproduction, endocrine and ionic balance, and feeding functions caused by low or high
temperatures), andading (increased burden on metabolism that controls growth and

activity). The latter three stresses can also be lethal when continued over a long period
(Elliott 1981). Brett (1958) plotted the loading level for sockeye, for example, which
represents the upper temperature boundary permitting growth, given combinations of
acclimation and exposure temperatures. The temperature polygon defined within acclimation
and temperature exposure axes and between the upper loading and the lower inhibiting levels
defines a zone where growth can occur. Given acclimation temperatures ranging from 4 to
20°C, a loading line can be plotted for juvenile sockeye between 17 and 20°C exposure
temperatures (Brett 1958). This line represents an upper limit to growth and activity. Upper
lethal limits are just beyond the loading line. When food or oxygen are restricted (i.e., are
limiting stresses), the loading stresses occur at lower temperatures and the growth zone is
reduced in size.

TEMPERATURE RANGES

The optimum temperature range provides for feeding activity, normal physiological response,
and normal behavior (i.e., without thermal stress symptoms). The optimum range is slightly
wider than the growth rangePrefemed temperature range is that which the fish most
frequently inhabits when allowed to freely select temperatures in a thermal gradient. The
acute temperature preferenceis that temperature preferred when a fish acclimated to a certain
temperature is rapidly presented a temperature gradient in which it selects a temperature
(Elliott 1981). Up to 2 h are allowed in a thermal gradient to identify acute preference
(Reynolds and Casterlin 1979a). Timal temperature preference (or final preferendum) is a
preference made within 24 h in a thermal gradient and is independent of acclimation
temperature (Reynolds and Casterlin 1979a, 1979b). Fry (1947) (as cited by Jobling 1981)
defined this term in two ways: (1) that temperature that individuals will ultimately select
regardless of thermal experience, and (2) that temperature at which preferred temperature
equals acclimation temperature. These two definitions stimulated two separate methods of
determination. The "gravitation” method requires determination of a final preference (or
range of preference) in a thermal gradient after a sufficiently long time for variation of the
selected temperature to be maximally reduced. The second definition requires that acute
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preference is determined across a wide range of acclimation temperatures. Preferred
temperature is then plotted against acclimation temperature. The point at which this line
crosses the line of equality defines the final preference. The acute preference generally
exceeds the acclimation temperature for acclimation temperatures below the crossover point
and are less than acclimation temperatures above the crossover point (Reynolds and Casterlin
1979b).

The tolerance temperature range is a set of temperatures relative to corresponding constant
acclimation temperatures that define an upper and lower tolerance limittol€laace zone

exists between the incipient lethal level and the feeding limit (Elliott 1981). upber

incipient lethal temperature (UILT ) is an exposure temperature, given a previous acclimation

to a constant acclimation temperature, that 50% of the fish can tolerate for 7 days (Elliott
1981). Fish may also be acclimated to a fluctuating temperature regime which may be related
to an equivalent constant temperature. This is accomplished by experimentally determining
the constant acclimation temperature within the range of the cyclic regime that produces the
same response to an exposure temperature as the cycle. The UILT becomes greater with
increasing acclimation temperature until a point is reached at which further increase in
acclimation temperature results in no increase in temperature tolerated with the same survival
level. This is theultimate upper incipient lethal temperature (UUILT). Generally, UILT at a
particular acclimation temperature is determined as an exposure temperature producing 50%
survival within 1000 min (Brett 1952, Elliott 1981) or 24 h (Wedemeyer and McLeay 1981,
Armour 1990). Brett (1952) indicated that exposure duration might need to be as much as 7
d for some species, because as long as mortality continues to occur on exposure to high
temperature the organisms are in the resistance zone. Exposure times reaching 7 d have been
studied in relation to shorter exposure times (Hart 1947, Coutant 1970, Elliott 1981). The
UILT (i.e., the temperature required to produce 50% survival), given any acclimation
temperature, increases as the exposure time permitted is reduced.

The upper lethal temperature (ULT) is the temperature at which survival of a test group is

50% in a 10-min exposure, given a prior acclimation to temperatures within the tolerance
zone (Elliott 1981, Elliott and Elliott 1995). Resistance temperatures are those temperatures
within the boundaries defined by the UILT and the ULT. If fish are held within the
resistance zone after acclimation to temperatures within their tolerance range, they will
succumb within a period of 10 min to 7 days. Tit@mate upper lethal temperature (UULT)

is the maximum ULT achievable and is reached by increasing acclimation temperature to a
point beyond which no further increase in ULT is produced.

Acclimation temperature is a temperature within the tolerance zone under which an
experimental fish is held prior to being subjected to an exposure temperature. An acclimation
temperature is generally a constant temperature but can also be a dielly fluctuating
temperature regime (Fry 1971) Fish collected in the field or obtained from a hatchery are
conditioned gradually to the acclimation temperature using daily increments of 1-2°C to adjust
initial temperatures to the desired acclimation level. Once a desired acclimation temperature
is reached, test organisms are generally held at that temperature for about 3-4 d (Bidgood and
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Berst 1969, Hartwell and Hoss 1979) to about 2 wk (Dwyer and Kramer 1975, Lee and Rinne
1980, Elliott and Elliott 1995) prior to exposure to a test temperature. Bennett et al. (1998)
showed that the acclimation times required for channel catfish, determined as rate of change
in thermal tolerance with acclimation time, depended upon the direction in change in
acclimation temperatures, magnitude of the change, and final acclimation temperature reached.
Rate of acclimation to a reduced temperature was far slower than rate of acclimation to a
higher temperature. Fish are often not fed for approximately 1 d before testing (Bidgood and
Berst 1969). Physiological acclimation of an organism is a reversible process given enough
time; that is, the organism can be acclimated to another constant or cyclic temperature regime
(Fry 1971). However, the response to an exposure temperature after acclimation to a given
constant temperature in one season may be different from that in another season. This is
partly explained by the organism becoming acclimatized to a total environmental complex
prior to a test acclimation and exposure temperature (Fry 19¥dglimatization involves

exposure of an organism to ambient temperatures available in the field during its development
prior to a test (Hart 1952). In tests of differences in response to temperature among fish
stocks of a given species, it is important to attempt to eliminate the influences of
acclimatization by careful acclimation (Fry 1971). A fish removed from the field has an
acclimatization state that is a product of its exposure to varying field temperatures and also
numerous non-thermal factors, such as photoperiod, season, age, chemicals, biotic interactions,
and nutritional state (Reynolds and Casterlin 197Adaptation is an evolutionary process

that involves selection of individuals with traits that lead to survival under certain
environmental conditions or that improve fitness (i.e., increase fecundity and thereby result in
greater frequency of alleles for the adaptive traits in the next generation). Because salmonids
live in so many different environments (marine, estuarine, freshwater) that each have
seasonally and annually varying environmental conditions, the adaptations that are successful
vary from generation to generation. Early emergence and emigration from freshwater may
have selective advantages in the freshwater environment (less competition for food and more
rapid growth) but conditions may not be favorable when smolts enter the estuary. There is a
complex interaction of selective forces throughout the life cycle created by the multiple
habitats utilized, the seasonal variation in individual states of these habitats, and the
interrelationships in states among major habitats arising from major climatic cycles.

Shifts in genetic traits within a population take generations to occur. Adaptations can lead to
speciation. The significant distinguishing features of a species or family (e.g., Salmonidae),
such as temperature tolerance, by which they are classified as coldwater, coolwater, or
warmwater organisms (see Magnuson et al. 1979) have arisen over the evolutionary history of
these groups. Significant divergence in temperature tolerance within a species or a family
would not be likely without other major changes in the organisms. Evolutionary adaptations
as significant as temperature adaptation, with all its physiological implications, likely limit
evolutionary pathways (see Ricklefs 1973).
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INCIPIENT LETHAL TEMPERATURE VS.
CRITICAL THERMAL MAXIMUM

Temperature tolerance of fish is evaluated by one of two principal methods. One can
measure théncipient lethal temperature (ILT) by acclimating the fish to one temperature and
then subjecting them instantaneously to another temperature (e.g., see Fry et al. 1946, Hart
1947, 1952, and Brett 1952). The ILT method assesses the temperature needed to produce
50% mortality in 2000 min (Bjornn and Reiser 1991) although Elliott (1981) and Elliott and
Elliott (1995) indicate that a 7-d period is usually standard. Witttilieal themrmal

maximum (CTM) method (see Becker and Genoway 1979), fish acclimated to one
temperature are subjected to uniform rates of temperature change until loss of equilibrium
occurs. CTM is calculated as the arithmetic mean of the temperatures at which individual test
fish lose equilibrium(LE) or die (D) given a prescribed rate of heating from an acclimation
temperature that allows deep body temperature to track environmental temperature without
significant lag time. If heating is too fast relative to the size of the test organism, the
observed temperature of the water bath will be higher than the body core temperature
producing the physiological response (Kilgour and McCauley 1986). The CTM is found at

the upper boundary of the resistance zone. Survival above this level is essentially nil (Jobling
1981).

Becker and Genoway (1979) noted that Fry (1967) and Hutchinson (1976) considered the ILT
method more physiologically meaningful than the CTM method. The abrupt transfer method
provides important information on extent of the resistance zone (Kilgour and McCauley
1986). However, the CTM method provides more rapid analysis and requires fewer test
organisms and offers the ability of not having to sacrifice organisms to produce test results,
provided that they are held in warm water only to the LE-point and then revived immediately.
However, both methods have disadvantages. The ILT method subjects fish to handling stress
when they are placed into a higher or lower temperature tank. The ILT method requires a
greater number of exposure chambers and more time to complete an experiment (e.g., 96 h)
(Becker and Genoway 1979). Also, the exposure temperature constitutes a thermal shock
with a magnitude dependent upon the difference between the exposure and acclimation
temperatures. The CTM method eliminates handling and transfer to a new tank, but it has
been determined that the rate of change in temperatures can affect the results (Elliott and
Elliott 1995). Another disadvantage of the CTM method is that the result is dependent on
acclimation history (Jobling 1981).

Becker and Genoway (1979) recommended use of a heating rate of 18°C/h for the CTM
method after evaluating rates of 1 to 60°C/h. An advantage of this high rate of heating is that
fish are not given time to partially acclimate to temperatures above their initial acclimation
temperature, thereby avoiding confusing the relationship between acclimation and exposure
temperature. If the heating rate is very low, it may be possible for fish to acclimate to a
temperature toward the upper end of the tolerance range or to an indeterminate, intermediate
acclimation temperature (Kilgour and McCauley 1986). However, if the heating rate is high,
any error in assessing the point at which a fish reaches LE or death equates to error in
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determining the corresponding temperature. Also, the temperature lag effect for a fish's body
in relation to the changing experimental water temperature increases with body mass. In the
field, fish body temperature is highly correlated with temperature preference (McCauley et al.
1977), indicating that presence of an adult in warm water does not indicate its preference for
warm water. Under field conditions, body temperature would be a better indicator of
preference, provided a wide range of temperatures within the optimum range are equally
available because body temperature integrates time spent under various thermal conditions.
Elliott and Elliott (1995), in a comparison of a wide range of heating rates (0.01 to 18°C/h),
found that a high heating rate was not suitable for determining CTM on Atlantic salmon and
brown trout. They recommended a heating rate of 1°C/h to provide the highest precision. In
addition, it is not possible to revive fish that have reached the LE-point before they proceed
to the D-point when the heating rate is high (Elliott and Elliott 1995).

Results from the ILT and CTM methods can be related despite the apparent differences in
approach (Kilgour and McCauley 1986). CTM increases with rate of heating to an asymptote
(Tma that corresponds to UULT determined by the ILT method (Elliott and Elliott 1995).

The UULT (upper ultimate lethal temperature) is the temperature that fish (50% of the test
group) cannot tolerate for more than 10 min. The lethal temperature that produces 50%
mortality at a heating rate approaching 0°C/h (i.e., a very slow heating rate allowing full
acclimation) corresponds to the UUILT (Kilgour and McCauley 1986). Kilgour and McCauley
(1986) recommend use of CTM with a slow rate of heating §¥.C/d) as a means to

predict UUILT. With a very slow heating rate, the fish can continue to acclimate up to the
maximum temperature possible for the species. Elliott and Elliott (1995) used an array of
heating rates from 0.01°C/h to 18°C/h to determine the behavior of the CTM value. The
asymptotic curve showing the increase in CTM with heating rate is described by the formula
T = T, - exp(br) where T, approximates UULT, T is the upper critical temperature or
CTM, r is the heating rate, aradandb are coefficients. When the curve is extrapolated to a
0°C/h heating rate, the CTM calculated approximates UILT (Elliott and Elliott 1995). When r
=0, T=T,-a Forexample, at a high heating rate (18°C/h) for brown trout (1+ age) they
found a T,,, of 30.0°C. With an extremely low heating rate (0.01°C/h), T = 24.8°C, which
approximates UUILT.

Fields et al. (1987) distinguished determinations of critical thermal maximum (CTM) and the
chronic thermal maximum in their rates of heating to the D-point. Their CTM was

determined with a heating rate of 12°C/h starting from a variety of acclimation temperatures
while the chronic thermal maximum was determined using 0.04°C/h. The chronic thermal
maximum would appear to yield a value similar to the UUILT considering results in Elliott

and Elliott (1995). Fields et al. (1987) used the difference between the chronic thermal
maximum and the field temperature as an index to the relative amount of sublethal stress; the
smaller the difference in these values, the greater the sublethal stress. Long-term exposure to
high temperatures leads to reduced growth rates, reduced reproductive rates, and stress-related
mortality.

14



The observed CTM increases with rate of heating, but the exact value also depends upon
whether the chosen endpoint is the LE- or D-point. With juvenile coho acclimated to 15°C,

the CTM (measured to the LE-point) varied from 27.7°C to 29.6°C over a rate of heating of
1°C/h to 60°C/h (Becker and Genoway 1979). The mean D-temperature at which a CTM is
expressed for a 15°C acclimation temperature varies with rate of temperature increase.

Becker and Genoway (1979) reported a mean D-temperature of 29.7°C at 18°C/h heating rate,
but the D-temperature varied from 27.6°C at 1°C/h to 31.1°C at 60°C/h. That is, when
temperature was increased at a rapid constant rate, the mean temperature at death was higher
than when increase in temperature was slower. At the high rate of heating, coho reached the
mean D-temperature in 0.27 h.

The lethal temperature as indicated by either CTM or UILT methods is highly correlated with
the optimum growth temperature (Jobling 1981). An equation describing this relationship is
Y = 0.76X + 13.81 (N=22, r=0.87). In this equation Y is the lethal temperature and X is the
growth optimum . Regressions of final preference on lethal temperature were also made by
Jobling (1981). The CTM, determined using a standard rate of heating for various
acclimation temperatures, describes a line parallel to and at some distance above the UILT
line, but whose exact meaning is not as clearly defined as is a lethal limit derived by the
UILT method, owing to the dependence of CTM on heating rate (Jobling 1981, Elliott and
Elliott 1995).

GROWTH ZONE

The growth zone is an area defined in relation to pairs of acclimation and exposure
temperatures for which growth is positive. Combinations of acclimation and exposure
temperatures not defined by this area may be in the tolerance or resistance zones but will not
produce conditions in which feeding will take place or if it does, energy expenditures will
exceed energy assimilated; consequently, negative growth or death take place outside the
growth zone. The growth optimum is the temperature at which growth rate is maximal under
a certain level of energy intake (ration level). For any salmon species the zone of adequate
activity (Brett et al. 1958) is defined by a polygon in X-Y space for exposure vs. acclimation
temperatures. The upper bound to this polygon is the loading level and the lower bound is
the inhibiting level. Within this activity zone a cruising speed corresponds to each
exposure/acclimation temperature combination. Loading stress increases with temperature
above the positive growth zone, but it also increases with reduction in food availability
because this serves to shrink the growth zone.

The most complete understandings of bioenergetic responses to temperature are available for
sockeye (Brett 1971) and brown trout (Elliott 1981, 1994). For brown trout, growth occurs
over the range 4-19°C when fed at maximum rations (4000 cal/d for a 50 g fish); when ration
is decreased to 500 cal/d the growth zone shrinks to 4-8°C (Elliott 1981). Under maximum
ration a water temperature of 13-14°C provides the optimum growth rate for brown trout.
Between 13°C and 19°C respiration loss becomes great, requiring an increasing percentage of
the daily energy intake (Elliott 1994). As ration decreases, optimum growth temperature and
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growth range both decrease (Elliott 1981). For sockeye feeding to satiation, 15°C was the
optimum growth temperature for both 5-7 and 7-12 month-old juveniles, but for the younger
age group the rate of decline in specific growth rate (%/d) on each side of the optimum was
much steeper (Brett et al. 1969). Reduced oxygen concentration and other factors can
accentuate thermal stress (Wedemeyer and McLeay 1981) even under temperatures within the
growth zone. Such factors can also lower the optimum growth temperature.

In laboratory experiments it is generally considered that maximum ration can be taken in two
feedings to satiation (Elliott 1975a). In the field if food is limiting, temperatures that might
normally be considered to provide positive growth conditions can instead lead to growth loss.
This can be true if either food abundance is low in microhabitats where feeding takes place or
if the quality is not adequate to provide needed energy intake. Shifts in species composition
of the food base can reduce quality. If rearing temperatures are near the growth limits so that
growth rates ar&80% of the maximum growth, growth stress can lead to disease and
increased mortality (Armour 1990). If food supplies are limited in summer, leading to poor
deposition of fat for fish about to enter the winter period, energy demands during winter can
be severe enough to cause mortality. This is especially true in females undergoing
ovogenesis. If body fat declines to <2.2% during winter, death ensues (Newsome and LeDuc
1975).

Growth rate may be considered a highly sensitive and integrative index to environmental
conditions. Growth rate is a function of water temperature on fish physiology and the
physiological performance mediates behavior and ecological interactions. Water temperature
also influences the production of fish populations and algal communities and species
composition of the fish community and underlying trophic levels (Graynoth 1979). Growth
rate integrates food availability and quality as well as other factors such as competitive
advantage in species interactions and bioenergetic suitability of the environment. Stream
reach types provide varying types of feeding environments for fish populations due to
temperature regime, stream gradient, flow variation, and food abundance and quality that
interact to influence the ability of a species to inhabit the reach and to grow there. Growth
rates may reflect environmental conditions more sensitively than observed mortality rates
(Beamish et al. 1975, as cited by Rodgers and Griffiths 1983). Further, growth rates can be a
predictor to later fish survival (Blaxter 1969, as cited by Rodgers and Griffiths 1983).

PHYSIOLOGICAL OPTIMUM TEMPERATURE

The physiological optimum is the temperature under which a number of physiological
functions, including growth, swimming, spawning, and heart performance, are optimized.
When physiological optimum temperature is not known, it can be estimated as the average of
growth optimum and final preferendum (Armour 1990).
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PRODUCTION

Laboratory experiments that determine effect of temperature on adult salmonids using ILT or
CTM methods do not account for reduction in gamete production or growth rates caused by
sublethal high temperatures. In addition, temperatures that may allow positive individual
growth may be so high, given sufficient food resources, that mortality rate in the population
increases. This effect can lead to poor production and low fecundity. Linkages among
population survival under temperature stress, mean growth rates of various age classes, and
production of these age classes make it important to consider production dynamics.

Production is the elaboration of tissue by a population over a specified period of time,
regardless the fate of the tissue (Warren 1971). Production energy is stored as body tissue
growth, gametes, or released as secretions (e.g., mucus). Production (e.g., growth) for any
time period in which growth rate is relatively constant can be calculated as the product of the
growth rate (e.g., mg/g/d) and mean biomass (e.g2)g/Rroduction for longer time periods

is calculated as the summation of production for the short time intervals in which growth rate
is relatively constant. Production can also be computed graphically as the area under the
curve where number of individuals in the population at an instant in time is plotted against
the mean weight of those individuals (Warren 1971). Regardless what method is used to
calculate production, production is clearly a function of population size, survival and growth
rate, which in turn may be influenced by water temperature, other water quality factors, food
availability, level of predation, etc. Under conditions of satiation feeding, as long as water
temperature for a given time interval is within the bounds defining zero growth, individual
growth rate will be positive and, consequently, a positive increment of production is likely in
the time interval because survival rates would also be high. If temperature approaches the
upper growth limit, growth rate will still be positive but population mortality rate may
increase, resulting in a sharp decline in stock number and consequently, stock biomass over a
time interval. This loss in population biomass represents a loss of tissue elaborated
(production) in previous time intervals. This loss may not be compensated by production
during the time interval in which temperature is approaching the growth limit because growth
rate is so low and mean biomass has been reduced. This situation was well revealed by
Hokanson et al. (1977). They demonstrated on rainbow trout that the upper temperature for
positive growth was higher than the temperature that resulted in zero net biomass gain for the
population (i.e., biomass remained constant for 40 d).

TEMPERATURE REGIME

The term temperature regime is used frequently in this report. Temperature regime is a term
that can carry considerable underlying meaning. It is used here in various contexts. In one
sense, it can represent the ambient conditions in a stream. The regime can be specified on
any temporal or spatial basis. That is, it can be a daily, monthly, seasonal, annual, decadal
regime in which the temperatures of interest to explain a biological response could be as
simple as a series of annual maximum temperatures or as complicated as a daily pattern of
maximum and minimum temperatures superimposed on a long-term trend in daily mean
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temperature for a 10-year period. Spatially, the regime could be a frequency distribution of
daily maximum and minimum temperatures for a pool, a stream reach, or the distribution of
such local regimes throughout an entire stream network. In the latter sense, one might want
to explain the chinook production from an entire stream network in relation to the temperature
regimes experienced by adults, eggs, juveniles, and smolts in all identified holding,
incubation, and rearing areas and the spatial linkages among these habitats, considering that
there will be intrabasin migration during development. The temperature regime then would
be the complete thermal experience of a segment of the population or the entire population.

The temperature regime is what we take to be the actual thermal experience of an organism
during its complete developmental process or some significant life stage. For salmon we can
be concerned about marine, estuarine, and freshwater regimes for the entire life cycle, or we
can isolate the freshwater phase as a management or scientific problem and try to characterize
the regime for the egg, juvenile, smolt, and adult phases. Monitoring of field conditions and
establishment of laboratory developmental conditions both require decisions about how to
abstract the concept of the regime. Taking the egg stage as an example, we can study egg
development under a constant temperature for the entire stage (fertilization to fry emergence),
subject the eggs to a stepped increase or decrease in constant temperatures at intervals during
egg development (steps coincide with significant egg developmental stages), a pattern of daily
sine wave cycles between a fixed minimum and maximum representing normally experienced
diel fluctuation in the field, or a more random diel cycle with a varying daily mean and diel
amplitude. Acclimation and exposure of test organisms can be accomplished under any
combination of these thermal conditions. In the laboratory there is value in knowing how to
statistically characterize the acclimation and exposure temperatures so that the biological
response can be extrapolated to field conditions. Conditions in the field, however, might not
follow experimental temperature regimes fully, so there arises a question of how to apply
laboratory work. Questions about how to relate laboratory and field work using various
statistics for temperature regime can be explored by extensively evaluating the literature.
Likewise, a better appreciation of the influence of constant temperatures vs. fluctuating
temperatures on biological response can be had by evaluation of all available studies, using
all variations of temperature regimes as mentioned above in acclimation and exposure phases.
Constant and fluctuating temperature effects can be evaluated in survival, growth,
development, disease resistance, or other studies of performance.
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EGG/ALEVIN LIFE STAGE

CHINOOK

Constant Temperature
Survival

Chinook spawn during the fall when stream temperatures begin to decline. The optimal
temperature for holding chinook broodstock in hatchery ponds is considered to be 6-14°C
(Leitritz and Lewis 1976, Piper et al. 1982). Holding females at 3.3°C totally inhibits
maturation and results in complete mortality prior to spawning (Leitritz and Lewis 1976).
Even before eggs are deposited in gravels, exposure of adult females holding ripe eggs to
temperatures above 14°C can cause egg mortality and delayed inhibition of alevin
development (Rice 1960, Leitritz and Lewis 1976). For eggs incubated at 16°C, mortality
occurring post emergence can be much more severe than that occurring prior to emergence
because of physiological difficulty in completing yolk absorption (Jewett 1970, as cited by
CDWR 1988).

Reiser and Bjornn (1979) listed recommended incubation temperatures as 5.0-14.4°C. Water
temperature of 14.4°C was cited as the upper limit of the optimum water temperature range
for incubation of salmon eggs (Bell 1991). A maximum temperature of 12.8°C was also
recommended by Snyder et al. (1966) (as cited by EPA and NMFS 1971, p. 46) in their
survey of literature available. The CDWR (1988, p. 4) identified the temperature range of
12.8-14.2°C as one that produces only 50% egg survival from egg to sac-fry stage owing to
abnormal physiological development and yolk coagulation. Percentage of American River fall
chinook reaching eye-up stage weisb% when river temperatures exceeded 15.5°C (Hinze et
al. 1956, as cited by Marine 1992). Numerous authors cited poor egg survival when
incubation temperatures fall within the range 13.3-17.2°C (Leitritz 1962, as cited by Parker
and Krenkel 1969, p. A-19; Seymour 1954, as cited by Parker and Krenkel 1969, A-21; Slater
1963; EPA and NMFS 1971, p. 46; Healey 1979; Jewett 1970, as cited by CDWR 1988, p.
27). Seymour (1956) (as cited by Alderdice and Velsen 1978) observed 50% survival from
fertilization to 50% hatching at 16.0°C. In a Sacramento River chinook study, mortality of
eggs incubated at 15.6-16.1°C was <20% to the fingerling stage, leading to the conclusion
that this chinook stock was no more resistant than other chinook stocks (Healey

1979).

A study of survival from fertilization to hatching showed that there was no significant
difference between egg batches incubated at 9.9 and 11.4°C (49 and 50% survival,
respectively) but those incubated at 15.0°C had a markedly reduced survival rate (23%
survival) (Garling and Masterson 1985). A similar effect was measured during incubation
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from hatching to swim-up. Survival was 98-99% at the two lower temperatures but was 74%
at 15.0°C. Consequently, survival from fertilization to swim-up at 15°C was 17% while that
at the two lower constant temperatures was about 49%. A laboratory study of Sacramento
River winter-run chinook, which normally spawn from April into July, showed that starting
from an initial number of eggs in May, survival of initial egg lot was 88.5, 50.9, and 2.4%,
respectively, in months May, June, and July, during which mean water temperatures were
13.6, 15.4, and 17.4°C (Slater 1963). During this period, development in the laboratory
proceeded from egg to early fry stages. The author concluded that this winter-run chinook
could survive only where tributaries were available with May-August temperatures in the
range 5.8-14.2°C. This study clearly reveals the influence of environmental conditions in
selecting portions of a run or appropriate life histories.

Murray and McPhail (1988) measured survival of chinook embryos from fertilization to
hatching at 2, 5, 8, 11, and 14°C. Survival at 5, 8, and 11°C was uniformly high (>83%) but
declined drastically at 2 and 14°C (survival of 14% and 48%, respectively). Combs and
Burrows (1957), in their study of Entiat River chinook, observed poor embryo survival at
temperatures above 16.1°C. They recommended 14.2-15.6°C as the upper temperature for
chinook egg incubation. Heming (1982) recommended temperatures of 6-10°C as the optimal
temperature range for chinook embryos and alevins based on a study of Campbell River
chinook, Vancouver Island. Survival rates (fertilization to emergence) at temperatures of 6
and 8°C were >91% but declined to 76% at 12°C and fry were smaller due to less efficient
use of yolk in growth by alevins.

Egg incubation at low temperatures can seriously affect survival. The minimum initial
incubation temperature at which survival is not reduced is 5.8°C (Burrows 1954; Combs and
Burrows 1957; Combs 1965; Snyder et al. 1966, as cited by EPA and NMFS 1971, p. 46).
Seymour (1956) (as cited by Alderdice and Velsen 1978) measured a 50% survival rate from
fertilization to 50% hatching at about 2.5-3.0°C. Survival was 0% for eggs incubated at
1.1°C (Seymour 1956, as cited by CDWR 1988), but if eggs were first incubated for 3 weeks
at 12.8°C followed by incubation at 1.1°C, survival was 97% (Seymour 1956, as cited by
Andrew and Geen 1960). A similar finding was made by Combs (1965), who reported that
survival was only 8% when chinook eggs were incubated continuously at 1.7°C from
fertilization. However, after 6 d incubation at 5.8°C, eggs could withstand transfer to 1.7°C
with minor mortality. Combs and Burrows (1957) observed that temperatures as low as
0.6°C could be tolerated for several weeks without significant mortality, provided that eggs
were initially incubated for 1 month 26.6°C. Murray and McPhail (1988) measured

survival from fertilization to hatching at 2°C of 14%; survival was especially impaired during
the stage from fertilization to epiboly. At 3°C survival was only 50% for embryos but was
>80% for alevins at temperatures from 2°C to 16°C (Beacham and Murray 1990).

Growth and Development

A significant effect of temperature on egg/alevin development can be generated during the
pre-spawning phase. Berman (1990) (also reported in Berman and Quinn 1990) determined
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that holding temperatures of 17.5-19°C caused females to produce smaller alevins than
females held at 14°C. The higher adult holding temperatures also produced abnormalities
during egg developmental stages. Alevin and fry size can also be controlled by temperatures
experienced during incubation. Chinook alevins required a greater time period to achieve
50% emergence at 2 and 5°C than did coho, sockeye, chum, or pink salmon (Murray and
McPhail 1988, Beacham and Murray 1990). At 5°C incubation temperature chinook achieved
a greater fry length than at other temperatures (i.e., 2, 8, 11, or 14°C). The smallest alevins
were produced at 14°C (Murray and McPhail 1988). At a constant incubation temperature of
5°C, chinook development time to emergence is greater than at higher temperatures and is
longer than for the other four salmon species. Low temperature incubation produces delayed
emergence but also greater fry length. The benefit of emerging at larger size may not always
outweigh disadvantages of late emergence. Late emergence in the spring might be an
advantage in avoiding high spring flows, ice breakup, or low food abundance, but early
emergence in chinook races that must overwinter (e.g., spring or summer races) could offer
increased duration of fry rearing prior to winter, thereby providing greater opportunity to

reach a large size having high overwinter survival and chance of emigration in the first spring
period. An early emerging chinook would emerge at a lower than optimum size and could be
subject to competitive disadvantage relative to other early emerging salmonids. The selective
pressure ensuring emergence during a specific time period in spring could operate via the
increased swimming capability of large fry allowing greater food gathering, predator
avoidance, and competition for space (Murray and McPhail 1988).

The egg incubation period is a very biologically sensitive developmental period requiring
accumulation of specific degree-days for proper hatching and emergence timing (Alderdice
and Velsen 1978, Crisp 1981, Beacham and Murray 1990). Too low a cumulative degree-day
total, even if egg incubation occurs within the zone providing high egg survival rates, would
result in delayed fry emergence. Likewise, too high a cumulative degree-day total would
result in early emergence, which could lead to fry having to cope with adverse flow

conditions (Hartman et al. 1984).

Alderdice and Velsen (1978) contrasted the abilities of the unmodified thermal sums and the
log-inverse Beehradek models to accurately describe available data on egg development rate
from fertilization to 50% hatching. The unmodified thermal sums model is based upon
accumulation of thermal units or degree-days (days x temperature) above 0°C. At
temperatures >4°C either model provides accurate prediction of development time, but below
4°C the unmodified thermal sums model increasingly overestimates time to 50% hatch. At
1°C constant temperature incubation the thermal sums alethiBdek models estimate 468

and 268 d, respectively, from incubation to 50% hatch. Beacham and Murray (1990) obtained
good results using a modified thermal sums model that accumulated degree-days above a
temperature threshold unique for each species.

Beacham and Murray (1990) examined the accuracy of ten models for predicting mean time

to hatching and to emergence as related to temperature for five species of Pacific salmon.
One of these models (model 4), of the fornDir= In a+ b In(T-c), was relatively simple and
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accurate. This was also the preferred model of the ten models investigated by Alderdice and
Velsen (1978). Model parameters for this log-inverséeB@dek model included as

observed hatching or emergence time after fertilizaffoas observed mean temperature (°C),
and the fitted coefficienta, b,andc. For chinook the equation used to predict emergence

time is:

Chinook ID = 10.404 + (-2.043)Ii-[-7.575]) P = 0.970

This equation allows one to plot days to emergence as a function of constant incubation
temperature. At 2°C incubation temperature chinook require approximately 325 d from
fertilization to emergence. This decreases to approximately 50 d at(Egf (). Taking the
difference between the number of days to emergence at temperature T°C from the days at
(T+1)°C, allows one to plot the effect of 1°C increases in temperature from a base
temperature. For chinook, as in the other salmon species, the effect of a 1°C warming of
stream water is most dramatic at low base temperatures. For example, when the base
temperature is 2°C, warming the water by 1°C results in a shortening of time to emergence
by 60 days for chinookFig. 4). If winter incubation temperature were a constant 6°C, a
warming to 7°C would result in a reduction of time to emergence by 22 d. This indicates
that emergence timing and, therefore, possibly population survival can be influenced
substantially from climatic or anthropogenic alterations to winter incubation regime acting on
embryo development.

First feeding chinook fry do not develop normally at temperatures above 12.8°C (Burrows
1954, as cited by Parker and Krenkel 1969, p. A-22). The period of first feeding is a delicate
transition point for fry (Brett 1952). In addition, fingerlings have a preference for
temperatures in the range 12-14°C (Brett 1952). At swim-up, alevins have yolk reserves that
enable them to survive for some time before needing to initiate feeding (Peterson and Martin-
Robichaud 1989). Given the variation in thermal history that can occur during incubation, fry
at emergence can have variable amounts of yolk available to them. This food reserve
provides a cushion for emergent fry seeking to establish first feeding. There is uncertainty
too in the ability of alevins to feed in the gravel before emergence. Due to these
uncertainties, it appears to be desirable to moderate temperatures during fry emergence so that
fry can properly initiate feeding and growth.

Varying Temperature

Fluctuating temperature effects on salmonid eggs have been investigated for regimes changing
in a stepped fashion throughout the incubation period (a series of different constant
temperatures during incubation phases) and also for dielly fluctuating regimes.

Survival

In a test of survival of spring chinook salmon from South Santiam Hatchery, mean daily
temperatures ranging from 10°C to 11.9°C (maximum diel variation +1.1°C) during the first
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month of incubation resulted in 72.8% survival to the eyed stage versus eggs incubated in a
regime with mean daily temperatures declining from 18.3°C (maximum diel variation £3.9°C)
to 12.8°C in which survival was 51.2% (Johnson and Brice 1953). Despite the fact that
temperatures continued to decline, additional mortality occurred into the fry stage attributable
to the early egg exposure history. This mortality was attributed to yolk coagulation. Fall
chinook eggs from the Little White Salmon Hatchery incubated for a 1-month period in which
water temperature declined from a mean daily temperature of 18.9°C to 16.7°C had 0%
survival to the eyed stage. In a temperature regime where mean daily temperature declined
from 12.8°C to 7.2°C, survival was 96.4% (Johnson and Brice 1953).

Olson and Foster (1955) measured survival of Hanford Reach fall chinook from the Columbia
River in the laboratory under a natural seasonal temperature regime during incubation from
November to May. In addition to the control under an ambient temperature regime, other egg
lots were incubated at 2.0°C below and 1.1, 2.2, and 4.4°C above ambient. They found low
(21%) survival under initial temperatures of 18.4°C, but when initial incubation temperatures
were<16°C survival wae90%. Interestingly, under initial incubation temperatures of

18.4°C in the seasonally declining ambient regime, hatching success was high, but the high
mortality occurred soon after fry first feeding began. This indicates a delayed effect of
embryo damage.

Murray and Beacham (1987) studied survival and development of chinook embryos and
alevins at 4, 8, and 12°C in which embryos were transferred from the initial temperature at
completion of epiboly (early transfer) or complete eye pigmentation (late transfer) to the same
or a different temperature (i.e., one of the three test temperatures). Test temperatures at
various developmental stages were denoted,a3,Tand T (seeTable 1). T, was the
temperature from initial incubation to completion of epiboly; Was the temperature from
completion of epiboly to completion of eye pigmentatiopwhs the temperature from
completion of eye pigmentation to emergence. Embryos initially incubated at 8 or 12°C had
higher embryo and alevin survival rates than those incubated at 4°C. However, for chinook
embryos initially incubated at 4°C followed by early or late transfer to 8 or 12°C, survival
rate was less than for embryos incubated continuously at 4°C. Alevin survival rate for a
chinook early transfer from 4 to 12°C was 86%. Aof 8 or 12°C produced significantly

higher embryo survival rates from fertilization to hatching than did af B°C. The T
temperature experienced during incubation had a far greater effect on embryo survival than
did T, or T,. After the period from fertilization to epiboly, the direction or magnitude of
temperature change had little effect on embryo or alevin survival within the range 4 to 12°C.
A temperature regime that simulates the natural regime for the stock (i.e., gradually
decreasing, no extreme shifts, minimum temperature above 4°C) results in high chinook
survival.
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Table 1. Studies of effect of varying temperatures during chinook egg incubation, indicating
exposure temperatures during developmental stages.

Reference T, T, T,

Murray and Beacham (1987) | initial incubation to completion| from completion of epiboly to | from completion of eye
of epiboly completion of eye pigmentatiop pigmentation to emergence

Growth and Development

Alderdice and Velsen (1978) reported for Oncorhyndshsawytschathat egg development

rate at a constant temperature <6°C-7°C was less than at ambient temperatures having the
same mean but varying dielly and also decreasing during the incubation period from
fertilization to 50% hatch. They considered a constant temperature to be a regime that was
confined to the mean +1°C. In contrast to these findings, Murray and Beacham (1987) found
that the hatching and emergence times for chinook were similar at a given mean temperature
under either increasing or decreasing temperature regimes (i.e., constant temperature
incubation with stepped change; the three temperature periods yeérg dnd T,).

A decreasing temperature regime that simulates natural incubation conditions yields larger
alevins and fry than increasing temperature regimes. The experimental temperature regime
used by Murray and Beacham (1987) to study chinook embryo and alevin development was a
series of three constant temperature periddblé 1). A decrease from a,Tof 8 or 12°C to

a T, and T, of 4 or 8°C resulted in increased chinook alevin and fry size. Similar results

were found for other salmonids by Peterson et al. (1977), Murray (1980), and Murray and
Beacham (1986) (as cited by Murray and Beacham 1987). Increasing or decreasing
temperature regimes, within the range 4°C to 12°C, having the same mean temperature over
development resulted in similar times to hatching and emergence (Murray and Beacham
1987).

Winter egg incubation and alevin rearing temperatures in the field vary daily and seasonally
during this developmental phase. Temperatures tend to vary daily in a manner simulated by a
sine function. If one assumes a mean daily temperature of 5°C, with temperature varying
according to a perfect sine wave by a +3°C amplitude, the expected developmental time to
emergence at this varying temperature regime can be compared to that at a constant mean
temperature by summing development by increments of temperature change (see Alderdice
and Velsen 1978). The full range of temperature variation for a day was represented as 5°C
+ (3°C x sin(deg)) in which each 12-h period was divided into 180 equal time intervals (i.e.,
sin(0 degrees) to sin(90 degrees) in 1 degree increments above and below the mean
temperature of 5°C). Development time to emergence on the varying temperature regime was
then estimated as the mean of 180 individual development times by entering the temperature
at each time increment into the development time-constant temperature model. Development
time to emergence for the 5°C + 3°C diel regime was estimated by this summation method,
using the Beehradek equation of Beacham and Murray (1990) for chinook at each
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temperature increment, to be 205.0 d. Development at a constant temperature of 5°C would
require 187.1 days.

The comparison of chinook egg developmental rates conducted by Alderdice and Velsen
(1978) showed that eggs subjected early to constant (range about the mean <2°C)
temperatures less than 6-7°C developed more slowly than under ambient conditions having
the same mean. The much slower developmental rates of incubating eggs at very low
temperatures appeared to be a major cause for a great divergence in accuracy of models in
predicting development time to 50% hatching over the full range of normal incubation
temperatures. It is possible that the discrepancy in theoretical development times predicted
from application of the best model of Beacham and Murray (1990) above to the diel sine
wave pattern and to the constant temperature, both having the same mean, can be attributed to
the difficulty of applying a model based on constant incubation temperature to a diel cycle. It
may be that physiological processes in egg development do not respond instantaneously to
each temperature change in a sine wave pattern but develop at a rate related to some effective
acclimation temperature defined by thermal exposure history. In the theoretical example
above, it appears that the effective temperature in a 5°C £ 3°C diel regime is not 5°C but is
slightly lower, resulting in longer development times. This might result from thehBalek
equation predicting slower egg development rates toward the lower extent of this diel cycle, a
phenomenon noted by Alderdice and Velsen (1978). These authors indicated that initial egg
development at constant low temperatures may impair early cell division. If the
developmental equation used in this comparison incorporates such response at low
temperatures, it might be that a better comparison of constant vs. cyclic temperature effects
on development time should be made after early stages of egg development. Whichever
approach is taken, it appears that development times may be different under constant vs.
cyclic temperature regimes.

Winter water temperatures were recorded using continuous thermographs in the mainstem
John Day (RK 422), Middle Fork (RK 103), North Fork (RK 97), and in Granite Creek.
Temperatures for the mainstem, Middle Fork, and North Fork were recorded during the two
winter periods of 1980-81 and 1982-83 (Lindsay et al. 1986, p. 17, 39-40). Original data
were converted to cumulative thermal units plotted against days from peak spawning.

Thermal units were calculated as the cumulative summation of days x mean daily temperature
as degrees above 0Eig. 5).

Peak spawning commences about 2 weeks earlier in the mainstem than in the North Fork and
Middle Fork. Maximum redd counts can be observed typically in the Mainstem by about
September 10, the Middle Fork by September 18, and the upper North Fork by September 16
(spawning in the lower North Fork peaks approximately 4 d after that in the upper section).
Annual variation in date of occurrence of maximum redd count was about 6 d in Granite
Creek and 18 d in the upper North Fork. With emergence peaking between March 15 to June
15 in most years throughout the subbasin (maximum range February 25 to July 7), the median
egg/alevin incubation period was approximately 228 d. However, the end of emergence in
1981 occurred by April 30 on the Mainstem and by June 14 in the North Fork. These dates
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on the North Fork and Mainstem corresponded to 231 and 277 days, respectively, after peak
spawning on the Mainstefsee Fig. 5) Because peak spawning commenced approximately

14 days later on the North Fork than the Middle Fork, 231 days from peak spawning to end

of emergence were required for 1980-1981 eggs in the Mainstem and 263 days in the North
Fork.

During the winter 1980-1981 incubation period approximately 1528 and 1211 Celsius thermal
units (days x degrees above 0°C) were required from egg deposition to emergence for
chinook in the Mainstem and the North Fork, respectiyEig. 5). Mean temperatures for

the entire incubation period of the Mainstem and North Fork populations were 5.8°C and
4.1°C, respectively, as estimated from temperature recorders located in the Mainstem at RK
422 and in the North Fork at RK 97. Beacham and Murray (1990) noted such compensation
in rate of development is typical of Pacific salmon. That is, more thermal units are required
for completion of development from egg to emergence when incubation occurs at high
temperatures than at low temperatures. This mechanism moderates development rate at high
temperatures and tends to stabilize emergence dates under annual temperature variations.
However, even with this stabilizing mechanism, emergence on the North Fork required 32 d
additional development time.

The thermal sums model (cumulative degree-days above 0°C) applied to the example based
on data of the Lindsay et al. (1986) study was found by Beacham and Murray (1990) to be a
relatively weak predictor of emergence time compared with 9 other models. Peterson et al.
(1977) showed that the "degree-days" required at various stages of egg development for
Atlantic salmon (Salm@ala) varied with temperature regime during incubation. For

example, they found that various combinations of temperatures during two distinct incubation
phases can result in hatching on the same day with different degree-day accumulations. For
hatching at 75-d incubation, between 400 and 550 degree days are required depending on T
and T,. Hatching can occur with 500 degree days with 50 to 125 d-incubation depending on
the combinations of ;Tand T.. Along any time-to-hatching isopleth, alevin length increases
with degree days required. The developmental phases studied were fertilization to eye
pigment development, eye pigmentation to 50% hatching, and hatching to complete yolk
absorption.

An improved variant of the thermal sums model incorporating degree days above some
physiological meaningful temperature for chinook provided better accuracy. However, as
noted above, their log-inverse model provided relatively high accuracy and was employed
below in an attempt to predict time to peak emergence from bi-weekly mean field temperature
in the North Fork John Day. By subtracting the cumulative thermal units reported by Lindsay
et al. (1986) at period 1 from those at period 2 and dividing by 14 (the number of days
between these periods), the mean temperature (°C) for the 14-day intervals was calculated.
Mean temperatures throughout the winter incubation for 1980-1981 were then plotted for the
Mainstem at RK 422 and the North Fork at RK(gW@. 6). By entering mean temperatures

for successive incubation periods in the Mainstem and North Fork into model 4 (the log-
inverse Béehradek model) from Beacham and Murray (1990), total time to emergence was
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computed. For example, if the mean temperature during the first 14-day period of the winter
1980-1981 incubation were 11°C, application of model 4 predicts that 84.3 d are required at a
constant temperature of 11°C from egg to emergence. In this 14-d period, 16.6% of total
development can be accomplished. When temperatures drop during the next interval, a
smaller percentage of development is accumulated (this is the method expressed by Alderdice
and Velsen 1978). Carrying out this procedure on the North Fork starting from peak
spawning indicated that at 231 days after peak spawning on the North Fork (231 d after peak
spawning on the North Fork or 245 d after peak spawning on the Mainstem) emergence
should be completéig. 6). That is, development model 4 predicted that 245 d after peak
spawning on the Mainstem emergence should be complete on the North Fork at RK 97
because 100% of the necessary development increments were accumulated. Instead,
emergence was complete at 263 d after peak spawning on the North Fork. This 32-d
discrepancy in emergence dates between observed and predicted on the North Fork might be
misidentification of the spawning peak and/or a very broad peak, resulting in continued
emergence after t=231 d was reached. Also, because emergence in the North Fork in 1981
spanned 75 d from beginning to end, the peak easily could have been 32 d prior to the end.
The ending tail of the distribution might have been minor and not have represented a
significant portion of the spawning population. Another weakness in this model estimation
was that mean incubation temperatures under the declining seasonal regime were estimated
for 2-wk intervals and not as even a daily mean for a diel cycle. Considering the sources of
error, the utility of the standard developmental model for chinook appears to be reasonably
good.

The discrepancy might also be attributable to the possibility that intra-gravel water
temperature may not be well reflected by the surface water thermograph. However, one
would have to conclude that intra-gravel water temperature was lower than surface water
temperature. It is common for there to be a £10% variation around the mean in incubation
time within a species (Crisp 1981), but applying constant temperature incubation models to
fluctuating field temperature exposure also adds to the variation. Spatial variation in
temperature distribution in a stream reach is also common, so the thermograph may not
perfectly represent the incubation temperatures for all eggs in the reach (B. MclIntosh, Oregon
State University, Corvallis, OR, pers. comm.). Nonetheless, it appears that model 4 is
probably a reasonable method for projecting emergence date under a winter temperature
regime in the field or estimating the shift in emergence date given an alteration in the
temperature regime.

ASSOCIATED COLDWATER SPECIES
Constant Temperature
Survival

After the occurrence of ovulation in females and sperm maturation in males, the effect of
elevated water temperature on rainbow trout egg and sperm viability becomes of concern
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(Billard 1985). Holding temperatures of 20°C experienced for 70 h caused reduction in
viability of eggs held in the body cavity, compared with females holding at 10°C (Billard and
Breton 1977, as cited by Billard 1985). To promote female maturation and development of
highest quality eggs, holding at temperatures from 5.6-13.3°C is essential (Leitritz and Lewis
1976).

UILT experiments

Murray and McPhail (1988) studied embryo and alevin survival at incubation temperatures of
2, 5, 8, 11, and 14°C for coho, sockeye, chum, pink, and chinook salmon. For coho, embryo
survival from fertilization to hatching was high at 5, 8, and 11°C, but was markedly less at
2°C and 14°C. Coho alevin survival at 14°C was lower than at the other incubation
temperatures. At low temperature incubation (2°C), embryo survival to hatching was high
and greater than for either sockeye or chinook. Even at 1.5°C coho embryo survival rates
remained high and were much higher than for the other four species (Beacham and Murray
1990). Embryo survival for coho reached 50% at 1°C. For odd-year pink, even-year pink,
chinook, chum, and sockeye this survival rate was reached at 4.5, 3.5,, 3.0, 2.5, and 1°C.

The effect of constant temperature egg and alevin incubation was also studied by Tang et al.
(1987) on two coho stocks (the University of Washington hatchery stock and a stock from the
Dungeness River). It was considered that the UW coho stock originated from a stream that
was warmer than the Dungeness River stock. From information provided in this paper it is
not possible to infer whether differences in thermal regimes of these two streams were
culturally derived or how long the differences had existed. Evidence provided in the Genetic
Effects section (see 117) indicates that adaptation to a significant degree to such shifts in
thermal regime does not happen in such short times. Nonetheless, differences in response by
the two stocks observed could reflect inherent stock differences. The UW stock had high egg
survival to hatching between 1.3 and 12.4°C. Survival at high (17.0°C) and low (0.6°C)
extremes was 0%. Even at 14.4°C survival was only 15%. Alevin survival to emergence was
also high (91-100%) between 1.3-12.4°C but was 65-80% at 14.4°C. The Dungeness stock,
which was more coldwater tolerant, had lower egg and alevin survival at 12.5°C (74% and
41% survival, respectively). At 14.4°C egg and alevin survival rates for the Dungeness stock
were 1% and 0%, respectively. Survival at 1.3°C for the Dungeness stock was 90%, but
unfortunately this stock was not tested at 0.6°C. These data appear to indicate stock
differences in response of embryos and alevins to temperature. A temperature of 12.5C could
be considered safe for the UW stock but of concern for Dungeness based on this short-term
experiment. However, a small increase in temperature above 12.5°C produced increased
impact to both stocks at egg and alevin stages. This indicates a narrow threshold for safety.
Additional factors (e.g., disease could make this unsuitable for longer term incubation.

In sockeye highest embryo survival occurred at 8°C. Survival declined markedly toward
14°C and somewhat less so toward 2°C. Much of the mortality at 2°C occurred from
fertilization to epiboly (Murray and McPhail 1988). Embryo survival up to 15.6°C was found
to be high by Mead and Woodall (1968) and Withler and Morley (1970), both as cited by
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Murray and McPhail (1988). Andrew and Geen (1960) reported severe mortality on sockeye
(Cultus Lake, British Columbia) eggs incubated>45.6°C. They also reported optimal

survival at 12.8°C for incubation of Raft River sockeye but greatly reduced survival at
14.4°C. Combs (1965) found that sockeye survival at temperatures <4.4-5.8°C was low,
whereas it was high between this lower threshold and 12.8°C. Between 12.8 and 16.9°C
survival of sockeye eggs declined drastically from 86 to 17%.

In chum and pink salmon, embryo survival was highest at 11 and 8°C, respectively.
However, at 14°C there was a slight decline in survival for chum and a major decline in
survival for pink. Embryo survival for both species was 0% at 2°C. This mortality occurred
immediately after fertilization (Murray and McPhail 1988). Pink salmon embryos had the
lowest survival among the five species under incubation temperatures <4°C (Murray and
McPhail 1988, Beacham and Murray 1990). Chum and pink had the greatest variation in
survival among temperatures (i.e., given the temperature range 2 to 14°C) and chinook the
lowest (Murray and McPhail 1988). Beacham and Murray (1986a, 1987b, as cited by Murray
and Beacham 1987) found that chum survival rates at 8°C were higher than at either 4°C or
12°C. Except for one of the seven chum stocks studied, survival from fertilization to
hatching at 4°C was only slightly less than at 8°C (Beacham and Murray 1986). The
variability in survival rates for chum among stocks and family groups within stocks could be
high (14% to 100%) and was greater at 4°C than at other test temperatures.

In their study of chum salmon, Beacham and Murray (1985) reported that the reduction in
survival rate from incubation at 4°C mostly occurred from fertilization to hatching, not during
post-hatch. Survival at 4°C to hatching was 74-84%, depending upon female size. After the
critical initial incubation stage, survival from hatching to emergence was 100% at 4°C at all
female size classes. Survival at both 4 and 12°C to hatching (74-88%) was lower than
survival at 8°C (>96%), and varied with female size. Survival from hatching to emergence
was high (97-100%) at 4 and 8°C for all three female size classes, but was low (69-76%) at
12°C.

Chum egg survival rates from fertilization to 50% hatching were #86%) at 8°C for eggs

from all three female size classes tested (Beacham and Murray 1985). However, when
incubation temperatures during this developmental period were 12°C, the survival rate of eggs
from large females (77%) was less than that of small females (88%). When incubation
temperatures from hatching to emergence were 12°C, the survival rate of eggs of large
females (69%) was again less than that of small females (76%). The difference in survival
from egg fertilization to fry emergence between large and small female size classes was
greatest at 12°C. Considering the entire incubation period from fertilization to emergence,
eggs from large and small females had survival rates of 53% and 67%, respectively, at 12°C
while survival was >94% for both size classes at 8°C.

Female size class is important in determining survival rate of eggs during incubation.

Females of larger body length have greater fecundity (Beacham 1982, as cited by Beacham
and Murray 1985). Egg size increases with body length (Beacham and Murray 1985). In
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addition to this study on chum, survival rate has also been shown to be greater for eggs of
small females than for large females of coho, chinook, and rainbow trout (see references in
Beacham and Murray 1985). Larger eggs have smaller surface area to volume ratios so may
suffer oxygen deficiency to a greater degree than smaller eggs due to the control on diffusion
at the egg boundary (Daykin 1965). Increases in water velocity improve oxygen transport to
the vicinity of the egg boundary layer, but if DO is <8 mg/l at 10°C, increased velocity over
steelhead eggs cannot prevent initiation of oxygen deprivation (Daykin 1965). High levels of
fine sediments in egg pockets reduce intragravel water velocity and thereby intensify
synergistic effects of temperature and dissolved oxygen. These observations may mean that
larger eggs would have lower survival rates at higher temperatures and at lower percentage
oxygen saturation. Also, while large females may have higher fecundity than small females,
this may be balanced to some degree by a lower survival rate during incubation at any given
temperature. Greater depth of egg incubation, however, by large females results in a different
risk level than found in small females due to scouring effects (DeVries 1997), subsurface
temperature regime, and the risk of subsequent "dig-up" by other large females (van den
Berghe and Gross 1989). Confirmation of many of these relationships in the field was made
by van den Berghe and Gross (1989) for coho spawning in tributaries to the Skykomish
River, Washington. Largest females had as many as seven times more eggs as smallest
females. Large females were able to occupy highest quality spawning gravel and to more
successfully defend completed redds. However, smaller females produced smaller eggs that
had a greater percentage survival in poor quality gravel than larger females, thereby
compensating somewhat for lower fecundity and gravel quality in their territories (van den
Berghe and Gross 1989).

Embryo survival was at a uniformly high level at 8°C incubation temperature for coho,
sockeye, chum, pink, and chinook salmon. In addition, variation in embryo survival among
these species was lower at 8°C than at any other test temperature (Murray and McPhail
1988). Considering these five Pacific salmon species, coho, sockeye, chum, pink (even-year),
pink (odd-year), and chinook, the high temperature producing 50% embryo survival was 13.5,
15.5, >16, >15, 15.5, and 16°C, respectively. The low temperature producing 50% embryo
survival was 1, 1, 2.5, 3.5, 4.5, and 3.0°C, respectively. Egg fertilization in salmon spawning
in autumn may coincide with water temperatures of 15°C or more. Temperatures in this
range may incur considerable mortality.

Bull trout (Salvelinusconfluentuy have temperature requirements that are narrower than for
chinook. Bull trout spawn in Oregon streams as early as August. Dolly vardemali$g
require temperatures below 9°C (McPhail and Murray 1979, as cited by Taylor and Barton
1992) to initiate spawning. Egg mortality occurs at temperatures above 8°C (McPhail and
Murray 1979, as cited by Taylor and Barton 1992).

In west-slope cutthroat trout (Oncorhynchalarki lewisi), a spring-spawning species,
temperatures <10°C are required for normal oogenesis and ovulation to occur. When
broodstock were held at temperatures >10°C during gamete maturation, egg and fry survival
were both approximately 40% (Smith et al. 1983, as cited by Marine 1992).
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A significant effect of pre-spawning temperature exposure on brook trout broodstock was
measured by Hokanson et al. (1973). When brook trout were spawned at 10.4°C or at 13.2°C
and subsequently reared at 10°C, percentage of normal hatching was 65% and 38%,
respectively. When brook trout were spawned at 10.4°C or at 13.2°C and subsequently reared
at 16°C, percentage of normal hatching was 0% in each case. Percentage of normal hatching
was >90% at constant incubation temperatures of 6°C to 8°C and declines steadily to 0% at
16°C. This temperature range (6-16°C) may represent the right portion of a bell-shaped
survival curve. This study provides important evidence that adult holding water temperatures
are as important as incubation temperature in determining egg viability.

Hatching success of rainbow trout eggs reaches its maximum (90%) at 10-12°C. The curve
relating hatching success to temperature is bell-shaped and declines to 0% survival at 3°C and
18.5°C (Matighofen 1983, as cited by Humpesch 1985). Kwain (1975) measured a low
survival rate £10%) of rainbow trout embryos to hatching at 15°C at all pH levels studied
between pH 4.5-6.9 in egg mortality experiments at 5, 10, and 15°C. At a pH of 6.9, the
highest survival rate (86%) occurred at 10°C. Grayling, another spring-spawning species, also
had a relatively high optimum temperature for hatching (7-11°C) (Humpesch 1985). The
temperature zone in which brown trout hatching success is high (i.e., >90%) is broad (1-
10°C). However, as constant temperature of incubation is increased above 10°C, survival to
hatching declines to 0% at 15°C. Brook trout have very similar percentage survival to
hatching as with brown trout. Hatching success is 80-85% in the range 1.5-9.0°C, above
which it steadily declines to 0% at 15°C (Humpesch 1985), a result similar to that shown by
Hokanson et al. (1973). For Arctic char, survival to hatching is approximately 85% in the
temperature range 1.5-5.0°C. Above 5°C, survival steadily declined until reaching 0%

survival at 12.5°C. The lower limit for hatching in brown trout, Arctic char, and brook trout
was <1°C (Humpesch 1985). These three species are winter-spawning species and are able to
tolerate cold water during incubation. In rainbow trout and grayling the lower limit for

hatching was 3°C (Humpesch 1985). Such information shows, particularly for high
temperature effects, that relatively small temperature increases beyond the optimum survival
zone results in a steady decline in survival to 0%.

Newly hatched brook trout alevins acclimated to 12.0°C have a 1;dof22.5°C. For

newly hatched alevins acclimated to constant temperatures in the range 2.5-12.0°C, the 7-d
TLs, ranged from 19.4-20.4°C (McCormick et al. 1972). This result indicates that newly
hatched brook trout alevins do not have the physiological mechanism for temperature
acclimation; however, swim-up alevins do have increasing temperature tolerance with
increasing acclimation temperatures in the range 7.5-12°C. A similar lack of acclimatory
ability was also found in pre-swim-up Atlantic salmon and brown trout by Bishai (1960) (as
cited by McCormick et al. 1972). Increasing the exposure time from 1 d to 7 d results in a
2.5°C lowering of the temperature that would produce 50% mortality. Swim-up alevins have
a thermal tolerance that exceeded that of newly hatched alevins by 2.0-4.5°C, depending upon
acclimation temperature. At 12.0°C acclimation temperature thgdflswim-up alevins was
24.8°C (95% confidence interval was 22.8-26.9°C). The UUILT (ultimate 7-g afLnewly
hatched alevins) was 20.1°C. The UUILT (ultimate 7-d,ldf swim-up alevins) was 24.5°C
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(McCormick et al. 1972). This compares favorably with the UUILT for young brook trout
(25.3°C) found by Fry et al. (1946) (as cited by McCormick et al. 1972). Newly hatched
alevins are considerably more temperature sensitive than swim-up alevins.

Thermalshock

The effects of constant temperature incubation on survival to 50% hatching and emergence
and an abrupt temperature shift (increase or decrease) followed by return to initial temperature
during four different stages of development prior to hatching were illuminated by Tang et al.
(1987) on coho eggs from the University of Washington hatchery stock. Survival to 50%
hatching and 100% yolk absorption were studied on eggs incubated at constant temperatures
ranging from 0.1°C to 17.0°C. In a separate experiment, an 8-h exposure to a shock
temperature was administered to eggs incubating at 1.5, 3.5, 4.0, 6.1, and 10.2°C. After
holding eggs at the shock temperatures, temperature was restored to the initial constant
incubation temperature. Eggs incubating at 10.2°C that were transferred to 17.0°C (a
A+6.8°C) had a 67% survival to hatching when shocked at development period 1 (the 1.7-mm
embryo stage) and 77% survival to hatch when shocked at developmental period 2 (the 35-
somite embryo stage). Egg survival at a 17°C constant incubation temperature was 0%, while
at constant temperatures ranging from 2.5 to 10.2°C egg survival was >81% and alevin
survival was >95%. The 8-h shock exposure to 17.0°C upon transfer from 10.2°C was not
enough exposure time to result in total mortality but had significant negative consequences.
A temperature reduction from 10.2°C to 4°C incubation (i.a, a -6.2°C) at developmental
period 2 resulted in 62% survival to 50% hatching. Because survival during incubation to
50% hatching at constant temperatures approximating 4°C was >94%, it appears that there
was a significant cold shock effect by transfer from 10.2°C during period 2. Shock
magnitudes ofa +6.8°C from a 10.2°C constant temperature caused a reduction in survival of
egg batches to 50% hatching stage, exceeding that expected from constant temperature
incubation at 10.2°C, but the same magnitude of shock given to eggs at any developmental
period incubating at constant temperatures from 1.5°C to 6.1°C did not cause unusual
mortality. This implies that a +6.8°C is not necessarily harmful by itself unless accompanied
by exposure of eggs to resistance temperaturesX1@.0°C). This interpretation is

reinforced by evidence that by applying, in any developmental periad, a +6.8°C to eggs
incubating at 4.0°C, survival was >94%.

Growth and Development

Murray and McPhail (1988) studied the time to hatching and emergence and alevin and fry
size for five species of Pacific salmon at five incubation temperatures (2, 5, 8, 11, and 14°C).
Hatching and emergence times were inversely dependent upon incubation temperature. For
all test temperatures, coho had the shortest hatching and emergence times. At 2, 5, and 8°C,
the longest hatching time was observed in sockeye. At 2 and 5°C, the longest time to reach
50% emergence was observed in chinook. At 8, 11, and 14°C, the longest time to reach 50%
emergence was observed for pink salmon alevins. Similar relationships between temperature
and hatching and emergence times were obtained by Beacham and Murray (1990).
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Given the constant incubation temperatures 2, 5, 8, 11, and 14°C, coho and sockeye alevins at
hatching were largest at 2°C. At 5°C pink salmon alevins achieved their largest standard
length, while at 8°C chinook and chum alevin length was the greatest for these species. In
terms of fry standard length, coho achieved their maximum length at 2°C, chinook and chum

at 5°C, and sockeye and pink salmon at 8°C (Murray and McPhail 1988).

Incubation of chum eggs from fertilization to emergence provided greatest survival rates at a
constant temperature of 8°C. At a constant temperature of 12°C, survival was 88% to
hatching and 76% from hatching to emergence. However, at 12°C the influence of female
size class became important. Larger chum females produced larger eggs (this relationship,
though, is not universal, see review in Beacham and Murray 1985). There was also
significant variation in egg diameter among family groups within size classes. Bigger eggs
provide a greater amount of yolk reserves for alevins and thereby allow greater conversion to
body tissue. Conversion efficiency is dependent upon incubation temperature (Marr 1966,
Heming 1982). The largest female size class produced the longest and heaviest fry. The
longest alevins were produced at 4°C; the heaviest, but shortest, alevins at hatching were
produced at 12°C. Despite the larger size of alevins from large size females, eggs from small
size females had a greater viability. Regardless of female size, length of emergent fry was
smaller at lower incubation temperatures and weight of emergent fry increased up to 12°C.
The lower survival rate of eggs to emergence from large females may be compensated by the
increased survival rate of larger size fry produced by these females. Larger chum fry
emigrate rapidly to the ocean, so large size is an advantage. For other species, such as coho
or chinook, which have prolonged freshwater residency, emergence at larger relative size by a
specific date is probably an advantage. Early emergence at any size may be a disadvantage if
emergence coincides with high flows or poor food availability. However, early emergence at
greater relative size (possibly due to larger female size and larger egg size) could at least
partially compensate for high flows.

Beacham and Murray (1990) examined available data for mean time to hatching and to
emergence for five species of Pacific salmon. Their log-inverse regression model (model 4),
of the form ID = Ina + bIn(T-c), was simple and accurate relative to other models. Model
parameters include® as observed hatching or emergence time after fertilizalicas

observed mean temperature (°C), and the coefficeentsandc. For coho and sockeye the
equations used to predict emergence time were:

Coho ID = 7.018 + (-1.069)IM(-[-2.062]) =0.979

Sockeye ID = 7.647 + (-1.134)IA(-[-3.514]) =0.969

Coho require fewer days from fertilization to emergence than either chinook or sockeye at

any temperature between 2 and 16°, but the magnitude of the difference between these
species is greatest at temperatures below 8°C. As few as 50 days are required for emergence

at a constant temperature of 16°C while low temperatures of 2°C lengthen time to emergence
to approximately 250 days in coho and 300 in socKEig 3). Taking the difference
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between the number of days to emergence at temperature T°C from the days at (T+1)°C,
allows one to plot the effect of 1°C changes in temperature from a base temperature. For the
three salmon species, the effect of a 1°C warming of stream water is most dramatic at low
base temperatures. For example, when the base temperature is 2°C, warming the water by
1°C results in a shortening of time to emergence by approximately 53 d for both coho and
sockeye(Fig. 4).

For rainbow trout eggs incubating at 10°C, Humpesch (1985) noted that 32-34 d were
required to achieve 50% hatching success. However, five other studies of rainbow trout
hatching success provided a maximum range of 19-43 d required to achieve 50% hatching
(references as cited by Humpesch 1985). These differences could be attributable to a
combination of stock differences or differences in experimental conditions. Three of these
studies, though, provided results that were very similar to those of Humpesch (1985).
Developmental rate can also be influenced by oxygen level and light intensity (see references
as cited by Humpesch 1985).

Rainbow trout and cutthroat trout, introduced into Emerald Lake, Colorado approximately 100
years ago, formed a hybridized population that has had 20-25 generations in the lake system.
These hybrids spawn in an inlet and an outlet stream to the lake (Van Velson 1985, as cited
by Behnke 1992). The outlet stream has a warmer temperature regime that allows twice the
accumulation of temperature units between spawning and emergence as the inlet stream.
Nonetheless, hybrid trout from each location, when taken to a hatchery, required 330
temperature units (i.e., units above 0°C) to reach hatching at a constant temperature of 12°C
(Behnke 1992). Another 300 units were needed to reach emergence. These data indicate that
27.5 days are required at 12°C to reach hatching. Hatching time for trout at 12°C in these
Colorado lake populations was approximately 5.5 d less than for rainbow trout at 10°C
reported by Humpesch (1985).

Instantaneous rates of growth, mortality, and net biomass gain were studied on newly hatched
brook trout alevins (McCormick et al. 1972) at 7.1, 9.8, 12.4, 15.4, 17.9, and 19.5°C.
Conditions for growth and survival from the alevin through juvenile stages were suitable
between 9.8°C to 15.4°C (McCormick et al. 1972). Under conditions where food was not
limiting, the optimum growth temperature from the alevin through juvenile stages was 12.4-
15.4°C. If food is limiting, optimum growth temperatures decrease (Elliott 1981, 1994). Net
population biomass gain was calculated for 2-wk growth periods by subtracting weight lost
due to mortality from weight gained by each lot of alevins. At 19.5°C the instantaneous rate
of net biomass gain was -2.78%/d, meaning that loss of biomass from mortality exceeded
biomass gained by survivors. Temperatw#8°C are considered detrimental except for brief
periods (McCormick et al. 1972). It is worth noting that the upper temperature linked to the
downstream distribution limit of brook trout (19°C) (Burton and Odum 1945), is similar to

the temperature range in which instantaneous rate of net biomass gain declines to 0%/d (i.e.,
17.9-19.5°C).
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Varying Temperature
Survival

Under field conditions eggs fertilized at one temperature generally are subsequently exposed
to either higher or lower temperatures. Temperatures during the autumn spawning periods of
salmon in the Columbia Basin have a smaller diel range than during summer periods as well
as a slowly declining mean temperature during the season. High temperatures during
fertilization are of concern, as are the magnitude and sequences of temperatures from
spawning through the incubation period.

Murray and Beacham (1986) studied effects of varying temperatures during development of
pink salmon (Oncorhynchugorbuscha Temperatures regimes were designated as those
experienced by eggs at three phases of development: fertilization, 50% hatching, and 50%
emergence for egg lots tested in 1977 and 198hl¢ 2). Temperatures were changed
stepwise by 0.5°C every three days until the temperature regime for the phase was reached.
The T, temperature for these egg lots was the temperature at fertilization, angahd T,
temperatures were destination temperatures at 50% hatching and 50% emergence., When T
and T, temperatures included 2 or 4°C, egg and alevin survival was significantly lower than
at the higher temperatures studied (5°C to 15°C). Survival from fertilization to emergence
under these conditions was decreased by a maximum of 7 to 18% for egg lots in 1977 and
1981 from the highest survival rates. No effect of either increasing or decreasing the
temperature regime on survival was noted except when temperatures of 2°C-4°C were
included. Transfer of eggs of all five pink salmon stocks studied in 1983 from incubation at
8°C and 12°C at all stages of development to 1°C resulted in high survival to 50% hatching
(>88%). For five of six stocks studied, incubation at 12°C and transfer to 1°C at hatching
resulted in a low alevin survival (37.9%-60.3%). Only the most northerly stock (the Keogh
River stock) studied had a lesser impact of transfer. Murray and Beacham (1986) suggested
that this indicated a stock difference enabling the northerly stock to withstand greater
temperature reduction during incubation.

Survival of pink salmon from a southeast Alaska stock were studied in the laboratory under
ambient conditions and at mean temperatures of 4.5, 3.0, and 2.0°C (Bailey and Evans 1971).
The ambient regime varied from 6.9-8.7°C in the first 37 d and then declined to 4.0°C. The
other experimental regimes fluctuated as much as +2°C in 1 d but showed no trend over the
entire exposure period (103 d). Egg survival was high (97%) under the ambient regime but
declined from 90% at 4.5°C to 0% at 2.0°C. Initial incubation temperatures >4.5°C were
necessary prior to declines to 4.0°C to prevent excess mortality and spinal abnormalities.

Murray and Beacham (1987) studied survival and development of chum embryos and alevins
at 4, 8, and 12°C in which embryos were transferred from the initial temperature at
completion of epiboly (early transfer) or complete eye pigmentation (late transfer) to the same
or a different temperature (i.e., one of the three test temperatures). Test temperatures at
various developmental stages were denoted,a3,Tand T, (seeTable 2). A T, of 8°C or
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12°C produced significantly higher embryo survival rates from fertilization to hatching than
did a T, of 4°C. The T temperature experienced during chum egg incubation had a far
greater effect on embryo survival than digoF T,. Based on constant temperature
experiments, chum survival rates were higher at 8°C than at 4 or 12°C (Beacham and Murray
1986a, 1987b as cited by Murray and Beacham 1987). Also survival rates of embryos and
alevins were poor at 2°C and moderate at 14°C (Murray 1980, as cited by Murray and
Beacham 1987). After the period from fertilization to epiboly, the direction or magnitude of
temperature change had little effect on embryo or alevin survival within the range 4°C to
12°C. A temperature regime that simulates the natural regime (i.e., gradually decreasing, no
extreme shifts, minimum temperature above 4°C) for the stock resulted in high chum survival
(Murray and Beacham 1987).

Peterson et al. (1977) studied the effect of a sequence of three constant temperatlises (T
and T,) on Atlantic salmon, where temperatures were 2, 4, 6, 8, 10, and 12°C, for incubation
phases of fertilization to eye pigmentation, pigmentation to 50% hatching, and hatching to
complete yolk absorption (s@@ble 2). Mean survival for eggs reared at Getween 4 and

8°C was 95%. Eggs reared atd94°C had a survival of 78%. For egg lots held at a

constant 2°C temperature until hatching, survival (as low as 69%) was significantly less than
that at all other temperatures. Whepwas 10°C and 12°C, survival was 87% and 89%,
respectively, which might have been related to fungal infection.

In a study of cutthroat trout eggs fertilized at 7°C and then cooled at a rate of 1°C/h to a
constant temperature of 3°C #11 d from fertilization, the survival of embryos that were

cooled was significantly less than of control embryos (held at a constant 7°C) (Hubert and
Gern 1995). However, after 13 d from fertilization, when embryos reached a stage of
development in which the neural tube had closed, survival of cooled embryos was the same as
that of control embryos (Hubert and Gern 1995). Embryos cooled from 7°C to 3°C after
fertilization had low survival to hatching (36%) and swim-up (20%). Embryos incubated
continuously at 7°C had a survival rate of 79% whereas those transferred to 3°C at 15 d had a
higher survival rate (94%) (Hubert et al. 1994). However, Hubert and Gern (1995) did not

find a higher survival rate in embryos similarly transferred to 3°C at 15 d. Closure of the
neural tube is a developmental stage common to all salmonids. Temperature sensitivity of
eggs soon after fertilization is commonly observed (Peterson et al. 1977). Hokanson et al.
(1973) observed that development of brook trout eggs to the stage of eye pigmentation

confers a greater relative temperature resistance to the embryo.
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Table 2. Incubation temperatures used at various developmental periods in the literature
exploring the effects of temperature change on survival and development.

Reference

T

T,

LE

Murray and Beacham (1986)

temperature at fertilization
(used in the 1977 and 1981
egg lots)

final temperature reached at
50% hatching, with
temperature increased by 0.5°
every 3 d from temperature at

temperature at 50% emergen

with temperature increased b
C0.5°C every 3 d from

temperature at hatching.

e

fertilization

transfer to 1°C until
termination of experiment;
transfer for 5 stocks occurred
near hatching (I= 12°C) or at
operculum growth onset (F
8°C); transfer for 2 stocks
occurred near eye pigmentatign
(T, = 12°C) or yolk plug
closure (T, = 8°C).

a 36-d period for 5 stocks; a
20-d period for 2 stocks;
starting at fertilization (used in|
the 1983 egg lots)

Murray and Beacham (1987) | initial incubation to completion|

of epiboly

from completion of epiboly to
completion of eye
pigmentation; transfer to,Tat
completion of epiboly was
"early transfer"

from completion of eye
pigmentation to emergence;
transfer to T at completion of
eye pigmentation was "late
transfer"

Peterson et al. (1977) fertilization to eye

pigmentation

eye pigmentation to 50%
hatching

hatching to complete yolk
absorption

Marten (1992) mean temperature from
fertilization to 100% of

embryos with eye pigmentatiofp

mean temperature from eye
pigmentation to 50% hatching

A similar study on cutthroat trout, brown trout, and rainbow trout of temperature reduction
during early egg incubation (Stonecypher et al. 1994) emphasized the significance of embryo
sensitivity to cold temperatures soon after water hardening. Four stocks were studied: Snake
River cutthroat (mid-May to mid-June spawning), Soda Lake brown trout (fall spawning),
Eagle Lake rainbow trout (spring spawning), and hatchery rainbow trout from Hot Creek
stock (fall-spawning). Fertilization and water hardening at 7°C, followed in 2 h by continued
incubation at 7°C resulted in 94-100% survival among the four stocks to the eyed stage and
85-98% to the swim-up stage. When the initial 7°C incubation was followed by acclimation
to 2°C, survival of the above four stocks to the eyed stage was 26, 54, 53, and 14%,
respectively. To the swim-up stage, survival of these four stocks was 6, 49, 40, and 9%,
respectively. At 2°C most of the mortality that occurred over a 140-d incubation period
occurred within the first 40 d. These authors found no significant difference in survival of
any stock to the eyed stage or to swim-up according to acclimation rate (i.e., in a comparison
of 0.25, 1, 5, and 20°C/h rate of temperature adjustment). These data indicated that a cold
thermal shock ok 5°C (i.e., from 7 to 2°C) administered at a rate of 20°C/h was no worse
than one provided at a slower rate (0.25°C/h). However, the low final incubation temperature
itself caused high mortality, mostly experienced up to the eyed stage.
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Brook trout egg survival and development was studied, aémMperatures of 3, 5, and 8°C

and T, temperatures of 2, 3, 5, 8, and 12°C (Marten 1992)wals the temperature up to the
point where 100% of viable eggs developed eye pigmentationTéde 2); T, was the
temperature from eye pigmentation to 50% hatching. Survival of eggs to hatching was
dependent only upon,T During the period from the eyed stage to hatching, embryo survival
was not dependent upon eitherar T,. Survival to the eyed stage (E) was expressed by the
equation E = 52.7 + 10.1F 0.682T2 After the eyed stage was reached, survival »85%

at any T, used in the study (i.e., from 2 to 12°C).

Growth and Development

Murray and Beacham (1986) studied the effect of a series of constant incubation temperatures
(i.e., stepped variation of temperature during development) on rate of development and alevin
and fry size of pink salmon. Transfer of eggs from 8°C or 12°C late in development (i.e.,
near or just prior to hatching) had no significant effect on alevin length. However, transfer
early in development (i.e., on or before onset of eye pigmentation) reduced alevin length.
Bailey and Evans (1971) determined that early egg incubation at 3°C caused a reduction in
alevin length compared with alevins incubated at ambient temperatures. A temperature
regime simulating one naturally experienced by pink salmon eggs and alevins (i.e., initially
high temperature, decreasing to a low level at hatching, and increasing to a high level)
yielded larger alevins and fry than other regimes.

Time to hatching for pink salmon was greater at a constant temperature than under a
decreasing temperature having the same mean (Murray and Beacham 1986). At a constant
temperature of 5.1°C time to hatching was 96.6 d, but under a decreasing regime from 11 to
2°C (mean 5.2°C), hatching time was 87.7 d (a difference of 8.9 d). The time to 50%
hatching under an increasing regime (5°C to 14°C) was 3.5 d greater than under a decreasing
regime (14°C to 5°C) with similar mean. Time to 50% fry emergence under an increasing
regime (5-14-14°C) was 1.9 days greater than under a regime of 15-6-15°C) with similar
mean.

Within the range of test temperatures studied by Murray and Beacham (1987) (4, 8, and
12°C), chum hatching and emergence were delayed by increasing temperatures during
development, especially when the initigl t€mperature was 4°C. A constant 8°C incubation
temperature regime or an early (i.e., at completion of epiboly) or late (i.e., at completion of
eye pigmentation) transfer to 8°C (i.e., gtoF T,) resulted in longer and heavier chum
alevins and fry (Murray and Beacham 1987). The same study involving chinook embryos
showed that chinook alevins and fry attained larger size when subjected to a decreasing
temperature regime (i.e., transfer fromadf 8 or 12°C to a Jor T, of 4 or 8°C).

Peterson et al. (1977) studied the effect of a sequence of three constant temperatlises (T
and T,) on Atlantic salmon, where temperatures were 2, 4, 6, 8, 10, and 12°C, for incubation
phases of fertilization to eye pigmentation, pigmentation to 50% hatching, and hatching to
complete yolk absorption. When incubated at constant temperatures, lengths at hatching for
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two stocks of Atlantic salmon declined with increasing temperature between 4 and 12°C.

Peterson et al. (1977) reported an interaction betweemd T, in their effects on size at
hatching. A T >6°C produced alevins that were smaller at hatching for a giyen T

However, size at hatching was more influenced byh@n by T. The greatest development

rate to hatching occurred with, ¥ 12°C, but at 7 >8°C egg mortality owing to fungal

infection became significant. By reducing b 2°C, maximum alevin size was achieved. A

T, =T, = 6°C produced an alevin of moderately large size with high survival in a moderate
amount of time. Increasing, Bnd T, temperatures in a hatchery to 8-12°C resulted in more
rapid development but smaller size at hatching. The opportunity to provide early feeding and
growth to fry can be advantageous prior to release. However, for alevins reared under a
natural temperature regime in New Brunswick streams, whereO[5-1.0°C and J= 3-4°C,
development time was longer but alevin length was greater at hatching than for alevins
incubated at constant temperatures from 6 to 12°C. The large size at hatching under
incubation temperatures <6°C translates to large emergent fry. A temperature of 6-7°C was
noted as an optimum incubation temperature producing relatively large alevins in a relatively
short time to hatching.

Prediction of development time to hatching is inexact based upon mean temperatures during
the incubation period because of the separate regressions of temperature on development
during growth periods between fertilization and hatching (i.e. periods governedamd Tr,
seeTable 2) (Peterson et al. 1977, Marten 1992). Degree-days (i.e., cumulative temperature
x time) required from fertilization to hatching in Atlantic salmon can vary from 400 to 550
degree days (Peterson et al. 1977). An accumulation of 450 degree-days over a 100-d period
or 500 degree-days accumulated over a 50-d period can produce the same size alevin. Mean
daily temperatures for the 100- and 50-d periods, respectively, would be 4.5 and 10.0°C if
development were at a constant temperature from fertilization to hatching. That is, very
similar overall degree-day accumulation rates were found in separate cases of development to
hatching requiring developmental times varying by a factor of two. If development time can
be reduced from 100 to 50 d, keeping alevin size constant and involving just a small increase
in degree-day accumulation (i.e., 450 to 500), one can see the importance of the precise
combination of T and T,, because higher,temperatures produce smaller alevins. Because a
greater number of degree-days are required at a higher mean temperature, there appears to be
a compensatory reduction in development rate to limit the variation in development time with
temperature. Alderdice and Velson (1978) illustrated a similar type of compensation by
modeling chinook egg development rate (%/d) as a function of temperature. For temperatures
<4°C the thermal sums model estimated increasingly lower development rates than did the
more realistic log-inverse model. For temperatures >4°C the thermal sums model estimated
increasingly greater development rates than the log-inverse model. Thermal compensation
invalidates the assumption of temperature x days being a fixed value within the range of
normal development temperatures for a species. The conclusion that compensation occurred in
the case of Atlantic salmon was based on developmental rates measured under stepped
temperature variation during incubation rather than the combination of diel cycles and
seasonal trends in mean temperature that would be expected in the field (Peterson et al.

39



1977).

Alevin size is also influenced by the temperature variations prior to hatching. A 75-d period
from fertilization to hatching is required for development of alevins under both|:aTLT
combination of [8]:[6]°C and [4]:[12]°C. However, the former temperature regime yielded
alevins that were 2 mm longer (Peterson et al. 1977).

In a study of cutthroat trout egg incubation, when embryos were initially incubated at 7°C
and then transferred to 3°C at 13 d following fertilization, time to hatching was 95-97 d
(Hubert and Gern 1995). Hubert et al. (1994) similarly found that when cutthroat embryos
were transferred from 7°C to 3°C at 15 d after fertilization, time to hatching was increased by
31 d compared to embryos incubated at a constant 7°C. Embryos incubated at constant
temperatures of 3°C and 7°C required 97 d and 45 d, respectively, from fertilization to
hatching (Hubert et al. 1994).

Time of development of brook trout eggs from fertilization to 50% hatching is dependent

upon the mean temperatures experienced from fertilization to the eyed stage and from the
eyed stage to 50% hatching, (@nd T,, respectively) (Marten 1992). Regressions of
development time required for each of the two development periods on mean temperature for
each period explained >99% of the variability. The mean number of days from the eyed
stage to 50% hatching was explained fully by T, had no effect on development rate in the
subsequent developmental period. Development rates in each period were independent.
Higher mean incubation temperatures resulted in more rapid development to hatching but also
produced smaller brook trout alevins. Earlier hatching at a smaller size may be compensated
by ability to begin feeding and growth at an earlier time.
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JUVENILE LIFE STAGE: FRY, FINGERLING, PARR

CHINOOK
Constant Temperature
Survival

UILT experiments

The upper incipient lethal temperature (UILT) is the upper temperature at which 50%
mortality is observed for a given acclimation temperature. By increasing the acclimation
temperature, the UILT is increased to a point beyond which no further increase is possible
(i.e., the UUILT or ultimate upper incipient lethal temperature). At this combination of
acclimation and exposure temperatures, 50% mortality of the population is observed in a
1000-min period (approx. 17 h) according to methods in Brett (1952) or simply 24 h (Armour
1990). Extending exposure beyond 24 h results in a greater percentage mortality; reducing
exposure below 24 h decreases percentage mortality. Increasing the exposure temperature
beyond the UUILT, holding exposure time constant at 24 h, results in greater percentage
mortality. Also, increasing exposure to temperature levels above the UUILT results in 50%
mortality in progressively shorter time perio@sg. 7). Mortality is a function of both

exposure time and temperature, given a certain acclimation temperature.

The upper incipient lethal temperature (UILT) is a function of acclimation temperature. For
spring chinook juveniles acclimated to 20°C, the upper incipient lethal temperature is 25.1°C
(Table 3) (Brett 1952). This is the temperature at which 50% mortality is observed within a
1000-min period. If acclimation temperature is increased to 24°C, the constant exposure
temperature required to produce 50% mortality is 25.1°C. This temperature is the upper
incipient lethal temperature for fish acclimated to 24°C. This is also the highest acclimation
temperature for which UILT continues to increase. Consequently, 25.1°C is the ultimate
upper incipient lethal temperature (the highest temperature at which tolerance does not
continue to increase with increasing acclimation temperature). As temperature continues to
increase, mortality increases rapidly with exposure. Brett's (1952) studies on the Dungeness
Hatchery spring chinook population indicated that for juveniles acclimated to 24°C, the
median resistance time at 27.5°C was only 5.5 h. Decreasing exposure temperature to 27°C
resulted in a median resistance time of 10.9 h. At temperatures >25°C resistance time
decreases rapidly. If juveniles were acclimated to a temperature of 20°C instead of 24°C,
median resistance time at 27°C was only 3.9 h. At high exposure temperatures, common to
streams of the interior Columbia River, mortality is extremely sensitive to small changes in
exposure time as well as acclimation temperature. This makes use of a UUILT value as a
sole index to a temperature standard hazardous because it can be uncertain what the effective
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acclimation temperature actually is.

Table 3. Upper incipient lethal temperature of chinook salmon.

Species Common Name | Author(s) Acclimation | UILT
temperature | (°C)
(°C) +2SE

Oncorhynchus tshawytscha | chinook Brett (1952) 20 25.1+0.1
24 25.1+0.1

If maximum temperatures are contained within the 15.6°C upper bou(sdsryFigs. 2 and 7)

for purposes of ensuring proper chinook growth, and if the acclimation temperature could be
considered to be approximately 15.6°C, the associated UILT is 24.8°C. Using the formula of
Coutant (1972) (see Armour 1990) to estimate that temperature that would result in 100%
survival with an acclimation temperature of 15°C, one calculates that juveniles exposed to 22,
23, 24, and 25°C can tolerate these temperatures for 62.2, 18.1, 5.3 and 1.5 hours,
respectively. Again, the higher the temperatures above 15.6°C, the higher the risk of disease
mortalities and the greater the loading stress. Thermal stress can act in a cumulative manner
between the feeding limit (temperature at which feeding ceases, slightly beyond the chinook
growth limit of 19.1°C) and the UILT (Elliott 1981). Within this zone the combined effects

of limiting stresses such as food limitation, low oxygen concentration, high turbidity, and
competition for space plus loading stress of temperature can result in mortalities (Elliott 1981,
Wedemeyer and McLeay 1981). This zone is the so-called tolerance zone, identified by
Elliott as the area of the exposure/acclimation temperature gsaphFig. 7)bounded by the

UILT for 7-day exposure.

Studies by Brett (1952) have been considered authoritative for decades on UILT values for
chinook. New studies show that Brett's estimates are still appropriate, or possibly that they
represent the high end of the range for some populations. The temperature tolerance of
ocean-type chinook from a southern British Columbia hatchery population (Robertson Creek)
was compared with that of a stream-type chinook from a northern British Columbia wild
population (Bear River) (Beacham and Withler 1991). Twenty families were produced from
adult collections made of the ocean-type chinook and 32 families from the river-type
population. Juveniles were marked by family and their holding tanks adjusted from the 14°C
ambient temperature to the test temperature in 2 d. The ocean-type population was tested at
22°C and the stream-type population was tested at temperatures including 21.6 and 22.4°C.
For the northern stream-type families held at 22.4°C, 87% mortality occurred in 1.9 d.
Cumulative percentage mortality at 21.5°C reached about 60% in 3 d, followed by a reduced
mortality rate. After 16 d cumulative mortality reached about 80%. For the southern, stream-
type chinook, only 3% mortality occurred within the first 8 d, but cumulative mortality was
74% in 18 d at 22°C. Beacham and Withler (1991) hypothesized that the ocean-type
population, having a shorter period of freshwater residence than the stream-type population, is
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better adapted to warmer waters, as found in the ocean and also in its freshwater habitats.
Consequently, they are better adapted to short-term exposure to high water temperature than
the stream-type population.

These authors speculated that the UILT for salmonids may vary by population, depending on
their history of adaptation to temperature regimes. However, for the ocean-type population
they saw little remaining additive genetic variation that would enable selection for increased
temperature tolerance. This study appears to demonstrate that the more southern Dungeness
Hatchery population studied by Brett (1952) had a higher UILT than did the two British
Columbia populations. Brett reported a UILT of 24.3°C with acclimation at 10°C and a

UILT of 25.0°C at 15°C acclimation. In both British Columbia populations (ocean- and
stream-type) there was <10% mortality at all test temperatures up to the maximum exposure
temperature of 22.4°C (acclimation temperature of 14°C). That is, it would require higher
temperatures than 22.4°C to produce 50% mortality within 2000 min even in the British
Columbia populations. Mortality in the British Columbia populations was cumulated for up

to 18 d instead of only 1000 min as in Brett (1952). Nonetheless, it appears that resistance to
high temperatures is somewhat less in the British Columbia populations than the Washington
population. It is interesting that despite the differences in response to temperature within the
first few days, the British Columbia populations had similar cumulative mortalities over a 16-
to 18-d period. It is also noteworthy that prolonged exposure to temperatures that might be
considered to be in the safety zone based on use of the Brett (1952) and Coutant's formula
(see Armour 1990) were lethal.

Thermalshock

Rapid shifts in temperature, either upward or downward (feasible primarily through point-
source releases) can induce acute temperature shocks, producing a high mortality rate. The
severity of the shock depends on effective acclimation temperature at the time of the
temperature shift, the magnitude of the temperature shift, and the exposure time (Tang et al.
1987). This conclusion is supported by Hart (1947, 1952) (as cited by Hokanson et al 1977),
who found that most fish species can tolerate temperature shifts of 15°C-18°C provided the
exposure temperature is within the tolerance range.

Even if fish can withstand temperature shocks of considersblehe ecological

consequences can be significant. Chinook juveniles acclimated at 15°C and shocked by
instantaneous transfer to constant temperature baths in the range 26 to 30°C for exposure
times equivalent to 10% of the median time to loss of equilibrium (LE) for those temperatures
were subject to a significantly greater predation rate than were unshocked controls (Coutant
1973). When a 0.5 h recovery period was allowed after the high temperature shock and
return to the initial 15°C holding temperature, increased predation was demonstrated for any
shocks to exposure times B20% of mean time to LE. In this experimental design, recovery
involved a second shock from a high exposure temperature to the lower holding temperature.
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Growth and Development

The preferred temperature range for fingerlings was 12°C-13°C (based on determination of
mean of the distribution) when acclimated to temperatures ranging from 10°C to 24°C (Brett
1952). Increasing stream temperatures do not necessarily lead to increases in abundance of
the foods normally comprising the diet of salmonids (i.e., drifting macroinvertebrates).
Increased temperatures result in increased metabolic demand, can increase competition over a
limited food base, and can lead to displacement of rearing juveniles to habitats in which they
are more exposed to warm-water tolerant predators or competitors. Increased stream
temperatures have been shown to result in decreased food availability and salmonid growth
rates. Production in a model stream at 12.0°C was 65% higher than that at 16°C (Bisson and
Davis 1976, as cited by CDWR 1988, p. 31). An optimum growth temperature of 15°C was
recommended by Banks et al. (1971) (as cited by Garling and Masterson 1985). Brett et al.
(1982) recommended 14.8°C as the growth optimum for juvenile chinook feeding on ration of
60% of the maximum (assumed to be a typical level in the field). Marine and Cech (1998)
determined that growth rates of fall chinook under sublethal rearing temperatures (21-24°C)
were substantially reduced from growth rates exhibited at 13-16°C. Wilson et al. (1987)
recommended 10.5°C as the midpoint of the growth optimum for Alaskan chinook, based on
studies in southeastern and southcentral Alaska. Preferred rearing temperatures for chinook
were reported as high as 14.6°C (Reiser and Bjornn 1979). If growth temperatures are
maintained between 10°C and 15.6°C, growth rate would be >80% of the maximum level
observed in feeding at 60% satiation (a level considered by Brett et al. (1982) to correspond
to naturally occurring food availability levels. Growth rate under 60% satiation feeding and
14.8°C is expected to be approximately 1.8%/d (Brett et al. 1982). Lower levels of food
availability would reduce the optimum growth temperature. Temperatures above 15.6°C
significantly increase the risk of mortality due to warmwater diseases. A synthesis of this
evidence leads to a recommended optimum production temperature zone of 10.0-15.6°C.

The optimal growth zone of 10.0-15.6°C is found within the bounds for positive growth at
4.5°C (lower limit) and 19.1°C (upper limit) (see Armour 1990). The 4.1°C and 19.1°C

limits tabulated in Armour (1990) are zero net growth limits for a chinook population. Brett

et al. (1982) reported a zero individual growth rate under 60% satiation feeding at 21.4°C. If
chinook were to have unlimited rations, the optimum growth temperature would be
approximately 19°C (Brett et al. 1982). Under these conditions they are able to feed in
temperatures as high as 23°C, but feeding declines between 23°C and 25°C to nil (Brett et al.
1982). The more conservative growth limits recommended in Armour (1990) are probably a
better reflection of the influence of temperature on the population. At temperatures above the
growth boundaries, growth becomes increasingly negative because feeding declines toward
zero and respiration rate increases rapidly. Below the lower growth limit juveniles also
typically cease feeding and seek cover. Metabolic inhibition can occur below 4.5°C (Elliott
1981, p. 232). If food becomes limiting, the positive growth zone can shrink dramatically
(i.e., the maximum temperature at which growth is positive declines) and the optimum growth
zone shifts to lower temperatures to compensate for elevated respiration/growth ratios (Elliott
1981, p. 231). Elliott found for brown trout that the temperature at which growth is zero
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drops from 19°C to 8°C when food rations are reduced from maximum to 12.5% of

maximum. Because the growth optimum falls within 10.0°C-15.6°C and because diseases
become a significant mortality risk beyond this upper optimum growth level, it is necessary to
manage stream water temperatures on a stream network level from headwaters to mainstem,
major salmon-rearing reaches so that temperatures can be maintained below 15.6°C within the
historic rearing area. With the added concern that food rations under field conditions are
typically less than satiation levels, a reduced growth zone expands the upper temperature zone
causing loading stresses. This argues additionally for keeping temperatures no higher than the
growth optimum range.

Feeding

Brett et al. (1982) observed feeding behavior of juvenile chinook from the Nechako River,
British Columbia and the Big Qualicum River, Vancouver Island. They reported good

feeding response to unlimited food supply at temperatures of 22°C, but feeding became more
sporadic between 23°C and 25°C, at which point it ceased. Food conversion efficiency was
maximal for both stocks at 19.6°C-19.8°C. Maximum conversion efficiency was 30.9% for
the Big Qualicum hatchery chinook and 25.1% for the Nechako wild chinook. Conversion
efficiency declined to 5% at approximately 24.8°C in both stocks.

Varying Temperature

The effects of temperature have been measured on survival, growth and development, and
feeding of fish at constant temperatures in the laboratory, but temperature regimes in
freshwater habitats generally vary considerably during the day and from season to season.
Diel variation is cyclic with a mid-afternoon high and an early morning low and has been
approximated in the laboratory as a sinusoidal-pattern variation with either a smooth or
stepped increase and decrease. Mean daily temperatures increase to a maximum during
summertime in the northern hemisphere. Daily amplitude of variation is also greatest at this
time. Seasonal effects of temperature on biotic response are partially a function of seasonal
progression of average daily temperatures (or possibly shift in daily maxima), but they may
also be related to other environmental cues such as photoperiod, diet, food supply (Fry 1957),
and light intensity. In addition, a large amplitude of diel variation is frequently considered to
be a threat to health of the fish community. Streamside vegetation removal or stream channel
widening leads to increases in daily maxima and amplitude of daily variation. Reaches

having their canopies removed experience elevated high temperatures in summer (as much as
aa+10°C to 15°C from canopy removal on a 100-m reach) and decreased minima in winter
and generally < 1°C-2°C increase in minima in summer (Beschta et al. 1987). Diel increases
or decreases in temperature (e.g., variation from diel minimum to maximum) can be
approximated in laboratory experiments as a CTM test with a "slow" heating rate, assuming
the maximum is in the resistance zone. With a diel temperature range of 10°C, for example,
the heating rate over a 12-h period would be 0.8°C/h, a rate generally considered to be a slow
heating rate in CTM tests.
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In studies of the effect of elevated temperatures on fish, it is known from constant

temperature experiments that the response depends upon the exposure temperature, duration of
exposure to that temperature, and also the previous acclimation temperature. Acclimation in
constant temperature experiments is generally allowed for a period of 2-3 d to 2 wk as a
minimum necessary to achieve consistency in response to temperature increases. However, in
the field, fish are acclimated to a thermal history whose characteristics are poorly defined and
exposure is to temperatures that may increase from the tolerance zone into the resistance zone
and back. Effect of exposure to increasing temperatures within the upper resistance zone may
then be assumed to be an integration of all exposure temperature-duration pairs in conjunction
with preceding acclimation history. It is often hypothesized that acclimatization in the field is
either to a temperature equal to a mean daily temperature, maximum daily temperature, or a
temperature between these values. Acclimatization may also be attuned to one or more
antecedent days of temperature cycles. An objective of this review is to examine evidence

for properly interpreting the influence of temperature cycles on fish response (survival,

growth and development, and feeding).

Survival

Diel cycle:

Tests of survival of 0+ age migrants were conducted in liveboxes in the Grande Ronde River,
Oregon in early August (Burck 1994). With a diel temperature regime of 25.6°C to 16.1°C
(mean 20.9°C), survival was 0% in 24 h. In a 4-d test where maxima were 23.9°C-25.6°C
and minima were 11.1°C to 13.3°C, survival was 20%. Increased survival appeared to be
attributable to lower minima, lower mean temperatures, or also less time spent at temperatures
above 23°C. At another site where 4-d tests were performed and daily maxima ranged from
19.4°C to 22.2°C, survival was 100% in most tests (one test indicated 50% survival).
Survival in liveboxes under ambient field conditions can be attributed primarily to exposure
and acclimation temperatures but may also be influenced by stress from the experimental
chamber. If stress from holding in the chamber is involved, it appears that this is not a
significant factor at maximum temperatures below 22°C. As in all laboratory or field short-
term survival tests, high survival in the short term might not be representative of longer term
probability of survival.

Growth and Development

There appears to be little information available on the growth optima for chinook under a
fluctuating temperature regime in the laboratory or field. More investigation of available data
sources needs to be done.

Feeding

There appears to be little information available on feeding rates of chinook under fluctuating
temperature regimes.
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ASSOCIATED COLDWATER SPECIES
Constant Temperature
Survival

UILT experiments:

Studies of the effect of elevated water temperature on survival of a wide variety of salmonids
using transfer to high constant temperature (UILT experiments) show a great deal of
consistency among specieglle 4). Taking only those tests in which acclimation

temperature wag20°C so that one might assume the UILT to be approximately equal to the
UUILT, the range in UILT values found was 23°C to 27°C. Redband trout tend to be the
most heat resistant of the salmonids. The range in measured UILT values for all species
excluding redband trout was 23°C-26°C.

Table 4. Upper incipient lethal temperature of various salmonids and other associated,
coldwater fish species.

Species Common Name | Origin Author(s) Accl. UILT
(River/ Temp | (°C)
Lake) (°C)

T ————————— e —

Oncorhynchus kisutch coho salmon Nile Cr. Brett (1952) 20 25.0
Hatchery, 23 25.0
British
Columbia

Oncorhynchus nerka sockeye salmon| Issaquah McConnell and 20 235
Hatchery, Blahm (1970) (as
WA cited by Coutant 20 24.8

1972) 23 24.3
Brett (1952)

Oncorhynchus keta chum salmon Nile Cr. Brett (1952) 20 23.7
Hatchery, 23 23.8
British
Columbia

Oncorhynchus gorbuscha pink Dungeness | Brett (1952) 20 23.9
Hatchery, 24 23.9
WA

Oncorhynchus mykiss rainbow trout Lake Hokanson et al. 16 25.6

Superior (2977)

France Charlon et al. (1970) | 24 26.4
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Lakes Erie, | Bidgood and Berst 15 25-26
Ontario, (1969)
Huron,
Superior
Cherry et al. (1977) | 24 25
Stauffer et al. (1984) | 2472 26
Ontario Threader and 20 25.9
Houston (1983)
Alabaster (1964) (as | 20 26.7
cited by Threader
and Houston 1983)
Summerland| Black (1953) 11 24
Hatchery,
British
Columbia
Firehole Kaya (1978) 245 26.2
River, MT
Ennis 245 26.2
Hatchery
Winthrop 245 26.2
Hatchery
redband trout Parsnip Sonski (1983a) 20 27.4
Reservair, 23 26.8
Oregon
Parsnip Sonski (1984) 20 26.2
Reservair, 23 26.2
Oregon
Firehole 20 27.2
River, 23 26.3
Wyoming
Wytheville 20 26.8
rainbow 23 27.0
Salmo salar Atlantic salmon | England Bishai (1960) 20 235
Salmo trutta brown trout England Bishai (1960) 20 235
Frost and Brown 23 25.3
(1967)
Cherry et al. (1977) | ? 23
England Alabaster and 20 26.3
Downing (1966) (as
cited by Grande and
Anderson 1991)
Salvelinus fontinalis brook trout Ontario Fry, Hart, and 20 25.3
Walker (1946) 24 25.5
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Cherry et al. (1977) | ? 24

Salvelinus namaycush lake trout Ontario Fry and Gibson 20 24.0-
(1953) 24.5

Thymallus arcticus Arctic grayling | Montana Lohr et al. (1996) 20 25
Alaska LaPerriere and ? 245

Carlson (1973)(as
cited by Lohr et al.
1996)

Lampetra planeri lamprey England Potter and Beamish | 25 29
(1975)

Although field observations of thermal limits to distribution for most salmonids appear to
indicate a threshold of approximately 22°C-24°C, some laboratory tests with coldwater
species indicate tolerance to temperatures of 24°C. For example, Lohr et al. (1996) reported
that Arctic grayling from Montana, when acclimated to 20°C were able to survive a 1 wk
exposure to 24.0°C water. However, survival was 0% at 25°C. Similarly, Dwyer and Kramer
(1975) reported that cutthroat trout (acclimated at 17°C and adjusted to test temperatures at a
rate of 1°C/d) survived 24°C water for more than 2 wk but consumed little or no food at this
high temperature, which was just below upper lethal temperatures. As will be seen in a more
extensive review of field distribution of salmonids relative to temperature (see p. 87) , the
upper field distribution limit appears to be 2°C to 3°C less than the UUILT.

Thermalshock

Thermal shock is typically encountered as juvenile fish are entrained in power plant cooling
systems or exposed to heated effluent. It can also occur at the confluence of streams of
different temperatures or at the thermocline in lakes, such as those used by rearing sockeye
salmon. The exposure temperature (i.e., shock temperature) is an instantaneous increase in
temperature from the acclimation temperature. In a similar manner as chinook, rainbow trout
subjected to @&AT of considerable magnitude but at exposure times far less than those needed
to produce loss of equilibrium (LE), can suffer significantly increased predation effects.
Rainbow juveniles acclimated at 15°C and shocked by instantaneous transfer to constant
temperature baths of 26, 28, or 30°C for any exposure times equivakE3@%o of the

median time-to-LE at those temperatures were subject to a significantly greater predation rate
than were unshocked controls (Coutant 1973). These data allow projection of the exposure
time needed to initiate an increasing predation rate. Any exposure in excess of 18% of
median time to LE caused predation to increase relative to unshocked control fish. When 0.5
h recovery period was included upon transfer to the 15°C holding temperature bath after the
high temperature shock, an exposure®d% of the median time-to-LE was needed to

produce significantly increased predation rates at these shock temperatures. Exposure times
for rainbow trout of as little as 10 min at 26.7°C after acclimation to 15°C are sufficient to
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produce an increased predation rate.

The median resistance time for rainbow trout acclimated to 18°C and subjected to 30°C
instantaneously was only 25.9 min. When these fish were acclimated to a temperature of
12°C, the increased shock upon transfer to 30°C resulted in a median resistance time of 8.6
min (Stauffer et al. 1984). It may be unusual for fish to experience thermal shocks of high
magnitude under naturally occurring field conditions. However, fish attempting to move

about within a stream reach during low flow, high temperature periods during the summer
may experience relatively rapid shifts in temperature among microhabitats. If fish are
concentrated in coldwater refugia to escape lethal conditions, but must enter warmwater zones
to feed they can be subject to shock upon entering the warm zone and also upon returning to
the refuge.

A sublethal temperature increase from 10°C to an elevated temperature of 20°C was imposed
on juvenile coho and steelhead in laboratory tests to determine physiological changes that
accompany thermal shock. Both species exhibited hyperglycemia, hypocholestorolemia,
increased blood hemoglobin, and decreased blood sugar regulatory precision. Coho suffered
greater metabolic dysfunction than steelhead (Wedemeyer 1973). Multiple stresses can load
or limit physiological systems, reduce growth rates, initiate disease, reduce osmoregulatory
ability, and result in death when the physiological tolerance is overwhelmed (Wedemeyer and
McLeay 1981).

Shock methodology is better able to provide predictive models of fish survival under
entrainment than CTM studies (Hartwell and Hoss 1979). Studies of shock effects after
acclimation to cyclic temperatures are not common in salmonids. Hartwell and Hoss (1979)
studied shock resistance effects in juvenile spot (Leiosto@mothuruy. They found no

significant difference among treatments (constant temperature and cyclic temperature
acclimation) in which spot acclimated to a constant temperature 15, 20, or 25°C (or
fluctuating regimes win means equal to those constant temperatures £+2°C or +4°C) and then
were exposed to shocks from 0°C to 20°C above mean acclimation temperature. Median
lethal shock temperatures declined from approximaddy°C toA11°C as mean acclimation
temperature increased from 15°C to 25°C.

Tests of cold shock have also been conducted on rainbow trout in the laboratory. Rainbow
trout (7-16 cm fork length) acclimated to 10, 15, and 20°C had 96:hva&lues of 0.5, 1.4,

and 3.3°C, respectively (Becker et al. 1977). The 96-) rEpresented the cold shock
temperature, given a prior temperature acclimation, required to cause 50% mortality in a 4-d
period. This cold shock was an abrupt transfer to cold temperature water. With acclimation
to 20°C, there was complete loss of equilibrium (LE-point) when fish were plunged into
3.5°C temperature water, but no loss of equilibrium for cold shocks down to a temperature of
5.0°C. At the three acclimation temperatures (10, 15, and 20°C) abrupt transfers to cold
temperatures of 1.2, 2.0, and 4.4°C, respectively, could be administered and still have >90%
survival. These data indicate that from an acclimation temperature of 20°C a substantial
instantaneous thermal decrease ( 15°C) can be withstood for a 4-d period with no mortality.
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Fish in these tests, however, did not receive the reverse shock back to the initial temperature
because temperatures were held at the low shock temperature continuously for 4 d.
Mortalities that did occur in this 4-d period occurred mostly in the first 24 h. As with high
temperature exposure, mortality under abrupt cold shock is a result of temperature and
exposure time (Becker et al. 1977).

Growth and Development

Temperature preference by fish in a thermal gradient is an adaptive mechanism that allows
them to be positioned in an environment where they can achieve optimum physiological
performance (Coutant 1987, Hutchison and Maness 1979). Hutchison and Maness (1979)
cited numerous physiological processes that achieve optimum performance near the thermal
preferendum: growth rate, appetite, food conversion efficiency, digestion, egestion, metabolic
scope, oxygen debt load, maximum sustained speed, maximum volitional speed, resting and
active blood pressure, active cardiac work, cardiac scope, learning and memory, immune
response, renal function, hormone secretion, reproductive function, elimination of
anaerobically produced lactate, and enzyme activity,

Juvenile sockeye had a positive growth response between 4°C and 21°C in laboratory
experiments with feeding to satiation once per day (Donaldson and Foster 1941). Growth rate
was negative at 22.8°C and at this temperature mortality was significant. Good growth with
low mortality occurred at 11.7-16.7°C (Donaldson and Foster 1941). The upper limit to
growth was similar to that observed by Brett et al. (1982) for chinook feeding at 60% of
satiation rations. Sockeye (7-12 months old) feeding at satiation (>6% dry wt/d) had a
growth rate optimum at approximately 15°C. Growth rates declined at both higher and lower
temperatures. Growth rates reached zero at approximately 24°C under satiation feeding.
When feeding rate was lowered to 1.5%/d, the optimum growth temperature declined
drastically to 5°C. At this feeding rate, growth rate (%/d) was zero at approximately 15°C
(Brett et al. 1969). Feeding rates of Skaha Lake sockeye at 16.7°C were 2.3-3.2%/d (fresh
weight; based on a sample of the 2-wk periods having mean temperatures of 16.7°C).
Feeding rates were approximately 2.2%/d at 10°C, but the optimum growth occurred at this
low temperature (Donaldson and Foster 1941). The lower optimum temperature in this
experiment compared to that of Brett et al. (1982) feeding at 60% of satiation was probably
attributable to shortage of food.

Redband trout reach their maximum growth rate at 20°C. Growth rates are less at both 15°C
and 22.8°C (Sonski 1982, as cited by Sonski 1983b). By contrast, brown trout growth can be
high in the temperature range 7-19°C, but growth is poor above 20°C (Frost and Brown
1967).

Feeding

Fingerling sockeye begin losing appetite at 23.3°C and cease feeding at 24°C. Maximum
feeding rate was measured as 8% dry body wt/d at 20°C. Optimum growth temperature was
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15°C at a ration of 6%/d, but this declined to an optimum growth temperature of 5°C at a
ration of 1.5%/d (Brett et al. 1969).

Redband trout can be expected to set the upper limit for feeding response for all salmonids of
the Pacific Northwest. No feeding was observed by Sonski (1982) (as cited by Sonski 1984)
for juvenile redband at 25.5°C-27.0°C. In his comparison of thermal tolerance by three
rainbow trout species, Sonski (1984) found that no redband trout or Wytheville rainbow fed at
temperatures >26.0°C. The Firehole River stock would not feed beyond 26.7°C. Apache
trout began to refuse feeding at temperatures of 20°C and at 21.2°C stopped feeding totally
(Alcorn 1976).

The highest temperature for normal feeding in brown trout varies with acclimation
temperature, as is probable for all fish species. Elliott (1981) determined that the highest
temperature for normal feeding in brown trout acclimated to 15°C was 19.1°C + 0.27 (SE).
When fish were acclimated to 20°C, no feeding took place. Under cold temperature regimes,
when brown trout were acclimated to water at 10°C, normal feeding occurred when fish were
subjected to 2.9°C £ 0.27. When acclimated to even lower temperature (5°C), normal feeding
occurred at 0.4°C = 0.21. Similarly, Frost and Brown (1967) determined that feeding rate
declined sharply above 19°C in brown trout.

Varying Temperature
Survival

CTM experiments:

Becker and Genoway (1979) recommend the use of a temperature increase rate of 18°C/h.
They subjected coha (Qxisutch to an acclimation temperature of 15°C for 2 wk and then a

rate of heating of 18°C/h. The LE-temperature was 28.70°C and the D-temperature was
29.7°C. This is greater than the value of 26.0°C incipient lethal temperature (ILT) recorded
by Brett (1952) for this species with 20°C acclimation. However, the ILT method assesses
the temperature needed to produce 50% mortality in 2000 min (Bjornn and Reiser 1991). The
CTM method is the arithmetic mean of the temperature at the LE-point or D-point.

If the mean D-temperature for coho is considered, this point is reached in 0.82 h at a rate of
heating of 18°C/h. When applying the ILT method and the coefficiarasdb) provided by
Armour (1990) for spring chinook acclimated at 15°C and subjected to exposure at 29.72°C,
one calculates a median survival time of 3.2 min (0.05 h). Using the coefficients for coho
derived by Brett (1952), one calculates a median survival time of 2.8 min (0.047 h) at 29.7°C.
The CTM and ILT methods for evaluating thermal tolerance provide somewhat different
interpretations. On the one hand, starting at 15°C acclimation temperature, coho subjected to
a constant rate of temperature increase (18°C/h) can survive on average 0.82 h until death.
Juvenile coho acclimated to 15°C and subjected instantaneously to a temperature of 29.7°C
have a median time to death of 0.047 h. Obviously, the ILT method is sensitive to the

52



magnitude of difference between acclimation and exposure temperature. If juvenile coho are
acclimated to a higher temperature (23°C) and then subjected to an exposure temperature of
29.7°C, estimated median survival time is 12.7 min (0.21 h) using formula number 8 in
Armour (1990) and the coefficienta &ndb) for 23°C acclimation in Brett (1952) (see

Coutant 1972).

The mean D-temperature at which a CTM is expressed for a 15°C acclimation temperature
varies with rate of temperature increase. Becker and Genoway (1979) reported a mean D-
temperature of 29.7°C at 18°C/h heating rate, but the D-temperature varied from 27.6°C at
1°C/h to 31.1°C at 60°C/h. That is when temperature was increased at a rapid constant rate,
the mean temperature at death was higher than when increase in temperature was slower. At
the high rate of heating, coho reached the mean D-temperature in 0.27 h. With slow rates of
heating, a portion of the time that fish are exposed to test temperatures is spent at
temperatures within the tolerance range. Also, slow heating rates can result in some degree
of acclimation as temperature increases. This would tend to make the results of the two
methods somewhat different.

Cold shock resistance was measured in rainbow trout in Columbia River water by Becker et
al. (1977) using a similar series of declining temperature rates (1, 3, 5, 10, and 18°C/h).
When rainbow trout were acclimated to 20°C and then subjected to the declining temperature
regimes, it was found that LEvalues (temperatures required for 50% of the test group to
reach the LE-point) reached lower temperatures as cooling rates decreased. This implies that
with more gradual cooling rates, partial acclimation can be more complete. The most rapid
cooling rate (18°C/h) resulted in a 2.1°C.,Bwvhile the slowest cooling rate (1°C/h) resulted

in the lowest, 0.9°C LE. The most rapid cooling rate was able to change water bath
temperature from the 20°C acclimation temperature to thg dint (2.1°C) in approximately

1 h. Abrupt transfer, on the other hand, from the acclimation temperature to 3.5°C caused
100% of the test group to reach the LE-point. Another experiment testing abrupt transfer to
3.3°C resulted in 50% survival in a 96-h test (i.e., there was a 50% mortality caused by a
temperature decline of only 0.2°C from the LE-point). Starting from a 15°C acclimation
temperature, the LE point was reached at <0.1°C under similar decline rates. These data
show that there is survival value in reducing the rate of cooling to avoid thermal cold shock,
loss of equilibrium, or mortality. They also show that very small changes in temperature can
result in massive changes in population health. Although trout can withstand significant
downward changes in temperature in the short term, disease outbreaks have frequently been
experienced with salmonids in the longer term upon abrupt transfers to cold water. In
addition, other factors, such as starvation or nutritional status can reduce the response
thresholds.

A wide variety of studies were tabulated showing CTM valUablé 5) achieved after
acclimation to temperatures of generally 15 to 20°C followed by heating at various rates from
slow (0.04 to 1.0°C/h) to fast (18-24°C/h). CTM values varied from approximately 26°C to
30°C for these salmonids. CTM values generally are 1°C to 4°C higher than corresponding
UILT values. CTM studies indicate the water temperature achieved under a fixed rate of
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Table 5. Critical thermal maxima for various salmonids as reported in the literature.

Species Common Name | Origin Author(s) Accl. Heating CT™M
(River/ Temp Rate
Lake) (°C) (°Clh) (°C)
_——————————
Oncorhynchus kisutch coho salmon n.r.; Becker and Genoway| 15 1 27.68
(1979) 27.56
18 28.7C
29.72
60 29.63
3118
6 British McGeer et al. (1991)| 6 1 23.8-
Columbia 24.480°°P
hatcheries;
stock from
Capilano,
Chehalis,
Chilliwack,
Quinsam and
Eagle Rivers,
Tenderfoot
Creek
Bingham Cr., | Konecki et al. (1993)( 11.5 20 28.2
WA and Konecki et al.
Bockman Cr.,| (1995a) 16.6 20 29.1
WA
Snow Cr., 14.6 20 29.2
WA
Bingham Cr., | Konecki et al. (1993)| 11+1 20 27.6
WA and Konecki et al.
Snow Cr., (1995a) 11+1 20 27.9
WA
Oncorhynchus mykiss steelhead
rainbow trout n.r.; (2-3 Grande and Andersop17 0.04-0.08( 26.3
months old) | (1991)
rainbow USFWS Lee and Rinne 20 1.2 29.35
Williams Cr. | (1980f (x0.58}
NFH, Arizona
redband trout
Salmo salar Atlantic salmon | age O+ and | Elliott and Elliott 20 0.01 27.74
1+ combined | (1995) (+1.20f
1.0 32.63
(x0.38)
18 32.83
(£0.83)

54




n.r.; (2-3 mo.) Grande and Anderson17 0.04-0.08| 28.7-29.2
(1991)
n.r.; (3-4 mo)| Grande and Andersop17 0.08 29.2
(1991)
Salmo apache Arizona trout Arizona Alcorn (1976) 15.6 0.04-0.06| 21.2-22.8
Big Bonita Lee and Rinne 20 1.2 29.40
Cr., Arizona? | (1980F (x0.21%
Salmo trutta brown trout age 1+ and | Elliott and Elliott 20 0.01 24.80
2+ combined | (1995) (+1.56}
1.0 29.58
(£0.63)
18 29.98
(£1.44)
Ord Creek, Lee and Rinne 20 1.2 29.85
Fort Apache | (1980F% (+0.58%
Indian Res.,
Arizona
Salmo gilae Gila trout Main Lee and Rinne 20 1.2 29.57
Diamond Cr.,| (1980% (x0.317
McKnight
Cr., Gila NF,
New Mexico
Salmo clarki cutthroat Oregon, wild | Golden (1976) 23 ? 30.57
13-23 29.82
cycle
Salvelinus fontinalis brook trout n.r.; (3-4 Grande and Andersop17 0.08 27.2
months old) | (1991)
Ord Creek, Lee and Rinne 20 1.2 29.76
Fort Apache | (1980F (+0.35%
Indian Res.,
Arizona
Salvelinus namaycush lake trout n.r.; (2-3 Grande and Andersopl17 0.04-0.08| 25.9
months old) | (1991)
n.r.; (3-4 Grande and Andersonl17 0.08 25.9
months old) | (1991)
Thymallus arcticus Arctic grayling Big Hole Lohr et al. (1996) 20 24 29.3
River,
Montana

Key:

a-- CTM determined to LE-temperature (i.e., loss of equilibrium)

b-- CTM determined to D-temperature (i.e., death)

c--mean ambient field temperature

d--95% confidence limits

e--test fish reported to be adult, but size was only 15-20 cm total length
n.r.--origin of test fish "not reported"
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heating or cooling at the point where the LE- or D-temperature was reached. For species
having a CTM of 26°C, for example, total exposure time between 25°C and 26°C can be
short at a high heating rate. For example, at a heating rate of 18°C/h, only 0.05 h exposure
time to elevated temperatures occurs during this 1°C temperature rise.

Steppedvariation (daily)

Resistance to daily stepped temperature increases was studied on Lahontan cutthroat trout by
Vigg and Kock (1980) Table 6). Although temperature increases were very slow after

reaching a temperature of 20°C, measured CTM values were similar for the two contrasted
stocks and these values were also similar to CTMs for many other stocks tested by
conventional techniques.

Table 6. Critical thermal maximum of salmonids resulting from daily stepped temperature
increases.

Species Common Name | Origin Author(s) Alkalinity | Accl. AT every | CTM
(River/ (mgl/l) Temp X days
Lake) (°C) (°C; d) (°C)
| B P ————
Salmo clarki henshawi Lahontan Marble Bluff | Vigg and 69 16 1°C@1d |22.3+0.2
cutthroat trout strain-- Koch to 20°C
Pyramid Lake| (1980) 357 then 1°c | 20.9 0.1
lati 4d
popuiation 1487 @ 19.4 +0.3
Summit Lake 69 22.6 0.2
strain--
population 1487 19.9 +0.1
Key:

a-- CTM determined to D-temperature (i.e., death)
b--95% confidence limits

Diel cycle:

Diel temperature fluctuations can present a serious threat to survival of juvenile salmonids in
terms of maximum temperature experienced and cumulative exposure to temperatures within
the resistance zone. Fluctuating temperature regimes become exaggerated in magnitude and
can achieve higher maxima and lower minima when riparian vegetation is removed than if old
growth vegetation is maintained. Even in southeast Alaska, daily maxima can reach 29°C
(Thomas et al. 1986). In Oregon daily maxima of 30°C are not uncommon in denuded
streams. In southeast Alaska, diel fluctuations in old growth streams may be only 4.8°C
while temperature fluctuations in clearcut streams are typically 9°C. Martin et al. (1986)
determined a relationship between diel temperature fluctuation and percentage summer
mortality of juvenile coho in several streams on Mount St. Helens, Washington that
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represented extremes in vegetation cover. Summer mortality was described over the range of
diel temperature fluctuation from 4 to 16°C by y = -0.330 + 0.082x, where x is diel

fluctuation (in °C) and y is percentage mortality. Bear Creek had a diel fluctuation of >16°C,
which equates to 98% mortality. Bear Creek had maximum summer water temperatures
exceeding 25°C for 10 d in one year and 30 d the next.

A biologically serious consequence of the influence of riparian vegetation removal is that
daily mean temperatures may rise only 1.2°C but the magnitude of diel fluctuation and daily
maxima can be much greater than under old growth conditions. This is worrisome because
the risks of thermal exposure are often calculated in terms of maximum weekly average
temperature (MWAT) (see NAS 1972). Actual risk of cumulative exposure to elevated daily
maxima may not be well represented by this method.

Shifts in fluctuating temperature regimes can be in terms of increased mean temperature,
increased range or both. Impacts to individual survival and population density and size can
be inferred from upward shifts in temperature regimes due to climatic warming. Meisner
(1990) modeled effects of a 4.1°C increase in mean July and August air temperatures on
summer thermal habitat for brook trout. Air temperature increases produced a comparable
increase in groundwater temperature. Brook trout are limited in distribution by a 24°C thermal
barrier. The increased air temperature resulted in a 30-42% decrease in available summer
habitat in two southern Ontario streams. Elliott (1994, p. 230) demonstrated by use of his
brown trout growth model that a 4°C water temperature increase resulted in a markedly
smaller smolt size in brown trout, which would lead to a reduced survival. Growth rates are
governed by water temperature and initial size of trout in populations of different densities
and in a variety of stream types.

Based on laboratory studies on juvenile coho, blackside dace, and sculpin, DeHart (1975)
showed that predicted times to 100% mortality from fractions of lethal doses, calculated from
constant temperature UILT studies, accumulated over a 2-day period of cyclic temperature
fluctuation were very similar to observed mortality rates. A model for additive mortification
under a fluctuating temperature regime was also demonstrated in laboratory work of Fry et al.
(1946) (as cited by Kilgour and McCauley 1986).

In a test on wild coastal cutthroat trout under fluctuating regimes, fish acclimated to a 13-
23°C cyclic regime and subjected to a 13-27.5°C regime required 1.25 cycles for 50%
mortality and 1.75 cycles for 80% mortality (Golden 1976). Fish acclimated to a constant
23°C acclimation temperature followed by the same cyclic regime, required 1.5 diel cycles for
50% mortality and 1.75 cycles for 90% mortality. In two tests on wild cutthroat acclimated
to the fluctuating temperature regime where the experimental exposure temperature regime
was increased to 13-28°C, 0.75 diel cycles were required for 100% mortality. For those fish
acclimated to a constant 23°C regime followed by exposure to the cyclic regime, 0.75 diel
cycles were required for 50% mortality and 1.00 diel cycles for 90% mortality (Golden 1976).
This study indicates that mortality can be a cumulative response to thermal exposure history
as did the work of DeHart (1975). The acclimation temperature regime selected by Golden
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(1976) fluctuated from 13 to 23°C (note: 23°C is near the critical threshold to distribution of
many salmonids as suggested in the Distribution section). Only 1.25 cycles of the 13-27.5°C
regime were required to produce 50% mortality. In addition, further exposure to this cyclic
regime increased cumulative mortality. Acclimation to the maximum temperature (i.e., 23°C)
of the acclimation cycle improved survival somewhat over that achieved in a fluctuating
temperature acclimation regime. This indicates that degree of acclimation in a cyclic regime
tends to be equivalent to that provided by a constant temperature that is less than that
produced by the maximum of the cyclic regime. This is not unexpected because the rate of
acclimation to high temperatures is greater than that to low temperatures (Brett 1946). Also,
Brett (1946) noted a relatively slow loss of heat-tolerance under declining temperatures
compared with the rate of acclimation to a temperature. It is probable that the equivalent
acclimation temperature in a fluctuating regime with stationary minimum and maximum

would continue to increase toward some intermediate asymptote during several days of
acclimation. The number of days to achieve relative stability of the effective acclimation
temperature in a cyclic regime has not been studied to any extent. However, time needed to
fully acclimate to an increase of 8-10°C magnitude from one constant temperature to another
was 1 to 3 d for several fish studied (Brett 1946). One of the clearest and most recent
demonstrations of this effect was done recently or channel catfish (Bennett et al. 1998).
These authors showed that the rate of accruement of heat tolerance, as demonstrated by the
rate of increase in CTM values with acclimation time, was greater under an increase in
acclimation temperature than the rate of attrition of heat tolerance under the reciprocal
reduction in acclimation temperature. Acclimation rates were a function of the direction of
change in acclimation temperatures (increase or decrease), magnitude of the final acclimation
temperature, and the absolute amount of temperature change. Rate of acclimation was faster
at higher temperatures.

Cutthroat trout (Salmalarki) appear to acclimate in a fluctuating temperature environment to
an acclimation temperature equivalent to that produced by a constant temperature acclimation
to T,,,+0.75(T, T min) (Golden and Schreck, unpublished ms) although Heath (1963) reported
that sea-run cutthroat trout appeared to acclimate to the maximum temperature rather than
mean for temperatures cycled between 10 and 20°C. This was conclusion was based upon the
CTM under the thermocycle (29.8°C) being equivalent to that under a constant 20°C
acclimation (29.9°C). If in Golden's (1975) experiments on cutthroat, fish were acclimated to
a cyclic regime of 13-23°C, the equivalent constant temperature woulg,B€®.T5(T.»T min)

or 20.5°C. With a diel temperature fluctuation of 14.5°C (i.e., a regime of 13 to 27.5°C), the
average rate of change would be (27.5-13°C)/12h or 1.2°C/h. This is the approximate rate of
heating recommended by Elliott and Elliott (1995) in CTM experiments. Also, this

magnitude of diel fluctuation is very close to that used by Thomas et al. (1986) to represent
the diel temperature regime created by clearcut logging of riparian zones in southeastern
Alaska. At this rate of heating Lee and Rinne (1980) measured CTM values of approximately
29.5°C for 5 species of trout acclimated to constant temperatures of 20°C. This was also
similar to Golden's (1975) CTM for cutthroat trout. Even though cutthroat trout acclimated to
a 13-23°C cycle were heated to a peak of only 27.5°C (Golden and Schreck, unpubl. ms) and
not 29.5°C (i.e., the LE-temperature of Lee and Rinne 1980), mortality was produced from
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cumulative exposure to the diel cycles (13-27.5°C) even when maximum daily temperature
did not exceed the LE-temperature. In addition, increasing the peak of the cycle to 28.5°C
substantially reduced the mean number of cycles to death.

Thomas et al. (1986) tested the effect of fluctuating temperatures on survival of 0+ and 2+
age coho salmon relative to fish acclimated to a constant temperature. Fish acclimated to
either a constant temperature of 11°C or a fluctuating temperature of 10°C-13°C were
subjected to a fluctuating regime produced by increasing daily maximum by 2°C and
decreasing minimum by 1°C every 2 d. For fish acclimated to a constant temperature (11°C),
an LT, was produced for both age groups at a peak temperature of 24°C in the diel cycle.
That is, 50% mortality was reached during the time periods when diel fluctuations shifted

from 5°C-23°C to 4°C-25°C. For fish acclimated to the fluctuating temperature cycle, an

LT, of 28°C was observed in 0+ coho and 26°C in 2+ coho. All fish survived the 5°C-23°C
cycle and none survived the 2°C-29°C cycle. It is interesting that survival was high when
maximum temperatures did not exceed 23°C but mortality became significant when maximum
diel temperature reached 24°C for coho acclimated to a constant 11°C. In the 3°C-27°C diel
cycle the mean heating rate would be 2°C/h, corresponding to rates commonly used in CTM
experiments. It is interesting that 50% mortality was achieved in cycles including either 26°C
or 28°C as maxima for the two age classes. Becker and Genoway's (1979) study on coho
using a high heating rate indicated a CTM of 28.7°C, but McGeer et al. (1991), using a lower
heating rate, determined that CTM was considerably lower (maximum of 24.4°C). The CTM
from McGeer et al. corresponds to the.} ®f Thomas et al. (1986) for coho acclimated at
constant temperature. It is difficult to compare results from all these experiments. For
example, the high heating rate used by Becker and Genoway could have resulted in
significant overshooting of the temperature needed to produce loss of equilibrium or death.
Also, in the study of Thomas et al. (1986) diel fluctuations and a slow widening of the diel
range were studied simultaneously. Fish that succumbed in a 4°C-25°C cycle had previously
experienced a 2-d exposure to a 5°C-23°C cycle. The cumulative effect of prior thermal
history could have enhanced the impact of the 4°C-25°C cycle. As maximum temperatures
rise gradually over the course of the experiment, fish can become acclimated to higher
temperatures. The higher rate of acclimation to elevated than to decreased temperature
probably means that effective acclimation during the testing tended to increase gradually and
be more in tune with the trend in daily maxima than with the means. Another complicating
factor is that Thomas et al. (1986) noted that a diel cycle of 10°C-13°C represents conditions
in a typical southeastern Alaska old growth forest while 6.5°C-20°C represents a clearcut.
Maximum temperatures at those latitudes can reach 29°C, so the high temperatures producing
mortality in tests (e.g., 24°C-28°C) are significant relative to observed field conditions, but

the diel range used in laboratory tests may have been too great. There are several potentially
confounding effects in this test: the large diel amplitude of fluctuation that causes its own
stress and which is greater in magnitude than experienced in typical field situations; the

ability of fish to continue to acclimate to higher temperatures as maxima increase every 2 d;
that as maxima increase, the mimina decrease, meaning that the daily time period of exposure
to increasingly lethal temperatures increases but may be compensated to some extent by more
time spent at cooler temperatures also; and the cumulative effects from prior exposure cycles.
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In the field, there is not apt to be the large decrease in minimum diel temperatures as used in
the laboratory tests, so fish in the field would be exposed daily to longer periods where
temperatures exceed thermal limits.

Lee and Rinne (1980) studied effects of diel temperature fluctuations on five trout species
(reported to be adults, but whose total lengths ranged only from 15-20 cm) and avoided some
of the confounding factors in the Thomas et al. (1986) study. Lee and Rinne (1980)
acclimated fish to 10°C; Thomas et al. acclimated them to 11°C. Lee and Rinne increased
maximum temperature 1°C every 2 d rather than 2°C every 2 d. They also increased
minimum temperature 1°C every 2 d rather than decrease it every 2 d. This resulted in diel
fluctuation being a constant 6°C. The initial exposure cycle of Lee and Rinne was 15-21°C.
Loss of equilibrium was reached in brown trout, rainbow trout, Arizona trout and Gila trout in
a cycle of 21-27°C. Brook trout required a cycle of 22-28°C to reach the LE-point. This
means that when fish exhibited loss of equilibrium in a 21-27°C cycle, they had been exposed
for 2 d each to cycles of 15-21, 16-22, 17-23, 18-24, 19-25, and 20-26°C. It would be
interesting in such an experiment to also determine how many cycles at 20-26°C or 21-27°C
would be necessary to produce loss of equilibrium. This might aid in removing the effect of
10-12 d of prior exposure history during which possibly the latter 4-6 d (i.e., the latter 2-3
cycles) could have produced a cumulative mortality load. The mean heating rate in Lee and
Rinne's fluctuating temperature experiment was 0.5°C/h. The heating rate in their CTM tests
was very similar (1.2°C/h). They found that loss of equilibrium was reached at approximately
28.5°C for all five species in the CTM tests in which initial acclimation temperature was

10°C and was approximately 29.5°C at 20°C acclimation temperature. This experiment
indicates that even though rate of heating was similar in the CTM test and the fluctuating
temperature test, loss of equilibrium could be produced at a maximum temperature 1.5-2.5°C
lower under a diel cycle than that observed in the CTM experiments. Further, fish in the
fluctuating temperature experiments were able to continue to acclimate to increasing
temperatures during the 10-12-d course of the experiment. Because this ability to increase
acclimation to higher temperatures should have given them an advantage when subjected to
the next higher diel cycle, it is even more significant that the LE-temperature is as low as
27°C in a diel cycle. However, it is possible that continued exposure to a 19-25°C or a 20-
26°C cycle could have eventually resulted in loss of equilibrium if continued, assuming that
these cycles created a portion of the cumulative thermal load that led up to the 21-27°C cycle
causing loss of equilibrium.

Threader and Houston (1983) studied the effect of acclimation to a diel temperature cycle
relative to constant temperature acclimation. Rainbow trout acclimated to a diel cycle of 8°C-
16°C and then subjected to constant high temperatures exhibited a 24¢f P%.6°C.

However, when juvenile rainbow were conditioned to acclimation temperatures of 12, 16, or
20°C, 24-h LT, values were 24.6, 25.4, and 25.9°C, respectively. There was very little
difference in terms of lethal temperature. However, the fluctuating acclimation temperatures
provided increased median resistance times relative to constant temperature acclimation.
Rainbow trout acclimated to a constant 12°C temperature vs. 12+4°C had median resistance
times of 3.3 h vs. 10.1 h when exposed to a constant temperature of 26°C. However, one can
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assume from the test results and those of other studies reported here that when temperature
fluctuation is 8°C-16°C, the effective acclimation temperature would be greater than the mean
acclimation temperature. Juveniles acclimated to a 16°C constant temperature and then
exposed to 26°C had a median resistance time of 8 h. This implies that acclimation to a
fluctuating temperature confers greater resistance to high temperatures than would be achieved
even by acclimation to the maximum temperature in the diel cycle.

Rearing temperatures fluctuating in the range 18.4°C-26°C (i.e., 22.2 + 3.8°C) can result in
significant population mortality rates in rainbow trout. Hokanson et al. (1977) reported that
rainbow trout, acclimated at 16°C and reared under a fluctuating temperature regime of 22.2 +
3.8°C in the laboratory, had a specific growth rate of zero and a mortality rate of 42.8%/d for
the first 7 days of exposure, whereas mortality for trout held under optimal temperatures was
only 0.36%/d. Optimal growth temperature range was 17.2°C-18.6°C (constant temperature
regime) or 15.5°C to 17.3°C £3.8°C (fluctuating temperature regime). A constant temperature
of 26°C was similar to that level indicated by Threader and Houston (1983) needed to
produce LT, after acclimation to 16°C.

Growth and Development

Diel cycles:LaboratoryEvidence

Hokanson et al. (1977) studied growth and survival of rainbow trout, Oncorhynohuss
juveniles reared on maximum rations under fluctuating temperatures (T°C £3.8°C) vs. that at
constant temperatures. The physiological optimum (PO) temperature of rainbow trout is
16°C-18°C. These authors noted that specific growth rate at mean temperatures less than PO
was lower for a given mean temperature under a constant (T°C) vs. a fluctuating temperature
regime (T°C £3.8°C). In this temperature zone, a constant temperature of T+1.5°C provided
comparable specific growth rate to juveniles reared at T°C +3.8°C. However, specific growth
rate at mean temperatures greater than PO was higher under a given mean temperature at
constant temperature rather than under a fluctuating temperature regime of the same mean
temperature. This result indicates that when water temperature under field conditions is
greater than PO, it is not safe to assume that a mean of a diel temperature fluctuation is
protective, even if it is known from constant temperature experiments that this mean is not
injurious. The negative influence of the diel cycle appears to come from exposure to
temperatures that are higher than the mean.

Hokanson et al. (1977) found that rainbow trout specific growth rate at a fluctuating
temperature of 22.2 £3.8°C was zero. Population production involves a balance between
mean individual growth and mortality rate of the population. Hokanson et al. (1977)
determined that a rainbow trout population would exhibit zero increase (maintenance) over a
40-d period at a constant temperature of 23°C and a fluctuating temperature of 21°C +3.8°C
because under these temperature conditions, specific growth rate balances specific mortality
rate. With this laboratory information on constant and fluctuating temperatures and
corroborating field information, Hokanson et al. (1977) recommended a mean weekly
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temperature of 17+2°C for rainbow trout so that maximum yield is not reduced more than
27% when trout are subjected to normal fluctuating temperature regimes.

There appears to be considerable controversy regarding the effect of fluctuating temperatures
vs. constant temperatures on juvenile growth rate. Peterson and Martin-Robichaud (1989)
studied growth of Atlantic salmon under diel temperature cycles of 12°C-20°C and 16°C-20°C
relative to constant temperatures of 16°C and 20°C and could find no differences. Thomas et
al. (1986) measured growth of juvenile coho for 40-d periods under constant 11°C
temperature vs. diel temperature cycles of 10-13, 9-15, 8-17, and 6.5-20°C, all of which
averaged 11°C. They found that the growth rates of 0+ age fish at any of the food rations
were not significantly different among temperature regimes, although the growth at 4% and
8% ration (i.e., 8% of body weight/day) was better than at 1%.

Konstantinov et al. (1989) reported that under fluctuating thermal regimes coho salmon have

a decreased respiration rate and increased growth rate relative to that at constant temperatures.
This coupling of respiration and growth is cause for the greater efficiency in use of

assimilated energy in growth. Konstantinov and Zdanovich (1986) (as cited by Behnke 1992)
measured greater growth rates on several fish species under fluctuating rather than constant
temperature regimes. Konstantinov et al. (1989) summarized several of their studies on effect
of fluctuating thermal regimes on fish, stating that growth rate under a fluctuating regime

tends to be 10-40% greater than at constant temperatures equal to the mean of the cycle.

Biette and Geen (1980) reported variable response of 0+ age sockeye to cyclic temperature
regimes relative to constant temperatures depending upon food ration. Under zooplankton
rations equal to 4.0%-6.9% dry body weight/d and a fluctuating temperature regime similar to
that experienced in the field in diel migrations, sockeye grew as well or more rapidly than
under constant temperatures of 15.9, 15.3, 11.3, or 6.2°C. This ration was estimated to be
comparable to that consumed under field conditions in Babine Lake. Rearing sockeye
underwent diel vertical migrations between the hypolimnion, having temperatures of 5°C-9°C
and the epilimnion, with 12°C-18°C water. During periods of maximum lake temperature,
sockeye inhabited the epilimnion for 2 h in early afternoon and 2 h in early evening. At
higher food rations, growth at constant high or intermediate temperatures exceeded that under
cyclic temperatures. At both high and low ration, food conversion efficiency and growth

were greater in a constant temperature regime than under fluctuating conditions such as found
during diel vertical migrations in the field.

Clarke (1978) measured growth rates of juvenile sockeye in the laboratory at constant and
fluctuating temperatures. At constant temperatures ranging from 7.5°C to 17.5°C, growth
rates increased linearly. This response was defined by the equation y = 0.0660x - 0.311,
where x is mean temperature and y is growth rate (%wt/d). At 7.5°C growth rate was
approximately 0.2%/d and at 17.5°C it was approximately 0.8%/d. At a constant 10°C
regime, growth rate was 0.35%/d (estimated by regression for all constant temperature growth
experiments), but under fluctuating regimes of 7°C-13°C and 5°C-15°C (mean daily
temperatures of 10°C), growth rates were about 0.47%/d and 0.63%/d, respectively. This
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study indicated that specific growth rate (as %wt/d) at 7°C-13°C was equivalent to that
observed at a constant temperature of 11.4°C. Under the diel regime with great amplitude
(5°C-15°C), growth was equivalent to that observed at a constant temperature of 13.9°C.

This indicates that under diel fluctuating regimes, there was an acclimation to an equivalent
temperature found between the mean and the maximum temperature. This acclimation effect
in terms of growth rates was similar to that observed in terms of survival under thermal stress
with prior acclimation in cyclic diel temperature regimes.

As might be inferred from the work of Hokanson et al. (1977), if a diel temperature cycle has
a mean greater than the physiological optimum and a maximum in the resistance zone, growth
rate might be less than that found under a constant temperature equal to the mean of the
cycle. A likely cause is that at temperature extremes feeding inhibition might occur, thereby
limiting daily food intake. As food intake rate declines, the critical temperature providing
positive growth and the optimum growth temperature decline (Elliott 1981, 1995, Kovacs and
Leduc 1982). It must be determined whether feeding to satiation under a cyclic regime
providing critically high temperatures that limit feeding can provide the same food intake as
that gained under a constant temperature equal to the cycle. If feeding rate (as mediated by
photoperiod, competition, or other factors) is correlated with temperature and responds
instantaneously to temperature changes during diel cycles so that feeding rate can be
maximized on a daily basis, the inability to feed during certain extreme portions of the cycle
or during metabolic stress might be compensated to some degree by feeding during benign
temperature periods. The colder portions of the diel cycle would tend to occur at night when
feeding by sight feeding salmonids tends to be reduced. Growth rates are probably the most
relevant and sensitive indicator and integrator of effects during diel cycles..

Wurtsbaugh and Davis (1977) studied growth of steelhead trout in laboratory streams under
three fluctuating temperature regimes (i.e., natural cycle, natural +3°C, and natural +6°C) in
all four seasons and found that trout growth could be enhanced by temperature increases up
to 16.5°C. During the summer season the control temperature (natural cycle) was 16.2°C
(mean) and the elevated temperatures averaged 19.5°C and 22.5°C. The average diel
temperature range for the summer growth period was about 3.4°C under the three treatments.
Growth rates under food consumption rates of 5%-15% dry body wt/d were higher under the
control temperature regime than at the elevated fluctuating regimes. Under the high
temperature regime (mean of 22.5°C) growth rate was zero at a food consumption rate of
7%/d. Gross food conversion efficiency decreased as temperatures increased from 16.2°C to
22.5°C. Maintenance rations increased by a factor of three over the temperature range 6.9°C
to 22.5°C. This study revealed that trout growth was improve by increasing temperatures up
to a maximum of 16.5°C, but that this threshold applies to the field only under satiation
feeding. Because they measured field growth rates in an Oregon coastal stream indicating
food limitation, they concluded that temperatures less than 16.5°C would be optimal for the
trout. Food limitations in trout streams not uncommonly cause great reductions in summer
growth (Cada et al. 1987).
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Laboratory growth experiments were run on juvenile rainbow trout reared in Lake Ontario
water (Dockray et al. 1996). Growth was measured for juveniles over a 90-d period in which
"control" temperatures followed the ambient lake diel fluctuations and also varied in daily
mean temperature from 13°C to 24°C over this summer period. A water treatment facility
resulted in increasing control temperatures by 2°C over background for each day of the
growth study. Growth rate over this period was significantly less for the warmer regime,
having mean daily temperatures of 15°C-26°C. A comparison of the day 0 to day 30 initial
growth period with the day 60 to day 90 growth period is revealing. The initial period had
daily control temperatures varying from 13°C to 18°C; the final period had temperature
variation from 19°C to 24°C. The treatment temperature regime was equal to the daily
control temperatures +2°C. In the first 30-d period, food conversion efficiencies were 42.4%
and 45.6%, respectively, for the control and treatment fish. For the final 30-d period,
conversion efficiencies were 27.3% and 6.2%, respectively. The warmer temperature regimes
in the final 30-d period substantially reduced conversion efficiency from the initial period.
This effect was very pronounced in the 21°C-26°C regime for treatment fish in the final 30-d
growth period. In addition, growth was just barely positive for the last 30-d growth period
for fish in the 21-26°C regime.

Troughs stocked at high density with rainbow trout were supplied with Columbia River water
in tests of growth rate and disease susceptibility (Fujihara et al. 1971). Water in troughs was
maintained at ambient conditions for July (17.7-21.7°C, mean 19.7°C), ambient-2.2°C, and
ambient+2.2°C. Growth rate under the reduced temperature condition was 44% greater than
under the ambient condition, even though mortality rates associated with columnaris disease
in the two conditions were comparable.

In another study on Oncorhynchog/kiss (steelhead parr from Dworshak National Fish

Hatchery, ldaho), growth rate under a fluctuating temperature with feeding 2 times/d to
satiation was contrasted with growth at constant temperatures of 8, 15, and 18°C for 2- and 8-
week periods. Best steelhead growth occurred at 15°C. By contrast, instantaneous growth
rate under the fluctuating temperature as 11% less (Grabowski 1973). The thermocycle was
sinusoidal, so a mean temperature of 13°C can be inferred. Growth at constant temperatures
of 8 and 18°C were 36 and 29% less than at 15°C (Grabowski 1973).. These data allow one
to hypothesize that the effective growth temperature for the 8-18°C cycle was close to 15°C,
but it is not possible to determine whether it was slightly above or below 15°C.

Diel cycles:Field Evidence

From Elliott's (1975a, 1975b) studies of brown trout growth under constant temperatures, the
ability to model brown trout growth in the laboratory and field under fluctuating temperatures
arose. This growth model has often been found equally capable of predicting growth under

constant as well as fluctuating temperatures (Elliott 1994). Elliott (1975a) found that growth

rates in the laboratory over 42-d periods in which temperature fluctuated as much as £2.3°C
around the mean for the entire period closely matched those predicted by entering the mean
temperature into the growth model. Growth experiments in the field (a small stream near
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Windermere, England) were also conducted. In one experiment temperature increased from
6.8°C in March to 12.1°C in June; in another, temperature decreased from 12.9°C in August
to 7.2°C in November. Estimates of growth in the field made by entering the mean weekly
temperatures (calculated as the mean of 7 daily mean temperatures) into the growth model
revealed a good agreement between predicted and actual final weights in a 4-wk growth
period. Edwards et al. (1979) modeled brown trout growth on 10 British streams and were
able to show that predicted growth was 60-90% of potential growth assuming feeding on
maximum rations. Predicted monthly growth based upon mean monthly temperatures were
<2% different from computations based upon temperatures taken every 4 h. Likewise, Preall
and Ringler (1989) developed a computer model of brown trout growth based upon Elliott's
work and predicted potential growth for populations in three central New York streams based
upon initial weight, condition factor, and weekly mean temperature regime. These authors
measured actual growth under fluctuating temperature conditions in the field that were 60%-
90% of potential, as determined from their model. Jensen (1990) measured growth on 12
populations in Norwegian rivers and determined that mean growth rates of anadromous brown
trout parr were 76%-136% of the maximum inferred from the temperature regime.

Jensen (1990) concluded from his field work that the explanation for growth rates exceeding
laboratory-derived maxima under constant temperatures and satiation feeding was either inter-
population genetic differences or the ability of fish in the field, under fluctuating temperature
regimes, to feed at rates greater than under constant temperatures. It is also possible that the
ability to assess the temperatures actually experienced by fish in the field is poor and not well
represented by mean reach temperature. Jensen (1990) noted that in two streams observed
growth was predicted best by using the 75% temperature (the median between the mean and
maximum) and for another stream, growth was best predicted using mean temperature.
Assuming that Jensen was able to measure the diel cycle actually experienced by brown trout
in these streams, the similarity in application of the 75% temperature in predicting growth to
its use in estimating equivalent acclimation temperatures in UILT tests is interesting. It
appears that physiological conditioning of fish in fluctuating temperature regimes adjusts their
growth and thermal tolerance toward levels that would be predicted under constant
temperatures located between the mean and the maximum.

Another possible explanation not given by Jensen (1990) for greater growth rates in the field
under fluctuating temperatures is that food quality in the field is better than that provided in
laboratory experiments. Also, fat content of selected prey items of salmonids could be higher
than for the average of prey available in the benthos and provide a diet of high caloric
content. Food quantity, however, is often considered to be limiting to fish growth in the field
(Brett et al. 1982). Growth rates of wild rainbow trout in the field have generally been
reported as <1%/d (see review by Wurtsbaugh and Davis 1977) but were higher than this in
the laboratory in every season under the natural temperature regime (mean seasonal
temperatures in the laboratory of 10.0, 6.9, 9.4, and 16.2°C in autumn, winter, spring, and
summer, respectively) when fish were fed to satiation. Feeding to satiation at a frequency of
3 to 5 times/d (typical for most growth experiments) is considered to provide growth rates
comparable to those under continuous feeding with excess food. In the field an increase in
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water temperature, when produced by canopy removal, can lead to increased primary
production. A greater level of primary and secondary production increases food availability

to fish (Murphy and Hall 1981, Hawkins et al. 1983) provided that substrate sedimentation
does not increase simultaneously with canopy removal. However, as temperatures continue to
increase, primary production can be in the form of algae not readily consumed or digested by
benthic macroinvertebrates (e.g., blue-green algae rather than diatoms) (McCullough 1975,
1979), and macroinvertebrate production can be dominated by species not readily available to
salmonids in the drift (Li et al. 1994). Even if food quality is maintained at a high level with
increasing temperature, feeding rate and growth decline beyond the optimum temperature.

Mean instantaneous growth rates for O+ and 1+ age Atlantic salmon over a 10-year period in
the Miramichi and Restigouche Rivers were 2.33 and 1.23, respectively (Randall and
Chadwick 1986, as cited by Power and Power 1994). Mean annual instantaneous growth
rates for 1+ age parr of anadromous brown trout from 12 Norwegian rivers varied from 1.14-
1.94 g/gly (Jensen 1990). These mean growth rates were 76-136% of the maximum
computed from laboratory growth rates at constant temperatures corresponding to the mean
temperature in the field for 10-d increments over the growing season.

Effect of Seasonallemperaturelrends

Field studies of salmonid growth under the combination of diel fluctuating temperatures and
increasing or decreasing seasonal temperature trends have been documented by several
authors (see Jensen 1990 for review). Jensen (1990) noted that a decreasing autumn
temperature trend caused growth to be less at a given temperature than at the same
temperature under a generally increasing temperature trend in spring. Such a seasonal effect
on growth rates has been observed in brown trout and Atlantic salmon by various authors, but
others have not detected any seasonal difference at comparable temperatures (Jensen 1990).
A study by Mortensen (1985) (as cited by Jensen 1990) indicated that 0+ and 1+ brown trout
growth rate in the field during spring was accurately predicted using Elliott's model, but
growth rate was only 60%-90% of predicted rates in summer and 0%-30% in winter. Jensen
attributed the realized growth rate to seasonal limitation in food availability.

Growth rates of sockeye fry (Babine Lake, B.C. stock) were measured at satiation feeding (3
times/d) from March to mid-May under three temperature regimes: constant 10°C, declining

13 to 7°C, and an increasing 7 to 13°C. Mean temperature was 10°C in each treatment. Rate
of temperature change in the declining or increasing treatments was 1°C/wk over a 56-d
period. Growth rates were not significantly different among treatments. A photoperiod
increasing from 12 to 16 h light/d at a rate of 30 min/wk (typical of the geographic latitude

for the stock) produced a significant increase in growth rate under all three temperature
regimes compared to growth rates under a 12 h photoperiod (Clarke et al. 1978).
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Feeding

IncreasingDiel Temperature

In CTM experiments in which the heating rate was 2°C/d, five species of juvenile salmonids
were observed feeding up to temperatures that were 1-2°C less thangl{&ilahde and

Anderson 1991). Lake trout, brook trout, brown trout, rainbow trout, and Atlantic salmon

were observed feeding at temperatures of 23.8, 25.7, 26.2, 26.6, and 28.1°C, respectively,
reached during CTM experiments. A similar CTM experiment with Sapachen which
temperature was increased 1.0-1.5°C/d showed that fish began refusing food at 20°C and
totally ceased feeding at 21.2°C. In northern California streams, juvenile steelhead were seen
actively feeding in water temperatures as high as 24°C (Nielsen et al. 1994). However, once
temperatures reached 22°C, rate of foraging began to decline.

Diel cycles:Field Evidence

Coho in the field feed under temperatures as low as 2.5°C and display aggressive interactions
in coastal British Columbia streams (McMahon and Hartman 1989).
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SMOLT LIFE STAGE

SMOLTIFICATION IN SALMONIDS

The rate of silvering during the smoltification process is related to temperature, pre-smolt
size, migration timing, and photoperiod (McMahon and Hartman 1988). Up to a point,
increased temperatures result in increased rate of silvering (Hoar 1988). During the smolt
transformation, body lipids decrease in quality and quantity and the smolt assumes a lower
condition factor (weight per unit length) (Hoar 1988). Effects of temperature on the smolting
process have been studied in terms of changes in growth, condition factor, body silvering,
body moisture and lipid content, salinity tolerance, and gill Na-K-ATPase activities (Johnston
and Saunders 1981). Salinity tolerance is best accompanied by tests of pldswithiNa24

h of the saltwater challenge. A promising physiological indicator of smoltification is the
sharp increase in thyroxine (T4) in blood plasma (Wedemeyer et al. 1980), but numerous
other physiological tests are available to index the degree of stress on fish health (Wedemeyer
1980). Among these are measures of plasma glucose and cortisol as indices of acute or
chronic stress (Wedemeyer 1980).

Variations in migration timing can be influenced by temperature regime. Most of the

variation in emigration date observed in chum and coho in Carnation Creek, British
Columbia, was attributed to mean stream temperatures between peak spawning and emergence
(Holtby et al. 1989). Chum stocks from the Fraser River return to home streams consistently
during specific time periods. Early spawning stocks of chum are larger and older than late-
spawning stocks. The early spawning stocks produce larger eggs and emerge later than the
late spawning stock. Their larger egg size also produces fry of larger size (Beacham and
Murray 1986). This adaptation to home stream conditions allows smolt migration to be timed
so that smolts from all stocks descend within a narrow window. Shifts in this portion of the
annual temperature regime were linked to land use practices (Hartman et al. 1984). Alteration
in the emigration date, in turn, can affect subsequent survival in the marine environment
(Thedinga and Koski 1984, Holtby et al. 1989). From application of laboratory studies on
smoltification in relation to temperature, it would appear that an accelerated temperature
regime during springtime would either result in earlier emigration or less success in
smoltification (see Zaugg and Wagner 1973). Laboratory tests clearly showed that a high
constant temperature regime (20°C) during the emigration period of coho caused a very
restricted peak in gill ATPase activity compared to a normal (10°C) temperature regime.
Under the elevated temperature regime, ATPase activity plummeted prior to ocean entry
(Zaugg and McLain 1976).

Transformation from parr to smolt during seaward migration can be blocked by temperatures

in the range 15°C-20°C (Adams et al. 1973). Temperatures of >17-20°C place smolts under
either lethal or loading stresses that can impair metabolic activity, reduce swimming
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performance of lead to death (Brett 1958). For example, in subyearling fall chinook in the
Columbia River, temperatures of 18°C-20°C inhibit feeding. After exposure to 20°C for
several hours heat shock proteins are produced (Sauter and Maule 1997).

In smolting steelhead trout, rearing temperatures >13°C prevent increases in ATPase activity
(Hoar 1988). The smolt transformation in steelhead rearing in water >11.3°C was inhibited
(Adams et al. 1975). This inhibitory effect on steelhead is stronger than on coho, chinook, or
Atlantic salmon (Adams et al. 1975). Temperatures >13.6°C do not permit smoltification in
summer steelhead (Zaugg et al. 1972, as cited by Zaugg and Wagner 1973). In winter
steelhead a temperature of 12.3°C is nearly the upper limit for smolting (Zaugg and Wagner
1973). When temperatures exceeded 13°C, gill Na-K-ATPase activity declined in fish that
had already begun the smoltification process and there was a decreased ability to migrate
(Zaugg and Wagner 1973). Zaugg and Wagner (1973) considered this effect, operating well
below lethal limits, to have serious implications for survival of steelhead due to inhibition of
migratory ability.

Some physiological processes in smoltification of salmonids are greatly retarded by water
temperatures >13°C and in some Pacific salmonids smolt stage cannot be attained at
temperatures reaching 16°C (see references as cited by Johnston and Saunders 1981). It is
recommended for chinook and coho that a maximum temperature of approximately 12°C exist
to maintain the migratory response and seawater adaptation in juveniles (Wedemeyer et al.
1980, CDWR 1988, p. 4 ). Temperatures must be maintained at <12°C to prevent premature
smolting (Zaugg and McLain 1976, as cited by Hoar 1988; Wedemeyer et al. 1980). An
apparent exception to this rule is that temperatures as high as 15°C have been used to
increase growth rate and onset of smolting in coho. However, the rate of desmoltification is
also high in this temperature range. Fall chinook undergo an even greater desmoltification
rate than coho in this temperature range (Wedemeyer et al. 1980). Yearling steelhead held at
6.5°C and transferred to 15°C had a marked reduction in gill ATP-ase activity, indicating a
reversal of some smolting changes.

Aside from physiological impairment to smolts caused by elevated temperatures during
migration, direct mortality has been reported. Over a 48-km distance in the lower Sacramento
River there was a 50% mortality at 23.01 + 1.08°C, a temperature considered to be the UILT
with 95% confidence interval (Baker et al. 1995). This estimate was based on 15 smolt
releases in May or June from 1983 through 1990. Average weight of smolts was 5.15 to

9.40 g. This field based estimate agrees well with laboratory measurements of Brett (1952)
for chinook acclimated to 20°C (i.e., 25.1 = 0.1°C).

Wedemeyer et al. (1980) offered several recommendations for hatchery culture of salmonids
during winter and spring, preceding development to the smolt stage. Their recommendations
are relevant to achieving proper physiological development during the smoltification process,
timing of saltwater entry, and consequently high marine survival. They recommended that
water temperatures kept below 12°C would protect the smoltification process for chinook,
coho, and steelhead. Sockeye terminate their downstream migration if water temperature
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exceeds 12-14°C (Brett et al. 1958), although coho are able to withstand some further
increases before impeding migration. The influence on the smoltification process, though,
may be common to both species.

Wedemeyer et al. (1980) recommended that temperature follow a natural seasonal pattern.
For example, varying temperatures were found to be more stimulating to steelhead
smoltification than constant temperatures (Wagner 1974, Zaugg and Wagner 1973). The
mainstem Columbia River reservoirs provide environmental conditions that are cause for
considerable concern for the smoltification process. That is, the large thermal inertia due to
the volume of stored water alters the seasonal thermal regime. During late summer the warm
water that fills the reservoirs such as in the lower Snake River is very slowly displaced by the
gradually cooling tributary waters entering the mainstem. Although the majority of the smolt
migration occurs earlier in the spring in the Columbia Basin, the elevated summer and
autumn reservoir temperatures would seriously interfere with or prevent late smolt migration,
thereby reducing life history diversity. Reservoirs also cause a dampening in diel temperature
fluctuation that might somewhat inhibit smoltification. Superimposed on this physical
template, there has been an increase in mean Columbia River mainstem temperature over the
past 50 years that may be caused by a combination of climatic warming, cumulative land use,
and river flow management practices (Quinn and Adams 1996).

The coupling of mainstem thermal regimes with those in natal tributaries may also be of
concern for maintaining timing and success of smoltification and emigration, and optimum
marine survival. That is, land use practices in tributary watersheds have led to more rapid
temperature increases in spring and summer. This causes temperatures to exceed 12°C (a
critical temperature for initiating smoltification) earlier in the season. Smolting salmonids
would either be forced to emigrate earlier than historically to escape warmwater conditions in
spring or would revert to the parr stage and be forced to migrate headward to rear in cool
waters and then overwinter a second year. A rapid warming to the 12°C smoltification
threshold could result in less time available for 0+ fall chinook to achieve sufficient size prior
to smolting. Small size at smolting in coho results in a lower percentage adult return
(Thedinga and Koski 1984). It is possible that pre-smolts having low body lipid content or
condition factor due to small size at threshold temperatures cannot sustain further reductions
in these factors that would accompany smolt transformation (see Folmar et al. 1982)

As revealed in studies on Rogue River spring chinook, the increase in gill Na-K-ATPase
activity was greatest for juveniles >10-12 cm fork length (Ewing et al. 1979). These authors
hypothesized that juveniles must be >8 cm fork length by the September-October for
smoltification to be successful. Up to 85% of the returning adults emigrate during this time
period, whereas the remainder emigrate the following May. Poor juvenile growth in a
particular year could result in poor adult return due to the influence on timing of
smoltification. For spring chinook and steelhead, an extra overwintering would likely result
in high mortality (see Rhodes et al. 1994 for review of overwinter survival). Early emigration
from tributaries may actually be advantageous if it results in avoidance of severe winter
conditions (e.g., ice, high flows, scour, low temperatures), the possibility of some winter

70



growth in downstream reaches under more moderate temperature conditions, and earlier
downstream migration from the mainstem. However, delays in passage through the reservoirs
could still subject smolts to temperatures that could cause desmoltification. Late smolt
releases from upriver hatcheries are also apt to result in increased desmoltification. Such
practices are sometimes used in the Columbia River to decrease competition between hatchery
and wild components of a stock. For example, in the Hanford Reach of the Columbia River,
downstream migration of naturally produced 0+ age fall chinook peaks in early June.

Hatchery releases of fall chinook into the Hanford Reach occur from approximately June 15-
July 1, although at a considerably larger size. Even in 1942 maximum temperatures during
May and June were 11.7 and 17.2°C, respectively while maximum July temperatures were
21.1°C at river kilometer 228 near Warrendale (USGS 1968). It is easy to see that there
would be an advantage to early migration with respect to temperatures conducive to smolting.
Wedemeyer et al. (1980) recommended that smolt releases from hatcheries coincide with
historic migration times.

Survival of smolts upon reaching the marine environment depends heavily upon the degree of
smoltification, which can be measured in terms of ability to regulate plasma sodium
concentrations and grow in seawater (Mahnken and Waknitz 1979, Clarke and Shelbourn
1985). Two of the most important factors regulating these measures of seawater adaptability
are freshwater rearing temperature and time of transfer to seawater. The relative growth rate
of fall chinook in sea water was greatest after rearing in freshwater in a temperature range of
8-14°C, followed by transfer to 13-14.5°C in early May to early June. Freshwater rearing at
16°C resulted in seawater growth rates at 14°C that were approximately 70% of those with a
10°C freshwater rearing phase. Best plasma sodium regulation occurred under the freshwater-
saltwater temperatures of 13.8 and 10.2°C, respectively. This study indicated that the higher
the freshwater rearing temperature relative to the seawater rearing temperature, the lower
would be the relative growth rate in seawater during the second through fourth weeks in
seawater (Clarke and Shelbourn 1985). In years having mainstem Columbia River
temperatures that are especially high relative to the ocean, the lowered growth rates could
possibly decrease survival. When coho smolts enter saltwater prior to complete
smoltification, cannot maintain a critical size prior to saltwater entry, or enter saltwater as
smolts but then fail to maintain the necessary size, they frequently undergo desmoltification
and become parr-revertants (Mahnken and Waknitz 1979, Folmar et al. 1982). It is possible
that the freshwater-saltwater temperature combinations described above for fall chinook could
be influential in defining saltwater growth potential. Low initial saltwater growth may be
followed by desmoiltification, parr-reversion, and return to freshwater to await ocean entry the
following year. This process likely entails higher juvenile mortality. A higher incidence of
parr-reversion and/or death in early saltwater rearing due to osmoregulatory dysfunction might
then be a consequence of mainstem river vs. ocean thermal regimes.

Smolts that are released with subclinical infections will be apt to suffer delayed mortality in
the marine environment. Many low grade infections by freshwater disease organisms are
activated by stresses of migration and acclimation to saltwater (Wedemeyer et al. 1980) and
the mortalities produced by these diseases go largely unnoticed. Smolts may contract these
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diseases in natural rearing environments, in hatcheries, and diseases in the mainstem may be
spread especially through crowding in fish passage facilities or on barges. Other diseases
classified as marine (e.g., viral erythrocytic necrosis) can be contracted in the estuary or
ocean. It is important to control the stressors in the estuarine environment that can activate
marine disease vectors (Wedemeyer et al. 1980). Preventing culturally based water
temperature increases in the estuary is an important measure for controlling latent mortality
from diseases. In addition, numerous chemical contaminants, which are typically
concentrated in estuarine environments, such as herbicides, have been shown to inhibit smolt
function and migratory behavior (Wedemeyer et al. 1980) and require careful control and
monitoring. Combined effects of temperature and chemical contaminants frequently are
shown to have synergistic effects (see Multiple Factor Effects section, p. 152).
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ADULT LIFE STAGE

CHINOOK

Constant Temperature
Migration or Holding Survival

Laboratory tests confirm that temperatures above 21°C equal or exceed incipient lethal
temperatures for Columbia River chinook stocks migrating during the summer season. For
example, Becker (1973) identified the thermal tolerance of chinook jacks to be 21°C-22°C
based on a 168 hr TLM test. Coutant (1970) identified the incipient lethal temperature for
chinook jacks as 22°C with prior acclimation to 19°C (estimated from ambient river
temperatures). It is significant that given the few studies on lethal limits for salmon adults,
that existing evidence indicates that these levels appear to be significantly below juvenile
tolerance limits.

Servizi and Jensen (1977) found that the geometric mean survival times (GMST) for adult
sockeye were less than for juveniles. They also reported that the median survival times
(MST) for adult coho found by Coutant (1969) were similar to those of sockeye over the
exposure range 27°C-30°C. The GMST for adult sockeye was 1000 min at 24°C with
acclimation at 15.8°C-18.3°C. Survival time at 26°C was only 100 min. Time to loss of
equilibrium of adults was plotted vs. exposure temperature on the same graph as that showing
survival times vs. exposure temperature. The curve for loss of equilibrium was considerably
lower than the time to death curve. For this reason, Servizi and Jensen (1977) considered the
loss of equilibrium temperature more ecologically significant than the time to death
relationship. Furthermore, because sockeye exposed to temperatures of approximately 18°C-
21°C become highly susceptible to Flexibaatelumnaris they took this temperature range

as a greater thermal threat to continued stock survival.

Berman (1990) studied survival of Yakima River adult spring chinook held for 1.5 months at
14°C (control) and 19°C (treatment). Holding for this time period caused nearly total
mortality at 19°C from columnaris infection. No mortality occurred in the control group.

In a continuation of her experiments, Berman (1990) subjected adults to elevated temperature
holding conditions (17.5-19°C) for a 2-wk period prior to spawning. Control fish were held

at 14-15.5°C. Progeny of the elevated treatment group had higher pre-hatch mortality and a
much greater rate of developmental abnormalities than the control group. In addition, alevin
weight and length were less in the elevated group. The smaller alevin size could be
attributable to the smaller size of eggs observed in the elevated treatment group. It is
interesting that even though no differences were observed in fertilization rates of eggs
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between the elevated and control groups, numerous delayed effects occurred.
Varying Temperature
Migration: timing, normal migration temperatures, delay

It is common for water temperatures in the Columbia River to exceed the upper migration
limit of 21°C during August (USGS 1968) and for temperatures in the Snake to be even
higher £25°C) (Thompson 1974, Karr et al. 1992). As an example of the problem posed for
fall chinook migration, the 1990 water temperatures in Lower Granite Reservoir peaked on
approximately August 13 at 25°C and gradually declined to about 21°C by September 16
(Karr et al. 1992). There is very little stratification in the reservoirs on many days during
summer (Bennett et al. 1997) that can provide cooler water for migrating adults. For
example, on August 8, 1991 adults migrating between Ice Harbor Dam and Lower Granite
Dam had available to them very limited bottom area in only the deepest pools with
temperatures of 20-21.1°C. All other parts of the water column were >21.1°C throughout the
reservoirs (Karr et al. 1998).

As difficult as the thermal challenge to migration has been in the past, the situation seems to
be getting gradually worse. Over the past at least 55 years there has been a trend in water
temperature below Bonneville Dam for warmer condition. The trend in the date when late
spring-early summertime water temperature on the Columbia mainstem below Bonneville

Dam exceeded 15.5°C since 1938 shows that this temperature was reached on approximately
July 1 in 1938 but was reached by June 1 in 1993 (Quinn and Adams 1996). Also, since
1949 there has been a significant increase of 1.8°C in annual maximum temperature in the
lower Columbia River. Upstream at McNary Dam the mean June-July temperature increased
by 1.5°C and the maximum temperature increased by 1.2°C since 1954. Further upstream on
the Columbia River at Priest Rapids Dam the mean temperature did not change significantly
from 1975 to 1994 but the maximum temperature increased by 3°C. At Ice Harbor Dam on
the Snake River mean temperature autumn cooling to 15.5°C has been delayed 11 d from
1962 to 1994 (Quinn et al. 1997). Sockeye salmon have shifted their emigration timing to

6 d earlier since 1949. Despite this degree of plasticity in run timing to compensate for the
trend of increasing lower river temperatures, the sockeye run has experienced an increase in
mean temperatures between 1949 and 1993 from 16°C to 18.5°C at Bonneville Dam (Quinn
and Adams 1996).

Spring chinook destined for the Grande Ronde River have a migration peak at Bonneville
Dam on approximately April 15 and a spawning peak near September 5. Migration up the
Grande Ronde River occurs in May. If temperatures in Snake River reservoirs or the lower
Grande Ronde River were to exceed 21°C in May, it is likely that a critical window of
opportunity to migrate up the mainstem Grande Ronde would disappear. Judging from scroll
case temperatures at Lower Granite dam, temperatures in the Snake River are <12.8°C up to
mid-June (Karr et al. 1992) but increasing temperatures in the Lower Grande Ronde may pose
a problem to late migrants. Summer chinook bound for the South Fork Salmon River have a
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migration peak at Bonneville Dam on June 15 and spawning peak on September 1. Passage
through the Snake River reservoirs occurs during July. The summer chinook immigration
period coincides with a period of increasing temperatures in Lower Granite Reservoir in

which temperatures rise from approximately 13.9°C to 25°C. This stock in the Snake River
may be subject to thermal blockages having substantial implication to productivity because
temperatures in the latter half of the migration period can be continuously in the range 21°C-
25°C (Karr et al. 1992). Fall chinook historically entered the Snake River from late August
through November with a peak in September (Snake River Subbasin Plan 1990). The adult
fall chinook migration period commences at approximately the same time that the peak
temperatures are reached. At Ice Harbor Reservoir during 1990, water temperatures were
23°C on August 15 but they had declined to only 22°C by September 16 (Karr et al. 1992).
Currently, the run extends to mid-December. Peak spawning at the Lyons Ferry hatchery
occurs in late November. Because of the large volume of warm water retained in Snake
River reservoirs, elevated temperatures can present prolonged thermal barriers to fall chinook.
These temperatures reveal that fall chinook in the Columbia River in late August ready to
enter the Snake River could have to delay their upstream migration by 4 weeks until suitable
temperatures exist for passage. Even then, high temperatures can lead to metabolic stress or
disease.

On the Tucannon River, Washington, a radiotracking study on spring chinook revealed that
when maximum temperatures of 21.1°C were reached, a thermal barrier to migration was
established (Bumgarner et al. 1997). In 1996 this threshold was reached on June 24 in the
lower Tucannon River, after which maximum daily temperatures did not decline below

21.1°C until September 8. One radiotracked spring chinook was apparently forced to remain
in the Snake River until late September because it was finally detected migrating upstream in
the Tucannon River at RK 12.3 on September 20 (Bumgarner et al. 1997). Because spawning
typically occurs between late August and late September and because this adult might have
experienced prolonged adverse temperatures in the Snake River, the probability of successful
spawning of such delayed individual fish is apt to be low.

The temperature range under which the entire chinook run migrates upstream is 3.3°C-20°C.
Normal migration temperatures of individual chinook races are narrower. Spring, summetr,
and fall chinook tend to migrate within the temperature ranges 3.3-13.3, 13.9-20.0, and 10.6-
19.4°C, respectively (Bell 1991). In general, migration blockages become important when
temperatures exceed 21°C. It is likely that the upper physiologically or behaviorally
determined migration temperature listed for spring chinook represents customarily observed
water temperatures during the genetically-determined migration period rather than a
physiological limit to migration. With no contrary evidence, it will be assumed that a water
temperature of 21°C represents the upper migration limit for all races. However, ability to
withstand prolonged bioenergetic stress may be less in the smaller spring chinook than in the
other races.

When salmon migration is blocked by adverse temperatures in the mainstem Columbia River,
adults have been observed taking thermal refuge in small tributaries. For example, in an
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extreme temperature year (1941), chinook, sockeye, and steelhead were observed congregating
in small, cold creeks near Bonneville and Rock Island Dams when temperatures in the
Columbia rose to 21.7°C to 23.9°C (Fish and Hanavan 1948). Average monthly water
temperatures were 21°C on July, 1941 at Bonneville Dam and 20.3°C on August, 1941 at
Rock Island Dam (Sylvester 1958). Thermal blockage to adult fall chinook migration was
reported at a temperature of 21°C in the Sacramento-San Joaquin River delta, but even
temperatures as low as 19°C caused a partial blockage (Hallock et al. 1970). In this river
system, no migration occurred until DO was >4.2-5.0 mg/l; migration blockages are
controlled by threshold DO and temperature conditions. Temperatures of >21°C in the
mainstem Clearwater River, ldaho caused spring chinook migration to suspend migration and
hold in the cooler North Fork Clearwater until temperatures declined. This blockage occurred
in late July and early August as determined by following radio-tagged spring chinook (Stabler
1981).

Migration survival

Temperatures in a stream or river generally fluctuate on a diel basis. It is often assumed by
optimistic biologists that survival is high if temperature excursions into incipient lethal zones
are brief. However, studies of adult salmon subject to fluctuating temperatures illustrate the
increased mortality risk with increasing temperatures. Of 3241 adults returning to Lyons
Ferry hatchery in 1987, pre-spawning mortality was 32% at the hatchery alone.

Delays caused by an unfavorable migration environment may contribute to reproductive
failure. Adults, which fast during a long upstream jourrely honth), exhaust virtually all

energy reserves prior to spawning and death (Idler and Clemens 1959; Gilhousen 1980).

High temperatures can increase the rate at which limited energy is consumed for standard
metabolism (Fry 1971). Delays of as little as 3-4 d at migration barriers have been associated
with premature mortalities (Andrew and Geen 1960), as has unusual exertion (DeLacy et al.
1956, Paulik 1960, Gilhousen 1990). The Stuart Lake sockeye in the Fraser River system
travel at a rate of 42.4 km/d and reach their spawning grounds in 27 d (ldler and Clemens
1959). Males lose 14% of total body weight, 91% of initial fat reserves, and 32% of initial
protein. Females lose 34% of total body weight, 96% of initial body fat, and 53% of initial
body protein at the point of death. Body water content changed from 64% at initiation of
migration to 83% at death. Absolute body fat content over this period declined from 14.8%

to 1.3%. This run migrates 1152 km total distance in-river to the spawning grounds and
climbs 678 m in elevation. The average river water temperature for the majority of the
migration period reached a maximum of approximately 15.6°C-16.9°C based upon two years'
data. Given that water temperatures reach a maximum in Lower Granite Reservoir on the
Snake River of 19.4°C by July 1 (based on 1990 data, Karr et al. 1992) and the Stanley Basin
sockeye run has even greater distances and elevations to traverse, plus more dams to pass, it
is easy to understand their low migration success. These higher water temperatures would
incur much greater metabolic expenditures and stress in burst swimming.
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A radiotracking study of spring chinook migrating upstream in the Willamette River above
Willamette Falls detected many negative consequences of migrating in water temperatures in
the range 21-25°C. Mortality rates of adults prior to spawning were high. Some adults avoid
high Willamette River temperatures by entering the Santiam River, but many others moved
back downstream and never reached spawning grounds. Mortality rates were reported as high
as 50-60% in some years due to the combination of disease and inability to migrate (Schreck
et al. 1994).

Holding

Streams that have become degraded from cumulative effects of management practices may
have elevated water temperatures, reduced cover from large woody debris, and reduced
resting pool area due to pool filling by sediments eroded from streambanks or upland areas
(Rhodes et al. 1994). Reduction in volume and depth of large resting pools reduces
availability of cold thermal refugia. This effect can be aggravated by withdrawal of cool
groundwater for irrigation from aquifers linked hydrologically to surface stream flows.

Thermal effects on adults lead to increased mortality. Among these effects are depletion of
energy reserves owing to increased respiratory demands at warmer water temperature, protein
coagulation, enzyme inhibition, and other effects. Thermal effects on eggs held by maturing
females can produce subsequent mortalities during incubation. In addition to acute effects,
many of the diseases that commonly affect chinook become highly infectious and virulent
above 15.5°C. Both the percentage survival and time to death decrease as temperatures
increase beyond this threshold. These diseases affect adults and juveniles alike. (See Disease
section for more detail, see p. 104).

Prespawning mortality may occur during migration or holding. Mortality from disease effects
is common during these periods, especially as temperatures increase, but is difficult to predict.
Susceptibility to disease varies by stock. Some stocks are genetically more resistant to
disease. The disease organism must be present for disease to occur and generally the
frequency of infection increases with concentration of the disease organism. Even in a stock
with a relatively fixed genetic makeup, there is annual variability in prespawning survival that
can be a function of occurrence of the disease organism, annual virulence of the organism,
abundance of the target fish and other fish species that may also be a host, annual condition
of the fish that predisposes it to infection, and water temperature, which partially controls the
infection rate and time to death.

When ripe adult females are exposed to temperatures beyond the range 13.3°C-15.6°C, pre-
spawning adult mortality becomes pronounced and the survival of eggs to the eyed stage
decreases. In addition to direct effects on adults, pre-spawning adults exposed to prolonged
temperatures of 15.6°C-16.7°C , had survival of eggs to the eyed stage of 70% when then
incubated at 12.7°C-13.3°C and a survival of 50% when incubated at 15.6°C-16.7°C. Adults
exposed to 12.8°C-15°C water temperature had egg survival of 80% to the eyed stage when
then incubated at the same temperatures (Hinze 1959, as cited by CDWR 1988). The survival
of eggs to the eyed stage taken from adults held at 11.7°C-12.2°C was highest (95%) (Hinze,
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Culver, and Rice 1956, as cited by CDWR 1988). Eggs taken from chinook when held at
constant temperatures >13-15°C have poor viability (Hinze et al. 1956, as cited by Marine
1992, Rice 1960, Leitritz and Lewis 1976) .

Leitritz and Lewis (1976) and Piper et al. (1982) recommended chinook broodstock holding
temperatures of 6°C-14°C. Conventional salmon hatchery practice is to consider chinook
broodstock to be thermally stressed at temperatures >15°C; survival declines dramatically in
holding ponds when temperatures exceed 17°C (Marine 1992). Raleigh et al. (1986)
summarized the suitability of pre-spawning temperatures for adult chinook as maximal in the
range 8.0°C to 12.5°C, but declining to zero at 24°C. A study by Fish (1944) revealed that
adult chinook survival under fluctuating temperature regimes of 9.4°C-23.3°16{K) was

only 36% but under a temperature regime of 11.1°C-15.62Q1>0°C) was 75% after

holding in ponds for approximately 2 months. This study highlights the benefit of holding
adults under cold water temperatures to promote survival. However, in this Grand Coulee
Fish Salvage Program, disease outbreaks (especially columnaris) in the holding pond
environments, made coldwater holding particularly necessary to inhibit pathogens.

Prespawning mortality of wild spring chinook in the Warm Springs River varied from 34% to
75% during the period 1977-1986. In 1980 and 1981 prespawning mortality averaged 74%.
BKD was implicated in this high mortality rate in natural habitats because it was responsible
for mortality in the hatchery. Even though all adults released to the Warm Springs River
above the hatchery were inoculated for BKD in 1982-1986, mortality in these years was still
high (24%-59%). In the Rogue River, Oregon, furunculosis and columnaris were the primary
cause of mortality of wild and hatchery adults from 1977-1981. Prespawning mortality in
wild and hatchery fish was 12% and 36%, respectively, during this period (Cramer et al.
1985, as cited by Lindsay et al. 1989). Wild spring chinook in the lower Rogue River
exhibited high prespawning mortality in May-July 1992 as water temperature ranged from
18°C to 21°C (M. Everson, ODFW, pers. comm., as cited by Marine 1992).

Spawning

Median dates of spawning migrations are known to be related to latitude, with earlier
migrations at progressively higher latitude (Godin 1981). This life history trait appears to be
designed to provide sufficient accumulated degree days during egg incubation so that timing
of entry to the ocean occurs when oceanic temperatures and food availability are optimal or
attainment of sufficient juvenile size occurs to allow adequate overwinter survival in
freshwater habitat. Burger et al. (1985) hypothesized that individual stocks have adapted in
run timing so that adult spawning occurs at an optimal time to promote fry survival. Run
timing appears to be related to the unique thermal regimes presented by various water bodies.
For example, lake outlet streams provide warmer conditions in autumn that appear to have
selected for a late-spawning chinook run that is unique for the high latitudes of Alaska
(Burger et al. 1985). Temperature preferences by adults during the spawning season are
instrumental in determining spawn timing and location (Murray and Beacham 1987).
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Temperatures observed at spawning time in the field probably reflect a combination of the
genetically determined life history traits specifying optimum temperatures for various portions
of the life cycle. Given the inherent temperature optima for any stock for its various life
stages, population survival throughout the life cycle involves certain adjustments given the
annual climatic variations. Compensation can occur to a limited extent in the egg stage
during incubation (Alderdice and Velsen 1978). Also through behavior, adult fish express a
degree of flexibility in adjusting location of holding or time of spawning to optimize their
thermal regime to the extent feasible under annual conditions and their own bioenergetic
constraints. There is conflict between the fish's inherent temperature preferences and its need
to spawn within a limited time frame. That is, given a prolonged high temperature period
during adult holding, adults may be forced to spawn during adverse conditions, leading to
poor egg, alevin, or fry survival. For this reason, judgment by fish habitat managers needs to
be exercised in selecting suitable spawning temperatures. There is some plasticity in timing
of life stage events relative to annual climatic patterns, and adjustments can be made
throughout the life cycle, but inability to compensate fully tends to be expressed as population
mortality, poor growth, reduced fecundity, and reduced fitness.

Observed spawning of chinook in a wide variety of locations was reported for a composite
temperature range of 2.2°C-18.9°C (Mattson 1948, Burner 1951, both as cited by Raleigh et
al. 1986; Crawford et al. 1976, as cited by Vigg and Watkins 1991; Olson and Foster 1955;
Chambers 1956, as cited by Andrew and Geen 1960; Snyder et al. 1966, as cited by Parker
and Krenkel 1969; Wilson et al. 1987). Recommended spawning temperatures for spring,
summer, and fall chinook given by Reiser and Bjornn (1979) and Bjornn and Reiser (1991)
were 5.6°C-13.9°C in their literature review. These limits were extracted from Bell (1986).
EPA and NMFS (1971) recommended a maximum temperature of 12.8°C. Bell (1991) gave a
range of 5.6°C-14.2°C as the preferred spawning zone, with 11°C as a preferred temperature
based on an extensive summary of literature. In the Hanford Reach of the Columbia River,
the median date for peak spawning was November 11 based on surveys from 1948 to 1992.
On this date the mean weekly temperature was 12.5°C and the maximum weekly temperature
was 14°C (Dauble and Watson 1997). Because egg mortality, alevin development linked to
thermal exposure of eggs in ripe females or newly deposited in gravel, and egg maturation are
negatively affected by exposure to temperatures above approximately 12.5-14°C, a spawning
temperature range of 5.6°C-12.8°C appears to be a reasonable recommendation, suitable for
the Columbia Basin, unless colder thermal regimes are natural in any tributary.

It has been reported that spawning is initiated under a declining temperature regime.
Chambers 1956 (as cited by Raleigh et al. 1986) found that spring chinook normally spawn as
water temperature declines from 12.8°C to 4.5°C and fall chinook under a 13.4°C to 5.0°C
decline. It appears that the critical temperature threshold of approximately 12.8°C and a
declining temperature regime is one that is associated with ability to complete the spawning
act, maximum long-term viability of eggs and alevins, and good and improving resistance to
death by disease in adults and eggs. Although prespawning mortality attributed to
bioenergetic stress may be a significant factor in overall adult mortality up to spawning time,

it is uncertain at present how to separate disease and bioenergetic stress effects.
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Chinook females spend from 4-25 d defending their redds after spawning commences from
observations on a number of streams in British Columbia (Neilson and Geen 1981, Neilson
and Banford 1983, both as cited by Healey 1991). On the Kamchatka River chinook spend
10-23d guarding their redds, starting from initiation of redd digging through redd closure and
subsequently being swept away by the currents (Vronskiy 1972). The cooler water
temperatures in these streams may, however, allow fairly lengthy periods of nest guarding.
Coho survived 4-15 d (mean 11 d) in an Oregon stream after spawning (Willis 1954, as cited
by Sandercock 1991). In an Sashin Creek, Alaska, coho females survived a mean of 11 and
13 d from initiation of spawning in two different years of study, respectively (Crone and

Bond 1976). The range in female redd life for both these years was 3-24 d. Mean redd life
in two Oregon coastal streams was approximately 13 d (Koski 1966, as cited by Crone and
Bond 1976). Completing the act of spawning requires a great amount of stored energy and
any excess might allow the adult to survive additional time. Ability to guard the redd may
provide a fitness advantage if adult competition for spawning gravel is high. If an adult is
delayed in spawning for a period of greater than 24 days (chinook) or 13 d (coho) by any
combination of possible factors such as migration difficulties at dams, migration blockages by
temperatures of approximately 21°C or greater, or by tributary water temperatures that
continue to exceed spawning thresholds (approx. 12.8°C) , it can be assumed that 100% of the
adults will not survive to initiate spawning. This method of calculation is based on the
bioenergetic assumption that after completing the migration and possibly holding under
"normal” thermal regimes, adult females have a limited energy reserve allowing it to excavate
a redd and then live a certain number of extra days to guard the redd. Post-spawning redd
guarding behavior has fitness value in protecting eggs from being displaced by other spawners
(van den Berghe and Gross 1989), but the days (and energy) required for this activity would
not be as critical as those devoted to redd digging. In chinook 5-14 d are required for redd
digging (Vronskiy 1972), so delays in spawning of greater than this magnitude could be of
concern if males or females are prevented from reaching spawning grounds (for stocks that
spawn soon after reaching spawning ground) or commencing spawning for this number of
days or more. If the migration delay subjects females to high holding temperatures in waiting
for the blockage to be relieved or in retreating downstream to cooler tributary mouths,
valuable energy needed later in spawning is lost at a minimum.

Given the available studies it appears that temperatures greater than 12.8°C can be assumed to
begin inhibiting the spawning act. At temperatures greater than approximately 16°C we can
assume that spawning will not occur. If spawning time for each individual reaching the
spawning grounds in the early portion of the spawning period is delayed by 3 or more days,
survival to the egg deposition stage should begin to decrease. If the delay is greater than 24
days for these same fish, survival to egg deposition should be very low.
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ASSOCIATED COLDWATER SPECIES

Constant Temperature
Rearing:Preference

Adult salmonids in general have preferences for lower water temperatures than juveniles of
the same species (McCauley and Huggins 1979, as cited by Spigarelli et al. 1983).
Laboratory studies demonstrated a 24-h mean preferendum of 12.2°C for adult brown trout
(Reynolds and Casterlin 1979c). Juveniles, on the other hand, have final preferenda of 17.4-
17.6°C (references as cited by Spigarelli et al. 1983).

Migration or holding survival

Studies of lethal limits under constant or fluctuating high temperature are rare for adult
salmonids. However, Columbia River steelhead, acclimated to river temperature of 19°C had
a lethal threshold of 21°C (Coutant 1970). These lethal limits are 5.5°C lower than for
juvenile rainbow acclimated to 18°C (Alabaster and Welcomme 1962, as cited by Coutant
1972). It appears that adults are much more sensitive to thermal extremes than are juveniles.

Spawning

In female brook trout the maximum temperature for maturation and ovulation is 16°C-19°C.
Males can achieve functional maturity at temperatures as high as 19°C (Hokanson et al.
1973). However, at 19°C development of ova becomes inhibited and ova can be resorbed.
Similar effects on egg survival during egg development have been studied in rainbow trout.
Post-ovulation survival of eggs in the body cavity of rainbow trout females held at >13°C was
much lower than at lower holding temperatures (Billard and Gillet 1981, as cited by Billard
1985).

In the laboratory, brook trout spawning was typically initiated at 10°C but occurred under
temperatures as high as 16°C. The highest percentage of viable eggs per female was found at
8°C. When brook trout were spawned at 16°C, percentage viable eggs per female declined to
0% of the maximum observed at 8°C. An increase in spawning temperature from 10°C to
16°C resulted in a steady decline in spawnings per female, viable eggs per female, and total
eggs per female to values approaching zero. A spawning temperature of 11.7°C provided the
upper mean EJ or the median effective temperature representing the sublethal response for
production of viable eggs per female. This study points out clearly that the mere ability of

the fish to mature under holding temperatures does not indicate that spawning success will be
normal or that eggs will be viable. Hokanson et al. (1973) recommended that for the month
prior to spawning, maximum water temperature should be <19°C and mean temperature
should be <16°C. During the breeding season maximum water temperature should be <12°C.
Optimal conditions would be provided by mean spawning temperatures <9°C for optimal
spawning activity, gamete viability, and embryo survival.
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Varying Temperature
Global and Regional Effects on Production

Scarnecchia et al. (1989) analyzed data for yields of Atlantic salmon from 59 Icelandic rivers
using data on streamflows and sea and air temperature. They determined that rivers on the
northeast and northern coast had significantly greater variation in yields of grilse and 2-sea
fish than did the western rivers. Greater variation in yields was correlated with a greater
annual variation in spring-summer sea temperatures. This is the period of smolt migration
and initiation of feeding in the ocean. Also, rivers having highly variable seasonal
streamflows had highly variable 2-sea salmon yields. Streamflow variation is a commonly
used predictor of fish biomass and density in freshwater environments (Binns and Eiserman
1979, Poff and Ward 1989).

The variation in production caused by the combination of seasonal streamflow variation and
oceanic temperature variation frequently act in concert in the Pacific Northwest. The El
Niflo/La Nifia weather patterns on the California to British Columbia coast related to cyclic
variation in ocean temperatures induces patterns of climatic events in coastal and interior
streams of the Pacific Northwest, producing variation in winter rainfall or snowpack, summer
rainfall, channel scouring events, and summer air and water temperatures. Reduced winter
snowpacks caused by more moderate winter air temperatures result in lower summer
streamflows. Extreme highs or lows in seasonal streamflows and water temperature
conditions can be very damaging to fish production and stressful to salmonids. Even though
salmonids of the Pacific Northwest utilize streams that inherently are highly variable, normal
and anthropogenically accentuated variability can lead to periods of low population survival.
Under favorable climatic conditions, salmonids are capable of rapid population recovery,
assuming that habitat quality is good.

Most climatologists studying global warming predict increases in air temperature of
approximately 1°C-2.8°C within 20 years. Air temperature increases of this magnitude would
elevate maximum summertime water temperatures and cause regional impacts to fish
distribution and abundance. These impacts would be especially significant at the southern
extremes to a species' distribution (Meisner et al. 1988, Jowett 1990, Lattenmaier and Gan
1990, Meisner 1990, Neitzel et al. 1991, Keleher and Rahel 1996). Because of the tendency
for water temperature to reach equilibrium with air temperature (Dingman 1972, Crisp and
Howson 1982, Stefan and Preud’homme 1993, Sullivan 1990), and for equilibrium to be more
rapidly achieved with reduced summer streamflows and reduced canopy cover, it will become
increasingly important to restore canopy cover on entire stream systems and also to restore
channel morphology as a means to increase suitable summer rearing area (Theurer et al.
1985). Even though little may be done to ameliorate ocean conditions and improve adult
salmon growth short of controlling global warming, mortality in the adult and juvenile
freshwater phases can be reduced by numerous improvements in land use practices that would
reduce anthropogenically accentuated variability in seasonal streamflows and water
temperatures.
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Migration: timing, normal migration temperatures, delay:

Migration delays caused by high temperatures have often been observed, particularly where
tributary temperatures exceed those of the mainstem Columbia River (Major and Mighell
1967). Strickland (1967) (as cited by Stabler 1981) determined from analysis of dam passage
data that steelhead do not begin migrating up the Snake River from the Columbia River until
Snake River temperatures fall below 21°C. Adult sockeye spawning migrations were blocked
at temperatures exceeding 21.0°C (Major and Mighell 1967). During the period in which
sockeye have been observed passing Ice Harbor Dam (June 14-October 26) most sockeye
passed at temperatures near 20°C and few passed the gamh23C (Quinn et al. 1997).

Hatch et al. (1993) reported that as water temperature reached 22.8°C in the Okanogan River,
sockeye passage upstream to Lake Osoyoos terminated. During the migratory period, sockeye
did not migrate from the Columbia River staging area upstream on the Okanogan River until
temperatures dipped below 22.8°C. Even though Hatch et al. (1993) observed renewed
migration activity below 22.8°C, it appears likely that the optimal migration temperature is
about 14.4°C, the temperature at which the sockeye cruising speed is maximum (see Bell
1991).

Holding

A study by Fish (1944) revealed that sockeye survival was 51% when adults were subjected
to fluctuating temperatures of 9.4°C-23.3°G16°C) but was 96% at 11.1°C-15.6°C

(x=11.9°C). This study highlights the benefit of holding adults under cold water temperatures
to promote survival. However, in this Grand Coulee Fish Salvage Program, disease outbreaks
(especially columnaris) in the holding pond environments, made coldwater holding

particularly necessary to inhibit pathogens.

In addition to the effects on egg viability caused by maturing adult female salmon holding in
pools with elevated water temperature (>15°C-16°C), warm water can also lower viability of
eggs of non-anadromous salmonid adults by influencing their nutritional status during their
feeding period (see Hokanson 1977). A lowered food intake during the season when growth
is normally rapid, leading up to egg deposition, may accompany elevated water temperature.
Poor growing conditions for salmonids that achieve maturity in freshwater can result in poor
reproductive success (Coutant 1977). A rapid decline in egg quality of rainbow trout within
the body cavity of females after ovulation has been reported at holding temperatures of 13-
15°C by numerous authors (see citations in Flett et al. 1996, Billard 1985, Smith et al. 1983).
Holding cutthroat females at temperatures fluctuating from 2-10°C produced eggs of
significantly higher quality than when females were held at 10°C (Smith et al. 1983).

For coho migrating in eastern Lake Erie to spawning grounds, two stocks had very different
survival of embryos to hatch, attributable to the water temperatures on the migration route.
The stock that migrated in waters >20°C in mid-August to early September had deformed
eggs with mean survival rates to hatching of low to 0%, depending upon the year. The
neighboring stock that had very little warm shoal water to traverse during migration were
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exposed to temperatures 2-4°C lower and had normal eggs with high viability (84% embryo
survival) (Flett et al. 1996).

Bouck et al. (1975) studied survival of sockeye, acclimated to 13°C and adjusted to test
temperatures at a rate of 2°C/d. Adults holding at a test temperature of 22°C died after 3.2 d
from thermal effects. Holding for 11.7 d at 20°C resulted in 100% mortality via indirect
thermal effects stemming from infection by columnaris. Fish held at 16.5°C had lower health
and reproductive indices than fish held at 10°C. Among these indices were the absence of fat
reserves at 16.5°C vs. the abundant reserves at 10°C, the doubling of weight loss, enlarged
liver, and reduced egg size at the higher temperature. The non-infectious pathology at 16.5°C
occurs precisely during the major period of reproductive development in the Columbia River.
For these reasons, Bouck et al. (1975) concluded that 10°C was more favorable for maturing
sockeye than 16.5°C, and in addition, does not subject these fish to the greater risk of thermal
death and disease that is associated with 16 and 20°C holding.

Rearing: Preference

In field situations adult brown trout temperature preferences vary seasonally. Adults with
radiotransmitters and internal thermistors, in the vicinity of a thermal plume in Lake Michigan
ranging up ta>22°C, had median internal body temperatures of 10.9, 14.6, 11.9, and 10.0°C
in spring, summer, autumn, and winter, respectively (Spigarelli et al. 1983). The overall
median body temperature of adults in the plume area was 11.7°C. This is similar to the
optimum growth temperature of approximately 13°C reported by Elliott (1994, p. 87) and the
24-h mean preferendum of 12.2°C (Reynolds and Casterlin 1979c). The annual modal body
core temperature for both males and females was 12°C, similar to the median. However, on a
monthly or seasonal basis, there were differences in preference between males and females.
For example, in August males had a modal preference of 14°C-15°C and females 18°C. In
October males had a modal preference of 18°C and females 12°C. Skewness in preferences
for males or females during a month was reflected in differences between medians and
modes.

Among the majority of females, the distribution in core temperatures was positively skewed

in October but negatively skewed in June and August. For all males the August core
temperature distribution was positively skewed. Dispersion of body temperatures was less
than that for ambient temperatures, indicating a selection by adults that defined their niche
breadth within the available temperature regime. The dispersion (£34% interval) around
median temperatures experienced was greatest at low ambient temperatures and decreased to
near zero dispersion at ambient temperatures of 16°C.

Spawning
Fall chinook, sockeye, and coho were all reported to spawn on falling temperatures starting at

peak temperatures of 10.6-12.8°C (Chambers 1956, as cited by Andrew and Geen 1960).
Sockeye spawning success was only 45% when mean daily temperatures during spawning
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were 14.4-16.1°C. On the Fraser River, spawning temperatures >12.8°C were associated with
an increasing number of females that died without spawning (Andrew and Geen 1960).
Temperatures >12°C can inhibit or delay spawning by Atlantic salmon (Beall and Marty

1983, as cited by deGaudemar and Beall 1998). Spawning of brook trout begins to occur
after the weekly mean temperature falls below 13°C (approximately early October). During
the spawning period water temperatures steadily decline from approximately 12.8°C to 7.1°C
(Hokanson et al. 1973). Based on a survey of effects of temperature on all aspects of
spawning in fall-spawning salmonids, it appears that spawning temperatures in the spring and
fall chinook spawning habitats having a 12.8°C peak and a declining trend would satisfy
biological requirements.

Forced delays in spawning, such as are frequently caused by difficulties in passing dams, can
cause decreases in reproductive success. In Atlantic salmon a delay in spawning from any
source causes overripening in females. Prolonged holding of eggs after ovulation causes a
reduction in egg viability and an increase in egg retention and egg malformation. As little as
a 1-wk delay in spawning after full maturation causes a marked reduction in egg quality
(deGaudemar and Beall 1998).

Feeding

Diel cycles:LaboratoryEvidence

Daily food intake in adult brown trout (Wild Rose Hatchery, Wisconsin) can be
approximately 50% greater in fluctuating temperature environments than under constant
temperature conditions equivalent to the mean of the diel cycle (Spigarelli et al. 1982). The
diel cycle in laboratory tests was 9°C-18°C (mean 12.5°C). This was compared with feeding
at a constant 12.9°C and an arrhythmically fluctuating regime with a range of 4°C-11°C
(mean 7.7°C). The latter regime was the natural regime (ambient) of inshore Lake Michigan
water. Mean daily food consumption rate was 3.3% of wet body weight in the cyclic regime
and approximately 2.1% in the other regimes. Under the "ambient" regime the predicted
feeding rate for a mean temperature of 7.7°C was <50% of that for a constant temperature of
12.9°C, based upon Elliott's (1975a) equation. However, obséeeeihg rates were nearly
identical. This suggests a stimulatory effect of fluctuating temperatures.

Of the food intake under each treatment, gross conversion efficiency (percentage converted to
growth) was no different under the fluctuating regime than under the constant or ambient
(lake conditions) regimes. However, of the weight gained under each treatment, 48% was
attributable to lipid deposition under the ambient regime, 30% under the cyclic regime, and
20% under the constant regime. The higher fat deposition rates appear to be attributable to
daily variation in temperature (Spigarelli et al. 1982).
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Growth and Development

Diel cycles

Daily growth rate in adult anadromous brown trout can be >50% greater in fluctuating
temperature environments than under constant temperature conditions equivalent to the mean
of the diel cycle (Spigarelli et al. 1982). The diel cycle in laboratory tests was 9°C-18°C
(mean 12.5°C). This was compared with growth at a constant 12.9°C and an arrhythmically
fluctuating (ambient) regime with a range of 4°C-11°C (mean 7.7°C). Over a 57-d growth
period, mean growth rate under the cyclic regime was 0.74%/d. Under the constant and
ambient regimes, growth rates were 0.48%/d and 0.42%/d, respectively. Under the cyclic
temperature regime, predicted growth rates for the mean temperature of the cycle, based upon
equations from Elliott's laboratory work (1975a) were only 50% of those observed. Observed
growth rates indicated that the apparent acclimation rate was >18°C. In addition, it is
interesting that at the "ambient" temperature, which also fluctuated and had a mean of 7.7°C,
the observed brown trout growth rate was approximately the same as under a constant
temperature of 12.9°C. Spigarelli et al. (1982) noted that the growth enhancement observed
might not occur under field conditions where food is limiting or when the mean of a diel

cycle exceeds the optimum metabolic temperature of the species (see Hokanson et al. 1977).

Effect of Seasonallemperaturelrends

Brown (1946) (as cited by Spigarelli et al. 1982) measured growth rate of brown trout under
slowly rising and falling temperatures (0.14°C-0.21°C/d rate of change) superimposed on a
diel amplitude in fluctuation of 1°C-3°C. The long-term range in temperatures was 4°C-18°C
(mean of 11°C). Growth rates under the fluctuating regime were no different than at a
constant temperature of 11°C.
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DISTRIBUTION RELATIVE TO TEMPERATURE

PROBLEMS IN WEIGHING THE EVIDENCE FROM LABORATORY
AND FIELD

Data on observed distribution of fish in their native habitats provide useful information to
compare with laboratory data. Field data provide insights on thermal requirements that
integrate many different kinds of effects. For example, distribution of adults or juvenile fish

at any point in time is caused by a combination of factors, such as direct thermal mortality,
preference and avoidance, ability to feed and grow in selected locations during extended
periods (e.g., 1-2 weeks), disease tolerance and resistance, competitive interactions with other
species having the same or different temperature tolerance, predation. These factors are
strongly mediated by short-term temperatures or thermal regimes (daily, weekly, or seasonal).
Besides thermal control, numerous other habitat factors can be responsible for fish distribution
such as pH, dissolved oxygen (DO), suitable stream gradient, suitable substrate for spawning,
food availability, flood frequency and magnitude. These factors, though potentially of major
significance, do not necessarily operate simultaneously in any set of streams. Stream gradient
controls the ability of adults to immigrate to points within the watershed and the ability of
juveniles to migrate during the rearing period. Fish utilizing habitat that is marginal with
respect to any non-thermal factor will be at increased disadvantage (i.e., will suffer higher
mortality, lower growth rate, lower fecundity and reproduction success, and lower production)
if subjected additionally to thermal stress. However, adverse thermal conditions, either

natural or man-caused, generally are accompanied by other habitat conditions that negatively
affect survival (see Rhodes et al. 1994). Combinations of factors outside the optimum range
for any species can be expected to operate cumulatively or synergistically.

Most laboratory studies assess response to primarily one variable (e.g., elevated temperature)
at a time. Even with greater control on independent variables, results can be biased by
experimental conditions as well as ability of the scientist to interpret results. For example,
studies of temperature preference sometimes vary when conducted in vertical vs. horizontal
temperature gradients. Confinement in experimental containers can itself cause stress.
Conclusions also depend on interpretation of data from different kinds of methods. For
example, the ILT method gives different insights to temperature tolerance than the CTM
method. Despite the drawbacks that exist with laboratory results, field data are not free from
bias either. Observations that fish inhabit streams with high maximum temperatures measured
in mid-stream may lead to the faulty conclusion that a species tolerates temperatures of this
magnitude unless the temperature in the immediate environment of the fish is measured.

Even these local measurements can be misleading, though, unless one determines a daily time
budget for individuals and the population in different temperature zones or unless internal
body temperatures are tracked in relation to ambient temperatures (e.g., Spigarelli et al. 1983,
Berman and Quinn 1991). Selection of temperatures within a thermal gradient cannot be
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averaged simply based upon time spent in each thermal environment because the rate of
equilibration of a fish's internal body temperature to a warm water bath was faster than
equilibration to a cold water bath (Berman and Quinn 1991). That is, rate of heat loss was
slower than rate of heat gain when a fish was presented with temperature differentials of
equal magnitude. Also, more time was required for a large sized fish to equilibrate to warm
water than a small fish. These laboratory results indicate that in the field adults could tolerate
a water temperature increment (provided that the resultant temperature is < UILT) for a
longer time than for a juvenile before internal body temperature reached equilibrium with the
environment because of their larger body mass. And in any population, there is always some
degree of variation in temperature tolerance that may allow members at the extremes of the
distribution to withstand temperatures different from the majority of the population. Because
fish with limited choices tend to choose a thermal environment that most closely matches its
requirements, the temperature selected may not represent suitable conditions. Conditions may
simply be the best available locally, the best that the fish can find given energetic constraints
(time and energy available for searching), or the best that can be occupied given constraints
imposed by competition or predation. Conversely, absence from zones of warmer waters may
not indicate absolute inability to survive in those waters, but may reflect a combination of
predation, competition, or avoidance effects. And temperatures tolerated for a few days may
not be indicative of temperatures providing sustainable fisheries because of longer-term
effects of disease, growth, competition, and other factors. Field observations can be difficult
to interpret because one is never sure whether the response (i.e., presence/absence, density,
community composition, condition factor, growth rate, survival), if controlled by temperature,

is a function of maximum, minimum, or mean temperature, diel temperature variation, thermal
regime experienced over a period>f d, delayed effects from thermal experience in an
previous life stage, etc.

The combination of laboratory data on temperature tolerance and field data on distribution
relative to temperature, though, provides powerful corroborative evidence. Laboratory data
provide evidence for effects of constant or fluctuating temperatures without the influence of
most extraneous factors. Those that may exist can be examined for significance if they are
suspected. Field data are likely to give a conservative estimate of the upper limits to thermal
tolerance, except in those cases where cold refuges sustain a species in the midst of adverse
average ambient conditions.

CHINOOK

Juveniles

Presence/Absence

Lindsay et al. (1986) recorded the observed lowest extent of chinook juvenile distribution on
the North Fork and Middle Fork John Day Rivers in Oregon from June 15 to September 15

for the years 1980-1984. On the North Fork a continuous thermograph installed at river
kilometer 71 (RK 71) (a point which is also 21 km downstream of the lower extent of
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spawning) provided data used to plot downstream extension of juveniles relative to mean
maximum water temperature (°@Jig. 8). This relationship can be expressed by a regression
Y = -26.8 + 4.31X (R= 0.62, p<0.001), where X is mean maximum water temperature (°C)
and Y is the lower distribution in terms of river kilometer (RK) above the mouth of the North
Fork. This regression indicates that when the mean maximum water temperature was 22.7°C
for a one-week period at a point location in the North Fork (i.e., at the recorder), no juveniles
were found to be rearing below that point. A similar analysis of the Middle Fork data reveals
that when mean maximum water temperature was 19.5°C at a point on the mainstem of the
Middle Fork for a one-week period prior to sampling juveniles that no juveniles were found
below this point (see Lindsay et al. 1986, p. 41). Burck et al. (1980) had previously reported
studies of juvenile chinook distribution on the John Day River. They found that chinook
juveniles were not found in any areas on the Middle Fork or North Fork, John Day River,
Oregon, having mean weekly water temperatures of 21°C-22°C.

In the neighboring Grande Ronde River, Oregon, Burck (1994) studied spring chinook
outmigration from Lookingglass Creek (a coldwater stream) into the Grande Ronde River.
Between July 3-August 9, 1968, 565 0+ age chinook migrants were caught leaving
Lookingglass Creek entering the roadless canyon of the Grande Ronde River. Even though
fish were caught downstream of Lookingglass Creek in the Grande Ronde River above the
confluence with the Wallowa River, very few were caught in the canyon in 9 nights of
sampling. During the July 2-August 7 study period maximum temperatures ranged from
21.6°C to 26.1°C in the reach of the Grande Ronde River above the confluence with the
Wallowa River. More than half of the Lookingglass 0+ migrants left their home stream by

the end of August. Faced with temperature extremes as high as 26.1°C, it appears likely that
high juvenile mortality would have occurred. Burck (1994) conducted livebox survival tests
on groups of 10 fish each in the Grande Ronde River above the mouth of Lookingglass Creek
during early August 1969. Mortality was 100% in 24 h under a diel fluctuation of 16.1°C to
25.6°C (mean 20.9°C). Under a fluctuating diel temperature regime of 9.4°C-12.2°C

(minima) to 20.6°C-22.2°C (maxima) for a 4-d period in late August, mortality ranged from
0% to 50%.

On the North Fork John Day, no juveniles were found in reaches where temperatures
exceeded 22.8°C (Lindsay et al. 1986). Theurer et al. (1985) estimated that spring chinook
production on the Tucannon River, Washington would be zero for all stream reaches having
average maximum daily July water temperature greater than 23.9°C (or average mean daily
temperature of 20°C). According to data of Theurer et al. these conditions were present for
all stream reaches downstream of RK 40. Based on actual field observations of Bugert et al.
(1992) on the Tucannon River, no juvenile spring chinook were observed in the July-August,
1990 period in the Marengo section, representing RK 18.0-42.1. Although water temperature
data are not available for 1990, water temperature data for August 1991 indicate that daily
maxima as high as 27.2°C were observed in this section (measured at RK 41). Although no
observations were made for the lower 18 km, one would expect this section to be devoid of
chinook in the summer months also. The mean daily temperature for July 1991 was 21.8°C
and the mean maximum temperature was 24.6°C at Marengo. In August these indices were
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22.4°C and 24.8°C, respectively. Field observations on juvenile distribution and temperatures
(Bugert et al. 1992) are consistent with Theurer et al.'s (1985) temperature and production
modeling.

In Alaska two stocks were challenged with high water temperatures, an ocean-type chinook
from a southern stream (Robertson Creek) and a stream type chinook from a northern stream
(Bear River) (Beacham and Withler 1991). After 3-d exposure at 20.3°C-21.5°C, the
cumulative percentage mortality reached about 60% for the northern stock. In 16 d
cumulative mortality was 80%. Cumulative mortality for the southern stock was similar after
an 18-d exposure (i.e., 74%), but this stock suffered little mortality in the first 8 d. Although
this study did not record field distribution relative to temperature, prolonged exposure to
temperatures similar to those considered to represent distributional limits did result in high
levels of mortality for both chinook stocks. This laboratory test appears to confirm field
evidence.

In the Sixes River system in south coastal Oregon, chinook juveniles were typically absent
from river reaches having maximum temperatures exceeding 23°C (Frissell et al. 1992).

Density

Temperature regime is an important influence on fish density. Control on density can occur
through a combination of survival effects, behavioral avoidance, and interspecific competition.
Laboratory studies on steelhead fry indicated that density was twice as great in an
experimenta