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- Stream Temperature and Aquatic Habitat:
Fisheries and Forestry Interactions

ROBERT L.BESCHTA, ROBERT E, BILBY, GEORGE W. BROWN,
L. BLAIR HOLTBY, and TERRY D. HOFSTRA

ABSTRACT The temperature of water entering a forest stream system
typically resembles. that of the watershed's subsoil environment. As this
water continues to flow down the stream system, seasonal and diurnal
water temperatures are strongly influenced by solar radiation. Pro~
nounced differences in stream temperature patterns are evident for
streams draining watersheds throughout the Pacific Northwest, Seasonal
and diurnal patterns of stream temperature influence a wide range of
responges by instream biota. Furthermore, logging activities can initiate
pronounced temperature changes by the removal of forest vegetation
along channels. Buffer strips of forest vegetation are an effective
means of minimizing stream temperature impacts associated with logging.,
Although direct mortality of fish is probably not a major concern
throughout the Pacific Northwest when stream temperatures are altered
by management activities, temperature changes can influence rates of
?gg development, rearing success, species competition, and-other
actors. '

The temperature of water in forest streams is an important factor
regulating aquatic life. But until the 19608, the impact of harvesting on
the temperaturc of forest sireams was seldom considered or reported in
the literature. Whereas fisheries studies focused en the toxicological
effects of high temperature in the laboratory, most watershed studies
were concerned with changes in runoff and sediment,

The situation changed dramatically in thé early 1960s, especially in
the Pacific Northwest, Scientikts observed changes in ‘the migration of
anadromous fish in the Columbia River because of increases in temper-
ature below dams and the outfall of the Hanford thermonuclear reactor.
Conversely, .the beneficial impact of dams in reducing water temperature
became an issue on the Rogue River in Oregon. Research on the energy
balance of large rivers began to provide information about how their
temperature was affected by the macro- and microclimatic factors,
storage and release from reservoirs, and localized heat inputs.

The Alsea Watershed Study in western Oregon, which began in

1958, was the first detailed study of effects of timber harvesting on
the temperature of small, forest streams. Temperature changes were

191 -



424 '97 | 1:28 |-|-<”{_;.'-; -“v.“_;.; _, e

. 192 BESCHTA ET AL. ¢8CAG3

" .aonitored before and after harvesting, and research on energy bal~ .
ance components provided a basis for understanding why temperature . " A
changes occurred. In the late 1960s, high postlogging stream temper- .

atures were a central issue in a harvesiing-fisheries controversy over
the North Umpqua River in Oregon. This controversy, along with others,
was part of a developing environmental awareness and involvement by
the public, adminiatrators, and -legislators, These concerns also led to
mezjor changes in national policy for the USDI Bureau of Land Manage-
ment and USDA Forest Service and were instrumental in the development
of forest practices acts, on a state~by~state basis, for the Pacific
Northwest in the early 1970s. These forest practices acts identify
management activities intended to prevent significant temperature
changes in fish-bearing streams,

The objectives of this paper are to characterize stream temperature
regimes in forested ecosystems, to indicate the underlying physical
mechaniems of temperature change resulting from the removal of forest
canopied over streams, and to identify the various processes by which
temperature changes following logging can affect aguatic communities
and the production of fish.

STREAM TEMPERATURES AND FORESTED ECOSYSTEMS

The temperature of moisture arriving at a channel is dependent on
many factors. In high mountain catchments of the Pacific Northwest,
wuch of the annual precipitation occurs as snowfall, which accumulates
on a watershed until sufficient energy is awvailable for snowmelt. Most
snowmelt typically ocecurs during the gpring months. However, at lower
elevations snowfall accumulations may be relatively transient, and rapid
snowmelt can occur during rain-on-snow events. Typically, meltwater
(at 0°C) and rainfall (at > 0°C) infiltrate forest scils and .then move
laterally through relatively porous soils and subgoils toward topographic
depressions and stream channels. The pathways by which subsurface
flow reaches a channel are highly variable, but when such water even-
tually enters a defined channel and becomes streamflow, its temperature
generally reflects that of the watershed's subscil environment,

As water flows downstream, its temperature will continue te change
as a result of several factors that make up the heat balance of water.
The net rate of gain or loss by a stream as it mwoves through a forest
is the algebraic sum of net radiation, evaporation, convection, con-
duction, and advection (Brown 1983), Net radiation is generally
dominated by the amount of direct-beam solar radiation that reaches a
stream's surface. Heat gain or loss from evaporation and convection
depends on the vapor pressure and temperature gradients, respect-

_ ively, between the water surface and the air immediately above the

" surface. Wind speed at the air-water interface is also an important
controlling ‘variable, Conduction of heat between the water in the stream
and the streambed depends on the type of materjal that makes up the
bed. Bedrock channels are more efficient than gravel-bed channels at
conducting heat. Advection is the result of heat exchange as tributaries
or groundwater of different temperature mixes with the main streamflow,
and can -either increase or decrease stream temperature.
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Channel characteristics and morphology also influence the amount
of heat gain or loss of a stream. The surface area over which energy
transfers take place is important: wide streams receive more energy
than narrow ones. Discharge is ancther significant variable: for the
same surface arca and energy input, the temperature change expected
of a high-discharge stream will be less than that of a low-discharge
stream, In other words, for a given rate of net input, the change in
temperature of a stream is directly proportional to surface area and
inversely proportiomal to discharge.

How do these factors combine te produce temperature patterns for
coastal streams in the Pacific Northwest? In winter, solar radiation
levels at the stream surface are typically low, regardiess of canopy
cover., This is the result of a combination of factors affecting the
availability of direct-beam solar radiation: short days, low sun angles
(this maximizes reflection at the water surface and the shading effects
of streamside vegetation and topography), and cloudy weather. During
the summer months, when solar radiation levels are greatly increased
(higher sun angles, longer days, and clear skies) and stream discharge
is low, shading effects of the forest canopy become significant. The
seasonal progression of potential direct golar radiation (for clear
weather conditions) is shown in Figure 1. Although some losses occur
as solar energy is routed through the a2tmosphere, much of the incoming
solar radiation is intercepted by the canopy of streamside vegetation.
Net radiation underneath a continuous canopy may be only 15% or less
than that of an unshaded stream (Brown 1983) during daytime condi-
tions, Throughout the year, evaoporative and convective transfers of
encrgy are typically low for forested streams, because vapor pressure
and temperature gradients close to the water surface are small and wind
speeds are usually low, Likewise, conductive heat transiers are usually
insignificant (Brown 1969). Because water hag a relatively high specific
heat, seasonal and daily temperature changes of forested streams are
relatively small and gradual.

Seasconal temperature patterns for three small forested streams in
the Pacific Northwest are shown in Figure 2. As expected, the water-
sheds show maximum; temperatures occurring in summer and minimums in
winter. However, the exact timing and magnitude of seasonal extremes
vary. Porcupine Creek, the farthest north of the three, has the great-
est range in monthly stream temperatures (nearly 13°C). The timing of
sumpmer maximum temperature for these streams follows, by ene to two

- months, the timing of maximum solar radiation (Figure 1). An exception
to the cyclical pattern of sedsonal temperatures, shown in Figure 2,
occurs in streams fed by large springs or groundwater sources., These
systems often display 2 nearly uniform temperature yeer round, being
cooler than other streams in summer and warmer in winter (Minkley

1963).

Characterizing the extent of natural or climatic varjability in
stream temperatures is an impertant preliminary step in attempting to
document the effects that temperature changes related to logging may
have on aquatic communities, If, after logging, stream temperatures lie
within the bounds of matural variability, then any effects related to
temperature change might be difficult to detect. Furthermore, even if
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Seasonal pattern of potential direct-beam solar radiation at a

stream surface during clear weather (assumed atmospheric transmission
coefficient = 0.9) for selected latitudes (Buffo et al. 1972). :

14
{
124
FLLYNN CREEK, OREGON
{44* N Latitude)

- 30" '
%)
L
& 8- / \\
>
g \\ N
&€ GARNATION CREEK, | >y
o i / BRITISH COLUMBIA | '\
-3 s {49*N Latitude) ~
W 'u-'”’ /, \
- g - /f :

2 PORCUPINE CREEK, ALASKA ™~

i J/ (56° N Latitude) )
\,‘ld'/
O. ¥ “T { T 1 1 § . J | T 1 T
J F M A M J 4 A S O N O
MONTHS
Figure 2. Seasonal temperature patterns for three coastal streams in

the Pacifie Northwest

PPN IR W UV Ty VYT T L




JUN 24 g7 (il FRUM Momws o woer oo,

C8L10S TEMPERATURE 195 )

measurable, such effects might be relatively unimportant if they would
be expected to result from climatic variability anyway.

The variation in monthly temperature between years can be as
much as 4°C during the winter months (December-March) for Porcupine
Creek.in_scutheastern Alaska, but year-to-year variations in monthly
temperature are generally less than 2°C for-other times of the year
(Koski 1984). Monthly temperature fluctuations between years generally
remain lower than 2°C, regardless of season, at Flynn Creek in the
Oregon Coast Range.

Superimposed on the seasonal progression of stream temperatures
is a diurnal pattern. Generally, changes in water temperature over the
course of a day tend to be greatest during summer, in part because of
the relatively low volumes of water flowing in streams at that time of
year. Peak dally temperatures are usuzlly achieved during the late
afternoon, snd minimums just before dawn. Even in midsummer, when
large diurnal changes in direct solar radiation occur above the forest
canopy, the shading effects of the forest vegetation greatly moderate
and reduce the energy exchanges at the stream surface. For example,
diurnal temperature variations near the mouth of Carmation Creek
(Vancouver. Island, British Columbia) average approximately 1.3°C for
the months of June, July, and August; maximum diurnal variations for
these sawe months are less than 2.4°C (Holtby and Newcombe 1982),
Diurnal variations for a well-shaded coastal Oregon stream were less
than 1°C, even during the day of the annual maximum (Brown and
Krygier 1970). Streams bordered with relatively low densities of forest
vegetation or which have a significant number of natural openings along
the channel would be expected to have higher diurnal variations.

A time series of monthly averape watér temperatures-extending
from 1923 to 1975 has been reconstructed for Carnation Creek, B.C.,
using fifty~two years of air temperature records from a nearby per-
manent weather station (Estevan Point, B.C.) and a regression of air
and stream temperatures for the period 1971 to 1984. A temperature

" record of this duration provides an estimate of the extent to which
climatic variability has influenced undisturbed stream temperatures in
that region; Historical variability in Carnation Creek stream temp-
eratures has been relatively small, For all months of the year, the
average monthly temperature lies within 1°C of -the long-term monthly
median at least 50% of the time. ' '

Forest streams change temperature in space as well as time, again
in response to energy transfers, As stream order increases, so usually
does stream width, stream discharge, and the number of tributaries.
As width increases, surface area exposed to solar radiation usually in-
creases, because riparian vegetation may shade less and lees of the
stream surface, On the other hand, discharge also increases in a
downstream direction. The balance between these factors ultimately
determines the rate of temperature change downstream, especially in
summer, For instance, in the tributaries of Carnation Creek, B.C.,
diurnal ranges during the summer increase in proportion to drainage
area and stream width (both correlates of stream surface area),
indicating the overriding importance of direct solar radiation during
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reriods of low discharge indicating the temperature regimes of small
streams, During the winter there is no relation between stream surface
area -and diurnmal range; and other factors, principally discharge and
elevation, become important determinants of diurnal variation. In large
rivers, diurnal temperature fluctuations are generally dampened because
of the relatively large volumes of water contained by these systems
{Hynes 1970).

Where tributaries join, or enter a main stream, the mixed
temperature is the simple resultant of their individual temperatures,
weighted by their respective discharges (Brown 1983). Thus a small
tributary will produce little change in the temperature of a larger
stream unless the small stream's temperature is greatly different.
Hence, as stream order increases, the immpact on temperature of trib~-
utaries entering the main channel generally decreases.

Because wuch of their flow is derived from forested headwater
catchments, rivers in the Pacific Northwest exhibit seasonal temperature
‘patterns similar to those of small forest streams. In Figure 3, average
monthly temperatures are illustrated for three rivers across Oregon.
Winter temperatures for the Nestucca River in the Oregon Coast Range
are similar to those for the smaller Flynn Creek watershed shown in
Figure 2. This similarity is primarily a consequence of the combined low
net radiation inputs and high streamflows common at that time of year.
In summer, monthly temperatures for the Nestucca River average approx-
imately 18°C, or nearly 5 to 6°C warmer than those for the smaller
Flynn Creek watershed. These downstream increases in monthly water
temperatures during the summer occur primarily from net radiation
inputs to the water as it flows through increasingly wider reaches of
the stream system. In addition, flows are low at this time of year and
serve to magnify the effects of energy inputs.

Winter temperatures for the Nestucca River in the Oregon Coast
Range tend to be higher than for Fall Creek and the Umatilla River,
located farther east (Figure 3). Fall Creek drains a portion of the
western Cascddeg; the Umatilla River has its headwaters in the Wallowa
Mountains of eastern QOregon.

The range of temperatures experienced in coastal streams is
relatively low because of the maritime influence of the Pacific Ocean on
the coastal climate, Lower winter temperatures occur for rivers draining
the Cascades and mountain ranges farther east, where cold water temp-
eratures associated with rainfall or snowmelt and cold nighttime air
temperatures (which promote radiational cooling of stream water) are
conducive to lower stream temperatures. Monthly temperatures in Jan-
uary for the Umatilla River in eastern Oregon average more than 3°C
lower than those of the Nestucca River in the Oregon Coast Range.
Downstream changes in water temperature, as water moves from head-
water channels toward the mouth of a river system, 2re also described
by Theurer et al. (1985),

Even though general temperature patterns are evident in forest
streams, lécal anomalies may occur, Thermal stratification, while common
in lakes, is generally precluded in streams, because of constan
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Y T4 , predictable eilfects oi such variables as latitude, proximity to Ihe
ocean, and stream order. Particularly during summer months, however,
there appears to be a significant amount of fine-scale.heterogeneity

Keller and Hofstra 1982).

Compared with solar radiation inputs, energy transfers involving
convection or evaporation are of much Jess importance to the théermal
regime of exposed mountain streams., Both require wind movement at the
stream surface to be effective, in addition to temperature and vapor
pressure gradients. Because of normally low wind velocities immediately
2bove the water surface, neither process plays a significant role in
controlling the temperature of an exposed stream (Brown 1983).
Furthermore, these two processes tend to counterbalance each other.
-{ For example, if relatively warm air is present over a stream surface,
the heat gain to the stream by convection will tend to be offset by heat
loss through evaporation. This is important for several reasons. First,
high air temperatures do not cause stream temperature to increase
following canopy removal even though-daily maximum air temperatures
are usually at their highest during clear sunny weather, just as
temperatures of streams are. However, the two variables are often
highly correlated. Second, once a stream's temperature is increased,
the heat is not readily dissipated to the atmosphere as it flows through ;
a shaded reach, Hence, additional energy inputs to small streams can i
have an additive effect on downstream temperatures, f

The net rate of heat exchange (Nh) per unit area of stream - !
surface is shown in the following equation:. |

Nh=Nr+E.+H+C _ ‘ (1)

where Nr = net radiation

E’'= evaporation
H = convection
C = conduction

Although the net radiation term comprises both short- .end long-wave
components, the shortwave or incoming solar radiation portion is by far
the most important factor that changes as a result of canopy reduc-
tions, particularly during the summer.
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Seasonal and diurnal temperature patterns of exposed streams
dsze.r markedly from those of shaded, forest streams. For a channel
with a forest canopy shading the water surface, the individual terms
on the right-hand sid¢ of equation (1) remain relatively small over 2
24-hour period, even in midsummer. Hence diurnal temperature fluctu-
ations. are-also small. However, should the canopy be removed through
harvesting activities or natural causes, the net heat gain or loss may
be significantly altered.

During winter months, exposed streams may experience lower

‘temperatures when there is no canepy to inhibit energy losses by
- evaporation, convecton, or long-wave radiation from the stream.

Long-wave logses are greatest when clear skies prevail, particularly

at night. While this phenomenon iz not important in coastal streams of
Oregon and Washington, where nighttime cloud cover and relatively
warm air temperatures are common, it may be important for streams

at high elevationg in the Cascades and streams farther east, or at
northerly latitudes where snow accumulations are insufficient to cover
and insulate the channel from energy losses. Because most research
studies in the Pacific Northwest have concentrated on evaluating
changes in summer stream temperatures, less is known about winter
temperature changes, if any, as a result of reductions in canopy cover.

Studies in deciduous forest types of the eastern United States
have found relatively small changes in winter stream temperatures due
to forest harvesting. In Pennsylvania, changes in winter maximum
temperatures ranged from -0.7 to +0.99C; changes in winter minimums
ranged from -1.4 to +1.0°C {Table 1). In West Virginia, complete
removal of riparian trees lowersad winter stream temperature minimums
approximately-29C (Lee and Samuel 1976)., In New Jersey, dormant
seagson stream temperatures remained unchanged :Eollowmg herbicide ap~
plication’ to riparian forest vegetation. Results from studies of coastal
streams in the Pacific Northwest (Brown and Krygier 1970, Holtby and
Newcombe 1982) show little change in -winter temperatures followmg
canopy reductions from logging.

During the summer, the amount of direct solar radiatien available
to a stream whose canopy has been removed is substantial (Figure 6),
hence exposed streams may experience larga diurnal fluctuations. The
extent to which the incoming solar energy increases the temperature of
an exposed stream further depends on the surface area of the exposed-
reach and the stream discharge. Streams with small discharges and
large exposed areas inevitably experience the greatest temperature
increases (Sheridan and Bloom 1975). ' .

Research associated with a variety of forest types and geographic
locations has identified the magnijtude of temperature increases to be
expected from canopy removal, For summettime conditions in the eastern

_ United States, increases in average maximum temperaturés following

reductions or removal of forest canopy have general‘ly ranged from 3 te

10°C (Table 1). Minimum temperatures in summer either remained

unchanged or were generally hmited to increases of 1ess than: 1°C

LI P



West Virginia Clearcut

Average

summer maximum

+4,4

Table 1. Summary of temperature changes associated with forest management activities and experimental
treatments on forest watersheds, eastern United States.
Stream Temperature Temperature )
Location Treatment Varlables Change (°C) Reference
Georgia Clearcut with p;artial Average June-July maximum +6.7 Hewlett and Fortson
- buffer strip (1982)
Maryland Riparian harvest up.to Average summex maximum +4.4 to 7.6 Corbett and Spencer
. 40 o from channels Average summer minimum +0.6 to 1.1 (1975) '
New Jersey Riparian herbicide Average summer maximum +3.3 Corbett and Heilman
- application Average summer minimum Unchanged {1975)
Dormant season Unchanged
North Carolina Deadened cove vegetation Average summer maximum +2.2 to 2.8 Swift and Messer
. . | - (1971)
Complete clearcut Average summer maximum +2.8 to 3.3 Swift and Messer
: 1 {1971)
_ Understory cut’ Average summer maximum 0 to 0.3
- Pennsylvania Riparian harvest {lower Averag!e summer maximum +3.9 Lynch et al. (1975)
third of slope) Averagie summer minimum Unchanged _
Clearcut with herbicide Averagée June-July maximum +10 to 10.5 Rishel et al.
treatment Averag}e June-July minimum +1,7 to 1.8 {1982)
' Averagé Dec.~Feb. maximum -0,5 to +0.9 Rishel et al,
Average Dec,-Feb., minimum -1.4 to +0.2 {1982)
Commercial clearcut with Average June-July maximum +0.6 to 1.6 Rishel et al,
buffer strip Average June-July minimum 0 to 0.6 (1982) .
Average Dec.~Feb. maximum -0.7 to +0.9  Rishel et al.
Average Dec,~Feb. minimum -0.5 to +1.0 (1982)

Kochenderfer and
Aubertin (1975)
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Figure 6. Daily pattern of potential direct-beam solar radiation at a
stream surface during clear weather (assumed atmospheric transmigsion
coefficient = 0.9) on June 22, for selected latitudes (Buffo et al, 1972).

-——— For the Pacific Northwest, watershed studies in the Coast Range
and the Cascade Mountains of Oregon have shown increases in mean
monthly maximum temperatures of about 3 to 8°C (Table 2) following
clearcut harvesting, Burning may add another 1°C increase. At
Carnation Creek on Vancouver Island, British Columbia, Holtby and
Newcombe (1982) found that summer temperature increases due to
logging were proportional to the basin area logged. They predicted

a 79C increase in mean summertime water temperature if the entire
watershed was clearcut, Studies in the Pacific Northwest also show that
the minimum temperatures in summer are much less altered by canopy
removal and are generally limited to inereases of less than 1 or 2°C,

Concern over aliered temperatures after logging streamside
vegetation usgually focuses on the inevitable increases in maximum
temperatures observed during the summer, This focus is very much a
result of the toxicological perspective on-temperature changes that is
prevalent in fisheries resecarch. However, in the majority of cases in
the Pacific Northwest, siream temperatures in deforested watersheds,
while invariably warmer than they were in the forested state, do not
approach the tolerance limits of the resident fish species,

Holthy (1986) compared temperature changes over three biologically
interesting periods at Carnation Creck: (1) the winter (October through
February), (2) the spring (April and'May), and (3) the summer (May
through September). Logging-related increases in temperature (as in-
dexed by thermal summations), from 1977 to 1984, averaged 15% (range




Table 2. Summary of summer temperature changes assoclated with forest management acﬂwties on forest
watersheds, Pacific Northwest.
- Streanf Temperature Temperature
Location Treatment Variables Change (°C) Reference
Alaska Clearcut and natural A ’I‘empei-a.ture per 6.1 to 1.19C/160 m Meehan (1970)
{Southeast) . . openings 100 m of channel Average = 0,7°C/160 m
British Columbia Logged (Tributary H) Average June-August 0.5° to 1.8°C ﬁoltby and
(Vancouver diurnal temperature increase over pre- Newcombe (1982)
Istand) range treatment levels
Logged and burned Average June-August 0.7° to 3.2°C Holtby and
{Tributary J) diurnal temperatnre increase over pre- Newcombe (1982)
range treatment levels
Oregon Clearcut Average June-August 4.4 to 6.7°C Levno and
(Cascades) ' maximum Rothacher {1967)
Clearcut and burning Average June-August 6.7 to 7.8°C Levno and
maximum Rothacher (1969)
Oregon Clearcut Average! July-Sept. 2.8 to 7.8°C Brown and Krypgier
{Coast Range) maximum (1967)
Clearcut and burning Average;July-August 9 to 10°C Brown and Krygier
maximum (1970)
Oregon Mixed clearcut and 4 Temperature per ¢ to 0,7°Cf100 m Brown et al, (1971)
{Cascades) forested reaches 100 m of channel
Tractor striped area A Temperature per 15.8°C/100 m Brown et al. {1971)

100 m of channel
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Figure 7. OSummertime stream temperatures during clear weather in {A)
West Virginia (from Lee 1980), and (B) Coast Range of Oregon (from
Brown and Krygier 1967).

of 2 to 32%) during the winter, 27% (range of 18 to 36%) during the
spring, and 37% (range of 16 to 56%) during the summer.

The increased exposure of small headwater streams draining
clearcuts to incoming solar radiation leads to substantial increases in
diurnal fluctuations (Figure 7); In some gituations, the diurnal range in
midsummer can ificrease by more than .159C if the overstory shade is
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completely removed (Brown and Krygier 1970, Moring 197%a). In other
situations, increases in diurnal ranges have been considerably less,

- Increases in average diurnal ranges during summer after complete

clearcutting along tributaries to Carnation Creek were leas than 30C
(Holtby 1986). In the main creek, average diurnal range increased
approximately 1°C during the summer. Increased diurnal ranges dur-
ing most of the winter months were detectable but nevertheless were
considerably smaller.

Because direct-beam solar radiation- is the primary factor in-
fluencing temperature chingeé in summer;: the effect of partial canopy
removal is directly proportional to the.reduction in canopy providing
shade to the siream. What this signifies is that leaving buffer strips
represents an effective means of preventing temperature change for
many mountain streams.

The importance of a buffer strip for preventing inereases in
stream temperature can be determined by measuring its angular canopy
density (ACD). Whereas canopy density is usually expressed as a .
vertical projection of the canopy onto. 2 horizontal surface, ACD is 3
projection of the canopy measured at the angle above the horizon at
which direct~beam solar radiation passes through the canopy. This
angle is determined by the position of the sun above the horizon dur-
ing that portion of the day (usually between 10 a.m. and 2 p.m. in mid
to late summer) during which solar heating of a stream is most signifi-
cant. Thus ACD can provide a direct estimate of the shading effects
of streamside vegetation. Although it is possible for natural forest
vegetation to have ACDs of 100%, indicating complete shading from
incoming solar radiation, the ACD of old-growth stinds in western
Oregon .generally falls between 80 and 90% (Brazier and Brown 1973,
Steinblums et al. 1984}, In northern Callfornia, Erman et al. (1977)
found ACDs to average 75% along urndisturbed streams, )

The relative degree of shading. provided by a buffer strip depends
on a range of factors (e.g., species composition, age of stand, density
of vegetation). Although buffer-strip width is also important, by itself
it is not generally a good predictor of shade protection. Figure 8§ illus~
trates the wvariability of ACD associated with buffer-strip width for
forest stands in the Coast Range and Cascade Mountains of Oregon. Buf~
fer strips with widths of 30 m or more generally provide the same level
of shading as that of an old-growth stand. ,

How can we predict the effect of complete removal of riparian
vegetation, partial removal, or a buffer strip on the daily temperature
pattern of a stream? The answer is rélatively simple: by determining
the change in energy available to the stream surface, In summer this
means determining how much additional surface will be exposed to direct
sunlight during clear weather, This task is comparatively easy when
attempting to predict the cffect of completely exposing a stream reach
that was fully shaded. It is more difficuit to predict the change in
exposed surface area that will occur following partial removal of the

canopy.

BaB
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Figure 8. Relation between angular canopy density {ACD) and
bufferstrip width in western Oregon. Data for (A) from Brazier and
Brown (1973); data for (B) from Steinblums et al., (1984).
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Once the surface area A exposed to direct-beam radiation is
estimated, the increase in net energy N, (mostly shortwave solar
radiation) can be readily determined from tables and combined with
an estimate of stream discharge Q to predict the temperature increase
AT produced by harvesting:

N, x A
AT = o X 0. 000167 (2)
where N, = net rate of heat added to the stream (cal/cmZ?-min)

h

A = surface area of stream exposed to incoming solar
radiation (m2) :

Q = streamflow (m3/sec)

A detailed description of this predictive technique and the methods for
laying out buifer strips to ensure temperature control are given by
Currier and Hughes (1980) and Brown (1983).

Equation (2) works well for predicting temperature increases from
harvest along short reaches of stream where incident sclar radiation is
the major contributer to the energy balance, On reaches greater than
1,000 meters, evaporative and conductive energy transfers begin to
become significant dissipators of energy and wust be accounted for in
the prediction. Similarly, the temperature and inflow rate of ground-
water must be quantified. These variables add a great deal of
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complexity to the prediction (Beschta 1984), making it no longer a

simple, easy-to-apply technique. From a practical standpoint, this

gituation also means that streams exposed over long reaches will not

continue heating indefinitely (e.g., Theurer et al, 1985), They will ]
eventually reach an equilibrium temperature as evaporation, convection, |
_conduction, and groundwater inflow balance the incoming radiation load.

What happens to temperature when streams flow from a fully
exposed reach-into a shaded ireach? ‘Will they cool down just as they
warmed in the sun? Probably: not unless cooler water from a tributary
or from subsurface seepage enters the channel, Even though the direct
solar radiation may be greatly reduced:in the eghady reach, it is still
greater than long-wave radiation losses from the warm water and is
likely to be greater than etergy losses from evaporation, convection,

" or conduction. Thus the water temperature will remain relatively un-

changed in the shaded reach unless it mixes with other cooler water
within the reach, Management strategies to prevent excessive tem-
perature increases by alternating shaded with unshaded reaches will
be cffective only if cooler inflows occur within the shaded reaches.
Where cooler inflows do not-occur, temperature increases from each
expoged reach will not decrease appreciably through the shaded
reaches, and the result is a "stair-step" temperature increase in the
downstream direction {Brown et al. 1971).

Because heat added to a stream is not readily dissipated,
temperature increases in small headwater streams can increase the
temperature regimes of downstream reaches. The magnitude of down-
stream effect depends on the relative increase in temperature and
amount of streamflow from the exposed tributaries. The mixing of any
heated water, from- exposed headwater-streams, with cooler subsurface
gsecpage or at tributary junctions will moderate the pronounced diurnal
temperature increases experienced in an exposed headwater stream.
Nevertheless, where extensive reaches of channel have become exposed
either as a result of clearcut logging without buffer strips or from
sluiced channels due to mass soil failures and debris torrents, az cu-~
mulative effect on the downstream thermal regime should be expected.
Unpublished data (Beschta and Taylor 1986) for Salmon Creek, a 325
square kilometer drainage in the Oregon Cascades, shows such a
cumulative effect., A thirty-year trend of increasing summer stream
temperatures has been measured during 2 period of extensive logging
and.roading throughout the basin, During the summer, maximum stream
temperatures at the mouth of this drainage have increased from 16°C in
the mid-19508 to 229C in the late 197053 minimum temperatures in sum-
mer increased approximately 2°C (from 12 to 14°C) during this same
period,

Increased temperatures have also been observed in the Middle
Santiam River of the Oregon Cascades as the basin was logged. Logging
activities in this basin have been largely limited to areas along the
lower 11 km of the river, with areas farther upsiream easentially
undigsturbed, Thus temperature changes downstream of the logpged area
can be referenced against temperatures of the undisturbed section.
Average dally maximum temperatures for the period May to October
increased approximately 1°C from 1972 to 1982, apperently as a result
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Figure 9, ‘Relation between angular canopy density (ACD) and stand
age for vegetation zones in western Oregon (Summers 1983).

of harvest (K. Sullivan, Weyerhaeuser Company, Tacoma, pers.
comm, ).
When temperature increases are produced by complete or partial
exposure of a stream, they will subsequently decline as riparian veg-
etation returms. The rate of shade recovery depends on streamside
conditions and vegetation, Sites.in moist coastal ecosystems of the
Pacific Northwest recover more rapidly-than those in more arid eco-
systems; sites at lower elevations more rapidly than those at higher
elevations, In western Cregon, Summers (1983) examined sites with
small streams that had been clearcut and burned at various times in
the past to evaluate the recovery of shade (Figure 9). On the average,
50% of a stream was shaded within about five years of harvesting and
burning in the Coast Range, within fifteen years from lower elevations
of the Cascades (Western Hemlock Zone), and within twenty~five years
_for the higher elevations of the Cascades (Pacific Silver Fir Zone)}.
Whereas small streams may be quickly overtopped by brush and effect-
ively shaded from direct-beam. solar radiation, larger streams, which
require the canopies of tall conifers for shade protection, require

longer periods.

Several alternatives are generally available to forest managers
to prevent excessive temperature changes in order to avoid potential
conflicts with fisheries interests, water quality changes, or other con-
cerns, Where no change in temperature is permitted, a buffer strip
is the obvious solution. But where some change in temperature is ac-
ceptable following logging, small clearcuts-along streams, partial cuts
or partial cuts within buffer strips (leaving only that vegetation that
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provides shade during a critical time of the year), scheduling of
cutting activity over time in a drainage, or some combination of these
methods can provide a desired level of temperature protection,

THERMAL EFFECTS ON THE STREAM ECOSYSTEM

Research on the cffects of thermal alterations on fish communities
falls inte three general areas that serveras foci for our discussion: (1)
trophic effects (effects of thermal alteration on other components of the
community that affect fish), :(2) theérmal tolerances and preferences of
fishes, and (3) fish metabolism, development, and activity,

Trophic Effects

Water temperature changes in mountain gtreams may not only in-
fluence fish populations and productivity but also that of the microbial
community, algae, and invertebrates. These latter biotic components
form the energy base for fish communities, and changes in these
compoents can potentially be translated into impacts on fish through a
change in available food. The energy base for stream biota comes
primarily from two sources: algal production and terrestrial sources of
organic matter (needles, leaves, twigs, ete.) (Fisher and Likens 1973).
In most forest streams, the largest proportion of available energy is
from terrestrial organic inputs. The nutritional value of this organic
matter to animals that ingest it is due largely to an encrusting layer of
microorganisme that develops after entry into the stream (Kaushik and
Hynes 1971). With increased temperatures, these microflora develop

_more rapidly and utilize avatlable organic matter at a higher rate
(Suberkropp et al. 1975). Rapid decomposition of organic material may

promote increased invertebrate production more quickly than in cooler
streams, thus ledading to additional fish food at an earlier time. How-
ever, the organic matter would thus be consumed over a shorter
period, so this effect may be transitory.

Where streamside vegetation has been removed, light availability
and stream temperatures typically increase. Although Murphy et al.
(1981} demonstrated increased stream primary production mainly from
increased light availability after canopy removal, it is difficult to
gseparate the influence of light and temperature. Light limitation of
aquatlc plant production has been demonstrated in several Pacific
Northwest streams (Stockner and Shortreed 1978, Rounick and Gregory
1981, Walter 1984). Both increased light and temperature generally
cause higher production of gtream algae and, in many cases, a change
in species composition. Phinney and McIntire (1965) examined the
influence of both light and temperature on production of a natural
assemblage of periphyton in an artificial stream channel. They found
that zalgae production was higher at 18°C than it was at 8-10°C for all
tested light levels. However, the influence of increased light on algae
growth in the two channels differed. At 18°C, algal production in-
creased with light intensity up to an intermediate level and decreased
at higher illumination. In the:cooler chafinel, algal productivity in-
creased up to the highest light level-tested. Kevern and Ball (1965)
and Bisson and Davis (1976) also notéd a marked increase in periphyton
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production in heated stream channels compared with channels exposed to
similar light regimes at lower temperatures. In contrast, Stockner and
Shortreed (1978) conclude that nutrients and light are important regu-
lators of algal growth in Carnation Creck, B.C., but that temperature
dees not have an important regulatory effect.

Changes in the taxonomic composition of the algal community in a
stream following exposure to diresct sunlight have been noted in several
studies, In a spring-fed stream where temperature was constant (7°C),
but light was experimentally varied through -shade manipulation, Busch
(1978) found that increased light -both altered the species of algae
present and caused an increase in algal biomass and invertebrate
production, Warren et al. (1960) noted that in Oregon streams fila-
mentous green algae dominated where at least 3% of full sunlght
reached the substrate. In shaded stretches, diatoms predominated.
Temperature alse probably plays a role in this shift from a flora
dominated by diatoms to one of green algae, Bisson and Dawvis (1976)
noted a heavy growth of fllamentous green algae in their heated chan-
nel. Their control channel had far less of this type of algae despite
being exposed to similar light levels. The heavy growth of filamentous
algae in the heated stream trapped considerable amounts of fine sedi-
ment, resulting -in a shift in the invertebrate community to one dom-
inated by oligochaete worms. These worms were rarely consumed by
fish during this experiment. However, the general significance of such
shifts in algal community composition on fish production in mountain
streams is not well understood.

The influence of the changes in the energy base on higher tropic
levels of the stream after canopy removal is difficult to interpret (Lee
and Samuel 1976). Higher production levels of both microorganisms and
algae suggest corresponding increages at higher levels of the food
chain. However, the faster processing rate of organic matter by mi-
crobes coupled with a decrease in the input of leaves, needles, and
other organic materials after clearcutting may lead to a scarcity of this
material at certain times of the year, For example, Fisher and Likens
(1973) found that under natural forested conditions, organic matter of
leaf and twig size persisted in a small New England stream for about a

year, With the more rapid processing at higher temperature, the

residence time of this material in the stream should decrease, Since
most terrestrial organic matter enters the stream as a pulse in autumn,
an increased rate of processing could reduce summer stocks of this
material, hence lowering food supplies for invertebrates dependent on
this material, Thus when streams become exposed following removal of
riparian vegetation, a short-term increase (from logging slash) followed
by a longer term decrease in the availability of terrestrial organic
matter may occur. The effect on the invertebrate populations and the
extent to which it is offset by greater algal productivity are not
known. :

Nevertheless, despite the potential for deleterious effects,
invertebrate standing crops in headwater streams that drain clearcuts
are generally greater than those either in old-growth forests or in
second-growth deciduous forests.(Hughs 1966, Newbold et al. 1980,
Smith 1980, Murphy and Hall 1981, Murphy ‘et al. 1981). It would

.813

o mAyAT e ey i b AN P s 55 ptret o .
e .:'1}'?.‘::.‘:&&5-, R 5 O vt 42 b S eI O




JUN 24 '97 11:20 __FROM NCRSI-WEST COAST PAGE.B14

@' 8ROCA 720 TEMPERATURE 211

appear that the possible deleterious effects of removing riparian veg-
etation are ocutweighed by the increased primary production resulting
from increased temperatures, light levels, and nutrients.

__Invertebrates may he directly influenced by temperature increases,
apart from the influence of their food supply. At higher temperatures,
invertebrates feed more actively and, as a result, exhibit elevated
growth rates (Cummins et al, 1973).

Temperature increases have at titmes been related to noticeable
decreases in invertebrate production. Minghall (1968), studying a
spring—fed brook in Kentucky, found 2 large decrease in both species
diversity and numbers of individuals when stream temperature was
elevated in a clearcut. However, spring~fed streams, in general, tend
to have a constant, cold temperature year round and hence a fauna
specialized for these unusual circumstances. This type of system may
be especially sensitive to elevated temperatures.

Higher stream temperatures can also cause accelerated development
of aquatic insect larvae, leading to early adult emergence (Nebeker
1971a, 1971b, Moore 1980). Salmomid fishes prey heavily on emerging
adults, and accelerated insect development may benefit fish by making
more food available earlier in the year. However, for most trouts (Salmo
spp.) the emergence of fry from spawning gravel and the onset of
active feeding coincides with spring and early summer hatches of
aquatie insects.

Bisson and Davis (1976), working with two experimental stream
-channels, one heated about 4°C over the other, reported a reducton
in the number of taxa in the heated channel. They also reported that
nearly all the species represented in the channels preduced higher
biomasses in the control stream. There were exceptions to this rule,
however, the most notable heing a species of oligochaete worm and a
snail, both of which exhibited increased production in the channel.
Neither species was eaten by the juvenile chinook salmon in the
channels, and as a result the increased production was of no ben-~
efit to the fish, '

Sherberger et al, (1977) indicate that a temperature of at least
28°C was needed to influence mortality in Isomychix, a mayfly, while
Hydropsyche, a caddisfly, withstood brief exposures up to temperatures
b—}z_ﬁ%etﬂpératures below the lethal Hmit did not have an effect on
survival. At least in the case of these two invertebrates, lethal levels
are above that needed to severely affect salmonids. Thus increased
temperatures would probably eliminate the fish before their food
resource was affected, .

Some invertebrates are able to avoid high summer temperatures,
such as those created by canopy removal, by adjusting their life cycle
to spend the stressful period in a resistant, resting stage. Macan
(1961) demonstrated that the mayfly, Rithrogena semicolorata, emerged
earlier in the year in a warm stream than normally seen in cooler wa-
ters. The eggs deposited by the adults in spring in the warmed stream
remained dormant for a longer period than those in cooler streams,
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hatching only when water temperatures decreased in autumn, Many
invertebrates, however, such as these that spend one or more years

~in a larval form, would hot generally be able to avoid temperature

extremes by using this tactic.

Increased temperatures have been implicated in several studies as
leading to increased entry of invertebrates into the drift (Pearson and
Franklin 1968, Waters 1968, Bisson and Davis 1976). However, other
investigators have not found:this phenoménon (Bishop and Hynes 1969,
Wojtalik and Waters 1970, Reisén.and. Prins 1972). The drift reaction of
various invertebrates is probably specles: epecific, which would account
for the discrepancies noted in ‘these studies. Increased drift rate would
wmake move food available for fish, since drift forms the major food
source for salmonids. '

The infiuence of elevated temperatures on salmonid production of
natural systems is difficult to delineate because of the variety of other
factors concurrently affected. However, more abundant invertebrates
have been observed in streams draining clearcuts (e.g., Murphy et al,
1981). Increased algal productivity leading to higher invertebrate pro-
duction, and conseguently to elevated food availability for fish, has
been hypothesized as 2 cause of the frequent observation of increased
salmonid production in streams exposed to sunlight (Murphy and Hall
198), Weber 1981, Hawkins et al. 1983, Bisson and Sedell 1984), The
consistency of these observatione has led to general acceptance of
the hypothesis that salmonid abundance is greater in streams draining
clearcuts because there is more available foed. Consequently, it is also
generally accepted that an understanding of the effects of logging on
the entire stream ecosystem is essential if we are to make progress in
uriderstanding the narrower problem of logging impacts on fish
production. '

Thermal Tolerances and Preferences of Fighes

The systematic study of the thermal tolerances and preferences of
fishes began in the last century (see Brett 1970). Our understanding
has slowly broadened from the concept of a single end point (e.g., a
single upper lethal temperature) to a two or three factor concept (the

. zone of thermal tolerance of Fry 1964, where lethal temperatures are

modified by acclimation temperature and exposure} and finally to a mul-
tifactorial concept where a multidimensional zone of thermal tolerance is
defined by many interacting environmental factors (Brett 1970}. Such
studies are of necessity conducted under the tightly controlled con-
ditions of the laboratory. The relevant objective of this work is to
define for a particular species the boundaries of the thermal habitat. It
may then be inferred that any land use activity that drives tempera-
tures outside these boundaries will have deleterious and possibly lethal
consequences.

Have any generalities relevant to our general topic emerged from
this work? Apparently salmonids are tolerant of the extremes in
temperature they are likely to encounter over their Bfe spans and
geographic ranges. In particular, the life.stages of salmonid species
that rear in freshwater scem especially. tolerant of extreme high
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temperatures (extreme 'in the sense that most speciles can tolerate
. temperatures that are many degrees higher than any they are likely to
encounter),

--- Because- fish are .cold=blooded, or poikilothermic, the temperature
of their external environment dictates their internal temperature, which
in turn regulates metabolic rate, Thus changes in water temperature
directly influence the physiology and. aetivity of fish. Furthermore, the
relative sensitivity of fish. to temperature:changes depends, to a great
extent, on their stage of development.. '

Early studies evaluated the effects of elevated temperatures on the
survival of salmon eggs. For example, Combe and Burrows (1957) exa-
mined the influence of various temperatures on the survival of chinook
salmon eggs. They found the upper lethal limit to be between 14 and
15,5°C. Similavrly, Seymour (1959) reported that chinook eggs would not
survive to the stage of vertebral development at temperatures in excess
of 16.5°C, Sockeye szlmon eggs appear to be even more susceptible to
elevated temperatures, as Combs (1965} set the lethal level for devel-
opment of this species at 13.59C. Even in cases where temperature
elevation is not sufficient to cause direct egg mortality, morphological
characteristics of the fish can be altered as a result of high temp-
erature during embryonic development (Orska 1963). Although lab-
oratory studies provide an upper bound on temperature tolerance of
eggs and embryos exposed to constant temperatures, the temperature
environment in redds may be quite different.

- Spawning and egg development in salmonids occurs during the

T gutumn, winter, and spring. In -coastal Oregon; Ringler and -Hall (1975}
found intragravel water temperatures during the time of coho salmen
egg incubation in a stream draining a clearcut watershed to be well
below those reported to cause developmental abnormalities. In the case
of some races of spring-spawning salmonids, egg development may

_ continue into late spring when the possibility of coincident low stream
flow and sunny days could produce water temperatures detrimental
to the development of the eggs. The extent to which this occurs is
unknown. In addition to the influence elevated temperatures may
have on egg development, depressed temperatures have been seen to
lengthen incubation periods or increase freezing mortalities (Alderdice

- and Velsen 1978, Reiser and Wesche 1979, Reiser and White 1981).
However, the effect removal of streamside vegetation has on minimum
stream and intergravel temperatures in winter has generally received
little attention (Needham and:Jones 1959, Sheridan 1961).

Lethal threshold temperatures for Pacific salmon and steelhead
trout have been identified for laboratory conditions (Figure 10), where
the fish are held at a given temperature for long periods of time. This
situation does not exist under natural conditions (even where tempera-
tures have been elevated because of the removal of streamside vepg-
etation), hence the direct application ef laboratory temperature limits
to field conditions is tenuous. Streams flowing through clearcut areas
may display sizable fluctuations of water temperature over the period
of a day, and maximum témperatures-may exceed the reported lethal
threshold temperatures for a brief time. However, these streams may
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Figure 10. Lethal threshold temperatures for juvenile salmonids (from

—~EPA~1973}:+ chum salmon (Oncorhynchus keta), pink salmon (O. gor-

buscha), coho salmon (O. kisuteh), sockeye salmon (O. nerka), and
chinook salmon (Q. tshawyfachal,

contain sizable populations of salmonids (Bisson et al, 1985). Apparently
fish are able to withstand periodic, short-term exposures to fairly high
temperatures with minimal detrimental impact.

The temperature levels preferred by rearing juvenile salmonids
have also been evaluated in 2 number of laboratory studies. Brett
(1952) -found that the range of greatest preference by all species of
Pacific salmon was from 12 to 14°C for acclimation -temperatures ranging
from 5 to 24°C, Brett (1952) also noted a definite avoidance of water
over 15°C. Mantelman (1l960) observed that juvenile rainbow trout were
most commonly found in water ranging from 13 to 19°C and actively
avoid water in excess of 22°C. These preferred temperatures may be
exceeded in streams draining clearcut watersheds (Brown and Krygier
1970, Sheridan and Bloom 1975). =

Elevated temperatures can also influence salmonid behavior.
Upstream movewent of adult sockeye salmon and steelhead trout was
curtailed in the Columbia River when water temperatures reached 21°C
(Lantz 1971). At these times the migrating fish congregated in the '
mouths of cooler tributaries until water temperatures decreased.
Keenleyside and Hoar (1954} reported that both chum and coho salmon
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fry caxchibitod progreccively inereosed sates nf downsatresam migratinn as
-water temperature increased. Temperature preferences of fish have been
the target of many studies; these have been summarized by Coutant
" (1977) and Jobling (1981), ’
For the coho salmon of Carnation Creek there is no evidence

that inoreased sitmmer temperatures (several degrees outside of their
probable historical limits) and incressed diurmal fluctuations affected
fish distributions, at least on a macroscale. The availability of small-
scale cover ("fine logging debris") was the important factor in de-
termining the abundance of fry in stream sections whose banks had
been completely clearcut, not the increases in stream temperatures in
those sections (Scrivener and Andersen 1984).

Larkin (1956) noted that, as a rule, freshwater fish are adaptable
to a wide range of environmental conditions and that the ocutcome of
competitive interactions may vary depending on these conditions. A
species that is dominant under one set of conditions may not necessarily
prevail when conditions differ. Two recent studies have examined the
influence of water temperature on interspecific interactions between
fish, Reeves (1985) showed that the outcome of interactions between
juvenile steelhead trout (age 1+) and the redside shiner (Richardsonius
balteatus) was mediated by water temperatures, Water temperatures and
TN presence of The ovlher speiles luflmeoved pirvduction -and eetivity-in-
laboratory streams and distribution in the field and laboratory. Trout
dominated in cool water (12 to 15°C) and shiners in warm water (19 to
22°), Baltz et al. (1982) found that competition between two species of
nongame fish was affected by water temperature: one species dominated
in cool water and-the-other in-warm:—Alteration-of-the-temperature
regime may influcice uut only grewth and survival of a given epaniar
but also the.structure of the fish community.

The development of thermal tolerance criteria in laboratory studies
seems to have been markedly unsuccessful in helping understand the
effects of logging on fish communities in the Pacific Northwest. To our
knowledge, there are no records of elevated temperatures following
shade removal that have led to extensive fish kills, An exception is the
fish kill observed following a hot slash fire in Needle Branch, Oregon,
during the Alsea Watershed Study (J. D, Hall, Oregoen State Univer-
sity, Corvallis, pers, comm.). In fact, there is a general tendency for
galmonid bicmass to be higher in streams draining clearcuts (Burns

1972, Smith 1980, Martin et al. 1981, Murphy and Hall 1981, Holtby and
Hartman 1982, Hawhius ot al. 1983, Bipoen and Sadoll. 1084, Seriwvaner
and Andersen 1984). While such increases may have been due to many
factors, the generality of the observation suggests that temperature
increises resulting from clearcut Jogging do not, by themselves, have
significant deleterious effects on salmenid abundance. One reason is
that stream temperatures throughout the region seldom exceed, for
extended periods, the tolerance limits of the resident salmonid species.,
The fish themselves also appear to be behaviorally "plastic® and can act
to reduce either or both the temperatures they are exposed to and the
duration of the exposure. For instance, salmonids appear to seek out
cool water regions in streams where temperatures approach and exceed
tolerance limits (Gibson 1966, Kaya et -al. 1977). Even in studies where
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elevated summer temperatures, resulting from streamside disturbance,
appear to have precluded salmonids, strong arguments can be made that
the temperature effects were indirect. For example, Barton et al, (1985)
concluded that the suitability of streams in southern Ontaric for trout
was characterized by maximum summer temperatures. While the effects
of temperatures could have been direct, the authors suggest that
elevated temperatures over several decades allowed the successful
invasion of wuriw water competitors of thc salmonids, posoibly result-
ing in their competitive exclusion.

Although salmonid populations may respond favorably to opening of
the riparian canopy, increased water temperatures, or both, resulting
from management activities in these streams, the cumulative effect of
these changes on other areas of the watershed has received little or no
consideration in the Pacific Northwest. Water temperature in mid-order
streams lower in a watershed depends largely on the temperature of
water entering from upstream. Mid-order streams are important rearing
areas for juvenile anadromous salmonids, especially chinook salmen and
>1+ steelhead trout. They also have a more diverse fish community than
Tower order streams de (Vannote et al. 1980). Changes in environmenta]
conditions may result in a decrease in available habitat for salmonidas
and alter the cutcome of interactions between salmonids and potential
competitors. Environmental changes less favorable to salmonids, such as
increased water temperature in higher order streams, could offset any
increase in abundance or production of anadromous salmonids that might
occur from opening the canopy along lower order streams, or could
even result in an overall decrease in population.

Temperature Effects on Fish_Metabolism, Development, and Activity

The second general approach that has been used to study the
effects of thermal change of stream fishees considers the effects of
temperatures on metabolism, development, and activity, Within the
bounds of thermal tolerance for any species, temperature is an im-
portant modifier of metabolism which then acts through numercus path-
ways to affect development, growth, activity, and reproduction or,
more generally, survival and success (Brett 1958, Brett 1970, Lantz
1971). This rather broad field has been reviewed extensively (e.g.,
Fry 1967, Warren and Davis 1967, Brett 1970).

Except when fish are starving, the response of growth and
activity to increasing temperatures is enhancement up to some optimum
temperature .and them diminution as the optimum is exceeded, In gen-
eral, the optimal temperatures for growth and activity are similar to
those likely to be encountered at a particular stage of the fish., It is
also generally the case that.the optima are rather broad, especially for
species and life stages where the temperatures encountered are wide

ranging.

Laboratory studies with salmon and trout at censtant temperature
levels have.generally shown decreased growth with higher temperatures
when food was limiting. A fish will not grow until metabelic energy
requirements are first met (Warren and Davis 1967), and the metabolic
rate incresses with temperature. Dwyer and Kramer (1975) examined the
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metabolic rate of cutthroat trout at several temperatures. They

measured the lowest metabolic rate at 5°C and the highest at 15°C with
© & decrease In rate at 20 to 242C, Normally, metabolic rate would be

expected to continue to increase as a function of temperature; however,

in this experiment the trout held at 20 and 24°C fed very little, and

it is likely that the decrease in metabolic rate was brought on by

starvation. Wurtsbaugh and Davis (1977) found that maintenance food
lowole (the amount moadoed to maininin gonrtant body weight) fow

rainbow trout were 2,73 of body weight per day at 6.9°C and 7.5% at
22.5°C, Averett (1968) found that juvenile coho salmon required twice
the amount of food to grow at 17°C'than at 5°C. Tn many salmonids,
however, the dimunution in growth and swimming performance with
inercasing temperature occurs. primarily at temperaturea near the lethal
thresholds (e.g., Brett 1967, Brett et al, 1969).

Wurtsbaugh and Davis (1977) indicated that if steelbead trout were
fed limited amounts of food, growth decreased at higher temperatures.
The difference in productivity lessened, however, if the ration was
increased. Similarly, the production of coho salmen has been shown
to decrease at higher temperatures under conditions of limited food
(Iversen 1972). The decreased production in Iversen's (1972) study
was attributed to both increased metabolic rate and a reduction in food
availability due to a decrease in the invertebrate population in the
artificial stream channel in which the experiment was conducted. Bisson
and Davis (1976) alse-reported a decrease in fish production with
increased temperature for juvenile chihook salmon. They subjected
artificial stream channels to diurnal and annual temperature cycles with
one of the channels heated and maintained at a temperature approx-
imately 4°C higher than-the control, Production-in -thecoeler channel

- exceeded that in the heated channel by 100% the first year of the
experiment and 30% by the second year. The decreased production in

the heated channel was atiributed to increased metabolic requirements
and redurad fond lavela.

Fish productivity at elevated temperatures could probably be

maintzined, provided the food enpply inrreared enomgh to eompengate
. for increased metabolic requirements. In a2 study in which water
temperature in artificial streams varied daily, production of juvenile
steelhead trout (>14) was two and one half times greater in cooler water
(12 to 15°C) thanm in warmer (19 to 229C) water (Reeves 1985). One
reason for these differences was that fish in the cooler water were zble
to maintain territories in areas of higher food concentration, which were
in areas of greater water turbulence.

Nearly all these studies on the influence of temperature on fish
production were conducted in artificial streams, More recent studies of
natural streams have not always corroborated the results from artificial
channels, Martin et al. (1981) compared a population of cutthroat trout
iuhalbiting ¢ ahaded ascction of otroam with fich in a section of stysam
exposed to direct sunlight. They could find no difference in trout
biomass or density between the two sections, although the exposed
section had a datly maximum temperature that averaged 2°C higher than
the shaded section. However, in a final analysis of the data set, Martin
(1985) concluded that in the canopy area with no temperature change,
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density increased. In the open area where temperature increased,
growth increased but density did not. Some studies of salmonid
populations in streams exposed to sunlight have reported increases in
production. For example, Murphy and Hall (1981) reported higher
salmonid biomass in streams exposed to sunlight than in streams flowing
through old-growth forest in Oregon., The temperature increases in the
.exposed streams were slight, ranging from 0.1 to 1°C, thus the figh
_biomass increase is probably attributable to factors other than increased
temperature. Bisson and Sedell (1984) also reported higher salmonid
biomass in sireams draining clearcut areas than in shaded systems in
southwestern Washington, but these authors did not monitor stream
temperatures.

While the growth efficiency of salmonids is theoretically highest at
low temperatures, activity of fish in cold water is at a minimum and
feeding rates are correspondingly depressed. Thus optimum growth
usually occurs at some intermediate temperature where activity levels
are high enough to ensure active feeding, and metabolic conversion
efficiencies are also relatively high. "Optimum® stream temperatures for
various stages of development and species of fish are shown in Table 3.

The relation between incremses in diurnal wvariations and growth
rate is unknown. For some species, increases in diurnal variation might
be Leneflclal. Diclle and Grecsn (1980) hove demongtrated for pockayas
saimon that tersperature fluctuations, resulting from diurnal migrations
throughout the thermoclines of stratified lakes, are associated with
growth increases at low, and therefore realistic, ration levels. In con-
trast, Edwards et al. (1979) have shown for brown trout that increases
In diurnal temperatire fluctuations with constant-mean temperatures
result in diminution in growth., As noted earlier, streams often contain
pockets of water cooler than the ambient stream (Keller and Hofstra
1982, Bilby 1984). These areas have been seen to be used by salmonids
during times of stressful temperatures- (Glbson 1966, Kaya et al. 1977),
and may in part be responsible for the presence of salmon and trout in
. gtreams that occasionally attain very high temperatures (Bisson et al,
1985). However, the potential for this mechanism to assist in reducing
thermal impacts to fish may be limited by the relative scarcity and,
potentially, low oxygen roncentration of cocl~water areas (Bilby 1984),

Temperature is known to affect other physiological procesges. For

. instance, as temperatures increase, diseases often become more viru~
lent. The higher susccptibility to disease is brought on by 2 com-
bination of higher metabolic rates and-elevated levels of physioclogical
stress, Ordal and Pacha (1963) and Parker and Krenkel (1969) report

" that a large number of common diseases of salmonids, including kidney
disease, furunculosis, vibrosis, and columnaris, become more viruient

ac +emperatnre increases. Nakatani (1969) found that columnaris became
well established in salmonids at temperatures of 1/ to L¥VL unaer

crowded conditions, When temperatures reached 21°C, the disease killed
most of the infected individuals, Chincok and coho salmon and steelhead
trout, infected with furunculosis, a bacterial infection, were held at
temperatures ranging from 3.9 to 20.5°C {Groberg et al, 1978). At
temperatures below 10°C, mortality of the fish ranged from 2 to 26% of

- b i s
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Table 3, Water temperature criteriz, in degrees Celsius, for fish in
western North America,

Juvenile Rearing

Upctwaam Uprpros
Species Migration Spawning Incubation Preferred Optimum Lethal

Chinook . 5.6-13,9 5.0-14.4 7.3-14.6 12,2 25,2
Fall 10.6~19.4 - - — - —-
Spring 3.3-13.3 - e - - -—
Summer 13.9-20.0 - — - - —--

Chum 8.3-15.6 7.2-12.8 4.4~13,3 11.2~14.6 13.5 25.8

Coho 7.2-15.6 4.4~ 9.4 4.4-13.3 1l.8~14.6 —_— 25,8

Pink . 7.2-15.6 7.2-12.8 4.4-13.3 5.6-14,6 10.1 25.8

Sockeye 7.2~15.6 10.6-12.2 4.4-13.3 11.2-14.6 15.0 24,6

( Steelhead  ~=- 3.9- 9.4 ——- 7.3-14.6  10.0 @

Kokanee — 5.0~12.8 -
Rainbow . === 2.2-20.0  =-- — — -—-
' Cutthroat -—  6,1-17,2 —- 9.512,9  ——- 23.0
Brown = —- 7.2-12,8  --- 3.9-21,3  ~— 24.1

.Source: Adapted from Reiser and Bjornn 1979.

the infected fish., However, at 20.5°C, 93 to 100% of the infected fish
died within twn tn three daya. Thaas investigatinng were conducted
uande: vunditivas of cunslanl lemperatere and high population aensities,
As with much of the temperature research, it is difficult to transfer
work done in a controlled environment to & situation in the field.

The virulence of various fish diseases under conditions of varying
temperatures and relatively low population densities has seldom been

examined.

An exception to the general rule of increased disease virulence
with increased temperature was noted by Bisson and Davis (1976).
They found a reduced infection rate of juvenile chinock salmon by the
trematode parasite (Nanophyetus salmicnia) for fish held in water 4°C
warmer than a contrel. 1his seems to represent an instance where the
infecting organism is less tolerant of temperature elevation than the

host.
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It is generally accepted that the temperature regime is one habitat
component to which fish populations are locally adapted (Ricker 1972).
For instance, Leggett and Carscadden {1978) demonstrated for the
anadeomous Ameorican shad .(Aluvsa -aagidiaulma) that the principal factor
determining interpopulation Jiiferences in reproduction strategies was

. .....the variability in thermal regimes of the natal streams, Since devel-
opmental and metabolic rates in fish are highly dependent on tem-
perature, variations in temperature lead to varlation in the timing of
such life history events as emergence and migrations. In lakes of the
Fraser River drainage, interannual variations in sockeye salmon smolt
sizes that are not accounted for by density appear determined by the
length of the growing season: which, in turn, iz determined by
temperatures around the time of emargenca (CGoodlad ot al. 1974),

Temperature variations around the time of smolt migration have
been shown to be the princlpal source of interannual variability of
Atlantic smolt migration timing in Norway (Jonsson and Ruud-Hansen
1985), Thedinga and Koski (1984) have shown, in their studies of the
coho salmon of Porcupine Creek, Alaska, that variations in the timing of
smolt outimigrationa aan hawve dAeletericus impaots on marine susvival.

Since the timing of life history events is an adaptation to local
conditions, it can be expected that changes in those environmental
conditions, such as changes in temperature regimes caused by logging,
may reduce the fitness of affected populations, with deleterious con-
sequences to production (Leggett and Carscadden 1978). The poss-

L ible effects of altering events such as fry emergence and smolt and
adult migration have been mentioned in the context of logging effects
(Narver 1972, Moring 1975b, Holtby and Newcombe 1982, Hartman et al.
- —-1984);-but-with the—exception of regearch &t Carhation Creek, B.C.,
there has been little systematic study.

In a recently completed study, Holtby (1986) attempted to assess
the effects of temperature oh the timing of life history events of a
population of coho salmon in a small coastal stream (Carnation Creek).
Temperature~relzted impacts on this fish population were seen to bring
zbout a series of changes: (1) logging-related (58%) and climate~
related (42%) increases in lite winter temperatures accelerated fry
emergence (Holtby and Newcombe 1982, Tschaplinski and Hartman 1983);
(2) increased length of growing season, resulting from earlier emer-
gence, led to increased fry size entering their first winter (Hartman et
al, 1984); (3) increased fry size. led to higher overwinter survival
(Holtby and Hartman 1982); (4) higher overwinter survivel and size led
to increased numbers and sizes of 1+ smolts; and (5) seaward migration
of the smolts in spring was accelerated by seven to ten days.

The impacts of témperatute increage on the freshwater phases of

the coho population generally suggesat increared praduction of emelts.
However, eariier release to the sea of hatchery=-stock cohe smolts has

been linked to decreased marine survival (Bilton et al. 1982), There~
fore, the benefits that resulted from changes in smolt size and numbers
following logging (Figure 11) may be substantially or wholly offset by
increased saltwater mortality attributable to earlier migration.



.. JUN 24 '97 11:38 FROM NCASI-WEST coasT PAGE . 987

TEMPERATURE 221

G8C120
40
O OBSERVED
& PREDICTED~NO LOGGING
= S04
S
w
2]
=
3
B 20+
104
0. '?

TI 72 73 74 75 76 77 78 79 80 81 82 83 64
YEAR

Figure 11. The combined weight of coho salmon smolts produced by
Carnation Creek, B.C., Logging began in the winter of 1975-76 and
. was largely cowplete in those areas of the watershed immediately sur-
. rounding anadromous salmon habitat by the summer of 1979. The line of
predicted smolt output assumes that temperature changes associated with
logging did not occur (Holthy 19RA).

Several important points emerge from the studies at Carnation
Creek, B.C. First, the alteration in the timing of life history events
due to temperature changes may significantly affect fish production.
Second, temperature effects are not necessarily confined to the stream,
but ultimately may affect returns of adults to the stream. Third, the
temperature changes that resulted in effects on fish production were
relatively small and clearly not life threatening changee that occurred in
the winter and spring. The much larger thermal effects of logging that
were cbserved during the summer had no détectable effects on coho
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logging on thermal regimes can be detected throughout the year. and
‘not just in the summer as is the general perception. In regions where
winter temperatures are below freezing, the removal of riparian
vegetation may result in the depression of stream temperatures and
greater Peticds of freeze-up, but such- sitnations-bhave been little
studied.

For a given stream, the magnitude of the temperature increase
after streamside logging is proportional to the increase in exposure of
the stream to incoming solar. radiation, or, conversely, to the amount
of shade reduction. Thus buffer strips (composed of vegetation not
susceptible to blow down) aré an efféctive means of providing shade
and preventing temperature changes. The exact configuration and width
of such buffer strips can be highly variable and site specific. In
western Oregon, it appeara that buffex ‘strips 30 m or more in width

. . along small streams provide approximately the same level of shading as
an old~growth forest, More impertant, an understanding of the energy
transfer influencing stream temperature permits the dimensions of
streamside logging to be controlled to produce the desired effects on
stream temperatures, ranging upward from no effeets at all.

There are many reasons why the observed logging-related
temperature increases have not had significant deleterious effects on
resident salmonids. Among these are (1) the wide thermal tolerances of
the freshwater forms of most of the resident salmonid species, (2) the
natural diurnal cycling of stream temperatures, which limits exposure

10 maximum temperatures, (3) the occurrence of localized cool-water

. sources, which fish seem readily able to locate and utilize, (4) the

inability to extrapolate tolerance Bmits determined under homogeneocus
laboratory conditions to the spatially ‘and temporaily complex thermal
environments of streams, and (5) the ability of fish to migrate to other
locations or to curtail activities temporarily when temperatures become
streseful. Although increased summer temperatures remain a concern to
fisheries managers, it appears that figh are generally able to tolerate
such increases without major adverse impacts on growth or mortality.

Because of the extensive geographical range of salmonids, the
effects of temperature on these fish should be viewed in a regional con-
text, In at least some regions of the Pacific Northwest, concern over
the lethal effects of elevated summer temperatures in small streams
draining deforested watersheds is unwarranted. This is certainly the
case in the low elevation, coastal streams of British Columbia and
Washington. However, in other regions of the Pacific Northwest,
increased. temperatures from logging may remain a significant concern,
For example, in southern areas (southern Oregon and nortbern Cali-
.fornia) and areas east of the Cascade Mountains, increased temperatures
due to logging may have a greater impact on fish populations than in
areas of coocler climate, because of ambient water temperatures. Un-
fortunately, for most of these areas little information is available that
might demonstrate the influences increased water temperatures have on
fish populations.

Temperature is clearly an important component of the habitat of
many stream organisms, including the fish, and most organisms respond
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to the changes in stream temperatures caused by streamside logging.
But because temperature ig only one of several closely interconnected

- physical factors that are affected simultaneously by streamside logging,

it is questionable whether our understanding of the impacts of logging
on fish production can be increased:.by frying to study the effects of
temperature in isolation. :

Increased temperatures following logging, together with increased
light levels and increased nutirient concentrations, often lead to general
increases in productivity in the trophic levels that form the basis of
fish production, Increased temperatures; light, and nutrients all play a
role., Temperature directly affects development rates of fish; in some
systems, the temperature increases lead to earlier emergence, longer
growing seasons, and lncreased survivals at critical times in the life
histories of fish, Increased temperatures also directly affect metabolism
and activity levels of figh, '

The apparent generality of enhanced fish production after stream-
side logging could be an artifact of geographically Hmited data or a
"coastal rain-forest" perspective, For instance, there is relatively
Iittle known about the effects of logging on stream temperatures and
fish production in areas where streams freeze in the winter. In such
regions, production "bottlenecks" might cccur during the winter period
of low flows and freezing temperatures. Slight changes in stream ex-—
posure might cause decreased stream temperatures, and, coupled with
other physical effects of logging such as channelization and decreaged
pool depths, could conceivably decrease winter habitat for fish and
decrease production (Bustard 1985). Under such circumstances, en-
hanced summer production would be essentially nuilified by worsened
winter conditions,

The same streamside activities that lead to changes in temperature
and light levels precipitate other changes in the atream (Bisson et al.,
Everest et al., Swanson et al., and Sullivan et al,, in this volume),
Streamside logging has often been associated with changes in sedi-
mentation, bank stability, channel morphology, large woody debris, and
other factors that ultimately alter the productive capacity of a stream
for fish. Where sources of large organic debris have been removed, the
effects of streamside logging on the physical configuration of the stream
can extend for decades,

There are many promising areas for research on the impacts of
streamside management om fisheries. There is a great need to develop
empirical predictors of the productivity gains to be had from controlled
streamside disturbance {In what situations should the streamside be
left unaltered? If there are productivity gains to be had, how can
streamsides be managed to maximize those benefits?). A great deal has
yvet to be learned about the processes goverming the productivity of
salmonids in the ‘diverse stream types and. climatic zones in the region.
This knowledge is essential if the riparian zone is to be successfully
managed. A technological challenge lies in the development of techniques
that maximize the heneficial effects while minimizing or mitigating dele~

terious impacts.
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Considering the productivity gains that may be had by Judzcmus
streamside treatments, 1t seems to us an.averly conservative view to
eliminate all forest management activity in the riparian zene. However,
much remaing to be discovered before managers can abandon their

cautious stance on streamside Jogging. Therein lie the-challenges for
joint fisheries-forestry research,

ACKNOWLEDGMENTS

Review comments by G. H. Reeves; P,;. A. Bisson, and J. D, Hall,

while the manuscript was at various stages-of development, are greatly
appreciated.

i,

PAGE . @@3

i

“r

PR R s ki i)




FROM NCASI-WEST COAST

- JUN 24 *g7 {1:42
L PAGE. B4

. - . O08G4134 TEMPERATURE 225

LITERATURE CITED

Alderdice, D. F., and ¥. P. J. Velsen.
1978. Relation between temparature and
incubation time for epgs of chincok

salmon (Oncorhynchys tshavvescha). J.
Fish. Res., Poard Can, 35:69-75.

Averatt, R, €. 1968, Influence of temper-
atura on energy and satarial utilization
by juvenile cohto ezimon. Ph.D. thesds,

Oregon State University, Cotwvallis.74 p.
Biszsom, P.- A., and G. E. Davix. 1976.

Baltz, D. M., P, B. Moyla, and N. J.
Knight, 1982, Competitive interactions
between benthic stresm Fishes, riffle
sculpin, Cottus guloms, and speckled
dace Rhinichthys osculus. Can. J. Fish,
Aquat. Sedi. 39:1502-1511.

Barton, D. R., W. D. Taylor, and R. M.
Biette. 1985. Dimemsions of riparian
tuffar strips required to maintain trout
habitat in southerm Ontario streams.
Forth Am. J. Fish. Manage. 5t364-378.

Bagchta, R. L. 158A. TEMP~B4: A computer
model for predicting stream temporatures
from the manasgement of streamside
vegetation. USDA For. Serv. WSDG Rep.
9. Waterzhed Systems Deveicpment Group,
Fort Collins, Colorada. 76 p.

Beschta, R. L., and R. Lynn Taylor. 1986.
Increased stream temperatures of Salmon
Creek, Oregon: An example of cumaiative
effects? Unpublished report. Depar:-

ment of Forast Engineering, Oregon State
University, Corvallis. 20 p.

Biette, R. M., and G. H. Green. 1980.
Geowth of underyearling sockeye salmen
(cncoxhynehus pexky) under constant and
cyclic temparatures in relation to live
zooplankton ration gige. Can. J. Fish.
Aquat. Sei. 37:203-210.

Bilby, R. E. 1984, Characteristics and
frequancy of cool-water aveas in a
westemn Washington stream, J. Freshw.
Ecol. 2:593-602.

Bilten, He T., I. F. Alderdice, and J. T.
Schmita. 1982. Influence of time wnd

size at release of juvenile echo salmon
(Gncorhynehns kisutgh) on returns at
maturity. Can. J. Pish, Aquat, Sci,
39chle-b4T.

Bishap, J. E., and H. B, N. Hynes. 1969,

Downstreanm drift of the invertebrate
fauna in a stream ecosystem. Axrch.
Hydrohiol, 64:56-9Q,

Production of juvenile chinook salmon,

- Oncorhynchus rshayytscha, in a heated

stream, NOAA Fishevy Bull. 74:763-774.

Busm’ P. An’ J. L. Niﬁlm, and J. W.

Ward. 1985. Experimental relesse of
coho salzon (Ongorbypchus gisiteh) into
a stream igpacted by HMeunt St. Halens
voicano. In Proceedings, Western
Association of Fish and Wildlife Agen-
cies, p. 822=435, Victoria, B.C.

Bisson, P. A., and J. R. Sedell. 1984.

Salwomid pepulations in streams in

-Cleaxertt vx, old=growth forests of

westezn Washingten. In W. R. Meehan, T.
R. Merrell, Je., and T. A. Banlay (eds.)
Fith and wildlife relationships in
old-growth foreats: Proceedings of a
sympogium, p. 121-129. American Insti-
tuta of Fishary Research Biologists.

Brazier, J. R., amd G, W. Brown. 1973,

Buffer strips for strems toamperature
control. Res. Pap. 13. Porest Research
Laboratory, Oregon State University.9 p.

Erett, J. R. 1957. Temperature tolerances

in young Pacific salmen, Opcorhynchus.
J. Fish, Res, Board Can. 9:268-223.

. 19S8. Implicatiens and
agsesgments of envirconmental stress. In
P. A. Larkin (ed.) The Investigatien ef
Fish-Power Problems Proceedings, p.
69«83, H. R, MacMillan Lectures in
Pishaeries, University of British
Columbiz, Vancouver.

. 1967. Swimming performance of
sackeye salpon (Oncerhynchms nerka) in




226 BESCHTA ET Al.

relation to fatigue, timo and tempera-
ture. J. Fish. Res. Board Can.
26317311741,

. 1870. Temperature: Fishes.
In O. Kinne (ed,) Marine Ecolegy,
1:513-560, Envirommantal factors, Paxt
1. Wiley-Intersciancae, Londem. -

Brett, J. R" Jo E- S}Dim, m c-. Ii
Shoop. 1969. Growth rate and body
composition of Eingariing sockaye:

calgon,. Opcoxhynchus negka, in rolation
to temperature and ration size. J.

Figh. Rez. Board Can. 26:2363-239%%k.

Brown, G. W. 1969. Predieting tempera-
tures of small streams. Water Resour.
Res. S(1):68=75.

- 1983, PYoraestzy and water
quality. Oregon Stats University
Bookstore, Inc., Coxvallis. 142 p.

Brown, G. W., and J. T. Krygier, 1967,
Changing water tesmperaturos in small
mountain streses. J. Soil Water
Contearv. 22(6):242-2uk.

- 1970, Effects of clearcutting
on stresm temperature. Water Reasour.
Res, 6{4):1133-1139.

Brown, G. W., G. W. Swank, and J. Roth-
acher. 1971, FWater remporature in the
Stemsboat. drainage. USDA For. Serv, Res.
Pap. PAW-119. Pac. Northwest For. and
Range Exp. Stn., Poxtland, Oregon. 17 p.

Buffo, J., L. J. Fritschen, spd J. L.
Murphy. 1972. Direct zolar radiation
on varicous glopes- from O to 60 degrees
north latitude. USDA For. Serv, Res.
Fap, PNW-142. Pac., Northwest For. and
Range Exp. Stm., Portland, Oregen. 74 p.

Burms, J. W. 1972. Scoe effects of
logging and associated road construction
on northorn California stremns. Trans.
Am. Fish. Soe. 101:1-17.

Busch, D. E. 1978, Successicnal changes
assoclated with bemthic assesblages in
Qxperipental stremxss, Ph.D. thesis,
Oregon State University, Corvallis.sol p.

o ROM NCASI-WEST COAST

OBCLIS

Bugtard, D. R. 1983, Some diffarencos
between coastal and interior strenms: and
tie isplicationz to juvenile Fish

____ production. In J. Paterson (ed.)
Esbitat Ymprovecent Workshop, Whistler,
B.C. Can. Tech. Rap. Fish. Aquat. Sci.
In press. )

‘Combs, B. D. 1965, Kffects of texperature
on the developmant of saloon eggs.
Prog. - Figh~Cult. 27:135-137.

Comde, B. D,, and R. E. Purrows. 14957.
Ihreshold temperatures for the normal
developoent of chinook calmon egge.
Prog. Pigh-Cult., 19:3-6.

Corbett, E. 5,, and J. M. HBeilman, 197S.
Effacts of management practices on weter
quality and quantitys The Hewark, New
Jorsey, Municipal Watersheds. In
Proceedings of a Symposiim on Mundcipal
Vatershed Managemant, p. 47-57. USDA

" For. Sery, Gen. Tech. Rep. RE-13.
Northeastarn For. Exp. 5tn., Broomall,
Ponnsylvenia.

Corbett, K, 8., and H. Spenger. 1975,
Effects of management practices on water
quality and quantity; Baltimore, Mary-
land, Monicipal Watersheds. In Proceed-
ings of Syaposium on Municipal Watershed
Management, p. 25-31. USDA For, Serxr.
Gen, Tech, Rep. NE-13. Northeastern
Por, Exp. Stn., Broomall, Yemmsylvania.

Coutant, C. C. 1977. Compilation of
temparature preference data, J. Fish:
Res, Board Can, 343739-745,

Cumpwing, K. W., R. C. Petarsen, ¥. 0,
Howard, J. G. Wuycheck, and V. 1. Holk.
1973, The utilization of leaf litter by
stream detritivores. Ecology
Shy386=345,

Curxrier, J. B., and D, Huphes., 1980,
Temperatize. If An approach to water
resources avajuation on ponpeint silvie
cultural sources. EPA-600/8-80~-12.
U.5. Environmental Protection Agency,
Envirorpental Research Laboratory,
Athens . Georgia.

PAGE, 89S




_JUN 24

MENER R

FROM NCASI-WEST COAST

CHCLL L

Dwyer, W. P,, and R. H. Kramer. 1975. The
influence of temperature on scope for
activity in curthrost trout, Salmo
clarki. Trans., As. Fish, Scc.

1041853<554. T 7

Edwards, R. W., J. W. Doengen, and P, A.
Ruszell, 1979. An assesswent of tha
importanca of temperature ax a factor
eomtrolling the growth rate of brown
trout in strasms, J. Andm, Eeol,
481501807,

Erman, D. C., J. D. Fewbold, and X. B.
Roby. 1977. Evaluation of streamside
bufferstrips for protecting aquatic
organismg. Contriburion 165. Califor-
nia Water Resocurces Centar, Univer=zity
of California, Davis. 48 p.

Pisher, S. ., and G, B. Likens. 1973,
Energy flow in Bear Breok, New Hamp-
shire: An integrative approach to
ecosystem metabolism, Eeel. Monogr,
43:h21=439.

Fry, F. E. J. 1964. Animals in aguatic
.anviromentss Fishes. In D. B. Dill, E.
F. Adolph, and C. G. Wilber (eds.)
Handbook of physiology. Seec. 4: Adap-
tation to the envirompent, p., 715-723.
American Physiolegical Society,
Washington, D.C.

. 1967, Responsee of vertebrate
poikilotherms to tamperature. In A. H.
Rose (ed.} Thermobiology, p. 373-409.
Academic Press, London,

Gibson, R. J. 196&. Some factors influ-
encing the distritution of brook trout
and young Atlantis salpon. J. Fish.
Ras. Board Can. 23:1977-1980.

Goadlad, J, €., T. W. Gjernes, and B. L.
Brammen. 197h. Facrors affecting
gockeye salmon (Oncorhynchus nerka)
growth in four lakes of the Fraser River
System. J. Fish.- Res, Board Can.
311871-892.

Groberg, W. J., Jr., R. H. ¥cCay, K. S.
Pilchex, and J. L. Fzyer. 1978,
Relation of water temperature to

TEMPERATURE 227

infections of coho salmon {Oncorhwnchus
kisutch), chinook salmen (0. tshawvtsch)
and steelhead trout (Salmo pairdunsrd)

with serpomora salponieida and A,
“hydgephila. J, Fish. Res. Board Can,

a5¢1-7,

Hartman, G. F., L. B. Holtby, and J, C.
Serivansr. 1984. Some effects of
aatural and logging-related winter
stream temperature changes on the
early life histoery of coho salmon
{Oncorhynchus kimstch) in Carmatien
Creek, British Columbia. In W. R.
Meshan, T. R. Mexrrell, Jr., and T. A.
Hanley (eds.) Pish and wildlife rela-
tionahips in old-grewth foreste: Pro-
ceadings of a symposimm, p. 141-149.
American Institute of Pishery Rasearch
Biologists.

Ravkins, €. P., H. L. Murphy, N. 8. Ander-
son, and M. A, Wilzbach. 1983. Density
of fish and saismanders in relation to
riparian canopy and physical habitat in
streams of the northwestern United
States. Can. J. Pish. Aquat. Sci.
5021173-1185.

Hewlett, J. D., and J. C. Foxtson. 1982.
Stream temperature under an inadequate
tuffer strip in the southeast Piedmont,
Water Resoux. Bull, 18(6):983-988.

Holtby, L, B, 1986. Sowa affects of
logging related stream temperature
changes on tha population dynamice
of cobo saimon (Oncorhynctus

kisutch) of Carnation Creek, British
Columbia. Umpublished manuscript.

Boltby, L. B., and G, F. Harouan. 1982,
The pepulation dynamics of ccho salmon
{Ongorhyncimg kisutch) in a wesr coast
rain forest stream subjected to logging.
In G. F. Hartwan (ed.) Proceedings of
tho Carnation Creek Workshop: A ten-ywar
roview, p. I0B-347, TFacific Biological
Station, Ranmimo, B.C.

Holtby, L. B., snd C. P. Newcombe. 1982,
A prelimipary snalysis of logging
ralated tepperature changes in Carnation

PAGE.

888




JUN 24

*97 11:44

228 BESCHTA ET AL,

Creek, Britich Columbia, In G. F.
Hartoan (ed.) Procesedings of the Carna-
tion Creek Workshop: A ten~year review,
p. 81-99. Pacific Biologieal Station,
Nanaima, B.C.

Hughs, D. A. 1966. Mountain stresmx of
the Barberton ares, sastern Transvaasl.
Part 2: The effect of vegetational
ghading and direect illuminaticon om tha
distribution of stresm fmuma. )
Hydeobiclegia 27:439-559,

Hynes, H. B. N. 1970. The ecology of .
mmning vaters. University of Toremto
Pragg, Toronto. 555 p. :

Ivarsen, R. A. 1972. Effects of clavated
temperatures on juvenila coho salman and
benthic invertebrates in model strerm
communiries. Fh.D. thesis, Oregon State
University, Corvallix. 98 p.

Jobling, M. 198l. Temperature toleranta
and the final preferendum; Rapid methods
for the assesspent of optimum growth
temparatures. J. Fish. Biol.
191439~455.

Jonsson, B., and J. Rudd-Hanzen. 1985,
Water temperarurs as the primary influ-
ence on timing of seaward migrations of
Atlantic salmon (Salpo salar) smolts.
Can. J. Fish. Aquat. Sci. 42:593~595.

m, e Ko and H. B. N. mﬁo 1971,
The fate of the dead leaveg that fall
into streame. Arch., Hydrobiol.

. G8IL65-515.

Kaya, C. M., L. R. Kaeding, and D, E.
Burkhalter. .1977. Use of a coldwater
refuge by rainbow and brown trout in a
geotharmally hoated styeam. Prog.
Fish~Cult, 39:37-3%.

Kﬁaﬂlﬁy‘iﬂﬂ, M. He Ao, and W. S. Hﬂﬂ:-
19%4. Effeets of tegperature on the
zesponse of young salmon to watar
currents. Behavior 7:77-87.

Keller, E, A., and T. Hofstra. -1982.
Summar "‘cold peels” in Redwood Creek
near Orick, California. JIg C. Van Riper

FROM NCASI-WEST COAST

CCLE7?

III, L. D. Whittig, and M. L. Murphy
{eds.) Proceedingg of the First Biennial
~ Conference of Scientific Research in
Californiats lational Parks, Univermity
of California, Davis.
xﬂll“, B. Avy I. D mfsm’ and C. Macas.

In press. Swmer fcold pools" in
Redwood Cresk neax Orick, Califormia.
In K. N. Nolan, H. Kelcay, and D. C.
Marron {(ads.) Geomorphic processes and
aguatie habitat in the Redwood Creek
basin, northwestern California. U.S.
Geological Survey Prof. Pap.

Kavarn, N. R., and R. C. Ball. 1965,
Primary productivity and energy rela-
tionghips in artificial streams,
Limol. Dcwanogr. 10:74=87.-

Fochendorfer, J. N., and G. M. Aubertin,
1973. Effects of managomant practices
on watar quality and quantity: Fernow
Experimental Forest, West Virginia. In
"Proceadings of Symposium on Municipal
Watershed Management, p. 14=24. USDA
For. Serv. Gen. Tech. Rep. NE-13.
HRortheastexn For. Exp. Stn., Broomall,

oo Pennsyivania,

Yogkl, X V. 1984. A stream ecosystem in
an old-growth forest in southeast
Alaska. Pmxt 13 Description and chavace
teristica of Porcupine Creek, Etalin
Island. I W. R. Meahan, T. R. Mexrell,
Jr.y and T. A. Hanlay (eds.) Fish and
wildlife relationshipe in old-growth
forests: Proceedings of a symposium, p.

' 47-55. American Institute of Fishecy
Research Biologisrs,

Lantz, R. L. 1971, Influence of warer
temporature on fish survival, growth,
and behavier, In J. T. Krygier and J.
D. Hall (eds.) Forest land uses and
strean anvironment: Proceedings of a
symposive, p. 182-193. Oregon Stara
Univarsity, Coxvallis.

Larkin, P. A. 1956. Interspecific compe-
tition and population coutrel in Erash-
vatar fish. J. Fish. Res. Boexd Can.
13:327~342.

PRGE.BBY

T

TN

A Tk

tormn s A gl el A

L L




" JUN 24

'S7 L1:44 FROM NCASI-WEST COAST PAGE.BD8
o TEMPERATURE 229
0ECLLS
Tee, R, 1980. Forest hydrology. Columbiam Martin, D. 3., K. 0. Salo, S. 1. vhite, J.
University Press, New York. 349 . A, Jima, W. J. Foris, and G. L.
Lucehetti. 1981, The impact of managed
Lee, R., and D. E. Samuel., 1976. Some stresmside timber vemoval on cutthreat

thermal and biological effects of Forest
cutting in West Virginia. J. Envirom.
Qual. 5(b):362~366.

legpett, W. G., and J, E. Carscadden.
1978. Iatitudinal variation in repro-
ductive charactoristics of Amarican:shad
(Alosa sapidissimm): Evidence of popu-
lation speaific life history strategies
in fish. J. Fish. Rex. Board Can.
35:16469-1478.

Lawno, A., and J. Rothachaer. 1967.
Increases in paximm stream tesparatures
after logging old growth Deuglas-flr
watersheds, USDA For. Serv. Ras. Note
PNW-65. Pac. Northwest For. and Range
Exp. Stn., Portland, Oregon. 12 p.

« 1969. Increases in maximom
stream temparatures aftar zlash buarning
in & small experimental watershed. USDA
For. Serv. Res. Note PNW-110. Fae,
Northwest For. and Range Exp. Stn.,
FPortland, Oregon. 7 p..

Lynch, J. A., W. E. Sopper, K. S. Corbett,
and D. W. Aurand, 1975. Effects of
managemont practicea on vater quality
and quantity: The Pemm State Experi-
mantal Watersheds. In Proceedings of
Sympesium on Municipal Watershed Manage-
ment., p, 32-46. USDA For, Seérv. Gen.
Tech., Rep. NE-13. Northesastern For.
Exp. Stn., Broomall, Pemnsylvania.

Factors that limit the
Bio, Rev.

Wacan, I, T. 1961.
range of fresh water animals.
363151~-198.,

Mantelman, I. I. 1960, Distribution of
the young of certain species of fish in
temparature gradients., Transl, Jer.
257. J. Fish. Res, Board Cmn. 67 p.

Martin, D. J, 1985. Production of cutr
throat trout Salme clarki in relation to
riparian vegetation iA Bear Creek,
Washington. Ph.D. thesis, University of
Washington, Seattle.

trout and the stream ecosystem. Pare 1:
" Sumiary. FRI-UW-8107.  ¥Fisharias
Research Institute, University of

Vashington, Seattla. =

Mechan, W. R. 1970. Some effects of shadae
 Cover on stream vemparatura in southeast
.Alaska, TUSDA For. Serv. Res. Nota
PAWN-113. Pac. Northwext For. and Range
Exp. Stn., Portland, Orepon. 9 p.

Minkiey, W. L. 1963. The ecology of
spring stresns, Doe Run, Meade County,
Rentucky., Wild. Monopr. 2. 124 p.

Minshall, G. W. 1968. Commmity dynamice
of the benthic fmuna in a woedland
-springbrook. Hydrobiolopia 32:305-337.

Yoore, J. W. 1980. Factors influencing
tha ecaposition, structura and density
of 2 population of benthic inverta-
bratas. Arch. Hydrobiel. 88:202-218,

Moring, J. R, 1975a. Tha Alsea Watershed
Study: Effects of logging on the aquatic
rescurces of thraee headwater gtraame of
the Alsea River, Oregon. Part 2:
Changes in envirommental conditions.

Fish. Res. Rep, 9. Oregon Department of
Fish and Wildlife, Corvallis. 39 p.

. 1975b. The Alsea Waterzhed
Study: Effects of tixee headwater
streams of the Algsea River, Oregon.

Part 3: Discussion and recommendations.
Pish. Res, Rep. 9. Oregon Departoent of
¥Fish and Wildlife, Corvallis. 24 p.

Mhurphy, M. L., and J. D. Hall. 1981.
Voried offects of clear-cut logging on
predators and their habitar in small
streamg of tha Cascade Moumtains,
Oregen, Can. J, Fish, Aquat. Seci.
33:137-145.

Murply, K. L., ©. P. Hawkins, and N. H.
Anderson. 1981, Effects of canopy
modification and acoimwilated sediment on
stream commmities. Trans. Am. Fish.
Soe. 110:469-478.



" JUN 24 '97 11:45  FROM NCRSI-WEST CORST PAGE . 228
230 BESCHTA ET AlL. Q534139
Nakatani, R. E. 1969. Effects of heated.  Parker, F. L., and P, A, Kremkel, 1969,

discharge on anadremous fish.  In P. A,

Krenkel and F: L. Parkar (eds.) Biologi--

cal aspects on thermal pellutien,

Vanderbilt University Precs, Nashville,

Tennasens.

Narver, D. W. 1972. A survey of some
possible effects of lopging on twa
eastern Vancouver Igland gtrasms,
Res. Board Can. Tech. Rap. 323,

Fish.
335 p.

Nebekar, A. V. 1971a. Effect of water
temperatures on nymphal feeding rate,
emargance and-adult longevity.of tha
stonefly, Pteyonareyla dorsata, J.
Kanszz Entomol. Soc. 4h:21-26,.

+ 1971b.
at differsnt altitudes on the emergenca
of aquatic insects from a single stream.
J. Kansas Entomol. Soc. A4:26-35.

Needhan, P. R., and A. C. Jones, 1559,
Flow, temperature, solar radiatien, and
ice in relation to activities of Eishos
in Sagehen Creek, Califormiaz. Ecology
LO(3) 146547k,

Newbold, J. D., D. C. Erman, and K. B.
Reby. 1980. Effocts of lopging on
macroinvectabrates in stresms with and
without tuffer strips. €an. J, Fish.
Aquat. Sci. 37:1076~1083,

Ordal, E., and R. B. Pacha. 1963, The
effects of tempsratures on digeasae in
fixh. In Water tesperature: Influences,
effects and control. Proceedings,
Iwelfth Pacific Horthwest Symposium on
Water Pollution Research. U.S. Public
Health Sexvice, Pacific Northwest Wates
Laboratory, Corvallis, Oregen.

Ocaka, J. 1963. Tha influence of tempers-
ture on the developmant of meristic
characters of the skeleton in =aimoni-
dae, Part-2: Vavriations in derszal and
anal fin ray counts correlated with
temperature during development: of Salmo
ixideus. Transi., Bin. Abste. 147(6):
Abstr, 28137. 1966,

' Phinney, E. K., and c. n. MeIntive.

Effoct of temperatuxe -

Thermal pollution: Status of the avr.
Rep. 3. Department of Environmental and
Watar Resources Enginearing. Vanderbilt
University Press, Nashville, Ternesses.

Poargon, W. D., and D. R. Franklin. 1964.
Seme factors affecting drift rates of
‘Bastis and Simylijdag in a large rivar.
Reolegy h9s75-81.

1965,
Effoct of tempararure on matabolism of
peripiyton commmities developed in

" laboratory streamc. Limnal. Ocaanogr.
10334)-344.

Reeves, G. H. 1985. Interaction and
behavior of the redside shiner (Richara-
sonius baltsatus) and thoe steelbead
trout (Salmo galpdneri) in westemn
Oregon: The influence of water tempera=
tare, Fh.D. thesis, Oregon State
University, Corvallis. 101 p.

Reisen, W. K., and R. Pring. 1972. Some
ecological ralationships of the invarte-
brate drift in Praters Creek, Fitkena
County, South Carclina. PIcology
53:1876~884,

Reaiser, D. W., and T. C. Bjorm. 1979.
"Influence of forest amd rangeland
managenent on anadromous fish hadbitat in
wastern United Stares and Canada. Part
1: Habitat requiremcnts of anadromous
salmonids, USDA For. Sexrv. Gen. Tech.
Rap. PNW-96. Paa. Nerthwesr For. and

Range Exp. Sth., Portmd, Oregon. 34 P

Reiser, D, W., and T. A. Wescha. 1979. In
situ freszing as a cause of mortality in
brown trout eggs. Prog. Pish-Cuit,
41{2):58~60,

Reisexr, D, W., and R. G. White. 1981,
Incubation of steelhead tzout and spring
chinook salmon egps in a moist environ-

"ment. Prog. Fish~Cult. a3(3):131-134,

Ricker, W. E. 1972. Hereditary and
enviromwental facters affecting certain
salmonid populations. In R. C. Simon
and P. A. Larking {eds.) The stock




JUN 24

87 11:48

concept in Pacific salmom, p. 19-160.
H. R, MacMillan lecruaras in Fisheries.
Univaraity of British Columbia,
Vancouver.

Ringler, N. M., and J. D. Ball, 1973,
Effecrs of logging on water tomperature
and dissolved oxygen in spoming beds.
Trans. Am. Pish, Sec., 104:111-12]1.

Rishel, G. B., J. A..Lynch, and E. S. :
Corbatt. 1982, Seasonsl stream teisper-
ature changes following forest harvest-
ing, J. Envirom. Qual. 11(1):112-116.

Rounick, J. S., and 5. V. Gregory. 1981.
Temporal changes in peariphyton standing -
crop during .an umutually dry winter in
straame of the western Cascades, Oregon.
Hydrobiologia 83:197~-205. '

Scrivener, J. C., and B. C. Anderszen,
1984. Logging impacts and some macha-
nizms that dotermine the sigze of spring
and cummer populations of coho salmon
fry (Opcorhynchpg kisutch) in Caxpation
Croek, British Columbia. Can. J. Flsh.
Agquat. Sci. 41:1097-1105,

Seymour, A. H. 1939, Effects of tespera-
ture upon formation of vertebrae and fin
rays in young chinook salmon, Trans.
Am, Fish. Soc, 38:58-69.

Sharbarger, F, F., E. F. Benfield, K. L.
Dicksen, and J. Cairns, Jr. 1977.
Effects of thermal shocks on drifting
aquatic ipsects: A laberatoery simila-
tion. J, Fish. Res. Beard Can.
3h:529-536.

Sheridan, W. L. 196l. Temparature rela-
tionshipt in pink salmon stream in
Alaska, Feolopy #2(1):91-98,

Sheridan, ¥. L., and A. M. Bloom. 1975,
Effects of cancpy removal on temparature
of some small streams in southeast
Alaska. USDA For. Serv. Alaska Region,
Juasu, 19 p.

Swith, B, D. 1980. The effecte of affor-
estation on the trout of a small stream
"in southarn Scotland. Fish. Manage.
11:38=58,

FROM NCASI-WEST COAST

08140

Summars, R, P. 1983,

TEMPERATURE 231

Steinblums, I., H. A. Froohlich, and J. K.
Lyens. 1984, Designing crable buffer
strips for stream protecticn., J. For.
82(1):49-52,

Stockner, J. G., and K. R, S. Shortreed,
1978, Enhsncement of sutotrophic
rroduction by nutrieat addition in a
coastal rainforast stream on Vancouver

- Island. J. Fish, Rea. Board Can.

- AR128-34,

i M, K-, M. J. Klug, and K. W.

Cumming. 1975. Commmity processing
of leaf litter in woodland streams,
* Verh. Int. Ver. Limnol. 1911653-1653.

Trende in riparian
vepetation ragrowth follewing timber
barvesting in western Orepgon watershads.
M.3. thesis, Oregon State Undversity,
Corwallis. 151 p.

S\ﬁ.ft, Le “o’ and J. B, Mesgar. 1971.
Forest cuttings raiss temperarures of
small streams in the gouthern

Appalachians. J. Soil Water Conmexv.
26(3):111-116,

« 1973. Lower water tempera-
tures within g streamside tuffer strip.
U'dDA Fox. Sarv. Res, Nota SE-193.
Southeastern For. Exp. Stn., Asheville,
Rorth Carolina. 7 p.

Thedinga, J. F., and X V. Koxki. 1984, A
strean ecosyatem in an old-growth forest
in scutheast Alaska. Part 6: The
production of cche salmon, Oncorhynchus
kisuteh, smolts and adulis from Poreu-
pina Creek. In W. R, Meeban, T. R.
Marreil, Jr., and T. A. Banley (eds.)
Fish and wildlife relationships in
old-grewth forests: Proceedings of a
symposium, p. 99-108. Aperican Insti-
tuta of Fishary Research Biologists.

Theurar, ¥, D., I. Lines, and T. Nelson.
1985, Interaction between riparian
vegetation, warer tepperatuze, and
salmonid habitat in the Tucannon River.
Water Rescut, Bull. 21:153-6h,

PRGE.A18




PRGE.O11 -

11:46 FROM NCRSI-WEST CORST

232 BESCHTA ET AL,

JUN 24 97

H

P44

t

08¢

Blackwall Science Publ., Oxford,
Engiand.

Ischaplinski, P. J., and G, P. Bartman.
1983, Winter distribution of juvenile
befora and after lopging in-Carnation
Creek, British Columhia, and zame
impliecations for uvervinter survival.
Can. Ja Pish. Mﬂlt- sﬂi. ‘l@thSZ'ltﬁl.

Wamn, C. E., Ja Hu “&133, G- B. D&m,
and T, Doudoroff. 1960. Progress
report: Eeological studies of an axpari~
menta] streas. Mimaoprmphed report.
Oregon State College, Corvallis.

vannots, R. L., G. W. Minshall, X. W,
Cuning, J. R. Sedell, and C. E,
Cushing. 1980. The river ¢optimsum
concept. Gan, J. Fish. Aquat. Sai.
37:130-1237. )

Waters, I. F. 1968, Diurnal periodicity
in the deift of a day-activa =tream
invartabrate. Ecology 49:152-153.

Weber, P. K. 1981. Comparicons of the
lewer trophic lavels of small streanm
commmities in forest and cleaycut
¢ites, scuthoast Alacks. Ph.D. thesiz,
University of Washingtom, Saattle.

Walter, R. As 198&. A strean ecogystenm in
an old~growth forest in southeast
Alaska. Part 21 Structura and: dynamics.:
of the periphyton copmmity, Ig W. R.
Meem’ T. Re Marrell, Jr., and T. A.

Hanley (eds.) Pish and wildlife rela-
tiemships in old-growth forests: Pro-
cecdings of a sympogius, p. 57-69.
Anorican Institute of Fizhery Ruseazreh
Biclogists.

Waryen, C. E., and G. E. Davis. 1967.
Laboratory studies on the feeding,

" bieenergatics, and growth of Fich.
S, D. Gerking (ed.) The biolegical
basis of frashwater fizh production.

In

Wojtalik, T. A., and T. 7, Wators, 1970.
Some effacts of haated vater on tha
‘drift of two specles of stream inverte-
brate. Irans. Am. Fish. Soa,
991732-788.

Wurtsbangh, W. A., and G. E. Davis. 1977.
Effocts of temperature and ration level
on the growth and food cenverzion
efficiency of 3almo pairdnerd

- -Richasdson. J. Fish. Biol. 11187-98.




N 24 97 113U FRuVImAmsEmSaEms e o

08147

~ Streamside Management:
Forestry and Fishery Interactions

 Edited by

Ernest O. Salo
Terrance W. Cundy

College of Forest Rescnrées
University of Washington
Seattle, Washington

University of Washington
Institute of Forest Resources

ContribuﬁonNo.sE? . 1987




