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Stream temperature responses to forest harvest
and debris flows in western Cascades, Oregon

Sherri L. Johnson and Julia A. Jones

Abstract: Stream temperature controls the rates of many biotic and abiotic processes and is influenced by changes in
streamside land use practices. We compiled historic stream temperature data and reestablished study sites in three small
basins in the H.J. Andrews Experimental Forest in the western Cascades, Oregon, to reexamine the effects-on and re
covery of stream temperatures following removal of riparian vegetation. Maximum stream temperatures increased 7°C
and occurred earlier in the summer after clear-cutting and burning in one basin and after debris flows and patch-cutting
in another. Diurnal fluctuations in June increased from approximately 2 to 8°C. Stream temperatures in both basins
gradually returned to preharvest levels after 15 years. The influence of the primary factor controlling stream-tempera
tures, shortwave solar radiation, was amplified following removal of riparian vegetation, and conduction between stream
water and nearby soils or substrates also appeared to be an important factor. Shifts in the timing of summer maxima
and greater increases in early summer stream temperatures could impact sensitive stages of aquatic biota.

Résumé: La température des cours d’eau régit le rythme de nombreux processus biotiques et abiotiques, et se trouve
sous l'influence des changements dans les pratiques d’aménagement du territoire sur les rives. Nous avons compilé les
données historiques sur la température des cours d’eau et rétabli des stations d'étude dans trois petits bassins de la fo
rét expérimentale H.J. Andrews, dans I'ouest des Cascades (Oregon), pour réexaminer les effets de I'enlevement de la
végétation riveraine sur la température des cours d’eau, et le rétablissement subséquent. Les températures maximales
des cours d’eau ont augmenté de 7°C, et les augmentations se sont produites plus tét dans I'été, aprés la coupe a blanc
et le brilage dans un bassin, et aprés des apports de débris et du jardinage par bouquets dans un autre. Les fluctua-
tions diurnes en juin ont augmenté d'envir@ & 8°C. Dans les deux bassins, les températures des cours d’eau sont
graduellement revenues aux niveaux pré-exploitation au bout de 15 ans. Linfluence du principal facteur régissant la
température des cours d’eau, le rayonnement solaire a ondes courtes, a été amplifiée par suite de I'élimination de la vé-
gétation riveraine, et la conduction entre I'eau de la riviere et les sols ou les substrats adjacents semblait aussi un fac-
teur important. Les changements dans I'occurrence des maximums d’été, et les augmentations plus fortes des
températures des cours d’eau au début de I'été, pourraient avoir un impact sur les stades vulnérables du biote aqua-
tique.

[Traduit par la Rédaction]

Introduction (Brown 1969). Direct solar radiation on the water surface is
. . . a dominant source of heat energy for streams (e.g., Beschta

Stream temperature is a critical parameter in stream ecqy | 1987; Sinokrot and Stefan 1993; Webb and Zhang
systems. Temperature controls rates of metabolism, growtgg7y 't other sources and fluxes of energy also contribute

decomposition, and solubility of gases as well as many Proty stream temperature at a given point (Fig. 1). These in
cesses and biotic interactions (Beitinger and _Fitzpatrickdude energy exchange by conduction between stream water
1979; Beschta et al. 1987). As a consequence, INCreases My the stream substrata (Crittenden 1978; Hondzo and
stream temperature in regions with cold-water fisheries hav%tefan 1994; Evans et al. 1995), evaporation and sensible
been linked to potential fish mortality (Brett 1952; Beschtay, ¢ exchan'ge with the atmosphere (Sinokrot and Stefan
et al. 1987), increased prevalence of disease (Becker anfhqgs. \veph and zhang 1997), and energy contributed by
Fugihara 1978), and changes in interspecific competition, 4yection of water from deep groundwater sources and up

(Reeves et al. 1987; Ward and Stanford 1992). stream (Ingebritsen et al. 1992; Webb and Zhang 1997).

Temporal and Sp&tl&l variations In stream temperature are Forest harvest in riparian areas has been shown to produce
the result of multiple factors that interact with one anOtherincreases in stream tgmperatures and the magnitudepof these
increases varies among sites and regions (Swift and Messer
Received August 10, 1999. Accepted April 26, 2000. 1971; Anderson 1973; Beschta et al. 1987). Sites where only

715303 overstory riparian vegetation was removed generally had
o o smaller increases in stream temperature than where the

S.L. Johnson: Department of Fisheries and Wildiife, Oregon nderstory was also removed through burning or herbicide

Jsfte‘]gn”é‘s’eése'tyérfn?gﬁl'c')‘? G%Es?:T:r?clésugfeA' on State treatments (Levno and Rothacher 1969; Lynch et al. 1984).
U.ni.versity lCOIpva”iS OR 97331 USA. 9 Responses among sites also varied as a f_unct|on of the

‘ ’ o amount of stream surface exposed by harvesting. Most stud

IAuthor to whom all correspondence should be addressed. ies of forest harvest effects have been limited to a few-post
e-mail: johnsons@fsl.orst.edu harvest years (summarized by Anderson 1973; Beschta et al.
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Fig. 1. Factors and mechanisms influencing stream temperature. Forest harvest history differs among the three basins. Watershed
) 2 (WS 2) is an unharvested, unroaded basin with old-growth-vege
Up_Sgdevggt}oIQPUtS tation. Watershed 1 (WS 1) was 100% clear-cut between 1962 and
1966, but no roads were constructed. Trees, including those in ri
parian zone, were removed using cable-logging methods, logging
slash was broadcast burned in September 1966, and some wood
?r:g‘d?sc’water was removed from the channel (Levno and Rothacher 1969). In
- advection watershed 3 (WS 3), 2.6 km of roads were constructed between
1959 and 1961, and in 1963, 25% of the basin was harvested in
three “patch cuts,” which were then broadcast burned. In December
Outgoing radiation 1964, debris flows scoured upstream sections of the channel to

Solar inputs
- shortwave radiation
- longwave radiation

- reflection bedrock, removed all riparian vegetation, and deposited sediment
- emission and wood in the lower section (Levno and Rothacher 1967).
Air-water itnterface After harvest, herbaceous and shrub vegetation on hillslopes es
itk : tablished rapidly, reaching preharvest levels of cover within 5 years
U and continuing to increase to twice the preharvest cover conditions
w over the next 10-20 years in both WS 1 and WS 3 (Halpern and
Spies 1995). However, tree cover on hillslopes reestablished more
Water-substrate interface slowly, with less than 10% cover after 5 years, 25% cover after 15
- conduction years, and 80—-90% cover 30 years after harvest (Halpern and Spies

1995). In the riparian zone in WS 1, a dense stand of red alder
(Alnus rubrg developed, creating canopy closure approximately 15
1987), and in other studies, the lack of pretreatment data hagars after harvest. Alder stand development along the stream
precluded documentation of stream temperature recovery tghannel of WS 3 was less vigorous and limited by bedrock out
preharvest levels (Hostetler 1991). Although, to our knowl ¢OPS é;bgwg\r/]\?og’ foJ.S. For\?vst Seéwce,Hl_:orgsltqrygigggcez I;Saiora
) Y, efferson Way, Corvallis , USA,
Eggﬁ’elgggﬂtﬁégn S(i%ortlsbe S I\(/)lgr?rt]rea(l:rlnwt(;n greerggusr%fh;\:sinn?e{rsona_l observation). Riparian vegetation in WS 3 was removed
S ' pt by Moring ' by debris flows in February 1996 that again scoured the upper
ishing stream temperatures with forest recovery have beeflym of channel and deposited sediment and large wood in the
observed or predicted (e.g., Brown and Krygier 1970; Swiftjower 200-m reach (Swanson et al. 1998).
1982; Beschta and Taylor 1988).
Forest harvest and debris flows in small experimental bas-

ins in the H.J. Andrews Experimental Forest, western Casp":lta acquisition . . R
Stream temperature, discharge, air temperature, precipitation,

cades, Oregor_l, during the .19605. led to elev_ated Strea'gblar radiation, and soil temperatures have been monitored over
temperatures in the years immediately following harvestsying periods, with increased temporal resolution in the later
(Levno and Rothacher 1967, 1969). Continued monitoring ofears (Table 1). Stream temperature was monitored just above the
stream temperatures, discharge, vegetation dynamics, amdgleam gauging stations (Fig. 2). Precipitation and air temperature
climate allows us to examine the long-term recovery ofdata were collected at the WS 2 climate station (C, Fig. 2), while
stream temperatures following forest harvest. Here, we exsolar radiation and soil temperature data were collected at the pri
amine () major mechanisms controlling stream tempera mary climate station (P, Fig. 2). Additional soll temperature data
tures, {i) effects of riparian vegetation removal and recoveryWere collected in the WS 2 reference stand (R, Fig. 2). For the
on summer stream temperatures, aiiid ¢hanges in the tim summer of 1967, when no solar radiation sensors were in place, so

: . : . lar radiation was modeled based on a multiple regression for the
Ing .Of summer_ maximum stream temperatures following ri period 1979-1991, which estimated solar radiation as a function of
parian vegetation removal.

solar angle, precipitation, and air temperature (Forest Science Data
Bank, Corvallis, OR 97331, U.S.A.). Stream temperature data were

- suited for analysis at several temporal scal@sthe 23-year record
Materials and methods of summer maximum temperatures from 1959 to 1982,the 6-
year record of weekly maximum and minimum temperatures from
the summers of 1960, 1967-1970, and 199¥) ¢laily maximum
and minimum summer temperatures in 1967 and 1997, and
iv) hourly summer stream temperatures in 1967 and 1997. Prior to
97, stream temperatures were measured in degrees Fahrenheit to
e nearest whole number. We converted all values to Celsius and

Study site

This study was conducted in three small (<1%rasins in the
H.J. Andrews Experimental Forest (Fig. 2). The climate in the
lower elevations of the western Cascade Mountains is considere
xeric with warm dry summers and cool to cold rainy winters. Mean

annual precipitation is 2.4 m, most of which occurs between Noreport stream temperatures to the nearest 0.1°C, recognizing that

vember and April. Very little rain falls during summer, and stream gjjgy gifferences in historic values would not have been detectable
flows generally decline from June through August (Fig. 3). Streamat this level of precision.

channels are steep and confined, with unsorted sediment ranging in
size from boulders to silt and with large wood and exposed bed
rock in some locations. Statistical analysis

Prior to harvest, native vegetation in these small basins was 450- Statistical analyses were conducted to compare mean weekly
year-old forest dominated by Douglas-fiPgeudotsuga menzigsii  maximum and minimum stream temperatures among years and
Stream flow and other basin characteristics (Table 1) have beemonths in WS 1, WS 2, and WS 3. Because daily stream tempera
monitored since 1952 as part of a paired-basin experiment+o exures are autocorrelated, and preharvest maximum and minimum
amine the effects of forest harvest on stream flow and vegetatiorstream temperatures had been collected at weekly time steps, the
Results of this experiment have been described in other studiedaily data from 1967 to 1970 and from 1997 were subsampled to
(e.g., Dyrness 1973; Jones and Grant 1996). obtain maximum and minimum stream temperatures for approxi
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Fig. 2. Location of experimental basins in the H.J. Andrews Experimental Forest, western Cascades, Oregon. WS 1 was clear-cut and
burned, WS 2 was unharvested, and WS 3 was patch-cut but debris flows scoured the channel.
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mately weekly intervals (ranging from 5 to 8 days) correspondingied among years and among months. Maximum summer
to those sampled in 1960. Hence, data consisted of 17 observatiom@mperatures ranged from 15 to 19°C, with a mean of
per summer of weekly maximum (minimum) stream temperaturesj 6. 7°C from 1959 to 1982 (Fig. 4). In WS 2, mean weekly
with four observations for June, four for July, five for August, and maximum stream temperatures were not significantly differ

four for September. Statistical analyses were conducted using co : _
plete factorial analysis of variance (ANOVA) with post hoc testsﬁént among the six years (1960, 1967-1970, and 1997 (

using multiple comparisons (Neter et al. 1990). Interannual varial'7’ P = 0'12.9) but were significantly higher in July and
tion in stream temperatures from the unharvested basin (WS 2jugust than in June or Septembdt € 19.1,p < 0.001).
was examined using weekly maximum or minimum stream temperMean weekly minimum stream temperatures were signifi
ature as the dependent variable and year and month as the ifantly higher in 1967 than in 1960 (Table 2).

dependent variables. Interannual and monthly changes associatedDespite differences in disturbances (timing and extent of
with clear-cutting or patch-cutting and debris flows were analysedforest harvest treatment and debris flows), maximum -sum
using differences between harvested and unharvested basins. Theer temperatures WS 1 and WS 3 had very similar trajecto
dependent variable in these analyses was the difference betwegpg from 1966 to 1982 (Fig. 4). In WS 1, summer maximum
the maximum (or minimum) weekly stream temperatures in th mperature increased to 23.9°C in 1:@67 and 1968, after

harvested basins (WS 1 or WS 3) and the unharvested basin ( - -
2); year and month were the independent variables. Post hoc tesg ear-cutting and burning, and returned to preharvest levels

of effects were conducted to identify significant differences. Oy the early 1980s. In WS 3 in 1965, 2 years after patch-
Because multiple years and months were compared, probabilitiegutting and 6 months after debris flows, the maximum

were conservatively adjusted using Tukey’s highest significant dif Stream temperature increased to 21.7°C, and in 1968, the
ference test to guarantee an overall protection ef0.05 (Neter et summer maximum stream temperature reached 23.9°C.

al. 1990; SPSS, Inc. 1998). Weekly maximum stream temperature differences be
tween WS 1 and WS 2 increased significantly during the

Results first several summers after clear-cutting and burnifg=(
285.1,p < 0.001) (Table 3). Differences in weekly minimum

Interannual and seasonal variability stream temperatures also increased in the first summers after

In the unharvested basin, WS 2, summer temperatures vaharvest F = 33.2,p < 0.001). Prior to harvest and again 30
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Fig. 3. Mean daily stream discharge measured at the stream  debris flow (Table 3). Mean weekly minimum stream tem
gauging weirs in WS 1 (black line), WS 2 (dotted line), and WS peratures in 1997 were 1.5°C higher in WS 3 than in WS 2

3 (grey line) during &) 1967 and Ip) 1997. and significantly differentff < 0.01) from those in 1960.
a) Stream temperatures in the unshaded streams (WS 1 and
20 - WS 3) responded more dramatically to solar inputs than

temperatures in the unharvested basin (WS 2). Differences in
daily maximum stream temperatures between WS 1 and WS
15 1 2 and between WS 3 and WS 2 were amplified during-peri
ods of high solar inputs and reduced during periods of cloud
cover in 1967 (Figs. &and ). Differences between daily
maximum stream temperature in harvested and unharvested
basins (WS 1 and WS 2 or WS 3 and WS 2) were greatest in
late June and early July and decreased through the summer
(Fig. &c).

Discharge (L-s™"-km?)

Diurnal and hourly variability

Stream temperatures in the unshaded streams had wider
diurnal fluctuations than in the unharvested basin. In 1967,
the maximum diurnal range of stream temperatures was 6—
8°C in WS 1 and 5-6°C in WS 3 but only 1-2°C in WS 2
(Figs. | and %). By 1997, the diurnal range of stream tem
peratures was 1-2°C in all three basins (Figs.afd ).

The timing of daily maxima also changed following clear-
cutting in WS 1. In mid-July 1967, daily maximum stream
temperatures occurred at 13:00, 6 h earlier than in the old-
growth unharvested basin, where stream temperatures
peaked at 19:00. Daily minimum stream temperatures oc-
' ' ' ' curred at 05:00 in WS 1, whereas in WS 2, they occurred at
June July Aug. Sept. 08:30. In 1997 in both WS 1 and WS 2, daily maxima oc-
curred between 18:30 and 19:30 and minima occurred at
years after harvest, mean weekly maximum and minimun®8:00.
temperatures differed by less than 1°C (Table 3). In the first Based on daily mean stream temperatures starting on June
4 years after clear-cutting, mean maximum weekly streanl, degree-days accumulated more rapidly in the clear-cut
temperatures for the summer were 5.4—-6.4°C higher in WS basin and the basin affected by debris flows than in the un-
than in WS 2, and mean minimum weekly stream temperaharvested basin. In WS 1 in 1967, 1000 degree-days had
tures were 1.6-2.0°C higher in WS 1 than in WS 2accumulated by July 29, 2 weeks earlier than in WS 2
(Table 3). Mean weekly maximum stream temperature dif (Fig. 7a), whereas in 1997, degree-days accumulated at similar
ferences in June and July were significantly greater than imates in both basins (Fighby. In WS 3 in 1967, 1000 degree-
September K = 3.6, p < 0.001). After clear-cutting and days had accumulated 10 days earlier than in WS 2 and 8 days
burning, maximum stream temperature in June increased t@arlier in 1997 (Fig. 7).
23.3°C and in July to 23.9°C. In September, maximum-tem
perature was 20.1°C. .

Weekly maximum stream temperature differences beSoil temperatures
tween WS 3 and WS 2 increased significantly after patch- Diurnal temperature fluctuations in shaded versus un
cutting combined with debris flowsF(= 186.6,p < 0.001) shaded streams were quite similar to soil temperature Huctu
(Table 3). Mean weekly minimum temperature differencesations in an old-growth forest stand versus a forest gap
increased in 19679 = 11.1,p < 0.001). Prior to harvest and (Figs. 5 and 8). In a forest gap, surface soil temperatures
debris flows, weekly maximum and minimum stream tem (10 cm depth) showed wide diurnal fluctuations and reached
peratures in WS 3 and WS 2 differed by less than 1.1°C; WSummer maxima exceeding 25°C (Figa)8 Under forest
3 had slightly lower maxima and higher minima than WS 2canopy in an old-growth forest stand, surface soil tempera
(Table 3). In 1967-1969, mean weekly maximum streantures had narrower diurnal fluctuations and were generally
temperatures for the summer were 3.5-5.2°C higher in WS 8°C cooler than temperatures in forest gaps (Fig. &oil
than in WS 2 and significantly differenpp(< 0.001) from temperatures at depth at both sites were cooler than at the
those in 1960 (Table 3). Mean weekly maximum streamsurface, had reduced diurnal fluctuations, and were tempo
temperature differences were larger in June and July than irally lagged; maximum values at 100 cm occurred in early
SeptemberK = 4.9, p < 0.001). In 1997, stream tempera September, whereas those nearer the surface occurred in
tures in WS 3 reflected the recent channel disturbance by denid-August (Fig. &). In the old-growth forest, stream tem
bris flows. Mean weekly maximum stream temperatureperatures were slightly lower than soil temperatures at
differences from WS 2 were more than 2.0°C higher than ir30 cm; temperatures in the stream and at 30 cm reached
1960 p < 0.05) but less than in 1967-1969, after the 1964maximum values in mid-August.

Discharge (L-s"-km™)
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Table 1. Locations, devices, and extent and resolution of data records used in this study.

Variable Location Device Extent of record Resolution
Stream temperature WS 1, WS 2, WS 3 stream gauges “U” tube max.—min. 1959-1966 (summers) Weekly max.—min.
thermometers

WS 1, WS 2, WS 3 stream gauges Transducer thermometers1967-1982 Hourly*
and punch tape recorders
WS 1, WS 2, WS 3 stream gauges Optic Stowaways 1997—present 30 min
Stream discharge WS 1, WS 2, WS 3 stream gauges Stevens A-35 recorder 1952—present Hourly
Air temperature WS 2 climate station Hi-Q hygrothermograph 1958—present Daily max.—min.
Precipitation WS 2 climate station Universal recording rain  1957—present Daily
gauge
Solar radiation Primary climate station Pyranometer with 1972—present Hourly
thermopyle sensor, data
logger
Soil temperature Primary climate station at 10, 20, Thermistor probes and data 1994—present Dourly
50, 100 cm logger
Soil temperature WS 2 reference stand Thermistor probes at 10, 2887—present Daily max.—min.
30 cm

*Only summer maximums are available from 1971 to 1982.

Fig. 4. Maximum summer season stream temperatureg dur September 30) from 1959 through 1982. WS 1(squares) was clear-cut
between 1962 and 1966 and then slash burned. WS 2 (circles) was unharvested. WS 3 (triangles) had roads constructed between 1959
and 1961, was patch-cut during 1962-1963, and had debris flows scour the channel in 1964.

25 -
&’3\ ]
~ 20 4
g ]
2
o
[}
[oN
% i
= 15 1
f—— WS 1 clear-cut
1 F———- WS 3 patch-cut and debris flow
10 : : : : : : : : : : : :
1959 1961 1963 1965 1967 1969 1971 1973 1975 1977 1979 1981
Discussion exposed stream water and soils is radiative exchange

(Brown 1969; Monteith and Unsworth 1980). In this study
Stream temperature responses to removal of riparian-veg@nd in others (Brown and Krygier 1970; Holtby 1988), the
tation occurred at multiple temporal scales, including in largest increases in stream temperature after riparian re
creases in maximum and minimum daily, weekly, andmoval occurred not at the usual time of maximum stream
summer stream temperatures, increased diurnal fluctuationsemperatures, but in early summer, which coincided with the
and shifts in the timing of stream temperature maxima taiming of maximum solar inputs. The shift in timing of-in
earlier in the summer season and on a given day. The magnireased temperatures was not readily discernable in the daily
tude and timing of temperature changes are a result of thmaximum—minimum temperature records but became appar
multiple mechanisms that interact to control stream temperaent in the differences between maximum daily temperatures

ture dynamics. in shaded and unshaded streams. This pattern of differences
between daily maxima parallels the daily magnitude of sum
Physical controls mer solar radiation that was able to penetrate to the stream

This study highlighted the importance of solar radiation assurfaces in WS 1 and WS 3 when riparian vegetation had
a primary driver of stream temperatures and the increasebleen removed.
influence of radiation when riparian vegetation was re Conduction between water and alluvial substrates is often
moved, either by clear-cutting and burning or by debrisunderestimated as an important mechanism influencing
flows. The direct mechanism by which solar radiation warmsstream temperature (Brown 1969; Beschta et al. 1987), and
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Table 2. Average summer conditions (Jail — September 30) in the unharvested basin, WS 2, during the years indicated.

Stream temperature (°C) Air temperature (°C) Mean daily Mean dailyQ
Mean max. Mean min. Mean max. Mean min. precipitation (mm) (L-st-knT?)

1960 15.2a 10.3a 26.0 9.6 1.0 7.5

1967 15.2a 12.3b 28.9 10.7 0.8 2.8

1968 14.1a 11.1ab 24.2 10.5 2.7 5.8

1969 14.2a 11.2ab 25.5 9.9 1.8 7.2

1970 14.5a 10.8ab 26.4 9.4 1.0 4.3

1997 14.6a 11.7ab 23.3 10.3 2.3 6.0

Note: Stream temperatures are averages of weekly maxima or minima. Air temperatures are the averages of daily maxima or
minima. Precipitation is the average of daily totals for the summer. Disch&pés the average of daily means. Stream
temperatures were compared among years using ANOVA; values within a column followed by the same letter are not significantly
different (Tukey’s highest significant difference tept< 0.05).

Table 3. Average differences in weekly maximum or minimum  water (S.L. Johnson, unpublished data). Debris flows in
stream temperatures between basins. 1996 resulted in less increase in stream temperatures at the
downstream gauging station than the 1964 debris flows.

WS 1 and WS 2 WS 3 and WS 2 Conduction between stream water and continuous bedrock,

n Maximum  Minimum  Maximum  Minimum  especially relating to minimum temperatures, would have
1960 17 -0.8a 05a _1.1a 0.4 a different dynamics than conduction in alluvial substrates,
1967 17 5.8b 20b 35b 1.0b possibly as a function of temperature gradients within-bed
1968 17 6.2b 20b 5.2¢ -0.1a rock.
1969 17 6.4b 1.8b 51c 0.la Stream discharges, which decline through the summer in
1970 17 5.4b 1.8b — — western Oregon, have been suggested as an influence of the
1997 17 -0.4a 0.1a 1.6d 1.5b timing of maximum summer stream temperatures (Brown

Note: The weekly maxima or minima in the unharvested basin (WS 2) 1969). In these foreSte_d baSIr.‘S’ there is a temporal lag be-
were subtracted from those of the clear-cut basin (WS 1) or of the basin IWE€N maximum solar inputs in June and maximum stream
with patch cuts and debris flows (WS 3). Data were not available for WS temperatures in late summer. However, we found the timing
3 Iln 197Q-hl?lfferer;ces Vgelrle CO(TEarid amongl years using A_NO_}/A: | of stream maxima to be unrelated to the seasonal pattern of
values within a column followe y the same letter are not significantly H H H H
different (Tukey’s highest significant difference tept< 0.05). discharge in unshaded Streams' If the timing of summer high

stream temperatures was driven by low stream flows, and
given that flows declined in a similar manner in both har-
we suggest that, in reaches without advective inputs, contested and unharvested basins, then the highest temperatures

Conduction from near stream soils and alluvial substrate§0ows. Instead, stream temperatures in the clear-cut basin
may account for more of the stream temperature dynamickeached high levels by late June, while those in the shaded
than is generally recognized (Hondzo and Stefan 1994). Sehannel increased more slowly through the summer- Dis
eral physical factors contribute to these fluxes of heat. Firstcharge is a factor in stream temperature budgets (Brown
heat exchange occurs from materials at higher temperaturd$69), as a function of the volume and the residence time of
to those at lower temperatures, and second, the rate of heg@ter, but increased direct solar inputs appeared to be the
transfer between water and substrates is three orders of mageminant influence of the timing of maximum temperatures
nitude greater than the rate between water and air (Monteith! streams without riparian vegetation.
and Unsworth 1980). Moreover, a large amount of stream Stream temperatures returned to preharvest levels in WS 1
water may be in contact with substrates, especially duringipproximately 15 years after clear-cutting, coinciding with
subsurface and hyporheic flow. In this study, stream tempercanopy closure in the riparian zone. Although some studies
atures under forest cover were cooler than surface ohave observed a trend of decreasing maxima with each year
subsurface soil temperatures in the daytime or at night. Ipostharvest (Moring 1975; Swift 1982), our results fit more
forest gaps or disturbed riparian areas, direct solar radiationlosely to the temperature recovery trajectory postulated by
increases the temperature of soils and alluvial substrates thBeschta and Taylor (1988), who suggested that limited +ipar
could conduct heat to the streams (Hondzo and Stefan 199#gn vegetation regrowth during the first 5 years postharvest
Evans et al. 1995). Conduction from alluvial substrateswould not affect high maximum stream temperatures but
might explain the observed increases in minimum streanthat during the next 15 years, the recovery of riparian vege
temperatures after forest harvest. tation would lead to a linear decrease in stream tempera
Conduction can have different a magnitude of influencetures. Although our sites had similar trajectories of
on stream temperature in bedrock versus alluvial reachesemperature recovery and returned to preharvest levels, the
Large variations in maximum and minimum stream temperaspecies composition of the overstory riparian vegetation
tures presently occur along the length of the recently disshifted from primarily conifer to deciduous. Because of po
turbed channel in WS 3; these temperature variationsential variation in factors influencing riparian vegetation re
coincide with erosional and depositional areas and eorrecovery among sites and regions, the timing of riparian
sponding changes in types of substrates and flow paths afegetation establishment and stream temperature recovery
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Fig. 5. In 1967, @ maximum and minimum daily stream tem
peratures for the clear-cut basin (WS 1) (black line) and unhar
vested basin (WS 2) (grey line) from June through September,
(b) maximum and minimum daily stream temperatures for the
basin with patch cuts and debris flows (WS 3) (black line) and
the unharvested basin (WS 2) (grey ling)) @ifferences between
daily maximum stream temperature for WS 1 and WS 2 (black
line) and WS 3 and WS 2 (grey line), and) (calculated daily

solar radiation.
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Fig. 6. In 1997, &) maximum and minimum daily stream tem
peratures for the clear-cut basin (WS 1) (black line) and unhar
vested basin (WS 2) (grey line) from June through September,
(b) maximum and minimum daily stream temperatures for the
basin with patch cuts and debris flows (WS 3) (black line) and
the unharvested basin (WS 2) (grey line)) (ifferences between
daily maximum stream temperature for WS 1 and WS 2 (black

line) and WS 3 and WS 2 (grey line), and) (measured daily
solar radiation.
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cannot necessarily be extrapolated to other locations withouhay have subtle but important effects on stream biota. The
consideration of specific processes and mechanisms.

Biotic implications

greater increases in early summer stream temperatures docu
mented in this study coincide with early developmental
stages of many organisms, possibly leading to different

Changes in the seasonal timing of increased temperaturégpes of impacts than if temperature increases primarily oc
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Fig. 7. Cumulative degree-days, calculated beginning June -1, us Fig. 8. Maximum and minimum daily soil temperature in 1997
ing mean daily stream temperature for the clear-cut basin (WS 1f§a) 10 (black line), 50 (grey line), and 100 cm (dotted line} be
(black line), unharvested basin (WS 2) (dotted line), and the ba low the surface in the forest gap (primary climate station), and

sin with patch cuts and debris flows (WS 3) (grey line) in (b) 10 (black line) and 30 cm (grey line) below the surface in an
(a) 1967 and ) 1997. old-growth forest (WS 2 reference stand).
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Aquatic organisms are quite sensitive to changes in stream
temperatures (e.g., Beitinger and Fitzpatrick 1979; Vannotd988). Earlier migration of these smolts may have led to re-
and Sweeney 1980; Ward and Stanford 1992); increases iuced survival rates due to increased exposure to migrating
maximum stream temperature can be lethal, but increases pfedators (Holtby 1988). Aquatic macroinvertebrates are
sublethal temperature result in changes in metabolism analso impacted by changes in stream temperatures (Vannote
growth rates (Medvick 1979; Thomas et al. 1986) as well aand Sweeney 1980; Ward and Stanford 1992). Higher
changes in food web dynamics and competitive interactionstream temperatures resulted in more rapid growth of mnver
(Brett 1952; Reeves et al. 1987). Higher temperatures retebrates through their instar phases and hatching at smaller
quire more energy from biota to sustain increased rates arglzes (Vannote and Sweeney 1980).
processes and can deplete the energy reserves of individualThe increased range of variation in stream temperature at
fish (Thomas et al. 1986). Increased temperature can alsdiurnal, weekly, and seasonal time scales shown in this study
lead to greater virulence of bacterial diseases (Becker ancbuld have important biological impacts (Medvick 1979;
Fugihara 1978) at a time when individuals are being-subThomas et al. 1986). Generally, in undisturbed forested
jected to thermal stress and have reduced resistanctreams, the range of temperature variation increases with
(Thomas et al. 1986). Upper thermal limits for organismslength of time over which data are evaluated, leading to
vary by species and life stage of the organism (Brett 1952greater variation at the seasonal scale than at the diurnal
Coutant 1977), with the young generally being most sensiscale. However, after clear-cutting and burning, the diurnal
tive to increases in the temperature of their environment. range of temperature in early summer (6—8°C) was as great
Increased rates of accumulation of thermal degree-dayss the seasonal range in an unharvested basin (8°C). Similar
as observed in this study, have been shown to affect life hisdiurnal increases have been found in other regions (Swift
tory patterns and timing of emergence of biota. Following1982; Lynch et al. 1984). These rapid fluctuations in temper
forest harvest in a coastal Oregon stream, an average suéiture could lead to stress for organisms (Thomas et al.
surface stream temperature increase of 1.5°C in coho salmd®86), although the specific tolerances and responses of
(Oncorhynchus kisutghspawning beds was estimated to most organisms to rapid temperature fluctuations are not
shorten the incubation period of salmon eggs by 13 daysvell known.
(Ringler and Hall 1975). In a stream in British Columbia, In summary, not only were maximum and minimum
juvenile coho salmon smolts grew more rapidly following stream temperatures higher following clear-cutting, but the
clear-cutting and an increase in stream temperatures and ntemperature differences between shaded and unshaded
grated earlier to the ocean than before forest harvest (Holtbgtreams were greatest early in the summer season. Our re
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sults support the hypotheses that stream temperatures inbalance model for water temperatures in small streams. Ecol.

these basins are driven by fluxes of shortwave solar radia Model. 5: 207-224.

tion that can be modified by riparian shading and that-conDyrness, C.T. 1973. Early stages of plant succession following log

duction from the soils and alluvial substrates is of greater 9ing and burning in the western Cascades of Oregon. Ecology,

importance than generally recognized. Although regrowth of 54 57-69.

deciduous riparian vegetation resulted in a return td=vans, E.C., Greenwood, M.T,, and Petts, G.E. 1995. Short cemmu

preharvest stream temperatures approximately 15 years Eg:aélgn: thermal profiles within river beds. Hydrol. Proces$es,
ostharvest, site-specific factors may produce shorter or lon e . ) L

Ser recovery timeg for stream tempepratures at other site$@lPem. C.B., and Spies, T.A. 1995. Plant species diversity in nat

There is a need to better understand the spatial and temporal @ @nd managed forests of the Pacific Northwest. Ecol. Appl.

factors influencing the direct shading of stream channels fohos: 913-934.

successful riparian restoration activities to moderate high™~ .. “ "~ | “British Columbia. and associated impacts on
stream temperatures. Research on the potential for heat dis o «oho salmon,anorhynchus kis]ut()h Can. J. Fish. Aquat.
sipation through interaction of stream water with shaded al g 45 502_515.

luvial substrates is also needed. In addition, studies of theong;0, M., and Stefan, H.G. 1994. Riverbed heat conduction pre
effects of wide diurnal stream temperature fluctuations on giction. Water Resour. Re80: 1503—-1513.

aquatic biota would be very valuable. Hostetler, S.W. 1991. Analysis and modeling of long-term stream
temperatures on the Streamboat Creek basin, Oregon: implications
for land use and fish habitat. Water Resour. BRI 637—647.
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