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Abstract

We examined stream temperature response to forest harvest in small (< 9 ha) forested
headwater catchments in western Washington, USA over a seven year period (2002-2008). These
streams have very low discharge in late summer (X = 0.3 L s™*) and many become spatially
intermittent. We used a before-after, control-impacted (BACI) study design to contrast the effect of
clearcut logging with two riparian buffer designs, a continuous buffer and a patch buffer. We focused
on maximum daily temperature throughout July and August, expecting to see large temperature
increases in the clearcut streams (n = 5), much smaller increases in the continuously buffered streams
(n = 6), with the patch-buffered streams (n = 5) intermediate. Statistical analyses indicated that all
treatments resulted in significant (a = 0.05) increases in stream temperature. In the first year after
logging, daily maximum temperatures during July and August increased in clearcut catchments by an
average of 1.5 °C (range 0.2 to 3.6 °C), in patch-buffered catchments by 0.6 °C (range -0.1 to 1.2 °C),
and in continuously-buffered catchments by 1.1 °C (range 0.0 to 2.8 °C). Temperature responses were
highly variable within treatments and, contrary to our expectations, stream temperature increases were
small and did not follow expected trends among the treatment types. We conducted further analyses in
an attempt to identify variables controlling the magnitude of post-harvest treatment responses. These
analyses showed that the amount of canopy cover retained in the riparian buffer was not a strong
explanatory variable. Instead, spatially intermittent streams with short surface-flowing extent above the
monitoring station and usually characterized by coarse-textured streambed sediment tended to be
thermally unresponsive. In contrast, streams with longer surface-flowing extent above the monitoring
station and streams with substantial stream-adjacent wetlands, both of which were usually
characterized by fine-textured streambed sediment, were thermally responsive. Overall, the area of
surface water exposed to the ambient environment seemed to best explain our aggregate results.
Results from our study suggest that very small headwater streams may be fundamentally different than
many larger streams because factors other than shade from the overstory tree canopy can have
sufficient influence on stream energy budgets to strongly moderate stream temperatures even following

complete removal of the overstory canopy.
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1. Introduction

Salmon stocks are at significant risk of extinction throughout the Pacific Northwestern United
States (Nehlsen et al., 1991). Much remaining spawning and rearing habitat available for salmonids in
the Pacific Northwest is concentrated in forested areas subject to logging. Therefore, much attention
has focused on how logging and related land-use practices affect salmonid habitat and water quality.
Consequently, states have established forest practices rules to minimize logging impacts on forest
streams. For example, in Washington State, forest practices rules require retention of riparian buffers
along fish-bearing streams to protect streams from temperature increases or loading of fine sediment
following logging, and to provide continued sources of large wood to maintain high quality stream
habitat for salmonids. Headwater streams (typically 1%-order, < 1.3 m bankfull width, and < 500 m
long) currently receive little protection from potential logging impacts because they are too small, too
steep, or too spatially intermittent during summer low flows to support fish.

Headwater streams can influence fish-bearing streams lower in the network in many ways.
First, headwater streams export organic and inorganic materials and can subsidize food webs in larger,
downstream receiving waters (Freeman et al., 2007; Wipfli et al., 2007) and contribute to processes
creating high-quality fish habitat (Reeves et al., 1995, 2003). Second, high-gradient, 1st-order channels
and non-channelized headwall seeps can support amphibians (Davic and Welsh, 2004), many species
of which are in decline (Kiesecker et al., 2001). Third, cumulative thermal and sediment loading from
logged headwater catchments may affect downstream water quality (Beschta and Taylor, 1988;
Hostetler, 1991; Poole and Berman, 2001; Alexander et al., 2007).

The direct effects of logging on stream temperatures have mostly been studied on larger
streams that were not spatially intermittent during annual low flow. These studies suggest that the
sensitivity of streams to temperature increases following logging is related to channel width and
discharge (where discharge is, in turn, a function of width, depth, and flow velocity) and to both aspect
and elevation (Beschta et al., 1987; Poole and Berman, 2001; Isaak and Hubert, 2001; Moore et al.,
2005a). Given that headwater streams on commercial forest land in western Washington are small and
shallow, and generally occur at relatively low elevations, the available literature suggests that
maximum daily water temperatures during late-summer low-flow periods would be highly sensitive to

loss of shade following forest harvests that remove the riparian forest canopy.
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Some attributes of small headwater streams, however, contradict these expectations. For
example, many headwater streams are spatially intermittent during late-summer low-flow periods.
These streams are thus dominated by subsurface flows, and exchange of surface water with the
subsurface (hyporheic exchange) could limit heating during the day and cooling at night (Johnson,
2004; Wondzell, 2006). Also, understory vegetation may effectively shade very small streams after
removal of the riparian forest canopy and could significantly moderate water temperatures, even if air
temperatures in the riparian zone increased following logging (Johnson, 2004). Similarly, vegetative
debris (branches with leaves or needles) left after logging might cover small headwater streams and
could provide effective shade immediately after logging (Jackson et al., 2001). Finally, headwater
reaches, by definition, are locations of groundwater discharge, either from accumulated upslope soil
water or deeper groundwater sources. Decreased evapotranspiration after logging could increase inputs
of cold groundwater to headwater streams which would also buffer streams from temperature
increases.

This study focuses on very small headwater streams in catchments ranging in size from 2 to 9
ha and at the limit of perennial flow. Headwater streams constitute much of the total stream length in
any stream network. Consequently, management decisions addressing land-use activities near
headwater stream have the potential to influence large areas of land. Management issues related to
these streams are important to both state and Federal governments, among others. Thus a large-scale
experimental study of forest harvest effects on small headwater streams was undertaken as a
collaborative effort among the Washington State Departments of Ecology and Natural Resources and
the USDA Forest Service’s Pacific Northwest Research Station. The study was conducted on state-
owned lands where forest practices rules do not require riparian buffers be retained along non-fish
bearing streams — thus allowing the variety of treatments examined in this study.

This study specifically compared stream temperature responses to three different logging
treatments. We examined the effect of clearcut logging to see if thermal responses were similar to
those previously documented in studies of larger streams. We contrasted the effect of clearcut logging
with two riparian buffer designs — a continuous buffer and a patch buffer — to see if retention of trees in
buffer strips along headwater channels would substantially mitigate thermal responses, and to see if
thermal responses were sensitive to the design of the riparian buffer. Finally, we examined correlations

between post-logging temperature changes and a variety of catchment characteristics to identify those
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factors that could control thermal responsivity of headwater streams to forest harvest. We focused on
maximum daily temperature during the low-flow period in late summer when we expected to see the
largest thermal responses. We expected to see large temperature increases in the clearcut streams,
small and non-significant increases in the continuously-buffered streams, with the patch-buffered

streams intermediate.
2. Methods
2.1. Study Site Description

Study sites were located in the temperate forests of western Washington and ranged in
elevation from ~ 10 to 400 m. Study catchments were located in two areas (Fig. 1) which spanned a
precipitation gradient. The Willapa Hills area, approximately 25 km from the Pacific Ocean, received ~
210 cm (SD = 40) of precipitation per year (source: COOP station # 456914, Raymond, WA, period of
record: 1980 — 2010). The Capitol Forest area, approximately 75 km from the Pacific Ocean, received
~ 130 cm (SD = 8) of precipitation (source: COOP station # 456114, Olympia, WA, period of record:
1949 — 2010) (WRCC, 2010). In both areas, ~ 90% of precipitation fell between October and April.
Conversely, summers were dry and typically little precipitation fell during July and August. Annual
precipitation during the study ranged from approximately -20% to +10% of long-term averages.
Bedrock lithology differed between the two areas. Marine sediments, mixed with some basalts,
predominated in the Willapa Hills area whereas basalts of the Crescent Formation predominated at
Capitol Forest (Washington Division of Geology and Earth Resources, 2005).

This study had a sample size of 30 catchments, of which two were 2"-order streams and the
remainder were 1%-order. The valley floors were usually no more than a few meters wide, and in many
places, the bankfull channel occupied the full width of the valley floor. Catchment area ranged in size
from 1.9 to 8.5 ha and was near the areal limit necessary to sustain perennial flow throughout the year.
Discharge in these catchments averaged 0.3 L s™ in July and August, both before and after logging
(Alex Foster, pers. comm., USDA Forest Service, Olympia, WA). Many of the streams in our study
catchments become spatially intermittent in late summer.

Eight catchments were originally designated as reference catchments and 22 catchments were
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designated for treatments. However, two of the reference catchments and five of the treated catchments
did not provide usable data because they either went dry at the monitoring stations or were dry along
the full length of the treated portion of the catchment above the monitoring stations. A sixth treated
catchment experienced a data logger malfunction. Thus only six reference and 16 treated catchments
provided temperature data usable in our analyses.

Upland forests in the study catchments were dominated by Douglas-fir (Pseudotsuga menziesii
(Mirbel) Franco) and western hemlock (Tsuga heterophylla (Raf.) Sarg.). Within each catchment, the
trees were generally even-aged, but tree ages among catchments ranged from 60 to 110 years (Wilk et
al., 2010). Conifers in all catchments were approximately 40 m tall (Jeff Ricklefs, pers. comm., WA
DNR, Olympia, WA) and the forest canopy was closed, providing dense shade throughout the
catchment before logging. Red alder (Alnus rubra Bong) was the dominant hardwood species, and was

more common in riparian areas.

2.2. Study Design

The study catchments were grouped into “clusters” of three to five catchments that were
located close together (Table 1). Each cluster included a reference catchment, and several treatment
catchments. Temperature was monitored using a before-after-control-impact (BACI) approach. The
pre-logging calibration period lasted 1-2 summers and stream temperature was monitored for two or
more summers after logging. Because of the large number of catchments, the logging treatments
occurred over an extended period of time, with forest harvest on the first cluster of catchments
beginning in September 2003 and the last cluster of catchments harvested in July 2005. All catchments
within a cluster were harvested in the same year.

Logging methods were typical of those currently in use in western Washington. Logging roads
were constructed prior to logging. Roads were located in upslope or ridge-top locations and only in one
catchment did a newly built road intersect a stream channel (near the head of the stream). To protect
the headwater channels, the logging prescription required that logging equipment would not be
operated closer than 10 m from the stream bank, falling and limbing would be directed away from
channels, and logs would not yarded through or across the stream channel. Despite these prescriptions,

in a few places, logging equipment did impact stream channels and logging slash (limbs and needles
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from logged trees) was left in stream channels in some of the clearcut and patch-buffered catchments.
Also, streams in the headwater catchments studied here were confluent to larger, fish-bearing streams.
The Washington Forest Practices Act requires unharvested buffers along fish-bearing streams. These
ranged in width from 50 to 85 m at our study sites and the lower portion of each headwater stream
flowed through these buffers. To prevent confusion with the harvest treatments applied in this study,
we use the terminology of the Washington State Forest Practices Act and refer to these wider buffers
along fish-bearing streams as riparian management zones (RMZ; Fig. 2).

Three forest harvest treatments were examined in this study — continuous buffers, patch buffers,
and clearcut harvest (Fig. 2). In all three treatments, the upland portions of the catchments were
clearcut harvested so that these treatments differed only in the way the riparian zone was harvested.
For continuous buffers, the riparian forest in a 10- to 15-m-wide zone on each side of the stream
channel was left unharvested along the full length of the headwater stream. For patch buffers, portions
of the riparian forest approximately 50 —110 m long were retained in distinct patches along some
portions of the headwater stream channel, with the remaining riparian area clearcut harvested. The
patch buffers spanned the full width of the floodplain and extended well away from the stream. Their
location and size followed Washington Department of Natural Resources guidelines to protect areas
sensitive to disturbance. Because this was an operational study, we did not specify a standard treatment
design for either the size or location of patch buffers within a catchment. Consequently, there is
substantial variation among the patch treatments. In no case, however, was the full length of a stream
channel fully contained within a patch. In clearcut treatments overstory trees were harvested from the
catchment, including the entire riparian zone. Prescriptions could not be randomly assigned within
clusters. Rather, prescriptions were applied as regulatory constraints and boundaries of the timber-sales
allowed (Table 1). This, combined with the uneven number of catchments within each cluster,

prevented a perfectly balanced and nested experimental design.

2.3. Channel and Catchment Attributes

The full length of each channel was surveyed with a clinometer and sub-divided into segments
wherever longitudinal gradients changed by more than 5%, or where changes occurred in valley-floor

confinement. Confinement, calculated as the ratio of the floodplain width to the bankfull channel
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width, was categorized as confined (< 2), moderately confined (2 to 4), and unconfined (> 4). Width of
the 100 year floodplain was estimated by doubling the depth of the ordinary high water mark, then
moving perpendicular to the channel to intersect the bank at this height. Length, gradient, and aspect
were recorded for each segment, and within each segment the surface sediment of the streambed was
categorized as fine-textured (dominant particle size < 2.5 mm including all clays, silts, and sands) or
coarse-textured (dominant particle size > 2.5 mm and including fine gravels, cobbles, and larger
particles). Streambed texture was determined from a visual evaluation of the streambed of the active
channel within each stream segment. The full length of each stream channel was surveyed two to three
times between late June and early October of each year, recording the proportion of the length of each
channel segment with surface-flowing water. Using these data, we estimated length of continuously
wetted channel above the monitoring station in each catchment on the date of each survey and
averaged lengths across survey dates to calculate the average wetted stream length. Surface flow
lengths averaged 76.6 m (SE = 20.8) in the calibration year, and > 80% of average yearly changes in
flow length during the post-logging period (relative to the calibration year for a given stream) were <
10 m. Range of flow lengths for the two study areas the first year after logging were similar. We then
calculated the segment length weighted average channel gradient and aspect, and also determined
substrate categories, over the wetted stream length above each monitoring station.

The stream-adjacent wetland areas in each headwater catchment were measured in early
summer of 2004. We recorded the area of all wetlands that were contiguous with the bankfull channel
and showed a visible surface-water connection to the channel. Potential wetlands were first identified
using simplified wetland identification and delineation methods (US Army Corps of Engineers, 1987,
USDA, 2003; USDA, 2005; USDA, undated) and then further evaluated on the basis of hydrology, soil
chroma and texture, and the presence of obligate or facultative wetland vegetation (Janisch et al.,
2011). Areas meeting all wetland criteria were delineated and their locations recorded with GPS.
Subsequently, the area of each wetland was estimated from a GIS layer built from our field data. Total
wetland area was summed along the length of the wetted stream channel above each monitoring
station.

Riparian canopy density was quantified twice, once in 2003 prior to logging and again in the
first summer after logging. Riparian overstory was photographed using a Nikon 900 CoolPix digital
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camera with a Nikon FC-E8 fish-eye converter lens®. The camera was centered over the channel, at a
height of approximately 1.2 m. In contrast to many other studies, relatively few photographs were
taken and these were widely spaced. One photo was taken at the temperature sampling location near
the bottom of the catchment and another was taken at the head of the channel, at the point of channel
formation. Other photos were taken between these two locations, typically spaced 40 to 80 m apart. As
a result, each stream is characterized by only two to five photographs. We estimated the percentage of
sky blocked by riparian canopy vegetation or by surrounding ridges for the entire 360° view above a
level horizon within each photograph (Hemiview Canopy Analysis software, v. 2.1, 1999). Hereafter
we refer to this as canopy + topographic density (CTD), which is analogous to canopy density of Kelly
and Kruger (2005) but includes topography. CTD was summarized in two ways for each catchment.
The CTDyota) Was averaged from all photos along the full length of the channel within the catchment.
The CTDy was averaged for a subset of photos along the wetted stream length above each monitoring
station.

2.4. Water Temperature

Stream temperature was monitored low in the catchments, close to the RMZ boundary (Figure
2). Washington Department of Ecology staff monitored six of the eight clusters using Onset
StowAway Tidbit data loggers (accuracy = 0.2 °C; resolution 0.16 °C) programmed to record every 30
minutes (Table 1). Stream temperature loggers in these catchments were shaded with large pieces of
tree bark. At the remaining two clusters, water temperature was monitored by the Pacific Northwest
Research Station staff using Maxim Thermochron iButton data loggers (accuracy + 1.0 °C; resolution
0.5 °C) shaded inside 10-cm long plastic pipe and held to the streambed with large rocks. The iButton
data loggers were programmed to record hourly. Late summer discharge was very low in all the
catchments and stream water was usually less than 3 cm deep at our monitoring sites. Consequently,
temperature loggers were placed in areas with the greatest flow velocity and the deepest water, and

even these locations required frequent maintenance to ensure data loggers remained submerged. Once

! The use of trade or firm names in this publication is for reader information and does not imply
endorsement by the US Department of Agriculture of any product or service.
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locations were established, stream temperature loggers were kept in the same locations for the
remainder of the study.

We employed a rigorous quality assessment and quality control protocol to identify erroneous
temperature data using a post-deployment accuracy check and field notes for the six clusters using
Tidbit data loggers. The temperature calibration of the Tidbit data loggers was checked in both an ice
bath and a warm water bath. Departures from factory specifications triggered a data review to identify
and exclude erroneous data. Malfunctioning data loggers were returned to the manufacturer for data
retrieval and these data were then reviewed for usability. We also used field notes and temperature
plots to identify periods when the stream was dry or when data loggers were exposed to air.. Data from
the affected time periods for these loggers was excluded from analysis.

Headwater catchments in the two clusters where iButton data loggers were used to collect
temperature data were all adjacent to each other. Because of the close proximity of the catchments,
temperature data were compared among the catchments to identify any time periods when temperature
trends among catchments were dramatically different, or periods when temperature data loggers
malfunctioned. No obviously erroneous data were found so the full data records were used in the

analysis.

2.5. Statistical Analysis

We analyzed post-treatment changes in July through August daily maximum temperatures.
Treatment catchments were paired with reference catchments within each cluster. However, two of the
eight reference catchments dried completely by late summer of the calibration year. In these cases, we
conducted our analyses by substituting the nearest reference catchment from the closest cluster within
the Willapa Hills or Capitol Forest study areas. Our analyses followed the methods developed by
Watson et al. (2001) and Gomi et al. (2006).

We developed regression relationships between temperatures measured in the treatment

(Tpredictea) and corresponding reference (Tyer) catchments of the general form:

(1) Toredicted = Bo + BiTrer + f2 SIN(2jlt) + B cos(2mjlt) + €,

Page 11



© 00 N O o B~ W N P

(OIS T NS I S LI NS I N2 \C I \C I \C B LS I s oL s v i o o i ey
O © 00 N oo 0o A W N PP O O 0N 0o A WOWDN O

Janisch et al.: Temperature response of small streams after logging, Washington, USA.

where j = day of year, t = 365.25 (number of days per year), and S, — f; are regression coefficients.
Sine and cosine terms at a daily time step were included to model seasonality and retained even if not
significant. The error term, ¢ (i. e., residuals), was later modeled by an autoregressive generalized least
squares (GLS) procedure to isolate the random error and temperature response components (see
below). This procedure was repeated for both water and air temperature.

Regression equations were used to predict expected daily maximum temperatures of treated
catchments during July and August of each year during the post-logging period. Predicted daily
maximum temperatures were subtracted from observed daily maximum temperature to calculate the
change in stream temperature resulting from the logging treatment (i.e., Tons — Tpred), hereafter referred
to as the temperature response. When significant positive auto-correlation was detected, an adjustment
was applied using coefficients from an iterative auto-regression / GLS procedure (SAS v. 9.2, SAS

Institute Inc., Cary, NC, USA) of the general form:

(2) Ut = (Yt = 9t) = Wi (Vi1 = Y1) — Wo (Yo — Pe2) — - Wk (Yik — Pek),

where the quantity 0 is defined as the estimated daily random disturbance following Gomi et al.
(2006), v is observed temperature, and y is predicted temperature on day t. Lag i autocorrelation
coefficients, w, were estimated by the GLS procedure. Significant positive residual autocorrelation was
observed in approximately half of the watersheds (Lag0,n=9; Lag 1,n=6; Lag 2, n = 1).

We used the same autocorrelation analysis to examine pairs of reference catchments to evaluate
the assumption of temperature stationarity implicit in BACI study designs, i.e., that the relation
between catchments did not change from the calibration year versus the post-treatment years. This
analysis compared reference catchments where temperatures were monitored with iButtons with
catchments where temperatures were measured with Tidbit temperature loggers. The different loggers
have different accuracy and resolution and may affect the slope and intercepts of regression lines fit to
the data with subsequent effect on the confidence intervals measured in this analysis. The largest
standard deviation (SD) among all reference pairs calculated during the calibration-year was used as a
guide to meaningful stream temperature change. We followed Gomi et al. (2006), calculating a 95%
confidence interval for the daily random disturbance as 0.00 = 1.96*SD of the single largest SD of all

pairwise comparisons among reference catchments in the calibration year. If the daily random
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disturbances of the pairs of reference catchments exceed the 95% prediction interval in the post-
calibration years the assumption of stationarity would be violated, calling into question the results
observed in our treated catchments. Similarly, if the daily random disturbances in the treated
catchments exceed the 95% prediction interval in the post-treatment years, there is likely to be a
significant treatment response for that catchment.

We used ANOVA to test for an overall treatment response. However, this analysis was
complicated by a small sample size, an unbalanced sampling design, and non-random assignment of
treatments. We had a large number of treated and reference catchments included in a complex study
design where individual catchments were grouped into clusters, but the resulting statistical blocks had
small sample sizes, and were unbalanced because not all treatments were replicated within every
cluster and some clusters had duplicates of some treatments (e.g., the Split Rue cluster included one
reference, one continuously buffered, and two clearcut catchments, but did not include a patch-
buffered catchment). Also, the time series data were discontinuous because we focused on only the
months of July and August over a three-year period. Finally, this was an “operational study” in that the
harvest treatments were applied just like any other commercial forest harvest currently practiced in the
State of Washington on state-owned lands. Consequently, treatments could not always be applied
randomly (i.e., reference catchments were usually located so as to minimize the amount of road
construction). Given these issues, fitting a statistical model to the data proved problematic, with many
reasonable models failing to converge to a solution. We report results from a simple ANOVA model
that had the lowest AIC of all the models examined. That model only included fixed effects for
treatment, years since treatment, and day of year, accounted for repeated measurements across days
within each catchment, and used an autoregressive term to account for Lag 1 autocorrelation in the
data (Proc MIXED, SAS v. 9.2, SAS Institute Inc., Cary, NC, USA).

We conducted a correlation analysis between the post-logging change in temperature and the
descriptive variables on a subset of catchments to examine possible factors that might control post-
logging thermal responses. Descriptive variables were only measured in the catchments monitored by
Washington Department of Ecology, so this analysis was only conducted on that subset of six clusters
(Table 1) which include a total of 15 treated catchments. However, of these, five went dry during the
summer and a data logger malfunctioned at a sixth catchment so data from only nine catchments were

available for this portion of the analyses. Due to small sample size all correlations are reported as
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uncorrected coefficients. Also, this correlation analysis was only conducted for the first year after
logging because the greatest stream temperature response was expected immediately after logging.
Specifically, we examined relationships between the descriptive variables (elevation, catchment area,
aspect, gradient, surface flow, CTD, depth, and wetland area) and the post-treatment change in stream
water temperatures (Tons — Tpred). FOr variables showing significant correlations, we used regression
analysis to further examine their relation to post-harvest changes in stream temperature. Streambed
sediment texture was categorized as either fine or coarse, so this variable could not be used in the
correlation analysis. However, we performed separate regression analyses for the data from catchments

with fine- vs. coarse-textured streambeds.

3. Results

3.1. Treatment Responses

3.1.1. Canopy and topographic density (CTD)

The CTDta averaged 94% over the stream channels before logging and did not differ
significantly between reference and treatment catchments. The CTDyqq in the reference catchments (X
= 95.0%, SE = 0.4) did not change substantially after logging (X = 93.5%, SE = 0.3). In contrast,
CTDxotal decreased in all of the treated catchments after logging. The CTDyota OVer the stream channels
in the clearcut catchments (X = 53%, SE = 7.4) and in the patch-buffered treatments (X = 76%, SE =
5.1) were both significantly lower than in the reference catchments. The CTDyq OVer the stream
channels in the continuously buffered treatments (X = 86%, SE = 1.7) was not significantly different

from the reference catchments.

3.1.2. Stream temperature

Our study was relatively unique in that we had multiple reference catchments in reasonably
close proximity which allowed us to test the assumption of stationarity that is implicit in all BACI
designs. We compared temperature changes (Tons — Tpred) between pairs of reference catchments in the
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post-logging period. Because there is no a priori way to specify which reference catchment will serve
as the dependent variable and which will serve as the independent variable in these paired
comparisons, each regression analysis for pairs of reference catchments was conducted twice. For
example, we first used the ROTT reference to predict the expected temperature in the TAGS reference
catchment, and then used the TAGS reference to predict the expected temperature in the ROTT
reference catchment. Consequently, the overall mean calculated from all possible reference pairs is
very close to 0.0 °C. However, one comparison will result in a positive temperature change and the
other will result in a negative temperature change. Averaging these shows that the mean temperature
change for the reference catchments in the post-logging period ranged from -0.41 to 0.47 °C in the first
post-logging year and were smaller in subsequent years. Similarly, the SDs of the changes in stream
temperature, averaged over all reference pairs, were largest in the first post-calibration year, and even
in that year, most of the daily random disturbances fell well within the 95% confidence interval
calculated from the calibration year (Fig. 3), suggesting that the assumption of stationarity was met in
our analyses. These results set practical bounds on the magnitude of temperature changes that can
reliably indicate a treatment response in our BACI-designed study.

Our overall test for post-treatment temperature changes suggested that treatments (p = 0.0019),
the number of years post-treatment (p = 0.0090), and the day of the year (p = 0.0007) were all
significant main effects explaining the observed change in temperature. The statistical model fit to the
data showed that the relation between treatments and stream temperature responses was somewhat
complex, varying across years and with date within a year (Fig. 4). In general, temperature changes
were greatest in the clearcut catchments, smallest in the patch buffered catchments and intermediate in
the continuously buffered catchments (Fig. 4; Table 2). The statistical model also suggested that the
temperature changes for all treatments were largest in the first post-treatment year and declined in each
subsequent year (Table 2). Further, temperature changes were largest in early July and decreased over
the sampling period to a minimum in late August.

The statistical model showed that temperature changes in clearcut treatments remained
significantly greater than zero (a > 0.05) in all three post-treatment years (Fig. 4). For continuously
buffered catchments, temperature changes were significantly greater than zero (o > 0.05) in the first
two post-treatment years. In the third post-treatment year, the magnitude of the temperature change

estimated from the statistical model was not significantly different from zero after Julian day 228 (~ 15
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August). For the patch-buffered treatments, temperature changes were significantly greater than zero («
> 0.05) in the first post-treatment year. In the second and third post-treatment years, the magnitude of
the temperature change in the patch-buffered catchments estimated from the statistical model was only
significantly different from zero in the early summer — becoming insignificant on day 231 in year 2 (~
19 August) and on day 202 in year 3 (~ 20 July) (Fig. 4). There was one notable outlier among the
patch-buffered catchments where stream temperature increased by approximately 4 °C in year 3
following a debris flow that scoured the channel to bedrock. The data from this site for this year were
excluded from the analysis.

There was high variability among catchments within each treatment group. The largest change
in maximum daily temperature averaged over July and August in the first year after logging was 3.6 °C
in one clearcut catchment, 2.8 °C in one continuously-buffered catchment, but only 1.2 °C in one
patch-buffered catchment (Fig. 3). In contrast, one or more catchments within each treatment group
showed little or no change in the average maximum daily temperature in the first year after logging (X
=0.2 °C, - 0.02 °C, - 0.05 °C for minimum temperature changes observed in clearcut, continuous, and

patch treatments, respectively).

3.1.3. Correlations between temperature responses and stream and catchment variables

Some landscape variables were significantly correlated with post-logging change in stream
temperature (Table 3). Wetland area (0.96, p < 0.01) and length of surface flow (0.67, p = 0.05) were
both strongly correlated with post-logging temperature change. Aspect was also significant (0.80, p =
0.01) but, surprisingly, streams with the greatest temperature increases had northerly aspects. Also
surprisingly, CTD was only weakly (and non-significantly) correlated with the post-logging changes in
stream temperature. Analyzing just the thermally responsive catchments showed that only two
variables, wetland area (0.96, p < 0.01) and wetted stream length (0.81, p = 0.05), were highly
correlated to post-logging temperature changes. Regression analyses of these variables showed that
streams with coarse-textured substrates responded quite differently from streams with fine-textured
substrates (Fig. 5). Coarse-textured streams all had wetted stream lengths of 85 to 90 meters and
showed no post-logging increase in temperature. In contrast, fine-textured streams of similar length

showed post-logging temperature increases of approximately 1.0 °C (Fig. 5a). Coarse-textured streams
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also lacked riparian wetlands (Fig. 5b).

4. Discussion

Stream temperature generally increased after logging, which followed our expectations based
on the results of many other studies of larger streams (Moore et al., 2005b). Further, the temperature
increases were largest in the clearcut treatments and smaller in the buffered treatments which would be
consistent with many other studies that have found riparian buffers to be effective at limiting
temperature increases following forest harvest (Brown and Krygier, 1970; Castelle and Johnson,
2000). Interpreting the temperature response of headwater streams to logging is not always
straightforward, however. Temperatures of small streams can vary spatially and show mixed warming
and cooling patterns, even when well shaded (Dent et al., 2008). Hypothesized sources of variation in
small stream temperature include interaction with groundwater (Dent et al, 2008) and the influence of
stream surface area and hyporheic exchange (Pollock et al., 2009). Pollock et al. (2009) in particular
stressed that factors in addition to the condition of riparian canopy may affect stream temperature.

Still, several results from this study proved contrary to our expectations. First, stream
temperature changes after logging were relatively small. The average daily maximum temperature in
the clearcut catchments increased by only 1.5 °C in the first year after logging (Table 2), and the
greatest temperature increase observed in a single catchment was only 3.6 °C (Fig. 3a). Compare these
results to those of Gomi et al. (2006), who found that post-harvest temperature increases in clearcut
catchments ranged from 2 to 8 °C. Second, the magnitude of temperature increases after logging in the
buffered treatments did not follow the trend expected given the changes in canopy density (CTD)
resulting from the harvest treatments. We expected that the temperature changes would be largest in
the clearcut catchments, smallest in the continuously-buffered catchments and intermediate in the
patch-buffered catchments. The observed responses were quite different. The magnitude of response in
the continuously buffered catchments was larger than that observed in the patch-buffered catchments
in all three post-treatment years. Further, the patch-buffered catchments had the smallest post-logging
change in temperature (Table 2). Third, correlations between post-logging stream temperature changes
and CTD (Table 3) were not significant. Finally, post-logging temperature changes were highly

variable within treatment groups. Some catchments in both the clearcut and continuously-buffered
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treatments had large post-logging increases in temperature while other catchments showed little if any
response (Fig. 3a).

The unexpected results combined with the high variability among catchments within treatment
groups begged the question: What factors were controlling the thermal responsivity of streams after
forest harvest removed all or part of the overstory canopy? Of the variables measured (Table 3), three
showed high and statistically significant correlations: aspect, length of wetted channel, and riparian
wetland area. This analysis suggested that aspect was significant and that streams with the greatest
post-logging temperature increases tended to have northerly aspects, contrary to the predictions from
solar loading models (Bartholow, 2000; Anderson et al., 2004).

The correlations with the length of wetted channel and with wetland area suggest that stream
temperature after logging increased in direct proportion to the area of exposed water surface area and
saturated soils upstream of monitoring stations. Length of continuously wetted stream channel above
the stream-temperature monitoring stations ranged from as little as 34 m to a maximum of 203 m (Fig.
5a). There was a similarly wide range in wetland area among the catchments, from catchments entirely
lacking riparian wetlands to catchments with more than 150 m? of wetlands (Fig. 5b). We cannot easily
isolate the effects of the length of wetted channel from the effects of wetland area. Certainly, the
surface area of some streams (~ 20 m?) is at the low end of observed range in wetland areas so that a
single tiny wetland can double the surface area of a 1¥-order stream. However, we do not know how
well connected the riparian wetlands are to the stream. Few of the observed wetlands originated from
obvious side-slope seeps (Janisch et al., 2011). Instead, most of the observed wetlands were located in
the valley floor and intersected by the stream channel. In any case, both factors appear to have strong
effects on the sensitivity of tiny headwater streams to forest harvest.

The area of exposed surface water above the stream temperature monitoring station may
explain the lack of post-logging temperature increases observed in the patch-buffered catchments
because this group of catchments had the smallest wetland areas of all the treated catchments.
Similarly, the area of exposed surface water may also explain why the two warmest streams had
northerly aspects. These two streams had the largest wetland areas (~ 150 m?) and among the longest
lengths of continuously wetted stream channel observed among catchments in our study.

Additionally, our results imply substrate may be an important determinant of thermal

responsivity. In general, thermally unresponsive streams occurred on coarse-textured substrates,
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whereas thermally responsive streams occurred on fine-textured substrates (Figs. 5a & b). This result
seems reasonable given the potential influence of stream—groundwater interactions on stream
temperature (Brown, 1969; Johnson, 2004; Moore and Wondzell, 2005), that is, surface sediment
textures provide a loose index of likely saturated hydraulic conductivity (K) and therefore the
likelihood of hyporheic exchange. Hyporheic exchange (i.e., the flow of stream water into the
streambed, through the sub-surface, and subsequently returning to the stream) may substantially buffer
stream temperature (Moore et al., 2005b). Streambeds composed of fine-textured sediment likely have
low K which would limit hyporheic exchange and thus low potential for stream—groundwater
interactions to buffer stream heating.

We suspect that fine substrates would promote formation of tiny riparian wetlands, thus
increasing the surface area of channel-associated water exposed to heating processes. Conversely,
coarse-textured sediments would allow greater sub-surface flow rates so that streams on coarse
substrates would be more likely to be intermittent and thus have shorter lengths of continuously-wetted
stream channel above our temperature monitoring stations.

The correlation analyses reported here are not sufficient to prove a causal relationship. They are
consistent with the expected behavior of streams, but these variables may be correlated with other
factors that actually control post-logging thermal response. For example, many studies have shown that
the loss of transpiring tree canopies to forest harvest reduces transpirational water losses resulting in
greater low-flow discharge. Discharge is one of the factors known to influence stream heating.
Similarly, groundwater inputs, especially if they are located near the temperature monitoring station,
could significantly reduce post-logging increases in daily maximum temperatures in late summer. We
cannot discount this possibility. However, stream discharges were extremely low and streams were
very shallow so that groundwater influences would likely be small.

A number of other factors might also help account for the small temperature increases observed
in this study. For example, we noted that logging slash accumulation varied substantially among
catchments, and along channels within a single catchment, from none to ~ 1 m deep accumulations of
limbs and foliage. This slash was largely confined to clearcut streams where logging occurred along
the full length of the stream channel. Thus, logging slash may have shaded the stream channel in the
first years after logging (Jackson et al., 2001), especially in clearcut streams where residual slash cover

was greatest. However, we did not quantify the amount of slash and do not know the degree to which
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logging slash might have shaded the stream. Windthrow often confounds experimental efforts to
examine the effect of riparian buffers in mitigating stream temperature increases after logging. We did
not quantify windthrow, but our observations showed that windthrow occurred primarily in catchments
in the Willapa Hills study area in the second year after logging and later. The amount of windthrow
increased gradually until a severe windstorm in 2007 when widespread and extensive windthrow
occurred in our buffered treatments. Much of our analysis focuses on the temperature responses in the
first year after logging, before substantial windthrow had occurred.

We measured canopy + topographic density (CTD) in the full 360° view above the stream
showing in our fish-eye photographs. We did not measure canopy density along the sun’s path,
therefore we do not have a direct measure of shade. Also, the camera was located 1.2 m above the
stream surface and thus could not measure shade from logging slash or low-growing vegetation.
Further, because we include topographic features that block the view to a level horizon, CTD is quite
large in the clearcut treatments. If we had measured canopy density along the solar path from the
immediate stream surface we may have observed a much stronger correlation between post-logging
increases in stream temperature and canopy density. Still, our measure of CTD is directly related to
shade, and while not significant, it showed weak negative correlation to post-logging stream
temperature changes — that is, as canopy density decreased, the magnitude of temperature response
increased.

Overall, headwater stream temperatures in late summer increased after logging, but warming
patterns were complex and not simply related to riparian canopy retention treatments. All the
headwater streams studied were shallow with very low discharge in late summer, but only some were
thermally responsive to logging. We suggest that several factors determine the thermal responsivity of
headwater streams. Especially important is surface area of the stream and associated wetlands.
Substrate texture also appears to be important, likely because it indicates strength of stream-
groundwater interactions which can substantially buffer the thermal regimes of small streams. In total,
we conclude that headwater streams differ from larger, spatially continuous, temporally perennial, fish-
bearing streams. Confirming the results we observed, developing management tools to predict the
thermal responsivity of headwater streams, and developing management practices sensitive to these
differences, will require substantial additional work.
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List of Figures

Figure 1: Location of the Willapa Hills and Capitol Forest study areas in western Washington,
USA. Each black triangle indicates a cluster of study catchments, with 3 to 5 catchments
located within each cluster.

Figure 2: A typical cluster (identity = Rott; see Table 1) of study catchments that are located
close together (these were not always immediately adjacent) showing the arrangement of
logging treatments as they were implemented in this cluster.

Figure 3: First post-treatment year (or post-calibration year for reference catchments) changes in
maximum daily temperature during July and August observed in each catchment. A)
temperature response (observed minus predicted daily maximum temperature) and B)
daily random disturbance (temperature response corrected for residual autocorrelation
where significant autocorrelation was present). Box & whisker plots denote the mean,
quartiles, and 10- and 90-percentiles. Points represent more extreme values. The 95%
prediction intervals for the daily random disturbance (grey shaded zone) was calculated
as 0.00 + 1.96*SD of the single largest SD of all pairwise comparisons among reference
catchments in the calibration year. The mean value for each treatment is indicated by the
bold dashed line.

Figure 4: Fit of the repeated-measures statistical model to the observed changes in stream
temperature. Points represent the change in maximum stream temperature for each day of
July and August, averaged over all catchments within a treatment group. The bold lines
are the temperatures predicted from the statistical model where treatment, years post-
treatment, and day of year were all fixed effects. These lines are only drawn for the dates
over which the statistical model indicated a significant effect (i.e., stream temperatures
were significantly different from 0.0 °C, a = 0.05). Sample sizes per year for the clearcut,
continuous, and patch treatments, respectively, were A) Year 1: 5, 6, 5; B) Year 2: 5, 6, 5;
C) Year 3: 3,5, 5.

Figure 5: Temperature response (Tons — Tpred) in the first post-treatment year (all treatments,
grouped by streambed texture) plotted against A) average late summer length of

continuously-flowing stream channel and B) cumulative wetland area along the
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continuously-wetted channel above the stream temperature monitoring stations.
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