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Abstract

Stream temperature is a key physical water-quality parameter, controlling many biological,
chemical, and physical processes in aquatic ecosystems. Maintenance of cool stream tempera-
tures during summer is critical for high-quality aquatic habitat. As such, transmission of warm
water from small, nonfish-bearing headwater streams after forest harvesting could cause
warming in downstream fish-bearing stream reaches with negative consequences. In this study,
we evaluate (a) the effects of contemporary forest management practices on stream temperature
in small, headwater streams, (b) the transmission of thermal signals from headwater reaches after
harvesting to downstream fish-bearing reaches, and (c) the relative role of lithology and forest
management practices in influencing differential thermal responses in both the headwater and
downstream reaches. We measured summer stream temperatures both preharvest and
postharvest at 29 sites—12 upstream sites (4 reference, 8 harvested) and 17 downstream sites
(5 reference, 12 harvested)—across 3 paired watershed studies in western Oregon. The 7-day
moving average of daily maximum stream temperature (T7paymax) Was greater during the posthar-
vest period relative to the preharvest period at 7 of the 8 harvested upstream sites. Although the
T7paymax Was generally warmer in the downstream direction at most of the stream reaches during
both the preharvest and postharvest period, there was no evidence for additional downstream
warming related to the harvesting activity. Rather, the T;paymax cooled rapidly as stream water
flowed into forested reaches ~370-1,420 m downstream of harvested areas. Finally, the
magnitude of effects of contemporary forest management practices on stream temperature
increased with the proportion of catchment underlain by more resistant lithology at both the
headwater and downstream sites, reducing the potential for the cooling influence of

groundwater.
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Estimating the thermal response of headwater streams and rivers to
forest disturbance is increasingly important given current and
projected climate change (Luce et al., 2014; Pyne & Poff, 2017) and
land use activities (Hester & Doyle, 2011). Forest management
activities, such as harvesting near streams, can increase summertime
stream temperatures because of reduced shade and increased solar
radiation reaching the stream surface (Moore, Spittlehouse, & Story,
2005; Studinski, Hartman, Niles, & Keyser, 2012). Changes in stream

temperature regimes are principally a concern when resulting
temperatures are outside the range of thermal tolerances for aquatic
ecosystem biota (Bear, McMahon, & Zale, 2007; Dunham, Rieman, &
Chandler, 2003). Elevated stream temperatures can affect primary
productivity (D'Angelo, Gregory, Ashkenas, & Meyer, 1997; Morin,
Lamoureux, & Busnarda, 1999), benthic invertebrates (Caruso, 2002;
Hawkins, Hogue, Decker, & Feminella, 1997; Hogg & Williams,
1996), fish habitat (Beitinger, Bennett, & McCauley, 2000; Eaton &
Scheller, 1996; Ice, 2008; Waite & Carpenter, 2000), and the rates of
in-stream chemical processes (Demars et al., 2011).

Hydrological Processes. 2018;1-12.

wileyonlinelibrary.com/journal/hyp

Copyright © 2017 John Wiley & Sons, Ltd. 1


http://orcid.org/0000-0002-4182-6883
http://orcid.org/0000-0002-0924-1172
mailto:bladonk@oregonstate.edu
https://doi.org/10.1002/hyp.11415
http://wileyonlinelibrary.com/journal/hyp

2 | wiLEY

BLADON ET AL.

Due to the importance of this physical water-quality parameter,
there have been many studies regarding changes in the thermal
regimes of streams following forest management activities (Gravelle
& Link, 2007; Guenther, Gomi, & Moore, 2014; Kibler, Skaugset,
Ganio, & Huso, 2013; Macdonald, Maclsaac, & Herunter, 2003; Moore,
Spittlehouse, et al., 2005). Historical studies showed highly elevated
stream temperature and aquatic ecosystem impacts after forest har-
vesting (Beschta, Bilby, Brown, Holtby, & Hofstra, 1987; Brown &
Krygier, 1970; Levno & Rothacher, 1967; Moring & Lantz, 1974).
These studies led to changes in forest management practices in many
states, provinces, and territories in the United States and Canada,
which added or increased the requirement for the retention of
overstory trees in riparian buffer zones for provision of shade
(Hairston-Strang, Adams, & Ice, 2008; Lee, Smyth, & Boutin, 2004).
Recent studies investigated the efficacy of contemporary practices
and, in particular, the role of stream buffers in mitigating
postharvesting changes in stream temperature in either headwater
reaches (Gomi, Moore, & Dhakal, 2006; Groom, Dent, Madsen, &
Fleuret, 2011; Janisch, Wondzell, & Ehinger, 2012; Kibler et al.,
2013; Rex, Maloney, Krauskopf, Beaudry, & Beaudry, 2012) or down-
stream locations (Cole & Newton, 2013; Reiter, Bilby, & Heffner,
2015; Story, Moore, & Macdonald, 2003). In general, contemporary
forest management practices have resulted in less warming of streams
relative to historical practices (Bladon, Cook, Light, & Segura, 2016;
Gomi et al., 2006; Groom et al., 2011). However, the effectiveness of
riparian buffers has varied widely depending on several interacting in
situ characteristics such as geology, physiography, and hydrology
(Janisch et al., 2012; Pollock, Beechie, Liermann, & Bigley, 2009). For
example, daily maximum stream temperatures increases ranged
between -0.9 and 2.5 °C (mean increase 0.7 °C) at 18 private forest
sites in the Oregon Coast Range following contemporary forest
harvesting with riparian buffer zones (15 and 21 m around small and
medium fish-bearing streams, respectively; Groom et al, 2011).
Comparatively, in western Oregon forests, stream temperature daily
maxima increased up to 5.3 °C following contemporary forest harvest-
ing with 15-30 m wide buffers (Cole & Newton, 2013). In Washington,
the daily maximum stream temperature increased by 1.1 °C (range:
0.0-2.8 °C) in continuously buffered catchments (Janisch et al.,
2012), whereas in coastal British Columbia, the temperature increased
0.0-0.8 °C in streams with 10-m riparian buffers (Gomi et al., 2006).

If headwater streams warm after forest harvesting, there is
concern about the downstream transmission of heated water, which
would increase the spatial extent of thermal effects on aquatic ecosys-
tems (Moore, Sutherland, Gomi, & Dhakal, 2005). This concern has
been reinforced by historical observations of thermal energy inputs
being transmitted downstream as cumulative effects (Beschta &
Taylor, 1988; Gregory, Swanson, McKee, & Cummins, 1991). For
example, all 14 forested headwater streams in a study in western
Oregon demonstrated a natural warming trend in the downstream
direction (~0.44 °C km™), even under full forest cover (Zwieniecki
& Newton, 1999). Similarly, stream temperature warmed by ~0.07-
0.10 °C km™ in the downstream direction in larger river systems
(Torgersen, Faux, Mclntosh, Poage, & Norton, 2001). As such,
asymptotic warming is often the supported conceptual paradigm for

longitudinal stream temperature patterns (Caissie, 2006; Vannote,

Minshall, Cummins, Sedell, & Cushing, 1980). However, the general
model of downstream warming likely oversimplifies stream tempera-
ture dynamics (Dent, Vick, Abraham, Schoenholtz, & Johnson, 2008;
Leach & Moore, 2011). Studies from Oregon, California, British Colum-
bia, and elsewhere have also demonstrated both natural stream cooling
in a downstream direction (Fullerton et al., 2015; Madej, Currens,
Ozaki, Yee, & Anderson, 2006) and cooling of warmed water flowing
from a stream reach draining a clear-cut back into a closed canopy
(Keith, Bjornn, Meehan, Hetrick, & Brusven, 1998; McGurk, 1989;
Story et al., 2003). Although there is growing recognition of the high
degree of variability in longitudinal stream temperature dynamics
(Davis, Reiter, & Groom, 2015; Ebersole, Liss, & Frissell, 2003;
Fullerton et al., 2015), it is increasingly important to determine the
magnitude, spatial extent, and drivers of the downstream transmission
of warmer stream water following disturbances.

In this study, we evaluated the downstream stream temperature
responses to forest harvesting by integrating data from three paired
watershed studies (Trask, Hinkle, and Alsea) in headwater streams of
western Oregon. This vast and unique data set includes distributed
stream temperature data collected at 27 sites over a period of 14 years.
Data collection occurred during preharvest and postharvest years, as
well as within and downstream from harvested and unharvested,
reference catchments. The study catchments also include a diversity
of geology, physiography, and forest management practices
(Bywater-Reyes, Segura, & Bladon, 2017; Hale & McDonnell, 2016;
Kibler et al., 2013). The objectives of this study were to examine: (a)
the effects of contemporary forest management practices on stream
temperature in small, headwater streams, (b) whether warmer stream
water after harvesting in headwater reaches was detectable in
downstream fish-bearing reaches, and (c) the relative role of geology
and forest management practices in influencing differential stream

temperature responses in both headwater and downstream reaches.

2 | METHODS

2.1 | Study sites

This research included data from three paired watershed studies in
Oregon, USA, including (a) Trask Paired Watershed Study (2008-2015;
Figure 1a), (b) Alsea Watershed Study Revisited (2006-2012; Figure 1
b), and (c) Hinkle Paired Watershed Study (2002-2009; Figure 1c). The
Trask (elevation: ~275-1,100 m) and Alsea (elevation: ~140-490 m)
studies are located in the Coast Range, whereas the Hinkle study is
located in the Western Cascades (elevation: ~400-1,250 m). Study
catchments are generally steep but include a wide range of mean
catchment slopes and aspects (Table 1). Study catchments also encom-
pass a range of geology, including Holocene-Pleistocene landslide
deposits, Eocene basalt, Eocene marine sedimentary rocks, Eocene
rhyolite/dacite flows, and Eocene volcanolithic sandstones (Table 1).
All three watershed studies have a marine west coast climate, with
slight differences in mean annual precipitation between the Trask
(2,450-3,500 mm yr'%), Alsea (1,900-2,300 mm yr'%), and Hinkle
(1,500-2,100 mm yr’l). Rainfall occurs primarily during winter and

spring; summer rainfall is minimal relative to yearly totals (<10% annual
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FIGURE 1 Site map of paired-watershed studies, including (a) Trask paired watershed study, (b) Alsea watershed study revisited, and (c) Hinkle

Creek paired watershed study

rainfall; PRISM Climate Group, Oregon State University, http://prism.
oregonstate.edu, accessed January 26, 2017). This annual rainfall
pattern leads to streamflow dominated by baseflow in late July and
August.

Over the period of study, the mean daily air temperature during
July and August ranged from 16.0 to 18.0 °C at the Trask and Alsea
catchments. It was slightly warmer, ranging from 18.0 to 20.0 °C at
the Hinkle watersheds. September air temperatures were cooler than
the summer temperatures at all study sites. The mean daily air temper-
atures at the Trask and Alsea watersheds ranged between 15.0 and
16.5 °C, whereas mean daily air temperatures at the Hinkle watersheds
ranged between 16.5 and 18.0 °C.

At the larger downstream watershed-scale, all three studies
reaches, resident and

contain fish-bearing stream supporting

anadromous fish species. The Trask Watershed Study is primarily
populated by Coho salmon (Oncorhynchus kisutch), coastal cutthroat
trout (Oncorhynchus clarkii clarkii), steelhead trout (Oncorhynchus
mykiss), and reticulate sculpin (Cottus perplexus), which are principally
in the mainstem and lower reaches of Pothole Creek (Penaluna et al.,
2015). Fish species at the Alsea include Coho salmon, coastal cutthroat
trout, western brook lamprey (Lampetra richardsoni), Pacific lamprey
(Larrea tridentata), and reticulate sculpins (Hall, 2008). At the Hinkle,
coastal cutthroat trout were the principal fish species (Berger &
Gresswell, 2009).

Tree species in all three study areas mainly consist of Douglas-fir
(Pseudotsuga menziesii) with red alder (Alnus rubra) principally in the
riparian areas. Some western hemlock (Tsuga heterophylla) and western

red cedar (Thuja plicata) are found in the Hinkle study area (Kibler et al.,
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2013). The distribution of red alder varied throughout the study
catchments as a function of elevation and precipitation. At the higher
elevation, drier Hinkle catchments, red alder was primarily found as
understorey vegetation within riparian areas. However, at the lower
elevation, wetter catchments of the Trask and Alsea studies, red alder
was more abundant and spatially distributed.

Within each watershed study, the subcatchments were either
harvested or remained as unharvested, reference catchments. Timber
harvesting operations, area harvested, and riparian buffer zone
practices varied among the watershed studies and between individual
sites (Table 1). At the Trask study, forest harvesting of the upstream
catchments covered ~90-97% of the catchment area above the obser-
vation points at the catchment outlets. Retention of vegetation in
streamside riparian areas varied from no vegetation to an average
buffer width of 20 m along some stream reaches (Table 1). At the Alsea
study, ~89% of the catchment area above the headwater site (NB6)
was clear-cut with an average riparian buffer width of ~15 m along
the entire stream, except for three small, nonfish-bearing tributaries
located upstream of a waterfall. At the Hinkle study, the clear-cut area
varied by site from 10% to 65% (Table 1)—there was no retention of
riparian vegetation adjacent to the nonfish-bearing streams. However,
a layer of logging slash remained directly over the streambeds follow-
ing the removal of merchantable timber.

2.2 | Stream temperature data collection

Stream temperature instrumentation was deployed each year in all
three watershed studies to collect data during the summer low-flow
period (July-September). Data were collected both preharvest and
postharvest at all sites—data collected during the summer of harvest-
ing activity was included as postharvest data to capture any immediate
or short-term changes in stream temperature. Across the three study
watersheds, there were 29 sites where stream temperature was
measured—12 upstream sites (4 reference, 8 harvested) and 17 down-
stream sites (5 reference, 12 harvested). The downstream sites ranged
from 15- to 1,420-m thalweg distance downstream from the lower
harvest boundary (harvested sites) or from the most upstream
thermistor (reference sites; Table 1).

We measured stream temperature with HOBO Water Temp Pro
v2 data loggers (Onset HOBO model U22-001, +0.2 °C) at the Trask
study and Onset TidbiT water temperature data loggers (Onset model
UTBI-001, +0.21 °C) at the Alsea study. At the Hinkle study, we
measured stream temperature with HOBO Water Temp Pro data
loggers (Onset HOBO model H20-001, +0.2 °C) at the upstream sites
and with a specific conductivity probe (Campbell Scientific CS547A
sensor, +0.1 °C) at the downstream sites.

2.3 | Statistical analysis

The metric selected for stream temperature analysis was the 7-day
moving average of daily maximum stream temperature (T;paymax)-
We selected this metric because it (a) is biologically more meaningful
than mean daily stream temperature, (b) is not overly influenced by
the maximum temperature of a single day, and (c) may be used to

assess both sublethal chronic and acute temperature exposure in fish

(McCullough, Spalding, Sturdevant, & Hicks, 2001). The objectives of
the statistical analysis were to assess (a) whether the T;paymax
changed from the preharvest period to the postharvest period in the
headwater sites and (b) if postharvest changes in T;paymax in the
headwater sites were detectable at downstream sites. We also
performed regression analysis to determine the relative relationship
between percent catchment harvested and catchment lithology on
the maximum daily stream temperature response at the downstream
and upstream, headwater sites.

To detect whether T;paymax changed from the preharvest to the
postharvest period, we paired harvested sites with a reference site
based on spatial proximity (within subwatersheds and within each
watershed study), similarity of site longitudinal position relative to
the harvest boundary, and catchment geology and physiography. We
did this for all upstream, headwater sites (Objective 1) and down-
stream sites (Objective 2), resulting in 20 harvest sites (8 upstream,
12 downstream) paired with reference sites.

We then generated statistical models from each of these harvest
site and reference site pairs. We first formulated models from the
preharvest relation of T;paymax between each harvest-reference site
pair to predict the expected stream temperature in the harvested
stream reaches during the postharvest period. Then, we compared
observations of Typaymax Within and downstream of the harvested
catchments during the postharvest period to both the model
predicted values and the 95% prediction intervals (Pls). Pls were calcu-
lated to capture both the variability of the response variable and that
of the model itself.

We interpreted stream temperature observations outside (above
or below) of the 95% Pl in the postharvest period as being outside of
the model-expected range and refer to these observations as statistical
“exceedances,” suggesting an impact of forest harvesting (Figure 2).
Expected values that were above the mean model prediction, but
remained within the 95% PIl, were classified as “elevated” values
(Figure 2). Elevated values provided insight into stream temperature
increases that may not have been large enough to be detected as
exceedances but may have been elevated in relation to the preharvest
period.

Models were generated using generalized least squares (GLS)
regression with sine and cosine terms to represent the pattern of
stream temperature over each measurement period (seasonal autocor-
relation). Autoregressive moving average (ARMA) terms accounted for
temporal autocorrelation of observations (dependence of a stream
temperature observation on previous observations). ARMA terms
(p, q) were allowed to vary from (0, 0) < (p, q) < (4, 4). The partial auto-
correlation function (MA terms), autocorrelation function (AR terms),
and residual plots (model stationarity) were reviewed to ensure that
the autocorrelation was correctly accounted for and that the model
residuals exhibited stationarity (Clinton, 2011; Guenther et al., 2014;
Som, Zégre, Ganio, & Skaugset, 2012). The optimal overall model was
selected using Akaike information criterion (Akaike, 1974). The statisti-
cal models were executed using the gls function in the nime package in
R (Pinheiro & Bates, 2000). The 95% Pls were calculated using the
mvrnorm function in the MASS package (Bolker, 2008; Venables &
Ripley, 2002), whereas the predictions were generated using the
predict function in base R (R Core Team, 2016).
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FIGURE 2 Example of model developed for each site pair (reference
site compared to harvested site) to statistically detect changes in the
T7paymax from the preharvest to the postharvest period. The mean
predicted value and 95% prediction intervals were generated from the
preharvest relation of T;paymax between each reference-harvest site
pair. Postharvest observations in the harvested site that were above the
model predicted value (circles) were classified as “elevated,” whereas
observations that were outside the 95% prediction interval were
classified as “exceedances” (triangles) as these were Tpaymax greater or
less than would be expected based on the preharvest relationship

Pre-treatment
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3 | RESULTS

Basic descriptive statistics indicated that the median of the 7-day
moving average of daily maximum stream temperature (T;paymax)
was greater at seven of the eight harvested upstream sites (all
except NB6) during the postharvest period relative to the prehar-
vest period (Figure 3). We observed the largest increases at
harvested sites within the Trask Paired Watershed Study—the
median T7paymax had warmed by 3.9 °C at GS3, 3.4 °C at GS4,
3.3 °C at UMS3, and 2.4 °C at UM2 during the postharvest period
(Figure 3).

Model results were generally in agreement with raw observa-
tions and descriptive statistics. Across all postharvest years, the
observed T7paymax Was elevated above the upper bounds of the
95% Pl at seven of the eight harvested, headwater sites (Table 2).
During the postharvest years, we observed the T;paymax outside
the bounds of the 95% Pl on 201-340 occasions (22-100% of the
time) in each of GS3, GS4, UM3, and UM2 (Table 2). In GS3 and
UMS3, the largest exceedances of T,paymax above the 95% PI
occurred in the first year after harvest but diminished in the second
and third years (Table 3). Comparatively, the T;paymax remained
elevated in GS4 through the third postharvest year (Table 3).

Smaller increases in T;paymax Were observed during the posthar-
vest period at three upstream sites, PH1, PH2, and PH4. During the
postharvest period, the median T7paymax only warmed by 1.0 °C at
PH4, 0.8 °C at PH1, and 0.6 °C at PH2 (Figure 3). The model results
indicated that the observed T,;paymax Was elevated above the upper
bounds of the 95% PI during the postharvest years on 29 occasions
in PH4 (0-13% of the annual observations), 26 occasions in PH1

Post-treatment
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study revisited, and (c) Hinkle Creek paired watershed study



BLADON ET AL.

WILEY——Z

TABLE2 Mean T;paymax increase above model predictions for
elevated values (above predicted value: PV) and exceedances (above
95% prediction interval: Pl) for upstream sites located within harvested
catchments and downstream sites located below harvested catchments

T7paymax mean above PV and PI (°C)

Location?

Site type Site (m) Elevated® n Exceedance® n

Upstream GS3 -280 0.6 24 3.1 340
GS4 -270 0.3 72 3.3 201
NBé6 -210 0.3 235 1.2 85
uM3 -70 0.5 62 3.0 302
uM2 -55 0.3 30 1.5 334
PH1 -50 0.4 338 1.5 26
PH4 -40 0.6 335 1.8 29
PH2 -25 0.4 348 0

Downstream RUS1 15 0.1 184 0
BEB1 20 0.5 15 1.0 223
FEN1 20 184 0
GS2 40 0.1 76 0
NB2 210 0.2 308 1.0 12
BEB 370 0.1 237 0.7 1
RUS 685 0.2 184 0
PHDS 780 0.1 356 0.5 9
NBLG 800 0.3 183 0
UMDS 990 0.1 365 0
GSDS 1100 0.1 364 0
FEN 1420 0.1 184 0

?Distance from downstream boundary of forest harvest; negative values
indicate locations inside cut block.

PMean of observations above the PV but within the 95% PI.

“Mean of observations above the 95% PI.

(0-15% of the annual observations), and was never outside of the 95%
Pl in PH2 (Table 2).

Despite the increases in Typaymax at many of the upstream,
harvested sites after forest harvesting, there was little evidence of
increased temperatures in the downstream sites during the posthar-
vest period (Figure 4). Stream temperatures were generally warmer in
the downstream direction at most of the stream reaches during both
the preharvest and postharvest period; however, evidence for
additional downstream warming related to the harvesting activity
was minimal. For example, during the preharvest period, the median
T7paymax at the upstream sites in Pothole was 11.1 °C, whereas at
the downstream site (PHDS), it was 12.0 °C. During the postharvest
period, the median T;paymax at the upstream sites in Pothole rose to
11.8 °C, while rising to 12.7 °C at the site ~780 m downstream from
the harvesting activity (PHDS). Similarly, the median T7paymax during
the preharvest period was 0.9 °C warmer at a site (BEB), which was
about 350 m downstream from BEB1. However, during the posthar-
vest period, the median T7paymax Was the same (14.1 °C) at both sites,
warming slightly at the upstream site while cooling at the downstream
site. Similarly, within the Needle Branch, Russel, and Fenton catch-
ments, median Typaymax Were slightly warmer in the downstream
direction, with no evidence of additional downstream warming follow-
ing the forest harvesting (Figure 4 and Table 2).

The largest increases in median T7paymax at the downstream sites
during the postharvest period were at GSDS and UMDS. These two

TABLE3 Mean Typaymax temperature increase above model predictions for elevated values (above PV) and exceedances (above Pl) as well as the

percentage of observations in each classification per year

Mean elevated (°C)®
Year since harvest

Mean exceedance (°C)¢

% elevated® % exceedance®

Year since harvest

Location®
Site  (m) 0 1 2 3 0 1 2 8 0 1 2 & 0 1 2 3
GS3 -280 0.1 0.9 3.0 3.8 3.7 1.4 3 0 0 16 89 100 100 84
GS4 -270 0.3 nd 1.3 nd 3.1 3.9 72 nd 0 0 22 nd 100 100
NB6 -210 0.6 0.7 0.0 0.2 1.2 11 28 66 9 58 72 34 0 0
UM3 -70 0.7 0.5 3.2 3.7 2.6 1.6 0 0 47 100 93 100 37
uM2 -55 0.5 0.2 1.4 1.8 1.3 1.1 0 3 30 100 100 97 70
PH1 -50 0.1 0.2 0.7 0.5 1.2 1.9 24 63 85 72 0 15 13
PH4 -40 0.2 0.7 0.6 0.9 1.8 1.8 1.8 58 87 92 88 13 7 12
PH2 =25 0.1 0.5 0.5 0.3 87 100 100 96 0 0 0
RUS1 15 nd 0.0 0.2 nd nd nd nd 34 63 nd nd 0 0 nd
BEB1 20 nd 0.5 0.5 nd 0.8 11 1.0 nd 9 9 0 nd 91 91 100
FEN1 20 nd nd nd nd nd 0 0 nd nd 0 0 nd
GS2 40 0.1 0.1 0.0 0.1 21 8 7 49 0 0 0
NB2 210 04 0.2 0.1 0.2 1.0 87 96 55 55 13 0 0
BEB 370 nd 0.1 0.2 0.1 nd 0.7 70 86 71 0 0
RUS 685 nd 0.0 0.1 nd nd nd nd 21 15 nd nd 0 0 nd
PHDS 780 0.0 0.1 0.2 0.2 0.5 10 59 67 100 0 10
NBLG 800 0.2 0.3 0.1 0.3 37 91 38 49 0 0
UMDS 990 0.0 0.0 0.1 0.3 17 28 71 78 0 0
GSDS 1100 0.3 0.0 0.0 0.0 73 41 5 20 0 0
FEN 1420 nd 0.0 0.1 nd nd nd nd 36 51 nd nd 0 0 nd

«n

Note. “nd” indicates years without data, an

indicates years with data but no observations in the category. Pl = prediction interval; PV = predicted value.

?Distance from downstream boundary of forest harvest; negative values indicate locations inside cut block.

PMean of observations above the PV but within the 95% PI.

“Mean of observations above the 95% PI.
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FIGURE 4 Box plots of observed T;paymax Values above the model-
predicted values in the postharvest period. Sites ordered on the
x-axis by thalweg distance upstream/downstream from the lower
harvest boundary

sites received water from the four upstream sites that had the greatest
warming following forest harvesting (i.e., GS3, GS4 and UM3, UM2).
During the postharvest period, the median T;paymax had warmed by
only 0.8 °C at GSDS and 0.8 °C at UMDS. Again, it is important to note
that although the raw observations appeared to indicate a slight
warming at these downstream sites, the postharvest period was
slightly warmer (T,;, ~1.1 °C) than the preharvest period at these sites.
As such, we also observed increases in the median T;paymax at the two
upstream, reference subcatchments that drained into GSDS and
UMDS—GS1 increased 1.0 °C and UM1 increased 0.6 °C in the post-
harvest period. The model was again consistent with the observed
temperatures, indicating that there were no postharvest measure-
ments of the Typaymax above what would be predicted (outside the
95% PI) at these two downstream sites, GSDS and UMDS (Table 2).
Finally, the magnitude of change in stream temperature and
transmission of warmer water downstream were a function of both

the percentage of catchment harvested and the underlying geology

(Figure 5), but the dominant factor was scale dependent. At the
upstream, harvested sites, there was strong evidence that the
maximum stream temperature response was related to the catchment
lithology (t = -3.45, p = .01). The greatest stream temperature
responses to forest harvesting were observed in catchments underlain
by resistant lithologies compared to catchments underlain by more
erodible, and likely more permeable, lithologies (Figure 5b).
Surprisingly, there was no statistical evidence that the maximum
stream temperature response at the upstream, harvested sites was
dependent on the percent of catchment harvested (t = 0.92, p = .39;
Figure 5a). Comparatively, at sites downstream from harvested areas,
there was strong evidence that the stream temperature response to
forest harvesting was influenced by the interaction between percent
of catchment harvested and the underlying lithology (t = -3.05,
p = .01). At these downstream sites, the greatest stream temperature
responses to forest harvesting were in catchments with a higher pro-
portion of area harvested and were underlain by resistant lithologies.

4 | DISCUSSION

The 7-day moving average of maximum daily stream temperature
(T7paymax) increased in several of the small, nonfish-bearing, headwater
streams after contemporary forest harvesting (Figure 3). We observed
the greatest increases in the T,paymax at the headwater sites with no
riparian buffer around nonfish-bearing stream reaches (e.g., GS3 and
GS4) or at the sites with a narrow buffer retained around only a portion
of the stream (e.g., UM3 and UM2). We observed an increase in median
Tspaymax Of 2.4-3.9 °C at these sites, similar to other observed
increases in maximum daily stream temperatures in the PNW where
minimal or no riparian buffers were retained (Gomi et al., 2006; Groom
et al., 2011; Groom, Johnson, Seeds, & Ice, 2017; Moore, Sutherland,
et al., 2005). This is consistent with increased energy exchange at the
stream-air interface on unshaded or partially shaded stream reaches
(Brown, 1969; Moore, Sutherland, et al., 2005). There were much
smaller or no increases in T;paymax When streams were well shaded
due to more consistent retention of a riparian buffer (e.g., PH1, PH2,

PH4, and NBé). There have also been many studies illustrating the

5
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4 A Upstream harvested sites i
O Downstream harvested sites
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Difference in mean daily maximum T
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FIGURE 5 Difference in mean daily maximum stream temperature (July-September) between the postharvest period and the preharvest period
relative to (a) percentage of the catchment harvested and (b) the friability of the catchment geology
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effectiveness of riparian buffers at mitigating the effects of contempo-
rary forest harvesting activity on stream temperatures (Bladon et al.,
2016; Groom et al., 2017; Reiter et al., 2015), which our results
support. Despite the known efficacy of riparian buffers, regulations in
many regions still allow harvesting without retention of buffers around
nonfish-bearing stream reaches (Lee et al., 2004).

However, there remain many uncertainties about whether post-
harvest warming of headwater stream reaches affect stream tempera-
tures in downstream, fish-bearing reaches. In this study, there was no
evidence for substantial transmission of warmer stream water to the
downstream, fish-bearing, stream reaches despite warming in some
nonfish-bearing stream reaches after harvesting (Figure 4). Most of
the stream reaches had slightly warmer stream temperatures in the
downstream direction, but this occurred during both the preharvest
and postharvest period, a tendency that has been previously illustrated
in western Oregon (Zwieniecki & Newton, 1999). However, there was
no evidence for additional downstream warming related to the
harvesting activity. Rather, heated water from harvested sites such as
GS3, GS4, UMS3, and UM2 rapidly decreased in temperature after
flowing into stream reaches with full forest cover. For example, at sites
~990-1,100 m downstream of these reaches, there was no detectable
change in Typaymax- Similarly, there was no evidence for additional
downstream warming, which could be attributed to forest harvesting,
at sites 370-1,420 m downstream (i.e., BEB, RUS, PHDS, NBLG, and
FEN; Table 2). These insights are important because research into
the downstream propagation of warmer water after forest harvesting
at the small headwater catchment scale has been limited. Moreover,
it has previously been suggested that once a stream's temperature
was increased, the heat would not be readily dissipated even if the
stream flowed through a shaded reach (Beschta et al., 1987). Several
observations since then, including those presented herein, have
illustrated that maximum stream temperature may decrease rapidly
after flowing out of a clear-cut, or other opening, and into a shaded
stream reach (Johnson, 2004; Malcolm, Hannah, Donaghy, Soulsby, &
Youngson, 2004; Torgersen, Price, Li, & Mclntosh, 1999; Zwieniecki
& Newton, 1999). Several studies have documented cooling gradients
of warmed water flowing downstream from openings into reaches
with closed forest canopies; however, the magnitude of cooling effects
have been highly variable, ranging from 2.0 to 9.2 °C km™
(Broadmeadow, Jones, Langford, Shaw, & Nisbet, 2011; Keith et al.,
1998; Story et al., 2003). Davis et al. (2015) used Newton's law of
cooling to develop an empirical model, which estimated that maximum
stream temperature would decline ~50% at a distance ~300 m down-
stream from a harvest. They attributed the principal determinants of
variability in the actual cooling gradient to the downstream width,
depth, and channel gradient (Davis et al., 2015). However, their model
did not explicitly consider groundwater contributions, hyporheic
exchange, or the potential cooling effect from incoming tributaries.

In this study, we were able to attribute some of the variability in
maximum daily stream temperature response, both within and across
the three watershed studies, to differences in the underlying lithology.
At the upstream harvested sites, the greatest differences in maximum
daily stream temperature between the preharvest and postharvest
period were generally in catchments underlain by more resistant lithol-
ogies (e.g., GS3, GS4, UM2, and UM3; Figure 5b). In these streams, the

thermal regime was likely controlled by the solar radiation incident on
the stream surface, rather than subsurface heat exchange (Johnson,
2004). In stream reaches with low-permeability lithology, Garner,
Malcolm, Sadler, and Hannah (2014) also attributed stream tempera-
tures and longitudinal cooling gradients principally to energy exchange
at the water-column-atmosphere interface.

Comparatively, the smallest responses in maximum daily stream
temperature between the preharvest and postharvest period were
generally in headwater catchments underlain by more permeable
lithologies (e.g., NB6, PH2, and PH4; Figure 5b). This relationship is
likely related to the role of geology as a primary driver of the propor-
tion of streamflow dominated by surface water or groundwater and
subsurface flow (Mayer & Naman, 2011). In general, the proportion
of streamflow dominated by groundwater increases in more permeable
geology (Hale & McDonnell, 2016; Tague & Grant, 2004). Groundwa-
ter is typically cooler and thermally stable compared to surface water
or near-surface water during the summer, which can moderate
temperature extremes by decreasing a stream's sensitivity to energy
inputs (Constantz, 1998; Mellina, Moore, Hinch, Macdonald, &
Pearson, 2002; Moore & Wondzell, 2005; Wagner et al., 2014).
Although deeper, longer groundwater flowpaths would strengthen this
effect, Guenther et al. (2014) have also demonstrated that shallow
groundwater can provide a cooling influence on summer stream
temperatures and moderate the impacts of forest harvesting.

Comparisons of the stream temperature response to forest
harvesting between the upstream and downstream sites illustrate the
complexity and challenge of developing a unifying model of down-
stream temperature change. At all scales, lithology was an important
factor, modulating the stream temperature response. For example,
two sites (NB2 and FEN1) that had some of the greatest percentage
of upstream area harvested were actually cooler in the postharvest
period relative to the preharvest period. Both sites were underlain by
permeable Oregon Coast Range sedimentary bedrock or landslide
deposits, which are a dominant control on groundwater storage,
hyporheic exchange, and streamflow (Hale & McDonnell, 2016). The
muted streamflow response in catchments with a higher percentage
area harvested may also be attributable to increases in summer low
flows associated with reduced evapotranspiration (Surfleet &
Skaugset, 2013). Together, groundwater dynamics and increased
volume of flow may act to insulate and buffer stream temperatures
(Poole & Berman, 2001). Comparatively, two sites (GS2 and BEB1)
with a relatively small percentage of catchment harvested were
warmer in the postharvest period relative to the preharvest period.
However, low-permeability lithology underlay these catchments—as
such, the stream water may be have been more tightly coupled to
atmospheric energy inputs, whereas the smaller area harvested may
have had less impact on summer low flows.

5 | CONCLUSIONS

In this study, we observed elevated maximum daily stream
temperatures after forest harvesting in several small, nonfish-bearing,
headwater streams. Despite these increases, we found no evidence

for downstream warming related to upstream harvesting activity.
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Rather, heated water from harvested sites rapidly decreased in
temperature after flowing into stream reaches with full forest cover.
Some of the variability in maximum daily stream temperature response
was dependent on the percent of catchment harvested and the catch-
ment lithology. There was no evidence for increases in stream temper-
ature in catchments with a high percent of catchment area harvested,
but underlain by permeable geology. This may be due to the buffering
effect of increases in summer low flows and greater groundwater or
hyporheic exchange. Harvested catchments underlain by resistant (less
friable) geology experienced the greatest increases in stream tempera-
ture. We believe that this is also an expression of variability in rock
permeability and the relative contribution of cooler groundwater

during the summer months, which warrants additional research focus.
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