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ABSTRACT

Forested riparian zones adjacent to headwater streams provide unique habitat attributes and influence water
quantity and quality. Forest harvesting adjacent to and within these zones has led to changes in stream tem-
perature (T;) and impacts on aquatic ecosystems. As such, policies and regulations have sought to limit forest
management activities in riparian zones; however, water temperature responses have been variable, necessi-
tating additional research to improve our understanding of the effectiveness of contemporary riparian harvesting
prescriptions in limiting water temperature increases after harvest. We sought to quantify the effects of three
different riparian buffer prescriptions with increasing intensity of basal area removal (2-43% area harvested) on
T, in forested headwaters in northern California, USA. We measured T in 18 headwater catchments (12 har-
vested, 6 six unharvested references) during a pre-harvest year and two post-harvest years using 12 thermistors
distributed longitudinally down each stream (i.e., 216 total sensors). We analyzed the T, data to assess (1) the
seasonal variability of seven-day moving average of daily maximum stream temperature (T7.day-max) and (2) the
relative importance of the different harvesting prescriptions and catchment physiographic characteristics in
influencing the T7.4qy-max- Our analysis indicated substantial changes in basal area and shade in the riparian areas
with the most intensive harvesting treatment (i.e., 50% reduction in canopy cover). However, these changes in
riparian canopy were poorly related to stream temperature. Results indicated a median T7.4qy.max increase of ~
2 °C in the sites with the most intensive harvesting treatment. The greatest changes in seasonal T7.dqy-max
occurred during the summer and fall but only during the first year after harvesting. There was no evidence of
increases in T7.day-max during the second post-harvest year. While air temperatures in the riparian areas increased
by 1-5 °C after harvesting, this warming did not directly transfer to strong warming in stream temperatures.
Rather, random forest models revealed that T7.4qy-max Was more strongly related to topography (i.e., elevation)
and climatic variability (i.e., changes in precipitation and stream stage) than to the riparian harvesting pre-
scription or the harvesting period. Our study further highlights the challenges in understanding the thermal
regimes of headwater streams and their responses to forest disturbances. Predictions of stream temperature
responses to forest disturbances are complicated by the heterogeneity of the factors that influence this important
physical water quality parameter. However, with global climate change and increasing pressures on water re-
sources and aquatic ecosystems it is increasingly important to continue to provide insights into the relationships
between forest management activities and the thermal regimes of headwater streams.

1. Introduction

example, forests in the riparian zone provide a source of large wood,
erosion control, nutrient filtration, and moderation of direct solar ra-

Forested riparian zones adjacent to headwater streams provide crit- diation to streams (Clinton, 2011; Kuglerova et al., 2014). The extent
ical biotic and abiotic habitat elements and influence water quantity, and spatial arrangement of riparian forests along streams often impose a
water quality, and availability of water for downstream uses (Vannote first-order control over stream water quantity and quality (Hill, 1996;

et al., 1980; MacDonald and Coe, 2007; Bernhardt et al., 2018). For MacDonald et al., 2014). Moreover, headwater riparian areas can act as
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climate refugia and can contribute to regional species diversity by
providing stable terrestrial and aquatic habitat (Isaak et al., 2016; Olson
et al., 2017; Krosby et al., 2018). Given the projected effects of climate
change on summer low flows (Vander Vorste et al., 2020), stream
temperatures (Arismendi et al., 2013; Lisi et al., 2015; Wondzell et al.,
2019), and habitat provision (Wohl, 2017), it is increasingly critical to
improve our understanding of the function of riparian buffer zones and
the response of streams to disturbances in forested headwaters.

Concerns about the response of streams to forest disturbance are not
new (Beschta, 1997; Johnson and Swanson, 2009). In the 1950 s and
1960 s, reductions in fish habitat and negative impacts on water quality
from forest harvesting led regulatory agencies to add protections to
streams from forestry practices (Binkley and Brown, 1993; Richardson
et al., 2012). Historical forest management activities, such as removal of
streamside vegetation followed by broadcast burning, often resulted in
substantial increases in stream temperatures, suspended sediment, and
nutrients (Levno, 1967; Brown and Krygier, 1970; Moring, 1975;
Beschta and Taylor, 1988). As a strategy to mitigate the potentially
negative impacts of forest harvesting on aquatic ecosystems, policy
makers proposed the retention of vegetated buffer strips during forest
operations (Kuglerova et al., 2014). Hence, riparian protection guide-
lines have been increasingly implemented in many regions since the
1970 s (Richardson et al., 2012).

Since that time, many have illustrated the effectiveness of riparian
forests at providing shade, limiting direct solar radiation to the stream,
and mitigating changes in stream temperature after contemporary forest
harvesting (McGurk, 1989; Kibler et al., 2013; Bladon et al., 2016,
2018). Alternatively, a reduction in riparian canopy cover during forest
management activities or other forest disturbances can lead to increased
stream temperature sensitivity to atmospheric energy exchanges (Moore
et al., 2005a; Gomi et al., 2006; Simmons et al., 2015). For example,
complete removal of the riparian buffer during forest harvesting has
resulted in increases in maximum and mean daily stream temperatures
and diel variability, especially during the summer (Moore et al., 2005b).
Substantial thermal responses are of concern as they can influence
in-stream primary productivity (Bernhardt et al., 2018) and habitat
(Olson et al., 2007; Brewitt et al., 2017; Armstrong et al., 2021) with
detrimental impacts on aquatic species, such as salmon and trout
(Wondzell et al., 2019). However, there has been considerable vari-
ability in stream temperature responses to forest harvesting, which have
been attributed to differences in groundwater discharge (Leach and
Moore, 2011; Macdonald et al., 2014), steepness of channel slopes
(Kasahara and Wondzell, 2003), bed conductive heat transfer (Story
et al., 2003), hyporheic exchange (Magnusson et al., 2012; Moore et al.,
2005b; Poole and Berman, 2001), or catchment physiography (Callahan
et al., 2015; Ebersole et al., 2003).

Despite observations of catchment-specific drivers of stream tem-
perature, current riparian buffer regulations and best management
practices generally prescribe fixed-width buffers (Lee et al., 2004;
Richardson et al., 2012). The buffer width is determined by criteria such
as waterbody size, presence of fish, whether streams are perennial or
intermittent, whether streams contribute to a domestic water source,
and slope (Castelle et al., 1994; Lee et al., 2004). While fixed-width
buffers remain a common practice, there are still uncertainties associ-
ated with their effectiveness across heterogenous landscapes. As such,
additional work is needed to assess the influence of different riparian
buffer prescriptions on stream temperature in forested headwaters.

In our study, we evaluated the effects of three different riparian
buffer prescriptions with increasing intensity of basal area removal on
stream temperature from fall 2019 to summer 2022 in northern Cali-
fornia, United States (USA). The objectives of our study were to (1)
examine the seasonal distribution of seven-day moving average of daily
maximum stream temperature (T7.day max) in both reference (unhar-
vested) and harvested catchments and, (2) quantify the relative impor-
tance of catchment physiographic characteristics (e.g., aspect,
topography), changes in stream stage (as a proxy for streamflow),
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percent shade from the riparian canopy, and the percent catchment area
harvested in driving the observed seasonal T7.qay max responses across
our study catchments. By addressing these objectives in our study, we
sought to improve understanding of the complex interactions between
forest management, riparian buffer prescriptions, site-specific charac-
teristics, and stream temperature responses in forested headwater
streams.

2. Materials and methods
2.1. Site description

We conducted our study in 18 catchments in northern California, US
(Fig. 1b). We selected headwater catchments that were tributaries to the
lower Klamath River (i.e., Tarup, Ah Pah, McGarvey, and West Fork
Tectah, East Fork Tectah; Figs. 1c-1f). Catchments were located on
private timber land owned by Green Diamond Resource Company
(GDRQ). All streams were non-fish bearing step-pool systems (Fritz et al.,
2020; Montgomery & Buffington, 1997) with a few small cascades.
While the streams were considered perennial, dry weather between
2019 and 2022 led to some stream sections going dry during the summer
(June-August; streams 4, 11, 13, 15, and 18; Fig. S1).

The catchments ranged in area from 10 to 66 ha and were located
between 200 and 695 m in mean elevation (Table 1). Catchments varied
in average aspect with east, southeast, southwest, and south directions.
Average catchment slope varied between 31% and 60%, with the
steepest catchments located in McGarvey Creek sub-region. The climate
in the study region is characterized as temperate (Koppen climate clas-
sification: Csb, warm-summer Mediterranean) with a distinct wet-dry
seasonality with considerable influence from coastal fog (Dawson,
1998). Summers are warm and dry, and winters are mild and wet, with
average annual air temperatures of approximately 12 °C (PRISM
Climate Group, 2014). The majority of precipitation occurs as rainfall
between October and May, with an average annual rainfall of 2800 mm
in Tectah Creek, 1800 mm in Ah Pah Creek, 1980 mm in Tarup, and
1870 mm in McGarvey Creek (overall region average 2110 mm; PRISM
Climate Group, 2014). Accordingly, the annual peak streamflow typi-
cally occurs during mid-winter (December to January) and the annual
low flows occur during late summer (August to September).

The primary vegetation cover consisted of 30-60 year-old second-
growth Douglas-fir (Pseudotsuga menziesii) and coast redwood (Sequoia
sempervirens). Lower densities of western red cedar (Thuja plicata) and
western hemlock (Tsuga heterophylla) were also present. Other
commonly identified tree species in the riparian areas were red alder
(Alnus rubra) and tanoak (Notholithocarpus densiflorus). Soils were typi-
cally well-drained gravelly clay loams of the Coppercreek and Sasquatch
series, with depths ranging from 70 to 100 cm (Soil Survey Staff, NRCS,
2016). The uppermost soil layers were composed of well drained organic
detritus, and field observation showed that soil clay content increased
with soil depth. The lithology of the study area consists of marine-
derived sedimentary and metasedimentary rock of the Franciscan
Complex (Woodward et al., 2011).

2.2. Experimental design

Our study focused on 18 headwater catchments in northern Cali-
fornia, with 12 harvested catchments and six unharvested reference
catchments (Table 1). These 6 reference catchments are within a
managed landscape and have been logged in the past. They are generally
located near the harvested catchments. Both reference and treatment
catchments were originally logged around the same time-period—about
the 1970 s to early 80 s—and, as such, the stand ages in the study
catchments were similar. The 12 harvested catchments included four
replicates in each of three riparian buffer prescriptions. The riparian
buffer prescriptions included: (a) Anadromous Salmonid Protection
(ASP) Coastal Anadromy Zone Class II-L prescription with a 30 foot



L. Miralha et al.

Forest Ecology and Management 552 (2024) 121581

400

38°

36°

340

41°15'30"

East Fork

41°15'
L

41°14'30"
L

West Fork

41014
L

41"1[3'30"

Kilometers
0 0.38 0.75

-124°2'30" -124°2" -124°1'30" -124°1 -124°0'30" -124° -123°59'30"
L L A L L L A N
. =3
9] e Kilometers ~2
0 0306 1.2 N

7
41°29'30"

M CGARVYVEY

41°29'

41°28'

mmm— Kilometers
0 0204

7 7

41°27|

Catchment Treatment
Category

[ Asp

I Hep

I PRE

[ ReF

— Major Basins

— Streams
A Stage Sensor
@ Air Temperature Sensor
® Stream Temperature Sensor
® Meteorological Stations

| Riparian Zones

\:| Harvest Units

Sensor spatial arrangement
I

41°14'

7 U 7 U 7 U
-123°58'30" -123°58' -123°57'30" -123°57' -123°56'30" -123°56'

Fig. 1. Maps of (a) the location of the study sites in California and (b) the spatial relation of all study catchments. Additional maps of site identification, harvest units,
and riparian buffer prescriptions (reference (REF), Anadromous Salmonid Protection Rules (ASP — 20% of riparian area harvested), GDRC Habitat Conservation Plan
(HCP - 30% of riparian area harvested), and before ASP regulations (PRE — 50% of riparian area harvested)) for (c) McGarvey and Tarup Creeks, (d) Tectah Creek, (e)
Ah Pah Creek, (f) map providing an example from two sites (sites 1 and 2) illustrating the spatial arrangement of air and stream sensors along the stream channel.

(9 m) unharvested core zone and 70 foot (21 m) outer zone where 80%
overstory canopy cover remained and 20% of the riparian area was
harvested; (b) GDRC Habitat Conservation Plan (HCP) prescription with
a 30 foot (9 m) unharvested core zone and a 70 foot (21 m) outer zone
where 70% overstory canopy cover remained and 30% of the riparian
area was harvested; (c) an alternative prescription resembling the period
before ASP implementation or the pre-ASP (PRE) with a 100-foot (30-
meters) riparian zone where 50% overstory canopy cover remained and
50% of the riparian area was harvested.

The pre-harvest period generally occurred between August 2019 and
December 2020, but was slightly shorter in four catchments (i.e., 9, 12,
16, 17; Table 1) where it extended until January, March, and May 2020
due to the need for adjustments in the forest harvesting schedule. The

percent clear-cut of the 12 harvested catchments ranged between 2%
and 43% with cutblocks only occurring on one side of the stream
(Fig. 1). All trees were felled using chainsaws by ground crews and
moved to landings using cable yarding systems. In the riparian buffers,
individual trees were marked for harvest and were felled into clearings
between trees and yarded up to landings by a cable system. Given that
we were assessing an industrial operation, there was variability in
timing and harvesting intensity across our study catchments that was
representative of operational constrains (Table 1).

2.3. Data collection

To quantify the effect of forest harvesting with different riparian
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Table 1
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Site information, including riparian buffer prescription (REF: Reference; ASP: Anadromous Salmonid Protection Coastal Anadromy Zone Class II-L (20% of riparian
area harvested; HCP: GDRC Habitat Conservation Plan — 30% of riparian area harvested; PRE: pre-ASP — 50% of riparian area harvested), catchment area, area

harvested, total riparian area, catchment topographic characteristics.

Catchment Catchment Riparian Catchment  Catchment Riparian  Catchment Catchment Catchment Average Pre-Harvest
Number Name Buffer Area Harvested Area  Area Average Average Slope ~ Average Space End Date
Prescription (ha) (ha) (ha) Elevation (%) Aspect Between T
(m) Sensors
(m)
1 WF Tectah REF 32.8 - - 541 48.1 SE 34 -
2 WF Tectah PRE 28.5 7.7 2.0 534 47.0 SE 28 2020-11-01
3 WF Tectah HCP 25.2 0.6 1.1 539 46.4 SE 34 2020-09-14
4 WF Tectah ASP 37.5 7.1 3.2 539 43.0 SE 30 2020-09-14
5 WF Tectah REF 30.6 559 34.4 E 28 -
6 EF Tectah REF 11.0 - 678 329 SW 23
7 EF Tectah REF 10.4 - - 695 34.5 SW 13 -
8 EF Tectah PRE 30.8 2.4 0.3 647 31.3 SW 32 2020-07-20
9 EF Tectah HCP 335 2.8 1.1 678 33.6 SW 21 2020-05-31
10 EF Tectah ASP 66.2 2.8 0.9 591 37.1 SW 28 2020-09-26
11 McGarvey REF 39.8 - - 209 58.7 S 26 -
12 Ah Pah PRE 39.0 2.1 2.1 415 50.9 SE 14 2020-03-08
13 McGarvey HCP 18.8 3.9 2.0 218 47.5 SW 24 2020-10-05
14 McGarvey ASP 29.1 2.5 210 57.1 S 13 2020-08-06
15 McGarvey REF 61.0 - - 200 51.2 SE 26 -
16 Ah Pah PRE 41.9 3.1 2.3 428 43.8 SE 24 2020-03-08
17 Tarup HCP 28.0 11.9 1.8 316 59.4 S 23 2020-01-02
18 McGarvey ASP 333 6.4 2.9 205 47.7 S 23 2020-10-05

buffer prescriptions on seasonal stream temperature, we installed 12
thermistors (Onset HOBO Tidbit, Bourne, MA; accuracy +/- 0.21 °C)
longitudinally along each study stream (i.e., 12 thermistors/stream x 18
catchments = 216 total sensors). Sensors were spaced approximately
every 25 m along the thalweg of each study stream (Fig. 1, Table 1).
Overall, we were able to space sensors evenly down the stream; how-
ever, there were slight deviations due to small barriers such as fallen
trees, stream cascades, and boulders (Table 1). Once determined the
location, the sensors were enclosed in white PVC tubing with drilled
holes to enable a constant flow of freshwater over the sensor and to
minimize direct solar radiation. Data were collected at a 15-minute
resolution during both the pre-harvest and post-harvest periods at all
sites.

Given that streamflow can influence the stream temperature regime
(Johnson, 2004), we also quantified stream stage throughout the study.
We quantified stream stage at the downstream end of each stream with a
pressure transducer (Levelogger Edge, Model 3001, accuracy =+ 0.05%,
Solinst Canada Ltd., Georgetown, ON, Canada) housed in a PVC stilling
well. A barometer (Barologger Edge, Model 3001, accuracy: & 0.05 kPa,
Solinst Canada Ltd., Georgetown, ON, Canada) was placed at the outlet
of streams 1 and 11 to quantify atmospheric pressure for compensation
of stream stage. Manual measurements of stream stage were taken with a
ruler at the base of each stilling well to the nearest half centimeter
during field visits to derive continuous stream stage data from the
pressure transducers. The pressure transducers and barometers recorded
data every 15-minutes throughout the study.

We also installed two meteorological stations (Onset HOBO U30 Data
Logger, Bourne, MA) to quantify key climatic variables such as solar
radiation, relative humidity, and precipitation. One station was cen-
trally located in the Tectah Creek region while the other station was
installed closer to McGarvey, AhPah, and Tarup Creeks region. The
stations were located within 3 km of all study streams (Miralha et al.,
2023; Fig. 1). All data was collected at a 15-minute resolution.

We collected pre- and post-harvest data on stand structure from six
fixed area plots along each of the 18-study stream reaches (i.e., 108 plots
total). Fixed area plots ranged between 206 and 260 m? with plot cen-
ters established ~18 m perpendicular to the stream. Data was collected
on all standing live and dead trees in the riparian area with diameters
> 10 cm at breast height (1.37 m above ground). For each tree, we
recorded its species, condition (dead or live), diameter at breast height

(DBH), and distance and azimuth from plot center. We used DBH to
calculate the basal area per tree (cm?) and the total basal area (m? ha™1)
per plot and treatment assigned per stream reach.

We quantified canopy closure and shade using hemispherical
photography (Chianucci & Cutini, 2012; Glatthorn & Beckschafer,
2014). Photographs were taken directly over the center of each of six
evenly spaced plots along each of the 18 study streams (i.e., 6 photos per
stream reach; 108 photos total). We collected photographs during
August each year of the study during both the pre- and post-harvest.
Images were taken with a digital single-lens reflex camera (Nikon
D7100) equipped with a circular fisheye lens (Sigma 4.5 mm /2.8 EX
DC HSM) mounted on a level tripod 1 m above the surface and facing
vertically up into the canopy. We processed the photos using the
HemiView software version 2.1 (Delta-T Devices, Burwell, Cambridge,
UK) to estimate the percentage of visible sky in each photo and calculate
canopy closure (%), effective shade (%), and leaf area index (LAI).

2.4. Data analysis

The continuous monitoring of stream temperature at a 15-minutes
resolution enabled us to use a before-after/control-impact (BACI)
design to assess changes in stream temperature to harvesting (Moore
et al., 2005; Gravelle and Link 2007). Because water temperatures can
vary substantially with the occurrence of warmer air temperatures,
snowmelt events, humidity, shortwave radiation, air temperature, pre-
cipitation events, and streamflow conditions (Johnson and Jones, 2000,
U.S. EPA 2001, 2003), we used the 7-day moving average of daily
maximum stream temperature (T7.4qy-max) as the main response metric in
our study. Research has shown that T7.4qy.max (@) provides a robust in-
dicator of prolonged warm stream temperatures, (b) is more meaningful
to potential impacts on aquatic ecosystems than mean daily stream
temperature, (c) and is used as a metric for both regulatory and biota
assessments (WA Dept. of Ecology 2002, U.S. EPA 2003; McCullough,
Spalding, Sturdevant, & Hicks, 2001). During harvesting activity, sen-
sors were temporarily removed from the stream to prevent damage or
loss and were re-installed after harvesting—the time of removal varied
between one day to three months. For consistency in our analysis, we
removed all data collected during the harvesting period for all sites. We
also omitted data for the days when the field crew was offloading the
sensors, generally one day every two to three months. After completing
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preliminary quality control of the data, we calculated the T7.4qy-max for
each stream temperature sensor and calculated a single catchment
average (i.e., average of 12 sensors per stream reach). Prior to pro-
ceeding with the analysis, we also compared the longitudinal gradient of
T7.day-max between the most upstream and downstream stream temper-
ature sensors in each and found that the longitudinal stream tempera-
ture signatures were quite stable. As such, we used one averaged
T7.day-max time series per study catchment (Fig. S1).

We investigated the relative influence of forest harvesting, the
different riparian buffer prescriptions, catchment climate, and catch-
ment physiography on T7.4qy-max. For this aspect of the analysis, we
included precipitation (mm), catchment area (ha), average catchment
aspect, average catchment elevation (m), topographic wetness index
(TWI), catchment average slope (%), effective shade (%), percent
catchment harvested (i.e., treatment), catchment harvest period (pre-
and post-harvest; i.e., timing), and the relative percent change in stream
stage.

Relative percent change in stage for a stream i was calculated based
on a 7-day moving average of daily maximum stream stage values (Qy.
day max):

Yi 67X ou 100 6
Xi 4

where x; istheinitial value of Q7.day.max at time 1 andx; ,isthe Q;.
day-max at time 2 (i.e., the day following day 1). We opted to use a relative
change in percentage metric because it is dimensionless and it allowed
easy comparison across all catchments in this study,

Because of the high correlation among basal area, canopy closure,
LA, and effective shade, we elected to include only effective shade in the
modeling framework. Effective shade is the percent of incoming solar
radiation blocked from reaching a stream surface by physical features of
the catchment, such as tree canopies and surface topography (e.g., hills).
We quantified effective shade from the global site factor (GSF) output
from the analysis of the canopy hemispherical photographs in Hemi-
View. GSF is the proportion of global radiation (direct plus diffuse)
under a plant canopy relative to that in the open:

Effective Shade (%)= (1—GSF) *100 2)

To calculate the topographic metrics, we used filled 0.25-meter
resolution digital elevation models (DEMs) provided by GDRC for each
sub-region in ArcGIS Pro version 2.8. We used R (R Core Team, 2020) for
data handling and descriptive statistics, and Python version 3.9.7 for all
data visualization and random forest modeling tasks.

To address our objectives, we first investigated differences in site
characteristics (i.e., precipitation, basal area, and effective shade) before
and after harvesting using descriptive analysis and median statistical
tests. Then, we tested if there were changes in seasonal T7.4qy-max values
between the reference and the harvested catchments during the pre- and
post-harvest periods. We classified the seasons based on the day of the
year. The spring period started in March and ended in June, the summer
season started end of June and ended by September 21st, the fall season
started in the end of September and ended in December, and the winter
was classified between the end of December and beginning of March. We
opted to perform individual post-hoc statistical tests per harvest period
due to the significant differences in climate conditions between the pre-
and post-harvest years. After checking for changes in T.4qy.max and site
characteristics, we separated the data into two major modeling datasets:
(1) before forest harvesting and during the first year after harvesting
(Before and After 1), and (2) before forest harvesting and during the
second year after harvesting (Before and After 2). Once the data was
separated by harvesting periods, we ran random forest regression
models to assess the most important site factors contributing to the
stream temperature patterns observed per season.
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2.4.1. Seasonal stream temperature patterns

To account for climatic variability among years and between har-
vesting periods, we evaluated the seasonal thermal landscape in both the
reference and harvested sites (Reiter et al., 2019). To evaluate whether
T7.day-max changed between the pre- and post-harvest periods in the
headwater sites, we compared the T7.4qy-max Seasonal median of each
treatment site to the reference T7.qqy-max median values. This descriptive
comparison allowed us to understand the shift in stream temperature
values in both the reference and treatment streams before and after
harvesting. For this analysis, we used tidyverse (Wickham et al., 2019),
lubridate (Grolemund and Wickham, 2011), and stats (R Core Team,
2020) packages. We tested the seasonal median distribution differences
using Kruskal-Wallis, a robust non-parametric test, and performed the
Dunn’s multiple pairwise comparison test to identify differences among
treatment categories in each harvesting period. For this analysis, we
used the pingouin (Vallat, 2018) and scikit-posthocs (Terpilowski, 2019)
Python packages.

2.4.2. Stream temperature modeling and variable importance

To model seasonal T7.4qy-max and investigate the relative importance
of various predictor variables to the thermal regime of the headwater
reaches, we used the random forest regression algorithm based on the
scikit-learn (Pedregosa et al., 2011) package version 1.2.2 in Python.
Before analysis, we split the data by seasons (i.e., fall, winter, spring, and
summer) and harvest periods (i.e., first set: pre-harvest period and first
post-harvest year; second set: pre-harvest period and second
post-harvest year). We split the data because of (a) the seasonality in
streamflow and (b) the first post-harvest year (post-harvest 1) was
slightly wetter (annual precipitation 1765 mm) compared to the second
(post-harvest 2) post-harvest year (1505 mm).

We applied a 30-70% train-test-split percentage to the data and
calibrated the model with 500 tree splits using our ten climate and
catchment physiographic factors as predictor variables (i.e., see Section
2.4.) and T7.4qy max as the dependent variable. Our goal was to identify
catchment climatic and physiographic characteristics that may help
explain some of the variability in T7.4qy max. To analyze the dependent
and independent variables, we used mean absolute error (MAE; °C),
mean absolute percent error (MAPE; %), and accuracy (%). The accu-
racy score (%) expresses the percent of predictions that were closer or
the same as the value observed and is a useful metric for assessing
random forest regression models (Makridakis, 1993). To check the ac-
curacy, we calculated MAE, which is a metric robust to outliers (Jackson
et al., 2019) that expresses the error in the unit of the response variable
modeled (i.e., °C). We also calculated MAPE, which is built on the same
calculations as MAE, but is expressed as a percentage and makes the
comparison among the models per season and harvesting period easier
(Makridakis et al., 1979).

In our random forest analysis, we were primarily interested in the
feature importance option. However, to avoid overfitting the model due
to the intrinsic temporal dependence of our samples, we performed a
post-hoc permutation analysis on the validation dataset from the model.
This technique, which is known as permutation importance, often solves
the overfitting issue because the permutation decreases the importance
of features that may be overfitting in the test dataset (Breiman, 2001).
We repeated the permutation technique 200 times. If the decrease in
accuracy score (i.e., permutation importance) was above zero for a
specific input variable, it indicated that the model was more sensitive to
that respective variable. A negative score is associated with random
noise, implying that the model performance remained the same even
when there were changes in that specific input variable, and should be
considered as zero. We also plotted the partial dependence plots, which
showed the dependence between the dependent variable and each pre-
dictor feature in the dataset. These plots enabled us to understand
whether the relationship between T7.4qy-max and each of the driving
factors was linear, monotonic, or complex.
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3. Results
3.1. Precipitation

Total annual precipitation (mm) during our study was slightly drier
than the long-term average for this region. Our study sites received
~16-30% less average annual precipitation relative to the long-term
average (2110 mm) for the region. Annual precipitation during the
pre-harvest period (2020 water year) was 1485 mm, during the first
post-harvest year (2021 WY) was 1765 mm, and during the second post-
harvest year (2022 WY) was 1505 mm (Fig. 2a). Precipitation was
generally consistent with the temperate, Mediterranean climate of our
study region with wet winters and dry summers. However, during the
second post-harvest year the average daily precipitation was slightly
greater during both the fall and spring compared to winter (Fig. 2b).
Summer average precipitation was also the lowest during the second
post-harvest year compared to the previous years.

3.2. Riparian stand characteristics

The median basal area in the riparian areas during the pre-harvest
period was 2.8 m? ha™! (mean + SD: 2.9 &+ 1.8 m? ha™!) in the REF
sites, 2.4 m?ha ' (2.5 + 1.3 m?ha ') in the ASP sites, 2.9 m?ha~1(2.7
+ 1.3 m?ha™!) in the HCP sites, and 3.6 m?*ha ! (3.2 £ 1.2m?ha ) in
the PRE sites (Fig. 3). Notably, in the sites with the most intense riparian
prescription (PRE sites with a target of 50% harvesting) the median
basal area was 1.8 m? ha™! in the first post-harvest year and remained
~1.8 m? ha™! in the second post-harvest year. Statistical analysis of the
median difference in basal area indicated very strong evidence that basal
area was different between the pre-harvest period and the post-harvest
years in sites with the most intense riparian treatment (i.e., the PRE
sites; Kruskal Wallis: H =15.4; p < 0.01). Comparatively, we found no
evidence for differences in basal area between the pre-harvest period
and the post-harvest period in the REF sites (Kruskal Wallis: H = 1.0;
p = 0.60) as well as in both HCP (Kruskal Wallis: H = 0.7; p = 0.72) and
ASP (Kruskal Wallis: H = 3.7; p = 0.15) treatments (Fig. 3).

Statistically, there was no evidence (Dunn’s Z = —1.88 to 1.09;
p = 0.36-1.00) for differences in mean basal area between any of the site
types during the pre-harvest period (indicated as letter a in Fig. 3;
Table S1). However, after harvesting, we found strong evidence that
basal area in the PRE sites differed from the REF sites in both of the two
post-harvest years (letter b; Z=—-3.08; p=0.01 and Z= —-3.78;
p < 0.01). Comparatively, there was no evidence that basal area in the
ASP and HCP sites differed from REF sites after harvesting (Z = —1.19 to
—0.01; p = 1.00). Our statistical results also provided suggestive evi-
dence of a difference in basal area between the PRE and HCP sites in the
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Fig. 3. Box plots of basal area (m* ha™') within each of the riparian buffer
types during the pre-harvest period and the first and second year after har-
vesting. Site types: unharvested reference (REF), Anadromous Salmonid Pro-
tection (ASP — 20% of riparian area harvested) prescription, GDRC Habitat
Conservation Prescription (HCP — 30% of riparian area harvested), and the pre-
ASP prescription (PRE - 50% of riparian area harvested). Distinct letters
represent the outcomes of Dunn’s post-hoc analysis and indicates statistical
differences among groups at a significance level of 0.05.

first year after harvesting (Z = 2.47; p = 0.08; letter a in Fig. 3). During
the second year after harvesting, there was strong evidence for differ-
ences in basal area between the PRE and HCP sites (Z = 3.10; p = 0.01)
as well as the PRE and ASP sites (Z = 3.38; p < 0.01).

The mean effective shade in the riparian areas during the pre-harvest
period was 97.5 £ 2.9% in the REF sites, 96.3 + 3.1% in the ASP sites,
95.5 + 5.2% in the HCP sites, and 94.0 + 6.3% in the PRE sites (Fig. 4a).
Statistically, there was no evidence for differences in effective shade
between REF and harvested sites during the pre-harvest period (Kruskal-
Wallis: H = 4.9; p = 0.18). After forest harvesting, there was 17.5% less
effective shade in the most intensive harvesting treatment sites (i.e.,
PRE) compared to the REF sites. Comparatively, there was only 0.2%
less effective shade in ASP sites compared to REF sites and 1.2% less
effective shade in the HCP sites compared to REF sites. Statistical tests
suggested that effective shade in the post-harvest period was lower in
the PRE sites compared to the REF sites (Dunn’s Z = —5.26; p < 0.01).
During the post-harvest years, the PRE sites had 17.3% less effective

b
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Fig. 2. (a) Total monthly precipitation (mm) during each of the three time periods in our study (pre-harvest, first post-harvest year, second post-harvest year) with
the total annual precipitation indicated in the legend labels and (b) average daily precipitation and standard error during each of the seasons and each of the three

main study periods.
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Fig. 4. Box plots of (a) effective shade and (b) canopy closure for each of the site types and study time periods. Site types: unharvested reference (REF), Anadromous
Salmonid Protection (ASP — 20% of riparian area harvested) prescription, GDRC Habitat Conservation Prescription (HCP — 30% of riparian area harvested), and the
pre-ASP prescription (PRE - 50% of riparian area harvested). Distinct letters represent the outcomes of Dunn’s post-hoc analysis and indicate statistical differences

among groups at a significance level of 0.05.

shade relative to the ASP sites and 16.2% less effective shade compared
to the HCP sites. Statistically, there was strong evidence that effective
shade was lower in the PRE sites than in both the HCP (Dunn’s Z post 1 =
3.68 and Z post 2 = 4.74; p < 0.01) and ASP (Z post 1 = 5.81 and Z pogse 2 =
4.33; p < 0.01) treatment types. There was no evidence for differences
in effective shade among HCP (Z post 1 = —1.22 and Z post 2 = —0.40;
p = 1.00), ASP (Z post 1 = 1.33 and Z o5 2 = —0.80; p = 1.00), and REF
sites during the post-harvest period.

3.3. Seasonal stream temperature patterns

Before harvesting, the mean seasonal stream temperature ranged
from 8.8 °C to 13.3 °C in the REF sites, 9.1-13.3 °C in the ASP sites,
8.8-13.6 °C in the HCP sites, and 8.4-13.7 °C in the PRE sites (Table 2).
Statistical tests indicated there was strong evidence for differences in T7.
day-max @mong the seasons and riparian harvesting treatments combina-
tions (Kruskal-Wallis H = 21.3-102.0; p < 0.01). However, during the
summer season, the multiple comparison test revealed that T7.4ay-max
before harvesting was not different in the ASP sites (Z = 0.02; p = 1.00)
compared to the REF sites. The stream temperature was cooler in the
PRE sites compared to all other site types in all seasons, except during
the summer when T7.4qy-max Was generally warmer compared to T7.4qy-

Table 2

max in REF and ASP sites. For all the other seasons, T7.4ay.max in ASP sites
did not differ from the REF sites (i.e., fall (Dunn’s Z = —0.25; p = 1.00),
spring (Z = 0.58; p = 1.00)). Similarly, stream temperature during the
fall (Z = —0.10; p = 1.00) and winter (Z = —0.76; p = 1.00) seasons in
the HCP sites did not differ from the REF sites in the pre-harvest period.
Additionally, there was no evidence that T7.4qy max in the ASP sites
differed from the HCP sites (Z = —0.15; p = 1.00) during the fall.
Generally, results suggested that during the first year after harvesting
seasonal stream temperature in the harvested sites significantly differed
from the reference sites. Relative to the REF sites and the pre-harvest
period, the greatest increase in T7.4qy max Occurred in the HCP and PRE
sites during the fall (HCP: 0.3 °C and PRE: 1.6 °C), spring (HCP: 1.4 °C
and PRE: 1.3 °C), and summer (HCP: 0.5 °C and PRE: 0.6 °C) seasons
(Table S2). There was no evidence for differences in T7.4ay.max in the ASP
sites during the fall (Dunn’s Z=-1.09; p=1.00) and summer
(Z = 0.36; p = 1.00) seasons. Although we calculated an overall increase
of 0.3 °C in T7.4ay-max in the HCP sites during the fall relative to the REF
sites, this difference was not statistically significant (Z =1.87;
p = 0.37), the same was observed for the winter season (Z = —0.88;
p = 1.00). Among the harvested catchments in the first year after har-
vesting, stream temperature in the ASP sites did not differ from the T7.
day-max observed in the HCP (Z = —1.51; p = 0.78) and PRE (Z = 1.75;

Seasonal median, mean, and standard deviation (SD) T7.4ay max in degrees celsius (°C) for each of the site types and study time periods. Site types: unharvested reference
(REF), Anadromous Salmonid Protection (ASP — 20% of riparian area harvested) prescription, GDRC Habitat Conservation Prescription (HCP — 30% of riparian area

harvested), and the pre-ASP prescription (PRE — 50% of riparian area harvested).

Pre-Harvest Post-Harvest 1 Post-Harvest 2
Treatment Metric (°C) Fall Winter Spring Summer Fall Winter Spring Summer Fall Winter Spring Summer
REF Median 10.4 8.6 10.2 13.2 10.7 9.2 9.1 13.0 10.6 8.6 9.8 13.1
Mean 10.5 8.8 10.0 13.3 10.9 9.2 9.3 13.6 10.5 8.6 9.7 13.2
SD 1.6 1.1 1.2 1.0 1.7 1.0 1.3 1.4 1.0 1.1 1.1 1.2
ASP Median 10.4 9.2 10.4 13.2 10.4 9.6 9.8 13.2 10.9 8.8 9.9 13.0
Mean 10.4 9.1 10.1 13.3 10.7 9.5 9.8 13.5 10.8 8.8 9.9 12.9
SD 1.6 0.9 1.2 1.0 1.9 0.8 1.1 1.1 0.9 1.0 0.9 0.8
HCP Median 10.4 8.5 9.6 13.7 11.0 9.1 9.9 14.0 10.6 8.6 10.0 13.3
Mean 10.4 8.8 9.7 13.6 11.2 9.2 10.1 14.2 10.6 8.6 9.9 13.3
SD 1.7 1.1 1.2 0.9 2.2 1.0 1.5 1.0 1.2 1.2 1.3 1.0
PRE Median 10.0 8.3 9.3 13.4 11.9 8.6 9.5 13.7 10.4 8.1 9.0 13.3
Mean 10.1 8.4 9.3 13.7 11.7 8.6 9.7 14.1 10.4 8.1 9.3 13.3
SD 1.7 1.1 1.2 0.9 2.2 1.0 1.5 1.0 1.2 1.2 1.3 1.0
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p = 0.48) sites during the spring season. Yet, T7.4qy-max in the HCP sites
differed from the PRE sites (Z = 3.49; p < 0.01) during the spring. In
addition, fall stream temperature were on average significantly lower
(~0.5°C) in the ASP sites compared to the HCP sites (Z = —2.88;
p = 0.02).

During the second year after harvesting, the mean seasonal stream
temperature decreased compared to the first year after harvesting. The
T7.day max decreased between 0.2 °C and 0.8 °C in the catchments that
received the most intensive riparian treatment (i.e., PRE; Table 2)
compared to the REF sites. There was no evidence that the seasonal
stream temperature in the least intensive harvest sites (i.e., ASP) was
different from the REF sites during winter (Dunn’s Z = 2.04; p = 0.25),
spring (Z = 1.89; p = 0.35), or summer (Z = —1.54; p = 0.75) seasons.
The same was observed in the HCP sites compared to the REF sites
during the fall (Dunn’s Z=0.89; p=1.00), winter (Z= —0.04;
p = 1.00), and spring (Z = 1.76; p = 0.47) seasons. Our tests suggested
that the T7.4qy max in the PRE sites was not different from the REF sites
during the fall (Z = —1.81; p = 0.42) or summer (Z = 2.25; p = 0.15)
seasons. The distributions of T7.4qy.max Per site, season, harvesting in-
tensity, and riparian treatment type can be found in the supplementary
material (Fig. S2).

We considered the REF sites as climatic and regional controls to
assess the changes in stream temperature in the harvested sites. To do
this, we first calculated the difference in T7.4qy.max between the pre-
harvest period and each of the post-harvest periods, independently for
the REF sites and harvested sites. Then, we subtracted the T7.4qy-max
change observed in the REF sites from the T7.4qy-max change observed in
the harvested sites to remove the change in temperature attributable to
climate differences between the study years. This enabled us to isolate
the change in T7.4ay-max due to the riparian treatment type. This analysis
revealed that the largest difference in T7.4qy.max Occurred during the first
year after harvesting, principally during summer (0.5°C) and fall
(1.6 °C) seasons, in catchments that received the most intensive riparian
harvesting treatment (i.e., PRE; Fig. 5a). However, this difference was
greatly reduced in the second year after harvesting, with only a slight
increase in stream temperature in the PRE sites relative to the REF sites
(0.3 °C) during the fall season (Fig. 5b).

3.4. Stream temperature modeling and variable importance

We fit seasonal random forest models comparing stream temperature
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in each of the two post-harvest years with the pre-harvest time period.
Results suggested that prediction errors were lower in the winter
(0.3 °C) and greater in the fall (~1.0 °C) seasonal models (Table 3).
Modeling results were approximately the same for the spring and sum-
mer models, with accuracy reaching 93% for the spring and 95% for the
summer. Both MAPE and accuracy scores were higher for each model fit,
with MAPE ranging between 4% and 10% and the general accuracy
greater than 90%. These results suggested that our seasonal models
usually were reliable in predicting T7.4ay-max based on the selected input
variables (i.e., catchment elevation, slope, TWI, shade, aspect, catch-
ment area, precipitation, change in stream stage, timing, treatment).
From the empirical correlations, we evaluated the permutation
importance of each model input variable when predicting stream tem-
perature per season. Seasonal modeling results for the Before vs After 1
period showed that during the first summer after harvesting, T7.day-max
was highly sensitive to the changes in stream stage (median change in
score: 0.26) and slightly sensitive to precipitation (median change in
score: 0.05; Fig. 6a). During the fall, permutation results showed that T;.
day-max Predictions were sensitive to the change in stream stage (median
change in score: 0.40), catchment elevation (0.24), and precipitation
(0.17), and slightly sensitive to effective shade (0.04) and basin area
(0.02; Fig. 6b and Fig. S3). Similar permutation results were observed in
the spring season, except for effective shade and basin area input vari-
ables. Spring T7.4ay-max model was also sensitive to timing (i.e., pre-
harvest and post-harvest time periods; median score: 0.03) while

Table 3

Seasonal random forest modeling results per year after harvesting. Before vs After
1 included data from the pre-harvest period and the first year after harvesting.
Before vs After 2 included data from the pre-harvest period and the second year
after harvesting. Metrics used to evaluate the models included MAE (mean ab-
solute error in °C), MAPE (mean absolute percent error in %), and accuracy (1-
MAPE in %).

Model Metrics Summer Fall Winter Spring
MAE (°C) 0.6 1.1 0.4 0.7
Before vs After 1 MAPE (%) 4.0 10.0 5.0 8.0
Accuracy (%) 95.7 89.7 95.4 92.4
MAE (°C) 0.6 1.1 0.4 0.7
Before vs After 2 MAPE (°C) 5.0 10.0 4.0 7.0
Accuracy (%) 95.3 89.8 95.6 92.7
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Fig. 5. Box plots of (a) the difference in stream temperature (T7.qqy-max) between the first year after harvesting and the pre-harvest period in the harvested sites
relative to the reference sites, and (b) the difference in T7.4qy.max between the second year after harvesting and the pre-harvest period. Site types: Anadromous
Salmonid Protection (ASP — 20% of riparian area harvested) prescription, GDRC Habitat Conservation Prescription (HCP — 30% of riparian area harvested), and the

pre-ASP prescription (PRE — 50% of riparian area harvested).
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this figure.

winter T7.day.max predictions were most strongly related to topographic
metrics (i.e., elevation; Fig. 6¢). Complete permutation importance re-
sults with all predictive features can be found in the supplementary
material (Fig. S3). During the second year after harvesting (Before vs
After 2), results differed in the importance of input variables when
predicting T7.dqy max compared to the first-year models. During the
summer season, precipitation was the most important predictor for
stream temperature (dark color boxplot in Fig. 6a). Similar to the results
for the fall season during the first year, catchment elevation, precipita-
tion, and stream stage were important predictors for T7.4qy-max (Fig. 6b).
Predictions of T7.4qy-max during the winter were most strongly influenced
by elevation followed by a minor model sensitivity to timing (median
change in score: 0.06; Fig. 6¢). The T7.4qy-max model for the spring season
in the second post-harvest year responded to catchment elevation and
stream stage, but not to precipitation, which was notably important in
the first year after harvest. Overall, we observed that the seasonal
variability in T7.4qy-max Was not dependent on the harvesting period (i.e.,
timing relative to the post-harvest period) or the percent of catchment
harvested (i.e., treatment). Overall, these results revealed that the sea-
sonal stream temperature responses in the study catchments were most
strongly related to the climatic and topographic characteristics of each
catchment.

Partial dependence plots indicated that some of the stream

temperature responses may have been related to catchment hydrologic
processes. For instance, a positive change in stream stage (%) generally
led to a decrease in average stream temperature response during the
summer (Fig. 7). We also observed a general decrease in average stream
temperature responses with increasing elevation in all seasons—most
notably during winter and spring—during the post-harvest period (Fig
S4). The average stream temperature response appeared to be slightly
dependent on the timing (pre-harvest compared to the post-harvest
periods). However, in the model Before vs After 1, permutation anal-
ysis demonstrated that this change of 0.3 (°C) from before (i.e., timing =
0) to the first year after harvesting (i.e., timing = 1) was poorly related
to timing. Rather, we observed a strong inverse relationship between
change in stage (%) and stream temperature. Precipitation was also a
relevant factor influencing stream cooling and warming (mm; Fig. 6a).
Stream cooling generally occurred when precipitation amount was
within 10 mm. We observed that stream warming happened when pre-
cipitation amount was above 10 mm. However, this relationship be-
tween stream temperature and precipitation varied per season. The
results also suggested an expected relationship between average T7.4qy-
max and effective shade with cooler stream temperatures associated with
increases in shade.
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Partial dependence of summer stream temperature on modeling input features
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Fig. 7. Example of partial dependence plots for the summer season models between the pre-harvest period and the first and second years after harvesting (Before vs
After 1 and Before vs After 2). These plots illustrate the relationship between average T+.qqy-max (y-axis) and each model input feature (x-axis). Black ticks in the bottom
of each plot represent significant breakpoints in the relationship between stream temperature and the input variable.

4. Discussion

In our study, the current riparian area prescriptions (i.e., ASP: 30 ft.
unharvested core and 70 ft. outer zone with 80% canopy retention; HCP:
30 ft. unharvested core and 70 ft. outer zone with 70% canopy reten-
tion) were generally effective at limiting changes in the 7-day moving
average of the daily maximum stream temperature (T7.4ay-max) in har-
vested catchments in northern California. We observed the greatest
warming of T7.4qy-max in catchments that were harvested using the his-
torical riparian area prescription (i.e., PRE: 100 ft. 50% canopy reten-
tion). Thus, as expected, with our analysis we found a strong
relationship between stream temperature and percentage of effective
shade, which was consistent with observations on larger stream systems
in our study region (Roon et al., 2021). Reduced basal area and effective
shade due to harvesting can lead to increased solar radiation and higher
stream temperatures (Johnson and Jones, 2000), which may have con-
sequences for aquatic ecosystems and sensitive species such as salmo-
nids (Kibler et al., 2013; Brett, 1952). However, the average canopy
cover percent after harvesting in our sites remained high at 83-95%.
Garner et al. (2017) explained that under very dense canopy cover (i.e.,
70-90%) the majority of solar radiation may be intercepted by the forest
canopy, resulting in low incident net energy at the stream surface.

As such, we were also not surprised our modeling results indicated
that the increases in T7.4ay.max among all riparian treatment types
compared to the reference catchments were strongly dependent on
season and were also dependent on other factors, including climatic
variability (i.e., precipitation and change in stream stage) and catch-
ment characteristics (i.e., elevation, slope, and area). The additional
permutation analysis and partial dependence plots revealed the strong
relationship between stream temperature responses after harvesting and
the climatic or physiographic characteristics of our study catchments.
These results are in agreement with previous research, illustrating re-
lationships between maximum stream temperature and site-specific
geology and climate (Johnson, 2003; Bladon et al., 2018). Previously,
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topographic controls on stream temperature have been associated with
potential groundwater discharge and/or the seasonal shifts in hydro-
logic connectivity between hillslopes, riparian zones, and streams
(Leach and Moore, 2015). During the wettest part of the year (fall to
spring), when maximum hydrologic connectivity is achieved, increased
groundwater or shallow subsurface flow from upper hillslopes can in-
fluence stream temperatures (Uchida et al., 2002). For example, during
the fall and spring, stream water in the channel may be dominated by
cooler groundwater discharge, resulting in overall stream cooling.
Alternatively, in the winter season there may be more shallow subsur-
face flow and groundwater may be warmer than the water in the stream
channel, resulting in stream warming. This hillslope-groundwater
interaction may have contributed to the relationship between stream
temperature responses and elevation, stream stage, and precipitation in
our study catchments.

For example, precipitation inputs varied annually and by season,
with the first post-harvest year being slightly wetter than both the pre-
harvest period and the second post-harvest year. Variability in precipi-
tation can influence stream temperature through shifts in runoff flow-
paths and direct input of precipitation into streams. Miralha et al. (2023)
investigated the changes in stream temperature during storm events
throughout all seasons in two of our study sub-regions (i.e., McGarvey
and West Fork Tectah) and also found strong relationships with season,
storm-event rainfall, and catchment characteristics. In that study, the
authors found that stream temperature patterns in the Tectah region
were associated with meteorological metrics such as 1-hour rainfall in-
tensity, 14-day antecedent rainfall, and 3-day mean solar radiation. Our
results also suggested that precipitation was one of the dominant factors
controlling stream temperature responses to forest harvesting, especially
during summer and spring. In our study, we posit that the greater pre-
cipitation during the first post-harvest year may have increased the
hillslope hydrologic connection between the drier and warmer portions
of the hillslope contributing to increased stream warming in all catch-
ments (Subehi et al., 2010). This is consistent with previous research by
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Wilby et al. (2015) who also found relationships between stream tem-
perature and the release of subsurface water from riparian zones during
storm events. Increased hillslope hydrologic connection would also be
expected following harvesting and the related reduction in evapo-
transpiration and increased soil water content and groundwater
recharge (Surfleet and Skaugset, 2013). However, the muted effect of
forest harvesting on stream temperature in our study, suggested that
other factors, such as climate and catchment topography modulated the
stream temperature response. This is indicative of the increasing effec-
tiveness of current forest management practices, such as smaller
clear-cut openings (i.e., not 100% clear-cut), harvesting on only one side
of the stream, and greater canopy cover retention in riparian areas,
compared to historical forest harvesting practices (Levno, 1967; Brown
and Krygier, 1970; Beschta and Taylor, 1988).

It is also possible that other climatic factors, such as shortwave ra-
diation, air temperature, and humidity could have influenced the
observed stream temperature changes between the study years; how-
ever, we did not quantify these variables in our study. The notion that
forest disturbance can influence heat and moisture circulation is not
new. Modeling studies have shown that changes in canopy cover leads to
decreases in transpiration and increases in soil evaporation resulting in
increases in the ratio of sensible to latent heat fluxes (Wiedinmyer et al.,
2012). These changes may lead to decreases in longwave radiation at the
stream surface potentially facilitating shortwave radiation gains (Klos
and Link, 2018). These changes can also be triggered by annual climate
variability. More research considering these hydrometeorological in-
fluences in stream energy balance is warranted. While our models
revealed no dependence of stream temperature on the timing of mea-
surements (pre-harvest vs. post-harvest) or changes in the canopy
characteristics associated with the harvesting activity (Fig. S3), it is
important to also consider that the summer in the pre-harvest year was
wetter compared to both post-harvest summer periods. These drier
summer periods after harvesting could have influenced catchment
microclimate (i.e., air temperature fluctuations in Fig. S5) and impacted
the stream temperatures we observed in our study. For example,
modeling studies in Oregon and Washington states illustrated important
interactions between catchment microclimate, streamflow, and stream
temperature responses (Mantua et al., 2010; Wondzell et al., 2019).
Similarly, research from headwater streams in several regions have
suggested that the air-water and water-channel bed interfaces may act as
both heat sources and sinks, which can influence the variability in sea-
sonal water temperatures (Hannah et al., 2004; Johnson, 2004; Wagner
et al., 2014). Similar to our study, these studies highlighted the need to
improve our understanding of the complex interactions between
non-advective energy exchange (e.g., net radiation, water-channel bed
interactions, sensible and latent heat fluxes) and advective energy ex-
change (e.g., direct precipitation input, sub-surface hillslope runoff,
tributary inflows, hyporheic exchange, and groundwater recharge/di-
scharge) in governing the stream temperature response to disturbance.
As such, longer term empirical stream energy balance research is needed
to improve the characterization of heat flux dynamics in headwater
systems and improve our prediction of stream temperature variations
over time and space. This type of research is increasingly critical as
changes in heat fluxes and microclimate may impact habitat suitability
for amphibians, particularly salamander species that are sensitive to
microclimate and microhabitat conditions (Huff et al., 2005; Olson
et al., 2007). Our study streams are known to support critical habitat for
non-fish aquatic species (e.g., southern torrent salamander, coastal giant
salamander, coastal tailed frog) and drain into downstream tributaries
that support coastal cutthroat trout. However, there is still substantial
uncertainty about how alterations in stream thermal regimes impact
aquatic ecosystems (Gomez Isaza et al., 2022; Warren et al., 2022),
suggesting the need for further research.

Unfortunately, this type of “real-world” empirical research is often
complicated and expensive. For example, changes in the forest har-
vesting schedule and variability in the riparian treatment prescriptions
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in our study may have impacted our results. Due to real-world con-
straints on our industrial partner, a few catchments were harvested
earlier than expected, limiting our pre-harvest data. In other catch-
ments, the spatial location of the harvested area was shifted at the time
of harvesting, reducing the harvest area upstream or adjacent to the
installation locations of our sensors. We accounted for these changes in
our analysis, but the catchments planned to receive the most intensive
riparian harvesting treatment (i.e., PRE) were the catchments that had
the most substantial changes in timing and spatial location of harvesting
implemented by the landowner. To best address these uncertainties and
variability observed in this study, additional research and longer-term
monitoring is needed. Further research should consider longer pre-
and post- disturbance observation periods to fully understand the re-
covery and resilience of headwaters after harvesting, principally
because of potential interannual climate variability. There is also a need
to monitor the long-term integrity of buffers since temperature changes
may occur in post-harvest years if trees are dislodged by windthrow.
Furthermore, the assessment of other potential factors influencing
stream temperature, such as channel morphology, geology, and vege-
tation composition, which could interact with harvesting practices can
be a valuable addition to future research.

5. Conclusions

Our study in 18 forested headwater catchments in northern Cali-
fornia provided insights into the stream temperature responses to cur-
rent harvesting practices, including smaller clearcut areas, forest
harvesting on one side of the stream, and greater basal area retention in
riparian areas. We were also able to compare current practices with a
historical practice with only 50% riparian canopy retention. Our results
suggested that current harvesting practices and riparian management
were generally effective at limiting substantial stream temperature im-
pacts. Instead, we found that seasonal thermal regimes were strongly
related to climatic variability and catchment topographic characteris-
tics. These findings illustrate the challenges in understanding the ther-
mal regimes of headwater streams and their responses to forest
disturbances. Model predictions of stream temperature responses to
forest disturbances are complicated due to the complex interaction of
advective and non-advective energy exchanges that influence a stream
thermal regime. Thus, while we did not observe a substantial effect of
forest harvesting on stream temperature, we strongly caution against the
broad extrapolation of these results as there are likely situations where
the current practices could still result in substantial thermal responses
due to differences in local catchment characteristics. Additionally, with
global climate change and increasing pressures on water resources and
aquatic ecosystems, there remains a need for future research to provide
further insights into the relationships between forest management ac-
tivities and the thermal regimes of headwater streams. For example,
future research should (1) investigate heat flux responses to distur-
bances across catchments with a diversity of forest types, geology,
physiography, hydroclimatic regimes, and forest management practices,
(2) include longer pre-harvest periods to establish stronger linkages
between study catchments to enable disentangling the effects of forest
management from other drivers, and (3) undertake more holistic inter-
disciplinary assessments that consider the effects of forest harvesting
and riparian management on other important factors, such as terrestrial
ecosystem health, aquatic ecosystem health, and socio-economic trade-
offs to inform future forest management policy and decisions.

CRediT authorship contribution statement

LM: original draft, conceptualization, analysis, writing & editing;
KDB: funding acquisition, conceptualization, writing & editing, super-
vision; CS: funding acquisition, conceptualization, writing & editing,
supervision.



L. Miralha et al.
Declaration of Competing Interest

The authors declare no conflict of interest.
Data availability

Data will be made available on request.

Acknowledgments

We thank Matt House and Drew Coe for facilitating the development
of the research ideas and selection of field sites. We are also grateful for
the efforts of Matt Nannizzi, Pat Righter, Jonah Nicholas, Sam Zamudio,
Cedric Pimont, and Katie Wampler for their assistance in installing field
equipment and collecting data. This research was funded by the Cali-
fornia Board of Forestry and Fire Protection Effectiveness Monitoring
Committee, grant number 9CA04452.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.foreco.2023.121581.

References

Arismendi, I., Johnson, S.L., Dunham, J.B., Haggerty, R., 2013. Descriptors of natural
thermal regimes in streams and their responsiveness to change in the Pacific
Northwest of North America. Freshw. Biol. 58, 880-894. https://doi.org/10.1111/
fwb.12094.

Armstrong, J.B., Fullerton, A.H., Jordan, C.E., Ebersole, J.L., Bellmore, J.R.,
Arismendi, I., Penaluna, B.E., Reeves, G.H., 2021. The importance of warm habitat to
the growth regime of cold-water fishes. Nat. Clim. Change 11, 354-361. https://doi.
org/10.1038/541558-021-00994-y.

Bernhardt, E.S., Heffernan, J.B., Grimm, N.B., Stanley, E.H., Harvey, J.W., Arroita, M.,
Appling, A.P., Cohen, M.J., McDowell, W.H., Hall Jr, R.O., Read, J.S., Roberts, B.J.,
Stets, E.G., Yackulic, C.B., 2018. The metabolic regimes of flowing waters. Limnol.
Oceanogr. 63, $99-S118. https://doi.org/10.1002/1n0.10726.

Beschta, R.L., 1997. Riparian shade and stream temperature; an alternative perspective.
Rangel. Arch. 19, 25-28.

Beschta, R.L., Taylor, R.L., 1988. Stream temperature increases and land use in a forested
oregon watershed. JAWRA J. Am. Water Resour. Assoc. 24, 19-25 https://doi.org/
DOI:10.1111/j.1752-1688.1988.tb00875.x.

Binkley, D., Brown, T.C., 1993. Management Impacts on Water Quality of Forests and
Rangelands. U.S. Department of Agriculture, Forest Service, Rocky Mountain Forest
and Range Experiment Station,, Fort Collins, CO.

Bladon, K.D., Cook, N.A., Light, J.T., Segura, C., 2016. A catchment-scale assessment of
stream temperature response to contemporary forest harvesting in the Oregon Coast
Range. Ecol. Manag. 379, 153-164. https://doi.org/10.1016/j.foreco.2016.08.021.

Bladon, K.D., Segura, C., Cook, N.A., Bywater-Reyes, S., Reiter, M., 2018.

A multicatchment analysis of headwater and downstream temperature effects from
contemporary forest harvesting. Hydrol. Process. 32, 293-304. https://doi.org/
10.1002/hyp.11415.

Breiman, L., 2001. Random forests. Mach. Learn. 45, 5-32. https://doi.org/10.1023/A:
1010933404324.

Brett, J.R., 1952. Temperature Tolerance in Young Pacific Salmon, Genus Oncorhynchus.
J. Fish. Res. Board Can. 9, 265-323. https://doi.org/10.1139/f52-016.

Brewitt, K.S., Danner, E.M., Moore, J.W., 2017. Hot eats and cool creeks: juvenile Pacific
salmonids use mainstem prey while in thermal refuges. Can. J. Fish. Aquat. Sci. 74,
1588-1602. https://doi.org/10.1139/cjfas-2016-0395.

Brown, G.W., Krygier, J.T., 1970. Effects of clear-cutting on stream temperature. Water
Resour. Res. 6, 1133-1139. https://doi.org/10.1029/WR006i004p01133.

Callahan, M.K., Rains, M.C., Bellino, J.C., Walker, C.M., Baird, S.J., Whigham, D.F.,
King, R.S., 2015. Controls on temperature in salmonid-bearing headwater streams in
two common hydrogeologic settings, Kenai Peninsula, Alaska. J. Am. Water Resour.
Assoc. 51, 84-98. https://doi.org/10.1111/jawr.122.35.

Castelle, A.J., Johnson, A.W., Conolly, C., 1994. Wetland and stream buffer size
requirements—a review. J. Environ. Qual. 23, 878-882. https://doi.org/10.2134/
j€q1994.00472425002300050004x.

Clinton, B.D., 2011. Stream water responses to timber harvest: riparian buffer width
effectiveness. Ecol. Manag. 261, 979-988. https://doi.org/10.1016/j.
foreco.2010.12.012.

Ebersole, J.L., Liss, W.J., Frissell, C.A., 2003. Cold water patches in warm streams:
physicochemical characteristics and the influence of shading. J. Am. Water Resour.
Assoc. 39, 355-368. https://doi.org/10.1111/j.1752-1688.2003.tb04390.x.

Garner, G., Malcolm, L.A., Sadler, J.P., Hannah, D.M., 2017. The role of riparian
vegetation density, channel orientation and water velocity in determining river
temperature dynamics. J. Hydrol. 553, 471-485. https://doi.org/10.1016/j.
jhydrol.2017.03.024.

12

Forest Ecology and Management 552 (2024) 121581

Gomez Isaza, D.F., Cramp, R.L., Franklin, C.E., 2022. Fire and rain: a systematic review
of the impacts of wildfire and associated runoff on aquatic fauna. Glob. Change Biol.
28, 2578-2595. https://doi.org/10.1111/gcb.16088.

Gomi, T., Moore, R.D., Dhakal, A.S., 2006. Headwater stream temperature response to
clear-cut harvesting with different riparian treatments, coastal British Columbia,
Canada. Water Resour. Res. 42 https://doi.org/10.1029/2005WR004162.

Grolemund, G., Wickham, H., 2011. Dates and times made easy with lubridate. J. Stat.
Softw. 40, 1-25. https://doi.org/10.18637 /jss.v040.i03.

Hannah, D.M., Malcolm, L.A., Soulsby, C., Youngson, A.F., 2004. Heat exchanges and
temperatures within a salmon spawning stream in the Cairngorms, Scotland:
seasonal and sub-seasonal dynamics. River Res. Appl. 20, 635-652. https://doi.org/
10.1002/rra.771.

Hill, A.R., 1996. Nitrate Removal in Stream Riparian Zones. J. Environ. Qual. 25,
743-755. https://doi.org/10.2134/jeq1996.0047242500250004001 4x.

Huff, D.D., Hubler, S.L., Borisenko, A.N., 2005. Using field data to estimate the realized
thermal niche of aquatic vertebrates. North Am. J. Fish. Manag. 25, 346-360.
https://doi.org/10.1577/M03-231.1.

Isaak, D.J., Young, M.K., Luce, C.H., Hostetler, S.W., Wenger, S.J., Peterson, E.E., Ver
Hoef, J.M., Groce, M.C., Horan, D.L., Nagel, D.E., 2016. Slow climate velocities of
mountain streams portend their role as refugia for cold-water biodiversity. Proc.
Natl. Acad. Sci. 113, 4374-4379. https://doi.org/10.1073/pnas.1522429113.

Jackson, E.K., Roberts, W., Nelsen, B., Williams, G.P., Nelson, E.J., Ames, D.P., 2019.
Introductory overview: error metrics for hydrologic modelling — a review of common
practices and an open source library to facilitate use and adoption. Environ. Model.
Softw. 119, 32-48. https://doi.org/10.1016/j.envsoft.2019.05.001.

Johnson, K.N., Swanson, F.J., 2009. Historical context of old-growth forests in the Pacific
Northwest: policy, practices and competing worldviews. Old Growth New World
Pac. Northwest Icon Reexamined Isl. Press,, Wash. DC, pp. 12-28.

Johnson, S.L., 2003. Stream temperature: scaling of observations and issues for
modelling. Hydrol. Process. 17, 497-499. https://doi.org/10.1002/hyp.5091.

Johnson, S.L., 2004. Factors influencing stream temperatures in small streams: substrate
effects and a shading experiment. Can. J. Fish. Aquat. Sci. 61, 913-923. https://doi.
org/10.1139/f04-040.

Johnson, S.L., Jones, J.A., 2000. Stream temperature responses to forest harvest and
debris flows in western Cascades, Oregon. Can. J. Fish. Aquat. Sci. 57, 30-39.
https://doi.org/10.1139/f00-109.

Kasahara, T., Wondzell, S.M., 2003. Geomorphic controls on hyporheic exchange flow in
mountain streams. Water Resour. Res. 39, SBH-3. https://doi.org/10.1029/
2002WR001386.

Kibler, K.M., Skaugset, A., Ganio, L.M., Huso, M.M., 2013. Effect of contemporary forest
harvesting practices on headwater stream temperatures: initial response of the
Hinkle Creek catchment, Pacific Northwest, USA. Ecol. Manag. 310, 680-691.
https://doi.org/10.1016/j.foreco.2013.09.009.

Klos, P.Z., Link, T.E., 2018. Quantifying shortwave and longwave radiation inputs to
headwater streams under differing canopy structures. Ecol. Manag. 407, 116-124.
https://doi.org/10.1016/j.foreco.2017.10.046.

Krosby, M., Theobald, D.M., Norheim, R., McRae, B.H., 2018. Identifying riparian
climate corridors to inform climate adaptation planning. PLOS ONE 13, e0205156.
https://doi.org/10.1371/journal.pone.0205156.

Kuglerova, L., /?\gren, A., Jansson, R., Laudon, H., 2014. Towards optimizing riparian
buffer zones: ecological and biogeochemical implications for forest management. .
Ecol. Manag. 334, 74-84. https://doi.org/10.1016/j.foreco.2014.08.033.

Leach, J.A., Moore, R.D., 2011. Stream temperature dynamics in two
hydrogeomorphically distinct reaches. Hydrol. Process. 25, 679-690. https://doi.
0rg/10.1002/hyp.7854.

Leach, J.A., Moore, R.D., 2015. Observations and modeling of hillslope throughflow
temperatures in a coastal forested catchment. Water Resour. Res. 51, 3770-3795.
https://doi.org/10.1002/2014WR016763.

Lee, P., Smyth, C., Boutin, S., 2004. Quantitative review of riparian buffer width
guidelines from Canada and the United States. J. Environ. Manag. 70, 165-180.
https://doi.org/10.1016/j.jenvman.2003.11.009.

Levno, A., 1967. Increases in maximum stream temperatures after logging in old-growth
Douglas-fir watersheds (No. PNW-65). USDA Forest Service, PNW Forest and Range
Experiment Station,, Portland, OR.

Lisi, P.J., Schindler, D.E., Cline, T.J., Scheuerell, M.D., Walsh, P.B., 2015. Watershed
geomorphology and snowmelt control stream thermal sensitivity to air temperature.
Geophys. Res. Lett. 42, 3380-3388. https://doi.org/10.1002/2015GL064083.

Macdonald, R.J., Boon, S., Byrne, J.M., Silins, U., 2014. A comparison of surface and
subsurface controls on summer temperature in a headwater stream. Hydrol. Process.
28, 2338-2347. https://doi.org/10.1002/hyp.9756.

MacDonald, L.H., Coe, D., 2007. Influence of headwater streams on downstream reaches
in forested areas. For. Sci. 53, 148-168. https://doi.org/10.1093/forestscience/
53.2.148.

MacDonald, R.L., Chen, H.Y.H., Palik, B.P., Prepas, E.E., 2014. Influence of harvesting on
understory vegetation along a boreal riparian-upland gradient. Ecol. Manag. 312,
138-147. https://doi.org/10.1016/j.foreco.2013.10.011.

Magnusson, J., Jonas, T., Kirchner, J.W., 2012. Temperature dynamics of a proglacial
stream: identifying dominant energy balance components and inferring spatially
integrated hydraulic geometry. Water Resour. Res. 48, 1-16. https://doi.org/
10.1029/2011WR011378.

Makridakis, S., 1993. Accuracy measures: theoretical and practical concerns. Int. J.
Forecast. 9, 527-529. https://doi.org/10.1016/0169-2070(93)90079-3.

Makridakis, S., Hibon, M., Moser, C., 1979. Accuracy of forecasting: an empirical
investigation. J. R. Stat. Soc. Ser. Gen. 142, 97-145. https://doi.org/10.2307/
2345077.


https://doi.org/10.1016/j.foreco.2023.121581
https://doi.org/10.1111/fwb.12094
https://doi.org/10.1111/fwb.12094
https://doi.org/10.1038/s41558-021-00994-y
https://doi.org/10.1038/s41558-021-00994-y
https://doi.org/10.1002/lno.10726
http://refhub.elsevier.com/S0378-1127(23)00815-0/sbref4
http://refhub.elsevier.com/S0378-1127(23)00815-0/sbref4
http://refhub.elsevier.com/S0378-1127(23)00815-0/sbref5
http://refhub.elsevier.com/S0378-1127(23)00815-0/sbref5
http://refhub.elsevier.com/S0378-1127(23)00815-0/sbref5
http://refhub.elsevier.com/S0378-1127(23)00815-0/sbref6
http://refhub.elsevier.com/S0378-1127(23)00815-0/sbref6
http://refhub.elsevier.com/S0378-1127(23)00815-0/sbref6
https://doi.org/10.1016/j.foreco.2016.08.021
https://doi.org/10.1002/hyp.11415
https://doi.org/10.1002/hyp.11415
https://doi.org/10.1023/A:1010933404324
https://doi.org/10.1023/A:1010933404324
https://doi.org/10.1139/f52-016
https://doi.org/10.1139/cjfas-2016-0395
https://doi.org/10.1029/WR006i004p01133
https://doi.org/10.1111/jawr.12235
https://doi.org/10.2134/jeq1994.00472425002300050004x
https://doi.org/10.2134/jeq1994.00472425002300050004x
https://doi.org/10.1016/j.foreco.2010.12.012
https://doi.org/10.1016/j.foreco.2010.12.012
https://doi.org/10.1111/j.1752-1688.2003.tb04390.x
https://doi.org/10.1016/j.jhydrol.2017.03.024
https://doi.org/10.1016/j.jhydrol.2017.03.024
https://doi.org/10.1111/gcb.16088
https://doi.org/10.1029/2005WR004162
https://doi.org/10.18637/jss.v040.i03
https://doi.org/10.1002/rra.771
https://doi.org/10.1002/rra.771
https://doi.org/10.2134/jeq1996.00472425002500040014x
https://doi.org/10.1577/M03-231.1
https://doi.org/10.1073/pnas.1522429113
https://doi.org/10.1016/j.envsoft.2019.05.001
http://refhub.elsevier.com/S0378-1127(23)00815-0/sbref26
http://refhub.elsevier.com/S0378-1127(23)00815-0/sbref26
http://refhub.elsevier.com/S0378-1127(23)00815-0/sbref26
https://doi.org/10.1002/hyp.5091
https://doi.org/10.1139/f04-040
https://doi.org/10.1139/f04-040
https://doi.org/10.1139/f00-109
https://doi.org/10.1029/2002WR001386
https://doi.org/10.1029/2002WR001386
https://doi.org/10.1016/j.foreco.2013.09.009
https://doi.org/10.1016/j.foreco.2017.10.046
https://doi.org/10.1371/journal.pone.0205156
https://doi.org/10.1016/j.foreco.2014.08.033
https://doi.org/10.1002/hyp.7854
https://doi.org/10.1002/hyp.7854
https://doi.org/10.1002/2014WR016763
https://doi.org/10.1016/j.jenvman.2003.11.009
http://refhub.elsevier.com/S0378-1127(23)00815-0/sbref38
http://refhub.elsevier.com/S0378-1127(23)00815-0/sbref38
http://refhub.elsevier.com/S0378-1127(23)00815-0/sbref38
https://doi.org/10.1002/2015GL064083
https://doi.org/10.1002/hyp.9756
https://doi.org/10.1093/forestscience/53.2.148
https://doi.org/10.1093/forestscience/53.2.148
https://doi.org/10.1016/j.foreco.2013.10.011
https://doi.org/10.1029/2011WR011378
https://doi.org/10.1029/2011WR011378
https://doi.org/10.1016/0169-2070(93)90079-3
https://doi.org/10.2307/2345077
https://doi.org/10.2307/2345077

L. Miralha et al.

Mantua, N., Tohver, 1., Hamlet, A., 2010. Climate change impacts on streamflow
extremes and summertime stream temperature and their possible consequences for
freshwater salmon habitat in Washington State. Clim. Change 102, 187-223. https://
doi.org/10.1007/510584-010-9845-2.

McGurk, B.J., 1989. Predicting stream temperature after riparian vegetation removal,
PSW-110. ed. USDA Forest Service, Pacific Southwest Forest and Range Experiment
Station, Davis, CA.

Miralha, L., Wissler, A.D., Segura, C., Bladon, K.D., 2023. Characterizing stream
temperature hysteresis in forested headwater streams. Hydrol. Process. 37, 14795
https://doi.org/10.1002/hyp.14795.

Moore, R.D., Spittlehouse, D.L., Story, A., 2005a. Riparian microclimate and stream
temperature response to forest harvesting: a reviewl. JAWRA J. Am. Water Resour.
Assoc. 41, 813-834. https://doi.org/10.1111/j.1752-1688.2005.tb03772.x.

Moore, R.D., Sutherland, P., Gomi, T., Dhakal, A., 2005b. Thermal regime of a headwater
stream within a clear-cut, coastal British Columbia, Canada. Hydrol. Process. 19,
2591-2608. https://doi.org/10.1002/hyp.5733.

Moring, J.R., 1975. Alsea Watershed Study: Effects of logging on the aquatic resources of
three headwater streams of the Alsea River, Oregon. Part III. Discussion and
recommendations. Oregon Department of Fisheries and Wildlife. Fisheries Reserach
Report Number 9. pp. 26.

Olson, D.H., Anderson, P.D., Frissell, C.A., Welsh, H.H., Bradford, D.F., 2007.
Biodiversity management approaches for stream-riparian areas: perspectives for
Pacific Northwest headwater forests, microclimates, and amphibians. For. Ecol.
Manag. 246, 81-107. https://doi.org/10.1016/j.foreco.2007.03.053.

Olson, D.H., Johnson, S.L., Anderson, P.D., Penaluna, B.E., Dunham, J.B., 2017. Aquatic-
Riparian Systems. In: Olson, D.H., Van Horne, B. (Eds.), People, Forests, and Change:
Lessons from the Pacific Northwest. Island Press/Center for Resource Economics,
Washington, DC, pp. 191-206. https://doi.org/10.5822/978-1-61091-768-1_14.

Pedregosa, F., Varoquaux, G., Gramfort, A., Michel, V., Thirion, B., Grisel, O.,

Blondel, M., Prettenhofer, P., Weiss, R., Dubourg, V., Vanderplas, J., Passos, A.,
Cournapeau, D., Brucher, M., Perrot, M., Duchesnay, E., 2011. Scikit-learn: machine
learning. Python. J. Mach. Learn. Res. 12, 2825-2830.

Poole, G.C., Berman, C.H., 2001. An ecological perspective on in-stream temperature:
natural heat dynamics and mechanisms of human-caused thermal degradation.
Environ. Manag. 27, 787-802. https://doi.org/10.1007/5002670010188.

R Core Team, 2020. R: A language and environment for statistical computing. R
Foundation for Statistical Computing,, Vienna, Austria.

Richardson, J.S., Naiman, R.J., Bisson, P.A., 2012. How did fixed-width buffers become
standard practice for protecting freshwaters and their riparian areas from forest
harvest practices? Freshw. Sci. 31, 232-238. https://doi.org/10.1899/11-031.1.

Roon, D.A., Dunham, J.B., Groom, J.D., 2021. Shade, light, and stream temperature
responses to riparian thinning in second-growth redwood forests of northern
California. PLOS ONE 16, €0246822. https://doi.org/10.1371/journal.
pone.0246822.

Simmons, J.A., Anderson, M., Dress, W., Hanna, C., Hornbach, D.J., Janmaat, A.,
Kuserk, F., March, J.G., Murray, T., Niedzwiecki, J., 2015. A comparison of the
temperature regime of short stream segments under forested and non-forested
riparian zones at eleven sites across North America. River Res. Appl. 31, 964-974.
https://doi.org/10.1002/rra.2796.

13

Forest Ecology and Management 552 (2024) 121581

Story, A., Moore, R.D., Macdonald, J.S., 2003. Stream temperatures in two shaded
reaches below cutblocks and logging roads: downstream cooling linked to subsurface
hydrology. Can. J. For. Res. 33, 1383-1396. https://doi.org/10.1139/x03-087.

Subehi, L., Fukushima, T., Onda, Y., Mizugaki, S., Gomi, T., Kosugi, K., Hiramatsu, S.,
Kitahara, H., Kuraji, K., Terajima, T., 2010. Analysis of stream water temperature
changes during rainfall events in forested watersheds. Limnology 11, 115-124.
https://doi.org/10.1007/s10201-009-0296-2.

Surfleet, C.G., Skaugset, A.E., 2013. The effect of timber harvest on summer low flows,
Hinkle Creek, Oregon. West. J. Appl. For. 28, 13-21. https://doi.org/10.5849/
wjaf.11-038.

Terpilowski, M.A., 2019. scikit-posthocs: pairwise multiple comparison tests in Python.
J. Open Source Softw. 4, 1169. https://doi.org/10.21105/joss.01169.

Uchida, T., Kosugi, K., Mizuyama, T., 2002. Effects of pipe flow and bedrock
groundwater on runoff generation in a steep headwater catchment in Ashiu, central
Japan. Water Resour. Res. 38, 24-1. https://doi.org/10.1029/2001WR000261.

Vallat, R., 2018. Pingouin: statistics in Python. J. Open Source Softw. 3, 1026. https://
doi.org/10.21105/joss.01026.

Vander Vorste, R., Obedzinski, M., Nossaman Pierce, S., Carlson, S.M., Grantham, T.E.,
2020. Refuges and ecological traps: extreme drought threatens persistence of an
endangered fish in intermittent streams. Glob. Change Biol. 26, 3834-3845. https://
doi.org/10.1111/gcb.15116.

Vannote, R.L., Minshall, G.W., Cummins, K.W., Sedell, J.R., Cushing, C.E., 1980. The
river continuum concept. Can. J. Fish. Aquat. Sci. 37, 130-137. https://doi.org/
10.1139/f80-017.

Wagner, M.J., Bladon, K.D., Silins, U., Williams, C.H.S., Martens, A.M., Boon, S.,
MacDonald, R.J., Stone, M., Emelko, M.B., Anderson, A., 2014. Catchment-scale
stream temperature response to land disturbance by wildfire governed by surface-
subsurface energy exchange and atmospheric controls. J. Hydrol. 517, 328-338.
https://doi.org/10.1016/j.jhydrol.2014.05.006.

Warren, D.R., Roon, D.A., Swartz, A.G., Bladon, K.D., 2022. Loss of riparian forests from
wildfire led to increased stream temperatures in summer, yet salmonid fish persisted.
Ecosphere 13, €4233. https://doi.org/10.1002/ecs2.4233.

Wickham, H., Averick, M., Bryan, J., Chang, W., McGowan, L.D., Francois, R.,
Grolemund, G., Hayes, A., Henry, L., Hester, J., Kuhn, M., Pedersen, T.L., Miller, E.,
Bache, S.M., Miiller, K., Ooms, J., Robinson, D., Seidel, D.P., Spinu, V., Takahashi, K.,
Vaughan, D., Wilke, C., Woo, K., Yutani, H., 2019. Welcome to the Tidyverse.

J. Open Source Softw. 4, 1686. https://doi.org/10.21105/joss.01686.

Wiedinmyer, C., Barlage, M., Tewari, M., Chen, F., 2012. Meteorological impacts of
forest mortality due to insect infestation in Colorado. Earth Inter. 16, 1-11. https://
doi.org/10.1175/2011EI419.1.

Wilby, R.L., Johnson, M.F., Toone, J.A., 2015. Thermal shockwaves in an upland river.
Weather 70, 92-100. https://doi.org/10.1002/wea.2435.

Wohl, E., 2017. The significance of small streams. Front. Earth Sci. 11, 447-456. https://
doi.org/10.1007/s11707-017-0647-y.

Wondzell, S.M., Diabat, M., Haggerty, R., 2019. What matters most: are future stream
temperatures more sensitive to changing air temperatures, discharge, or riparian
vegetation? JAWRA J. Am. Water Resour. Assoc. 55, 116-132. https://doi.org/
10.1111/1752-1688.12707.


https://doi.org/10.1007/s10584-010-9845-2
https://doi.org/10.1007/s10584-010-9845-2
https://doi.org/10.1002/hyp.14795
https://doi.org/10.1111/j.1752-1688.2005.tb03772.x
https://doi.org/10.1002/hyp.5733
https://doi.org/10.1016/j.foreco.2007.03.053
https://doi.org/10.5822/978-1-61091-768-1_14
http://refhub.elsevier.com/S0378-1127(23)00815-0/sbref52
http://refhub.elsevier.com/S0378-1127(23)00815-0/sbref52
http://refhub.elsevier.com/S0378-1127(23)00815-0/sbref52
http://refhub.elsevier.com/S0378-1127(23)00815-0/sbref52
https://doi.org/10.1007/s002670010188
http://refhub.elsevier.com/S0378-1127(23)00815-0/sbref54
http://refhub.elsevier.com/S0378-1127(23)00815-0/sbref54
https://doi.org/10.1899/11-031.1
https://doi.org/10.1371/journal.pone.0246822
https://doi.org/10.1371/journal.pone.0246822
https://doi.org/10.1002/rra.2796
https://doi.org/10.1139/x03-087
https://doi.org/10.1007/s10201-009-0296-2
https://doi.org/10.5849/wjaf.11-038
https://doi.org/10.5849/wjaf.11-038
https://doi.org/10.21105/joss.01169
https://doi.org/10.1029/2001WR000261
https://doi.org/10.21105/joss.01026
https://doi.org/10.21105/joss.01026
https://doi.org/10.1111/gcb.15116
https://doi.org/10.1111/gcb.15116
https://doi.org/10.1139/f80-017
https://doi.org/10.1139/f80-017
https://doi.org/10.1016/j.jhydrol.2014.05.006
https://doi.org/10.1002/ecs2.4233
https://doi.org/10.21105/joss.01686
https://doi.org/10.1175/2011EI419.1
https://doi.org/10.1175/2011EI419.1
https://doi.org/10.1002/wea.2435
https://doi.org/10.1007/s11707-017-0647-y
https://doi.org/10.1007/s11707-017-0647-y
https://doi.org/10.1111/1752-1688.12707
https://doi.org/10.1111/1752-1688.12707

	Stream temperature responses to forest harvesting with different riparian buffer prescriptions in northern California, USA
	1 Introduction
	2 Materials and methods
	2.1 Site description
	2.2 Experimental design
	2.3 Data collection
	2.4 Data analysis
	2.4.1 Seasonal stream temperature patterns
	2.4.2 Stream temperature modeling and variable importance


	3 Results
	3.1 Precipitation
	3.2 Riparian stand characteristics
	3.3 Seasonal stream temperature patterns
	3.4 Stream temperature modeling and variable importance

	4 Discussion
	5 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	Acknowledgments
	Appendix A Supporting information
	References


