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ARTICLE INFO ABSTRACT
Keywords: The high density of headwater streams within working forests poses challenges to forest managers seeking to
Variable-width buffer maintain riparian ecosystem functions while balancing forest production. Buffer guidelines vary among juris-
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dictions, stream size, and land ownership, but most incorporate a fixed-width buffer structure that is assumed
protective of ecosystem functions and administratively simple to implement. However, prescriptive one-size-fits-
all buffer rules often fail to achieve the intended goals when uniformly applied across spatially diverse and
temporally dynamic watersheds and stream systems. Therefore, new approaches are needed that address spatial

variability and focus on riparian ecological functions not only to improve effectiveness of riparian management
but increase certainty of outcomes. To address these knowledge gaps, we experimentally tested the effectiveness
of a variable-width-shade buffer (VWSB) to provide effective shade (ES), maintain stream temperature, and
optimize riparian tree retention across nineteen headwater streams in Washington, USA. We employed GIS to
delineate the riparian forest area that obstructs midday direct beam solar radiation (i.e., shadeshed zone) and
used the shadeshed zone to guide the location and size of VWSBs. We used Lidar and the Light Penetration Index
(LPD) to estimate effective shade retained within the shadeshed zone and validated the accuracy of LPI with
hemispherical photography to produce continuous and accurate estimates of effective shade over streams. We
estimated pre- post-harvest changes in effective shade and water temperature to evaluate the relative effec-
tiveness of the VWSB as compared to the fixed-width discontinuous forest practice buffer (FPB) specified under
current Washington State (USA) Forest Practice rules. Our results demonstrated that shade losses at VWSB units
were generally similar to or less than those observed at FPB units and that post-harvest shade is maximized when
the percentage of shadeshed zone area buffered is maximized. Also, the VWSB proved to be more efficient than
the FPB for minimizing riparian timber retention to maintain ES and improve buffer performance across a wide
range of buffer sizes. Water temperature responses to buffer treatments were highly variable and no difference
was discernible in the mean summertime seven-day moving average of daily maximum stream temperature
between treatments. Exploratory analyses suggested a temperature-shade relationship that varied depending on
the amount of shrub cover and the percentage of study reach length with surface flow, and potentially
groundwater inflow in combination with shade loss. The collective findings demonstrated that the VWSB and
shadeshed concepts provide an innovative and effective new approach for designing variable width shade buffers

in complex topography.

1. Introduction

The high density of headwater streams within working forests poses
challenges to forest managers seeking to maintain riparian ecosystem
functions while balancing forest production (Jayasuriya et al., 2022).
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Buffer guidelines vary among jurisdictions, stream size, and land
ownership, but most incorporate a fixed-width buffer structure that is
assumed protective of ecosystem functions and administratively simple
to implement (Kuglerova et al., 2020; Richardson et al., 2012). How-
ever, prescriptive one-size-fits-all buffer rules often fail to achieve the
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intended goals when uniformly applied across spatially diverse and
temporally dynamic watersheds and stream systems (Reeves et al.,
2022). The emphasis on structural outcomes (e.g., specific buffer width
and length) restricts management options for maintaining riparian
ecosystem functions (e.g., shade) and optimization of buffer contribu-
tions to beneficial uses (Kuglerova et al., 2014; Newton and Ice, 2015).
In the Pacific Northwest USA (PNW-USA), the effectiveness of buffering
fishless headwater streams is a debatable issue given current manage-
ment schemes are neither economically nor ecologically optimal. Recent
studies suggest the effectiveness of contemporary forest management
practices to maintain water temperature in headwater streams is highly
variable and poorly related to riparian canopy cover (Braun et al., 2025;
Ehinger et al., 2021; McIntyre et al., 2021; McIntyre et al., 2018; Miralha
et al., 2024). In an evidence-based review of thirteen studies of buffer
effectiveness to maintain water temperature, Martin et al. (2021) found
that the relative effectiveness of most uniformly implemented pre-
scriptive treatments in the PNW-USA varied widely, and that buffer
effectiveness was associated weakly with various prescriptive compo-
nents (e.g., fixed-width, length, patch-buffer). Guidelines for buffering
headwater streams in complex topography have been absent, and few
studies have tested the effectiveness of riparian treatments tailored to
site-specific conditions (Martin et al., 2021; Richardson et al., 2012).
Therefore, new approaches are needed that address spatial variability
and focus on riparian ecological functions not only to improve effec-
tiveness of riparian management but increase certainty of outcomes.

Researchers have recommended alternative buffer schemes to
improve buffer performance and reduce uncertainty of ecological out-
comes in topographically complex landscapes (Kuglerova et al., 2014;
Martin et al., 2021; Olson et al., 2022; Richardson et al., 2012). To
achieve management goals, increasing interest exists in using variable
width/retention harvest practices to maintain and/or to enhance ri-
parian ecological functions and facilitate efficient utilization of forest
resources (Hasselquist et al., 2021; Ilhardt et al., 2000; Kreutzweiser
et al., 2012; Kuglerova et al., 2014). Variable retention harvest is a
silvicultural alternative to clearcutting that retains key elements of the
existing stand (e.g., snags, mature overstory, down wood) to promote
structural diversity and biodiversity in managed forests (Franklin et al.
1997; Franklin and Donato, 2020; Gustafsson et al., 2012). Variable
retention thinning of riparian stands in conjunction with upland variable
retention harvest has been implemented in British Columbia, Canada to
promote biodiversity and mitigate the impacts of clearcutting (Griffith
and Kiffney, 2022; Rex et al., 2012). Similarly, variable retention har-
vest is being implemented as an active riparian management approach
to increase light, minimize temperature response, and accelerate
development of late-successional conditions in second-growth riparian
stands of Northern California USA (Miralha et al., 2024; Roon et al.,
2021).

In Washington and Oregon USA, buffer guidelines for headwater
streams include provisions for alternate plans (Oregon Dept of Forestry,
2024; Washington, 2005) that allow landowners to implement alterna-
tive management schemes if they can provide protection for public re-
sources at least equal in overall effectiveness to the protection provided
by the Forest Practices Act and rules (Washington, 2023). Approval of
alternate plans is based on showing the potential impacts of a proposed
harvest on the level of riparian functions. However, the latter can be
difficult, particularly for shade, because labor intensive site-specific
surveys and modeling are required to predict post-harvest shade (Boyd
and Kasper, 2003). Even though a proposal may be worth the effort,
alternate plans are implemented infrequently because of uncertainty
about outcomes and lack of experiments to test the efficacy of alterna-
tive management schemes (Martin et al., 2021; Richardson et al., 2012).

Retaining riparian vegetation to block direct solar radiation along
the sun’s pathway across the sky (i.e., effective shade) (Allen and Dent,
2001; Teti and Pike, 2005) has long been advocated as the most effective
approach for maintaining water temperature in streams (Beschta et al.,
1987; Brazier and Brown, 1973a; Brazier and Brown, 1973b; Johnson,
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2004). Direct-beam solar radiation on the water’s surface is the domi-
nant source of heat energy that may be absorbed by the water column
and streambed (Brown, 1969; Johnson, 2004). Heat absorption is
greatest during mid-day when the solar angle of incidence is high (e.g.,
> 40°) and most direct-beam radiation is not reflected by the surface
albedo (Beschta and Weatherred, 1984; Boyd and Kasper, 2003). Based
on Brown’s (Brown, 1969) findings, Brazier and Brown (Brazier and
Brown, 1973b) developed a densiometer to measure mid-day riparian
canopy density along the solar path for a given date (called angular
canopy density) and demonstrated a strong relationship between
angular canopy density and solar insolation. They proposed that buffer
strip designs based on angular canopy density could provide adequate
temperature control and optimize the utilization of timber resources.
Similarly, Beschta et al. (Beschta et al., 1987) showed that angular
canopy density measurements taken during the mid-day period (be-
tween 10 a.m. and 2 p.m. in mid to late summer) provide a direct esti-
mate of the shading effects of streamside vegetation. Cafferata
(Cafferata, 1990) demonstrated a method for designing buffers by
identifying the shade producing areas of riparian stands using a solar
pathfinder which can provide accurate and repeatable estimates of solar
insolation along the solar path. Similarly, Teti (2001) developed the
spherical angular canopy densiometer to directly measure the mid-day
effective shade and demonstrated that the angular canopy density
measurements are highly comparable to estimates from hemispherical
photography (Teti and Pike, 2005). Despite this body of information
supporting function-based alternatives (e.g., effective shade buffers),
prescriptive fixed-width buffers are the default prescription in the
PNW-USA (Richardson et al., 2012).

Here, we investigated the effectiveness of a lidar-based approach for
designing variable-width-shade buffers (VWSBs) to provide effective
shade in headwater streams. We experimentally tested the operational
application of the VWSB design at nineteen locations in western Wash-
ington USA and used a weight-of-evidence approach to assess treatment
response. Our study objectives were to: 1) use lidar to design variable-
width-shade buffers, 2) evaluate the effectiveness of VWSBs to: pro-
vide effective shade, minimize changes in stream temperature and
optimize timber utilization for riparian buffers, 3) compare the effec-
tiveness of VWSB to a fixed-width buffer 4) evaluate factors potentially
influencing VWSB effectiveness, and 5) evaluate the accuracy of lidar for
estimating ES over streams.

2. Methods
2.1. Study area

We implemented the study in first- and second-order non-fish-
bearing spatially intermittent headwater (Type Np) streams of western
Washington, USA (Fig. 1). The forest practice rules define Type Np
waters as perennial streams that do not dry out at any time of the year
under normal rainfall and include the intermittent dry portions of the
perennial channel below the uppermost point of perennial flow
(Washington, 2005). The study region is characterized by highly
dissected terrain with steep gradient headwater drainages underlain by
glacial till and outwash terrain in the north Cascade/Olympic regions
and softer, more eroded sedimentary geology in the southwestern
coastal region. The climate is maritime with cool, wet winters and mild
dry summers. All study streams were located within intensively
managed industrial forest lands with harvestable age (typically 35 - 50
years) conifer stands (mean canopy height of 25 m and mean basal area
of 45 m%/ha) dominated by Douglas-fir (Pseudotsuga menzeisii) and
western hemlock (Tsuga heterophylla). Riparian areas often include a
mix of conifer and hardwoods dominated by red alder (Alnus rubra).

Private industrial forestland owners (i.e., members of the Washing-
ton Forest Protection Association; WFPA) provided the study units. We
asked forestland owners to identify harvest units on non-fish perennial
streams that were not disturbed by recent debris-torrents and that could
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Fig. 1. Locations of VWSB and FPB treatment and reference study units in
Western Washington, USA.

be harvested within a schedule to facilitate pre- and post-harvest
monitoring. Office reviews of timber harvest plans identified 27 har-
vest units that were initially planned to have the standard fixed-width
discontinuous patch-buffers' (hereafter referred to as Forest Practice
Buffer, FPB) as specified under current Washington State Forest Practice
rules (Washington, 2005). A subset of units (n = 20) was selected by the
landowners for the VWSB treatment, and the remainder (7 units) were
designated to receive the standard FPB. The application of treatments
was not random because each company decided where to implement the
VWSB treatments based on considerations for site logistics, coordination
with adjacent harvests, and time required for permitting alternate har-
vest plans. Also, each company identified one or more reference basins
(9 total) within the geographic vicinity of the treated study basins and
where no timber harvest would occur during the study period. The final
set of VWSB study units were geographically widespread and included a
wide range of valley orientations, channel gradients, and bankfull
widths (BFW) typical of the population of non-fish perennial headwater
streams on industrial forest lands of western Washington (Table 1). We
note that one site initially designated for a VWSB (HJohn) had to be

! The Washington Forest Practices rules (Washington, 2005) specify a 15.2-m
no-harvest buffer on a minimum of 50 % of the Type Np stream network,
including a minimum of 91 m immediately upstream of the outlet to
fish-bearing waters. Clear-cut harvest to the edge of the channel is allowed on
the remainder of the Type Np stream network, with a 9.1-m wide equipment
limitation zone (ELZ) to minimize ground disturbance. Patch-buffers are also
required on designated sensitive sites including a 17.1-m radius no-harvest
buffer centered on each perennial initiation point, referred to as the upper-
most point of perennial flow.
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changed to a wider buffer (F-FPB) treatment because fish were observed
just prior to harvest. This site was not included in the evaluation of
VWSB performance. However, monitoring was continued through
post-harvest at HJohn and data from this site were used in the accuracy
estimate analysis for lidar ES. Overall, the evaluation of VWSB perfor-
mance was based on 35 units; 9, 19, and 7 classified as Reference, VWSB,
and FPB units, respectively (Table 1). Most units in this study were
harvested during fall-winter 2021 with pre- and post-harvest data
collection during 2020-2021 and 2022-2023, respectively. Five units:
SHuck1, 2,3, SAllen, and SCap were harvested during fall 2020, with
pre- and post-harvest data collection in summer 2020 and 2021-2022,
respectively.

2.2. Modeling subcanopy solar insolation

We used the lidar-Light Penetration Index (LPI) to model subcanopy
solar insolation (Fig. 2) (Bode et al., 2014; Richardson et al., 2019). The
LPI is a proxy for assessing the probability that direct beam radiation
will penetrate vegetation and hit the ground (Bode et al., 2014). Lidar
three-dimensional point cloud datasets (Appendix Table A1) were ob-
tained from the Washington Lidar Portal (Washington, 2018) for the
pre-harvest analyses and from a contracted acquisition for post-harvest
analyses. NetMap (Benda et al., 2007) was used to generate synthetic
stream networks from the lidar digital terrain model (0.91 m cell size)
and vertices (i.e., point where two lines intersect) were placed at every
crossed digital terrain model cell. Subcanopy solar insolation (Wh/m?)
was modeled with the LPI-based approach where insolation is computed
from the product of LPI (ratio of ground returns to total returns) and
bare-earth radiation. FUSION software (McGaughey, 2021) was used to
extract ground returns (i.e., all points falling to within 1.83m of
bare-earth) from the point-cloud. Bare-earth radiation (total daily direct
and diffuse) was derived from the ArcGIS solar radiation tool using
default values (diffuse solar radiation proportion = 0.3, atmospheric
transmissivity = 0.5) and a total solar irradiance value of 1360.8
+ 0.5 W/m2 (Kopp, 2016; Kopp and Lean, 2011). Effective shade was
computed as the ratio of the difference between solar radiation above
and below canopy, to solar radiation above the canopy (Boyd and Kas-
per, 2003). The ES calculation incorporated topographic shading
because solar radiation above (SRA) stream was derived from bare-earth
radiation (Fig. 2). Bare-earth radiation varied along the stream channel
depending on the presence of steep topography (e.g., narrow valleys,
steep unstable slopes) that may obstruct direct radiation over the
stream. Therefore, estimates of bare-earth radiation were used to assess
the potential influence of topographic shading on effective shade.

The LPI at any point on the stream surface is determined by shade
from neighboring vegetation that obstructs direct beam solar radiation
along the solar path. Therefore, we applied a neighborhood analysis to
account for shading caused by the local riparian timber stand. For this
study, the area of riparian trees obstructing daily direct beam solar ra-
diation at a single point was referred to as a “shadeshed.” The size of the
shadeshed varies by location as a function of tree height, stream orien-
tation, and solar altitude which, in turn, varies by time-of-day and time
of year as the sun moves across the sky (Fig. 3a). FUSION software was
used to create a canopy height model which was used to calculate
average tree heights within a 30-m by 30-m rectangular neighborhood
located proximally to each stream vertex (i.e., centered east-west and
shifted south 25 m to encompass most riparian trees within the solar
path). The calculation of average tree heights for each rectangular cell
accounted for the variation in the riparian composition along the stream
channel. We used the sun path and solar altitude geometry for latitude
47.0° (the approximate midpoint between the northern and southern
study units; Fig. 1) on August 1st to compute the size of shadesheds at
each vertex for midday periods when high-angle direct-beam radiation
is most significant for heating streams (Beschta et al., 1987). This was
done for midday periods with two durations: 4 h (i.e., 2 h before to 2 h
after solar noon) and 6 h (i.e., 3 h before to 3 h after solar noon). The
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Table 1
Study unit characteristics by treatment category.
Treatment Unit ID Basin area (ha) Valley aspect Length (m) BFW avg. (m) Gradient avg. (%) Unstable slope
Reference CRef2 17.9 SW 1119 1.25 14.6 yes
Reference R147 2.5 NwW 258 0.79 16.4 yes
Reference R592 25.0 SW 788 2.37 31.1 yes
Reference SHuck1 46.0 NE 597 2.13 24.1 yes
Reference W428650 31.0 N 863 2.01 29.7 yes
Reference W445740 21.8 w 997 2.07 28.0 yes
Reference W474760 9.6 S 565 2.33 47.9 yes
Reference W9o2614 5.2 w 433 1.90 22.5 yes
Reference W93504 16.8 w 961 2.38 15.0 yes
VWSB HELk 6.1 E 418 0.74 14.5 yes
VWSB HFinn 6.4 S 415 1.05 18.9 yes
VWSB HQuig 5.2 SW 274 0.76 19.0 yes
VWSB HSmith 3.2 NE 284 0.86 12.5 yes
VWSB PMerry 8.8 SW 197 0.94 9.1 no
VWSB PValue 8.8 NwW 431 1.09 17.3 yes
VWSB R105S 8.0 S 336 1.06 15.7 no
VWSB R265N 22.7 N 476 3.06 21.4 no
VWSB R35East 2.6 SW 218 0.91 18.4 no
VWSB R35West 1.8 S 187 0.81 20.0 no
VWSB R580S 7.0 NwW 174 1.62 16.5 yes
VWSB SAllen 456.4 S 484 4.90 8.6 no
VWSB SCap 240.6 SW 588 3.57 14.2 yes
VWSB SHuck2 8.5 N 369 1.20 24.5 yes
VWSB W102908 29.7 NwW 944 2.23 21.7 yes
VWSB W22505 38.2 SE 1835 2.52 19.8 yes
VWSB W426530 10.6 NE 502 1.76 16.7 yes
VWSB W428550 5.3 w 356 2.02 34.4 yes
VWSB W93506 13.9 S 394 1.31 109 no
FPB R580N 17.2 w 233 2.29 17.3 yes
FPB SHuck3 19.9 NE 379 1.85 32.4 yes
FPB W127880 6.8 NwW 264 1.22 10.7 yes
FPB W127890 7.6 N 289 1.45 18.1 yes
FPB W22510 8.4 E 202 2.93 34.2 no
FPB W426550 4.7 NwW 357 2.08 23.5 yes
FPB W92612 14.7 N 712 2.61 24.2 yes
( LiDAR Point Cloud Variable Width
L (Pre & Post) Buffer
v ! l
:g:?ealiiul\:lfgzl Digital Ground Returns &
(FUSION) Terrain Model All Returns (FUSION)
!
Canopy Height
Model
}
Neighborhood Pre-Harvest LPI
Tree Height Hydrography (Baseline) Post-Harvest LPI
! 5
Shadesheds e
(ArcGIS Bare Earth)

Pre-ES = Post-ES =
(SRA - SRB/SRA) (SRA - SRB/SRA)

Fig. 2. Flow diagram of procedure for estimating pre- and post-harvest effective shade (ES) from lidar. Effective shade computed from subcanopy solar radiation
modeling where: SRA and SRB = total midday solar radiation above and below canopy, respectively.

resulting pie-shaped shadesheds (Fig. 3b) delineated the riparian anal- temperatures are high, stream flow is low and water temperature is
ysis areas that we used to predict ES. We modeled shade for August 1st known to be most sensitive to shade loss (Moore et al., 2005; Beschta
because this date represents the mid-summer period when air et al., 1987). Shadesheds were built for each stream vertex (~ 1 m
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b)  Midday Shadeshed (6-hr)

Azimuth: 112°-246°
SolarAlt.: 43°-61°
Tree Height: 24 m

c) Shadeshed zone (SSZ)

Fig. 3. Shadeshed illustration. Panels a) solar path (azimuth, altitude) and tree height factors that influence effective shade, b) 6-hr shadeshed size/shape based on
site-specific characteristics, and c¢) shadeshed zone (SSZ) that is formed by individual pie-shaped midday shadesheds. Shadeshed shadow length (1) =h * cot(a),
where: h = tree height, and a = solar altitude angle at solar noon. Shadeshed location along the stream channel varies (one side or both sides) in relation to channel

orientation.

pixel), and a composite LPI was calculated for each 10-m long stream
segment (referred to as a 10-m shadeshed) based on the combined
counts of ground returns and total returns for all shadesheds within the
segment. A reach-scale LPI was derived from the average LPI for all 10-m
shadeshed segments in the study unit and the combined footprint of all
shadesheds in the entire reach is hereafter referred to as the shadeshed
zone (SSZ; Fig. 3c). We compared LPI estimates of ES (Lidar-ES) to
digital hemispherical photography (Hemi-ES) to determine the accuracy
of LPI to predict reach-scale ES in a supplemental analysis (Appendix B).
The results of this analysis indicated that the 10-m model with 6-hr
shadeshed is the best overall predictor for Hemi-ES, with the narrow-
est 95 % confidence interval over the data range. Given these findings
we used the 6-hr Lidar-ES along with Hemi-ES for comparing buffer
treatment effectiveness and the 6-hr Lidar-ES for exploring factors
influencing buffer treatment outcomes.

2.3. Designing variable width buffers

We used the 4-hr shadeshed model for designing the variable width
buffers given the forgoing literature about the effectiveness of retaining
mid-day shade and because we could not perform the validation ana-
lyses of methods (Appendix B) until the end of study when both post-
harvest lidar and hemi-photo data were available during the same
summer. The 4-hr shadeshed models were used to estimate ES for the
existing (pre-harvest) and proposed (simulated post-harvest) at each
study reach. The estimate of pre-harvest ES provided a baseline for
assessing the relative effectiveness of both simulated and actual post-
harvest ES for the FPB and VWSB units. Pre-harvest ES was based on
the shadeshed LPI values for the existing timber stand area within the
SSZ (Fig. 4a). The proposed ES for the FPB and VWSB units were
simulated for the proposed buffer boundaries that occur within the SSZ
and based on the aggregate of pre-harvest LPI values that occurred
within the proposed buffer boundaries, and an LPI = 1 for the clearcut
(red) areas outside of proposed buffers (Figs. 4b and 4c).

The VWSBs were developed through an iterative process that
involved interaction with forest engineers to find an optimal solution for
improving buffer performance (i.e., most ES per unit area of tree
retention) that would exceed the FPB at the same location. Several
proposed VWSB options having different levels of ES were simulated

using the SSZ as a guide. All options included timber retention for the
protection of known sensitive areas (e.g., unstable slopes, seeps/springs,
tributary junctions) as required by current state forest practice rules, and
adjustments to buffer boundaries that were necessary for harvest
implementation (e.g., road crossings and yarding corridors). We did not
request that landowners maximize the buffering of the SSZ because we
were interested in evaluating the effectiveness of the SSZ method with a
range of VWSB configurations that varied in size relative to the SSZ (i.e.,
less or greater than shadeshed width). Harvest unit and buffer-layout
plans (obtained from the landowners) were used to simulate ES for the
FPB at each VWSB study unit.

2.4. Measuring effective shade with digital hemispherical photography

Digital hemispherical photography (Davies-Colley and Payne, 1998;
Ringold et al., 2003) was used to estimate ES for each study unit.
Hemispherical photos (hemi-phots) were collected during the summer
leaf-on period for one to two years preceding and following the timber
harvest treatment. Approximately 10 equally spaced photos (maximum
spacing of 100 m) were collected along the mainstem channel and some
larger tributaries withing the study unit. Annual repeat photos were
taken at the same locations except in some cases where a new photo
point (+ 10 m of original) was required because the original point was
covered by post-harvest windthrow. Images of the forest canopy were
collected at a height of 1.5 m above the stream bed in the center of the
channel with a digital camera (Canon 50D or Nikon D40) fitted with a
Sigma 4.5-mm f2.8 hemispherical lens. The camera was equipped with a
hand-held self-leveling stabilizer attached to a monopod (Arietta, 2022).
Camera settings and methods followed the pixel thresholding method
developed by Zhao and He (2016) that provides an optimal threshold
value for separation of sky and plant pixels. Photos were taken during
daylight periods that avoided glare (i.e., early am, late pm, or uniform
overcast sky). Hemispherical photos were post-processed and analyzed
using Hemisfer software (Schleppi, 2020). The proportion of the total
hemisphere blocked by foliage and topography along the solar path
(sunrise to sunset) was quantified for August 1st and used for estimating
ES at each location. Effective shade is computed from the Hemisfer
output as 1- GLI (Global Light Index) where GLI is the proportion of daily
solar radiation (direct plus diffuse) under the forest canopy relative to
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Fig. 4. Illustration of buffer design process using shadeshed and laser pene-
tration index (LPI). Panels show: a) pre-harvest shadeshed zone (SSZ) that is
formed by 4-hr midday shadesheds oriented to variations in channel aspect
(one-side width ranged 14 — 27 m), b) SSZ and proposed FPB (orange polygons)
that includes unstable slope and perennial initiation point buffering, ¢) SSZ and
proposed VWSB (white polygons) that includes unstable slope buffering but
excluded perennial initiation point, and d) SSZ and actual post-harvest VWSB
with LPI derived from post lidar. The LPI for proposed buffer areas within SSZ
boundaries are based on pre-harvest LPI values and LPI = 1 for clearcut (red)
areas within the SSZ.

that above.

2.5. Temperature Monitoring

We monitored water temperature continuously during the summer
season (June 1 to September 30) for one to two years before and after
timber harvest at each study unit. Temperature data were recorded at
30-minute intervals with Onset Pendant and Tidbit MX (TidbiT, 2018)
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temperature sensors having an accuracy of +0.2°C. Sensors were
checked for drift (> +0.5°C) prior to and following deployment each
year using a National Institute of Standards and Technology certified (+
0.2°C) thermometer. A minimum of two water temperature sensors were
located within the lower portion of each study reach. One sensor was
placed near the downstream end of reach (i.e., station “zero”) and the
second one was located 50 m upstream (i.e., station “fifty”) of the first
sensor. This location scheme provided 1) data from the lowest point in
each harvest unit that best represents the combined effects of buffer
treatments and timber harvest on stream temperature; 2) two moni-
toring points to evaluate temperature consistency within the lower
non-fish perennial zone of response; and 3) redundancy for cases of a
faulty or exposed sensor during low water. A third sensor was located
just upstream of the study reach (i.e., station “top”) at 14 units with
continuous incoming stream flow from unharvested timber upstream.
Temperature sensors were secured inside a 5-cm diameter PVC pipe (i.e.,
to prevent exposure to direct solar radiation) and placed in a pool just
above the channel bed and within the thalweg.

For each sensor location, we collated temperature data into datasets
for each unit comprising the same period of days for each year. Tem-
perature time series for multiple sensor locations (i.e., top, fifty, zero)
within the same unit were plotted together to visually scan for anomalies
at individual locations. Daily min, mean, maximum, and diel fluctua-
tions in temperature were graphed and visually reviewed for changes
that might indicate dewatering or groundwater influence. Data com-
parisons were used to determine if the zero, fifty, or both stations were
suitable for the analysis of treatment and reference comparisons. Sta-
tions with multiple anomalies were removed from the analysis dataset.

2.6. Study unit attributes, channel characteristics and windthrow surveys

Study stream attributes (e.g., gradient, channel orientation) were
derived from the NetMap synthetic stream network and buffer charac-
teristics (e.g., buffer area, SSZ area) were measured with QGIS (QGIS,
2024). Channel bankfull width (BFW), shrub cover and surface flow
conditions were collected during the summer low-flow period. The BFW
was measured (nearest 0.05 m) at each Hemi-photo station. Shrub cover
and surface flow were visually estimated (nearest 10 %) within contig-
uous 10-m long segments along the entire study reach. Shrub cover was
only collected during post-harvest period and was defined as understory
cover provided by shrubs and small trees (< 4 m tall) hanging over the
channel and surface flow was defined as any continuous water surface
unbroken by patches of mineral substrate (typically pools or narrow
riffles). A survey of windthrow within the post-harvest riparian stands
was conducted two years after the buffer treatments. Digital areal
photogrammetry was collected with a UAV (Matrice, 2020) equipped
with an RTK GPS receiver and flown 90 m above the ground surface with
a 90 % front and 85 % side overlap. Individual images were combined
into a digital rectified orthophoto in WebODM software (WebODM,
2020) and used to visually count all down trees that intersected the
stream.

3. Data analysis
3.1. Buffer treatment effects on effective shade

The Lidar-ES estimate for each 10-m segment within each study unit
was calculated as the ratio of the difference between total midday solar
radiation above and below the canopy, to total midday solar radiation
above the canopy (Boyd and Kasper, 2003):

SRA;, — SRBy

E ijit = 3
Sie SRA;;

@

where i = harvest unit, j = 10-m stream segment within harvest unit,
t = year (0 for pre=harvest year, 1 for post-harvest year), SRA = the
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potential total midday solar radiation above canopy adjusted for julian
day, solar altitude, solar azimuth, and site elevation, and SRB = the
daily midday solar radiation received at the stream surface.

The Hemi-ES estimate for each photo location was:

ESjj = 1 — GLI, (2)

where j = photo location within harvest unit.
For both methods, reach-scale ES was the unit average:

1 m
ESy= ;Esm. 3)

The change in ES from pre- to post-harvest was estimated for lidar at
each 10-m stream segment or hemi-photo location:

AES; = ES;y — ESyo, )

and the average change in shade was the average of these paired dif-
ferences:

1 m
AES = > AES; . 5)
j=1

Because the timing of pre-harvest lidar varied among the study units
(reference and treatment), the change in effective shade was adjusted to
an annual change (i.e., %/Yr) to account for the time interval between
the pre- and post-treatment lidar acquisitions which varied from 3 to 10
years (69 % < 5 years) among the study units (Appendix Table A1). Also,
the annual AES was adjusted relative to the reference units to determine
the relative change in shade that can reasonably be attributed to harvest
impacts:

RAES; = AES; — AESg,, (6)

where Ri was the reference unit geographically closest to unit i.

The LPI pre-treatment data were based on lidar collected during the
leaf-off period (late fall to early spring), while the post-treatment lidar
was collected during the summer (leaf-on) period. Therefore, the esti-
mated AES may be biased high depending on the quantity of deciduous
stands along the study reach that could result in an underestimate of pre-
harvest ES caused by leaf-off conditions. To reduce bias in lidar esti-
mates of AES and RAES, we adjusted the RAES based on estimates of ES
from reference unit riparian segments with conifer dominated stands
only, given the assumption that ES at conifer stands during leaf-on and
leaf-off are comparable. Therefore, the conifer adjustments resulted in
reducing the reference units average AES and RAES from 9.4 % to 5.2 %
and from 2.4 % to 1.3 %, respectively based on 6-hr LPI (Appendix
Table A2). Also, the riparian stand in one reference unit (R592) was
dominated by deciduous trees. Consequently, we replaced this unit with
data from an unharvested reach downstream of VWSB unit R580S that
was dominated by conifer stands and designated as R580S_REF.

During data analysis, we found the designated reference for units in
the northeast study group (East of W123 and north of N48; Fig. 1) could
not be used to estimate RAES. Windthrow during the post-harvest study
period (associated with an adjacent harvest unit and new road)
impacted the riparian canopy causing a negative change in AES of
-1.7 % and -3.2 % for the 6-hr Lidar-ES and Hemi-ES methods, respec-
tively. Therefore, we used the mean change in ES from all other refer-
ence units (i.e., RefMean) to estimate the relative pre-post change in ES
because none of the other reference units were close to the northeast
group of treatment units.

We used the pre- to post-treatment change in ES (AES;) and relative
change in ES (RAES;) from both the hemi-photo and lidar datasets to
assess the effectiveness of riparian buffering at each study unit. Shade
response at VWSB units were compared individually and collectively
with the distribution of responses from the FPB treatments in this study.
We also computed a post-treatment buffer performance index (BPI) that
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indicated the relative efficiency of a buffer to provide ES given the area
of timber retention. The BPI is expressed as the proportion (scale 0-1) of
shadeshed zone area with a buffer relative to the total area buffered; and
the ratio is weighted by the percentage of effective shade provided by
the area of timber retention:

SSZ_bfr pc
ES pe SSZ_area_ha {—100 }

BPI =
100 * Buff_ha

()

where BPI = Buffer Performance Index, ES pc = Effective Shade
(percent), SSZ_ areaha =the area inside the SSZ, SSZ_bfr pc
= percentage of the SSZ that was buffered, and Buff ha = the total post-
harvest buffer area. We use the geometric mean to estimate overall
buffer performance based on the assumption that each of the riparian
variables are nearly equal in importance, only partially compensatory,
and that the overall BPI index is weighted by the smallest variable score
(Van Horne and Wiens, 1991).

3.2. Factors influencing post-treatment effective shade

An exploratory analysis using Spearman correlation, scatter plots,
and loess smoothing was conducted to examine potential relationships
between post-harvest buffer characteristics and ES. We examined ten
post-harvest buffer/stream characteristics that are known to influence
buffer shade effectiveness (Boyd and Kasper, 2003; DeWalle, 2010;
Grizzel and Wolff, 1998; Rex et al., 2012) including: BFW, buffer area,
SSZ area, percentage SSZ area with buffer, length of study reach, per-
centage of reach length with buffer, portion of study reach flowing
east-west, north-south, south, and windthrow frequency (Appendix
Table A 3).

3.3. Temperature response

All water temperature analyses were based on the centered 7-day
moving average of daily maximum water temperatures (T7DMax). The
centered moving average is the arithmetic average of the maximum for
the current day and the maximum for three prior and three following
days. Before calculating this metric for study and reference units by year,
the data were carefully reviewed for evidence of dewatering (sensor
exposed to air at low flow) or groundwater influences not reflective of
shade influences. The datasets for some units included multiple options
for water temperature time series to represent a treatment or reference
station (e.g., zero and fifty). The zero station was selected by default
unless there was evidence that the zero station was dewatered or clearly
driven by groundwater influences. In this case, if the fifty-station
appeared to better represent diel and seasonal water temperatures, it
was selected (9 of 22 sites) in place of the zero station. If the selection of
the zero versus the fifty station was unclear, then both the zero and the
fifty locations were included in initial models. In these cases, the
treatment station with the largest magnitude of treatment effect relative
to the reference station was ultimately selected as it represented the
biggest response. For reference units where both the zero and fifty sta-
tions were potential reference temperature time series, the reference
selection was based on the strength of the pre-harvest linear relationship
with the treatment temperatures.

For each reference option, using pre-harvest data only, we fit the
model:

i = PotprYeari + foxig” + PsYearoq,®” + i ®)

where y;, = T7DMax on day t (centered) of year k at the treatment
station, x;, = T7DMax on day t (centered) of year k at the reference
station, Yeary = 0 or 1, included when there are two pre-harvest years,
€K = @18k(—1) + €k and e ~ N(O, 62).

The reference station with the lowest value for Akaike’s Information
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Criterion (corrected for sample size) for this model was used for esti-
mating relative pre- to post- harvest change in temperatures.

Changes in pre- to post-harvest T7DMax water temperatures were
estimated for each unit using linear models which assume a linear
relationship between T7DMax at the selected reference site and the
treatment site and first-order autoregressive (AR[1]) autocorrelation in
deviations from this model. Post-harvest impacts included in the model
were mean shifts in the T7DMax temperature as well as changes to the
relationship between the reference and the treatment site (i.e., interac-
tion effect; shift in slope). To address a potential interaction effect, the
overall temperature response was summarized by the pre- to post- har-
vest estimated change at the mean and the maximum observed T7DMax
for the selected reference site (across all sampled years; REFMEAN and
REFMAX). This response estimate was included directly in the model by
centering the predictor (reference T7DMax) at REFMEAN and REFMAX
(two models run). Therefore, the “intercept” term estimated by the
model is the REFMEAN or REFMAX intercept rather than a “zero
intercept”. The changes in the REFMEAN and REFMAX intercepts from
pre- to post- harvest (delta response) are the reported treatment effects
and are referred to as the AT7DMavg and AT7DMmax. All statistical
analyses were performed using R statistical software (R-Core-Team).

There were three forms of the linear model used for estimating the
treatment effect, based on the number of available years of data in the
pre- and post-harvest time periods (maximum two in each), as follows:

1. One year pre- and one-year post-harvest (2 cases): simple compari-
son of pre year versus post year intercept term in this model:

Yie = Bo+P Yeary + Py (ke —m) + ps Yeary (X —m) + &xe, ()]

where m = max(xkt; REFMAX) or mean(xkt; REFMEAN) and Yeark
= 0 for pre year and = 1 for post year. The treatment estimate and
95 % confidence interval were estimated using the gls() and intervals
(O functions in the nlme package (Pinheiro and Bates, 2000; Pinheiro
Bates, 2025).

2. Unbalanced years (two pre- and one post- harvest or one pre- and two
post-harvest years; 10 cases): with three total years (unbalanced pre-
post). Yeary was treated as a three-level categorical fixed factor. The
pre-post shift estimate was found using a linear contrast or gener-
alized linear hypothesis test on Yeark using the function glht() in the
package multcomp (Hothorn T, 2008). The approximate 90 % con-
fidence interval was found using the confint() function.

3. Two years pre- and two years post-harvest (10 cases). The above
model was changed to include a treatment effect with a random ef-
fect for year:

Yie = Po+P1H + Po(Xie — M) + P3H(Xpee — M) + Tic + ke, (10)

where H = O for pre- and = 1 for post-harvest years and tk is the random
effect for year k. The estimate for the shift at maximum temperature (H)
and confidence intervals were found using the lme() and intervals()
functions in the nlme package.

4. Results
4.1. Implementation of VWSB buffer treatments

The implementation of the VWSB treatment resulted in post-harvest
buffer areas that were larger (mean = 0.34ha larger, range
0.05-1.37 ha) than initially proposed at all but one unit (0.22 ha smaller
than proposed). Buffering was added during the harvest phase to make
site-specific adjustments for sensitive areas (e.g., unstable slopes, seeps,
perennial initiation points) and to facilitate harvest implementation.
Office plans identified probable sensitive areas and setbacks, but final
boundaries and leave areas are often delineated just prior to and during
harvest. Also, the proposed VWSB design did not account for harvest
permit requirements for some units that deviated from our design (e.g.,
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the permit approval required buffering of some perennial initiation
point areas that were initially excluded from proposed VWSB design).

4.2. Effective shade response to buffer treatments

The reference units had high levels of ES with pre- and post-harvest
averages of 95 % and 94 % based on hemi-photos, and 89 % and 94 %
based on 6-hr LPI (Appendix Tables A2 and A4). The hemi-phot data
indicated that changes in ES were positive and negative (ranged from
—3.6-3.2 %) over the pre-post interval (Fig. 5a), whereas the lidar data
indicated that ES increased at all reference units (ranged from 0.5 %/yr
to 2.2 %/yr) over the pre-post interval (Fig. 5c). Because of the incon-
sistency between methods, we examined the lidar canopy height data
and found that riparian canopy height increased at the reference units by
an average of 2.3 m (relative change = 0.6 m/yr) over the pre- post-lidar
interval (Appendix Table A5).

Bare-earth radiation was highly variable among study units and
ranged from 4200 Wh/m? to 7500 Wh/m?. A scatterplot of pre-harvest
ES versus bare-earth radiation showed no apparent relationship between
ES and bare-earth (Appendix Figure Al). Both treatments and the
reference groups included units that were influenced by topographic
shading as indicated by those with lower bare-earth radiation (<
5500 Wh/m?).

We compared the effectiveness of the VWSB and FPB treatments
based on the distribution of estimated post-treatment ES and magnitude
of change (AES, RAES) as measured by each method. Based on hemi-
photos, the range of post-treatment ES results for VWSB was 39-81 %,
the median was 68 %, and 14 of 19 units (74 %) had post-treatment ES
> 60 % (Appendix Table A6). In comparison, the post-treatment ES re-
sults for FPBs ranged from 34 % to 84 %, the median was 53 %, and 2 of
7 units (29 %) had post-treatment ES > 60 %. The changes in ES (AES)
for VWSB treatments ranged from -12 % to -57 %, with a median of
-26 %, and 13 of 19 units (68 %) had AES smaller than -30 %, whereas
the change ES for the FPB units ranged from -2 % to -60 %, with a
median of -42 %, and 2 of 7 (29 %) had AES smaller than -30 % (Fig. 5a).
The response pattern for relative change in shade (RAES) was compa-
rable to the pattern for AES (Fig. 5b).

The lidar results showed a response pattern similar to hemi-photo
findings. The range of post-treatment lidar ES results for VWSB was
46-79 %, the median was 60 %, and 16 of 19 units (84 %) had post-
treatment ES > 60 % (Appendix Table A7). In comparison, the post-
treatment ES results for FPB ranged from 28 % to 86 %, the median
was 50 %, and 2 of 7 (29 %) had post-treatment ES > 60 %. The change
in ES for VWSB treatments ranged from 0.7 % to -11.7 %, with a median
of -4.4 %, and 14 of 19 (74 %) had AES < -6 %/yr, whereas the change
in ES for the FPB units ranged from 0.7 to -14.8, with a median of
-10.9 %, and 3 of 7 (43 %) had AES < -6 %/yr (Fig. 5¢). The response
pattern for relative change in shade (RAES) (Fig. 5d) was similar to the
pattern for AES and showed that most of the FPB units had larger RAES
compared to the VWSB units (e.g., 71 % FPB units and 42 % VWSB units
had RAES > -6 %/yr).

4.3. Buffer performance

The buffer performance index (BPI) ranged from 0.51 to 0.78 with a
median of 0.68 at the VWSB units and ranged from 0.28 to 0.56 with a
median of 0.39 at the FPB units (Fig. 6). Most of the VWSB units (16 of
19) had higher BPI values compared to those at FPB units.

4.4. Factors influencing post-treatment effective shade

Exploratory non-parametric correlation analysis suggested positive
relationships between post-harvest ES and the percentage of SSZ area
buffered and the percentage of reach length buffered (Figs. 7a and 7b).
Also, the percentage of SSZ area and percentage of length are correlated
with each other. These relationships appeared to be approximately
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Fig. 5. Pre- and post-harvest average change (AES), and relative average change (RAES) in effective shade at treatment and reference units. Panels a and b results
based on hemispherical photography (Hemi), and panels c and d based on 6-hr laser penetration index (LPI).
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Fig. 6. Scatter and box plots of post-harvest buffer performance index (BPI) in
relation to buffer area by treatment category.

linear with the VWSB treatment units consistently providing more ES
compared to the FPB with similar percentages of SSZ area.

The evidence for relationships between ES and other buffer charac-
teristics depended on the buffer treatment. Effective shade was corre-
lated with SSZ area at the FPB units (r = -0.75) but not for the VWSB
units (Fig. 7d). Effective shade was related to the proportion of reach
length having east-west, north, and south orientations at the FPB units
(Figs. 7e, 7f, 7g), but was not related to stream reach orientation at the
VWSB units (Appendix Table A8).

Evidence was weak for relationships among ES, buffer area (Fig. 7d),
windthrow (Fig. 7h) and channel bankfull width (r = 0.24, Appendix
Table A8).

4.5. Temperature response

The timing of summertime maximum water temperatures differed
among years with most peaks occurring during late July through mid-
August except for 2021 (Appendix Figure A2). In 2021 the maximum
water temperature occurred on June 27th at twenty-two study units and
most (89 %) had pre-harvest stands at that time. Eight study units had
peak temperatures in mid-August 2021.

Water temperature data from several study units (3 VWSB, I FPB)
were not suitable for the analysis because of periodic dewatering at the
temperature sensor locations. Therefore, temperature analyses were
based on sixteen and six units at the VWSB and FPB treatments,
respectively. The water temperature response to buffer treatment was
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Fig. 7. Scatter plots with loess smoothing lines showing the association between post-harvest lidar effective shade and buffer characteristics (Appendix Table A8).
Spearman correlation coefficients with bold values indicate p < 0.05.
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highly variable both among and within units. Average post-harvest
changes at mean reference T7DMax (AT7DMaxavg) ranged from
-0.6 C'to 2.1 Cfor the VWSB treatments and from 0.02 C'to 1.4 C for the
FPB treatments (Fig. 8, Appendix Table A9). The average post-harvest
changes at maximum reference T7DMax (AT7DMaxmax) were larger
and ranged from -1.0 C to 2.4 C and -0.6 C to 2.3 C for the VWSB and
FPB treatments, respectively. Uncertainty in these estimates (90 % CI)
tended to increase with the magnitude of change except for two units
(Helk, PMerry) with small but highly uncertain average pre- to post-
changes (i.e., the 90 % CI was greater than 4 C). Given the large 90 % CI
among units there is no discernible difference in pre- to post-harvest
change in T7DMax between treatments.

Exploratory analyses suggested that the pre- to post-harvest change
in T7DMax water temperatures were negatively associated with the
average change (AES) and relative average change (RAES) in ES
(Table 2). Evidence for a temperature-shade relationship was stronger
for the VWSB treatment and for the AT7DMax,y, temperature metric
(RAEST = -0.64, AESr = -0.60). Changes in T7DMax water temperature
were weakly correlated with shrub cover, surface flow, and bankfull
width.

Given the lack of a strong relationship between changes in effective
shade and maximum summer temperatures we further investigated re-
lationships and interactions among the variables in Table 2. using scatter
plots of AT7DMax,yg versus RAES with unit values colored by high and
low levels of shrub cover and surface flow (Fig. 9). These plots show that
units with the largest changes in relative effective shade generally had
the largest changes in maximum summer water temperatures, but no
relationship is obvious for small changes in relative effective shade
(<7 %). Sites with higher shrub cover tend to have smaller changes in
maximum water temperatures (Fig. 9a). Further, there is some indica-
tion that units with both small changes in relative shade and higher
surface flow, had larger changes in maximum water temperatures

a) Treatment [ Fre [ vwss

R105S 1
R35West 1
W426530 -

W22505 1
W127880 1
W428550 -
W426550 -
R580NTTrib 1
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W127890 -
R35East
Hfinn
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Pmerry - k
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SHuck2q

AT7DMaxyq (°C)
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Table 2

Spearman correlation between the average changes in 7DMax water tempera-
tures versus post-harvest shrub cover, surface flow, bankfull width, and the pre-
post changes in effective shade. The top and bottom values in each variable row
are VWSP and FPB, respectively. Bold and underlined values indicate p < 0.01
and p < 0.05, respectively.

Variable Shrub Surface BFW 6-hr AES 6-hr RAES
cover (%) flow (%) (m) (%/yr) (%/yr)
Surface flow -0.38
(%) -0.54
BFW (m) -0.37 0.60
0.21 -0.07
6-hr AES -0.01 -0.05 0.38
(%/yr) 0.32 0.52 0.52
6-hr RAES 0.02 -0.10 0.31
(%/yr) 0.28 0.56 0.47
AT7DMax -0.40 0.19 0.08 -0.60 -0.64
avg -0.55 0.15 0.49  -0.34 -0.29
AT7DMax -0.31 0.12 0.14 0.44 -0.48
max -0.48 0.30 0.51 0.13 -0.07

(Fig. 9b). Also, surface flow was positively associated with bankfull
width (r = 0.60, Table 2). One unit (SHuck2) with relatively low shade
loss similar to others (range -5.0 to -6.0 %/y, Figs. 9a, 9b), moderate
windthrow (Appendix A7) and a narrow channel (BFW = 1.2 m) had a
noticeable negative temperature response (outlier; -0.6C); suggesting
that additional factors may be influencing the magnitude of temperature
change.
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Fig. 8. Predicted pre- and post-harvest change in average 7DMax water temperatures relative to the a) summer mean reference temperature (AT7DMax,yg) and b)
summer maximum reference temperature (AT7DMaXxyay). Error bars represent 90 % confidence intervals.

11



D.J. Martin et al.

a
) Shrub Cover (%) @ high @ low

2-
o
2
©
=
[m)
I~
l_
<

O-

®
-10 -5 0

Forest Ecology and Management 601 (2026) 123343

b
) Surface Flow (%) @ high ow
2 -
e
-1 4
N
L X o
o7 @

RAES (%/yr)

Fig. 9. Scatter plots with loess smoothing line of pre- post-harvest change in 7DMax water temperatures versus the relative average change in effective shade (RAES)
at VWSB units. Panels a) show the temperature response in relation to the percentage of stream reach length with shrub cover, and b) surface flow during summer.
We used the median values of 27.3 % and 65.7 % as break points for high and low groupings of shrub cover and surface flow, respectively.

5. Discussion
5.1. Buffer effectiveness to provide effective shade

Our findings from the hemi-photo and LPI methods of estimating ES
demonstrated that shade losses at VWSB units were generally similar to
or less than those observed at FPB units. The VWSB treatment produced
a gradient of post-harvest ES levels, as planned, resulting in a similar
AES range between treatments. Results showed that the buffering of
sensitive areas (e.g., unstable slopes), especially at some FPB units,
increased variability in AES responses. Nevertheless, correlation and
graphical results suggest that post-harvest shade is maximized when the
percentage of the SSZ area buffered is maximized, and VWSB units with
similar levels of buffering in the SSZ had consistently higher post-
harvest effective shade compared to FPB units. The observed relation-
ship between ES and the percentage of reach length buffered also
showed how the retention of continuous variable-width timber stands
within shadesheds improved buffer effectiveness compared to the
discontinuous FPBs. Further, the shadesheds work as proposed because
the SSZ size and location were tailored to site-specific conditions (i.e.,
tree height, channel orientation, solar altitude, topography) that are
known to control ES (Beschta et al., 1987; DeWalle, 2010; Sridhar et al.,
2004).

Units with the FPB treatment were generally less effective at
providing ES than units with the VWSB because the FPB prescriptive
layout (i.e., requires patch buffers to be in lower portion of non-fish
perennial streams, just upstream of fish-baring waters) does not
address how shade is strongly influenced by buffer distribution relative
to channel orientation. For example, DeWalle (2010) demonstrated how
shading the south side of E-W streams provided proportionately more
shade (70 %) compared to buffering the north side (30 %) or buffering
both sides of N-S streams. Consequently, the locations of unshaded
segments at FPB units can have a disproportionate impact on reach-scale
ES depending on channel orientation. For example, our post-harvest
exploratory findings showed that ES levels at the FPB units depended
upon the locations of patch buffers in channel segments with E-W and N
orientations. In contrast, high levels of ES were maintained at VWSB
units regardless of channel orientation, demonstrating the effectiveness

12

of the shadeshed design for buffering shade sensitive areas.

Buffer performance (BPI) for VWSB units was consistently higher
than for FPB units and high BPI values were achieved across a wide
range of buffer sizes (areas ranged 0.4-4.7 ha). Therefore, the shadeshed
buffer configuration of the VWSB provided a more efficient utilization of
riparian timber to provide ES compared to the FPB. The high BPI values
are a result of retaining high proportions of riparian timber within the
SSZ; subsequently maximizing ES while minimizing timber allocation in
buffers. The lower BPI at FPB units was due primarily to discontinuous
buffering (clearcuts) within the SSZ and the retention of timber in fixed-
width patch-buffers outside of the SSZ that provided little or no shade.
The retention of buffers on unstable slopes also influenced BPI at both
treatments depending on location, in or outside of the SSZ.

BPI is a useful method for comparing the relative performance of
different buffer configurations because the index incorporates both
timber allocation and ecological function into a single measure of buffer
effectiveness. Studies of variable retention and variable width buffer
schemes in the Pacific Northwest have focused on buffer effectiveness to
control shade/light and water temperature (Foote et al., 2025; Griffith
and Kiffney, 2022; Miralha et al., 2024; Rex et al., 2012; Roon et al.,
2021). However, we are unaware of any studies that have incorporated
evaluations of tradeoffs between ecological benefits (e.g., shade) and the
allocation (e.g., cost) of timber resources.

5.2. Effective shade and water temperature

High variability in water temperature responses made relationships
with effective shade difficult to discern, but the magnitude of water
temperature responses was generally associated with the level of shade
losses for the VWSB units. The unit with the least shade loss (-0.8 %/yr)
had a temperature response of 0.27 C and the unit with the greatest
shade loss (-12.5 %/yr) had a temperature response of 2.1 C. For com-
parison, the corresponding change in ES for these units based on hemi-
photos was -13 % and -55 %, respectively. Other studies that evaluated
buffer effectiveness with measures of effective shade found that changes
in 7DMax were associated with shade loss. For example, Miralha et al.
(2024) investigated the effectiveness of variable retention harvest pre-
scriptions in headwaters of northern California and found the
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summertime 7DMax temperature increased by 0.4C in association with a
17.5 % reduction in ES and no detectable changes in the 7DMax tem-
perature at sites with ES changes < 1.2 %. Roon et al. (2021) investi-
gated the effects of thinning riparian stands along coastal streams of
northern California and found that ES reductions of 23-25 % caused an
average increase in 7DMax temperature of 2.5C and ES reductions of less
than 5 % resulted in minimal changes in temperature. Shade reductions
of 22 % resulted in an average increase in 7DMax temperature of 0.42C.
Foote et al. (2025) investigated variable width buffers (varied 3-43 m
wide depending on presence of groundwater discharge areas and steep
slopes) in western Oregon with average ES reductions of 22 % resulting
in an average increase in 7DMax temperature of 0.79C. The latter re-
ported that stream temperature response was associated with shade loss
and stream width, and that stream temperature was more sensitive to
reductions in shade in smaller (e.g., 2-m wide) streams.

The relationship between post-harvest water temperature response
and shade loss in VWSBs was confounded by multiple factors. Our
exploratory analyses showed that high variability in the temperature-
shade relationship for VWSB units was associated with the amount of
shrub cover, surface flow, and potentially other factors in combination
with shade loss. For example, the units with higher amounts of post-
harvest shrub cover (> 27 %) tended to have smaller changes in
7DMax across the observed range of shade loss as compared to units with
lower amounts of shrub cover. Although we were unable to assess the
pre- to post-harvest changes in shrub cover, we observed rapid growth of
residual understory shrubs in canopy gaps during the first summer
following treatment and increased shrub cover at many units by the
second summer after treatment. Rapid increases (2-3 years after har-
vesting) in shade from post-harvest deciduous understory has been
observed in variable retention buffers of central British Columbia (Rex
et al., 2012) and in thinning/riparian patch openings of western Oregon
(Anderson and Meleason, 2009). Also, Gravelle and Link (2007) re-
ported that stream temperature changes were minimized by shade from
residual understory vegetation following clearcut and partial cut treat-
ments of riparian forests in northern Idaho.

We observed that stream thermal sensitivity increased in relation to
the proportion of channel length with surface flow at units with lower
levels of shade loss. At these units, surface flow was correlated with
channel width and greater post-harvest surface flow (> 66 %) tended to
have larger changes in 7DMax as compared to units with similar levels of
shade loss but with lesser surface flow. Our observations are limited but
are consistent with findings from studies showing that during the sum-
mer low-flow period stream segments with surface flow are thermally
responsive to shade loss, whereas spatially intermittent segments are
unresponsive (Janisch et al., 2012; McIntyre et al., 2021). As the ratio of
surface water to groundwater declines, cooler groundwater dominates
flow and effectively decouples the correlation between air temperature
and stream water response (Braun et al., 2025). We suspect the latter
process may explain the post-treatment negative changes in water
temperature that we observed at two VWSB units. Other studies of small
headwater streams with intermittent flow have documented weak re-
lationships between temperature and shade, and reported that thermal
sensitivity can be influenced by multiple geophysical factors (e.g., ge-
ology, hydrology, topography; Gomi et al., 2006; Janisch et al., 2012;
Mclntyre et al., 2021). In contrast, the thermal sensitivity of perennial
streams is influenced by stream size (water volumes), in addition to
geophysical factors (Boyd and Kasper, 2003; Poole and Berman, 2001),
and studies have found that smaller streams are more sensitive to tem-
perature change after shade reduction (Foote et al., 2025; Swartz et al.,
2020).

5.3. Limitations of findings
Our findings are not based on a spatially representative random

sample. However, our VWSB study units were widespread and roughly
proportional to the geographic distribution of industrial forest lands in
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western Washington. The study units included a wide range of valley
orientations, channel gradients, and basin sizes that are typical of non-
fish headwater streams. Further, our findings represent the variability
associated with the operational implementation of the VWSB treatments
by five different forestland owners. However, more investigations are
needed to validate the effectiveness of the shadeshed concept for
designing buffers to maintain ES in a wider range stream sizes and ri-
parian forest conditions.

The accuracy of ES estimates from LPI was influenced by the conifer-
deciduous composition of riparian stands and the timing of lidar
acquisition. Because pre-harvest effective shade (i.e., derived from lidar
during leaf-off season) was underestimated for deciduous portions of
riparian stands the estimated post-harvest AES was overestimated for
some study units. The magnitude of bias is unknown but is likely small
given that the average AES for all stands (conifer and deciduous) at
reference units was 2.4 %/yr and that for conifer-only portions of
reference units was 1.3 %/yr; an average difference of 1.1 %/yr.
Further, we minimized the potential bias in AES at all treatment units by
applying an adjustment for the estimates of RAES based on the conifer-
only reference stand AES.

To avoid potential bias in estimates of AES with lidar, we recom-
mend that LPI be derived from lidar data from the leaf-on season. In the
PNW most of the publicly available lidar data has been collected during
the leaf-off period to facilitate the production of accurate digital terrain
models. Also, the time interval between the year of lidar acquisition and
the year for a proposed VWSB should be as short as possible or less than
several years, because canopy height and LPI from old lidar data may
bias modeled ES estimates for a proposed VWSB design. Acquiring lidar
data during leaf-on with drone lidar could provide timely data and more
stand detail including understory structure given the higher resolution
of drone lidar compared to airborne lidar (Cosenza et al., 2022; Resop
et al., 2019).

5.4. Management recommendations

5.4.1. Buffer design

Our findings provide strong empirical evidence that the midday
shadeshed is an effective tool for guiding the location and size of VWSBs.
Further, we showed that post-harvest ES is strongly associated with the
proportion of SSZ buffering in VWSB units. This provides evidence that
post-harvest changes in water temperature could be lessened with fully
buffered shadesheds in streams that are thermally sensitive to shade
loss. Both the 4-hr and 6-hr shadeshed are effective models for designing
the VWSB depending on channel orientation. For example, at east-west
streams the buffer widths for the 4-hr and 6-hr shadesheds are equal
because the short radius lengths (i.e., 14 m, Fig. 3b) are identical and the
long radius lengths overlap (see east-west portion of Fig. 4a), regardless
of shadeshed size. The 6-hr shadeshed is more suitable for buffering
north-south streams because the long radius length (i.e., 28 m, Fig. 3b)
creates a wider buffer than the 4-hr shadeshed; and would be more
effective for intercepting low angle solar radiation during the morning
and afternoon.

The shadeshed size for a proposed VWSB should be based on riparian
tree heights that are representative of the dominant stand type instead of
the local tree height data (30 m X 30 m cell) that was used for our
analysis. The latter data incorporated variability in tree heights (due to
mixed stands and canopy gaps) which translated to variable shadeshed
widths at the 10-m segment scale. The variable-sized shadesheds facil-
itated accurate estimates of pre-harvest ES but created a jagged and
uneven buffer edge that was less suitable for designing the proposed
VWSB. Rather, the shadeshed size for a proposed VWSB should be more
consistent to facilitate implementation. One simple approach for sizing
shadesheds is to use the modal height of riparian stands as was done by
(Richardson et al., 2019) for their LPI-based estimate of solar insolation.

Our findings confirmed that August 1st was an effective date for
modeling midday ES that corresponded to the seasonal timing of
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maximum water temperatures during three of our four years of study.
The peak summertime temperature on June 27th, 2021, was an abnor-
mality, well outside the historical record for the Pacific Northwest. For
example, Seattle WA reached 40°C (104 °F) that day; the city’s hottest
temperature ever recorded on any day of the year (NASA, 2021).
Designing the shadeshed for the mid-summer solar trajectory (August
1st) not only corresponded to the peak temperature period but resulted
in a larger shadeshed size than would be the case if based on an earlier
date (e.g., higher solar angle at noon on June 21st would reduce shad-
eshed width by ~3 m).

5.4.2. Future implementation

The VWSB is not only well suited for maintaining ES in topograph-
ically complex landscapes but could function as the riparian core for
adding site-specific buffer management to improve ecological outcomes
(e.g., large wood supply, variable light, and erosion reduction). For
example, unstable slope and sensitive site buffering (e.g., seeps, springs,
groundwater discharge, ecological hotspots) could extend the width of
the VWSB or be added to non-shadeshed areas as needed. Each addi-
tional area of stand retention should provide a quantifiable ecological
function and the priority for inclusion could be based on their relative
contribution to ecological outcomes with consideration for optimizing
forest resources. Further, the BPI could be used to assess the cumulative
buffer performance for any suite of ecological functions and any pro-
posed buffer configuration. Also, buffer planning could be facilitated by
new support tools for identifying and mapping channel and hillslope
attributes (e.g., erosion potential, landslide hazard; Benda et al., 2007),
groundwater inflow areas (Kuglerova et al., 2014), and streamside
wetlands (Erdozain et al., 2020; Halabisky et al., 2023).

The variable retention approach accommodates the application of
active riparian management schemes to restore complex forest structure,
increase understory light, and promote large tree growth in young-
growth riparian stands (Berg, 1995; Kreutzweiser et al., 2012; Martens
et al.,, 2019; Oliver and Hinckley, 1987). Given past (before 1990s)
clearcutting along headwater streams, most riparian forests are
composed of young stands in the stem exclusion stage (Oliver, 1980) of
forest development. Consequently, the natural recovery of desired ri-
parian ecological functions is a multi-decadal to century-scale process
(Kaylor and Warren, 2017; Kaylor et al., 2017; Warren et al., 2013).
Therefore, the focus on retaining shade, above all else, should not pre-
clude the potential for thinning/partial cuts to increase understory light,
promote development of complex multilayered forests (shrubs) and
large tree growth (Anderson and Poage, 2014; Roon et al., 2022; Sibley
et al., 2012; Swartz et al., 2020). Also, thinning and tipping may be an
option to promote large tree growth and jump-start inputs of large wood
(Benda et al., 2015). Such treatments could occur in non-shadeshed
areas or in shadeshed areas, and their proposed effectiveness to main-
tain ES could be simulated with LPI as we did in the buffer modeling
process.

6. Conclusions

Our study of 35 headwater basins in western Washington demon-
strated how lidar can be used to: a) design a VWSB to provide ES that is
tailored to site-specific conditions in complex topography, b) measure
ES continuously along the length of each study reach, and c) experi-
mentally test the effectiveness of the VWSB in comparison to fixed-width
discontinuous FPB. We created the shadeshed zone with lidar to delin-
eate the riparian vegetation area that obstructs midday direct-beam
solar radiation and showed how the shadeshed zone is an effective
method for guiding the location and size of VWSBs. Further, we
demonstrated that the Light Penetration Index (LPI) provided an accu-
rate estimate of reach-averaged effective shade and that the best shad-
eshed model explained 91 % of the variability in daily effective shade.
These tools facilitated our buffer effectiveness assessment which indi-
cated that the VWSB minimized shade loss and generally retained
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greater ES than the prescriptive FPB. More importantly, the findings
suggested that post-harvest ES can be maximized by retaining all stands
within the shadeshed zone in VWSB units. Therefore, we are confident
that the VWSB and shadeshed concepts are effective given the weight of
evidence and that post-harvest changes in water temperature could be
lessened with fully buffered shadesheds in streams that are thermally
sensitive to shade loss. Furthermore, the VWSB concept is generalizable
and provides knowledge that is transferable for developing function-
based shade management schemes for all streams. Finally, we propose
that riparian management programs shift away from the current struc-
tural outcome approach (i.e., prescriptive fixed-width design) to a
functional outcome approach tailored to site-specific conditions and
eliminating buffer width decisions.
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