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Washington, United States
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1Natural Systems Design, Seattle, WA, United States, 2Civil and Environmental Engineering, University of

Washington, Seattle, WA, United States, 3The Nature Conservancy of Washington, Seattle, WA,
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Forest thinning and gap creation are being implemented across the western

United States of America (USA) to reduce wildfire and forest mortality risk as the

climate warms. The Eastern Cascades in Washington, USA, is in a transitional

zone between maritime and continental climate conditions and represents a

data gap in observations describing the relationship between forest density and

snowpack. We collected 3 years of snow observations across a range of forest

densities to characterize how forest management e�orts in this region may

influence the magnitude and duration of snow storage. Observations indicate

that peak snow storage magnitude in small gaps ranges from the same to over

twice that observed in unburned forest plots in the Eastern Cascades. However,

di�erences in snow duration are generally small. Across all Eastern Cascade sites

and years, we observed a median di�erence of snow storage lasting 7 days longer

in gaps as compared to nearby forest plots. A notable exception to this pattern

occurred at one north-facing site, where snow lasted 30 days longer in the gap.

These observations of similar snow storage duration in the Eastern Cascades are

attributed to minimal di�erences in canopy snow interception processes between

forests and gaps at some sites, and to higher ablation rates that counterbalance

the higher snow accumulation in the gaps at other sites. At the north-facing

site, more snow accumulated in the gap, and ablation rates in the open gap

were similar to the shaded forest due to the aspect of the site. Thus, snow

storage duration was much longer in the gap. Together, these data suggest that

prescriptions to reduce forest density through thinning and creating gaps may

increase the overall amount of snow storage by reducing loss due to sublimation

and melting of canopy-intercepted snow. However, reducing forest density in the

Eastern Cascades is unlikely to bu�er climate-induced shortening of snow storage

duration, with the possible exception of gap creation in north-facing forests. Lastly,

these observations fill a spatial and climatic data gap and can be used to support

hydrological modeling at spatial and temporal scales that are relevant to forest

management decisions.

KEYWORDS

snow - vegetation interactions, forest management, snow duration, forest gap,
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Introduction

Across the western USA forest management actions to reduce

forest density, such as gap creation, thinning, and prescribed

burning, are becoming widely implemented to address forest

vulnerability to wildfire, drought, and insect damage (Kane et

al., 2011; Churchill et al., 2013; Prichard et al., 2021; Knight et

al., 2022). These stressors are amplified in overstocked, even-aged

forests, which reflect a legacy of Indigenous depopulation, timber

harvest, timber regeneration, and fire suppression (Hessburg et al.,

2000; Churchill et al., 2013; Haugo et al., 2015). These stressors

are also amplified by climate change, particularly declines in the

amount and duration of mountain snow storage (Mote et al.,

2005, 2018; Westerling, 2006; Halofsky et al., 2020). Thus, forest

management actions to reduce forest density are also being planned

and implemented as a buffer against climate impacts. Reducing

forest density typically increases the overall magnitude of snow

storage due to reduced interception by the forest canopy (Church,

1912; Golding and Swanson, 1986; Varhola et al., 2010; Lundquist

et al., 2013), except in locations subject to high wind speeds

(Hiemstra et al., 2002; Dickerson-Lange et al., 2017). However, in

some regions it is unknown whether forest management actions

will have the unintended consequence of decreasing the duration

of snow stored on the landscape. Reducing forest density can

have opposite effects on the duration of snow storage by either

delaying or accelerating snow disappearance timing in open areas

relative to continuous forest (Varhola et al., 2010; Lundquist

et al., 2013). As mountain snow storage diminishes due to climate

warming, understanding where reducing forest density causes an

overall shortening versus lengthening of snow storage duration

will determine where these management efforts amplify vs. buffer

climate impacts on water availability.

Previous studies in the western USA (open symbols in Figure 1)

and across the globe have demonstrated that the net effect of

forest density on snow storage duration changes direction between

maritime and continental climate conditions (Lundquist et al.,

2013). Within warmer and wetter maritime climates, such as

western Washington, Oregon, and California (USA), peak snow

storage magnitude is up to 3x greater and snow storage duration

is 2-13 weeks longer in sheltered open areas, such as small forest

gaps, as compared to higher density forests with continuous

forest canopy (Storck et al., 2002; Dickerson-Lange et al., 2015a,

2017; Roth and Nolin, 2019). In comparison, within colder and

drier continental climates, such as the Rocky Mountains, USA,

peak snow storage magnitude only ranges from 0.9 to 1.9x

greater in open areas compared to forested areas (LaMalfa and

Ryle, 2008; Harpold et al., 2015). However, even where snow

storage magnitude is greater in open areas, snow storage duration

can switch to snow lasting up to 20 days longer in the forest

(Rutter et al., 2009; Lundquist et al., 2013). This shift in the

directionality is the result of combining a complex suite of

snow accumulation and ablation processes, each of which are

modified by forests to different extents depending on climate, wind

exposure, elevation, latitude, slope, aspect, forest characteristics,

and fire history (e.g., Marks et al., 1998; Strasser et al., 2011;

Gleason et al., 2013; Lundquist et al., 2013; Seyednasrollah et al.,

2013; Broxton et al., 2015, 2020). These forest modifications of

key individual processes are reviewed further below (See also

recent reviews: Goeking and Tarboton, 2020; Dickerson-Lange

et al., 2021; Lundquist et al., 2021). Although the forest density

characteristics of the comparisons made in previous studies

are highly variable, a meta-analysis of previous work suggested

that mean winter temperature > −1◦C (vertical dashed line in

Figure 1) is a first-order predictor of where snow storge duration is

lengthened by decreasing forest density or gap creation (Lundquist

et al., 2013). However, this threshold is based on a synthesis

of studies in which most observations were collected where

winter temperatures are substantially warmer or colder than −1◦C

(Figure 1).

Field observations of forest effects on snow storage are sparse

within transitional climate zones that are drier and colder than

maritime conditions, yet warmer than continental conditions.

This data gap is particularly problematic for forest management

initiatives in the Eastern Cascades in Washington (WA), where

there are no forest-snow observations and where state and federal

management initiatives aim to reduce forest density across 1.25

million acres over the next 20 years to restore forest health

and increase wildfire resilience (Washington State Department of

Natural Resources, 2018). The region is critically dependent on

snowpack storage for up to 75% of its water supply (Donley et al.,

2012; Li et al., 2017), which supports Tribal Treaty Rights resources,

such as threatened and endangered anadromous fish species,

a multi-billion dollar agricultural industry, and downstream

communities. However, little attention has focused on the impacts

of forest treatments on snowpack retention and subsequent effects

on hydrologic resilience.

Previous forest-snow studies in this transitional climate zone

include 1–3 years of observations comparing snow at: open canopy

positions to closed-canopy positions in the southern Sierra Nevada

range, California (Bales et al., 2011; Harpold et al., 2015; point 7

on Figure 1), 10–20 ha clearcuts to continuous forest in northern

Idaho (Hubbart et al., 2015; Dickerson-Lange et al., 2017; point

8 on Figure 1); and a 40-m gap to the surrounding forest in

central Idaho (Carson, 2010; Dickerson-Lange et al., 2017; point

9 on Figure 1). These studies reported snow storage duration

differences that ranged from 1 day longer in the forest to 18

days longer in the open, with median values of 5, 0, and 6 days

longer in the open, respectively. These limited observations are

insufficient to characterize whether snow storage magnitude and

duration differences across the Eastern Cascades (filled triangles

in Figure 1) are likely to be similar to maritime or continental

climates, or whether forest-snow interactions in this climate zone

fall somewhere in between.

A hierarchy of forest-snow processes (Figure 2) proposed by

Dickerson-Lange et al. (2021) provides a conceptual model to

classify and map zones based on hypothesized forest effects on

snow storage (Figure 3A). However, field observations comparing

snow storage in small open gaps (defined here as gap diameters

of approximately 1–3x the surrounding tree height) vs. dense

forests and across a range of forest densities are needed to test

these hypotheses.

The model proposes that forest influences on snow

accumulation processes are more important than forest influences

on snow ablation processes for determining the net effect of forest
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FIGURE 1

Mean total winter [inclusive of December, January, and February (DJF)] precipitation versus mean DJF temperature, extracted from 800m gridded

30-year normals [1981–2010; (PRISM Climate Group, 2015)] for the sites included in this study (filled symbols) and previous studies in the western

USA [open circles using same reference numbering as in Figure 3 of Dickerson-Lange et al. (2021)]. The dotted vertical line indicates the −1◦C

threshold proposed by Lundquist et al. (2013) as a climate-based indicator of where snow storage duration switches from longer in open areas

(>-1◦C) to snow lasting longer in forests (<-1◦C). Note the sparse coverage of previous observations in the western USA at sites located where mean

DJF temperature is between −3 and 0◦C and where DJF total precipitation is >300 mm.

density on snow storage magnitude and duration (Dickerson-

Lange et al., 2021). With respect to snow accumulation processes,

forests reduce wind speed and control snow deposition patterns

(Essery and Pomeroy, 2004; Hiemstra et al., 2006; Trujillo

et al., 2009). Forest canopies also reduce the accumulation of

under-canopy snowpack through canopy snow interception

(Hedstrom and Pomeroy, 1998; Storck et al., 2002; Martin et al.,

2013). A portion of the snow captured and stored by a forest

canopy subsequently sublimates or melts and evaporates without

reaching the forest floor (Ellis et al., 2010; Roth and Nolin,

2017; Lumbrazo et al., 2022). The remaining portion of canopy-

intercepted snow either melts and drips to the under-canopy

snowpack, or falls to the ground due to sliding or wind and joins

the under-canopy snowpack in solid form (Roesch et al., 2001;

Lumbrazo et al., 2022). Forest modifications of snow accumulation

rates control the difference in peak snow storage magnitude

between forests and open areas (Nodes 1 and 2 in Figure 2).

Differences in the subsequent duration of snow storage are strongly

influenced by these initial differences in peak snow storage

magnitude, along with forest modifications of under-canopy

ablation rates.

With respect to snow ablation processes, the degree to which

snow ablation rates are lower under a forest canopy compared to

open gaps controls whether snow storage duration becomes longer

within a forest even after accumulating less snow than an open area

(Node 3 in Figure 2). Forest canopies can slow ablation rates by

shading snow from solar radiation (Link et al., 2004; Musselman

et al., 2008, 2015; Ellis et al., 2011; Lawler and Link, 2011) and

sheltering snow fromwind (Marks et al., 1998;Wayand et al., 2015).

In some cases, the under-canopy ablation rate is sufficiently reduced

relative to open areas to compensate formuch-higher accumulation

rates in the open, thus setting up longer snow storage duration in

the forest. However, snow storage duration is longer in the open

in the following cases: (1) sites where the magnitude of increased

snow storage in the open is large enough to not be balanced by

increased ablation rates (Dickerson-Lange et al., 2017); (2) sites

where the under-canopy ablation rate is only moderately reduced

relative to the open because of topographic or forest characteristics,

such as north-facing aspects or low density forests (Lundquist

and Flint, 2006; Ellis and Pomeroy, 2007); (3) sites where the

under-canopy ablation rate is only moderately reduced relative

to the open because solar elevation is low at the time snowmelt

occurs, such as at higher latitudes or lower elevations (Essery et al.,

2008; Strasser et al., 2011; Musselman et al., 2015; Seyednasrollah

and Kumar, 2019); and (4) sites where the under-canopy ablation

rate is enhanced relative to the open due to increased under-

canopy longwave radiation, which can occur with increasing air

temperatures or forest density (Lundquist et al., 2013; Musselman

and Pomeroy, 2017).

In this study, we applied the Dickerson-Lange et al. (2021)

model framework to sites where wind exposure is low (Node 1

of Figure 2) and mean winter temperatures span a gradient from

warmer than −1 ◦C in the Western Cascades, to colder than −1
◦C in the Eastern Cascades (Node 2 of Figure 2). We used the
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FIGURE 2

Reproduced from Dickerson-Lange et al. (2021). Hypothesized hierarchy of processes presented as a decision tree framework. (A) Nodes 1 (amount

of preferential deposition and redistribution) and 2 (amount of interception) reflect the relative e�ect of forest cover on snow accumulation rates. (B)

Node 3 (amount of shading) reflects the relative e�ect of forest cover on snow ablation rates. (C) Five forest–snow classes relate to the di�erence in

snow storage magnitude and duration between forest and open, which (D) relate to potential forest actions to maximize the snow storage on the

landscape. (E) Conceptual relation between a reference open location (black) and adjacent forest in the five forest–snow classes [colors and letters

are defined in (C)]. Note that the open reference snow depth time series (black line) is drawn without a sharp peak, to facilitate comparison of all

forest sites to the same open reference site; however, the timing of peak snow is likely to be similar at the adjacent forest and open sites. The shaded

area around each line is a conceptual representation of the spectrum of e�ects within a single class, determined by secondary influences.
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FIGURE 3

(A) Map of field sites across hypothesized forest-snow classes proposed in Dickerson-Lange et al. (2021); inset shows domain of map (dark box). (B)

Longitude and elevation of field sites (open symbols with field site abbreviation in center) plotted in front of mean DJF temperature (◦C) across the

region, plotted by longitude and elevation. DJF temperature values are extracted from a 0.5-degree latitude swath of panel (A), and aggregated from

800m gridded 30-year normals [1981–2010; (PRISM Climate Group, 2015)]. (C) Same as in panel (B), but for mean total DJF precipitation (mm). (D)

Same as in panel (B), but for canopy cover (CC; %) extracted and aggregated from the 30m National Land Cover Database (Dewitz, 2019).
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framework to develop hypotheses to test with field observations

comparing snow storage magnitude and duration under the forest

to that in small forest gaps. We hypothesized that:

1) The magnitude of snow storage would be higher in forest gaps

and thinned plots due to increased canopy snow interception in

denser forests;

2) Differences in peak snow storage magnitude in the colder

Eastern Cascades would be less than in the warmer climate of

theWestern Cascades due to lower snow cohesion and therefore

lower canopy interception rates (Shidei et al., 1952; Satterlund

and Haupt, 1967; Kobayashi, 1987; Pfister and Schneebeli, 1999;

Martin et al., 2013);

3) Ablation rates in the Eastern Cascades sites would be only

moderately higher in forest gaps relative to denser forest due

to relatively early timing of the onset of ablation (Node 3 in

Figure 2); and

4) Topographic position (aspect) would contribute to variability

in snow storage differences between forest and gap plots but

remain secondary to climate variables for determining relative

snow storage.

With respect to hypothesis 3, in locations where ablation

occurs earlier in the year due to warmer spring temperatures, the

magnitude of incoming solar radiation is much less, and therefore

forest shading matters less (Strasser et al., 2011; Seyednasrollah

and Kumar, 2014). Thus, increased snow accumulation balances

increased snow ablation, resulting in similar snow storage

duration between forest gaps and dense forest. In the proposed

classification, this balance occurs within the “Cold and Early”

class (Figure 2). Lastly, we aimed to further characterize how

forest species composition may contribute to variability in snow

storage differences.

Testing the hypothesized effects of forest density on snow

storage and characterizing the potential hydrologic effects of forest

management in the Eastern Cascades is of interest to municipal,

agricultural, tribal, and fisheries stakeholders (e.g., Wigmosta et al.,

2015; Povak et al., 2022). The magnitude and duration of snow

storage affects upland hydrologic and ecological processes, like soil

water availability (Harpold et al., 2015) and plant phenology (Ford

et al., 2013), along with contributing to integrated effects such as

the magnitude and timing of streamflow (Lundquist et al., 2005;

Stewart et al., 2005; Clark et al., 2011) and stream temperature

(Leach and Moore, 2014; Cline et al., 2020; Lee et al., 2020).

Hydrologic modeling has been implemented to characterize forest

thinning effects on snow storage and streamflow in this region

(Wigmosta et al., 2015; Sun et al., 2018; Currier et al., 2022) and

throughout the western USA (Saksa et al., 2017, 2020; Harpold

et al., 2020; Krogh et al., 2020; Sun et al., 2022). The Eastern

Cascades modeling studies suggest that adding canopy gaps (Sun

et al., 2018), creating east-west oriented open strips to maximize

north-facing edges (Currier et al., 2022), or thinning (Wigmosta

et al., 2015) could increase late-season flow by asmuch as 20 to 43%.

However, these modeling studies currently lack field observations

to validate simulated under-canopy snowpack, which is particularly

relevant given that model representations of forest-snow processes

are subject to considerable uncertainty (Essery et al., 2009; Rutter

et al., 2009) andmay lack transferability across climate zones (Clark

et al., 2015; Lundquist et al., 2021).

This study therefore aims to test the effects of forest density on

snow storage magnitude and duration through field observations

across the Eastern Cascades in Washington. In this study we (1)

present three years of field-based snow observations to quantify the

magnitude and duration of snow storage within a range of forest

densities, and across a gradient of climate and forest types where

under-canopy snow observations are sparse (i.e., filled triangles in

Figure 1); and (2) synthesize the results to provide guidance for

regional forest management initiatives that have multiple objectives

related to wildfire risk, forest health, and water resources.

Methods

Site locations and context

To characterize the magnitude and duration of snow storage

across a range of climates, forest types, and forest canopy densities,

we collected field observations at eight sites arranged in an

approximate west-to-east transect from the western slopes of the

Cascade Range to almost as far east as the Columbia River in

WA (Figure 3A; Table 1). The eight sites were selected to sample

a gradient of climate conditions across the North Cascades EPA

Level III ecoregion. The sites extend from the warmer and wetter

western slopes of the Cascade Range across the eastern slopes of

the Cascade Range, where the climate begins to transition to the

colder continental conditions of the Rocky Mountains to the east

(Figures 3B, C).

The transect of sites also samples the diverse assemblage

of forest species compositions and densities that follows the

gradient of climate conditions across the Cascade Range (Franklin

and Dyrness, 1973; Figure 3D). With spatially continuous

warm temperatures and abundant precipitation, Western

Cascades forests grow at high density, and species composition

varies primarily with elevation. These forests are dominated

by relatively few conifer species, including western hemlock

(Tsuga heterophylla), Douglas-fir (Pseudotsuga menziesii), and

Pacific silver fir (Abies amabilis), and forest structure is strongly

influenced by previous or active timber harvest. In the Eastern

Cascades, less precipitation and clearer sky conditions result in site

conditions that vary more with elevation, topographic position,

and longitude, and results in greater species diversity and variable

forest productivity (Agee, 2003; Table 1). Eastern Cascade forests

range from cold, wet forests dominated by subalpine fir (Abies

lasiocarpa) and Engelmann spruce (Picea engelmannii) at higher

elevations, to Grand fir (Abies grandis) and Douglas-fir forests

at mid-elevations, and Ponderosa pine (Pinus ponderosa) forests

at lower elevations, south-facing slopes, and eastern longitudes.

Forest structure in the Eastern Cascades is also influenced by

the natural, mixted-severity fire regime (Perry et al., 2011), along

with a legacy of fire suppression and the resulting shift to lower

frequency and higher severity fires (Everett et al., 2000).

The eight study sites include one site located on the western

slopes of the Cascades [Mount Gardner (MG)] and one at the

Cascade Crest [Snoqualmie Pass (SQ)]. Observations at these sites

were intended primarily for comparison to previous field studies

at these sites, particularly MG, where snow storage differences

between a forest gap and the adjacent higher density forest
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O
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0

O
b
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:
W
Y
2
0
2
1

Mount

Gardner

(MG)

890 Pacific silver fir/western hemlock

zone. Located on the western

slopes of the Cascades. Three plots

clustered within 100m of each

other on a south-facing hillslope.

Second-growth forest is

approximately 55 years old,

dominated by Pacific silver fir;

western hemlock, Douglas-fir, and

western red cedar present. Located

in the Cedar River HUC-10 Unit

and co-located with SNOTEL

station 920.

1 forest

plot

MG-F 10% 160 Forest plot consisting of dense,

naturally regenerated forest with

no understory vegetation.

PSME

ABAM

TSHE

ALRU

1370 60 23 25 4 2 100 22.2 25.0 2.4 x x x

1 thinned

plot

MG-T 10% 190 Approximately 30% of the basal

area was removed from the thinned

plot; largest trees retained. Some

understoy vegetation.

PSME

TSHE

ABAM

890 41 26 28 6 2 87 17.9 21.0 4.0 x x x

1 gap plot

(SNOTEL

site)

MG-G 10% 110 An oblong gap approximately 30m

x 20m in size the surrounding

second-growth forest. The snow

pillow is located just to the

northwest of the plot.

1.1 PSME

TSHE

ABAM

ALRU

25 na 42 12.3 22.6 7.3 x x x

Snoqualmie

Pass (SQ)

910 Pacific Silver fir zone. Located on

the crest of the Cascade Range at

Snoqualmie Pass co-located with

an NWACmeteorological station.

Two flat plots within 50m of each

other within 100m of Interstate-5

at the Pass. Large old growth trees

rim the north western edges of the

gap. Buildings, a gravel lot, and a

meadow rim the east and southern

edges.

1 forest

plot

SQ-F 0% Stand of big trees located between

gap plot and Interstate-5. Dense

multi-level canopy with large old

trees. Vaccinium spp. understory.

ABAM

TSME

TSHE

764 133 35 24.5 6 2 100 21.9 31.4 7.3 x x x

1 gap plot

(NWAC

met

station

site)

SQ-G 0% A 40m diameter gap with

meterological station snow depth

sensor located in the middle. Gap

has no trees on the southern edge

(parking lot). Grasses and

herbaceous species dominate.

1.3 PSME

ABAM

28 na na 10 4.8 7.0 1.7 x x x

Sasse Ridge

(SR)

1320 Douglas fir/western hemlock forest

zone. Located east of the Cascade

crest. Three plots clustered within

100m of each other on a

western-facing hillslope. Patchy

areas of forest and burns from 2017

Jolly Mountain Fire. Located in the

Cle Elum River HUC-10 Unit and

co-located with SNOTEL station

734.

1 forest

plot

SR-F 10% 270 Forest plot of multi-aged stand

with small canopy openings

multi-layered canopy; moderate

understory vegetation mostly

Vaccinium spp.

PICO

PIPO

ABGR

2000 25 15 7 15 7 77 10.5 20.1 6.6 x x x
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2
1

1 burned

plot

SR-B 10% 270 Forest stand burned in 2017; low

severity burn; mix of standing

burned trees and live trees, little

understory vegetation.

PICO

PIPO

ABGR

1200 15 20 8 43 11 68 7.6 15.3 4.8 x x x

1 gap plot

(SNOTEL

site)

SR-G 10% 280 A 50m diameter gap with the snow

pillow located in the middle of

meadow, dominated by herbaceous

species grasses.

2.8 PICO

PIPO

ABGR

8 70 na 7 6.0 8.1 1.8 x x x

Fish Lake

(FL)

1030 Pacific silver fir/mountain hemlock

forest zone. Located east of the

Cascade crest. Large old growth

stand of trees near valley-bottom

meadow with steep valley slopes.

Three plots located within 100m of

each other on the southwest-facing

toe of the valley slope. The site is

located at∼30m above valley floor

elevation. Overall forest structure is

a mature stand with mixed clumps

and gaps. Located in the Cle Elum

River HUC-10 Unit and co-located

with SNOTEL station 478.

1 forest

plot

FL-F 20% 220 Sparse forest 45m uphill from

snotel; very large trees with high

tree canopy and few understory

trees and large downed logs.

PSME

ABAM

ABLA

PIEN

CHNO

646 83.3 27 26.3 16 2 na na na na x x x

1 dense

forest

plot

FL-D 30% 220 Dense forest plot with large and

small tree cover, 10–15m gap on

east side of plot but most of plot

has fairly continuous canopy cover.

ABAM

PSME

TSHE

547 53 29.7 24.5 7 2 na na na na x x x

1 gap plot

(SNOTEL

site)

FL-G 5% 220 An oblong gap approximately 30m

x 20m in size. The snow pillow is

located just to the northwest of the

plot.

1.0 ABAM

PSME

TSHE

26 28 na na na na na x x x

Cle Elum

Ridge -

North-Facing

(CER-N)

920 Douglas fir- Pondersosa Pine forest

zone. Located east of the Cascade

crest. North-facing steep slope with

mixture of overly dense third

growth dry forest, thinned forest

logging corridors, and recently

harvested clear cut. Three plots

within 150m of each other, located

below but within 100m of forested

ridgeline. Not co-located with a

SNOTEL or NWAC station.

Located in the Middle Fork

Teanaway River - Teanaway River

HUC-10 Unit and not co-located

with a meteorological station.

1 forest

plot

CN-F 50% 0 Steep-sloped dense forest plot

dominated by small diameter tree

stems (5–30 cm) with several small

gaps in canopy and deceased trees.

Upper canopy dominated by

Douglas fir with a lower canopy

dominated by Grand fir. Plot just

downhill from ridgeline.

Understory sparse; dominated by

Oregon grape (Mahonia

aquifolium).

ABGR

PSME

2487 33.9 9.2 16.2 22 6 100 21.2 25.1 4.0 x x

1 thin

forest

plot

CN-T 50% 0 Steep-sloped plot located in a

thinned yarding corridor. Plot is

dominated by large Douglas-fir

trees (30–40 cm DBH) with canopy

gaps (5–8 diameter) present

throughout plot. Understory

dominated by Oregon grape

(Mahonia aquifolium) and Ocean

spray (Holodiscus discolor).

PSME 348 38.2 36.4 19.3 30 7 64 13.3 21.5 6.2 x x
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1 gap plot CN-G 50% 10 Steep-sloped gap plot, oblong, 30m

x 10m in size dominated by grasses

within a regenerating clearcut. Plot

is ringed by small conifers.

Temperature sensor grid is 12m x

12m extending to gap edges on all

sides. The plot is further downhill

from ridgeline than thinned forest

plots.

0.9 PSME

ABGR

4.9 68 5 28 5.4 10.4 3.9 x x

Cle Elum

Ridge -

South-Facing

(CER-S)

910 Douglas fir- Pondersosa pine forest

zone. Located east of the Cascade

crest. South-facing

medium-steepness slope with

patches of dense 3rd growth forest

thinned forest areas open

grass-dominated meadows. Three

sloped study plots within 40m of

each other within 200m of

ridgeline. Not co-located with a

SNOTEL or NWAC station.

Located in the Kachess River -

Yakima River HUC-10 Unit not

co-located with a meteorological

station.

1 forest

plot

CS-F 30% 210 Multi-layered closed canopy

comprised of 14–15 Ponderosa

pine and Douglas fir (4–40 cm

DBH) trees. Understory includes

vine maple (Acer circinatum) and

willow (Salix spp.) thickets. Gap

plot is located north of forest plot

edge.

PSME

PIPO

796 46.2 22.4 20.6 20 3 94 15.4 21.8 5.4 x x

1 sparse

forest

plot

CS-T 30% 210 Fairly open, south-facing forest

plot contains three large trees (∼

30–40 cm DBH) near plot center,

willow shrubs (Salix spp.), and

some individual trees. Understory

dominated by grasses. Two large

Ponderosa pines are located

downslope/south of plot.

PIPO

PSME

199 18.5 33 17.6 46 6 55 12.5 19.2 5.2 x x

1 gap plot CS-G 20% 220 Large south facing gap plot, 50m x

40m in size with one individual

Ponderosa pine (30 cm DBH)

within plot perimeter. Plot

dominated by herbaceous

understory grasses; small patch of

low willow shrubs in center.

2.2 PIPO 16 70 5 17 9.5 15.2 4.9 x x

Blewett Pass

(BP)

1290 Grand fir forest zone. Located east

of the Cascade crest on a windy

ridgetop that marks the boundary

between the Yakima and

Wenatchee River basins. Two

adjacent plots located within 20m

of each other, slightly to the north

of the watershed divide in a

northwest-facing, slightly concave

landform. Located in the Peshastin

Creek HUC-10 Unit and

co-located with SNOTEL station

352.

1 forest

plot

BP-F 20% 270 Dense stand of Grand fir and

western white pines. Significant

gaps on southern (SNOTEL gap)

and northwestern perimeter of

plot. Sparse herbaceous understory.

ABGR

PIMO

PSME

2238 42.3 11.9 12.6 12 6 97 15.4 21.0 5.2 x x x
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1 gap plot

(SNOTEL

site)

BP-G 5% 280 SNOTEL gap is located in a damp,

topographic depression.

Depression forms a small

headwater cirque and is dominated

by willow shrubs. Gap size is

approximately 10m x 10m.

0.5 ABGR

PIMO

PSME

12.6 38 na 17 6.3 13.4 4.2 x x x

Pope Ridge

(PR)

1090 Grand fir/Douglas fir zone. East of

the Cascade crest. Three relatlively

flat study plots located within

200m of each other on a

south-facing hillslope. Patchy

second growth forest surrounded

by large, high severity burn that

occurred in 2014. Standing burned

trees continued to fall throughout

study period. Located in the Entiat

River HUC-10 Unit and co-located

with SNOTEL station 699.

1 forest

plot

PR-F 10% 210 Ponderosa pine and wide-canopy

grand firs at edge of burn on

southern edge of plot. No

understory vegetation. Two large

live trees fell during year 2

observation period. Sparse

understory.

PIPO

ABGR

298 44 42.6 23.9 27 11 85 20.2 24.4 3.5 x x

1 burned

plot

PR-B 20% 210 High severity burned forest plot

2014. Plot is dominated by

standing dead Ponderosa pine with

charred logs and stumps and a

vigorous understory of Ceonothus

velutinus.

PIPO

ABGR

44 12.5 40 20.7 64 4 61 15.2 20.8 4.4 x x

1 gap plot

(SNOTEL

site)

PR-G 5% 50 Plot located at edge of large burn

area. Standing burned/dead trees

located around southern and

western plot perimeter; live trees

along north and east side of gap.

Gap is oblong. Quantified the gap

diameter counting the dead trees as

perimeter, size is 25 x 15m. Tree

cover is sparse where the trees are

dead.

0.9 PIPO 20 58 na 17 13.4 24.0 8.2 x x

1Tree species: ABAM, Abies amabilis (Pacific silver fir); ABGR, Abies grandis (Grand fir); ABLA, Abies lasiocarpa (Subalpine fir); ALRU, Alnus rubra (Red alder); CHNO, Chamaecyparis nootkatensis (Alaska yellow cedar); PICO, Pinus contorta (Lodgepole pine);

PIEN, Picea engelmannii (Engelman spruce); PIMO, Pinus monticola (Western white pine); PIPO, Pinus ponderosa (Ponderosa pine); PSME, Pseudotsuga menziesii (Douglas fir); TSHE, Tsuga heterophylla (Western hemlock); TSME, Tsuga mertensiana (Mountain

hemlock).
2The sampling domain varied between field surveys at different sites with circular domains of 12m radius at SR, one 8m× 25m transect in each forest type at PR, and circular sampling domains of 8m radius in every plot at all other sites.
3Hemispherical photo-derived metric; note that 100-Gap Fraction= % Canopy.
4Lidar-derived forest metrics. No lidar data were publicly available for FL as of the end of W Y2021.
5Water years (WY) for which field-based snow observations were collected.
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(hereafter, relative snow storage) is well-characterized (Dickerson-

Lange et al., 2015b, 2017). Six additional sites are the focus of this

investigation and are located across the Eastern Cascades: Fish Lake

(FL), Sasse Ridge (SR), Cle Elum Ridge North (CER-N), Cle Elum

Ridge South (CER-S), Blewett Pass (BP), and Pope Ridge (PR).

The two sites at Cle Elum Ridge are located <500m from each

other on north- and south-facing slopes at similar elevations and

were selected to observe relative snow storage differences based on

aspect. Topographic position and heat load index (McCune and

Keon, 2002) were characterized from 10m digital elevation models

(DEMs) from the United States Geological Survey (USGS) National

Elevation Dataset (NED; http://nationalmap.gov/elevation.html)

to aid in site selection. Although some sites were located on

a hillslope, plots were generally flat to gently sloping, except

for the FL forest plot, which was moderately sloped but also

topographically shaded near the toe of the valley wall, and the

CER-N and CER-S plots which were intended to characterize

aspect differences (Table 1). Six out of eight sites are co-located

with either a National Resource Conservation Service (NRCS)

SNOw TELemetry (SNOTEL) or a Northwest Avalanche Center

(NWAC) meteorological and snow observation station. Snow

depth observations from acoustic sensors were used from the

SNOTEL and NWAC stations, along with snow water equivalent

(SWE) from snow pillow observations at SNOTEL sites.

Within each of the eight sites, we designated 2–3 plots, each

approximately 15m × 15m (0.03 ha), based on types of forest

canopy densities at each site (Table 1). The plots were selected

to represent the range of forest densities present at each site,

including from highest to lowest canopy density: un-thinned forest,

thinned forest, burned forest, and forest gaps (Figure 4). Gap plots

encompassed circular to elliptical open areas with a ratio of gap

diameter to surrounding tree height ranging from 0.5 to 2.8. Snow

observations within gap plots were located inside the boundaries of

a gap. Each plot was initially designated based on qualitative field

observations of canopy density; forest species composition, stem

density, and canopy density were then quantified from field- and

lidar-based metrics. Plots were selected to maximize proximity to

one another within the site, and to maximize similarity in elevation,

slope, and aspect across the site.

Field-based snow observations

The overall design of the study was to observe and compare

snow storage magnitude and duration across a transect of eight

sites and between 2 and 3 plots located at each site. We quantified

snow storage magnitude via observations of peak snow depth,

and quantified snow storage duration via observations of snow

disappearance timing. Comparisons across the transect of sites

were used to characterize variability associated with climate,

topographic position, and longitude. Comparisons between plots

at the same site were used to isolate the local effect of forest canopy

density on snow storage. The decision to use snow depth rather

than SWE to quantify snow storagemagnitude was based on limited

winter access to the sites, previous work that indicates that snow

density is less spatially variable than snow depth (Elder et al.,

1998; Sturm et al., 2010; López-Moreno et al., 2013), and sensitivity

testing that indicates snow depth is robust for relative comparisons

of snow storage across forest densities (see supporting information

in Dickerson-Lange et al., 2017).

At each plot we deployed remote instrumentation to observe

a time series of snow depth, snow presence, and air temperature.

With eight sites that span a west-to-east distance of 80 km, we

used low-cost instrumentation to characterize overall patterns of

relative snow storage at a plot scale. Snow depth was measured

using time lapse cameras recording sub-daily images of PVC poles,

which were marked at 5 cm increments (Figure 4). Three or more

poles were deployed at each plot within the field of view of the

cameras, except for gap plots, which were co-located with SNOTEL

or NWAC stations.

Placement of the poles was determined by qualitative

assessment of the canopy distribution and an aim to represent the

conditions present. At most gap plots, a single pole was deployed

to supplement the acoustic snow depth sensor, and snow depth

values reflect the center of the gap rather than at the edges. At the

CER gap plots, the poles were deployed in an approximate east-

west transect of the middle of the gap. Previous work indicates that

observations at the center of the gap are likely to reflect maximum

snow storage magnitude (Mazzotti et al., 2019). We assume that

observations from the center represent the median snow storage

duration, between the range of earlier snow disappearance timing

near the north edge and later timing near the south edge, but

previous high-resolution observations and modeling also highlight

substantial spatial variability associated with forest edges, aspect,

and wind conditions (Currier and Lundquist, 2018). For a given

forest plot, typically one pole was deployed directly under a canopy

opening, one pole was deployed under canopy but away from a tree

trunk, and one pole was deployed adjacent to a tree trunk. For each

pole, a daily time series of snow depth, determined to the nearest

5 cm, was extracted via visual processing (Figure 5). Snow depth

values from the poles were aggregated to a daily time series of plot-

scale median snow depth, fromwhich themaximum value was used

to identify the timing and magnitude of peak snow depth (PSD) for

the plot. Snow disappearance day (SDD) was determined as the day

when the plot-scale median snow depth reached zero.

Since the measurement poles sample snow depth at only

a few points within a given plot, we additionally deployed

ground temperature sensors in an evenly spaced grid at each

plot to quantify snow duration by inferring snow presence or

absence based on ground temperature (Lundquist and Lott, 2008).

Measurement poles were also used for determining snow duration

at each point and additional extraction of distributed SDD is

possible via image analysis (e.g., Raleigh et al., 2013). However,

we implemented the ground temperature approach to provide

redundancy for inevitable field instrumentation challenges and to

cover a larger spatial footprint than is visible in the field of view

of a camera, particularly in dense forest. We used waterproof

temperature sensors with onboard dataloggers (Onset Hobo 64K

Pendant Temperature Data Logger, # UA-001-64) buried 1–2 cm

below the ground surface. Three rows of 6–9 sensors were deployed

and marked with stakes in each plot, with 5m spacing based

on previous findings of maximum spacing to observe plot-scale

snow duration in diverse forest types (Dickerson-Lange et al.,
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FIGURE 4

Examples of plots and methods, including (A) time lapse photograph at the SR forest plot (SR-F) taken on 19 May 2020 facing north, (B) hemispherical

photo at SR-F with north oriented to top of photograph, (C) time lapse photograph at the SR gap plot (SR-G) taken on 19 May 2020 facing northwest,

and (D) hemispherical photo at SR-G with north oriented to top of photograph. Some snow depth time series include periods of missing data due to

camera malfunction, snow over-topping the poles or cameras, or (E) damage from bears.
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FIGURE 5

Example comparison of snow depth observed in a gap plot (blue line) and a forest plot (green line) at two sites: Mount Gardner (MG) in the Western

Cascades and Blewett Pass (BP) in the Eastern Cascades. Metrics that were used to quantify relative snow storage di�erences between plots include

Peak Snow Depth Ratio (PSDR) to compare snow storage magnitude and 1SDD to compare snow storage duration. Example di�erences in

accumulation and ablation rates between the gap and forest plots are also annotated.

2015b). We inferred snow presence at a daily time scale based

on 3 criteria: diurnal temperature range below 1.5◦C, maximum

daily temperature below 1.5◦C, and a minimum of 48 continuous

hours where both temperature criteria are met (Lundquist and Lott,

2008; Raleigh et al., 2013). Snow disappearance day (SDD) was

identified from each sensor location as the last day with snow in a

given season, excluding any isolated late season snow accumulation

events that occur after the perennial snow has disappeared from the

site. Plot-scale SDD were computed as the median values across all

the sensors at the plot.

For gap plots that were co-located at SNOTEL or NWAC sites

(e.g., Figure 4C), poles and timelapse cameras were deployed and

processed only for verification of snow depth methods, and ground

temperature sensors were not deployed. Snow depth derived from

the time lapse cameras was compared to snow depth from the

acoustic snow depth sensors to verify that the camera method

produced similar results. SDD in those gap plots was determined

from snow depth from acoustic instruments and cross-checked

against the time series of snow water equivalent from snow pillows.

Using snow depth and snow disappearance timing, we

compared absolute snow storage magnitude and duration across

sites and between plots. Across sites, focusing on the gap plot

at each site only, we compared the peak snow depth (PSD) and

SDD to quantify differences in absolute snow storage magnitude

and duration associated with climate, topographic position,

and longitude.

We compared relative snow storage magnitude and duration

between plots at the same site to isolate differences associated with

variable forest canopy density. We quantified relative differences

in snow storage magnitude via the peak snow depth ratio (PSDR),

given as:

PSDR =
PSDGap

PSDForest
(1)

where peak snow depth (PSD) in the gap plot is divided by PSD

in each of the forest plots, including un-thinned, thinned, and

burned forest plots (Figure 5). Gap plots represent the lowest forest

density of any of the plots and are the equivalent of the “open” plots

presented in Lundquist et al. (2013) and Dickerson-Lange et al.

(2017). We quantified relative differences in snow storage duration

by comparing the difference SDD (1SDD), given as:

1SDD = SDDGap − SDDForest (2)

where the SDD in each of the forest plots, including un-thinned,

thinned, and burned forest plots, is subtracted from SDD in the gap

plot (Figure 5).

At most plots, we deployed one air temperature sensor

(same HOBO model) hanging from a conifer tree at a height

of approximately 2m using an inverted funnel with holes as a

radiation shield (Lundquist andHuggett, 2010). These observations

were used to assess site-scale temperature variability and to check

for plot-scale differences in air temperature due to cold air pooling

that may contribute to the snow storage differences that would

otherwise be attributed to forest type.

Forest characterization

At each plot we characterized forest structure and composition

of tree species. We recorded tree species, stem diameter

at 1.4m above ground, and tree height for all trees taller

than 1.4m that were located within the sampling domain

at each plot. From these observations we calculated forest

metrics that include density [trees per hectare and basal

area (m2ha−1)], mean stem diameter, and mean tree height.

Tree species were ranked by their contribution to total plot

basal area.
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Hemispherical photography and digital image analysis were

used to quantify canopy gap fraction at the location of each

individual observation (Figures 4B, D). Photographs were taken

facing vertically upward at each of the 6–9 ground temperature

sensor locations within each plot and at each snow pole location.

Photographs were taken during the first installation of plot

instrumentation, which occurred during the autumn season, using

a Nikon 60D DSLR camera mounted with a Sigma 4.5mm f2.8

hemispherical lens attachment. The camera was leveled using

a tripod and bubble levels with the top of the photo facing

north (azimuth of 0◦). Five photos were taken across a range

of camera exposure settings (−2, −1, 0, 1, 2) to reduce effects

of sun angle and varying sky conditions, and because automatic

exposure has been demonstrated to prevent accurate estimates

of gap fraction (Chen et al., 1991). Due to the remoteness of

the field sites and limited field time, photographs were taken

opportunistically under sky conditions that ranged from sunny to

overcast rather than the ideal scenarios of overcast sky conditions

or during dawn or dusk. Hemispherical images were analyzed

to quantify gap fraction using ImageJ v. 1.48 software (http://

imagej.nih.gov/ij/), along with the Hemispherical_2.0macro plugin

(Beckschafer, 2015). The plugin registers and crops the images

to remove the black frame surrounding the image margin, splits

out the blue color frame to obtain the largest contrast between

vegetation and sky (Brusa et al., 2014), binarizes the image and

applies a thresholding algorithm to classify vegetation and sky

(Glatthorn and Beckschäfer, 2014), and reports the total gap

fraction (%).

Plot-scale forest metrics were also derived from 1m lidar-

derived digital surface models (DSM) and DEMs, where available

via the WA Department of Natural Resources (https://lidarportal.

dnr.wa.gov/). Tree height was calculated as the difference between

the DSM, which represents the highest lidar return value and

therefore the highest vegetation in each pixel, and the DEM,

which represents the lowest lidar return value or the bare earth

topographic surface. Canopy cover was estimated as the proportion

of 1m pixels with vegetation height >2m to the total number of

pixels in each plot.

Results

Absolute snow storage di�erences
between sites

Absolute snow storage magnitude and duration varied between

sites and years and is characterized here by comparing observations

at the gap plots across all sites. The greatest snow storagemagnitude

and longest duration snow storage was observed at SQ, at the

Cascade Crest, and FL and SR, in the Eastern Cascades in WY

2019–2021 (Figure 6, Table 2). Peak snow depths in the gap plots

at these sites ranged from 190 to 360 cm, and SDD occurred in

May or early June (Table 2). Moderate snow storage magnitude and

duration was observed at MG, in the Western Cascades, and CER-

N, BP, and PR, in the Eastern Cascades. Peak snow depths were

similar at these sites, with values that ranged from 90 to 145 cm in

the gap plots. In all years, snow disappearance at MG, CER-N, BP,

and PR occurred in mid- to late-April, which was approximately

3 to 4 weeks earlier than at SQ, FL, and SR (Figure 6). One site,

CER-S, was an outlier with the lowest snow storage magnitude and

duration. At this south-facing site located in the Eastern Cascades

near CER-N, peak snow depth that ranged from 55 to 60 cm and

snow disappearance occurred in late February and early March

(Figure 7).

Relative snow storage di�erences between
plots at the same site

Relative differences in snow storage between plots at the

same site, which are subject to similar climate conditions and

incoming radiation, demonstrate the effect of forest density.

Relative differences varied by site, and we present results as three

groups of sites: (1) Western Cascades and Cascade Crest (MG

and SQ), (2) Eastern Cascades (FL, SR, BP, and PR), and (3)

Cle Elum Ridge (CER-N and CER-S). The two sites at Cle Elum

Ridge are treated separately because of the contrast in aspect. Key

results are summarized, and all observed values for snow storage

magnitude and duration are reported in Table 2, with missing data

at some plots and years due to instrument malfunction (e.g., battery

failure, bear interference (Figure 4), snow overtopping poles). With

2–3 years of observations at all sites, interannual variability of

weather contributes to variability in results, but overall patterns of

relative snow storage were consistent; meteorological observations

to characterize each winter are given in Table 2.

Western Cascades and Cascade Crest (MG and
SQ)

Relative snow storage magnitude and duration was greater at

theMG gap plot than either of theMG forest plots in all 3 years. The

Peak Snow Depth Ratio (PSDR) indicated there was 1.5x greater

snow storage in the gap plot as compared to the forest plot and

1.2 to 1.4x greater snow storage in the gap plot as compared to

the thinned plot (Figure 6). Snow storage duration was 10–17 days

longer in the gap than the un-thinned forest and 6–16 days longer

in the gap than the thinned forest. These observations of relative

snow storage are consistent with previous work at the MG site

and in the western Cascades (Dickerson-Lange et al., 2015a,b). The

longer snow duration in the gap is attributed to greater peak snow

storage, due to higher snow accumulation rates, combined with

higher rates of ablation in the forest plots during mid-winter melt

events (Figure 6; e.g., note steeper declines in snow depth in the

forest plot during January to early February melt event).

At the SQ site, located at a pass on the crest of the Cascades,

peak snow storage was 1.6 to 1.8x greater in the gap, but snow

storage duration was slightly longer in the forest in all years, with

1SDD values −6 to −2. The longer snow duration in the forest is

explained by a steeper ablation rate in the gap that counterbalances

the higher accumulation rate in the gap (Figure 6). This relative

difference between the forest and gap plots at SQ contrasts with

previous observations of a PSDR of 2.9 and snow storage duration

as 28 days longer in the gap (Dickerson-Lange et al., 2017);

however, those observations were collected during the warmest
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FIGURE 6

(A) Longitude and DJF mean temperature of the sites included in this study, with color showing elevation. (B) Snow depth during WY2020 from

timelapse cameras and stations, arranged left to right approximately by longitude and excluding the two CER sites which are presented separately in

Figure 7; lines reflect median values for each plot and colored envelope indicates range (see Table 2 for number of observations at peak depth and at

SDD for each plot). (C) Snow disappearance day (SDD) during WY 2020 as a function of gap fraction over each observational location, at each site

(excluding CER), arranged left to right by longitude, with colors indicating plot type.
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TABLE 2 Snow depth and snow duration from snow poles, snow stations, and ground temperature sensors for WY 2019-2021.

Site Plot Meterological

observations1
Snow depth from snow poles and stations Snow duration from snow

poles and stations
Snow duration from ground temperature

sensors

Mean
DJF air
temp
(◦C)

Peak
SWE
(cm)

Peak
median
snow
depth
(cm)

Number
of

depth
obs

Peak
snow
depth
range
(cm)

PSDR Median
SDD

Number
of SDD
obs

1SDD
from
Snow
Poles

Median
SDD

Standard
deviation
SDD
(days)

Number
of SDD
obs

1SDD
from

ground

temperature2

a. WY 2019

BP Forest 93 2 90-95 1.5 15-April 2 9 18-April 7.1 9 6

BP Gap −2.4 43 135 2 130-140 24-April 1

FL Dense 145 1 1.5 9-May 3 9 13-May 6.4 6 5

FL Forest 0 5-May 3 13 4-May 7.1 6 14

FL Gap −2.3 63 220 1 18-May 1

MG Forest 85 3 85-100 1.5 1-April 3 19 3-April 2.0 7 17

MG Gap 0.3 30 125 2 120-130 20-April 1

MG Thin 105 3 95-105 1.2 3-April 3 17 4-April 3.2 8 16

PR Burned 155 1 0.9 0 19-April 3.4 6

PR Forest 105 3 65-140 1.3 15-April 3 10 10-April 7.9 7 15

PR Gap −3.2 39 140 1 25-April 1

SQ Forest 153 2 140-165 1.7 9-May 3 −4 7-May 5.3 8 −2

SQ Gap −2.1 80 265 1 5-May 1

SR Burned 0 7-May 3 11 8-May 4.3 8 10

SR Forest 0 10-May 2 8 15-May 7.2 7 3

SR Gap −2.7 65 253 2 220-285 18-May 1

b. WY 2020

BP Forest 67.5 2 65-70 1.4 11-April 2 7 10-April 5.2 7 8

BP Gap −0.7 31 92.5 2 90-95 18-April 1

CER-

N

Forest 1.3 60 3 55-75 1.5 19-March 3 27 4-April 0.0 9 13

CER-

N

Gap 27 90 2 85-95 15-April 2 17-April 2.1 9

CER-

N

Thin 0.1 50 3 20-60 1.8 16-March 3 30 18-March 5.8 9 30

(Continued)
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TABLE 2 (Continued)

Site Plot Meterological

observations1
Snow depth from snow poles and stations Snow duration from snow

poles and stations
Snow duration from ground temperature

sensors

Mean
DJF air
temp
(◦C)

Peak
SWE
(cm)

Peak
median
snow
depth
(cm)

Number
of

depth
obs

Peak
snow
depth
range
(cm)

PSDR Median
SDD

Number
of SDD
obs

1SDD
from
Snow
Poles

Median
SDD

Standard
deviation
SDD
(days)

Number
of SDD
obs

1SDD
from

ground

temperature2

CER-

S

Forest 0.4 35 3 15-35 1.6 25-Feb 3 1 15-March 8.5 9 0

CER-

S

Gap 0.8 17 55 3 35-55 26-Feb 3 15-March 7.5 9

CER-

S

Thin 0.7 25 2 15-35 2.2 25-Feb 2 1 15-March 14.8 9 0

FL Dense 200 1 1.0 12-May 3 9 19-May 8.3 4 2

FL Forest 187.5 2 185-190 1.0 10-May 3 11 15-May 9.6 6 6

FL Gap −1.0 70 190 1 21-May 1

MG Forest 70 3 70-75 1.5 8-April 3 20 12-April 5.1 7 16

MG Gap 1.3 29 107.5 2 95-120 28-April 1

MG Thin 87.5 2 85-90 1.2 17-April 3 11 16-April 1.8 5 12

PR Burned 125 1 0.8 19-April 1 1 13-April 5.4 4 7

PR Forest 80 3 45-110 1.3 11-April 3 9 11-April 14.9 6 9

PR Gap −1.1 31 105 1 20-April 1

SQ Forest 135 3 105-160 1.6 17-May 3 −7 16-May 6.2 9 −6

SQ Gap −0.7 63 210 1 10-May 1

SR Burned 205 1 1.0 9-May 3 7 9-May 5.3 7 7

SR Forest 175 1 1.2 11-May 2 5 19-May 5.0 7 −3

SR Gap −1.5 68 210 2 200-220 16-May 1

c. WY 2021

BP Forest 105 2 95-115 1.3 20-April 2 −1 19-April 4.4 6 0

BP Gap −1.6 39 135 1 19-April 1

CER-

N

Forest 70 3 65-75 12-April 3 9 11-April 9.9 9 13

(Continued)
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TABLE 2 (Continued)

Site Plot Meterological

observations1
Snow depth from snow poles and stations Snow duration from snow

poles and stations
Snow duration from ground temperature

sensors

Mean
DJF air
temp
(◦C)

Peak
SWE
(cm)

Peak
median
snow
depth
(cm)

Number
of

depth
obs

Peak
snow
depth
range
(cm)

PSDR Median
SDD

Number
of SDD
obs

1SDD
from
Snow
Poles

Median
SDD

Standard
deviation
SDD
(days)

Number
of SDD
obs

1SDD
from

ground

temperature2

CER-

N

Gap −1.3 44 145 1 21-April 1 24-April 2.2 8

CER-

N

Thin −1.4 50 3 30-70 12-April 3 9 12-April 5.6 8 12

CER-

S

Forest −1.1 35 3 30-35 12-March 3 5 11-March 4.4 9 8

CER-

S

Gap −0.7 18 60 3 45-65 17-March 3 19-March 5.9 9

CER-

S

Thin −0.8 35 3 20-70 5-March 3 12 16-March 9.4 8 3

FL Dense 300 1 1.0 5-June 3 −4 6-June 6.1 8 −5

FL Forest 300 1 1.0 21-May 3 11 25-May 7.4 8 7

FL Gap −1.6 104 310 1 1-June 1

MG Forest 85 3 80-85 1.5 18-April 3 10 25-April 1.4 2 3

MG Gap 0.9 37 130 1 28-April 1

MG Thin 95 3 65-95 1.4 22-April 3 6 22-April 1.5 3 6

SQ Forest 200 2 195-205 1.8 9-June 3 −10 4-June 6.2 7 −5

SQ Gap −1.3 108 360 1 30-May 1

SR Burned 25-May 3 7 22-May 6.7 8 10

SR Forest 1-June 6.1 5 0

SR Gap −0.6 108 320 1 1-June 1

Peak snow depth ratio (PSDR) and delta snow disappearance date (1SDD) compare gap metrics to forest plot metrics, and are reported in rows for forest plots. See text for explanation of metrics. 1Aggregated from mean daily values observed at the SNOTEL stations

located at Gap plots (BP, FL, MG, PR, SR), the NWAC station located at the SQ Gap plot, and Hobo air temperature sesnsors (CER-N, CER-S). Peak SWE is extracted from snow pillow measurements, except for at SQ, CER-N, and CER-S, where observed peak snow

depth at the NWAC station (SQ) or the snow poles in the gap plot (CER-N, CER-S) was multiplied by an assumed density of 30% to provide a reasonable comparison to other SWE observations for the purpose of characterizing inter-site and interannual variability.
2This value is computed by comparing the SDD in the gap (i.e., from snow poles at all sites except CER-N and CER-S) to the SDD in the non-gap (i.e., from temperature sensors at all sites), and is the value reported in the text because SDD from temperature sensors

encompasses more spatial variability at the plot-scale. For MG in WY2021, the 1SDD from snow poles is used because of the low number of functional temperature sensors.
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FIGURE 7

Snow observations during WY 2020 at the Cle Elum Ridge (CER) sites, each of which includes a forest, thinned forest, and gap plot, including snow

depth (A), snow disappearance timing as a function of gap fraction (B), and afternoon photographs from 17 February 2020, which was the day after a

storm, at the south-facing gap plot (C), and the north-facing gap plot (D).

winter on record in the Cascades (WY 2015) when DJF mean air

temperature at SQ was 0.5◦C.

Eastern Cascades (FL, SR, BP, and PR)
In the Eastern Cascades, relative differences in both snow

storage magnitude and duration were small between forest and gap

plots at FL and SR, which are located within 20 km of the Cascade

Crest (Table 2). At both sites, PSDR ranged from 1.0 to 1.5, with

a median of 1.0 across the two sites and three winters. Relative

differences in snow storage duration as quantified by1SDD ranged

from−5 to 14 days, with a median value of 3 days longer in the gap

as compared to the forest plots.

Farther to the east, at BP and PR we observed greater relative

snow storage magnitude in the gap plots but similar snow storage

duration between gap and forest plots. The PSDR ranged from 1.3
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to 1.5, with a median of 1.3, and 1SDD ranged from −3 to 8 days,

with a median value of 3 days longer in the gap as compared to the

forested plots.

These results reflect two scenarios for which the combined

effects of forest on snow processes resulted in similar relative snow

storage duration between forest and gap plots. In the first scenario,

illustrated by the PSDR ratios along with the time series of snow

depth at the three plots at FL (Figure 6), snow accumulation rates,

and therefore snow depth, are similar through the season, with

minimal reductions due to canopy snow interception. In WY 2021

(not shown), the ablation rate became steeper in the forest plot

as compared to the gap plot in the early spring, which resulted

in slightly reduced snow duration in the forest plot. In general,

however, both accumulation rates and ablation rates were similar

between the forest and gap plots at FL. Similar rates resulted

in similar snow storage magnitude and duration. In the second

scenario, illustrated by observations at SR, BP, and PR, snow

accumulation rates were moderately higher in the gap plots but

snow ablation rates were also higher. Forest effects on accumulation

and ablation rates balanced each other, which resulted in

moderately more snow storage magnitude and similar snow

storage duration.

Two eastern Cascade sites, SR and PR, included a burned

forest plot, in addition to the unburned forest and gap plots, to

further characterize the spectrum of forest conditions that are

present on a landscape. Relative snow storage magnitude was

similar or greater in the burned plots relative to the gap plots; PSDR

values ranged from 0.8 to 1.0. Despite having higher snow storage

magnitude, snow storage duration was shorter in the burned plots

as compared to the gap plots. Values for 1SDD ranged from 7 to

10, indicating longer duration in the gap plots. These observations

are consistent with previous work that indicates that canopy snow

interception is reduced within burned forests, resulting in similar

snow accumulation rates, but that snow ablation rates are enhanced

due to black carbon deposition and the resulting increase in net

radiation (Burles and Boon, 2011; Gleason et al., 2013, 2019). Fires

occurred in 2017 at SR and 2014 at PR (Table 1), and previous

remote sensing analysis by Gleason et al. (2019) indicates that post-

fire reductions in snow storage duration can persist for at least

10 years.

Eastern Cascades - Cle Elum Ridge (CER-N and
CER-S)

There were substantial differences in absolute snow storage on

either side of Cle Elum Ridge, with approximately 2–3x more snow

in the CER-N gap as compared to the CER-S gap, but relative

snow storage duration between the forest, thinned forest, and

gap plots located on each side of the ridge was also markedly

different (Figure 7; Table 2). At both the north-facing and south-

facing sites, there was greater snow storage magnitude in the gap

plots as compared to the forest and thinned plots. Values for

PSDR ranged from 1.5 to 2.9 (median of 2.0). However, on the

north side of the ridge (CER-N), relative snow storage duration

was longer in the gap plot as compared to the forest and thinned

forest plots, and 1SDD values ranged from 12 to 30 days (median

of 13). In contrast, on the south side of the ridge (CER-S),

relative snow storage duration was similar among forest and gap

plots and values for 1SDD ranged from 0 to 8 days (median

of 2).

The differences in both absolute and relative snow storage

between the two topographic positions are likely related to heat

load differences. At the south-facing site, air temperature was

similar or slightly higher during the winter (DJF) and consistently

higher in the spring (MA). Mean DJF maximum daily temperature

was 0.6 and −0.9◦C at the south-facing site in WY 2020 and

2021, respectively, as compared to 0.7 and −1.3◦C at the north-

facing site. Mean MA maximum daily temperature was 16.9 and

19.5◦C at the south-facing site vs. 13.8 and 16.6◦C at the north-

facing site. The observed warmer air temperatures may be partially

explained by enhanced direct radiation on the sensors at the

CER-S plots, despite using radiation shields and installing them

within the branches of conifer trees to minimize direct radiation

to the sensors. However, even within the forest plots with a more

closed canopy and minimal direct radiation to the sensors, we

observed consistently warmer air temperatures at the south-facing

site, which is likely due to enhanced solar heating and the resulting

enhanced longwave radiation from trees and non-snow covered

ground surfaces (Pomeroy et al., 2009; Webster et al., 2016). The

increased heat load on the south-facing site likely contributes to

warming of the ground surface prior to snow accumulation and

to increased ablation of the ground snowpack (Seyfried et al.,

2021).

In addition, warmer air temperatures, more direct solar

radiation, and more solar-enhanced longwave radiation on the

south side of the ridge would result in more melting of canopy-

stored snow, rather than the snow blowing or sliding off and

becoming part of the ground snowpack (Lumbrazo et al., 2022).

Photographic evidence from time-lapse cameras supports the

difference in canopy snow storage duration between CER-N and

CER-S and suggests that canopy snow melts rapidly on the south-

facing site (Figure 7). Overall, relative snow storage on the south

side of the ridge is likely dominated by effects of high heat load,

which results in enhanced ablation rates of both canopy-stored

snow and ground snowpack. In contrast, relative snow storage

on the north side of the ridge is dominated by the effects of

canopy snow interception, with enhanced accumulation rates in the

gap, along with topographic shading that diminishes differences in

ablation rates between the gap and the forest plots.

Discussion

Comparing observations to hypotheses
based on conceptual model

The relative snow storage comparisons quantified by these data

fill a spatial data gap within the transitional climate zone of the

Eastern Cascades. These data provide an observational comparison

to hypotheses for how forest-snow processes combine to influence

snow storage. The Western Cascades sites, including MG and SQ,

were previously classified within the framework based on low wind

exposure, warm winter temperatures (i.e.,≥−1◦C), and early melt

timing (i.e., majority of melt before the spring equinox). Thus, we

expected that snow storage magnitude would be much greater and
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snow storage duration would be much longer in gaps as compared

to forests at these two sites. Observations from the MG site are

aligned with this classification, and increased snow accumulation

rates in the gap combined with reduced ablation rates in the gap

relative to the forest during warm, mid-winter melt events resulted

in snow storage that was approximately 2 weeks longer in the

gap. However, at SQ, which is located at the Cascade Crest, large

increases in snow accumulation rates in the gap as compared to the

forest were more than counterbalanced by enhanced ablation rates

in the gap, which resulted in snow storage duration that was longer

in the forest. These results run counter to one winter of previous

observations of longer snow storage duration in the gap plot at

this site (Dickerson-Lange et al., 2017). The net effect of longer

snow storage duration in the forest has previously been observed

in windy environments and in colder, continental climates, but was

not expected at SQ. We speculate that the possible explanations

for this dynamic could include three factors that may have been

misrepresented by the data used for the initial classification: (1)

greater influence of wind exposure on snow deposition patterns

than the topographic curvature at the site suggests; (2) later melt

timing, which enhances the role of forest shading; or (3) variable

local weather patterns at the pass, which alternate between warmer

and wetter air masses moving from the west, and colder and drier

air masses from the east (Wayand et al., 2016, 2017).

Relative snow storage at the Eastern Cascades sites was

generally consistent with the hypothesis that snow storage

magnitude would be moderately higher in the gaps as compared

to the forest plots, but that snow storage duration would be

approximately equal. This hypothesis is based on the balanced

effect that forests have on snow processes in colder climate

conditions. Under-canopy accumulation rates are reduced, but not

as drastically as in maritime climates where snow cohesion and

therefore canopy snow interception rates are very high. Lower

under-canopy accumulation rates are coupled with reduced under-

canopy ablation rates, which results in approximately equal snow

storage duration between gap and forest plots. At all of the sites

across the Eastern Cascades except for CER-N, which is north

facing, we observed relative snow storage duration differences of

a few days to up to two weeks between gap and forest plots. At

one site, FL, similar values for snow storage duration appear to

be the result of almost identical accumulation and ablation rates

between all plots, but at all other sites we observed enhanced snow

accumulation rates balanced by enhanced snow ablation rates in the

gap plots.

Observations from the CER-N site conflict with the hypothesis

of similar relative snow storage duration between gap and forest

plots, and also with the hypothesis that aspect is secondary to

climate variables for determining relative snow storage.We initially

considered aspect as a secondary influence because previous studies

have demonstrated that the timing of the ablation season, and the

associated solar elevation, are more dominant influences than slope

aspect on the difference in net radiation between a forested and

open plot (Strasser et al., 2011; Seyednasrollah and Kumar, 2014).

Because our study sites experience cold winter temperatures and

relatively early timing of ablation, we hypothesized that observed

forest-snow storage relationships would match the hypothesized

“cold and early” class, and that topographic position would

secondarily contribute variability to relative snow storage metrics.

In the “cold and early” classification, snow storage magnitude is

greater in gap plots, but snow storage duration is equal between

gap and forest plots. In contrast, we observed that relative snow

storage at CER-N was fundamentally different than at CER-S and

the other Eastern Cascade sites. As expected, snow accumulation

rates were enhanced in the CER-N gap plot relative to the CER-

N forest plot. However, topographic shading reduced incoming

solar radiation to both plots, thereby reducing the effect of forest

shading on ablation rates. The result was similar ablation rates at

the gap and forest plots. Because the gap plot accumulated more

snow overall, snow storage duration was 2–4 weeks longer in the

gap as compared to the forest. These results match hypothesized

relative snow storage dynamics in warmer maritime climates, such

as the western Cascades and western Sierra Nevada.

The hypothesis that aspect exerts a secondary influence on

relative snow storage was also based on previous work across the

Pacific Northwest that suggested that forest modifications of snow

accumulation processes are more influential than modifications

of ablation processes for determining relative snow storage

(Dickerson-Lange et al., 2017, 2021). This hierarchy is well-

supported by previous work in the warmer, higher latitude,

and cloudier conditions of the Pacific Northwest region (USA).

However, previous work also suggests that aspect has a strong

influence on relative snow storage in the lower latitudes of the

western USA, where higher solar elevations and frequent clear

sky conditions enhance the role of forest shading for modifying

snow ablation processes (Anderson, 1963; Musselman et al., 2008;

Harpold et al., 2015; Broxton et al., 2020). In a study in Arizona,

Broxton et al. (2020) demonstrated that snow storage magnitude

is highest on north-facing slopes in forests with 30-50% canopy

cover as compared to openings and denser forests. They also found

that at nearby south-facing slopes, snow storage declines with

increasing forest density, which they attribute to the domination

of reduced accumulation and enhanced longwave radiation over

reduced shortwave radiation. Recent high resolution modeling

demonstrates that forest-influenced patterns of accumulation can

be overridden by ablation patterns on south-facing slopes (Mazzotti

et al., 2022). Thus, we suggest that the relative snow storage scenario

observed at CER-N is the result of forest-modified accumulation

processes dominating over forest-modified ablation processes,

which is the case for the maritime climate of theWestern Cascades.

Snow depth observations at CER-N show substantially higher snow

accumulation rates and slightly higher snow ablation rates in the

gap relative to the forest or thinned plots (Figure 6). Given that

the two CER sites are at the lowest elevations and are subject

to the warmest winter temperatures among the Eastern Cascades

study sites, additional observations are needed to fully understand

how landscape-scale forest management initiatives will impact

hydrologic resilience, particularly in the lower elevation lands that

are included in the wildland-urban interfaces. Field observations

or remotely sensed measurements that cover more elevations and

gap sizes across a range of topographic positions are needed to

characterize the influence of both aspect and forest structure on

relative snow storage across this climate zone.

Lastly, we observed variability in forest species composition

and structure, which co-varied with climate, to be a secondary
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influence on relative snow storage difference between forest and

gap plots. The Eastern Cascades sites sample a range of forest types

(Table 1) and canopy densities (Figures 6C, 7B), but the overall

patterns of relative snow storage are similar across all years of

observations at the Eastern Cascades sites, with the exception of

CER-N, discussed above. One example is the similarity in relative

snow storage between BP and PR duringWY 2019 (not shown) and

WY 2020 (Figure 6). The BP forest plot is dominated by Grand fir

with gap fraction values at observation points that range from 5 to

15%, whereas the PR forest plot is dominated by Ponderosa pine

with gap fraction values at observation points that range from 8 to

42% (Figure 6C). Even with this level of variability in forest type

and canopy density, the PDSR was 1.3–1.5 at both sites over 2 years

and 1SDD was 6–8 days and 9–15 days at BP and PR, respectively.

Although this study is not exhaustive in sampling different forest

characteristics, these results provide limited evidence that forest

characteristics are secondary to climate in influencing relative snow

storage differences in this climate zone.

Management applications and future work

This study was largely motivated by a need to characterize

the hydrologic effects of reducing fire fuels across dry forest

ecosystems in the Eastern Cascades in WA, but the findings are

applicable to multi-objective forest management strategies across

the western USA. Both thinning and canopy gap-creation are used

to create structural variability on the landscape and create different

conditions in terms of productivity, regeneration, and wildfire fuels

(e.g., Churchill et al., 2013). These observations provide a first step

toward directly quantifying the effects of forest density on both

snow storage magnitude and duration in this climate zone. Two key

findings are relevant to current forest management considerations:

(1) reducing forest density in this climate zone via thinning or

canopy gap creation may have a greater effect on overall water

balance (i.e., water quantity) and a lesser effect on the timing of

water availability; and (2) thinning and canopy gap-creation in

north-facing forests may be the best opportunity for extending

snow storage duration.

In the Eastern Cascades, we find that relative snow storage

magnitude ranges from equivalent to greater in gaps as compared

to forest plots. Thus, uneven thinning that creates small gaps,

along with targeted canopy gap creation in this climate zone, may

increase local water availability by increasing snow accumulation

rates. However, with little to no difference in snow disappearance

timing between gap and forest plots, these observations suggest that

reductions in forest density are unlikely to extend snow storage

duration except in areas dominated by north facing slopes.

An increase in snow storage magnitude alone may increase

the snowmelt-driven hydrograph peak and thus extend water

availability later in the season through an elongated recession

curve. However, snow at all of our sites disappeared by early June,

and thus, late season streamflow likely depends more strongly on

summer weather, subsurface water storage, and evapotranspiration.

Previous modeling of forest gaps, forest strips, or thinning in the

region has suggested that reducing forest density could increase

both water yield and late-summer streamflow (Wigmosta et al.,

2015; Sun et al., 2018; Currier et al., 2022). These studies partially

attribute the effects to snow storage duration, and therefore our

observations point to the need for testing against observations

and for additional observations and analysis related to hydrologic

partitioning across the range of climate, forest, and topographic

conditions in the Eastern Cascades.

Aside from effects on streamflow, snow storage also affects

the amount and timing of soil moisture availability. Forest

management to increase snow storagemagnitudemay thus increase

forest resilience regardless of its effect on snow storage duration.

Soil moisture deficits at depth play a critical role in water supply

to forests during drought conditions (Belmonte et al., 2022), and

may be more affected by snow storage magnitude and evaporative

demand than by snow storage duration. Soil water deficits during

recent droughts have been shown to end transpiration in Ponderosa

pine forests (Sankey and Tatum, 2022), shutting down carbon

assimilation and possibly leading to foliar damage. Management to

reduce water stress is therefore becoming increasingly important

with increased drought conditions, which may ultimately change

forest composition and distribution in a changing climate (Grant

et al., 2013). In the Eastern Cascades, reducing canopy density via

thinning or gap creation is likely both to reduce competition for soil

water among trees and also to increase available soil water.

Leveraging advances in both remote sensing and modeling

will continue to be critical to extrapolate field-based observations

to spatial and temporal scales that are relevant to management

planning and implementation. The observations presented herein

provide evidence for the spatial variability in plot-scale relative

snow storage and also document the full time series of how

differences evolved through a snow season. Snow-on lidar acquired

at key points in a snow season, such as the timing of peak snow

storage, could provide insight into the spatial drivers of differences

in relative snow storage magnitude and duration, such as elevation

and aspect. Lidar-based analysis at finer spatial scales, rather

than plot-scale aggregations, could be used to characterize plot-

scale variations in snow depth that are neglected with only 1–3

point observations. High resolution snow observations could also

be used to develop predictive relations for topographic position

and forest characteristics and structure, such as gap size and

canopy density, across this climate zone. Additional years of

high resolution observations would also improve understanding

of forest-snow interactions across interannual and intra-annual

variations in weather, including considerations of the sequencing

of storm events that affect canopy snow interception (Shidei et al.,

1952; Miller, 1964) and the occurrence of warm Chinook winds in

the Eastern Cascades that affect ablation (Swanson, 1980). Lastly,

further development of recent work to leverage remote sensing and

machine learning to estimate snow density and SWE at landscape

scales (Broxton et al., 2019) could be applied to address uncertainty

in relative snow storage magnitude that is introduced by neglecting

potential differences in snow density between gap and forest plots

(Veatch et al., 2009; Bonner et al., 2022).

The observed difference in relative snow storage in north-

facing versus south-facing topographic positions suggests that gap

creation on north-facing slopes may be the best opportunity to

increase the amount and duration of water storage in the Eastern
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Cascades. Additional empirical data across more elevations,

topographic positions, and gap sizes are needed, but these results

indicate that managing forests with small canopy gaps may

improve local soil water availability. A north-aspect management

approach could also reduce risk of high severity wildfire (Povak

et al., 2022) and support the development and maintenance of

climate refugia, since many species of wildlife already seek north-

facing slopes for temperature regulation (Krosby et al., 2018). In

addition, extension of snow storage duration by a few days to

weeks may be especially important in the Eastern Cascades, where

temperature, quantity, and timing of water in streams has direct

impacts on the survival and recovery of salmon (Kock et al., 2016;

Cline et al., 2020). Interestingly, these proposed actions contradict

general recommendations for north-facing forests, where less

intensive thinning is needed to mimic the historical landscape

and vegetation structure (Hessburg et al., 2021). However, rapidly

changing climate conditions may require creatively managing for

the needs of both people and nature, and possibly embracing novel

ecosystem patterns (Schlaepfer and Lawler, 2022), which could

include departing from historically denser forests on north-facing

slope aspects in order to manage for future water availability and

climate refugia.

Conclusions

Through field-based observations, we quantified the effect of

forest density on the magnitude and duration of snow storage in

the Eastern Cascades, WA. This field effort included sites along a

transect spanning the Western to Eastern Cascades, but focused on

the Eastern Cascades because this region (1) represents a critical

spatial and climatic data gap for forest-snow observations; (2) is

heavily dependent on snowpack for its water supply; and (3) is a

hotspot of forest management activity due to increasing wildfire

risk and decreasing snow and soil water storage due to climate

warming. Our data show that the effect of forest density on snow

storage is spatially variable. Snow storage magnitude is greater

in forest gaps as compared to under forest canopies, and snow

storage duration is similar in gap and forest conditions on the

eastern slopes of the Cascade Mountain range. This study thus

indicates that reducing forest density in the Eastern Cascades

may increase the overall water balance (i.e., water quantity),

but will have minimal effect on the timing of water availability.

Snow disappearance date was similar among gap and forest

plots at most sites, which reflects the balance between forest

modifications of snow accumulation and snow ablation processes.

Overall, these findings are largely consistent with a previously

proposed hierarchy for forest-snow processes (Dickerson-Lange

et al., 2021). A key exception, however, occurs at one low elevation,

north-facing site where snow storage duration was substantially

longer in the forest gap as compared to the dense forest. This

indicates that aspect may be a primary driver of snow storage

magnitude and duration differences across forest densities in the

transitional climate zone. North-aspect slopes thus represent the

best opportunity for influencing the timing of water availability

via forest-snow processes. Overall, these results suggest that forest

thinning prescriptions intended to improve forest health and

wildfire risk are unlikely to exacerbate the hydrologic impacts

of climate change. Lastly, these data can be used in support of

modeling hydrological effects of forest management at spatial and

temporal scales that are relevant to management decisions.
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