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Abstract

Climate change is reducing snowpack across temperate regions with negative
consequences for human and natural systems. Because forest canopies create
microclimates that preserve snowpack, managing forests to support snow
refugia—defined here as areas that remain relatively buffered from contempo-
rary climate change over time that sustain snow quality, quantity, and/or
timing appropriate to the landscape—could reduce climate change impacts on
snow cover, sustaining the benefits of snow. We review the current under-
standing of how forest canopies affect snow, finding that while closed-conifer
forests and snow interactions have been extensively studied in western North
America, there are knowledge gaps for deciduous and mixed forests with dor-
mant season leaf loss. We propose that there is an optimal, intermediate zone
along a gradient of dormant season canopy cover (DSCC; the proportion of the
ground area covered by the canopy during the dormant season), where peak
snowpack depth and the potential for snow refugia will be greatest because the
canopy-mediated effects of snowpack sheltering (which can preserve snowpack)
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outweigh those of snowfall interception (which can limit snowpack). As an
initial test of our hypothesis, we leveraged snowpack measurements in the
northeastern United States spanning the DSCC gradient (low, <25% DSCC;
medium, 25%-50% DSCC; and high, >50% DSCC), including from 2 sites in Old
Town, Maine; 12 sites in Acadia National Park, Maine; and 30 sites in the north-
ern White Mountains of New Hampshire. Medium DSCC forests (typically
mature mixed coniferous—deciduous forests) exhibited the deepest peak snow-
packs, likely due to reduced snowfall interception compared to high DSCC for-
ests and reduced snowpack loss compared to low DSCC forests. Many snow
accumulation or snowpack studies focus on the contrast between coniferous
and open sites, but our results indicate a need for enhanced focus on mixed can-
opy sites that could serve as snow refugia. Measurements of snowpack depth
and timing across a wider range of forest canopies would advance understand-
ing of canopy-snow interactions, expand the monitoring of changing winters,

and support management of forests and snow-dependent species in the face of

climate change, forest canopy, forest management, microclimate, mixed forest, snow refugia,
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INTRODUCTION

Seasonal snow cover is critical to the functioning of
human, natural, and physical systems across the planet.
It is also fundamental to winter recreation and tourism and
enables transportation and resource extraction in places that
are inaccessible during the growing season (Chugunkova &
Pyzhev, 2020; Rittenhouse & Rissman, 2015), boosting
rural and mountain economies (Dawson & Scott, 2013;
Hagenstad et al., 2018). Accumulated snow (snowpack) is a
key component of Earth’s climate system that cools local
and regional winter temperatures through its high albedo
(Burakowski et al., 2018; Zhang, 2005) and provides water
resources by recharging rivers, surface reservoirs, and
groundwater during spring melt (Barnett et al, 2005;
Hale et al., 2023; Immerzeel et al., 2020; Siirila-Woodburn
et al., 2021). The thermal insulation generated by snow pro-
tects tree roots and seedlings from freezing damage (Batllori
et al., 2009; Renard et al., 2016; Sanders-DeMott, McNellis,
et al., 2018; Sanders-DeMott, Sorensen, et al., 2018), main-
tains soil water in liquid form (Decker et al., 2003; Hardy
et al., 2001; Tatariw et al., 2017), and provides protection
and habitat for wildlife species adapted to snowy environ-
ments (Shipley & Zuckerberg, 2023; Thompson et al., 2021;
Zimova et al., 2016). Altogether, winter snowpack provides
an array of benefits for ecosystems and humans.

However, in recent decades, climate change has reduced
the depth and duration of seasonal snow cover in most

regions (Aragon & Hill, 2024; Contosta et al., 2019, 2020;
Gottlieb & Mankin, 2024; Grogan et al., 2020; Jia et al., 2023;
Mudryk et al., 2020), with negative consequences for human,
natural, and physical systems that rely on snowpack.
Warmer winters have led to more precipitation falling
as rain instead of snow (Feng & Hu, 2007; Huntington
et al.,, 2004) and have increased the frequency of
mid-winter thaws, changing the rate of snowmelt and alter-
ing hydrologic cycles (Harpold & Brooks, 2018; Henry, 2008;
Musselman et al., 2017), with uncertain implications for
streamflow (Gordon et al., 2022). These patterns have been
documented in Northern Hemisphere mid-latitude regions
and are expected to continue or accelerate with ongoing cli-
mate change (Aygiin et al., 2019; Gottlieb & Mankin, 2024;
Mudryk et al., 2020). However, impacts vary by emissions
scenarios, as well as geographic factors like latitude and ele-
vation (Burakowski et al., 2022).

One opportunity to reduce the influence of climate
change on seasonal snow cover and ensure that the benefits
provided by snow continue is to conserve and create snow
refugia, which we define as areas that remain relatively
buffered from contemporary climate change over time that
sustain snow quality, quantity, and/or timing appropriate
to the landscape. This definition of snow refugia expands
that of Balantic et al. (2021) and Strickfaden et al. (2023)
and provides more specificity to support management poli-
cies and guidelines for retaining the benefits of seasonal
snowpack for ecosystems and people. The snow refugia
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concept includes preserving three important characteristics
of snow, beyond being present or absent, that influence
ecosystem functions: quality (e.g., texture, density), quantity
(depth, accumulation), and timing (onset, persistence, and
melt). Snow quality has implications for wildlife; for exam-
ple, American marten (Martes americana) prefer areas with
low-density snow, presumably to avoid predators (Sirén
et al., 2017) or to easily access the subnivean layer (Pauli
et al., 2013). Deep, powdery snow, on the other hand, can
negatively impact species like white-tailed deer (Odocoileus
virginianus) (Lefort et al., 2007) and coyotes (Canis latrans)
(Sirén et al., 2017). Snow quantity affects biotic interactions
such as competition and predation (Sirén et al., 2021;
Williams et al., 2015; Zimova et al., 2016), winter timber
harvests that rely on snowpack to minimize soil and root
impacts from equipment (Chugunkova & Pyzhev, 2020),
and outdoor recreational activities (Hagenstad et al., 2018;
Hamilton et al., 2007). The timing of snow regulates the
exposure of seedlings, tree roots, and soils to freezing condi-
tions, with implications for forest health and productivity
(Cleavitt et al., 2008; Reinmann et al., 2019), soil microbial
communities, and biogeochemical cycles (Patel et al., 2021;
Sanders-DeMott, Sorensen, et al., 2018). Thus, buffered
areas—or snow refugia—that preserve the presence and
local characteristics of snowpack will play a crucial role in
maintaining ecosystem structure and function and
supporting sociocultural values in cold regions.

Various ecosystem features and their interactions can
generate and influence snowpack quality, quantity, and
timing, and thus the possibility of snow refugia. These fac-
tors include topoclimate (e.g., cold-air pooling, wind), physi-
ography (e.g., elevation, slope, aspect, proximity to water
bodies), and biotic factors (e.g., canopy cover and vegetation
structure). Here, we focus on the influence of forest canopy
cover (the proportion of the ground area covered by the
canopy) on snow characteristics that could produce snow
refugia. This builds on the concept of ecosystem-protected
refugia, where biological processes internal to an ecosystem
can lead to decoupling from regional climate (Stralberg
et al., 2020). Because most studies in North America explor-
ing the effects of forest structure on snowpack have been
focused on western coniferous forests and often compare
open- and closed-canopy conditions (Varhola et al., 2010),
such work has rarely captured the gradients of canopy
structure, species composition, and phenological variability
that exist in mixed coniferous-deciduous forest systems
common in many eastern temperate and boreal regions
(Penn et al., 2012). Focusing solely on open and closed coni-
fer canopies or coniferous canopy gradients limits our
understanding of how forest structural characteristics—and
therefore various forms of forest management—impact
the snow resource, particularly in regions such as the
northeastern United States, where canopies can contain

deciduous and/or coniferous constituents. For instance,
most coniferous forest types, which have needles present
year-round, affect snow dynamics in fundamentally differ-
ent ways than deciduous or mixed forest types that lose all
or part of their leaves during the snow (dormant) season
(Nelson et al., 2013). Lacking direct, ground-based obser-
vations of snowpack under the canopy types that dominate
northeastern forests can introduce uncertainty into
models, such as snow hydrology models, that rely on accu-
rate snow data to predict runoff or water availability.
Additionally, the northeastern region is a globally impor-
tant carbon sink (Dubayah et al., 2022; Jiang et al., 2022)
and has relatively dense forest cover compared to other
regions in the United States. The scale of northeastern for-
ests also allows for management actions that are tractable
and meaningful across the landscape, with a strong
network of practitioners and land managers already
engaged in forest climate adaptation (McGann et al., 2022;
Schattman et al., 2024). Supporting the idea that manage-
ment can enhance snow refugia, modeling in the Sierra
Nevada Range of the western United States found that for-
est thinning generally increased snow water equivalent
(SWE, the equivalent amount of liquid water stored in
snowpack) and reduced sublimation loss in sheltered, pre-
sumably intermediate canopy cover sites (Harpold
et al., 2020; Krogh et al., 2020), while thinning in dense, tall
canopy sites led to even greater increases in snow persis-
tence (Lewis et al., 2023). Consequently, we have the
greatest potential to create, strengthen, and conserve snow
refugia via guidelines and policies that involve the manage-
ment of vegetation. Although we focus on the northeastern
US region here, canopy-snow relationships observed in
northeastern forests are relevant to other regions across the
boreal-temperate ecotone, such as the upper Midwest of
the United States and southern Ontario, Quebec, and the
Maritime Provinces in Canada.

Here, we first review the research conducted on
forest-snow relationships and present a conceptual
framework of how dormant season canopy cover
(DSCC, the proportion of the ground area covered
by the canopy during the dormant season) affects
snowpack and snow refugia in northeastern forests. We
then provide an initial test of our conceptual model
using three case studies across the northeastern
US region that uniquely consider a wide range of
forest types and canopy conditions that have so far
been overlooked. Each study maximized either tempo-
ral or spatial assessments, which together allowed us
to explore how the forest canopy influences snow
dynamics among a variety of canopy cover conditions
and through time. Additionally, we discuss how our
framework informs opportunities for experimental manip-
ulations and tests of snow refugia development across
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natural gradients, enhanced monitoring networks, and
co-created research related to forest management and cli-
mate adaptation practices.

DEVELOPING A CONCEPTUAL
BASIS: FOREST EFFECTS ON SNOW
THROUGHFALL AND PERSISTENCE

Forests in regions with seasonal snow cover host a diverse
range of interrelated structural characteristics that collec-
tively influence snow, such as differences in forest type and
composition, canopy density and leaf area (Lopez-Moreno &
Latron, 2008; Sun et al., 2022), gap size and density
(Currier & Lundquist, 2018; Mazzotti et al., 2019;
Seyednasrollah & Kumar, 2014), and tree spatial
arrangement (Schneider et al., 2019). Thus, the presence or
absence of an overstory forest canopy and its structural
characteristics can allow for a wide range of snow condi-
tions even within a relatively small area or ecosystem. The
forest canopy regulates several snowpack accumulation
and ablation (reduction) processes, including canopy snow
interception, snow deposition patterns, and the sub-canopy
radiative balance (Varhola et al., 2010). In this section, we
discuss characteristics of the forest canopy that influence
snowpack depth and persistence as evidenced by previous
research, noting that this research has primarily been
conducted in areas of conifer-dominated forest conditions
(Dickerson-Lange et al., 2017; Lundquist et al, 2013;
Roth & Nolin, 2017; Strickfaden et al., 2023).

Forest type and composition

Forest type and composition (i.e., the variety and abun-
dances of plant species in a community) can strongly influ-
ence snow interception rates. Deciduous forests generally
exhibit lower interception rates than coniferous forests
because they lose all or some of their leaves in the dormant
season, which may lead to greater snow accumulation under
deciduous canopies. Perhaps because many studies of snow
hydrology focus on mountain “water tower” catchments that
tend to be conifer-dominated, fewer studies of canopy
snow interception have focused on deciduous canopies;
however, studies that compared snow dynamics
between deciduous and coniferous forest types show
large variability in canopy snow interception or its
inverse, throughfall, between stand types and among
climatic regions. For conifer-dominated forests, the
interception range of 28%-83% (Lundquist et al., 2013;
Martin et al.,, 2013) encompasses values reported for
Japan (Pomeroy et al., 1998) and western North
America (Roth & Nolin, 2017; Storck et al., 2002).

Interception in coniferous forests may decline in colder
and boreal climates (Lundquist et al., 2013), which may
be partly related to weaker snow grain cohesion at low
temperatures (Roth & Nolin, 2019). For example, the
interception range in pine and fir forests in Siberia and
Russia was reported at 3%-58% (Pomeroy et al., 1998).

Despite limited studies in deciduous forests, there is
compelling evidence that their interception rates are lower
than those of coniferous forests, as is to be expected under
canopies with dormant season leaf loss (Suzuki et al., 2008).
Notably, Huerta et al. (2019) estimated canopy interception
of snow as 23% in deciduous southern beech (Nothofagus)
forests in the Southern Andes of Chile. In Maine, within the
northeastern United States, snowpack depth was greater in
deciduous and mixed stands than that in coniferous and
open sites (by up to ~50 cm at peak snowpack) (Halpin &
Bissonette, 1988). In nearby coastal New Hampshire, snow-
pack depth was greatest in deciduous-dominated sites com-
pared to under coniferous and mixed canopies, as measured
by magnaprobe and manual snow tubes (Proulx et al., 2023).
SWE was ~1.7-2.8 times higher in deciduous aspen (Populus
spp.) stands than in coniferous forests in Ontario, Canada,
and was also higher under aspen canopies than under
spruce (Picea spp.) and pine (Pinus spp.) stands or in open
canopies in Saskatchewan, Canada (Pomeroy & Gray, 1995).

The influence of forest type on snowpack duration is
unresolved. Research from Maine (Halpin & Bissonette,
1988) indicates that forest type may not strongly affect
snowpack duration. By contrast, a study in western
Montana, USA, found that snow persisted longer under a
deciduous conifer species (Larix occidentalis) than under
evergreen conifers (Schneider et al., 2019). A global
meta-analysis of 21 plot-scale field studies, mostly
conducted in western North America, indicated that in
areas with mean winter temperatures exceeding —1°C, for-
est cover can shorten snowpack duration by 1-2 weeks,
regardless of composition, compared to adjacent open areas
via enhanced longwave radiation and snowmelt (Lundquist
et al.,, 2013). Conversely, in cold regions where snowmelt
occurs later in the season, canopy shielding against short-
wave radiation generally outweighs increases in longwave
radiation, reducing snowmelt and increasing snowpack
duration (Dickerson-Lange et al., 2021). However, these
patterns also depend on slope and aspect (Ellis et al., 2011;
Safa et al., 2021) and have largely been studied in conifer-
ous forest types.

Canopy density and leaf area
Canopy density, the amount of leaf area within the can-

opy, and other closely related canopy structural metrics
(e.g., canopy occlusion, canopy closure, leaf area index,
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sky view fraction, crown completeness) determine the
extent and thickness of canopy coverage and influence
snowpack accumulation and persistence on the ground
through the competing effects of snowfall interception
and the protection of snowpack from solar radiation and
wind (Hedstrom & Pomeroy, 1998; Lundberg & Halldin,
2001; Pomeroy et al., 1998; Pomeroy & Gray, 1995). For
instance, in New Mexico, USA, coniferous forests with
moderate (25%-40%) canopy density estimates, derived
from National Land Cover Data (NLCD), had deeper
snowpack than open areas or under denser (>40% cover)
canopies (Veatch et al.,, 2009). A study in the Sierra
Nevada Range of the western United States also indicated
that maintaining moderate canopy density in coniferous
forests promotes deeper snowpack, as thinning dense
coniferous forests (>40% canopy cover) increased snow
accumulation, whereas thinning moderate density
coniferous forests decreased snow accumulation (Lewis
et al., 2023). This was due to the negative effect of
increased radiation, sublimation, and wind redistribution
on snowpack when thinning forests with less than about
40% or 50% canopy cover (Lewis et al., 2023). However,
SWE decreased roughly linearly with increasing canopy
density across a wide range of canopy densities (25%-80%
sky view fraction) in a mixed beech-fir forest in the
Pyrenees of Spain (Lopez-Moreno & Latron, 2008). These
results were consistent with a study from New Hampshire,
USA, where SWE decreased with increasing coniferous
cover, which was associated with reduced sky view frac-
tion (Penn et al., 2012). Deciduous canopies generally have
lower winter canopy cover than coniferous canopies,
reducing canopy snowfall interception while providing
some shelter from solar radiation and wind (Varhola
et al., 2010; Veatch et al., 2009). This balance may explain
why snowpack depth was greatest in deciduous and, in
some cases, mixed forest types in the northeastern studies
described above (Halpin & Bissonette, 1988; Proulx
et al., 2023). An important consideration is how and when
canopy density is measured, which can vary across studies
and may not always reflect winter conditions or the
nuances of marcescent species such as American beech
(Fagus grandifolia) or deciduous needle-leaved trees such
as eastern larch (Larix laricina), which both occur in the
northeastern United States.

Canopy gaps and tree spatial arrangement

Openings within the forest canopy (gaps) have been
shown to increase snow accumulation, although the
influences of the shapes and sizes of gaps on accumula-
tion are disputed (Dickerson-Lange et al., 2023;
Golding & Swanson, 1978; Sun et al., 2018) and other

factors such as wind can interact with forest edges to
create a “snow fence” effect, accumulating redistributed
snow (Dickerson-Lange et al., 2021). Snowpack accumu-
lation within gaps varies widely; even within a small
(~1.5 km®) domain, a process-based model in the Alps
indicated variance of up to 200 mm of SWE in gaps or
open areas, which can reflect meteorological and topo-
graphic controls (Mazzotti et al., 2023). In a homoge-
nous lodgepole pine (Pinus contorta) forest in Alberta,
Canada, canopy gaps of two to three tree heights in
diameter had the greatest snow accumulation, while
canopy gaps of one tree height in diameter had the least
snow ablation (Golding & Swanson, 1978). Similarly, a
study in a mixed coniferous forest in Montana, USA,
indicated that widely spaced single trees and small gaps
promoted deep and persistent snowpack compared to
denser canopies by reducing interception and longwave
radiation (Schneider et al., 2019). Additionally, forest
edges influence snow accumulation and persistence,
partly by disrupting wind and allowing blowing snow
scoured from the open to accumulate near or within for-
ested areas (Dickerson-Lange et al., 2021); for example,
Currier and Lundquist (2018) found that differences in
snowpack depth between various forest-edge classifica-
tions (e.g., leeward vs. windward) can be equally as
important as differences in snowpack depth between
open areas and forest-covered areas. Wind sheltering
provided by vegetation and terrain (Marks et al., 2002)
can produce drifts that result in outsized contributions
to snowmelt hydrologic flux (Marshall et al., 2019).

A CONCEPTUAL MODEL OF SNOW
DYNAMICS AND REFUGIA ACROSS
A DSCC GRADIENT

The forest canopy acts as a mesofilter that modifies
the characteristics influencing snowpack (climate,
topography), thereby generating sub-canopy microcli-
mates (De Frenne et al., 2013) and potentially snow
refugia (Balantic et al., 2021; Keppel et al., 2024). Yet,
the ways in which forest canopies affect the timing,
quality, and quantity of snow in mixed and deciduous
temperate forests, particularly in the northeastern
United States, are poorly understood. Studies that
have previously explored these relationships occurred
largely in coniferous forests and adjacent open areas or
canopy gaps. Many have also taken place in semi-arid
climates such as the Mountain West of North America.
This current state of knowledge raises questions about
how forest canopies influence snowpack and the func-
tions they provide in more mesic, temperate systems
relevant to the northeastern region, underscoring the
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benefit of a research framework that is inclusive across above) (Figure 1). The interplay among these forest
forest canopies. characteristics determines where a given stand or forest

We therefore present a conceptual model of how a  falls along the continuous DSCC gradient and thus, the
gradient in DSCC regulates snowpack and potentially =~ model is inclusive across northeastern forest types. As
provides snow refugia, as canopy cover measurements there are no consistent thresholds for canopy cover classi-
reflect the integration of several interrelated forest char- fications, we define the low zone of the DSCC gradient
acteristics that can influence snow dynamics (e.g., forest (Figure 1a) as <25% DSCC, which could span, for exam-
type and species composition, canopy density, leaf area, ple, open canopies (e.g., <2-m tall vegetation, after recent
canopy gaps, and tree spatial arrangement, as described harvest or disturbance) to deciduous forests with no
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to highly variable soil temperatures and more frequent  favor snow-loving wildlife like the Canada lynx.

soil freeze-thaw cycles.

d +

FIGURE 1 Conceptual diagram of the mechanisms driving differences in snowpack along a continuous gradient of dormant season

canopy cover (DSCC). Macrofilters such as regional climate and topographical characteristics (e.g., elevation, slope, and aspect) determine

base conditions, which are modified by the interrelated vegetation mesofilter characteristics that determine canopy cover (e.g., forest type/

species composition, canopy density, leaf area, spatial arrangement, gap distributions/sizes). Red arrows indicate processes that lead to

shallower snowpack, and blue arrows represent processes that lead to deeper snowpack; arrow sizes represent relative strength of the fluxes.

Differences in snowpack depth among forest types over time are shown in Figure 2. LWR, longwave radiation; SWR, shortwave radiation.
Tllustration credit: Marissa Wandrey.
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dormant season leaf area; followed by the medium zone
with 25%-50% DSCC (Figure 1b), such as mature mixed
coniferous-deciduous forests; and finally, the high zone
with >50% DSCC (Figure 1c), such as dense
closed-canopy coniferous forests. We emphasize
that while we use discrete classifications for ease of dis-
cussion and illustration, DSCC is a continuous gradient
from 0% to 100% and different forests belonging to the
same broad forest type could fall at different points along
the gradient depending on developmental stage and how
their particular characteristics shape their DSCC. We offer
examples here as a guide. Although many other studies
have focused on coniferous forests and near the endpoints
of the DSCC gradient (i.e, comparisons between
open-canopy vs. dense, coniferous forests), we also consider
the many forest types and canopy conditions in between
and how those characteristics influence snowpack. The
goal of our conceptual model is to produce a testable
hypothesis that will motivate research in the northeastern
region inclusive of more points along the DSCC gradient.
Our hypothesis builds on the work of others
(e.g., Halpin & Bissonette, 1988; Veatch et al., 2009) and
asserts that there is an intermediate DSCC zone where peak
snowpack depth and the potential for snow refugia will be
greatest largely because of an optimal balance between the
opposing canopy-mediated effects of snowfall interception
(which can limit snowpack) and snowpack sheltering
(which can preserve snowpack) (Figure 2). For instance, a
low DSCC forest (e.g., open or deciduous canopy with no
dormant season leaf area) will accumulate the most
sub-canopy snowpack (Figure 2b) because of low snowfall

(a) (b)
Dormant season canopy cover
— Low
— Medium
— High

»
»

Snowpack depth

=

Cumulative snowpack
depth gain

interception (high throughfall) (Figure 1a; Boon, 2007;
Lépez-Moreno & Latron, 2008; Proulx et al., 2023).
However, this will be at least partly offset by high snowpack
loss for a given point in time (Figure 2c) via snowmelt,
wind redistribution, sublimation, and evaporation despite
some reflection of shortwave radiation from the snow sur-
face when present (Figure 1a; Lewis et al., 2023). Thus,
snow cover may be more intermittent, particularly in the
early and late snow season.

By contrast, a high DSCC forest (e.g., dense, multi-aged
coniferous) will accumulate the least sub-canopy snowpack
(Figure 2b) because of high snowfall interception (low
throughfall) (Figure 1c; Boon, 2007; Lopez-Moreno &
Latron, 2008) but may also lose the least snowpack and
retain persistent snow cover (Figure 2c) because of can-
opy sheltering from incoming solar radiation and wind
(Figure 1c; Veatch et al., 2009). However, canopy shad-
ing may be less important for snow storage in warmer
regions (e.g., lower Mid-Atlantic and lower Midwest of
the United States) that experience early snow disap-
pearance (i.e., before solar radiation is high enough
for shading to influence snowpack) (Dickerson-Lange
et al., 2021; Lundquist et al., 2013). Moreover, in those
regions, high-density canopies may increase longwave
radiation reaching the snow surface and thereby
enhance snowmelt (Dickerson-Lange et al., 2021;
Lundquist et al., 2013; Safa et al., 2021). We expect that
in the Northeast, where winter temperatures are cold
and snowmelt occurs relatively late in the season, the
effect of canopy shading against solar radiation on
snow storage outweighs the effects of canopy-mediated

()

A

Cumulative snowpack
depth loss

»
>

Time during snow season

Time during snow season

A 4

Time during snow season

FIGURE 2 (a) Hypotheses of how differences in dormant season canopy cover (DSCC) affect sub-canopy snowpack depth and snow

cover duration during the snow season. At a given point in time, snowpack depth is the difference between (b) cumulative snowpack depth
gain (i.e., snow that reaches the surface) and (c) cumulative snowpack depth loss (i.e., losses from sub-canopy snowpack). Differences in
cumulative gain among levels of DSCC are driven by differences in snow throughfall and sublimation/evaporation from intercepted canopy

snow. Differences in cumulative loss among levels of DSCC are driven by differences in snowpack melt, sublimation, and evaporation. DSCC

is illustrated with discrete categories here for simplification but is a continuous gradient. We hypothesize that there is an optimal zone

where peak snowpack depth will be highest; here, this is illustrated as medium DSCC, which could represent a vertically stratified mixed

coniferous-deciduous forest, for example. Low DSCC could represent a recently disturbed area with even-aged regenerating seedlings/

saplings and little to no dormant season leaf area, while high DSCC could represent a dense coniferous forest with multiple age classes. See

Figure 1 for an illustration of the mechanisms corresponding to each of the three levels of DSCC. SWE, snow water equivalent.
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increases in longwave radiation, but this balance may tip
in the other direction in warmer regions (Lundquist
et al,, 2013), particularly along steep south-facing slopes
(Safa et al., 2021) or as climate warms. Thus, sunny
south-facing slopes in warm winter regions may be an
exception to our conceptual model, with higher rates of
snowmelt in high DSCC forests than in the open.

In a medium DSCC forest, we expect snowpack accu-
mulation and losses to be intermediate (Figure 2b,c), lead-
ing to the deepest maximum snowpack and, relative to
low DSCC forests, more persistent snow cover (Figure 1b;
Halpin & Bissonette, 1988; Pomeroy & Gray, 1995; Veatch
et al., 2009), possibly allowing these forests to serve as
snow refugia. This optimal zone may shift toward the
low-medium end of the DSCC gradient in warmer regions
because of canopy effects on the net radiative balance that
we describe above (Safa et al., 2021). Therefore, although
studies comparing open (Figure 1a) versus dense conifer-
ous (Figure 1c) stands conclude that the presence of a for-
est canopy reduces snowpack (Broxton et al, 2015;
Golding & Swanson, 1986; Storck et al., 2002), studies that
consider intermediate canopy cover (Figure 1b) may find
deeper snowpack compared to open canopies and/or that
the presence of a forest canopy preserves snowpack
throughout the season (Halpin & Bissonette, 1988; Lewis
et al., 2023; Pomeroy & Gray, 1995; Veatch et al., 2009).

In our conceptual model, DSCC also influences other
ecosystem components via impacts on snow. In lower
DSCC forests that may experience substantial daytime solar
insolation, nighttime radiative cooling, and more intermit-
tent snowpack, diurnal changes in soil temperature may be
larger, and soil freeze-thaw cycles may be frequent (Hardy
et al., 2001). Repeated soil disturbances from freeze-thaw
cycles could affect soil structure (Oztas & Fayetorbay,
2003; Xiao et al, 2019), roots (Kreyling et al., 2012;
Sanders-DeMott, McNellis, et al., 2018; Sanders-DeMott,
Sorensen, et al., 2018), microbes (Pastore et al., 2023;
Sorensen et al., 2018; Yanai et al., 2004), and biogeochemical

TABLE 1 Characteristics of each regional case study location.

Characteristic 0Old Town, ME
Coordinates 44.935, —68.666
Elevation (m asl) 40

Climate division
Mean annual temperature (°C) 12.2%

Mean total annual precipitation (mm) 1130?

Maine southern interior

cycles (Nielsen et al, 2001; Song et al, 2017; Urakawa
et al., 2014). By contrast, medium DSCC forests may expe-
rience the most insulated and stable soil temperatures by
sustaining the deepest and most persistent snowpack.
High DSCC forests may experience shallower but more
persistent snowpack with less solar insolation and radia-
tive cooling at the ground/snow surface, helping to buffer
soil temperatures. Both instances could be considered
snow refugia depending on the species of interest.

Wildlife distributions and habitat use patterns are
shaped by many factors, but species that rely on the
presence of snowpack may favor medium and high
DSCC forests (e.g., snowshoe hare, Lepus americanus;
Sirén et al., 2023; Figure 1b,c), with the species that need
the deepest snowpack often using medium DSCC forests
(e.g., Canada lynx, Lynx canadensis; Fuller et al., 2007,
marten; Sirén et al., 2017; Figure 1c). Deer may be most
abundant in areas with shallow, intermittent snowpack,
found more often in low DSCC forests (Figure 1a), but
they also use high DSCC forests that provide sheltered
conditions and shallow snowpack (Lefort et al., 2007).

DSCC-DEPENDENT PATTERNS IN
SNOW REFUGIA: NORTHEASTERN
FOREST EXAMPLES

Given limited attention to studies of snow accumulation,
depth, and persistence in varied DSCC contexts in the
northeastern United States, we sought existing data that
encompassed aspects of our conceptual drivers to provide
an initial test of the influence of DSCC as shown in
Figure 1 in this region. We present data from three case
studies that span the three climate divisions present in
northern New England and that measured snow accumu-
lation, depth, and/or penetrability across forests with
different DSCC types (Tables 1 and 2, Figures 3 and 4;
Appendix S1: Figures S1-S7). These case studies include

Acadia National Park, ME White Mountains, NH

44.343, —68.247 44.795, —71.316

152-442 619-1050

Maine coastal New Hampshire northern
7.6° 2.3°

1430° 1769°

Abbreviations: asl, above sea level; ME, Maine; NH, New Hampshire.
#Data from 1991 to 2020; nearby weather station (Palecki et al., 2021).

"Data from 1999 to 2022; temperature data from Acadia National Park NPS Gaseous Monitoring Program, Station ID: ACAD-MH, https://ard-request.
air-resource.com/; precipitation data from Acadia National Park NADP rain gauge, Site ID: ME98, https://nadp.slh.wisc.edu/precipitation/.

“Data from 1991 to 2022; Daymet (Thornton et al., 2022).
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TABLE 2 Characteristics among dormant season canopy cover (DSCC) classes for each regional case study location.
Old Town Acadia White Mountains
Characteristic Medium High Low Medium High Open Low Medium High
No. sites 1 1 6 4 2 8 4 8 10
Forest type Mixed Coniferous Northern  Mixed, Coniferous Northern  Northern  Mixed Coniferous
hardwood coniferous, hardwood hardwood
or
northern
hardwood
Dominant Fgra, Tcan, Apen/ Apen/ Abal, Ball, Asac  Ball, Ball, Prub,
species Tcan Pstr Bpap Bpap, Prub Asac Asac, Abal
Arub, Prub,
Abal, Abal
Prub
Forest age ~80 ~80 ~60 to ~60 to ~60 to ~10 >100 >100 >100
(years) >200 >200 >200
Land-use Single- Thinned One One One Harvested Harvested Harvested Harvested
history tree in the watershed watershed  watershed in the >100 >100 >100
selection  past burned burned burned past years years years
harvest 25 years 1947° 1947% 1947% 10 years ago ago ago
in the
past
10 years
Mean 24 0.9 14.5 11.5 20.3 10.3 7.7 9.4 10.4
slope (° IR
Mean 0.98 0.96 —0.51 —-0.22 —0.58 —0.35 —0.58 —0.03 0.25
northness®™®
Mean -0.2 0.27 0.16 —0.14 —0.65 —0.31 0.19 —0.29 —0.34
eastness™?

Abbreviations: Fgra, Fagus grandifolia; Tcan, Tsuga canadensis; Pstr, Pinus strobus; Apen, Acer pensylvanicum; Bpap, Betula papyrifera; Arub, Acer rubrum;
Abal, Abies balsamea; Prub, Picea rubens; Ball, Betula alleghaniensis; Asac, Acer saccharum.
#One watershed burned in 1947, and one watershed has been undisturbed for >200 years; both watersheds contained sites in each DSCC class (see Schauffler

et al., 2007).
Value for each individual site is shown in Appendix S1: Table S1.

“Northness is cosine(aspect), calculated with aspect in radians; northness ranges from —1 at 180° (south) to 1 at 0° (north).
dEastness is sine(aspect), calculated with aspect in radians; eastness ranges from —1 at 270° (west) to 1 at 90° (east).

2 adjacent forest sites in Old Town, Maine; 12 forest sites
in Acadia National Park, Maine; and 30 forest sites in the
northern White Mountains of New Hampshire (Tables 1
and 2; Appendix S1: Figure S1; methods and results are
described in Appendix S1: Case study details).

These three regional case studies support our prediction
that the greatest maximum snowpack depth occurs in
medium DSCC forests (Figure 1), which here include mixed
coniferous—deciduous forest types and those with about
25%-50% DSCC, underscoring their potential as snow
refugia. For example, in the White Mountains, we found
that in early winter, the lowest DSCC sites with open cano-
pies accumulated the most snow, whereas high DSCC sites
with dense canopies accumulated the least snow (Figure 4c)
likely due to differences in interception and albedo.
However, despite substantial early snow accumulation

under the open canopies, those areas were likely more
vulnerable to snow loss processes (e.g., snowmelt, wind
redistribution, sublimation, and evaporation), limiting peak
snowpack depth and potential as snow refugia. Thus,
medium DSCC sites achieved and then maintained the
deepest snowpack (Figure 4c). Although forests in Acadia
National Park accumulated similar amounts of snow early
in the season, snowpack accumulation among sites quickly
diverged and followed our prediction (Figure 2a) with the
deepest snowpack in medium DSCC forests, moderate
snowpack in low DSCC forests, and the shallowest
snowpack in high DSCC forests until the late snow sea-
son, when snowpack depth under low DSCC declined
(Figure 4b). Although there was variability among sites,
medium DSCC sites had ~2-2.5 cm higher SWE, on
average, than low DSCC sites by mid-winter, and high
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Sources: ESRI, TomTom, Garmin, FAO, NOAA,
USGS, (c)OpenStreetMap contributors, GIS User
Community, USDA Forest Service Forest
Inventory & Analysis Program.
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FIGURE 3

Map of study locations relative to climate divisions and forest type groups. The climate division within which each study

resides appears in uppercase. Climate division data source: National Climatic Data Center, 1991, US Geological Survey, Reston, Virginia,

https://water.usgs.gov/GIS/dsdl/climate_div_shp.zip. Forest types for the study region are from USDA Forest Service Forest Inventory &

Analysis Program: Science by Barry T. Wilson (USFS); cartography by Emily Meriam (ESRI). Maps of each study’s specific forest sites with

dormant season canopy cover indicated are in Appendix S1: Figure S1.

DSCC sites had as much as ~3 cm less SWE than low
DSCC sites (Appendix S1: Figure S3). In Old Town,
maximum snowpack depth was, on average, 15cm
greater in the medium DSCC forest stand than in the
high DSCC forest stand (Figure 4a).

Results from Old Town (Figure 4a; Appendix S1:
Figure S4) also hint at temporal differences in snowpack
dynamics among forest types, underscoring the benefit of
long-term studies that investigate snow dynamics across
the DSCC gradient. Notably, the date of peak snowpack
depth at Old Town was, in some years, later in the
medium DSCC forest than in the high DSCC forest by a
few days to more than 1 month (Figure 4a; Appendix S1:
Figure S4). Such differences in the timing of peak snow-
pack depth are important to hydrological cycles, soil bio-
geochemistry, wildlife, and recreation. Placing this finding

within the context of current understanding of how forest
canopies can influence the date of maximum snowpack
depth is difficult because relevant literature is sparse.
Some studies have used the standard date of April 1 as an
index to compare maximum snowpack depth or SWE
across sites or years (Bohr & Aguado, 2001; Kapnick &
Hall, 2012; Varhola et al., 2010). As noted in Bohr and
Aguado (2001), use of this date can lead to underestima-
tion of peak SWE, and given the timing of peak snowpack
one or more months earlier than April 1 depending on the
year at these northeastern sites, the April 1 index is not
appropriate here. In the absence of other examples against
which to compare, we speculate that the large discrepancy
in the timing of maximum snowpack depth between the
medium and high DSCC forest stands during the winter of
2022-2023 was due to the outsized role that canopy
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FIGURE 4 Legend on next page.
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interception can play when snowfall occurs in tandem with
relatively warm air temperatures (Lundquist et al., 2013;
Roth & Nolin, 2019). This may have been the case in early
March 2023, when air temperatures during a snowfall event
were mild enough (about —1°C) to drive substantial canopy
interception due to high snow grain cohesion (Roth &
Nolin, 2019). Historical and projected trends for winter air
temperatures in the northeastern United States (Burakowski
et al., 2022; Contosta et al., 2020) indicate an increase in
snowfall events during warm (>2°C) or mild (—2.4 to 0.2°C;
Roth & Nolin, 2019) conditions. The data from Old Town
indicate that DSCC could substantially influence the accu-
mulation of snow falling in warm or mild conditions that
may become more common as the climate warms.

In our conceptual model, we also suggest that DSCC
influences other ecosystem components such as soil bio-
geochemistry and wildlife via impacts on snow. Although
we did not investigate those cascading effects here, we
did observe a substantial influence of DSCC on soil tem-
perature at Old Town. Notably, soil temperatures reached
sub-zero much less often in the medium DSCC forest
stand than in the high DSCC forest stand. The overlap in
daily average air temperature and similarities in diurnal
variability of air and soil temperatures between stands
(Appendix S1: Figure S5) suggest that differences in can-
opy radiative balance between stands did not drive differ-
ences in soil temperature. Instead, the Old Town data
indicate that deeper snowpack in the medium DSCC for-
est stand buffered soil from fluctuating air temperatures
more than the shallower snowpack in the higher DSCC
forest stand (Appendix S1: Figure S6). Prior studies have
indicated that 15-45 cm of snow is needed to protect soil
from fluctuating air temperatures (Brooks et al., 1997;
Liptzin et al.,, 2009; Zhang, 2005), although the exact
threshold depends on local site conditions such as snow-
pack density, SWE, and ambient air temperature (Liptzin
et al., 2009; Zhang, 2005). At Old Town, we found that
snowpack depth in the medium DSCC forest reached a
minimum depth of 15 cm more frequently (~50% of each
winter) than that in the high DSCC forest (0-30 days
depending on year). Additionally, in the White Mountains,
DSCC affected snow penetrability, a marker of snow den-
sity, which could have implications for wildlife and recrea-
tion (Appendix S1: Figure S7). The lower density snow

observed at medium DSCC sites in the White Mountains
may explain why certain mammals such as American
marten select mixed forests during winter, as deep and
powdery snow provides efficient subnivean access to
resting, denning, and foraging sites (Pauli et al., 2013;
Sirén et al., 2016).

By investigating snow dynamics in forests along the
DSCC gradient, we reveal important patterns in northeast-
ern forests that may be missed in studies limited to conif-
erous forests or low versus high DSCC contrasts, and we
identify the potential importance of medium DSCC forests
in creating potential snow refugia. Had we only compared
low to high DSCC here, we would have concluded that the
presence of a forest canopy reduces snowpack when it is
influential. Instead, we found a more complex relationship
between the forest canopy and snow, including an optimal
zone in which the medium DSCC canopy allows snow
accumulation while also protecting snowpack from loss
mechanisms, a balance that has long been recognized but
rarely tested across forest types or DSCC gradients
(Halpin & Bissonette, 1988; Lewis et al., 2023; Varhola
et al., 2010; Veatch et al., 2009). Overall, our case studies
across the Northeast region indicate that medium DSCC
forests could serve as snow refugia that will help to sustain
the benefits provided by snow as climate change con-
tinues. Further studies that test our conceptual model by
characterizing snow dynamics along DSCC gradients may
help to guide management and improve model predictions
in the northeastern US region and perhaps others along
the boreal-temperate ecotone.

MANAGEMENT IMPLICATIONS
AND FUTURE DIRECTIONS

In summary, our concept of snow refugia and model for
how diverse forest canopies impact snow dynamics
(Figures 1 and 2) offer a framework to guide research
investigating forest management strategies for preserving
snowpack and its benefits in northeastern forests amidst
ongoing climate change. Our regional studies included a
range of canopy conditions and support our concept that
forests with moderate canopy cover in the dormant sea-
son promote the deepest snowpack, in contrast to results

FIGURE 4 Snowpack depth over time in forests spanning the dormant season canopy cover (DSCC) gradient at (a) Old Town, Maine;
(b) Acadia National Park, Maine; and (c) White Mountains, New Hampshire. (a) Graphs show median (thick line), minimum (bottom thin
line), and maximum (top thin line) of daily mean snowpack depths within each forest stand across the snow season for all five consecutive

winters. Patterns for each individual winter are shown in Appendix S1: Figure S4. (b) Sites were categorized as low (<25%), medium
(25%-50%), and high (>50%) DSCC. DSCC was quantified using fisheye photos and image analysis as documented in Nelson (2007).
(c) Open, 8 harvested sites; low DSCC, 4 unharvested northern hardwood forest sites; medium DSCC, 8 unharvested mixed forest sites; and

high DSCC, 10 unharvested coniferous forest sites.
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from studies limited to coniferous forests or comparisons
between open versus closed canopies. These linkages
between forest canopy cover and snowpack (Figure 1)
indicate tangible, site-level forest structural and composi-
tional conditions that managers could encourage as part of
climate adaptation actions, such as developing snow refugia
for sustaining cold-dependent species and ecosystem func-
tions in the face of climate change. Potential tactics, includ-
ing supplementing or restoring or even creating snow
refugia, could help protect snow-dependent species and
functions even as temperatures warm (Keppel et al., 2024).
However, increased manipulative and natural canopy-snow
experiments, improved observational networks across a
wider range of forest canopies, and manager involvement
including the co-creation of research in the context of
decision-support needs would allow us to better understand
canopy-snow relationships and support forest ecosystem
management in the northeastern United States.

Manipulative and natural canopy-snow
experiments

Given the importance of snowpack to hydrological
processes, drought, and water supply in the western
United States, considerable recent research has explored
the contributions of coniferous forest canopies to snow-
pack depth and duration in forests throughout the
region (O’Donnell et al.,, 2021; Schneider et al., 2019;
Stevens, 2017). Comparatively, the literature on the influ-
ence of deciduous and mixed forest canopies on snowpack
depth and duration in northeastern temperate forests is
much less developed and has been for over a decade (Penn
et al., 2012). Thus, experiments in temperate forests that
identify clear mechanisms of how understudied zones of
the DSCC gradient affect wintertime snowpack depth and
duration would be useful, especially given the potential
importance of medium DSCC forests as snow refugia
suggested by our regional studies (Figure 4) and associated
conceptual model (Figure 1).

These experiments could leverage existing gradients
in DSCC or create DSCC gradients through silvicultural
treatments. Leveraging DSCC gradients that are attribut-
able to differing stand ages and forest developmental
stages could enhance understanding of which forest types
most effectively promote snowpack in regenerating for-
ests, patterns that may differ from those of the predomi-
nantly older-aged forests tested in our case studies. For
example, DSCC differences among forest types could be
less pronounced in younger stands (e.g., 15-year-old
regenerating spruce-fir vs. beech stands) than those
observed in older stands with developed canopies and
sub-canopies, leading to less pronounced forest-type

differences in snowpack. Documenting snowpack vari-
ability across a wider range of DSCC gradients would
allow for assessment of management methods based on
ecological models of silviculture that encourage a range
of canopy gap sizes, retention of living and dead trees or
patches, and multiple canopy layers, which represent
strategies that generate medium to high DSCC, particu-
larly in mixed forest and conifer-dominated systems
(Raymond et al., 2023; Figure 1). Partial harvesting strate-
gies, like selection and shelterwood methods, have
become the predominant form of management across
ownerships in the northeastern US region, indicating the
operational and financial feasibility of these strategies for
managing snow refugia (Bose, 2021). At the same time,
increasing conifer cover in some areas may incur a cost if
mature seed sources are not present and planting is nec-
essary to restore this component. Gap closure rates for
forests in this region suggest that small canopy openings
created to enhance snow accumulation would last about
10-30 years depending on gap size and species composi-
tion, which overlaps with typical harvest entries for these
forest types, allowing for the creation of new openings as
initial areas no longer function as snow refugia (Rentch
et al., 2010; Webster & Lorimer, 2005). Further research
into how to prioritize sites for these silvicultural treat-
ments, including the topographic settings and local cli-
mate regimes that may best support snow refugia and
enhance connectivity across the landscape, is critical to
ensure adaptive treatments are occurring in the portions
of a given landscape with the greatest long-term potential
for sustaining snow refugia. Such research is timely
because increasing droughts and fires in the Northeast in
recent years amplify the threat of declining snowpack
(Burakowski et al., 2022) and highlight that new experi-
mental efforts focused on snowpack retention in the
northeastern United States would be beneficial to inform
forest management.

Manipulative and natural canopy-snow experiments
would also provide key benchmarks and thresholds
for snow-dependent species, ecosystem functions, and
human activities. For example, research that details how
populations of wildlife species respond to snowpack depth
(e.g., Evans & Mortelliti, 2022; Shipley & Zuckerberg, 2023)
and change their behavior or survivorship may provide
thresholds that relate to DSCC as outlined in the conceptual
model (Figure 1) and by which snow-related forest manage-
ment can be guided. Studies that leverage natural gradients
in canopy structural characteristics and/or climate, experi-
mental manipulations, and long-term forest monitoring
plots in the Northeast could help define canopy structural
thresholds to manage key ecosystem processes and func-
tions linked to snow dynamics, such as soil carbon and
nutrient cycling.
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Improved observational networks

Collections of snowpack depth, duration, and timing of
melt would advance understanding of canopy-snow
relationships and help to identify snow refugia across a
wide range of forest canopies found in the northeastern
United States and across the boreal-temperate ecotone.
The use of climatological sensor networks such as the
Natural Resources Conservation Service’s Snow Telemetry
(SNOTEL) where gradients in forest canopy cover exist
has led to a more comprehensive understanding of
these relationships across the western US landscape (Sun
et al., 2022), and a feasibility study focused on initiating
such a network in the eastern United States is underway.
Given the many long-term forest inventory plots located at
research forests throughout the region, the addition of
snowpack monitoring capabilities at these and other
regional locations would expand our capacity to establish
firm relationships between canopy characteristics and snow
phenology. Advances in networks of snow data measure-
ments (Sirén et al., 2018) and, in the case of wildlife, cam-
era trap technology (Soininen et al., 2015) may also help
the development of snowpack depth metrics and thresholds
for different species and ecosystem processes. Although
recent efforts to use unpiloted aerial systems equipped with
light detection and ranging (lidar) have materialized
(Jacobs et al., 2021; Proulx et al., 2023), considerable work
remains to be done. Sites with paired lidar data and
under-canopy snow metrics from sensors or manual mea-
surements that could provide a robust design for testing the
DSCC conceptual model (Figure 1) are sparse or absent at
the northeast regional scale and would provide a rich
opportunity for further research and modeling.

A critical consideration for where to locate new snow
sensing networks would be the inclusion of actively man-
aged forests. Although thinning of conifer species has
often been referred to as a key strategy to influence snow-
pack in western North America (Harpold et al., 2020), the
influences of site-specific climatology and topography can
be dominant (Lundquist et al., 2013). Furthermore, canopy
gaps and edges, which become more prevalent in forest
management prescriptions such as patch cuts, group selec-
tion, and shelterwood harvests, have complex but impor-
tant impacts on snowpack mass and timing (Broxton
et al., 2021; Currier & Lundquist, 2018; Sun et al., 2022).

Manager involvement

Managers have identified changing winter conditions as one
of the primary challenges to sustaining forest conditions
in the northeastern US region (Schattman et al., 2024).
At the same time, there has been an increasing focus of

management activities on multi-aged and mixed species
approaches that may minimize the impacts of changing cli-
mate regimes and a growing prevalence of non-indigenous
insects and pathogens (McGann et al., 2022). Nevertheless,
the linkages between these approaches and opportunities
for enhancing snow refugia have been under explored.
Current forest and site conditions will influence the relative
degree to which canopy cover, the proportion of ground
area covered by the canopy, can be managed to restore and
maintain medium and high DSCC to enhance snow refugia.
Given the unique role of mixed coniferous-deciduous for-
ests in providing deep and persistent snowpack, as we assert
in the conceptual model (Figure 1) and as indicated by the
case studies, restoration of these once predominant forest
types to areas historically supporting these assemblages
could be a priority (Kenefic et al., 2021; Keppel et al., 2024).
Similarly, conifer species provide a unique function overall
in generating cold conditions at microscales, so strate-
gies to sustain coniferous species, including protecting
advance regeneration (i.e., seedlings/saplings that
established naturally in the understory) during harvests
(Bourque et al., 2022), ensuring suitable seedbed condi-
tions are present (Weaver et al., 2009), and supplementing
natural regeneration of coniferous species with planted
seedlings representing future-climate-adapted genotypes
(Palik et al., 2022) could be integrated into strategies for
sustaining cold conditions.

Decision support tools for forest managers from west-
ern North America have been designed to estimate the
combined influence of forest structure, aspect, and cli-
matic conditions on snow accumulation (Dickerson-Lange
et al., 2021), but these relationships may be more complex
in forests with deciduous and coniferous elements. In the
Northeast, regional (e.g., Northern Institute of Applied
Climate Science) and statewide (e.g., Maine Adaptive
Silviculture Network) practitioner-focused networks col-
laborate with researchers and agencies to co-create deci-
sion support resources such as climate change workbooks
(e.g., Janowiak et al., 2014), providing a robust model for
co-creating such tools focused on DSCC management
for snow refugia development.

Finally, it will be important to understand how for-
est management for snow refugia relates to other
objectives, including promoting resilience of spruce-fir
forests, maintaining canopy cover or structure for wildlife
requirements, promoting soil carbon accumulation and
storage, and increasing tree vigor to minimize forest health
concerns. In the northeastern United States, where the
majority of forested lands are privately owned (Butler
et al., 2021; Hoover & Riddle, 2021; Sass et al., 2020), stud-
ies assessing private landowners’ attitudes toward snow
persistence as a management objective may also be helpful
for future practice. In addition, diversifying outreach
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efforts to highlight the important linkages between snow
and forests, particularly in the context of changing winters,
can potentially improve large-scale management.

AUTHOR CONTRIBUTIONS

This manuscript was collaboratively developed, written,
and edited. All authors made substantial contributions to
this work, including conceptualization, writing, contrib-
uting data, and interpreting or synthesizing results. All
authors reviewed and edited the manuscript.

ACKNOWLEDGMENTS

NSF EPSCoR RII Track-2 FEC: Leveraging Intelligent
Informatics and Smart Data for Improved Understanding of
Northern Forest Ecosystem Resiliency (INSPIRES; Award
no. 1920908) supported salaries for Melissa A. Pastore and
Elizabeth A. Burakowski, as well as a collaborators’ meeting
to develop this manuscript. NSF EPSCoR E-RISE RII
(OIA-2416915) supported publication of this work. NSF
Macrosystems (Richardson no. 1702727 and Burakowski
no. 1802726) and EPSCoR Track 4 (nos. 1832970 and
1832959) supported Alexandra R. Contosta and Elizabeth
A. Burakowski. Funding for this research has been
supported in part by the Iola Hubbard Climate Change
Endowment managed by the Earth Systems Research
Center at the University of New Hampshire and the
Hubbard Brook LTER, NSF (DEB LTER 2224545).
Dartmouth College Neukom CompX Faculty Grant
supported David A. Lutz. Snow collection at Acadia
National Park was funded by the Canon National Parks
Science Scholars Program to Sarah J. Nelson. Toni Lyn
Morelli, Grace A. Smith, and Alexej P. K. Sirén were
supported by the U.S. Geological Survey Northeast
Climate Adaptation Science Center. Melissa A. Pastore
was supported by the USDA Forest Service. Any use
of trade, firm, or product names is for descriptive pur-
poses only and does not imply endorsement by the US
government. The findings and conclusions in this publi-
cation are those of the authors and should not be con-
strued to represent any official USDA or US government
determination or policy but do represent the views of
the U.S. Geological Survey. We thank Old Town
High School students for their field data collection and
instrument maintenance and K. Kanoti (UMaine
University Forests) for local support and expertise.
M. Ritchie (AMC) developed figures for the Acadia
study. A. Clark and M. Wandrey were the graphic
designers for the conceptual diagrams and B. Lineman
produced maps. B. Gawley provided climate data for
Acadia National Park. University of Maine staff and
graduate students assisted with Acadia snow collections.
We thank three anonymous reviewers whose comments
greatly improved this manuscript.

CONFLICT OF INTEREST STATEMENT
The authors declare no conflicts of interest.

DATA AVAILABILITY STATEMENT

Data (Contosta, 2025; Nelson, 2025; Sirén, 2025) are avail-
able on Zenodo as follows: Acadia case study: https://doi.
org/10.5281/zenodo.15282804, Old Town case study: https://
doi.org/10.5281/zen0do.15303330, and White Mountains
case study: https://doi.org/10.5281/zenodo.15306801.

ORCID

Melissa A. Pastore
1418

Sarah J. Nelson
Elizabeth A. Burakowski

https://orcid.org/0000-0002-7465-

https://orcid.org/0000-0003-3000-7521
https://orcid.org/0000-0001-

5429-9886

Alexandra R. Contosta ‘® https://orcid.org/0000-0002-
1201-1765

Anthony W. D’Amato ® https://orcid.org/0000-0002-2570-
4376

Sarah Garlick ‘® https://orcid.org/0000-0002-9269-7946

Toni Lyn Morelli ‘® https://orcid.org/0000-0001-5865-5294
Alexej P. K. Sirén ‘© https://orcid.org/0000-0003-3067-
6418

Aaron Weiskittel (2 https://orcid.org/0000-0003-2534-4478

REFERENCES

Aragon, C. M., and D. F. Hill. 2024. “Changing Snow Water Storage
in Natural Snow Reservoirs.” Hydrology and Earth System
Sciences 28(4): 781-800.

Aygiin, O., C. Kinnard, and S. Campeau. 2019. “Impacts of Climate
Change on the Hydrology of Northern Midlatitude Cold
Regions.” Progress in Physical Geography: Earth and Environment
44: 338-375. https://doi.org/10.1177/0309133319878123.

Balantic, C., A. Adams, S. Gross, R. Mazur, S. Sawyer, J. Tucker, M.
Vernon, et al. 2021. “Toward Climate Change Refugia Conservation
at an Ecoregion Scale.” Conservation Science and Practice 3: 497.

Barnett, T. P., J. C. Adam, and D. P. Lettenmaier. 2005. “Potential
Impacts of a Warming Climate on Water Availability in
Snow-Dominated Regions.” Nature 438: 303-9.

Batllori, E., J. J. Camarero, J. M. Ninot, and E. Gutiérrez. 2009.
“Seedling Recruitment, Survival and Facilitation in Alpine
Pinus Uncinata Tree Line Ecotones. Implications and
Potential Responses to Climate Warming.” Global Ecology
and Biogeography 18: 460-472.

Bohr, G. S., and E. Aguado. 2001. “Use of April 1 SWE Measurements
as Estimates of Peak Seasonal Snowpack and Total Cold-Season
Precipitation.” Water Resources Research 37: 51-60.

Boon, S. 2007. “Snow Accumulation and Ablation in a Beetle-Killed
Pine Stand in Northern Interior British Columbia.” Journal of
Ecosystems and Management 8(3): 1-13.

Bose, A. K. 2021. “Effect Magnitudes of Operational-Scale Partial
Harvesting on Residual Tree Growth and Mortality of Ten Major
Tree Species in Maine USA.” Forest Ecology and Management
484: 118953. https://doi.org/10.1016/j.foreco.2021.118953.

5U80| 7 SUOWWIOD 3AIR.D 3|qeoljdde 8Ly Ag peusenob 8e ssjolfe YO ‘@SN JO S3ni o} ARIq1T 8UIIUO AB]IM UO (SUORIPUCD-PUR-SLLBY WD A3 | 1M AReiq 1 Ul ju0//SdNY) SUORIPUOD PUe Swile | 8L} 88S *[GZ02/20/TT] U0 Ariqiauljuo AB|IM ‘Z0E0L ZS98/200T OT/I0p/wod A8 |ImArelqpul|uo's feuno fess//sdny wo.y papeojumod ‘. ‘G202 ‘G26805TE


https://doi.org/10.5281/zenodo.15282804
https://doi.org/10.5281/zenodo.15282804
https://doi.org/10.5281/zenodo.15303330
https://doi.org/10.5281/zenodo.15303330
https://doi.org/10.5281/zenodo.15306801
https://orcid.org/0000-0002-7465-1418
https://orcid.org/0000-0002-7465-1418
https://orcid.org/0000-0002-7465-1418
https://orcid.org/0000-0003-3000-7521
https://orcid.org/0000-0003-3000-7521
https://orcid.org/0000-0001-5429-9886
https://orcid.org/0000-0001-5429-9886
https://orcid.org/0000-0001-5429-9886
https://orcid.org/0000-0002-1201-1765
https://orcid.org/0000-0002-1201-1765
https://orcid.org/0000-0002-1201-1765
https://orcid.org/0000-0002-2570-4376
https://orcid.org/0000-0002-2570-4376
https://orcid.org/0000-0002-2570-4376
https://orcid.org/0000-0002-9269-7946
https://orcid.org/0000-0002-9269-7946
https://orcid.org/0000-0001-5865-5294
https://orcid.org/0000-0001-5865-5294
https://orcid.org/0000-0003-3067-6418
https://orcid.org/0000-0003-3067-6418
https://orcid.org/0000-0003-3067-6418
https://orcid.org/0000-0003-2534-4478
https://orcid.org/0000-0003-2534-4478
https://doi.org/10.1177/0309133319878123
https://doi.org/10.1016/j.foreco.2021.118953

16 of 20

PASTORE ET AL.

Bourque, C., D. Dumais, J.-C. Ruel, C. Larouche, and P. Raymond.
2022. “How Do Advance Regeneration and Planted Seedlings
of Thuja occidentalis and Picea rubens Acclimate under a First
Irregular Shelterwood Cut?” Canadian Journal of Forest
Research 52: 1412-22.

Brooks, P. D., S. K. Schmidt, and M. W. Williams. 1997. “Winter
Production of CO, and N,O from Alpine Tundra:
Environmental Controls and Relationship to Inter-System C
and N Fluxes.” Oecologia 110: 403-413.

Broxton, P. D., A. A. Harpold, J. A. Biederman, P. A. Troch, N. P.
Molotch, and P. D. Brooks. 2015. “Quantifying the Effects of
Vegetation Structure on Snow Accumulation and Ablation in
Mixed-Conifer Forests.” Ecohydrology 8: 1073-94.

Broxton, P. D., C. D. Moeser, and A. Harpold. 2021. “Accounting
for Fine-Scale Forest Structure Is Necessary to Model
Snowpack Mass and Energy Budgets in Montane Forests.”
Water Resources Research 57: 029716.

Burakowski, E., A. Contosta, D. Grogan, S. Nelson, S. Garlick,
N. Casson, E. Burakowski, D. Grogan, and S. Nelson. 2022.
“Future of Winter in Northeastern North America: Climate
Indicators Portray Warming and Snow Loss that Will Impact
Ecosystems and Communities.” Northeastern Naturalist
28: 11.

Burakowski, E., A. Tawfik, A. Ouimette, L. Lepine, K. Novick,
S. Ollinger, C. Zarzycki, and G. Bonan. 2018. “The Role of
Surface Roughness, Albedo, and Bowen Ratio on Ecosystem
Energy Balance in the Eastern United States.” Agricultural
and Forest Meteorology 249: 367-376.

Butler, B. J., S. M. Butler, J. Caputo, J. Dias, A. Robillard, and E. M.
Sass. 2021. Family Forest Ownerships of the United States, 2018:
Results from the USDA Forest Service, National Woodland
Owner Survey. Gen. Tech. Rep. NRS-199. Madison, WI: U.S.
Department of Agriculture, Forest Service, Northern Research
Station. 52 p. https://doi.org/10.2737/NRSGTR-199.

Chugunkova, A. V., and A. I. Pyzhev. 2020. “Impacts of Global
Climate Change on Duration of Logging Season in Siberian
Boreal Forests.” Forests 11(7): 756.

Cleavitt, N. L., T. J. Fahey, P. M. Groffman, J. P. Hardy, K. S.
Henry, and C. T. Driscoll. 2008. “Effects of Soil Freezing on
Fine Roots in a Northern Hardwood Forest.” Canadian
Journal of Forest Research 38: 82-91.

Contosta, A. 2025. “Contosta/Old-Town-Met-Data: Publishing Old
Town Met Data (v1.0.1).” Zenodo. https://doi.org/10.5281/
zenodo.15303474.

Contosta, A., N. Casson, S. Garlick, S. Nelson, M. Ayres, E. A.
Burakowski, J. Campbell, et al. 2019. “Northern Forest Winters
Have Lost Cold, Snowy Conditions that Are Important for
Ecosystems and Human Communities.” Ecological Applications
29(7): €01974. https://doi.org/10.1002/eap.1974.

Contosta, A. R., N. J. Casson, S. J. Nelson, and S. Garlick. 2020.
“Defining Frigid Winter Illuminates Its Loss across Seasonally
Snow-Covered Areas of Eastern North America.” Environmental
Research Letters 15(34020). https://iopscience.iop.org/article/10.
1088/1748-9326/ab5413.

Currier, W. R,, and J. D. Lundquist. 2018. “Snow Depth Variability
at the Forest Edge in Multiple Climates in the Western
United States.” Water Resources Research 54: 8756-73.

Dawson, J., and D. Scott. 2013. “Managing for Climate Change in the
Alpine Ski Sector.” Tourism Management 35: 244-254.

De Frenne, P., F. Rodriguez-Sanchez, D. A. Coomes, L. Baeten,
G. Verstraeten, M. Vellend, M. Bernhardt-Romermann, et al.
2013. “Microclimate Moderates Plant Responses to Macroclimate
Warming.” Proceedings of the National Academy of Sciences of the
United States of America 110: 18561-65.

Decker, K. L. M., D. Wang, C. Waite, and T. Scherbatskoy. 2003.
“Snow Removal and Ambient Air Temperature Effects on
Forest Soil Temperatures in Northern Vermont.” Soil Science
Society of America Journal 67: 1234-42.

Dickerson-Lange, S. E., R. F. Gersonde, J. A. Hubbart, T. E. Link,
A. W. Nolin, G. H. Perry, T. R. Roth, N. E. Wayand, and J. D.
Lundquist. 2017. “Snow Disappearance Timing Is Dominated
by Forest Effects on Snow Accumulation in Warm Winter
Climates of the Pacific Northwest, United States.” Hydrological
Processes 31: 1846-62.

Dickerson-Lange, S. E., E. R. Howe, K. Patrick, R. Gersonde, and
J. D. Lundquist. 2023. “Forest Gap Effects on Snow Storage in
the Transitional Climate of the Eastern Cascade Range,
Washington, United States.” Frontiers in Water 5: 1115264.

Dickerson-Lange, S. E., J. A. Vano, R. Gersonde, and J. D.
Lundquist. 2021. “Ranking Forest Effects on Snow Storage: A
Decision Tool for Forest Management.” Water Resources
Research 57: 027926.

Dubayah, R., J. Armston, S. P. Healey, J. M. Bruening, P. L.
Patterson, J. R. Kellner, L. Duncanson, S. Saarela, G. Stdhl,
and Z. Yang. 2022. “GEDI Launches a New Era of Biomass
Inference from Space.” Environmental Research Letters 17:
095001.

Ellis, C. R., J. W. Pomeroy, R. L. H. Essery, and T. E. Link. 2011.
“Effects of Needleleaf Forest Cover on Radiation and
Snowmelt Dynamics in the Canadian Rocky Mountains.”
Canadian Journal of Forest Research 41: 608-620.

Evans, B. E., and A. Mortelliti. 2022. “Effects of Forest Disturbance,
Snow Depth, and Intraguild Dynamics on American Marten
and Fisher Occupancy in Maine, USA.” Ecosphere 13: 4027.

Feng, S., and Q. Hu. 2007. “Changes in Winter Snowfall/Precipitation
Ratio in the Contiguous United States.” Journal of Geophysical
Research-Atmospheres 112: D15.

Fuller, A. K., D. J. Harrison, and J. H. Vashon. 2007. “Winter
Habitat Selection by Canada Lynx in Maine: Prey Abundance
or Accessibility?” Journal of Wildlife Management 71: 1980-86.

Golding, D. L., and R. H. Swanson. 1978. “Snow Accumulation and
Melt in Small Forest Openings in Alberta.” Canadian Journal
of Forest Research 8: 380-88.

Golding, D. L., and R. H. Swanson. 1986. “Snow Distribution
Patterns in Clearings and Adjacent Forest.” Water Resources
Research 22: 1931-40.

Gordon, B. L., P. D. Brooks, S. A. Krogh, G. F. S. Boisrame,
R. W. H. Carroll, J. P. McNamara, and A. A. Harpold. 2022.
“Why Does Snowmelt-Driven Streamflow Response to
Warming Vary? A Data-Driven Review and Predictive
Framework.” Environmental Research Letters 17: 1-20.

Gottlieb, A. R., and J. S. Mankin. 2024. “Evidence of Human
Influence on Northern Hemisphere Snow Loss.” Nature
625(7994): 293-300.

Grogan, D. S., E. A. Burakowski, and A. R. Contosta. 2020.
“Snowmelt Control on Spring Hydrology Declines as the
Vernal Window Lengthens.” Environmental Research Letters
15: 114040.

5U80| 7 SUOWWIOD 3AIR.D 3|qeoljdde 8Ly Ag peusenob 8e ssjolfe YO ‘@SN JO S3ni o} ARIq1T 8UIIUO AB]IM UO (SUORIPUCD-PUR-SLLBY WD A3 | 1M AReiq 1 Ul ju0//SdNY) SUORIPUOD PUe Swile | 8L} 88S *[GZ02/20/TT] U0 Ariqiauljuo AB|IM ‘Z0E0L ZS98/200T OT/I0p/wod A8 |ImArelqpul|uo's feuno fess//sdny wo.y papeojumod ‘. ‘G202 ‘G26805TE


https://doi.org/10.2737/NRSGTR-199
https://doi.org/10.5281/zenodo.15303474
https://doi.org/10.5281/zenodo.15303474
https://doi.org/10.1002/eap.1974
https://iopscience.iop.org/article/10.1088/1748-9326/ab54f3
https://iopscience.iop.org/article/10.1088/1748-9326/ab54f3

ECOSPHERE

| 17 of 20

Hagenstad, M., E. A. Burakowski, and R. Hill. 2018. Economic
Contributions of Winter Sports in a Changing Climate. Boulder,
CO: Protect Our Winters.

Hale, K. E., K. S. Jennings, K. N. Musselman, B. Livneh, and N. P.
Molotch. 2023. “Recent Decreases in Snow Water Storage in
Western North America.” Communications Earth &
Environment 4: 170.

Halpin, M. A., and J. A. Bissonette. 1988. “Influence of Snow Depth
on Prey Availability and Habitat Use by Red Fox.” Canadian
Journal of Zoology 66: 587-592.

Hamilton, L., C. Brown, and B. D. Keim. 2007. “Ski Areas,
Weather, and Climate: Time Series Models for New England
Case Studies.” International Journal of Climatology 27:
2113-24.

Hardy, J. P., P. M. Groffman, R. D. Fitzhugh, K. S. Henry, A. T.
Welman, J. D. Demers, T. J. Fahey, C. T. Driscoll, G. L.
Tierney, and S. Nolan. 2001. “Snow Depth Manipulation and
Its Influence on Soil Frost and Water Dynamics in a Northern
Hardwood Forest.” Biogeochemistry 56: 151-174.

Harpold, A. A., and P. D. Brooks. 2018. “Humidity Determines
Snowpack Ablation under a Warming Climate.” Proceedings of
the National Academy of Sciences of the United States
of America 115: 1215-20.

Harpold, A. A., S. A. Krogh, M. Kohler, D. Eckberg, J. Greenberg,
G. Sterle, and P. D. Broxton. 2020. “Increasing the Efficacy of
Forest Thinning for Snow Using High-Resolution Modeling: A
Proof of Concept in the Lake Tahoe Basin, California, USA.”
Ecohydrology 13: 2203.

Hedstrom, N. R., and J. W. Pomeroy. 1998. “Measurements and
Modelling of Snow Interception in the Boreal Forest.”
Hydrological Processes 12: 1611-25.

Henry, H. A. L. 2008. “Climate Change and Soil Freezing
Dynamics: Historical Trends and Projected Changes.” Climatic
Change 87: 421-434.

Hoover, K., and A. A. Riddle. 2021. In Focus: U.S. Forest Ownership
and Management. Congressional Research Service IF12001.
https://www.congress.gov/crs-product/IF12001.

Huerta, M. L., N. P. Molotch, and J. McPhee. 2019. “Snowfall
Interception in a Deciduous Nothofagus Forest and
Implications for Spatial Snowpack Distribution.” Hydrological
Processes 33: 1818-34.

Huntington, T. G., G. A. Hodgkins, B. D. Keim, and R. W. Dudley.
2004. “Changes in the Proportion of Precipitation Occurring as
Snow in New England (1949-2000).” Journal of Climate 17:
2626-36.

Immerzeel, W. W., A. F. Lutz, M. Andrade, A. Bahl, H. Biemans,
T. Bolch, S. Hyde, et al. 2020. “Importance and Vulnerability
of the World’s Water Towers.” Nature 577: 364-69.

Jacobs, J. M., A. G. Hunsaker, F. B. Sullivan, M. Palace, E. A.
Burakowski, C. Herrick, and E. Cho. 2021. “Snow Depth
Mapping with Unpiloted Aerial System Lidar Observations: A
Case Study in Durham, New Hampshire, United States.” The
Cryosphere 15: 1485-1500.

Janowiak, M. K., C. W. Swanston, L. M. Nagel, L. A. Brandt, P. R.
Butler, S. D. Handler, P. D. Shannon, et al. 2014. “A Practical
Approach for Translating Climate Change Adaptation Principles
into Forest Management Actions.” Journal of Forestry 112(5):
424-433.

Jia, Y., R. Lund, J. Kong, J. Dyer, J. Woody, and J. S. Marron. 2023.
“Trends in Northern Hemispheric Snow Presence.” Journal of
Hydrometeorology 24: 1137-54.

Jiang, F., W. Ju, W. He, M. Wu, H. Wang, J. Wang, M. Jia, S. Feng,
L. Zhang, and J. M. Chen. 2022. “A 10-Year Global Monthly
Averaged Terrestrial Net Ecosystem Exchange Dataset
Inferred from the ACOS GOSAT v9 XCO 2 Retrievals
(GCAS2021).” Earth System Science Data 14: 3013-37.

Kapnick, S., and A. Hall. 2012. “Causes of Recent Changes in
Western North American Snowpack.” Climate Dynamics 38:
1885-99.

Kenefic, L. S., J. M. Kabrick, B. O. Knapp, P. Raymond, K. L. Clark,
A. W. D’Amato, C. C. Kern, L. A. Vickers, D. C. Dey, and N. S.
Rogers. 2021. “Mixedwood Silviculture in North America: The
Science and Art of Managing for Complex, Multi-Species
Temperate Forests.” Canadian Journal of Forest Research 51:
921-934.

Keppel, G., D. Stralberg, T. L. Morelli, and Z. Batori. 2024.
“Managing Climate-Change Refugia to Prevent Extinctions.”
Trends in Ecology & Evolution 39: 800-808.

Kreyling, J., D. PerSoh, S. Werner, M. Benzenberg, and J. Wollecke.
2012. “Short-Term Impacts of Soil Freeze-Thaw Cycles on
Roots and Root-Associated Fungi of Holcus lanatus and
Calluna vulgaris.” Plant and Soil 353: 19-31.

Krogh, S. A., P. D. Broxton, P. N. Manley, and A. A. Harpold. 2020.
“Using Process Based Snow Modeling and Lidar to Predict the
Effects of Forest Thinning on the Northern Sierra Nevada
Snowpack.” Frontiers in Forests and Global Change 3: 21.

Lefort, S., J.-P. Tremblay, F. Fournier, F. Potvin, and J. Huot. 2007.
“Importance of Balsam Fir as Winter Forage for White-Tailed
Deer at the Northeastern Limit of Their Distribution Range.”
Ecoscience 14: 109-116.

Lewis, G., A. Harpold, S. A. Krogh, P. Broxton, and P. N. Manley.
2023. “The Prediction of Uneven Snowpack Response to
Forest Thinning Informs Forest Restoration in the Central
Sierra Nevada.” Ecohydrology 16: €2580.

Liptzin, D., M. W. Williams, D. Helmig, B. Seok, G. Filippa,
K. Chowanski, and J. Hueber. 2009. “Process-Level Controls
on CO, Fluxes from a Seasonally Snow-Covered Subalpine
Meadow Soil.” Biogeochemistry 95: 151-166.

Lépez-Moreno, J. I, and J. Latron. 2008. “Influence of Canopy
Density on Snow Distribution in a Temperate Mountain
Range.” Hydrological Processes 22: 117-126.

Lundberg, A., and S. Halldin. 2001. “Snow Interception
Evaporation. Review of Measurement Techniques, Processes,
and Models.” Theoretical and Applied Climatology 70: 117-133.

Lundquist, J. D., S. E. Dickerson-Lange, J. A. Lutz, and N. C.
Cristea. 2013. “Lower Forest Density Enhances Snow
Retention in Regions with Warmer Winters: A Global
Framework Developed from Plot-Scale Observations and
Modeling.” Water Resources Research 49: 6356-70.

Marks, D., A. Winstral, and M. Seyfried. 2002. “Simulation of
Terrain and Forest Shelter Effects on Patterns of Snow
Deposition, Snowmelt and Runoff over a Semi-Arid Mountain
Catchment.” Hydrological Processes 16: 3605-26.

Marshall, A. M., T. E. Link, J. T. Abatzoglou, G. N. Flerchinger,
D. G. Marks, and L. Tedrow. 2019. “Warming Alters
Hydrologic Heterogeneity: Simulated Climate Sensitivity of

5U80| 7 SUOWWIOD 3AIR.D 3|qeoljdde 8Ly Ag peusenob 8e ssjolfe YO ‘@SN JO S3ni o} ARIq1T 8UIIUO AB]IM UO (SUORIPUCD-PUR-SLLBY WD A3 | 1M AReiq 1 Ul ju0//SdNY) SUORIPUOD PUe Swile | 8L} 88S *[GZ02/20/TT] U0 Ariqiauljuo AB|IM ‘Z0E0L ZS98/200T OT/I0p/wod A8 |ImArelqpul|uo's feuno fess//sdny wo.y papeojumod ‘. ‘G202 ‘G26805TE


https://www.congress.gov/crs-product/IF12001

18 of 20

PASTORE ET AL.

Hydrology-Based Microrefugia in the Snow-to-Rain Transition
Zone.” Water Resources Research 55: 2122-41.

Martin, K. A,, J. T. Stan, S. E. Dickerson-Lange, J. A. Lutz, J. W.
Berman, R. Gersonde, and J. D. Lundquist. 2013. “Development
and Testing of a Snow Interceptometer to Quantify Canopy
Water Storage and Interception Processes in the Rain/Snow
Transition Zone of the North Cascades, Washington, USA.”
Water Resources Research 49: 3243-56.

Mazzotti, G., W. R. Currier, J. S. Deems, J. M. Pflug, J. D.
Lundquist, and T. Jonas. 2019. “Revisiting Snow Cover
Variability and Canopy Structure within Forest Stands:
Insights from Airborne Lidar Data.” Water Resources Research
55: 6198-6216.

Mazzotti, G., C. Webster, L. Quéno, B. Cluzet, and T. Jonas. 2023.
“Canopy Structure, Topography, and Weather Are Equally
Important Drivers of Small-Scale Snow Cover Dynamics in
Sub-Alpine Forests.” Hydrology and Earth System Sciences 27:
2099-2121.

McGann, T. C., R. E. Schattman, A. W. D’Amato, and T. A. Ontl
2022. “Climate Adaptive Management in the Northeastern
United States: Common Strategies and Motivations of Rural
and Urban Foresters.” Journal of Forestry 121: 182-192.

Mudryk, L., M. Santolaria-Otin, G. Krinner, M. Ménégoz,
C. Derksen, C. Brutel-Vuilmet, M. Brady, and R. Essery. 2020.
“Historical Northern Hemisphere Snow Cover Trends and
Projected Changes in the CMIP6 Multi-Model Ensemble.” The
Cryosphere 14: 2495-2514.

Musselman, K. N., M. P. Clark, C. Liu, K. Ikeda, and R. Rasmussen.
2017. “Slower Snowmelt in a Warmer World.” Nature Climate
Change 7: 214-19.

Nelson, S. J. 2007. “Winter Contribution to Annual Throughfall
Inputs of Mercury and Tracer Ions at Acadia National Park,
Maine.” Electronic theses and dissertations, University of
Maine. https://digitalcommons.library.umaine.edu/etd/1177.

Nelson, S. J. 2025. “AMC-Research/AcadSnowFinal: Acadia Snow
Public Release (1.1).” Zenodo. https://doi.org/10.5281/zenodo.
15282805.

Nelson, S. J., K. E. Webster, C. S. Loftin, and K. C. Weathers. 2013.
“Shifts in Controls on the Temporal Coherence of Throughfall
Chemical Flux in Acadia National Park, Maine, USA.”
Biogeochemistry 116: 147-160.

Nielsen, C. B., P. M. Groffman, S. P. Hamburg, C. T. Driscoll, T. J.
Fahey, and J. P. Hardy. 2001. “Freezing Effects on Carbon and
Nitrogen Cycling in Northern Hardwood Forest Soils.” Soil
Science Society of America Journal 65: 1723-30.

O’Donnell, F. C., J. Donager, T. Sankey, S. Masek Lopez, and A. E.
Springer. 2021. “Vegetation Structure Controls on Snow and
Soil Moisture in Restored Ponderosa Pine Forests.”
Hydrological Processes 35: 14432.

Oztas, T., and F. Fayetorbay. 2003. “Effect of Freezing and Thawing
Processes on Soil Aggregate Stability.” Catena 52: 1-8.

Palecki, M., I. Durre, S. Applequist, A. Arguez, and J. Lawrimore.
2021. U.S. Climate Normals 2020: U.S. Annual/Seasonal
Climate Normals (1991-2020). Blacksburg: NOAA National
Centers for Environmental Information.

Palik, B. J.,, P. W. Clark, A. W. D’Amato, C. Swanston, and
L. Nagel. 2022. “Operationalizing Forest-Assisted Migration in
the Context of Climate Change Adaptation: Examples from
the Eastern USA.” Ecosphere 13: 4260.

Pastore, M. A., A. T. Classen, M. E. English, S. D. Frey, M. A.
Knorr, K. Rand, and E. C. Adair. 2023. “Soil Microbial
Legacies Influence Freeze-Thaw Responses of Soil.”
Functional Ecology 37: 1055-66.

Patel, K. F., C. Tatariw, J. D. MacRae, T. Ohno, S. J. Nelson, and
I. J. Fernandez. 2021. “Repeated Freeze-Thaw Cycles Increase
Extractable, but Not Total, Carbon and Nitrogen in a Maine
Coniferous Soil.” Geoderma 402: 115353.

Pauli, J. N., B. Zuckerberg, J. P. Whiteman, and W. Porter. 2013.
“The Subnivium: A Deteriorating Seasonal Refugium.”
Frontiers in Ecology and the Environment 11: 260-67.

Penn, C. A, B. C. Wemple, and J. L. Campbell. 2012. “Forest
Influences on Snow Accumulation and Snowmelt at the
Hubbard Brook Experimental Forest, New Hampshire, USA.”
Hydrological Processes 26: 2524-34.

Pomeroy, J. W., and D. M. Gray. 1995. Snowcover Accumulation,
Relocation and Management. Saskatoon: National Hydrology
Research Institute, University of Saskatchewan.

Pomeroy, J. W., J. Parviainen, N. Hedstrom, and D. M. Gray. 1998.
“Coupled Modelling of Forest Snow Interception and
Sublimation.” Hydrological Processes 12: 2317-37.

Proulx, H., J. M. Jacobs, E. A. Burakowski, E. Cho, A. G. Hunsaker,
F. B. Sullivan, M. Palace, and C. Wagner. 2023. “Brief
Communication: Comparison of In-Situ Ephemeral Snow
Depth Measurements over a Mixed-Use Temperate Forest
Landscape.” The Cryosphere 17: 3435-42.

Raymond, P., M. Lof, P. Comeau, L. Rytter, M. M. Girona, and K. J.
Puettmann. 2023. “Silviculture of Mixed-Species and
Structurally Complex Boreal Stands.” In Boreal Forests in the
Face of Climate Change: Sustainable Management, edited by
M. M. Girona, H. Morin, S. Gauthier, and Y. Bergeron,
403-416. Cham: Springer International Publishing.

Reinmann, A. B., J. R. Susser, E. M. C. Demaria, and P. H. Templer.
2019. “Declines in Northern Forest Tree Growth Following
Snowpack Decline and Soil Freezing.” Global Change Biology
25: 420-430.

Renard, S. M., E. J. Mclntire, and A. Fajardo. 2016. “Winter
Conditions-Not Temperature-Influence
Establishment of Seedlings at White Spruce Alpine Treeline in
Eastern Quebec.” Journal of Vegetation Science 27: 29-39.

Rentch, J. S., T. M. Schuler, G. J. Nowacki, N. R. Beane, and W. M.
Ford. 2010. “Canopy Gap Dynamics of Second-Growth Red
Spruce-Northern Hardwood Stands in West Virginia.” Forest
Ecology and Management 260: 1921-29.

Rittenhouse, C. D., and A. R. Rissman. 2015. “Changes in Winter
Conditions Impact Forest Management in North Temperate
Forests.” Journal of Environmental Management 149:
157-167.

Roth, T. R.,, and A. W. Nolin. 2017. “Forest Impacts on Snow
Accumulation and Ablation across an Elevation Gradient in a

Summer

Temperate Montane Environment.” Hydrology and Earth
System Sciences 21: 5427-42.

Roth, T. R, and A. W. Nolin. 2019. “Characterizing Maritime Snow
Canopy Interception in Forested Mountains.” Water Resources
Research 55: 4564-81.

Safa, H., S. A. Krogh, J. Greenberg, T. S. Kostadinov, and A. A.
Harpold. 2021. “Unraveling the Controls on Snow
Disappearance in Montane Conifer Forests Using Multi-Site
Lidar.” Water Resources Research 57: 1-20.

5U80| 7 SUOWWIOD 3AIR.D 3|qeoljdde 8Ly Ag peusenob 8e ssjolfe YO ‘@SN JO S3ni o} ARIq1T 8UIIUO AB]IM UO (SUORIPUCD-PUR-SLLBY WD A3 | 1M AReiq 1 Ul ju0//SdNY) SUORIPUOD PUe Swile | 8L} 88S *[GZ02/20/TT] U0 Ariqiauljuo AB|IM ‘Z0E0L ZS98/200T OT/I0p/wod A8 |ImArelqpul|uo's feuno fess//sdny wo.y papeojumod ‘. ‘G202 ‘G26805TE


https://digitalcommons.library.umaine.edu/etd/1177
https://doi.org/10.5281/zenodo.15282805
https://doi.org/10.5281/zenodo.15282805

ECOSPHERE

19 of 20

Sanders-DeMott, R., R. McNellis, M. Jabouri, and P. H. Templer.
2018. “Snow Depth, Soil Temperature and Plant-Herbivore
Interactions Mediate Plant Response to Climate Change.”
Journal of Ecology 106: 1508-19.

Sanders-DeMott, R., P. O. Sorensen, A. B. Reinmann, and P. H.
Templer. 2018. “Growing Season Warming and Winter
Freeze-Thaw Cycles Reduce Root Nitrogen Uptake Capacity
and Increase Soil Solution Nitrogen in a Northern Forest
Ecosystem.” Biogeochemistry 137: 337-349.

Sass, E. M., B. J. Butler, and M. A. Markowski-Lindsay. 2020. Forest
Ownership in the Conterminous United States Circa 2017:
Distribution of Eight Ownership Types — Geospatial Dataset.
Fort Collins, CO: Forest Service Research Data Archive.
https://doi.org/10.2737/RDS-2020-0044.

Schattman, R. E., P. Clark, A. W. D’Amato, T. Ontl, C. Littlefield,
and E. North. 2024. “Forester Interest in, and Limitations to,
Adapting to Climate Change across the Rural-to-Urban
Gradient.” Climate Risk Management 45: 100624.

Schauffler, M., S. J. Nelson, J. S. Kahl, G. L. Jacobson, T. A. Haines,
W. A. Patterson, and K. B. Johnson. 2007. “Paleoecological
Assessment of Watershed Gistory in PRIMENet Watersheds at
Acadia National Park, USA.” Environmental Monitoring and
Assessment 126: 39-53.

Schneider, E. E., D. L. R. Affleck, and A. J. Larson. 2019. “Tree
Spatial Patterns Modulate Peak Snow Accumulation and Snow
Disappearance.” Forest Ecology and Management 441: 9-19.

Seyednasrollah, B., and M. Kumar. 2014. “Net Radiation in a
Snow-Covered Discontinuous Forest Gap for a Range of Gap
Sizes and Topographic Configurations.” Journal of Geophysical
Research-Atmospheres 119(17): 10323-42. https://doi.org/10.
1002/2014jd021809.

Shipley, A. A., and B. Zuckerberg. 2023. “Snow Cover Constrains
the Behavioural Flexibility of a Winter-Adapted Bird.” Ibis
165: 1186-1200.

Siirila-Woodburn, E. R., A. M. Rhoades, B. J. Hatchett, L. S.
Huning, J. Szinai, C. Tague, P. S. Nico, et al. 2021. “A
Low-to-no Snow Future and Its Impacts on Water Resources
in the Western United States.” Nature Reviews Earth &
Environment 2: 800-819.

Sirén, A., M. Zimova, C. S. Sutherland, J. T. Finn, J. R. Kilborn,
R. M. Cliché, L. S. Prout, L. Scott Mills, and T. Lyn Morelli.
2023. “A  Great Escape: Resource Availability and
Density-Dependence Shape Population Dynamics along
Trailing Range Edges.” Ecography 2023: 06633.

Sirén, A. P. K. 2025. “Alex-Pk-Sir/Siren—White-Mountains-Snowpack-
Data: Siren—White-Mountains-Snowpack-Data (Siren-WM-
SnowData).” Zenodo. https://doi.org/10.5281/zenodo.15306801.

Sirén, A. P. K., P. J. Pekins, M. J. Ducey, and J. R. Kilborn. 2016.
“Spatial Ecology and Resource Selection of a High-Elevation
American Marten (Martes americana) Population in the
Northeastern United States.” Canadian Journal of Zoology 94:
169-180.

Sirén, A. P. K., P. J. Pekins, J. R. Kilborn, J. J. Kanter, and C. S.
Sutherland. 2017. “Potential Influence of High-Elevation Wind
Farms on Carnivore Mobility.” The Journal of Wildlife
Management 81: 1505-12.

Sirén, A. P. K., M. Somos-Valenzuela, C. Callahan, J. R. Kilborn,
T. Duclos, C. Tragert, and T. L. Morelli. 2018. “Looking
beyond Wildlife: Using Remote Cameras to Evaluate Accuracy

of Gridded Snow Data.” Remote Sensing in Ecology and
Conservation 4: 375-386.

Sirén, A. P. K., C. S. Sutherland, C. A. Bernier, K. J. Royar, J. R.
Kilborn, C. B. Callahan, R. M. Cliché, L. S. Prout, and T. L.
Morelli. 2021. “Abiotic Stress and Biotic Factors Mediate
Range Dynamics on Opposing Edges.” Journal of Biogeography
48:1758-72.

Soininen, E. M., L. Jensvoll, S. T. Killengreen, and R. A. Ims. 2015.
“Under the Snow: A New Camera Trap Opens the White Box
of Subnivean Ecology.” Remote Sensing in Ecology and
Conservation 1: 29-38.

Song, Y., Y. Zou, G. Wang, and X. Yu. 2017. “Altered Soil Carbon
and Nitrogen Cycles Due to the Freeze-Thaw Effect: A
Meta-Analysis.” Soil Biology and Biochemistry 109: 35-49.

Sorensen, P. O., A. C. Finzi, M.-A. Giasson, A. B. Reinmann,
R. Sanders-DeMott, and P. H. Templer. 2018. “Winter Soil
Freeze-Thaw Cycles Lead to Reductions in Soil Microbial
Biomass and Activity Not Compensated for by Soil Warming.”
Soil Biology and Biochemistry 116: 39-47.

Stevens, J. T. 2017. “Scale-Dependent Effects of Post-Fire Canopy
Cover on Snowpack Depth in Montane Coniferous Forests.”
Ecological Applications 27: 1888-1900.

Storck, P., D. P. Lettenmaier, and S. M. Bolton. 2002.
“Measurement of Snow Interception and Canopy Effects on
Snow Accumulation and Melt in a Mountainous Maritime
Climate, Oregon, United States.” Water Resources Research 38:
5-1-5-16.

Stralberg, D., D. Arseneault, J. L. Baltzer, Q. E. Barber, E. M. Bayne,
Y. Boulanger, C. D. Brown, et al. 2020. “Climate-Change
Refugia in Boreal North America: What, Where, and for How
Long?” Frontiers in Ecology and the Environment 18: 261-270.

Strickfaden, K. M., A. M. Marshall, L. K. Svancara, D. E. Ausband,
and T. E. Link. 2023. “Understanding the Spatiotemporal
Distribution of Snow Refugia in the Rain-Snow Transition
Zone of North-Central Idaho.” Environmental Research Letters
18: 44014.

Sun, N., M. Wigmosta, T. Zhou, J. Lundquist, S. Dickerson-Lange,
and N. Cristea. 2018. “Evaluating the Functionality and
Streamflow Impacts of Explicitly Modelling Forest-Snow
Interactions and Canopy Gaps in a Distributed Hydrologic
Model.” Hydrological Processes 32: 2128-40.

Sun, N., H. Yan, M. S. Wigmosta, J. Lundquist, S. Dickerson-Lange,
and T. Zhou. 2022. “Forest Canopy Density Effects on Snowpack
across the Climate Gradients of the Western United States
Mountain Ranges.” Water Resources Research 58: 029194.

Suzuki, K., Y. Kodama, T. Yamazaki, K. Kosugi, and Y. Nakai.
2008. “Snow Accumulation on Evergreen Needle-Leaved and
Deciduous Broad-Leaved Trees.” Boreal Environment Research
13: 403-416.

Tatariw, C., K. Patel, J. D. MacRae, and I. J. Fernandez. 2017.
“Snowpack Loss Promotes Soil Freezing and Concrete Frost
Formation in a Northeastern Temperate Softwoods Stand.”
Northeastern Naturalist 24: 42-54.

Thompson, K. L., B. Zuckerberg, W. P. Porter, and J. N. Pauli. 2021.
“The Decline of a Hidden and Expansive Microhabitat: The
Subnivium.” Frontiers in Ecology and the Environment 19:
268-273.

Thornton, M. M., R. Shrestha, Y. Wei, P. E. Thornton, S.-C. Kao,
and B. E. Wilson. 2022. Daymet: Daily Surface Weather Data

5U80| 7 SUOWWIOD 3AIR.D 3|qeoljdde 8Ly Ag peusenob 8e ssjolfe YO ‘@SN JO S3ni o} ARIq1T 8UIIUO AB]IM UO (SUORIPUCD-PUR-SLLBY WD A3 | 1M AReiq 1 Ul ju0//SdNY) SUORIPUOD PUe Swile | 8L} 88S *[GZ02/20/TT] U0 Ariqiauljuo AB|IM ‘Z0E0L ZS98/200T OT/I0p/wod A8 |ImArelqpul|uo's feuno fess//sdny wo.y papeojumod ‘. ‘G202 ‘G26805TE


https://doi.org/10.2737/RDS-2020-0044
https://doi.org/10.1002/2014jd021809
https://doi.org/10.1002/2014jd021809
https://doi.org/10.5281/zenodo.15306801

20 of 20

PASTORE ET AL.

on a 1-Km Grid for North America, Version 4 R1. Oak Ridge,
TN: ORNL DAAC.

Urakawa, R., H. Shibata, M. Kuroiwa, Y. Inagaki, R. Tateno,
T. Hishi, K. Fukuzawa, et al. 2014. “Effects of Freeze-Thaw
Cycles Resulting from Winter Climate Change on Soil
Nitrogen Cycling in Ten Temperate Forest Ecosystems
throughout the Japanese Archipelago.” Soil Biology and
Biochemistry 74: 82-94.

Varhola, A., N. C. Coops, M. Weiler, and R. D. Moore. 2010. “Forest
Canopy Effects on Snow Accumulation and Ablation: An
Integrative Review of Empirical Results.” Journal of Hydrology
392: 219-233.

Veatch, W., P. D. Brooks, J. R. Gustafson, and N. P. Molotch. 2009.
“Quantifying the Effects of Forest Canopy Cover on Net Snow
Accumulation at a Continental, Mid-Latitude Site.”
Ecohydrology 2: 115-128.

Weaver, J. K., L. S. Kenefic, R. S. Seymour, and J. C. Brissette. 2009.
“Decaying Wood and Tree Regeneration in the Acadian Forest
of Maine, USA.” Forest Ecology and Management 257: 1623-28.

Webster, C. R., and C. G. Lorimer. 2005. “Minimum Opening
Sizes for Canopy Recruitment of Midtolerant Tree Species:
A Retrospective Approach.” Ecological Applications 15:
1245-62.

Williams, C. M., H. A. Henry, and B. J. Sinclair. 2015. “Cold Truths:
How Winter Drives Responses of Terrestrial Organisms to
Climate Change.” Biological Reviews 90: 214-235.

Xiao, L., Y. Zhang, P. Li, G. Xu, P. Shi, and Y. Zhang. 2019. “Effects
of Freeze-Thaw Cycles on Aggregate-Associated Organic Carbon
and Glomalin-Related Soil Protein in Natural-Succession

Grassland and Chinese Pine Forest on the Loess Plateau.”
Geoderma 334: 1-8.

Yanai, Y., K. Toyota, and M. Okazaki. 2004. “Effects of Successive
Soil Freeze-Thaw Cycles on Soil Microbial Biomass and
Organic Matter Decomposition Potential of Soils.” Soil Science
and Plant Nutrition 50: 821-29.

Zhang, T. 2005. “Influence of the Seasonal Snow Cover on the
Ground Thermal Regime: An Overview.” Reviews of
Geophysics 43, no. 4.

Zimova, M., L. S. Mills, and J. J. Nowak. 2016. “High Fitness Costs
of Climate Change-Induced Camouflage Mismatch.” Ecology
Letters 19: 299-307.

SUPPORTING INFORMATION

Additional supporting information can be found online
in the Supporting Information section at the end of this
article.

How to cite this article: Pastore, Melissa A.,
Sarah J. Nelson, Elizabeth A. Burakowski,
Alexandra R. Contosta, Anthony W. D’Amato,
Sarah Garlick, Edward Lindsey, et al. 2025. “Snow
Refugia: Managing Temperate Forest Canopies to
Maintain Winter Conditions.” Ecosphere 16(7):
€70302. https://doi.org/10.1002/ecs2.70302

5U80| 7 SUOWWIOD 3AIR.D 3|qeoljdde 8Ly Ag peusenob 8e ssjolfe YO ‘@SN JO S3ni o} ARIq1T 8UIIUO AB]IM UO (SUORIPUCD-PUR-SLLBY WD A3 | 1M AReiq 1 Ul ju0//SdNY) SUORIPUOD PUe Swile | 8L} 88S *[GZ02/20/TT] U0 Ariqiauljuo AB|IM ‘Z0E0L ZS98/200T OT/I0p/wod A8 |ImArelqpul|uo's feuno fess//sdny wo.y papeojumod ‘. ‘G202 ‘G26805TE


https://doi.org/10.1002/ecs2.70302

	Snow refugia: Managing temperate forest canopies to maintain winter conditions
	Abstract
	INTRODUCTION
	DEVELOPING A CONCEPTUAL BASIS: FOREST EFFECTS ON SNOW THROUGHFALL AND PERSISTENCE
	Forest type and composition
	Canopy density and leaf area
	Canopy gaps and tree spatial arrangement

	A CONCEPTUAL MODEL OF SNOW DYNAMICS AND REFUGIA ACROSS A DSCC GRADIENT
	DSCC‐DEPENDENT PATTERNS IN SNOW REFUGIA: NORTHEASTERN FOREST EXAMPLES
	MANAGEMENT IMPLICATIONS AND FUTURE DIRECTIONS
	Manipulative and natural canopy–snow experiments
	Improved observational networks
	Manager involvement

	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT
	ORCID
	REFERENCES
	SUPPORTING INFORMATION


