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Abstract

Cold-air pooling is a global phenomenon that frequently sustains low
temperatures in sheltered, low-lying depressions and valleys and drives other
key environmental conditions, such as soil temperature, soil moisture, vapor
pressure deficit, frost frequency, and winter dynamics. Local climate patterns
in areas prone to cold-air pooling are partly decoupled from regional climates
and thus may be buffered from macroscale climate change. There is compel-
ling evidence from studies across the globe that cold-air pooling impacts plant
communities and species distributions, making these decoupled microclimate
areas potentially important microrefugia for species under climate warming.
Despite interest in the potential for cold-air pools to enable species persistence
under warming, studies investigating the effects of cold-air pooling on ecosys-
tem processes are scarce. Because local temperatures and vegetation composi-
tion are critical drivers of ecosystem processes like carbon cycling and storage,
cold-air pooling may also act to preserve ecosystem functions. We review
research exploring the ecological impacts of cold-air pooling with a focus on
vegetation, and then present a new conceptual framework in which cold-air
pooling creates feedbacks between species and ecosystem properties that gen-
erate unique hotspots for carbon accrual in some systems relative to ateas
more vulnerable to regional climate change impacts. Finally, we describe key
steps to motivate future research investigating the potential for cold-air pools

to serve as microrefugia for ecosystem functions under climate change.
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coarse or macroscale climate change predictions

(typically >50 km) are unlikely to be realized uniformly

Landscapes with complex topography are heterogeneous across the landscape (Maclean et al., 2017). Indeed, com-

with local microclimates (i.e., on a scale of <1 km) that plex topography (i.e., mountains, hilly terrain, concave
are often partly buffered and decoupled from regional cli-

mates (Daly et al., 2010; Lenoir et al., 2017). As a result,

slopes) may create local microclimates and climate

change microrefugia for cold-adapted or heat-intolerant
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species (Dobrowski, 2011; Morelli et al., 2016). In addi-
tion to microrefugia for cold-adapted species, these loca-
tions may act as microrefugia for ecosystem processes
that are depended upon for carbon sequestration, habitat
provisioning, water filtration, and other functions. Across
these heterogeneous landscapes, different zones of plant
communities are often associated with different soil met-
rics and ecological functioning (Augusto et al., 2015). For
instance, in the Green Mountains of the northeast USA,
climatic conditions produce distinct zones of coniferous
and deciduous forests, with conifers in these montane
forests generating acidic soils and a thick humus layer
relative to deciduous zones (Siccama, 1974). As the cli-
mate warms, the patchiness of these topographically
complex regions may allow for microscale pockets of
cold-adapted (e.g., boreal tree and wildlife species) and
heat-intolerant organisms and associated ecosystem func-
tions to persist. Here, we define microrefugia as areas
buffered and/or decoupled from climate change over
time that enable the persistence of a system”s species and
ecological functions. Buffering is the moderation of
extreme conditions (e.g., temperatures), while decoupling
occurs when microclimate does not track the regional cli-
matic trend over time (Lenoir et al.,2017).

While it is often predicted that mountains, given their
climatic gradients, will allow species and ecosystem func-
tions to persist as the climate warms (Elsen & Tingley,
2015; Lenoir & Svenning, 2015), there are understudied but
potentially important microrefugia for species and func-
tions in low-lying areas where cold-air pooling occurs.
These areas can occur in a variety of terrain types and
scales, from gently to steeply sloping and shallow to deep,
that generate sheltered topographic features, such as sink-
holes, depressions, gullies, basins, and hill or mountain val-
leys. Cold-air pooling results in temperature inversions
with lower temperatures at low relative to high elevations
and is often seen as a layer of low-elevation fog when air
temperature declines below the dewpoint (Figure 1a). This
phenomenon occurs when radiative surface cooling after
sunset forms dense, cold air that drains downslope and
pools in sheltered, low-lying areas, forming temperature
inversions that can range in depth from a few to hundreds
of meters (Gudiksen et al., 1992; Mahrt et al.,, 2001;
Whitemanetal.,2001). Temperature gradientsacrossinver-
sions span from a few degtees to >20°C, with the lowest
temperatures at the bottom (Clements et al., 2003; Novick
et al., 2016). Cold-air pooling can occur in any season and
there are seasonal differences in the frequency and intensity
of cold-air pool formation among locations (Bigg et al.,
2014; Iijima & Shinoda, 2000; Novick et al., 2016; Pypker
et al.,, 2007; Whiteman et al., 2001). Inversions formed by
cold-air pooling typically occur on clear nights with weak
winds and can be diurnal, forming in the evening and

(@)

FIGURE 1
morning in Chittenden County, Vermont, USA. (b) A landscape

(a) A cold-air pool destabilizing on a late October

that is influenced by cold-air pooling: the Nulhegan Basin in
Vermont, USA. The uplands are dominated by deciduous species,
whereas the lower elevation areas that experience cold-air pooling

are dominated by evergreens

decaying after sunrise (though sometimes lasting several
hours past sunrise or forming in the day), or they may per-
sist for several days (Novick et al., 2016; Rupp et al., 2020;
Whiteman et al., 2001). Due to a lack of vertical mixing, air
intheseinversionsbecomes partlydecoupled from the over-
lying free atmosphere. Thus, low-lying areas that experi-
ence cold-air pooling may be impacted differently under a
warming climate than the broader landscape, particularly
where the weather patterns that promote cold-air pooling
(e.g., anti-cyclonic flow) become more frequent (Daly
etal., 2010). Specifically, increases in mean annual temper-
ature and other climatic changes may occur more slowly in
a cold-air pool microclimate compared to the surrounding
regional climate, leading to local attenuation, but not com-
plete escape, of climate change. However, decoupling
between cold-air pools and the free atmosphere, as well as
the response of this phenomenon to climate change, is still
poortly understood and warrants further research.

Local cold-air pooling events appear to be common in
landscapes characterized by complex topography. In fact,
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these events have been observed in multiple countries and
on all seven continents (e.g., Bigg et al, 2014; Chung
et al., 2006; Daly et al., 2003; Duker et al., 2020; Dy &
Payette, 2007; Grudzielanek & Cermak, 2018; Gustavsson
et al., 1998; Lundquist et al., 2008; Matusick et al., 2014;
Patsiou et al., 2017; Rupp et al., 2021; Speirs et al., 2009;
Tenow & Nilssen, 1990). For example, cold-air pooling
occurred inup to 60% of daily observations (Blandford
et al,, 2008) and in 25%=80% of houtly observations (Rupp
et al., 2020) in high elevation mountains of the northwest
United States. Also in that region, the saucer-shaped Colum-
bia basin of eastern Washington experienced 120 persistent
cold-air pool events (i.e., duration >18 h and lasting up to
103 h) during the months of October through March over a
<2-year period (Whiteman et al., 2001). Similarly in the UK,
over 9 months in a small lowland valley (valley depth of
100-150 m), cold-air pooling occurred on 56% of nights, with
the temperature differential between the valley bottom and
adjacent hilltop exceeding 4°C on 20% of nights and exceed-
ing 6°C on 15 nights (Jemmett-Smith et al., 2018). During
several weeks of intensive meteorological measurements in
the pre-alpine region of southeastern France, regular tem-
perature inversions from cold-air pooling during clear-sky
nights generated temperature differentials of up to 5°C
across about 100 m of elevation (Duine et al., 2017). Cold-air
pooling is also characteristic of hilly grassland savanna in
the Natal Drakensberg Mountains of South Africa,generat-
inga 10°=21°C temperature differential between the warmer
hilltops and frost-prone hill bases (Samways, 1990).
These localized, and not globally uncommon, exam-
ples of decoupled cold-air pool microclimates suggest that
cold-air pooling may be frequent in diverse landscapes
containing sheltered, low-lying areas, yet cold-air pooling
studies are often limited to a single cold-air pooling event
and location and rarely explore the effects of cold-air
pooling in an ecological context. As such, cold-air pools
are compelling, but understudied, targets for preserving
organisms and associated ecosystem functions as the cli-
mate warms. Here, we review the research conducted to
date on the ecological impacts of cold-air pooling with a
focus on vegetation, and then discuss the potential role of
cold-air pools as microrefugia for ecosystem functions, at
least over the coming decades, in the face of climate
change. We also describe key steps to advance research
investigating the impacts of cold-air pooling on ecosys-

tem function.

EFFECTS OF COLD-AIR POOLS ON
VEGETATION AND ECOSYSTEMS

Given the importance of climatic microrefugia in the

past, it is likely that networks of small but ecologically

important cold-air pooling areas will buffer organisms
from climatic change over time by enabling species pet-
sistence and facilitating species’ range shifts (Dobrowski,
2011; Morelli et al.,, 2016). Climatic microrefugia are
known to have enabled the survival of alpine and arctic
plant species during interglacial warm periods, with the
distributions of some alpine species even descending to
altitudes near sea level (Birks & Willis, 2008). Similarly, in
tree species on the northeastern coast of the United States,
local marine microclimates decoupled from regional cli-
mate warming during the mid-Holocene provided cool,
moist conditions that allowed for the persistence and sub-
sequent expansion of spruce (Picea spp.; Schauffler &
Jacobson, 2002). Recently, an endemic herbaceous peren-
nial in the Maritime Alps (Saxifraga florulenta), showed
preference for cold-air pooling sites that were buffered
from contemporary climate warming (Patsiou et al., 2017),
and it is probable that other species are also finding refuge
in similar cold-air pooling microenvironments.

Locally, cold-air pooling can structure plant commu-
nities by selectively excluding and/or favoring species
that differ from the surrounding community. The mecha-
nisms for how or why this may happen can differ, but
include reducing minimum and maximum temperatures
(Daly et al., 2010), maintaining higher soil moisture and
lower vapor pressure deficit (Novick et al., 2016), having
a shorter frost-free season (Maclean et al., 2017), having a
thicker/more persistent snowpack that may reduce soil
freeze—thaw cycles and solar warming (Curtis et al., 2014;
Pepin et al,, 2011), and having less frequent and less
severe fires (Wilkin et al., 2016). In forests, the climatic
sorting of tree species may be strongest at the seedling
stage when there is a strong environmental filter and
trees are most vulnerable to temperature extremes, frost
events, and drought. In a study of planted spruce and
pine seedlings in a clear-felled area prone to cold-air
pooling in the northern boreal zone of Sweden, seedling
mortality risk and microscale topography were strongly
correlated (Blennow & Lindkvist, 2000). Seedling mortal-
ity rates at the site ranged from 2% to 81% and minimum
air temperature at seedling height, which was lowest
along slopes and at the bottoms of depressions, signifi-
cantly explained the observed variability. Despite the vul-
nerability of young vegetation to frost and low temperature
extremes, over time species may be able to establish in cold-
air pools if the tree canopy buffers seedlings from harsh
conditions. For example, after fire in the highlands of Que-
bec, Canada, black spruce (Picea mariana) successfully
established in elevated areas surrounding cold-air pools
known as “frost hollows,”
Dy & Payette, 2007). Black spruce colonization then

creating an inverted tree line

proceeded downslope, with trees colonizing the frost hol-

lows as denser forest cover reduced frost risk. Although
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seedling vulnerability to frost may be greater in cold-air
pools, these microclimates could alternatively protect seed-
lings where regional droughts and heatwaves reduce seed-
ling survival (Calama Sainz et al, 2017; Guignabert
etal., 2020). It is likely that cold-air pooling also influences
competition among seedlings by shaping the abiotic envi-
ronment, but more studies are needed to understand this
interplay among abiotic drivers and plant competition.
Evidence from plant communities at later succes-
sional stages underscores the important role cold-air
pooling plays in structuring vegetation over time. Often,
vegetation found in areas subjected to cold-air pooling is
more like vegetation found at disparate locations with
cooler climates or higher elevations. For example, at
Yosemite National Park in the Sierra Nevada Mountains
of California, USA, plant communities found in cold-air
pools are characteristic of the more northern Pacific
Northwest region of the United States, likely because spe-
cies became restricted as climate changed after the last ice
age (Wilkin et al., 2016). In other instances, cold-air pools
have generated unexpected vegetation distributions across
slopes, resulting in observations of typical high elevation
tree species at low elevations in mountains of the
United States (Daubenmire, 1980; Millar et al., 2018) and

“inverted tree line grasslands®in gently sloping valleys of
Australia (Banks & Paton, 1993; Wearne & Morgan, 2001)
and on the Angolan Plateau of Africa (Finckh etal., 2021).
In addition to structuring plant communities, cold-air
pooling influences vegetation by impacting plant phenol-
ogy. In a recent study in the high elevation western US
Cascade Range, cold-air pooling homogenized winter
microclimate and thus phenology in a year with high fre-
quencies of anti-cyclonic weather patterns that promote
cold-air pooling (Ward et al., 2018). In that region, bud
break typically occurs later in spring as elevation
increases; however, elevation did not predict bud break
for many species, particularly herbs and shrubs, in a year
with frequent cold-air pooling because plants at upper
elevations (that are typically colder) were exposed to
clear, sunny weather while plants in the valleys (that are
typically warmer) were exposed to consistently freezing
temperatures. When looking across smaller elevation dif-
ferences or in low relief regions, temperature inversions
impact the onset of spring phenology in slightly different
ways. In long-lived perennial wildflower species of the
western US Rocky Mountains, cold-air pooling resulted
in substantially greater frost kill of flower buds in low-
lying areas compared to slightly higher elevations (i.e.,
elevation differences as little as 12 m), leading to variable
timing and abundance of flowering across small geo-
graphic scales (Inouye, 2008). Landsat data from an east-
ern deciduous forest in the low elevation region of
southern New England in the northeast United States

revealed that springtime cold-air pooling governs the
start of leaf growth, delaying spring greenup by more
than 2 weeks in forests with similar composition, age,
and structure (Fisher et al., 20006). Despite low relief, spa-
tial patterns in leaf onset dates were explained by topog-
raphy rather than forest composition or structure, slope,
soil type, or surface hydrology, with every 4.16 m decline
in elevation delaying spring leaf onset by 1 day.

Cold-air pool areas tend to alter abiotic factors that
govern leaf-level physiological processes (e.g., air temper-
atures, vapor pressure deficit, soil moisture), and these
physiological effects may translate into positive or nega-
tive changes in plant and total ecosystem productivity. In
a mixed deciduous hardwood forest in the southeastern
Appalachian Mountains of the United States, cold-air
pooling reduced foliar respiration by around 20% via
lower air temperatures, leading to a 10% increase in net
carbon uptake (i.e., net ecosystem productivity) during
the growing season and a 10%—27% increase on an annual
basis (Novick et al., 2016). However, in other areas,
greater frost risk in cold-air pools reduces productivity,
such as in the coastal lowlands of South Africa where a
frost intolerant shrub exhibited lower net primary pro-
ductivity (NPP) in plots that were predicted to be within
the cold-air pool frost zone (Duker et al., 2020). Cold-air
pooling can also impact plant water balance, as in a study
in the mountains of northern Idaho, USA, where strong
nocturnal temperature inversions affected nighttime sto-
matal opening and predawn leaf water potentials
(Hubbart et al., 2007). Whether effects of cold-air pooling
on plant water balance scale to influence productivity is

unexplored.

COLD-AIR POOLS AS
MICROREFUGIA FOR ECOSYSTEM
FUNCTIONS

Cold-air pooling influences animal and plant distribu-
tions and community composition (Curtis et al., 2014;
Daubenmire, 1980; Millar et al., 2018; Samways, 1990;
Wearne & Morgan, 2001; Wilkin et al.,, 2016), which
should impact ecosystem function. In addition to acting
as microrefugia for organisms that are vulnerable to cli-
mate change, we propose a new conceptual framework in
which cold-air pools serve as important microrefugia for
ecosystem functions in regions where key functions are
diminishing because of macroscale climate change. For
example, low temperatures and waterlogged soils protect
soil carbon from decomposition (Davidson & Janssens,
2000), and thus cooler, wetter soils found in cold-air
pools could preserve soil carbon as the broader region

becomes warmer and drier under climate change. More
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importantly, feedbacks between species sustained in
these microrefugia and ecosystem properties could gener-
ate unique hotspots for carbon accrual relative to areas
more vulnerable to climate change impacts.

Our conceptual framework includes short-term effects
of cold-air pooling on carbon dynamics (e.g., carbon
assimilation, respiration, productivity), as well as
climate—plant—soil feedbacks that may govern ecosystem
carbon storage over longer timescales. We focus on car-
bon cycling because it is an important ecosystem function
involved in climate change feedbacks but note that cold-
air pools could also act as microrefugia for other ecosys-
tem functions like nutrient cycling and water retention
(McLaughlin et al., 2017). We also describe contrasting
scenarios where cold-air pooling could act as a stressor in
some systems, constraining ecosystem functions like car-
bon cycling by damaging frost-intolerant species. The
prevailing mechanisms of how cold-air pools affect car-
bon cycling and their net effect on ecosystem carbon stor-
age likely vary among vegetation types and climates, with
cold-air pooling benefitting carbon storage in some con-
texts and acting as a stressor in others (e.g., in forests
dominated by species sensitive to cold or diurnal temper-
ature fluctuations). Assessing the effects of cold-air pools
on ecosystem function is critical to understanding their
role in moderating the effects of climate change.

Short-term effects of cold-air pooling on
ecosystem carbon dynamics

Cold-air pooling can have important effects on micro-
bial and plant processes in the short term (i.e., minutes,
days, months) that regulate both soil carbon losses and
inputs, thereby influencing ecosystem carbon storage, a
key ecosystem function (Figure 2). In addition to reduc-
ing air temperatures, cold-air pools can reduce soil tem-
peratures, a process observed in handful of studies
(Novick et al., 2016; Soler et al., 2002). In locations with
persistent or strong temperature inversions, soil temper-
atures may decline and reach a lower minimum temper-
ature such that soil respiration is lower compared to the
broader upslope region, reducing gaseous soil carbon
losses in cold-air pools (Figure 2). In support of this
idea, modest reductions in soil temperature and soil res-
piration were associated with cold-air pooling in a
southeastern US Appalachian Mountain site (Novick
et al, 2016), but more observations across various
regions are needed to determine the strength and fre-
quency of cold-air pooling impacts on soil temperatures
and soil respiration.

Of course, multiple factors may regulate microbial
responses and soil carbon losses over the short term in

NPP
+/-
_ !

J Air temp

M Soil moisture
[

J Soil temp

[T

FIGURE 2

could influence short-term (i.e., minutes, days, months) plant

(a) Conceptual model of how cold-air pooling

and microbial processes that affect soil carbon pools. Black
arrows within boxes represent conditions that are higher (") or
lower (#) in cold-air pools relative to the broader region.

Green arrows connecting boxes represent positive (+) effects of
environmental conditions, red arrows represent negative (—)
effects, and orange arrows indicate effects that could be positive
or negative (+/=). It is also possible that there could be no
effect for certain species, systems, or times, but here we show
the likely direction when there is an effect. Ane, leaf- level net
photosynthesis; NPP, net primary productivity;

Ry, dark respiration; Ry, soil respiration; Snow, snowpack
thickness/persistence; Temp, temperature; VPD, vapor

pressure deficit

areas with cold-air pooling. For example, in cold-air
pooling areas, there may be smaller winter soil carbon
losses because a thicker and/or more persistent layer of
snowpack may reduce the frequency of soil freeze—thaw
cycles and associated pulses of soil carbon losses via res-
piration and leaching (Wipf et al., 2015, Figure 2). Wetter
soils in cold-air pools may favor lower rates of soil respi-
ration if oxygen becomes limiting (Figure 2). The charac-
teristics of cold-air pools will also likely interact with
those of low-lying areas, such as richer soil nutrients in
some valley bottoms (Tateno & Takeda, 2003) and greater
organic matter and carbon accumulation in downslope
positions (Rosenbloom et al., 2001), to influence carbon
cycling.

Effects of cold-air pooling on plant carbon assimila-
tion and productivity, and thus soil carbon inputs, will
depend on the composition of the plant community. For
plant species that prefer cooler conditions (e.g., spruce,
pine, fir, cool-season grasses and forbs), the conditions
exhibited by cold-air pool areas (e.g., higher soil
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moisture, lower vapor pressure deficit, lower tempera-
tures) may be favorable for maintaining rates of plant
carbon assimilation and thus ecosystem productivity as
the climate changes (Figure 2). This may also depend on
whether species are near the warm or cold edge of their
range. Species are thought to be most vulnerable to cli-
mate change near the warm edge of their distribution,
where they tend to respond negatively to increases in
temperature, whereas species near the cold edge of their
distribution may respond positively. For instance, in a
warming experiment at the temperate-boreal ecotone in
Minnesota, USA, boreal tree species (e.g., Picea glauca
and Abies balsamea) showed reductions in photosynthe-
sis and growth in response to warming, while temperate
species (e.g., Acer rubrum and Quercus macrocarpa)
showed increases (Reich et al., 2015). Thus, as climate
changes, lower temperatures, lower vapor pressure defi-
cit, and higher soil moisture in cold-air pools could
allow species at the warm edge of their range, in particu-
lar, to maintain typical rates of photosynthesis and growth
while rates for stressed conspecifics in the broader region
decline. In addition, cold-air pooling may positively affect
plant carbon balance by suppressing foliar respiration, as
observed in Novick et al. (2016) (Figure 2).

However, cold-air pooling may act as a stressor in
forests dominated by species that tolerate or even bene-
fit from climate warming, especially if they are near the
cold edge of their range (e.g., temperate maple and oak
species in the northern United States, Reich et al,
2015). Photosynthesis and NPP of deciduous species that
are not adapted or acclimated to extreme low tempera-
tures or large diurnal temperature fluctuations may be
negatively affected by cold-air pooling because of the
lower minimum temperatures reached in these areas
(Figure 2). In addition, greater frost risk and a shorter
frost-free period can harm buds, flowers, and emerging
leaves, thereby reducing tree growth and reproduction
(Augspurger, 2009, Figure 2). In a hardwood Mediterra-
nean forest in southwest Australia, tree canopy frost
damage increased with declining elevation because of
cold-air pooling (Matusick et al., 2014). In temperate
deciduous forests, frost damage could be especially dev-
astating for species like sugar maple, which tends to leaf
out early in the season to optimize carbon gain but is
particularly vulnerable to frost damage and temperature
anomalies (Hufkens et al., 2012), as well as for saplings
that experience earlier budbreak than conspecific can-
opy trees (Augspurger, 2009; Pederson et al., 2014). In
other cases, deciduous species could respond to cold
stress in these areas by delaying spring phenology
(e.g., later budburst and leaf emergence) and shedding
2014),

the growing season and window for carbon capture.

leaves earlier in fall (Vitasse et al, shortening

Although lower vapor pressure deficit and greater soil
moisture in cold-air pools may still benefit deciduous
species, those effects may be outweighed by the negative
impacts of lower temperature extremes and greater
freezing stress. Thus, cold-air pooling could lead to can-
opy dieback and mortality events in some ecosystems,

reducing plant carbon pools.

Climate-plant-soil feedbacks in cold-air
pools promote carbon storage over time

Effects of cold-air pooling on plant productivity not only
depend on the composition of the plant community but
may also control community composition over time.
Although the mechanisms described above may influ-
ence carbon cycles in various ways over timescales of
minutes to months, the greatest potential benefit of cold-
air pooling to soil and ecosystem carbon storage is by
generating and preserving plant communities that
promote slow carbon turnover. We suggest that the
quasi-equilibrium stage of many cold-air pool forests is
composed of species with traits that facilitate the conser-
vation of resources, such as long leaf lifespans, low rela-
tive growth rates, low specific leaf area, low nutrient
concentrations, low rates of photosynthesis and respira-

éconservative” traits on

tion, and low rhizodeposition:
the leaf economics spectrum (Figure 3c, Reich et al,
1997, Diaz et al., 2004, Wright et al., 2004). For instance,
the abiotic conditions characteristic of cold-air pools
often favor cold-adapted evergreen species, which are
characterized by conservative plant resource acquisition
and processing strategies (Reich et al., 1997). Thus, cold-
air pools in proximity to evergreen species, including
evergreen or mixed forests, slopes with adjacent zones of
trees with different thermal tolerances, and near the
temperate-boreal ecotone, may promote and preserve
conservative evergreen-dominated plant communities as
macroscale climate changes (Figure 1b). In turn, commu-
nities of conservative species often lead to slow soil
organic carbon turnover and thereby promote soil carbon
accrual and preservation (Boca et al.,, 2014; Cornwell
et al.,, 2008; Jevon et al., 2019).

In this way, just as cold-air pools are known to act as
microrefugia for relict species associated with past cli-
mates, they may similarly act as microrefugia harboring
ecosystem functions that are diminishing in the broader
upslope region. Of course, cold-air pools may harbor
plant communities at various stages of succession. After
a disturbance event, such as fire or dieback, re-sorting of
species can occur as species regenerate and disperse into
cold-air pool areas from upslope positions (Figure 3a).
Because of low temperature extremes and frost in cold-
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(b) Climate-plant-soil ~ feedback.
Cold-air pooling favors cold-adapted
evergreens with conservative
functional traits, slowing carbon
cycling and reducing soil nutrient

(c) Change-resistant conservative
system. After decades, cold-air pools
maintain cold-adapted evergreen species
with conservative traits that promote
slow carbon cycling. Low soil nutrient

Cold-air
pooling

availability. Over time, lower soil availability, pH, and light prevent
nutrient availability and pH, low deciduous intrusion. Evergreen
temperatures, shade, and early/late abundance in the surrounding region
frosts increasingly exclude deciduous may decline as climate change

species, reducing
pressure for evergreens.

competitive

continues, while the cold-air pooling area

continues to harbor evergreens and
promote carbon accrual.

(a) strong disturbance and system
reset. After a strong disturbance, species
re-sorting occurs as species regenerate
and disperse downslope. Because of cold
extremes and frost, there may be greater

Radiative
surface
cooling

survival of cold-adapted evergreen
seedlings and greater mortality of
deciduous seedlings. Some deciduous
seedlings may persist via cold
acclimation and/or because they are
good competitors.  Climate-plant-soil
feedbacks initiated by cold-air pooling
may promote evergreen dominance over
time (b, c), or other plant-soil feedbacks
may favor deciduous dominance (d, e).
Of course, the local tree species pool will

Cold-air
pooling

Cold-air
pooling

‘ >
y &

heich Y
Soil carbon T Soil carbon

{Iso influence which speciesestablish.

Deciduous-dominated
scenario

(d) Plant-soil feedback. Soils of valley
floors may be particularly rich in
nutrients, and deciduous trees that

survive and/or acclimate to low
temperature extremes are able to
outcompete evergreens in these

resource-rich environments. Deciduous
species have acquisitive functional
traits, leading to fast carbon cycling
and further increasing soil nutrient
availability, generating a positive plant-

(e) Tolerant acquisitive system. After

decades, cold-air pools maintain
deciduous trees that are tolerant of or
are acclimated to cold-air pooling. They
are characterized by acquisitive traits
that promote fast carbon cycling and
thus soil organic carbon may not
accumulate considerably faster than in
the surrounding region. However, as
climate change continues, deciduous
species in the cold-air pooling area may

be better protected from summer
heat waves and droughts compared to
conspecifics in the surrounding region.

soil feedback for deciduous species.

FIGURE 3 Conceptual model of how cold-air pooling could act as an important driver of ecosystem function by governing forest
vegetation composition and generating climate—plant—soil feedbacks over the long term. Multiple outcomes are possible, and here we
present contrasting scenarios in which either evergreen (b, ¢) or deciduous (d, e) trees become dominant. After a strong disturbance (a),
climate—plant=soil feedbacks generated by cold-air pooling over time (b) may produce a change-resistant conservative evergreen community
that promotes carbon storage (c), ot other plant=soil feedbacks may promote a tolerant/acclimated acquisitive deciduous system (d) that may
not accumulate soil carbon considerably faster than in the surrounding region (e)

air pools, cold-adapted evergreen seedlings may experi- traits of evergreen species will gradually modify soil

ence greater survival than more vulnerable deciduous properties to further favor evergreen over deciduous

seedlings. Unless tree species can acclimate, early- and species, for instance, by reducing soil nitrogen availability
and pH (Augusto et al., 2015; Siccama, 1974; Figure 3b).

Because the litter quality of woody evergreen species is

late-season frosts and extreme low temperatures will
continue to reduce the productivity and survival of
deciduous species, releasing cold-adapted evergreens — generally lower than that of woody deciduous species,

from competitive pressure. In addition, the conservative and because acidification increases the strength
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of soil organo-mineral bonds, increasing evergreen
abundance will promote slower decomposition and
greater soil carbon accrual (Boca et al., 2014; Cornwell
et al, 2008; Jevon et al, 2019; Moore et al, 1999;
Newcomb etal., 2017). Moreover, the dense canopy cover
associated with shade-tolerant evergreens may limit soil
respiration via lower soil temperatures and greater snow-
pack duration, as well as inhibit the establishment of
light-demanding deciduous species. Thus, over decades,
these climate—plant—soil feedbacks may strengthen such
that the evergreen community becomes more resistant to
change, even as conspecifics in the surrounding region
decline because of macroscale climate change, thereby
preserving the slower cycling ecosystem type in cold-air
pools (Figures 1b, 3c).

Other factors may be more important than tempera-
ture for plant community development; for example, the
influence of local soil properties could outweigh that of
cold-air pooling microclimates in some cases. Valley
floor soils can be rich in nutrients (Tateno & Takeda,
2003), and deciduous seedlings may be more competi-
tive than coniferous seedlings in these resource-rich
environments (Augusto et al., 2014) if they are able to
tolerate or acclimate to the low temperature extremes
and frost events in cold-air pools (Figure 3d). The fast
Eacquisitive” traits of deciduous species (opposite of the
slow conservative traits listed above; Diaz et al.,, 2004)
will further enhance soil nutrient availability, creating a
positive feedback loop for deciduous species that
inhibits evergreen establishment (Figure 3d). Such traits
will also lead to faster decomposition and limited carbon
accrual relative to evergreen-dominated communities
(Figure 3e; Boca et al., 2014, Cornwell et al., 2008).
Thus, for instances in which deciduous species domi-
nate in cold-air pools, ecosystem carbon storage may
not be substantially greater relative to that of the sur-
rounding region. As climate change continues, decidu-
ous communities in cold-air pools may be buffered from
extreme heat waves and droughts, which could benefit
carbon uptake during and following these events, how-
ever we expect increases in ecosystem carbon storage
mediated by cold-air pooling to be greater when ever-
green communities are favored.

Currently, these climate—plant=soil feedbacks are
likely ongoing in cold-air pools at various points in
their successional trajectories and in regions under dif-
fering magnitudes of climate change pressure, although
no studies, to our knowledge, have evaluated them.
Some mature cold-air pool communities will already be
resistant to change, while younger communities will be
more dynamic. Plant community shifts may occur most
rapidly in areas where there is greater pressure for cold-

adapted species to retreat into cold-air pools.

Northern temperate and boreal (i.e., cold-adapted conif-
erous) species were recently observed migrating down-
slope in response to historic land-use changes and
disturbance (Foster & D?Amato, 2015); however, few
studies have explored downslope migration of tree spe-
cies in relation to cold-air pooling. Those that have
investigated this phenomenon observed unexpected
patterns in vegetation composition across elevation,
such as similar plant community composition at
high elevations and valley bottoms, as discussed above
(Daubenmire, 1980; Millar et al., 2018; Wearne & Morgan,
2001). Whether nonlinearities in temperature and vegeta-
tion driven by cold-air pooling are linked to nonlinearities
in ecosystem functions like carbon storage across slopes is
unknown.

We acknowledge that differences in edaphic proper-
ties, hydrology, erosional processes, land-use history,
and other factors across landscapes with complex topog-
raphy could also affect current and future distributions
of vegetation and soil carbon storage and determining
which factors will most strongly drive patterns at local
scales under climate change is an important area for
future research. Additionally, in some regions, cold-
tolerant deciduous tree species are characteristic at the
tree line (e.g., Fajardo et al., 2013; Gansert et al., 1999),
highlighting a need for studies exploring how cold-air
interacts with diverse

pooling vegetation patterns

to generate climate—plant—soil feedbacks. Moreover,
although we used forests as an example, it is probable
that cold-air pools documented in other ecosystem types
such as meadows (Inouye, 2008), grasslands (Samways,
1990; Wearne & Morgan, 2001), and coastal shrublands
(Duker et al., 2020) promote and preserve species with
trait assemblages linked to functioning, thereby acting
as microrefugia for ecosystem functions in the face of

climate change.

RESEARCH PRIORITIES

As we describe, cold-air pooling could have important
ecological impacts on foliar transpiration, phenology,
carbon cycling, hydrological processes, seedling regener-
ation, frost-induced tree damage, and species persis-
tence under warming. Given the limited amount of
work, to date, on this topic, we hope that our conceptual
framework will motivate future research that addresses
the potential for cold-air pools to serve as microrefugia
for ecosystem functions. Below, we identify two key
research priorities to drive future investigations into the
role that cold-air pooling could play in maintaining
pockets of distinct ecosystem function under climate

change.
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Cold-air pooling patterns across scales

First, it is critical to characterize the extent, frequency,
intensity, depth, and duration of cold-air pooling events,
as well as the occurrence and degree of local atmospheric
buffering and decoupling, across broad temporal and spa-
tial scales and across areas that differ in species composi-
tion, climate, and edaphic factors. Gridded temperature
observations of the atmosphere or the land surface are a
potential source to quantify temporal aspects of cold-air
pooling events in the absence of ground-based measure-
ments (Lembrechts et al., 2019). Land surface temperatures
(LST) from the Moderate Resolution Imaging Spectro-
radiometer (MODIS) sensors on the Terra and Aqua satel-
lites have been used to characterize temperature inversions
directly via reflectance differences throughout the atmo-
spheric column in high-latitude regions (Hyvarinen &
Rantamaki, 2004; Liu & Key, 2003), to model lapse rates for
comparison with in-situ temperature logger networks
(Lembrechts et al., 2019), and to improve agreement of inter-
polated gridded temperature data with station data in moun-
tainous terrain (Oyler et al., 2016). As understanding of the
relationship between remotely sensed LST and near-surface
air temperatures improves (Adolphetal.,2018), MODISLST
could be used in conjunction with digital elevation models to
characterize the frequency, extent, and duration of cold-air
pooling events over a range of scales, from local to global.
Cold-air pooling can occur at spatial scales not cap-
tured by gridded temperature data, and thus the remote
sensing techniques above should be paired with finer
scale in situ environmental sensor data capable of explor-
ing cold-air pooling dynamics at smaller scales (e.g.,
<1 km) below forest canopies and at the soil=air inter-
face. Environmental sensors measuring near-surface air
(e.g., €2 m height) and soil temperatures could be
placed in plots spanning elevational transects across cold-
air pooling gradients (i.e., transects on different slopes
experiencing strong to no cold-air pooling, for compari-
son). Additionally, in situ sensors could be used to mea-
sure the indirect effects of cold-air pooling (e.g., soil
moisture, vapor pressure deficit). It is likely that many
existing elevational transects can be leveraged where sen-
sor data is available or by deploying new sensors in exis-
ting plots. Likely cold-air pooling gradients could be
identified using satellite imagery, digital elevation models
(Lundquist et al., 2008), and local knowledge, but local,
high-frequency (e.g., sub-houtly to houtly) in situ sensor
data will be needed to resolve the strength and dynamics
of cold-air pooling at the smaller transect scales. Vertical
temperature profiles using temperature sensors spanning
different heights above and below the soil surface
at several locations along a slope can be paired with free-
air temperature data (e.g., gridded temperature data

simulated by regional and global climate models) to
explore decoupling between cold-air pooling microcli-
mates and the free atmosphere. Weather stations on
hilltops and in valleys could also be leveraged for temper-
ature and other meteorological measurements, such as
wind speed and direction, that could influence cold-air
pooling (Bigg et al., 2014; Daly et al.,2010).

Vegetation dynamics and ecosystem
functioning

Toexplorehow cold-air poolinginfluences vegetation com-
position and ecosystem processes, we need field studies
using elevational transects, as suggested above, that span
cold-air pooling gradients. Forest tree composition and
demographics could be determined by identifying and mea-
suring live overstory trees in large plots at different eleva-
tions along the transects described above, while saplings/
seedlings, shrubs, and groundcover could be measured in
nested subplots. Locations for which vegetation composi-
tion and dynamics (e.g., tree growth and survival) have
been measured over long timescales (i.e., years, decades)
could be leveraged and prioritized for transect establish-
ment. Inaddition to species composition and size structure,
functional traits such as foliar nitrogen concentrations and
specific leaf area and other key ecosystem measurements
such as soil and litter carbon and nitrogen pools could be
measured in plots along transects or obtained from data-
bases (e.g., TRY plant traitdatabase). Ecophysiological pro-
cesses linked to function that may respond to cold-air
pooling in the short term, such as leaf net photosynthesis,
stomatal conductance, and intrinsic water-use efficiency,
could be measured in situ and at different times of the day
to examine lagged effects of cold-air pooling on real-time
dynamic processes that regulate productivity. The influence
of cold-air pooling on forest productivity could be
determined using remote-sensing approaches and retro-
spectively assessed by pairing dendrochronological recon-
structions of past stem wood increment with historic
characterizations of cold-air pooling regimes from the
remote sensing techniques. To assess the likelihood of suc-
cess for focal species to shift their distributions into cold-air
pools, reciprocal common garden experiments along cold-
air poolingslopes and plant—soil feedback greenhouse stud-
ies could be used.

CONCLUSIONS

Although the development of cold-air pools is a regular
occurrence that has been locally documented, there has
not been a synthetic effort exploring their extensiveness
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across broad spatial and temporal scales and exploring if
and how these phenomena impact regional ecological
patterns and processes. We propose that locations prone
to frequent or persistent cold-air pooling will maintain
plant communities linked to ecosystem functioning as cli-
mate changes, thereby acting as microrefugia for ecosys-
tem functions. In many systems, cold-air pools may
promote the preservation of ecosystem functions like soil
carbon storage in the face of climate change, an idea
that should be tested with field and remote sensing data
spanning many different types of soils, vegetation, and
topographic characteristics. Thus, there is a strong need
for cold-air pooling research that makes connections
across ecological disciplines, such as ecosystem and
landscape ecology with geospatial science and remote
sensing.

In summary, by inducing climatic lags atlocal scales,
cold-air pooling may modulate species and ecosystem
responses to macroclimate warming. Given that approxi-
mately a quarter of the Earth’s land sutface is mountainous
(Sayre et al., 2018) and an additional portion of the land sur-
face is characterized by non-mountainous yet complex
topography that also generates microclimates, it is critical to
determine the influence of cold-air pooling on ecosystem
processes that can feed back to affect macroscale climate
change.
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