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For many terrestrial organisms in the Northern Hemisphere, winter is a period of resource scarcity and
energy deficits, survivable only because a seasonal refugium - the "subnivium" - exists beneath the snow.
The warmer and more stable conditions within the subnivium are principally driven by snow duration,
density, and depth. In temperate regions, the subnivium is important for the overwintering success of plants
and animals, yet winter conditions are changing rapidly worldwide. Throughout the Northern Hemisphere,

the impacts of climate change are predicted to be most prominent during the winter months, resulting in a

shorter snow season and decreased snow depth. These climatic changes will likely modify the defining
qualities of the subnivium, resulting in broad-scale shifts in distributions of species that are dependent on
these réfugia.
refugia. Resultant changes to the subnivium, however, will be spatially and temporally variable. We

believe that ecologists and managers are overlooking this widespread, crucial, and vulnerable seasonal
refugium, which is rapidly deteriorating due to global climate change.
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facilitate freeze-tolerance (Figure 3f). In
below-freezing conditions, these herptiles use
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1990). This ice triggers an increase in circu
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1992). Once sufficient glucose is delivered to
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and the heart ceases to beat (Storey and

Storey 1992). Later, as temperatures increase
and the animal thaws, circulation is restored
and glucose is re-sequestered. These processes
are energetically costly; consequently, more
variable temperatures can induce increases in
metabolic rate (Sinclair et al. 2013).
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■ Changing winter conditions
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2005, global mean surface temperatures
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Warming winter temperatures

modifying
modifyingthe
the
surface
surface
micrometeorology
micrometeorology
(Musselman
(Musselmanetet
al. al.
2008;
2008;
Andreadis
Andreadis
et al. et al.
2009).
2009).Despite
Despite
evidence
evidence
of geographic
of geographic
and and

land-cover
land-covereffects
effects
on on
snow
snow
depth
depth
and and

microclimates,
microclimates,
most
most
attempts
attempts
to under
to under
stand
standthe
theregional
regional
effects
effects
of climate
of climate
change
change

on
on biological
biological
communities
communities
havehave
not incor
not incor
porated
poratedregional
regional
replication,
replication,
microclimatic
microclimatic
effects,
effects,ororthe
the
synergistic
synergistic
influences
influences
of land
of land
cover.

H?0 and heat

■ Ecological consequences of
climate change on subnivium
species

Colder and more variable temperatures
within the subnivium will have major
impacts on biotic communities that have

Snowpack
Subnivium

evolved under mild and stable conditions.

Soil Decreasing thermal stability

Colder temperatures and more freeze
cycles can cause ice damage in
above- and belowground plant tissue,
development
development
and
and
maintenance
maintenance
of theofsubnivium
the subnivium
and possible
and changes
possibletochanges
abiotic to abiotic

Figure
Figure4.4.Conceptual
Conceptual
diagram
diagram
depicting
depicting
the mechanistic
the mechanistic
pathways pathways
leading to the
leading tothaw
the

increasing
plant mortality, delaying flow
conditions
conditionswithin
within
thisthis
seasonal
seasonal
refugium
refugium
as a result
as aofresult
warming
of warming
winters duewinters
to
due
to

ering, and reducing plant biomass

climate
climatechange.
change.

(Foresman et al. 1976); this is also the case

■
■ Geographic
Geographic
variation
variation
in climate
in change
climate change

tor
for cold-tolerant
cold-tolerantconiferous
coniferous
trees
trees
(Sutmen
(Sutinen
et αι.
et al.
lyyy)·
1999).

The
The impacts
impactsof
ofa achanging
changing
subnivium
subnivium
willwill
notnot
be limited
be limited
to
to sessile
sessile
organisms.For
For
example,
example,
Neumann
Neumann
andand
Merriam
Merriam
Climate
Climate
change
change
is a geographically
is a geographically
heterogeneous
heterogeneous
and
and organisms.
(1972)
(1972)
calculated
calculatedthat
thata decrease
a decrease
of of
3°C3°C
in the
in the
subnivium
subnivium
dynamic
dynamic
process;
process;
as a result,
as a result,
future changes
future
to the
changes
sub
to the
sub
wouldand
raise the metabolic demand of the northern short
nivium
nivium
will
will
be region-specific.
be region-specific.
In southern
In Canada
southern
and Canada
tailed shrew (Blarina brevicauda) by -25 calories hr~',
hr_1,
western
western
Russia,
Russia,
the fraction
the fraction
of total annual
of total
precipitation
annual precipitation
that
thatfalls
falls
as snow
as snow
is declining
is declining
(Groisman(Groisman
et al. 2004), but
et al. 2004),
making
but
the subnivium a potentially energetically prohib
environment for this species. Through experimental
in
inother
other
regions
regions
northnorth
of 55 °Nof(eg55°N
Alaska,
(eg
Finland)
Alaska,
there
Finland) itive
there
manipulation,
Korslund and Steen (2006) found that
has
hasbeen
been
little
little
change
change
in the fraction
in the of
fraction
precipitation
of precipitation
that
that

tundrain
vole (Microtus oeconomus) survival was directly
is
is snow
snow
(Trenberth
(Trenberth
et al. 2007).
et al.Snow
2007).
cover
Snow
dynamics
cover
in dynamics

mountain
mountain
regions
regions
are often
are characterized
often characterized
by large
by
linked
large
to subnivium quality; Kausrud et al. (2008)

demonstrated
that altered conditions in the subnivium as
regional
regional
andand
altitudinal
altitudinal
variations
variations
(Râisânen 2007),
(Raisanen
and
2007),
and
a result of changing regional weather drove the popula
although
although
regional
regional
modelsmodels
predict that
predict
snow-season
that snow-season
length
length
andand
snow
snow
depthdepth
are very
are
likely
very
to decrease
likely across
to decrease
across
tion
cycling of alpine rodents in Fennoscandia.
Because the overwintering strategies of invertebrates
most
mostofof
North
North
America,
America,
the northernmost
the northernmost
part of Canada
part of Canada
widely in terms of their biochemistry and physiology
is
is expected
expected
to experience
to experience
increasesincreases
in maximum
insnow
maximumvary
snow
depth
depth
(Christensen
(Christensen
et al. 2007).
et al.Models
2007).
generally
Modelsagree
generally
(Bale
agree
and Hayward 2010), it is difficult to predict how
that
thatthe
the
winter
winter
climate
climate
of the Northern
of the Northern
Hemisphere will
Hemisphere
each
will
species will respond. Reduced snow cover will

change
change
considerably.
considerably.
clearly be detrimental to some species (Bale and Hayward
At
Ata alocal
local
scale,
scale,
variations
variations
in land cover
in land
will cover
ameliorate
will ameliorate
2010). On the other hand, colder subnivium tempera
tures in
can reduce metabolic activity for some overwinter
or
orexacerbate
exacerbate
changes
changes
in the subnivium.
in the subnivium.
Differences in
Differences
ing invertebrates, reducing consumption of stored energy
vegetation
vegetation
cover
cover
profoundly
profoundly
influenceinfluence
thermal regimes
thermal regimes
leading to improved body condition (Marshall and
and
andsnow
snow
characteristics.
characteristics.
For example,
For example,
Suggitt et al.Suggitt
(2011 ) et al.and
(2011)
Sinclair
found
found
that
that
winter
winter
ground-level
ground-level
minimum minimum
temperaturestemperatures
in
in 2012). Nevertheless, worsening conditions in
the wood
subnivium have the potential to greatly alter commu
heathland
heathland
andand
grassland
grassland
were 4—6°C
were
cooler
4—6°C
than cooler
in wood than in
composition, given that they will be deleterious to
lands.
lands.
Thus,
Thus,
wooded
wooded
habitats
habitats
appear toappear
moderatetoground
moderate nity
ground
species and beneficial to others.
level
leveltemperature
temperature
variability
variability
relative to
relative
unforested
to lands.
unforested some
lands.
Notably,
Notably,
thisthis
microclimatic
microclimatic
variationvariation
exceeds estimates
exceeds
of estimates
Freeze-tolerant
of
herptiles are one of the groups most
likely on
to be sensitive to a deteriorating subnivium. Below
warming
warming
under
under
any of
any
the of
Intergovernmental
the Intergovernmental
Panel on
Panel
—8°C,
-8°C, uncontrolled
uncontrolledice
iceformation
formationwithin
withintissues
tissueswill
willcause
cause
Climate
Climate
Change
Change
greenhouse-gas
greenhouse-gas
emissions emissions
scenarios.
scenarios.
Forest cover can also alter both snow accumulation and

cellular dehydration, damage, and necrosis, which can

snowmelt processes, mostly by intercepting snowfall and lead to death while the animal is frozen (Storey and
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Storey
Storey
1992). In addition,
1992).
more variable
Intemperatures
addition,
recurrent
more
100-year
variable
extreme events
temperatures
(eg drought, heavy
heavy
rain, freeze-thaw
cycles) by means of cycles,
rain-out shelters,
shelters,
will
will
likely cause
likely
more frequent
cause
freeze-thawmore
cycles, each frequent
freeze-thaw
each
portable irrigation cost
systems,for
and buried
heating
wires.
wires.
ofof
whichwhich
incurs a large energetic
incurs
cost for the
a animals.
large energetic
the
animals.
Because
Because
the presence of
the
food particles
presence
in the gut may of Increasingly
food particles
common Free Airin
Carbon
the
dioxide
gut may
(FACE) experiments
use massive diffusers
prompt
prompt
uncontrolled ice
uncontrolled
nucleation (Storey and Storey iceEnrichment
nucleation
(Storey
and to
Storey
1992),
1992),
herptiles cannot
herptiles
eat to replenish energy
cannot
lost dur
eat
elevate
to
C02 replenish
concentrations across energy
large areas. Likewise,
lost dur
ing
ing
freeze-thaw
freeze-thaw
cycles. Thus, reduced energy
cycles.
stores can
Thus,
the Spruce reduced
and Peatland Responses
energy
Under Climatic
stores
and
can
Environmental
Change (SPRUCE) internal
experiment focuses
lead
lead
to mortality
to asmortality
a result of excessive internal
asicea
forresult
of excessive
ice for
mation
mation
while the animal
while
is frozen (due
the
to the animal
lack of glu
is
on the
frozen
effects of increased
(duetemperature
to the
and lack
elevated of glu
cose,
cose,
which acts
which
as a cryoprotectant;
acts
Jenkins
as
anda cryoprotectant;
Jenkins
and
atmospheric C02 concentrations on northern
peatland
Swanson
Swanson
2005), or while2005),
the animal is thawed
or because
while ecosystems.
the animal
is
thawed
This large-scale
experiment
evaluatesbecause
the
response
existing biological communities
to a range of
glucose
glucose
stores necessary
stores
for metabolicnecessary
functioning are
for ofmetabolic
functioning
are
depleted
depleted
(Sinclair et al. 2013).
(Sinclair
Reduced glucose et
stores al. warming
2013).
levels via
Reduced
large, modified open-top
glucose
chambers. stores
experimental studies are
far less common,
how
may
may
also negatively
also
affect
negatively
reproductive output, especially
affectWinter
reproductive
output,
especially
ever,
and most are conducted
on permafrost systems at after
since
since
breeding generally
breeding
commences immediately
generally
after
commences
immediately
extreme latitudes
overwintering,
overwintering,
while animals are still fasting
while
(Sinclair et
animals
are (Hannah
still 2011).
fasting (Sinclair et

al. 2013).
Amphibians can tolerate only a very narrow range of
temperatures and have limited dispersal abilities, making
them particularly vulnerable to climate change (Lawler et
al. 2010). Survival of juvenile amphibians can be the most
important driver of population dynamics and exposure to
cold temperatures during the winter months is an impor
tant cause of juvenile mortality (Berven 1990); projected
changes in snow cover could therefore affect the viability
of herptiles throughout their ranges. Thus, altered winter
conditions across much of the Northern Hemisphere will
likely reduce the extent of important seasonal réfugia
refugia and
create harsher conditions for organisms that depend on
the subnivium for overwintering.

Ecological niche modeling
Mechanistic niche modeling is an important tool for pre
dicting the potential responses of species to future cli
mate change. Traditionally, mechanistic models define

an organism's ecological niche as a set of behavioral,
morphological, and physiological traits (Kearney and
Porter 2009). Modeling the biophysical niche of an
organism requires detailed knowledge of its thermoregu
latory characteristics and morphological properties, and
how both interact with local environmental variables,
such as air temperature and solar radiation. By relying on

heat and mass transfer equations to develop landscape
maps of energetic costs, mechanistic models have been
used to simulate the thermoregulatory and distributional
effects of heat stress on amphibians and reptiles in lower

■ Future research

Next-generation warming experiments

latitudes but have not been well-integrated into winter
ecology studies. Mechanistic niche models offer a partic

Experimentation will play a critical role in identifying
identifying
the
ularlythe
useful method for mapping suitable conditions for

obligate
ecological impacts and biological mechanisms linked
to
to species within the subnivium (Kearney and
Porter of
2009).
climate change. Because many physiological responses
of
plants and animals are limited by temperature, laboratory
laboratory

and greenhouse experiments have been used to simulate
simulate
A united framework
future climate conditions. Experimental designs that aim
aim
to facilitate the understanding of climate-change impacts
impacts
Next-generation experiments and mechanistic niche
modeling
are abundant and range from traditional greenhouses
to
to have greatly advanced our understanding of cli
mate
change and its implications for ecological systems.
field-based, open-top chambers that let in ambient
light
light
and rainfall.
However, these approaches have largely operated inde
pendently. Climate-change research would greatly bene
Most of these experiments have focused on measuring
measuring
plant productivity and biomass, and have been limited
limited
fit from
in
in a unified analytical approach. For example, field

experimentation directed at quantifying biophysical
their ability to manage the complexity of multiple
properties of the subnivium and at simulating future ther
species, changing biophysical conditions, and seasonal
variability. "Next-generation warming experiments"
mal and
are
areprecipitation patterns through the use of next
becoming increasingly common and are a major focus
generation
of
of
technologies could be applied to identify the
biophysical drivers of the subnivium. Resultant data
simulating climate-change impacts in natural systems.
systems.
For example, the EVENT experiments are large-scale
could also be used to power species-specific bioclimatic
niche models to predict how future subnivium conditions
field experiments designed to test the effects of extreme
extreme

weather and plant diversity on the performancewill
of indi
indi
impact the distribution and abundance of species
dependent on the subnivium for overwinter survival. In
vidual plant species in experimental communities
this way, empirical data from emerging field experiments
(Jentsch et al. 2007). EVENT manipulations simulate
www.frontitTsinecology.org
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could
couldbe be
combined
combined
with large-scale
with large-scale
metrics of plant
metrics
and of plant and
animal
animal
survival
survival
along along
existingexisting
geographicalgeographical
gradients to gradients to
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