
Carbon and Nitrogen Cycling in Snow-Covered
Environments

Paul D. Brooks1*, Paul Grogan2, Pamela H. Templer3, Peter Groffman4,
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Abstract

The last two decades have seen significant advances in understanding the cycling of carbon and
nutrients in ecosystems characterized by seasonal snow cover. This paper reviews and summarizes
work on the interactions between seasonal snow cover, soil physico-chemical characteristics, bio-
logical activity, and plot- to ecosystem-scale carbon and nitrogen cycling. The magnitude of win-
ter biogeochemical activity is considerable. For example, including these winter fluxes into annual
estimates of net ecosystem exchange reduces annual carbon uptake by 50% or more in many eco-
systems. The primary climatic control on these fluxes is the amount and timing of precipitation,
especially the formation of a consistent seasonal snow cover. Consistent snow cover limits frost
damage and controls both the timing and amount of liquid water in soil and the availability of
labile carbon substrates. Together, liquid water and labile carbon control the magnitude of in situ
activity, exchanges of CO2 and trace gases, and export of dissolved nutrients. The importance of
snow cover to biogeochemical fluxes has led a renewed interest in how spatial variability in vege-
tation structure influences snow cover through shading, wind sheltering, and interception.
Changes in snow cover associated with ongoing changes in both temperature and precipitation
have the potential to profoundly impact the soil environment during winter and spring with
unclear effects on annual and longer-term patterns of carbon and nitrogen cycling.

Introduction

Approximately 60% of the terrestrial earth surface experiences seasonal snow cover and
seasonal soil frost (Zhang et al. 2004), ranging from high latitude tundra and the boreal
forests, to mid-latitude forests and grasslands, and many mountain regions (Figure 1). Sea-
sonally snow-covered ecosystems play critical roles in global biogeochemical cycles, par-
ticularly the carbon cycle. For example, high latitude regions hold more than half of
global organic carbon stores (Hobbie et al. 2000; Tarnocai et al. 2009), and seasonally
snow covered mid-latitude zones hold an additional 20% to 30% (Jobbagy and Jackson
2000; Post et al. 1982; Schimel et al. 2001). High and mid-latitude terrestrial ecosystems
were accumulating carbon up to the mid-1990s (Schimel et al. 2001); however, ground
observations suggest that climate warming subsequently turned higher latitude ecosystems
into a net carbon source (Oechel et al. 2000). The effects of changes in climate on nutri-
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ent cycles are even less clear, with some work suggesting that plant available nitrogen
may decrease, while hydrologic nitrogen export to lower elevation terrestrial and aquatic
ecosystems may increase (Brooks et al. 1999; Christopher et al. 2008; Fitzhugh et al.
2001). The potential importance of these geographic areas to global biogeochemical
cycles has led to concerted efforts to understand the controls on biological activity in sea-
sonally snow-covered soils.

Seasonally snow-covered regions are especially susceptible to climate change as small
changes in temperature or precipitation may result in large changes in the amount and
timing of snow cover. High latitude and high altitude regions are undergoing the most
pronounced changes in temperature, with predictions for increases in average temperature
between 4�C and 8�C over the next century (IPCC, 2008). Warming in the mid-lati-
tudes is not as extreme, but still expected to significantly impact seasonal snow cover.
Climate projections for the end of the 21st century indicate that winter temperatures will
warm 2.5–5.3�C in northern Europe and the Northeastern USA (Christensen and
Christensen 2007; IPCC, 2007). Increased temperatures likely will result in shorter snow
covered seasons due to later accumulation and earlier melt, while lower latitudes may
transition from continuous to intermittent winter snowpacks (Hayhoe et al. 2007, 2008;
Huntington et al. 2009). A number of mid-latitude, montane ecosystems have already
experienced a decrease in maximum snow accumulation and reduction in the duration of
snow cover (Mote et al. 2005). Future warming is also likely to result in a decrease in
the spatial extent of snow cover, readily observable in an increase in elevation of the
rain–snow line (Lundquist et al. 2008). Although most locations will experience reduced
duration and spatial extent of snow, feedbacks between local and regional climate are
expected to result in an increase in the amount of snowfall in some locations (Rango and
Katwijk 1990).

The effects of climate change on soil frost, defined as the formation of ice in soil, are
difficult to predict, with simultaneous changes in temperature and precipitation leading to

Fig. 1. Light gray-shaded area at higher latitudes denotes the approximate location of seasonal snow cover lasting
more than several days. Data are from NASA MODIS. Additionally, many mountain areas (not shown) also are sub-
ject to snow accumulation.
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counter-intuitive effects on soil ice formation. Subtle shifts in the timing of snow accu-
mulation and variations in air temperatures strongly influence soil frost (Campbell et al.
2010; Dyer and Mote 2006; Henry 2008; Hong et al. 2005; Venäläinen et al. 2001).
Reduced and ⁄or intermittent snow cover may result in increased soil frost (Brooks et al.
1995, 1997, 1999) leading to colder soils in a warmer world (Boutin and Robitaille
1994; Decker et al. 2003; Groffman et al. 2001a; Hardy et al. 2001; Isard and Schaetzl
1998; Öquist and Laudon 2008). A shift from snow to rain in the fall and early winter
may lead to higher soil water content before soil frost forms (Räisänen et al. 2004). The
result is a higher thermal inertia during winter and spring that results in an increase in
the extent and duration of frozen soils, even though average air temperatures may be
warmer.

The rapid pace of climate change in these regions presents a pressing need to under-
stand the controls on winter biogeochemical processes, and feedbacks to growing season
biogeochemistry. The objective of this paper is to review recent research on the subniv-
ean environment, with a focus on how winter biogeochemical cycling is likely to respond
to changing climate.

The Subnivean Environment: Soil Temperature and Moisture in Winter

Snow is an excellent thermal insulator and consistent seasonal snow cover of sufficient
depth effectively decouples soil temperature from the atmosphere (Edwards and Cresser
1992). Although winter air temperatures in snow-covered environments can be particu-
larly severe and can fluctuate dynamically, soil temperature regimes are always more mod-
erate due to buffering by the overlying snow (Figure 2). In fact, the primary control on
winter soil temperature in snow-covered environments is the depth of the overlying
snowpack (Edwards and Cresser 1992; Grogan and Jonasson 2006; Sturm et al. 2005).
Additionally, the timing of initial snow accumulation has a significant effect on winter
soil temperatures because soil exposure to air temperatures prior to snow cover develop-
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Fig. 2. A representative snowpack temperature profile during a diel air temperature cycle ranging from )15�C to
0�C. Phase change dominates the energy balance of snow-covered soil. In the absence of melt, wet soils experi-
ence very little temperature change over winter, while drier soils can slowly warm. In both wet and dry sites, tem-
perature and vapor pressure gradients through the snowpack result in the diffusion of water vapor from soil to
snow. H2Oi is ice, H2Ol is liquid water, H2Ov is water vapor, and LE is latent energy.
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ment results in substantial cooling (Olsson et al. 2007). Furthermore, the greater heat
capacities of soil, water, and ice compared to air, and the latent energy of water, which is
present in soils as a liquid, solid, and gas simultaneously, lead to a strong thermal inertia
that restricts subsequent warming. Consequently, a simple binary distinction between
summer and winter is inadequate to capture the variability in winter biogeochemical
activity.

The presence of liquid water in soil is both a prerequisite for biological activity and
the most important control on winter biogeochemical cycling (Öquist et al. 2009;
Ostroumov and Siegert 1996). Water in soil can exist in the liquid state at temperatures
significantly below the equilibrium freezing point of pure water through a variety of
mechanisms (Cannel and Gardner 1959; Panikov et al. 2006). The partitioning of water
between frozen and unfrozen states varies strongly both with temperature (Stähli and
Stadler 1997) and with soil characteristics. The unfrozen water content of mineral soils
(excluding clay soils) is principally determined by the osmotic potential of soil solution
(Banin and Anderson 1974; Harrysson-Drotz et al. 2009), while, in highly organic
soils, matric potential is also a significant factor (Harrysson-Drotz et al. 2009). Further-
more, unfrozen water content is strongly and positively related to soil organic matter
quantity, but negatively related to soil organic matter quality (Öquist et al. 2009). Conse-
quently, the amount of liquid water in snow-covered soil at a given temperature may
vary significantly based on soil organic characteristics.

The phase transition of water to the solid state during freezing results in an effective
reduction in soil water content, comparable to that which occurs during drying. Further-
more, as ice is formed the solute concentration within residual soil liquid water is
increased, thereby lowering its osmotic potential and its freezing point. This effect tends
to preserve some liquid water within frozen soils, but its bioavailability is reduced. For
example, the water potential of liquid water at temperatures below 0�C drops by around
1.2 MPa (Harrysson-Drotz et al. 2009) for each degree of cooling, implying that the
water potential of liquid water at )4�C is ca. )4.8 MPa. Thus, the reduction in soil
liquid water potential induced by freezing temperatures can be comparable to that of dry-
ing beyond the conventional permanent wilting point of most plants ()1.5 MPa). Beyond
these temperature effects on liquid water content and availability in soil, soils also dry
over winter due to a vapor pressure gradient from warmer soils to the colder overlying
snowpack, which has relatively lower saturated vapor pressure (Kane et al. 2001;
Figure 2). The reduction in soil ice due to this vapor flux increases soil porosity for gas
efflux during winter and for snowmelt water infiltration during spring (Kane et al. 2001).

There is great uncertainty about how climate change will affect soil temperature and
moisture in the next 20–50 years. Snowpack manipulations suggest that less snow will
produce ‘‘colder soils in a warmer world’’ (Brooks et al. 1998; Decker et al. 2003; Hardy
et al. 2001; Walker et al. 1999), a prediction consistent with recent observations (Molo-
tch et al. 2009). However, other analyses (Dyer and Mote 2006; Henry 2008; Venäläinen
et al. 2001) suggest that warmer temperatures will result in less soil freezing in many areas
(Campbell et al. 2010). This critical uncertainty, which is rooted in an incomplete under-
standing of how snow depth and weather (e.g. cold air fronts, timing of precipitation)
interact to produce soil frost, should be a priority for research. Several efforts have
attempted to address this knowledge gap by classifying the subnivean environment into
four or five classes based on how variability in snow cover and climate affect soil frost
and liquid water content (Brooks and Williams 1999; Liptzin et al. 2009; Olsson et al.
2007; Figure 3). Furthermore, it is becoming apparent that although air temperature
freeze–thaw cycles are very common in seasonally snow-covered ecosystems, especially in
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the fall and spring, corresponding soil freeze–thaw fluctuations may be relatively rare
because of the large thermal inertia (described above) of many soils (Buckeridge et al.
2010a)

Subnivean Biogeochemical Activity

Many models of soil biogeochemical processes assume that microbial activity is exponen-
tially related to temperature and therefore that biogeochemical activity during winter has
negligible impacts on annual fluxes (e.g. Frolking et al. 1998; McGuire et al. 2000; Potter
et al. 1996). However, field studies over the past decade have demonstrated high levels of
soil heterotrophic activity during winter in a wide variety of seasonally snow-covered
ecosystems including arctic tundra (Grogan and Jonasson 2005), alpine tundra (Brooks
et al. 1996; Mast et al. 1998), forests (Coxson and Parkinson 1987; Groffman et al. 2006;
Monson et al. 2006), peatlands, and grasslands (Wang et al. 2010) at temperatures
between 0�C and )39�C (e.g. Elberling and Brandt 2003; Mikan et al. 2002; Panikov
et al. 2006). Moreover, upon freezing, there is an abrupt increase in the temperature sen-
sitivity of soil respiration, reflecting changes in the relative dominance of other environ-
mental constraints acting on microbial activity (Elberling and Brandt 2003; Karhu et al.
2010; Mikan et al. 2002; Öquist et al. 2009; Tilston et al. 2010), that is only just begin-
ning to be incorporated into models (Sullivan et al. 2010).

There is a long history of field and laboratory manipulations to evaluate the effects of
winter conditions on biogeochemical activity. Laboratory experiments to test specific
hypotheses are essential for a deeper mechanistic understanding of winter processes (e.g.
Edwards and Cresser 1992). However, they cannot mimic the array of complex inter-
actions among liquid water, ice, roots, organic matter, and microorganisms that compli-
cate scaling results from soil columns to ecosystems (Groffman et al. 2001a). Additionally,
many laboratory studies have used rates and severity of soil freezing as treatments that are
faster and stronger than what is observed in the field, making conclusions drawn from
these experiments limited in their significance (Henry 2007). Field manipulations typically
have focused on controlling snow depth as a master driver of winter biogeochemical
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Fig. 3. Conceptual representation of the role of snow cover duration in controlling winter heterotrophic activity: In
zone I shallow, intermittent snow cover limits activity; in zone II deeper and earlier snow cover allows heterotrophic
communities to continue throughout winter; in zone III substrate limitation begins to reduce activity; in zone IV
near permanent snow cover limits carbon supply.
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conditions and activity. Snow fences (Brooks et al. 1995; Nobrega and Grogan 2007;
Walker et al. 1993), snow removal (Boutin and Robitaille 1994; Hardy et al. 2001;
Hentschel et al. 2008; Öquist and Laudon 2008), and insulation treatments (Austnes et al.
2008; Kaste et al. 2008) have been used to evaluate how changes in snow accumulation
affect soil biogeochemistry. Natural gradients in snow accumulation and ⁄or winter climate
conditions can be exploited to avoid artifacts associated with manipulation studies (Groff-
man et al. 2009), but there are always concerns about multiple factor variation along
these gradients. In spite of these difficulties, significant progress has been made over the
last two decades in identifying the controls on winter biogeochemistry and placing this
activity within the context of annual carbon and nitrogen fluxes.

In all regions, winter heterotrophic activity appears to be controlled by interactions
among climate, soils, and the physiological potential of the microbial community (Lipson
et al. 2002; Monson et al. 2006; Schadt et al. 2003; Schmidt et al. 2007; Walker et al.
2006). The presence of liquid water has been identified as the essential prerequisite for
physiological activity of microbes in any environment, including soils at near- or sub-zero
temperatures (Coxson and Parkinson 1987; Mikan et al. 2002). As discussed in the pre-
ceding section, both climate and soils interact to control liquid water content, implying
that available water may differ significantly between soils at the same temperature (Har-
rysson-Drotz et al. 2010). Consequently, highly variable temperature responses (Q10s) in
subnivean soils can result from changes in available liquid water, water potential and dis-
solved substrates, in addition to direct temperature effects on reaction kinetics. Regardless
of soil climate conditions, microbial activity is strongly affected by the supply of labile
organic carbon (Boddy et al. 2008; Brooks et al. 2005; Buckeridge and Grogan 2008;
Feng et al. 2007; Kielland et al. 2006; Nobrega and Grogan 2007; Schimel and Mikan
2005). Snow depth and soil freezing influence labile carbon supply through their effects
on litter decomposition and fragmentation (Hobbie and Chapin 1996; Steltzer and Bow-
man 2005; Sulkava and Huhta 2003), as well as dissolved organic carbon (DOC) fluxes
from plant detritus, organic soil layers, and plant roots (Michalzik et al. 2001; Scott-Den-
ton et al. 2006; Wang and Bettany 1993). Although soil frost can increase carbon sub-
strate content, it also decreases substrate diffusion through the soil matrix (Davidson and
Janssens 2006), a dual role that highlights the challenges in predicting winter biogeo-
chemical activity.

Winter Carbon Cycling

Both CO2 and CH4 flux studies during winter demonstrate active carbon cycling under
seasonal snowpacks in sub-alpine wetlands (Mast et al. 1998; Sommerfeld et al. 1993)
high alpine tundra (Brooks et al. 2005), arctic tundra (Fahnestock et al. 1998; Grogan
and Chapin 1999; Grogan and Jonasson 2006; Oechel et al. 1997; Zimov et al. 1996),
fens (Aurela et al. 2002; Jackowicz-Korczynski et al. 2010), peatlands (Alm et al. 1999;
Lafleur et al. 2003), and forests (Groffman et al. 2006; Kurganova et al.2003). Winter
fluxes of CO2 from snow-covered soils are highly variable, and are not a simple function
of soil temperature (Figure 4). Instantaneous flux rates range from negligible to values
similar to those observed during the growing season (Brooks et al. 1997; Groffman et al.
2006; Grogan and Jonasson 2005; Jones et al. 1999; Mariko et al. 2000; McDowell et al.
2000; Sommerfeld et al. 1993; Wickland et al. 2001). Until recently, relatively few flux
towers maintained continuous records throughout both summer and winter seasons,
which has hampered evaluating the potential importance of winter fluxes to annual eco-
system carbon exchange. Current estimates of net overwinter CO2 efflux range from
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5–10% of net ecosystem exchange (NEE) in eastern deciduous forests of the USA
(Groffman et al. 2006, 2009, 2010), to 60% or more of annual NEE in western conifer-
ous forests (Monson et al. 2002). A comparison of winter CO2 fluxes to growing season
NEE from flux towers in Europe and North America suggests that failing to account for
winter CO2 fluxes would result in an overestimation of annual NEE of 71% in deciduous
forests (244 vs. 65 g C m)2) and 111% in coniferous forests (167 vs. 79 g C m)2) (Brooks
et al. 2005). There are fewer continuous measurements in other ecosystems, but estimates
of wintertime processes to annual CO2 exchange are in the same range. In tundra and
boreal systems for example, winter fluxes appear to range from 10% to 30% of annual
ecosystem respiration and may account for 33% to >90% of summer uptake (Brooks et al.
1997; Lafleur et al. 2003; Nilsson et al. 2008; Nobrega and Grogan 2007; Sagerfors et al.
2008).

Although the absolute importance of winter CO2 fluxes appears to vary based on eco-
system type, the sensitivity of fluxes to small changes in seasonal snow cover is quite high
in all systems. Both snowpack manipulations and laboratory experiments have demon-
strated that winter heterotrophic activity and CO2 efflux increases following freeze–thaw
events due to an increase in labile carbon substrates (Brooks and Williams 1999; Brooks
et al. 1997; Coxson and Parkinson 1987; Groffman et al. 2001b; Neilson et al. 2001;
Schimel and Clein 1996). For example, direct glucose additions to snow-covered soil
increased respiration up to 160% 24 hours after addition, and fluxes remained significantly
higher than controls a month after addition demonstrating the soil microbial communi-
ties’ ability to utilize readily available carbon sources during winter (Brooks et al. 2005).

An emerging area of uncertainty in winter biogeochemistry is the effect of variation in
snow cover on DOC dynamics. The DOC pool in soil is the net result of numerous
sorption and desorption processes, such as electrostatic repulsion in aqueous solutions, cat-
ion exchange, decomplexation, and displacement of sorbed organic ions, which act selec-
tively on different molecules (Reetsma et al. 1999). During winter, labile simple sugars
and amino acids increase by approximately 8 to 40-fold relative to summer (Ivarson and
Sowden 1966, 1970; Scott-Denton et al. 2006), presumably as a result of freeze damage

Fig. 4. Carbon dioxide fluxes beneath winter snowpacks are weakly related to temperature across a range of eco-
systems. The simultaneous presence of water in winter soil as ice, liquid, and gas complicates the relationship
between winter CO2 flux and soil temperature resulting in large and variable Q10s that result from both tempera-
ture and water limitation. Data are a compilation of previously published work by P.D. Brooks and include alpine
and arctic tundra, subalpine forests, and meadows throughout North America.
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to roots and microbial cells. It appears that seasonal differences in carbon availability and
lability result in preferential utilization of labile substrates by soil microorganisms at sub-
zero temperatures (Biasi et al. 2005; Clein and Schimel 1995a,b). Furthermore, solutes in
soil solution may be preferentially taken up by soil microorganisms for osmoregulation to
prevent ice damage and maintain cell turgor, and for continued functioning of intracellu-
lar enzymes (Jefferies et al. 2010; Schimel et al. 2007).

Several studies have identified links between microbial respiration (an index of labile,
actively cycling carbon) and DOC production (Brooks et al. 1999; Jandl and Sollins
1997), consistent with indications that DOC production is related to soil heterotrophic
activity (Christ and David 1996; Scott et al. 1998; Tipping et al. 1999), although it
remains unclear if DOC increases respiration or if respiration increases mobile DOC. If
soil freezing mobilizes DOC, it can have significant effects on other biogeochemical pro-
cesses including hydrologic and gaseous nitrogen losses and CO2 flux (Goodale et al.
2005; Hafner and Groffman 2005; Hafner et al. 2005; Sobczak et al. 2003). While some
studies have shown marked DOC responses to soil freezing, others have not. In field and
laboratory experiments with Norwegian heathland soils, frost increased DOC, dissolved
organic N (DON) and NH4

+ concentrations, and either decreased or had no effect on
NO3

) concentrations (Austnes and Vestgarden 2008; Austnes et al. 2008; Kaste et al.
2008; Vestgarden and Austnes 2009). The decreased NO3

) losses may have been linked
to the increase in DOC, which may have increased immobilization and ⁄or denitrification.
However, denitrification can also be increased by ice blockage of oxygen diffusion (Miller
et al. 2007; Öquist et al. 2004). Soil freezing induced an increase in DOC in laboratory
experiments with German forest soils at temperatures of )8�C and )13�C, but not at
)3�C, a much more common field temperature (Hentschel et al. 2008); no response was
observed in field experiments (Hentschel et al. 2009). In contrast, Haei et al. (2010)
found that prolonged soil frost enhanced DOC concentrations in an adjacent stream dur-
ing snow melt and that soil water DOC concentrations were elevated during the sub-
sequent summer. A 2-year study of snow removal in New Hampshire, USA, indicated
marked variation in DOC response to soil freezing, and potential links to nitrogen losses,
that is, sites with high DOC response had low nitrogen loss response (Fitzhugh et al.
2001; Groffman et al. 2010). There is a clear need for further research on the factors reg-
ulating DOC response to soil freezing disturbance and on how this response regulates
NO3

) loss following this disturbance.

Winter Nitrogen Cycling

Roughly concurrent with the early reports of CO2 fluxes from beneath snow referenced
above, research in both deciduous and coniferous forests indicated that ecosystem nitro-
gen retention was higher, and export was lower in years with deeper snow cover (Brooks
et al. 1998; Lewis and Grant 1980; Mitchell et al. 1996; Peters and Leavesley 1995). Sub-
sequent plot scale research in a variety of forest and tundra ecosystems confirmed that
increased snow cover insulated soils from cold air temperatures and allowed higher levels
of microbial nitrogen immobilization under snow (Brooks et al. 1999; Buckeridge and
Grogan 2010), while shallower snowpacks were associated with higher nitrogen export
(Boutin and Robitaille 1994; Brooks et al. 1996; Brooks et al. 1999; Callesen et al. 2007;
Fitzhugh et al. 2003; Groffman et al. 2001b; Groffman et al. 2006; Lipson et al. 1999;
Neilson et al. 2001). Nitrogen mineralized under deeper snow cover initially is immobi-
lized by microbial biomass (Brooks et al. 1996, 1999) and presumably later taken up by
vegetation at the beginning of the growing season (Socci and Templer 2010). Conse-
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quently, variability in seasonal snow cover may indirectly affect ecosystem carbon storage
by controlling the amount of nitrogen available to vegetation after melt. However, in
some cases, nitrogen mineralization in soils is not affected by variation in snowpack
(Groffman et al. 2001b, 2009, 2010). Further, over-winter root mortality (Cleavitt et al.
2008; Tierney et al. 2001) caused by a smaller snow-pack and greater soil frost can lead
to reduced nitrogen uptake by trees (Templer and Socci 2010), which could potentially
contribute to greater nitrogen export from forests.

A critical factor regulating wintertime nitrogen cycling in tundra is a shift in microbial
physiology with the onset of winter (Schimel and Mikan 2005). Acid tussock tundra soils
are intensely nitrogen-limited during the summer (Weintraub and Schimel 2003) and do
not show positive rates of net mineralization (Giblin et al. 1991). However, as tempera-
tures drop, microbes shift to carbon limitation and mineralize nitrogen (Giblin et al.
1991); in a snow-fence experiment that maintained soil temperatures at )5�C or above,
wintertime net mineralization was sufficient to support the entire annual plant demand
for aboveground growth (Schimel et al. 2004). The fate of nitrogen mineralized during
the winter, however, is unclear as the ability of vegetation to take up nitrogen from
under arctic snowpacks appears limited, but may be much more significant in the rela-
tively warm soils of many alpine ecosystems (Bilbrough and Welker 2000; Grogan and
Jonasson 2003).

Active nitrogen cycling under seasonal snow cover also affects N2O fluxes (Matzner
and Borken 2008). Winter N2O fluxes appear to be related to the depth and duration of
seasonal snow cover and the amount of heterotrophic activity (Brooks et al. 1997; Malja-
nen et al. 2010), consistent with increasing levels of denitrification in soils that become
progressively anaerobic as the winter season proceeds. Winter N2O flux rates in alpine
systems can be an order of magnitude higher than those observed during the growing
season (Brooks et al. 1997; Sommerfeld et al. 1993), while in temperate regions the win-
ter emissions may account for more than one half of the annual emission (Röver et al.
1998; Shurmann et al. 2002; Teepe et al. 2000). These high winter emissions presumably
result from both increased anoxia and reduced competition for nitrate from vegetation
during the winter.

Ultimately, the balance of microbial nitrogen production and consumption processes is
strongly affected by the supply of labile organic carbon, which as noted above is influ-
enced by snow depth and soil freezing through changes in litter decomposition and
fragmentation and by DOC flux from plant detritus and organic soil layers.

Snow Cover and Vegetation Activity

In the last several years, research on seasonally snow-covered forest ecosystems has found
that coniferous trees, similar to microbes in snow-covered soil, respond to soil water
availability, even when temperatures are near 0�C. Plant roots are protected from cold air
temperatures in winter by the insulating layer of snow. In fact, some plant species can fix
carbon under snow (Starr and Oberbauer 2003; Steenberg Larsen et al. 2007) or take up
nutrients during snowmelt (Bilbrough and Welker 2000). For example, in high altitude
mixed-conifer forests in Colorado, maximum rates of carbon fixation occur during spring
while snow covers the ground and soil temperatures are buffered by snowmelt water at
0�C (Monson et al. 2002, 2005). Winter warming is projected to increase the growing
season length and rates of plant productivity, but these could be counteracted by the neg-
ative effects of increased soil frost or by water stress later in the growing season (Monson
et al. 2005). Warming is expected to shift the ranges of plant species to higher latitudes,
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alter plant species composition and reduce frost-hardiness of vegetation (see review by
Kreyling 2010). Together, these changes could alter the biogeochemistry of soils through
effects on carbon fluxes (photosynthesis and autotrophic respiration) and nutrient uptake
and assimilation by plants. Compared to our understanding of the impact of an altered
winter snowpack on belowground microbial processes, much less is known about the
response of plants (Kreyling 2010) and their role in biogeochemical cycles in winter.

With a reduced snowpack, tree roots can experience frost damage and increased mor-
tality (Cleavitt et al. 2008; Tierney et al. 2001). Plants exposed to below-freezing air tem-
peratures can adapt through changes in phenology, morphology or growth, and can also
lower the freezing point of their tissues by increasing solute concentrations to prevent ice
crystallization. However, increased freeze–thaw cycles caused by warming (Henry 2008)
could make plants vulnerable to frost damage. Typically, plants develop frost hardiness
following sustained exposure to cold temperatures (Thomashow 1999). With sudden shifts
in temperatures, plant tissues may be unprepared (Cannell and Smith 1986; Leinonen
1996). Additionally, plants experiencing multiple freeze–thaw events within a season can
form xylem embolisms, which reduce conductivity and can lead to crown dieback
(Sperry et al. 1994; Zhu et al. 2000). Plants can also be severely damaged by extreme
weather events such as warm fronts during winter (Bokhurst et al. 2009) and spring freez-
ing fronts during earlier growing seasons (Gu et al. 2008; ). All of these changes in winter
climate can expose plants to cold temperatures that their tissues cannot tolerate. Plant
nutrient uptake (Templer and Socci 2010) and canopy carbon uptake could be reduced
in plant tissues damaged by freezing, soil freeze–thaw events or abrupt changes in air tem-
perature in the early growing season, which could in turn impact carbon and nitrogen
fluxes and storage.

Feedbacks Between Vegetation and Snow Cover

A critical, yet relatively uninvestigated, linkage between changes in climate, snow cover,
and winter soil biogeochemical activity is the role of vegetation in controlling snowpack
depth and duration. Forest vegetation can reduce snow accumulation via interception and
subsequent sublimation, yet may also increase snow depth and prolong melt by shading,
decreasing wind speeds, and reducing energy input to the snowpack through reduced tur-
bulent heat exchange (Barry et al. 1990; Gelfan et al. 2004; Harding and Pomeroy 1996;
Hardy et al. 1997; Hedstrom and Pomeroy 1998; Link and Marks 1999a,b; Molotch et al.
2007; Musselman et al. 2008; Pomeroy et al. 1998a,b; Storck et al. 2002; Stottlemyer and
Troendle 2001; Wigmosta et al. 1994; Yamazaki and Kondo 1992). The net effect is that
forest snowpacks tend to be shallower than in open areas, due to sublimation of inter-
cepted snow. By contrast, tundra vegetation patches of relatively tall plants such as shrubs
and open birch stands enhance local snowpack depths due to interception and trapping of
windblown snow (Grogan and Jonasson 2006; Sturm et al. 2005). Differences in plant
density between forests and tundra explain these patterns – even small canopy openings
within forested areas hold more snow, and hold it longer, than either open areas or dense
forests (Golding and Swanson 1978). Although dense forest and tundra shrub vegetation
differ in their effects on winter snowpack accumulation, they both shade the snow in
spring, slowing ablation and extending the duration of snow cover compared to low veg-
etation and open areas.

As climate changes, interactions between vegetation structure and seasonal snow cover
are likely to become increasingly important in determining the depth, duration, and spa-
tial extent of soils insulated by continuous snow cover. Warmer temperatures and
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increased precipitation in a warmer climate may result in greater spatial heterogeneity in
seasonal snow cover in forest stands (Veatch et al. 2009), creating a patchwork in soil
moisture, soil frost, and winter biogeochemical activity which may effect large scale eco-
system structure. Similar interactions between snow accumulation and biogeochemical
cycling have been used to explain ongoing shrub expansion across the low Arctic (Goetz
et al. 2005). Deepened snow directly around shrubs increases winter soil temperatures,
promoting decomposition and nutrient availability to shrubs (Sturm et al. 2005). This
positive feedback between shrubs, snow, and nutrient availability may provide a competi-
tive advantage to shrubs in these nutrient limited systems (Buckeridge et al. 2010b).

Synthesis and Conclusions

Seasonal snow cover provides a unique soil environment capable of supporting high levels
of biogeochemical activity that significantly impacts annual carbon and nutrient cycles. A
prerequisite for biological activity in snow-covered soil is the presence of liquid water, the
amount of which is controlled by interactions between the depth and timing snow cover
development, antecedent climate, and soil physical characteristics. Once this prerequisite is
met, the controls on the amount of activity are less clear, but include carbon substrate avail-
ability, microbial community structure and physiology, and soil moisture changes over win-
ter. Given the importance of snow cover in insulating soil and promoting winter biological
activity, an emerging area of research involves quantifying the feedbacks between vegeta-
tion structure, snow cover development, and growing season nutrient availability and
carbon uptake. The need to quantify these interactions is exacerbated by ongoing changes
in both climate and vegetation structure. Improved understanding and representation of
winter processes and how they are linked to the growing season represents a significant
knowledge gap in our ability to predict biogeochemical cycling in seasonally snow-covered
systems, and should be a priority for research in the coming decade.
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Öquist, M. G., et al. (2004). Nitrous oxide production in a forest soil at low temperatures – processes and
environmental controls. FEMS Microbiology Ecology 49, pp. 371–378.
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