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ABSTRACT

It has only recently become apparent that biological
activity during winter in seasonally snow-covered
ecosystems may exert a significant influence on
biogeochemical cycling and ecosystem function.
One-seventh of the global soil carbon pool is stored
in the bulk soil component of arctic ecosystems.
Consistent climate change predictions of substantial
increases in winter air temperatures and snow
depths for the Arctic indicate that this region may
become a significant net annual source of CO, to the
atmosphere if its bulk soil carbon is decomposed. We
used snow fences to investigate the influence of a
moderate increase in snow depth from approxi-
mately 0.3 m (ambient) to approximately 1 m on
winter carbon dioxide fluxes from mesic birch
hummock tundra in northern Canada. We differ-
entiated fluxes derived from the bulk soil and plant-
associated carbon pools using an experimental
‘weeding’ manipulation. Increased snow depth en-

hanced the wintertime carbon flux from both pools,
strongly suggesting that respiration from each was
sensitive to warmer soil temperatures. Furthermore,
deepened snow resulted in cooler and relatively
stable soil temperatures during the spring-thaw
period, as well as delayed and fewer freeze-thaw
cycles. The snow fence treatment increased mean
total winter efflux from 27 to 43 g CO,-C m 2. Be-
cause total 2004 growing season net ecosystem ex-
change for this site is estimated at 29-37 g CO,-C
m~2, our results strongly suggest that a moderate
increase in snow depth can enhance winter respi-
ration sufficiently to switch the ecosystem annual
net carbon exchange from a sink to source, resulting
in net CO, release to the atmosphere.

Key words: climate change; winter; snow; soil;
tundra; birch; arctic; respiration; carbon dioxide;
temperature; Canada.

INTRODUCTION

Arctic ecosystems were once considered dormant
during the long winter period, but recent studies
have demonstrated that respiration of CO, is a
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significant portion of the annual carbon budget
(Oechel and others 1997; Fahnestock and others
1998, 1999). These ecosystems contain 14% of the
global soil carbon reserves (Post and others 1982)
and the release of CO, from these systems in winter
could contribute to a positive feedback to rising
atmospheric CO, concentrations (Lashof 1989).
The effects of climate change are impacting the
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entire planet, however, there is scientific consensus
that warming is occurring earlier and more in-
tensely in the Arctic (ACIA 2004). Winter in par-
ticular is being affected: mean air temperatures
over arctic land areas have risen by 3-4°C during
the last 50 years, and are expected to increase by a
further 4-7°C by the 2090s (ACIA 2004). Further-
more, the amount of snowfall has increased in
northern latitudes over the past century (Groisman
and Easterling 1994; Vaganov and others 1999) and
is predicted to increase further with anticipated
climate change in this century (Giorgi and others
2001). An understanding of the effects of changes
in winter climate on the physical and biological
controls over carbon storage in arctic systems is
essential to accurately model and predict potential
feedbacks of terrestrial carbon fluxes in northern
systems under future climatic changes.

Ecosystem respiration in the winter is the sum of
respiration derived from carbon associated with
recently fixed plant material (that is, shoots, roots,
fresh plant litter, and mycorrhizal and rhizosphere-
associated microbial respiration) and respiration
derived from carbon in the bulk soil organic matter
pool (that is, decomposition of older and presum-
ably more recalcitrant organic pools). Because of its
globally significant magnitude, the contribution
and temperature sensitivity of the bulk soil carbon
pool is particularly important in determining tun-
dra CO, emissions and predicting the net annual
carbon sink or source potential of arctic ecosystems.
Analyzing the isotopic signature of respired CO, by
arctic microbes, Biasi and others (2005) explored
the temperature sensitivity of soil decomposition
and demonstrated that relatively recalcitrant soil
organic carbon (that is, bulk soil carbon pool) is
preferentially respired at higher temperatures.
However, others have concluded that respiration
from labile and resistant soil organic matter pools
respond similarly to changes in temperature (Fang
and others 2005). Field manipulations have indi-
cated that mid-winter ecosystem CO, production in
heath tundra at least can be dominated by plant-
associated carbon, rather than bulk soil organic
matter (Grogan and others 2001). Longer term
studies indicate that both pools can contribute
substantially to total wintertime respiration and
that the proportional contributions can vary
amongst tundra ecosystem types (Grogan and
Jonasson 2005). In contrast, CO, produced in a
boreal forest during winter seems to originate
mainly from the decomposition of old organic car-
bon stored at depth in the soil rather than from
carbon fixed during the previous growing season
(Winston and others 1997). Thus, there is currently

considerable debate as to the relative magnitudes of
bulk soil and recently fixed carbon contributions to
ecosystem respiration, and to their relative tem-
perature sensitivities (Davidson and others 2006).
The controls on microbial activity and their
substrate use in frozen soils through the winter
period are not well understood (Brooks and others
1997). Subnivean temperatures can be high en-
ough that unfrozen water may exist, creating a
favorable environment for soil microbial activity
(Zimov and others 1993; Mikan and others 2002).
Microbial metabolic activity has been detected at
temperatures as low as —12 to —20°C (Carpenter
and others 2000; Panikov and Dedysh 2000; Rivk-
ina and others 2000). Arctic tundra snow manip-
ulation experiments on ecosystem biogeochemistry
are rare, the principal one being at Toolik Lake,
Alaska where tall snow fences result in very large
increases in snow depth that typically increase
ambient snow accumulations of approximately 0.5
m by a factor of 6 (Schimel and others 2004). In
that case, deeper snow results in warmer mean
winter soil temperatures and reduced temperature
fluctuations because of its thermal insulating
properties, as well as enhanced respiration and soil
nitrogen cycling activities (Walker and others 1999;
Schimel and others 2004). Furthermore, deeper
snow may alter the duration and dynamics of
spring thaw thereby altering CO, production dur-
ing the freeze-thaw cycle phase in late winter
(Schimel and Clein 1996). In this study we simu-
lated a moderate and therefore potentially more
realistic climate change scenario for the low Arctic
during winter by experimentally increasing snow
depth from approximately 0.3 m (ambient) to
approximately 1 m (snow fence). To our knowl-
edge, this is the first arctic tundra study to inves-
tigate the effects of a moderate snow depth increase
on total wintertime respiration and also the first
winter trace gas study in the Canadian Arctic.
Tundra containing dwarf shrubs (such as the
birch hummock tundra of this study, or the acidic
tussock tundra common in N. Alaska) is one of the
major vegetation types in the Arctic (23% of total
land area), contains 22% of the Arctic’s soil organic
matter (Bliss and Matveyeva 1992) and has dem-
onstrated modest carbon loss over the winter sea-
son (Fahnestock and others 1999). Dwarf shrubs
typically extend vertically up to 0.4 m and there-
fore can influence snow accumulation. Climate
modeling studies and experimental manipulation
studies predict increased plant productivity of
tundra communities and a resulting expansion in
height and density of shrub communities (Chapin
and others 1995; McKane and others 1997a, b;
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Figure 1. Study site location at Daring
Lake, Northwest Territories, Canada in
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Sturm and others 2005). Additionally, the snow-
shrub interaction hypothesis predicts a positive
feedback loop to winter CO, emissions as taller
shrubs increase snow trapping resulting in warmer
soil temperatures (Sturm and others 2001).
Therefore understanding the interaction and effect
of moderately enhanced snow depth on ecosystem
respiration of dwarf shrub communities is neces-
sary to predict the potential for changes in pro-
ductivity and vegetation distribution as a result of
future climate change.

In this study, we quantified the short-term ef-
fects of increased snow depth on winter respiration
from a birch hummock type ecosystem that is
widespread throughout northern Canada. In addi-
tion, we differentiated the relative contributions of
recently fixed plant-associated and older bulk soil
carbon sources to respiration. We tested the fol-
lowing hypotheses within a birch hummock tundra
ecosystem:

1. Moderately enhanced snow cover increases total
wintertime respiration.

2. The proportion of winter CO, effluxes originat-
ing from the bulk soil carbon pool is not affected
by an increase in snow depth.

3. Freeze—thaw cycles in the spring period are de-
layed and less in number with increased snow
depth due to more effective insulation of the
snow cover from cold springtime air tempera-
tures, and later snow melt.

MATERIALS AND METHODS
Site Description

This study was conducted over the winter of 2004—
2005 in a mesic birch hummock ecosystem at the
Tundra Ecological Research Station (TERS) at
Daring Lake, Northwest Territories, Canada (64°E
50'N, 111°E 38W) which is located 300 km
northeast of Yellowknife, close to the geographic
center of the western continental Arctic within the
Coppermine River drainage basin (Figure 1). This
area is an important habitat for various wildlife
species including the Bathurst Caribou herd
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Table 1. Aboveground Biomass (n = 10), Rooting Biomass to ~6.4 cm depth (n = 6), Leaf Area Index (LAI),
Moss and Lichen Cover (n = 6) for Birch Hummock Vegetation at Daring Lake, Northwest Territories

Aboveground biomass (g dry mass m™?)
Vascular shoots
Non-vascular shoots (mosses and lichens)
Total vascular plus nonvascular shoots
Belowground biomass (g dry mass m™2)
Fine Roots ( £ 1 mm diameter)
Coarse Roots ( > 1 mm diameter)
Leaf Area Index (live leaf area per unit ground m?/m?)
Moss cover (%)
Lichen cover (%)

Parentheses indicate standard errors.

1237.5 (73.3)
620.3 (26.5)
1857.8 (87.5)

162.0 (24.6)
86.1 (36.2)
0.89 (0.05)
18.5 (8.3)

(

41.2 (13.5)

(Rangifer tarandus), which migrates through the
local area in large numbers (~1000s) in the spring
(May—June) and fall (August-September) of some
years (including 2004/2005).

The region is underlain by continuous perma-
frost and is characterized by numerous eskers and
Canadian shield outcrops. A hydrologically driven
mosaic of vegetation types including dry heath
tundra, dwarf birch tundra and inundated wet
sedge tundra occurs within the lowlands and gentle
slope depressions between the eskers and outcrops.
This experiment was located at two sites of similar
mesic dwarf birch (Betula glandulosa (Michx.))
hummock tundra vegetation that were approxi-
mately 700 m apart within the same lowland
(Figure 1). Point frame data at randomly selected
quadrats (0.25 m?% n = 6; 100 sample points per
quadrat) indicate that dwart birch is frequent in
this vegetation type in both hummocks dominated
by Eriophorum vaginatum (L.) and in hollows
alongside Ledum decumbens (Ait.), Vaccinium vitis-
idaea (L.), Vaccinium uliginosum (L.), Andromeda pol-
ifolia (L.), and Carex spp. (L.). A well-developed
moss layer composed largely of Sphagnum spp. and
Aulacomnium turgidum (Wahlenb.) with lichen cover
is found on the hummocks and hollows. Roots in
this ecosystem are generally confined to the surface
organic horizon (depth ~19 cm; Table 1). The total
carbon, nitrogen and sulfur contents of the organic
horizon are 39.98, 1.44 and 0.15% of total soil dry
weight, respectively (n = 6).

Climate records from the Daring Lake weather
station (1996-2005; Bob Reid, Indian and Northern
Affairs Canada, unpublished data) indicate fre-
quent mean diel air temperatures of up to 20°C in
summer and of —35°C in winter. On average there
are 123 days when the mean diel temperature is
above 0°C (May-September). Mean total annual
precipitation is 158 mm and the maximum mean

monthly snow depth of 33 cm generally occurs in
April and May. Summer thawing of the active layer
extended to a mean maximum depth of 0.77 m in
this vegetation type during the growing season of
2004.

Experimental Treatment

In the summer of 2004, five snow fences (1.2 m tall
and 15 m long) were arranged perpendicular to the
prevailing winter wind direction (from the north
east) to increase the depth and duration of snow
cover within the birch hummock tundra vegeta-
tion. Because various other vegetation types occur
within a mosaic on this landscape (see above),
suitable replicate patches for the snow fences were
located 30-60 m apart. The fence consisted of a
double layer of diamond mesh (Quest Plastics DM
1004 X construction barrier fence, Mississauga,
Ontario) secured by 2.1 m high steel T-posts spaced
every 3 m. At each fence, we selected four exper-
imental plots that contained at least one mature
dwarf birch shrub and that were located approxi-
mately 1.5 m perpendicular to the south facing side
of the fences and at least 2 m from the ends of the
fences. Equivalent plots were established in an
unfenced area of the same vegetation type
approximately 700 m away within the same low-
land (Figure 1). We recognize that this spatial
separation between the snow fences site and the
ambient snow depth site is not an ideal experi-
mental design. The ambient site had been estab-
lished early in the summer of 2004 for a growing
season CO, exchange study using an infra-red gas
analysis measurement approach (Nobrega and
Grogan, unpublished). There was insufficient space
within, or directly adjacent to the control site to
accommodate the large snow fences and their po-
tential drift areas. In selecting the snow fences site,
we took great care to assure ourselves that the
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Table 2. Active Layer Depth, Soil Horizon Depths and Bulk Densities at the Ambient and Snow Fence Birch
Hummock Sites (22 July 2005)

Ambient site Snow fence site

Depth (cm) Bulk Density (g dw cm™) Depth (cm) Bulk Density (g dw cm™)
Horizon  H1 4 (0.3) 0.09 (0.02) 4 (0.6) 0.11 (0.02)
H2 6 (0.6) 0.24 (0.10) 8 (0.6) 0.15 (0.02)
H3 6 0.28 (0.08) 6 (0.6) 0.22 (0.01)
H4 (mineral) 14 (4.9) 0.88 (0.38) 15 (1.7) 1.38 (0.07)
H5 (mineral) 12 (0.1) 0.93 (0.01) N.D. N.D.
Active layer depth (cm) 37 (4.0) 36 (1.5)

Horizons were differentiated by soil color. Parentheses indicate standard errors (n = 2; bulk density data n = 4). None of the variables differed significantly between the two

sites (t tests; P < 0.05) (N.D. = Not Determined).

fenced patches were truly comparable to the
ambient control site. The vegetation composition,
topography, elevation, soil horizon depths, soil
bulk densities, and active layers were all very
similar (Table 2).

In addition to the snow fence treatment, we
established a plant removal treatment in July 2004
to differentiate bulk soil respiration from total
ecosystem respiration during winter. We randomly
selected two of the experimental plots in each of
the snow fences and 10 of the 20 plots at the
ambient snow site for the plant removal treatment
(50 x 50 cm plots). All aboveground vegetation,
including the green moss layer and as much of the
coarse and attached fine roots as possible were
carefully pulled out by hand, whilst minimizing
disturbance to the underlying soil. The disturbance
effect associated with this treatment generally re-
sults in elevated rates of respiration for several days
later (Grogan and Chapin 2000), presumably as a
result of enhanced aeration and labile C inputs
arising from root mortality. Accordingly, we waited
approximately 2 months after establishment of the
treatment before beginning the CO, efflux mea-
sures, and assume that the disturbance effects had
dissipated by that time. The effect of this ‘weeding’
treatment on plant biomass was measured in con-
trol and treated plots (# = 6) at the ambient site in
July 2004.

Flux and Environmental Measurements

Ecosystem respiration during winter was measured
using soda lime adsorption of CO, (Edwards 1982;
Grogan 1998) released from an enclosed area (633
cm?) into the headspace (18.9 1) of a sample
chamber (inverted bucket, EMCO, Yellowknife,
NWT). The chambers were in place from 13 Sep-
tember 2004 to 18 June 2005 (278 days) at the

ambient snow depth plots and from 12 September
to 23 June 2005 (284 days) at the snow fence plots.
In preparation for the field experiment, the soda
lime (Indicating type, 4-8 mesh, J.T. Baker, Phil-
lipsburg, N.J.) was placed in weighed mason jars (1
1) and dried to constant weight in a large fan-as-
sisted sealed oven for 66 h at 80°C at a laboratory in
Kingston, Ontario. Immediately afterwards, the jars
were tightly closed and initial soda lime weights
recorded (~370 g). To ensure a good chamber seal,
slots (~ 10 cm deep) were cut into the soil around
the circumference of the sampling area several days
prior to beginning the winter measurements to
facilitate insertion of the bucket chambers. At the
start of the measurement, the lid of one of the
mason jar soda lime samples was opened and bal-
anced on a platform of wooden skewers at the
center of each plot approximately 10 cm above the
soil surface. Water (~150 ml) was added to each
soda lime sample to increase the CO, adsorption
efficiency at freezing temperatures (Grogan and
Chapin 1999). Immediately afterwards, an inverted
bucket chamber was placed over the sampling area
and pressed into the soil to approximately 10 cm
depth so that a major part of the upper organic
horizon soil volume was contained within the
chamber. Thus, because of the concern that the
enhanced diffusion gradient caused by soda lime
may draw CO, from a soil volume wider than that
contained by the cylindrical volume determined by
the chamber sampling area (Grogan and Chapin
1999), we isolated the sampled soil volume (at least
to 10 cm) to reduce the potential for overestimating
the efflux rate due to this artifact.

Twelve of the jars were treated as blanks to
correct for any weight changes associated with
storage, transport, field exposure, and in particular
CO, adsorption during final oven-drying (Grogan



424 S. Nobrega and P. Grogan

1998). Blanks (n = 6) were placed in staked upright
chamber buckets (24.6 1) which were than sealed
with air tight lids and placed at each of the sites for
the winter period. Soda lime samples were re-
moved as soon as the soil at the two sites had
thawed sufficiently to lift the buckets, and imme-
diately sealed and shipped to the laboratory in
Kingston. The samples were oven-dried to constant
weight (at 80°C for 144 h followed by 31 h at
65°C). The mass of CO, released during the winter
period was calculated as the change in soda lime
weight corrected (x1.69) for water loss associated
with adsorption (Grogan 1998). The winter efflux
values were corrected for mean weight changes in
the blanks (n = 6) for the ambient snow depth and
snow fence sites (12.2 + 0.6 and 13.6 + 1.3 g CO,-
Cm™?, respectively) and then divided by the ex-
posed soil surface area.

Soil temperatures were measured continuously
every 6 h in a hummock at depths of approximately
2 and approximately 7 cm (n = 2) at the ambient
snow level site throughout the winter period and
early spring using copper-constantan construction
thermocouples (T type, OMEGA, Stamford, CT)
and dataloggers (CR10 and CR10X, Campbell Sci-
entific, Logan, UT). Comparison of soil temperature
sensors located beneath and outside of the cham-
bers in control and weeded plots at the ambient
snow depth site indicated no significant effects of
the plant removal treatment or the chambers on
soil temperature through the winter measurement
period. Mean diel temperatures recorded beneath
the chambers were consistently lower than outside
the chambers but within the +0.5°C error of the
sensors. Soil temperatures beneath the chambers at
the snow fence site were marginally cooler than
adjacent to the chamber (mean diel differ-
ence = —2.0°C, maximum mean diel differ-
ence = —3.3°C) during the thaw period at the end
of May probably because the chambers protruded
through the snow and were exposed to relatively
cold air temperatures.

Soil temperatures at approximately 2 and
approximately 8 cm depths (n = 3) at the snow
fence sites were measured in late winter and early
spring using similar dataloggers. Temperatures at
20 and 40 cm above the soil surface at each site
were measured by attaching thermocouples (un-
shielded) to wooden stakes. These data represent
either ambient air temperatures or snow tempera-
tures depending on whether the snow depth was
sufficient to cover the sensor. Snow depths at the
snow fence were measured on 17 April and 19 May
2005 along three transects perpendicular to the
south side of each of the five snow fences. Snow

depth measurements were collected at the ambient
site along five south-north transects separated by
4 m on 19 May 2005.

Belowground root biomass was calculated by
multiplying the dry weight of fine and coarse
(diameter greater than 0.1 mm) roots by the soil
sample bulk density and mean soil sample depth.
Species of each living plant were identified down to
the soil surface from each of the 100 sample points
within each point frame quadrat (nz = 6). The leaf
area index (LAI) was calculated from the total sum
of all vascular plant species live leaf hits, divided by
100, the number of points within the quadrat
(Warren Wilson 1958, 1965).

Statistical Analysis

A two-way factorial analysis of variance (ANOVA)
was used to test for significant effects of snow depth
(n = 10), plant removal manipulation (# = 10) and
their interactions on total winter ecosystem respi-
ration measured during the winter of 2004-2005.
Thus, despite an experimental design where the
ambient and snow fences sites were separated, and
where the plant removal and control plots occurred
in pairs within each of the five snow fenced areas,
we chose to apply a complete randomized block
design based on our knowledge, and observations
of the site. Specifically, our statistical analysis as-
sumes that: (a) based on the data and observations
reported above, there were no systematic differ-
ences between plots within the ambient snow site
and the snow fence sites prior to the establishment
of the treatment (b) because the two control and
two plant-removal plots within each of the snow
fence areas were located at least 2 m apart, and soil
respiration is notoriously spatially variable even at
intervals of less than 15 cm (Rochette and others
1991), the effect of each snow fence on respiration
from each plot was independent of its effect on
neighboring plots. Thus, although the plant re-
moval and control plots were nested in pairs within
each of the five snow fences, we have assumed that
respiration from each plot responded indepen-
dently to the treatments. The square root trans-
formation was applied to the winter ecosystem
respiration values to meet the assumption of vari-
ance homogeneity (J.M.P. 5.1; Cary, NC). Post hoc
multiple comparisons were analyzed using the
Tukey-Kramer HSD test to find significant differ-
ences between all possible combinations of pairs.
To test for snow fence effects on the proportional
increase in winter ecosystem respiration between
plant removal and control plots, winter time res-
piration measurements from the plant removal
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Figure 2. The effect of enhanced snow depth on win-
tertime ecosystem CO, production from control and
plant removal treatment plots in birch hummock tundra.
Bars indicate standard errors (n = 9-10). Columns not
sharing the same letter are significantly different (Tukey
HSD; P < 0.01).

plots were randomly paired with measurements
from control plots within each snow depth regime.
The calculated proportions were arcsine square-
root transformed (Zar 1996) and a one-way ANO-
VA was used to test if the proportional contribution
of the plant removal plots to total winter ecosystem
respiration significantly differed between the
ambient and snow fence sites.

REsuLTs

Snow Fence and Plant Removal
Treatment Effects on CO, Flux

Total wintertime CO, production was significantly
increased by the snow fence manipulation in both
control and plant removal plots (Figure 2;
F554=27.8, P<0.001). By contrast, wintertime
CO, release was significantly decreased by the re-
moval of plants (F;34 = 34.9, P < 0.001). There
was no significant interaction between snow fence
manipulation and plant removal treatments, indi-
cating that these effects were independent of each
other. Finally, the proportion of respiration from
the plant removal plots relative to the total eco-
system respiration (from the control plots) was not
significantly altered by the snow fence treatment,
suggesting that CO, production from both the
plant-associated and bulk soil carbon pools re-
sponded similarly to the enhanced snow cover
(F116= 1.8, P=0.2).

Temperature Patterns in Early and
Mid-Winter

Soils with ambient snow cover experienced an
average diel mean temperature of —2.5°C during
the first 3 months of the winter season (Figure 3).
Following the first snowfall in September, there
was a transition to the ““early cold” stage (Olsson
and others 2003), where air temperatures were
consistently below 0°C and snow began to accu-
mulate (Figure 3). This period of moderate soil
temperatures (mean —2.2°C) was followed by a
phase of continuous ‘“deep cold“ temperatures
from the end of November to mid-February with
typical mean daily air temperatures of —30°C. Soil
temperatures reached lows of —20°C in this period,
corresponding to air temperatures measured 40 cm
above the soil surface of —43°C (Figure 3).

Our data indicate that the timing and depth of
snow cover have a dynamic impact on the relation-
ship between air and soil temperatures. Early in the
winter, when there was little snow, the frequency of
soil temperature fluctuations closely matched that of
air temperatures (Figure 3). From mid-November to
April, air temperatures at the ambient site (measured
20 cm above the soil surface) did not fluctuate as
much, orreach lows as extreme as at 40 cm above the
soil surface (Figure 3), indicating an insulating effect
of snow cover to at least 20 cm above the soil surface
during this period. At the beginning of the ““deep
cold” period in mid-November, air temperatures
declined steeply as compared to the soil temperature
profile. A switch occurred towards the end of March,
when air temperatures rose rapidly and soil tem-
peratures remained cool and relatively stable as a
result of snow thermal insulation. Increasingly
warmer air temperatures and the onset of snowmelt
resulted in closely matched temperature records at
the two heights above the soil surface from the end of
April (Figure 3).

Air temperatures recorded at the weather station
located less than 1 km away (data not shown)
accurately corresponded to air temperatures re-
corded at 40 cm above the soil surface at the ambient
site, providing further evidence that snow depths did
not exceed approximately 40 cm at the ambient
snow depth site. Air temperature values averaged
from the winters of 1996 to 2004 portray a similar
pattern to the 2004-2005 cold season (Figure 3).

Snow Fence Effects on the Physical
Environment During the Late Cold and
Thaw Periods

The snow fences created leeward drifts approxi-
mately 9 m long beyond which there were no sig-
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Figure 3. Daily mean temperatures in the soil
(2 cm depth), air/snow interface (20 cm above
soil) and air (40 cm above the soil surface) at
the ambient snow depth site between mid-

September 2004 to mid-July 2005 (n = 2).
Mean daily air temperatures from a nearby
weather station calculated for the same period
from 1996 to 2004 are also indicated. The
different stages of winter correspond to Olsson
and others (2003). The bold vertical lines
indicate the dates of installation and removal
of the winter respiration measurement
chambers at the ambient snow depth site.

Snow fence and control soil temperatures for this
site over the winter subsequent to this study indi-
cate that similar increases in snow depth raised the
mean temperature during the ‘“deep cold’’ phase
from —13°C to —8°C (data not shown). Our data
here indicate that soil temperatures at both sites
increased within a short time period at the end of
May (Figure 5). Following complete snow melt at
the ambient site, soil temperatures were warmer
and more dynamic than those measured at the
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Figure 4. Spatial pattern of snow depth along southern
transects from the snow fences on 19 May 2005. Values
represent means (# = 15) and vertical lines are one
standard error of the mean. Mean snow depth of the
ambient snow site collected on the same day was 0.27 m
(SE = 0.009; n = 15).

nificant differences in measured snow depths be-
tween the snow fence and ambient snow sites
(Figure 4; paired t-test; P < 0.05). On 19 May snow
depths at the snow fence site were approximately 1
m where the chambers were located, as compared
to 0.28 m at the ambient snow site (Figure 4).
Snow cover at the snow fence site persisted for 10
days after complete snowmelt at the ambient site.

In the late cold period, from 17 May onwards
(Figure 5a), soil temperatures at the snow fence
site were about 3°C warmer, and much more stable
than at the ambient site, indicating enhanced
thermal insulation as a result of increased snow
depth. As demonstrated elsewhere (Walker and
others 1999; Schimel and others 2004) we assume
that this snow fence thermal effect resulted in
warmer and more stable soil temperatures
throughout most of the preceding winter period.

snow fence site at the same time.

Snow depth at the snow fence site was less than
40 cm in early June, and was below 20 cm by 6
June as indicated by the air temperatures measured
at the two heights (Figure 5b). During the late
thaw period, freeze-thaw cycles in soil tempera-
tures occurred at both sites. The deeper snow cover
at the snow fence took longer to melt, however,
resulting in a 1 week delay in the onset of freeze—
thaw fluctuations and also in fewer freeze-thaw
cycles in total (Figure 5a). Following complete
snowmelt at the snow fence site in early June, the
soil temperatures corresponded to the ambient site.

DiscussioN

Snow Fence Effects on Ecosystem
Biogeochemistry

Our study demonstrates that moderate increases in
snow depth can result in strong increases in win-
tertime biological activity in a tundra ecosystem.
Total winter CO, release from this mesic birch
hummock ecosystem that is common across Can-
ada and is very similar to the acidic tussock tundra
vegetation of Alaska was enhanced by 60% in plots
where snow depth was raised from approximately
0.3 m up to approximately 1 m. Furthermore, the
onset of soil freeze-thaw cycles in spring was de-
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layed, and there were fewer cycles in total com-
pared to ambient snow plots. Previous arctic tundra
snow fence studies in Alaska that enhanced snow
depth to approximately six times ambient raised
the average ‘““deep cold’” phase soil temperature
from approximately —20°C to approximately —4°C,
resulting in substantial increases in soil respiration
and nitrogen pools (Walker and others 1999;
Schimel and others 2004). Similar results have
been obtained in shallow (~0.5 m) and snow fence
plots (~1.7 m) in alpine tundra (Brooks and others
1997; Brooks and others 1998). Our data place the
results from these snow fence biogeochemistry
studies into the context of current climate change
projections. Interannual variation in maximum
snow depth at an exposed ridge close to our site
ranges from 0.15 to 0.60 m (1996-2005; Bob Reid,
Indian and Northern Affairs Canada, unpublished
data). General Circulation Model projections for
the mean wintertime precipitation increase across
the Arctic by the end of the century vary from
approximately 5% to approximately 50% (Max-
well 1992; Giorgi and others 2001; Kattsov and
Kallen 2004). Here, for the first time as far as we
know, we have demonstrated that moderately en-

hanced snow accumulation that is within the range
of climate change scenarios can substantially in-
crease wintertime respiration.

Respiration From Plant-Associated and
Bulk Soil Carbon Pools

Discerning the sources of winter respiration in
arctic ecosystems is important to evaluating the
potential for significant feedbacks to atmospheric
CO, concentrations. It is the substantial bulk soil
organic matter pool in these systems that make
arctic ecosystem carbon balance responses to cli-
mate change potentially important at the global
scale. Plant-associated respiration (that is, derived
from recently fixed plant carbon such as living
shoots and roots as well as rhizosphere exudates)
and respiration derived from bulk soil organic
matter carbon pools can both be substantial com-
ponents of boreal and arctic ecosystem respiration
in winter (Winston and others 1997; Grogan and
Jonasson 2005). Winter CO, fluxes have been
measured in a range of arctic ecosystems (Fahne-
stock and others 1998), but the differences in the
relative sensitivities of the bulk soil organic matter
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and plant-associated carbon pools to enhanced
snow depth is unknown.

The plant removal treatment lowered total win-
tertime CO, efflux to approximately 50% of control
plot values (Figure 2), suggesting that respiration
from plant-associated and bulk soil C sources were
both significant contributors to wintertime CO,
release. Our plant removal treatment took away
the above-ground sources of plant respiration (that
is, shoots, but not surface litter). A separate plant
removal experiment during the previous growing
season resulted in a strong trend toward decreased
fine root biomass (37% reduction, n = 6, P = 0.09)
but no significant effects on coarse roots (data not
shown) indicating that the total plant-associated
carbon pool was substantially diminished rather
than completely eliminated. Thus, our data may
have underestimated ecosystem CO, losses from
the plant-associated pool. That issue notwith-
standing, our results indicate that the proportion of
total respired C derived from plant removal plots
relative to controls in this vegetation type was not
significantly affected by the snow fence treatment,
suggesting that respiration from both bulk soil and
more recently fixed plant-associated C pools re-
spond similarly to deeper snow. Nevertheless, since
any loss in the long term store of C in the bulk soil
pool is of concern because of the enormous size of
this pool across the Arctic, our results are important
because they indicate that the stability of this pool
is sensitive to changes in winter climate.

The Magnitude of Wintertime CO,
Emissions

This study supports the conclusion that winter CO,
emission to the atmosphere is a substantial contri-
bution to the total annual carbon budgets of arctic
ecosystems (Zimov and others 1993; Oechel and
others 1997; Fahnestock and others 1999; Welker
and others 1999; Lafleur and others 2001; Grogan
and Jonasson 2005). Our estimate of wintertime
CO, efflux (27 CO,-C m™?) exceeds those by Fa-
hnestock and others (1998) who used a snow CO»
concentration gradient approach on various arctic
communities including tussock tundra (1.3 to 10.9
g CO,-C m™?). By contrast, our estimate was much
lower than that of Oechel and others (1997) for
tussock tundra (70 g CO,-C m™?) based on an
interpolation from infrared gas analysis chamber
measures. It is well established in the literature that
when respiration rates are low to moderate, the
soda lime technique tends to overestimate CO, ef-
fluxes compared to infra-red gas analysis methods
because of an enhancement in the diffusion gra-

dient of CO, from the soil to the chamber head-
space due its adsorption (Nay and others 1994).
Although there are some field data directly relating
soda lime and infra-red gas analysis (IRGA) based
measures of soil CO, efflux (Ewel and others 1987;
Grogan 1998), we did not apply any ‘‘correction
factor”” to our data because the latter studies did not
include flux rates that were as low as those mea-
sured here, and therefore the calibration may be
unreliable. Furthermore, previous data suggest that
this overestimation effect is of greatest impact
during measurement periods of 1-24 h (as in the
above studies) where the effect of the enhanced
diffusion gradient in drawing out CO, from “‘stor-
age’’ pools within the soil profile can be substantial
in magnitude relative to the efflux rate (Grogan
and Chapin 1999). Finally, in contrast to almost all
previous soda lime studies, and to address our
concern that CO, can be drawn from a much larger
volume than that contained directly below the
chamber sampling area (Grogan and Chapin 1999),
we isolated a large part of the sampled soil volume
by inserting the chambers to approximately 10 cm
soil depth (see ‘“Methods’).

A very recent methodological study on the soda
lime technique strongly suggests that past dispari-
ties with flow-through IRGA approaches for mod-
erate to high efflux rates (2-6 g C m™2 day ') were
due in part to inaccuracies associated with insuffi-
cient moisture addition to the exposed soda lime,
and inadequate measurement of blanks (Keith and
Wong 2006). These authors conclude that the use
of soda lime in a rigorously applied measurement
protocol on finely textured soils of high diffusion
resistance will result in quantitatively similar and
unbiased measures as compared to those deter-
mined by the flow-through IRGA technique. Al-
though our efflux rates were much lower than
those tested above (Keith and Wong 2006), we
note, however, that our soda lime procedure was
compliant with all of the relevant recommenda-
tions contained within that protocol. In any event,
with the exception of relating winter to summer-
time fluxes, the main conclusions of this study are
based on relative comparisons between treatments
and therefore should not be affected by these
methodological concerns.

Effect of Enhanced Snow Depth on the
Soil Environment

The enhanced snow depth treatment resulted in
fewer freeze—thaw cycles in soil temperature during
the spring-thaw (Figure 5). Soil freeze-thaw cycles
that involve severe temperature minima can result
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in initial pulses of relatively high CO, production
(Burton and Beauchamp 1994; Schimel and Clein
1996) that are thought to be associated with the
death and lysis of soil microbes releasing organic
substrate and nutrients into the soil (Schimel and
Clein 1996). Other soil freeze-thaw incubation
studies at relatively benign temperature minima
(such as experienced at our site during spring thaw;
Figure 5a) indicate little effect on respiration. Thus,
although the snow fences reduced the number of
spring freeze—thaw events, we suggest that persis-
tently warmer soil temperatures through the
majority of the winter period were the primary
explanation for the treatment effects on total CO,
efflux. Previous studies have also found changes in
soil nutrient and microbial dynamics as a result of
freeze-thaw events (DeLuca and others 1992;
Schimel and Clein 1996; Brooks and others 1998;
Lipson and others 2000; Grogan and others 2004).
Plant primary production and vegetation composi-
tion in arctic tundra ecosystems is generally
strongly controlled by nutrient availability (Chapin
1995; Press and others 1998; Jonasson and others
1999) and freeze—thaw cycles at spring-thaw seem
to be critical in the annual cycle of nutrient mobi-
lization (Schimel and Clein 1996; Lipson and
Monson 1998; Grogan and others 2004). If the
number of freeze-thaw cycles is important to the
processes of nutrient release and transfer, our re-
sults suggest that deeper snow will not just en-
hance wintertime biogeochemical activity but may
also have substantial follow-on effects on primary
production and vegetation composition during the
growing season.

Effect of Enhanced Snow Depth on
Annual Net Carbon Balance

Our study reports one of the first estimates of total
wintertime CO, flux in ambient and deepened
snow plots within a Canadian arctic system. Our
estimates of the total winter efflux in a mesic birch
hummock system (27 g CO,-C m™2) were signifi-
cantly increased by enhanced snow depth (43 g
CO,-C m™?). Net ecosystem production was esti-
mated at our site in the previous growing season by
interpolation of frequent chamber net ecosystem
exchange measures in birch hummock tundra
(Nobrega and Grogan, unpublished). Our interpo-
lated net ecosystem exchange data indicate that
over the 88-day growing season leading up to the
installation of the soda lime chambers, this birch
hummock ecosystem had a net carbon gain of
approximately 37 g CO,-C m?. Eddy correlation
data from the same year for a footprint that in-

cludes the control site as well as substantial areas of
other vegetation types suggest an overall growing
season net carbon gain of 29 g CO,-C m? (Lafleur
and Humphreys, unpublished). We conclude that,
if the soda lime data are accurate, and if methane
and leachate C losses are negligible, then winter
respiration would have resulted in an overall net
annual C gain of approximately 10 g CO,-C m?
(June 2004 to June 2005) for the birch hummock
ecosystem. By contrast, our data suggest that a
moderate increase in snow depth could switch this
system to being a net annual source of carbon to
the atmosphere (6 g CO,-C m™?). The above con-
clusion assumes that deeper snow would not alter
the summer growing season length. If deeper snow
delays snowmelt, as our data suggest, thereby
reducing growing season C uptake (photosynthe-
sis), the net annual source estimate may be even
larger.

CONCLUSIONS

Overall, the results of this study lead us to several
insights: (a) a moderate increase in snow depth that
is realistic within the context of climate change
scenarios can result in a marked increase in CO,
loss over the winter season, and has the potential to
modify the annual carbon sink-source relationship;
(b) the proportion of total winter carbon efflux
from the bulk soil carbon pool relative to that of the
recently fixed C in the plant-associated pool may
not be affected by deeper snow; and (c) freeze-
thaw cycles during the spring-thaw period are de-
layed and reduced in total number by deeper snow
packs. These conclusions provide a basis for re-
gional models to incorporate the interactions be-
tween predicted increases in snow depth and the
biogeochemical processes and source carbon pools
that control the wintertime carbon cycle in tundra
ecosystems.
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