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Winter and early spring CO, efflux from tundra communities
of northern Alaska |

J. T. Fahnestock,! M. H. Jones,! P. D. Brooks,2 D. A. Walker,? and J. M. Welker!#

Abstract. Carbon dioxide concentrations through snow were measured in different arctic
tundra communities on the North Slope of Alaska during winter and early spring of 1996.
Subnivean CO, concentrations were always higher than atmospheric CO,. A steady state
diffusion model was used to generate conservative estimates of CO, flux to the
atmosphere. The magnitude of CO, efflux differed with tundra community type, and rates
of carbon release increased from March to May. Winter CO, efflux was highest in riparian
and snow bed communities and lowest in dry heath, upland tussock, and wet sedge
communities. Snow generally accrues earlier in winter and is deeper in riparian and snow
bed communities compared with other tundra communities, which are typically windswept
and do not accumulate much snow during the winter. These results support the hypothesis
that early and deep snow accumulation may insulate microbial populations from very cold

temperatures, allowing sites with earlier snow cover to sustain higher levels of activity
throughout winter compared to communities that have later developing snow cover.
Extrapolating our estimates of CO, efflux to the entire snow-covered season indicates that
total carbon flux during winter in the Arctic is 13-109 kg CO,-C ha™*, depending on the
vegetation community type. Wintertime CO, flux is a potentially important, yet largely
overlooked, part of the annual carbon cycle of tundra, and carbon release during winter
should be accounted for in estimates of annual carbon balance in arctic ecosystems.

1. Introduction

Arctic tundra ecosystems have been considered sinks for
atmospheric carbon dioxide during historic and recent geolog-
ical times [Miller, 1981; Miller et al., 1983; Billings, 1987,
Gorham, 1991; Oechel and Billings, 1992]. However, recent
measurements of CO, flux in northern ecosystems indicate
that some plant communities in the Arctic may now be net
sources of carbon to the atmosphere rather than sinks [Billings
et al., 1982; Grulke et al., 1990; Oechel and Billings, 1992; Oechel
et al., 1993, 1995; Ciais et al., 1995]. Given the large carbon
reserves in arctic soils [Michaelson et al., 1996], the release of
CO, from arctic ecosystems may exert a positive feedback on
atmospheric CO, levels and greenhouse warming [Oechel et al.,
1993]. Consequently, there has been a concerted effort to
quantify the current carbon balance of northern ecosystems
and to assess the changes in carbon balance that may have
taken place over the last few decades [e.g., Oechel et al., 1995].

In arctic ecosystems, most estimations of annual carbon flux
have been based primarily on measurements taken during the
spring and summer months [Chapin et al., 1980; Grulke et al.,
1990; Giblin et al., 1991; Oechel et al., 1993, 1994, 1995; Raich
and Schlesinger, 1992], in part due to methodological limita-
tions, but also reflecting the assumption that rates of winter
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decomposition and respiratory release are minimal in frozen or
snow-covered soils. However, significant microbial respiration
has been measured in soils at subzero temperatures [Coxson
and Parkinson, 1987; Clein and Schimel, 1995] and in snow-
covered soils in several northern ecosystems [e.g., Skogland et
al., 1988; Taylor and Jones, 1990; Zimov et al., 1993, 1996], and
CO, concentrations are known to increase in winter under
snow in the Arctic [Kelley et al., 1968; Coyne and Kelley, 1974;
Kling et al., 1991].

Recent work in arctic and alpine regions suggests that there
is considerable biological activity under snow resulting in fluxes
of CO, from soil to the atmosphere through much of the
winter [Sommerfeld et al., 1993, 1996; Zimov et al., 1993, 1996;
Brooks et al., 1995, 1996, 1997; Oechel et al., 1997]. These
studies also provide evidence of considerable spatial and tem-
poral variability in the magnitude of winter CO, flux. Collec-
tively, these findings suggest that nongrowing season respira-
tion may contribute significantly to annual CO, flux 11 tundra
ecosystems, especially since winter is the dominant season in
the Arctic. Given the spatial extent of arctic ecosystems and of
seasonal snow cover in the northern hemisphere, CO, fluxes
during winter may represent a significant portion of the annual
global carbon balance as well [Raich and Potter, 1995; Zimov et
al., 1996]. Moreover, since wintertime CO, fluxes have not
been included in annual carbon budgets, current estimates of
annual CO, loss from tundra ecosystems [e.g., Raich and
Schlesinger, 1992] may be underestimated.

The purpose of our research was to obtain estimates of the
magnitude of wintertime CO,, flux through snow in the tundra
of northern Alaska. We also examined the spatial and tempo-
ral heterogeneity of CO, production by measuring winter and
early spring carbon release in a variety of different tundra plant
communities in the Arctic.
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Figure 1. Mean (= 1 SE) CO, efflux (mg CO, m > d ") for
tundra vegetation communities on the North Slope of Alaska
on (a) March 3-6, (b) April 18-19, and (c) May 21-31, 1996.
Different letters above columns indicate significant (P <
0.05) differences between communities on each sampling
date. Significant (P < 0.05) differences in flux rates between
successive months are indicated by asterisks; na, data missing
for some communities in April and May due to logistical con-
straints.

2. Materials and Methods

Carbon dioxide fluxes were measured during March 3-6,
April 18-19, and May 21-31, 1996, in different Arctic tundra
communities north of the Brooks Range, Alaska. Intensive
measurements were made in natural snow drift and snow bed
(Cassiope tetragona) communities, in riparian areas (Salix com-
munities), and in upland tussock (moist acidic) and dry heath
tundra communities around Toolik Lake (68°38'N, 149°38'W).
Additional measurements were made in upland tussock and
riparian communities at Happy Valley (69°17'N, 148°82'W), in
interchannel shrub communities among braids of the Sagava-
nirktok River (69°30'N, 148°63'W), and in wet sedge commu-
nities near Prudhoe Bay (70°23'N, 148°45'W).

Carbon dioxide concentrations under snow and within snow-
packs were measured using an infrared gas analyzer (PP Sys-
tems, model EGM-1) connected with 3 mm (ID) Teflon tubing
to a stainless steel gas-sampling probe, which was inserted
through the snowpack. Concentrations of CO, were measured
at the snow surface and at ~50 cm intervals down to the
ground surface. Snow depths were generally between 50 cm
and 300 cm and varied with topography and vegetation. In each
plant community, profiles of snow density (p) and texture were
obtained from snow pits, and temperature within the snowpack
was measured at ~25 cm intervals.

A steady state diffusion model [Sommerfeld et al., 1993],
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designed to account for changes in snowpack tortuosity and
porosity associated with snow layers of different densities, was
used to calculate diffusional CO, flux rates through snow based
on our measurements along each Vertlcal profile. Flux rates
were calculated using Fick’s law,

=D (d[ gl/dz) f

where J, is the gas flux, D, is the diffusion coefficient, g is the
measured CO, concentration, z is the snow depth, and f is the
porosity (calculated as [1 — p}/pice)- Since most of our mea-
surements were taken at soil temperatures between 0°C and
—10°C, we used an average CO, diffusion coefficient of 0.129
cm? s™1. Molar volumes of CO, were corrected for ambient
temperature and average atmospheric pressure in this region
(i.e., we disregarded the potential effect of turbulent atmo-

spheric pressure fluctuations on diffusion rates [Massman et

.al., 1997]). More complete descriptions of this method for

calculating gas fluxes through snow can be found in the works
of Sommerfeld et al. [1996] and Brooks et al. [1997].

Differences (P < 0.05) in CO, efflux between communities
and between sampling dates were tested using the general
linear models procedure of the Statistical Analysis System [SAS,
1989], with community type and month as main variables. In
our calculations we used the lowest porosity value for each
vertical profile and reduced our final flux estimates by 35% [du
Plessis and Masliyah, 1991] to account for tortuosity. Therefore
our estimates of winter and spring CO, efflux from arctlc
tundra communities are conservative.

As part of this study, we calculated the net CO, efflux from
different tundra communities of the Toolik Lake region
(2078.7 ha) in order to extrapolate winter CO,, efflux to larger
areas of the North Slope of Alaska. These calculations were
based on cover estimates of the different vegetation types
around Toolik Lake (D. A. Walker, unpublished data, 1997)
and on mean winter CO, efflux measurements from March and
April. Efflux rates in winter appear lowest in March and April
[J. T. Fahnestock, unpublished data, 1997; Oechel et al., 1997].
Therefore our estimates of net ecosystem CO, efflux during
winter are probably low. We also examined the relationship
between rates of CO, flux in winter and soil temperature, snow
depth, and sites with early or late winter snow accumulations.

3. Results and Discussion

Carbon dioxide concentrations beneath and through the
snow were always higher than atmospheric CO, in-March,
April, and May 1996, resulting in net carbon flux to the atmo-
sphere throughout the winter from all tundra plant communi-
ties (Figure 1). Mean CO, efflux across all plant communities
around Toolik Lake, where our data are most extensive, aver-
aged 629 g CO, ha™* d~' in March, 1036 g CO, ha='d™'in
April, and 5263 g CO, ha™' d™! in May. In terms of carbon
loss from soil, these fluxes are equivalent to 0.02, 0.03, and
0.14 g CO,-C m ™2 lost daily to the atmosphere in March, April,
and May, respectively.

The magnitude of CO, efflux differed substantlally between
tundra community types, and CO, release rates increased con-
siderably from March to May. In March the highest fluxes were
in riparian and natural snow bed (Cassiope) communities
around Toolik Lake, with rates of 120 and 102 mg CO, m ™2
d~!, respectively (Figure 1a). Carbon efflux was also fairly high
in the Sagavanirktok River shrub communities (74 mg CO,
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Table 1. Tundra Vegetation Community Types and Their Area (ha), and Winter Carbon Dioxide Efflux Estimates
for the Toolik Lake Region, Alaska
Area, Relative CO, Efflux, Ecosystem Flux, Percent of
ha Area kg CO, ha ' d™! kg CO, ha! d7'* area Total Flux
Vegetation community?®
rock, barren, revegetated 53.1 2.6 0P 0 0
dry tundra 524.8 253 0.5 239 30.6
snow bed communities 93.9 45 1.5 140 17.9
moist nonacidic tundra 314.1 15.1 0o° 0 0
moist acidic tundra 620.8 29.9 0.3 203 26.0
moist dwarf shrub tundra 54.2 2.6 ob 0 0
riparian shrub lands 953 4.6 1.8 174 22.3
wet graminoid tundra 124.1 6.0 0.2¢ 25 3.2
water 198.5 9.6 o° 0 0
Total area and flux estimates 2078.7 ha 100% 781 kg CO, d™* 100%

Ecosystem CO, flux estimates for winter were generated by multiplying community cover area by mean CO, flux measurements for each

community in March and April 1996 and summing community types.

“*Vegetation data are from a 1:5000-scale map using hierarchical geographic information systems.
"Measurements were not taken in these communities, thus CO, efflux was conservatively estimated to be zero.

‘Flux estimates from the Prudhoe Bay wet sedge communities.

m~2 d~!) and in the Happy Valley riparian communities (56
mg CO, m~2 d™"). In March, CO, efflux was 34 and 32 mg
CO, m~2d™!, respectively, in upland tussock tundra and nat-
ural snow drift communities around Toolik Lake (Figure 1a).
These communities had lower rates of CO, flux than the Too-
lik riparian, snow bed, and Sagavanirktok shrub communities
but were higher than Prudhoe wet sedge (19 mg CO, m~2d™!)
and Happy Valley tussock tundra (14 mg CO, m~2d ') com-
munities. Carbon dioxide efflux in March was 23 mg CO, m™2
d™! in Toolik dry heath communities.

Rates of CO, efflux were 2 times greater in April than in
March in Toolik (222 mg CO, m~*d ') and Happy Valley
(213 mg CO, m~?d ") riparian communities and in Toolik dry
heath (61 mg CO, m™2 d~') communities (P < 0.05, Figure
1b). There were no significant changes, however, in rates of
CO, release in the other tundra plant communities between
March and April. In late May, however, CO, flux rates in-

creased substantially in all plant communities. Carbon dioxide .

efflux in May was 342 and 379 mg CO, m~? d™*, respectively,
in riparian and natural snow drift communities at Toolik Lake
(Figure 1c). The largest increases in CO, efflux in May were in
moist tussock, dry heath, and Cassiope communities at Toolik
Lake, which increased to 860, 574, and 472 mg CO, m 2d",
respectively (P < 0.05, Figure 1c).

The heterogeneity of CO, production in winter is important
when examining the relative contribution of different tundra
community types to total CO, production. For instance, moist
acidic and dry heath tundra account for about 55% of the total
land area around Toolik Lake and accounted for about 58% of
the total CO, flux in March and April (Table 1). In contrast,
riparian areas and snow bed communities (i.e., natural drifts
and Cassiope sites) account for only 9% of the vegetation in the
Toolik Lake region, yet together contributed over 38% of the
total CO, released in March and April (Table 1). These latter
areas generally had the highest winter fluxes (Figure 1) and
typically receive earlier snow cover than other tundra plant
communities.

Differences in the magnitude of winter CO, flux rates, both
within and between plant community types and during the
winter season, have been shown in other studies as well. In
early studies, Kelley et al. [1968] found CO, concentrations
under snow near Barrow, Alaska, to vary throughout the win-

ter season and to be especially high shortly after first snowfall
and again as snow melted in late spring. Zimov et al. [1996] also
showed a strong seasonal component to winter CO, produc-
tion in forest tundra in northern Russia, with high rates of CO,
efflux in September—November and May and at least some
variation in CO, flux between different ground layer vegeta-
tion types. Similar flux patterns were found by Oechel et al.
[1997] in moist tussock tundra and coastal wet sedge ecosys-
tems in northern Alaska. Brooks et al. [1996] found no mea-
surable CO, fluxes from December to February at two alpine
sites in Colorado. However, at the same sites they found fluxes
of 55-90 mg CO,-C m~2d ™! in March and over 800 mg CO,-C
m~2 d~! in May. In contrast to the alpine sites, Brooks et al.
[1996] did not detect any CO, production at a treeline site until
May. They also found that CO, concentrations under snow
exhibited large microsite heterogeneity, with coefficients of
variation in the range of 20-25%. Similarly, Sommerfeld et al.
[1993] found variation in CO, efflux in alpine and subalpine
communities to be greater within than between communities.
In a longer-term study, Sommerfeld et al. [1996] found increas-
ing variability in CO, production from small (1-10 m) to large
(10-100 m and 100-1000 m) scales and attributed this vari-
ability to differences in snow depth at the small scale and to
differences in ecosystems and elevations at the larger scale. As
these studies clearly illustrate, the spatial pattern of CO, pro-
duction under snow is highly heterogeneous and typically in-
creases as winter progresses into spring.

Variation in CO, flux between and within communities and
during the winter season has generally been attributed to
changes in soil temperature during the winter, leading to
changes in the availability of free water in the soil and to
differences in snow depth and timing of accumulation and
dispersion [e.g., Kelley et al., 1968; Coyne and Kelley, 1974;
Brooks et al., 1996, 1997; Sommerfeld et al., 1996; Zimov et al.,
1996]. Average soil surface temperature under snow in the
communities we studied increased slightly from March
(—5.6°C) to April (—4.2°C) to May (—3.6°C), lending some
support to the hypothesis of higher rates of subnivean respi-
ration as soil temperatures and free water availability increase.
However, snow and soil surface temperatures were not notably
different between plant communities around Toolik Lake on
each sampling date in this study (data not shown), suggesting



29,026

N\
'_l'o 800
o y=-121+ 0.13x
'E r=0.43
600 1
N ‘-
3 "
o 4 i
400 . ]
£
g
x
= 200
i
T
L
N o
8 0 50 100 150 200

SNOW DEPTH (cm)

Figure 2. Relationship between CO, efflux (mg CO, m™>
d™!) in March and April 1996 and maximum snow depth (cm)
for each measurement. Community types are Toolik riparian
(solid triangle) and Cassiope (solid circle), Toolik moist tus-
sock (inverted solid triangle) and dry heath (open diamond)
tundra, Toolik natural drifts (open triangle), Sagavanirktok
shrub (inverted open triangle), Happy Valley riparian (solid
square) and tussock tundra (open square), and Prudhoe wet
sedge (open circle). Solid line indicates regression for all sites
combined. See text for additional details.

that temperature was not the primary explanation for the vari-
ance in flux between the different communities.

The relationship between maximum snow depth and rates of
CO, efflux in March and April, when averaged across all com-
munity types, is quite weak (R> = 0.19, Figure 2), suggesting
that snow depth was also not the primary cause of variance in
fluxes between plant communities in our study. There was
some correlation, however, between snow depth and rates of
CO, efflux. For instance, when snow depths were less than 75
cm, rates of CO, efflux were generally below 200 mg CO, m ™2
d™! (Figure 2). The communities in this range (e.g., moist
tussock and dry heath tundra) are typically windswept and
rarely accumulate much snow throughout the winter. In con-
trast, the highest rates of CO, release that we measured in
March and April were in riparian and natural snow bed (e.g.,
Cassiope) communities (Figure 1, Table 1). Snow accumula-
tions in these communities are typically greater than 75 cm
(Figure 2), and snow generally tends to accrue earlier in the
year in these communities compared with other tundra com-
munities. Although soil surface temperatures were not notably
different between plant communities in this study, earlier snow
accumulation in riparian and snow bed communities may ef-
fectively insulate microbial populations from very cold temper-
atures [Brooks et al., 1997], especially deeper in the soil hori-
zon, allowing these communities to sustain higher levels of
microbial activity throughout the winter compared to other
communities which have later developing snow cover. Because
snow distribution and accumulation patterns are influenced by
topography and vegetation [Evans et al., 1989], future studies
should focus on interactions between these two factors in con-
trolling wintertime CO,, effluxes in the Arctic.

Extrapolating our estimates of wintertime CO, efflux (Fig-
ure 1) to larger areas suggests that total CO, release to the
atmosphere over the duration of winter ranges from 47 to 400
kg CO, ha~!, depending on the vegetation community type
(Table 1). These calculations assume that snow covers the
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North Slope tundra from October to May, or about 235 days
each year [Zhang et al., 1996], and are based only on the mean
daily CO, efflux measurements from March and April. In
terms of respiratory carbon losses from the soil to the atmo-
sphere, these estimates of total winter CO, production are
equivalent to 1.3-10.9 g CO,-C m ™ lost over the duration of
the snow-covered season.

Our estimates of wintertime CO, efflux are somewhat lower
than those reported for the winter season by Brooks et al.
[1995, 1996] for alpine sites in Colorado (0.3-25.7 g CO,-C
m~?), by Sommerfeld et al. [1993, 1996] for alpine and subal-
pine sites in Wyoming (41-232 g CO,-C m™~?), and by Zimov et
al. [1996] for forest tundra in northern Russia (89 g CO,-C
m~2). This may reflect the unusually late accumulation of
snowfall during the year of this study (February; M. Sturm,
personal communication 1996), preventing significant insula-
tion of the soil before freezing. For instance, Brooks et al.
[1997] have found that small changes in the timing of snowpack
accumulation have a large effect on the magnitude of winter
CO, production in alpine tundra. Alternatively, our estimates
of winter CO, production may reflect unique differences be-
tween arctic tundra ecosystems on the North Slope, such as the
presence of permafrost, and other seasonally snow-covered
ecosystems. However, Oechel et al. [1997] have also found
higher rates of winter CO,, production for tussock tundra (70 g
CO,-C m~?) and for wet sedge ecosystems (20 g CO,-C m™2)
than we found for these systems. These different estimates of

. cold season CO, efflux from northern Alaska may reflect dif-

ferences in snowfall patterns and soil temperature between the
years of these two studies (Oechel and colleagues took mea-
surements in 1993 and 1994; our measurements were made in
1996), or may reflect inherent differences in the techniques
used in these two studies to estimate CO, efflux (i.e., snow top
flux chambers versus CO, concentration gradient and diffusion
model).

Nevertheless, there is increasing evidence to suggest that
wintertime CO, efflux to the atmosphere is a widespread and
common occurrence in snow-covered systems and may be an

- important component of annual ecosystem CO, flux and of

global carbon budgets. Sommerfeld et al. [1993] estimate that
subnivean respiration during winter may oxidize more than
25% of the carbon fixed during the growing season in alpine
and subalpine ecosystems in Wyoming. Similarly, Brooks et al.
[1996] estimate that 20% of the carbon fixed annually in
aboveground primary production in alpine communities of
Colorado may be lost from snow-covered soils in March, April,
and May. In conclusion, our study and other recent studies
[Sommerfeld et al., 1993, 1996; Zimov et al., 1993, 1996; Brooks
et al., 1995, 1996, 1997; Oechel et al., 1997] indicate that win-
tertime CO, flux is of considerable importance in the carbon
cycling of tundra ecosystems and that winter CO,, fluxes should
accounted for in calculations of annual carbon balance in arctic
ecosystems.
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