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Abstract Considerable research has recently been
devoted to understanding biogeochemical processes
under winter snow cover, leading to enhanced
appreciation of the importance of many winter
ecological processes. In this study, a comprehensive
investigation of the stable carbon isotope composition
(513C) of CO, within a high-elevation subalpine
forest snowpack was conducted. Our goals were to
study the 6'°C of biological soil respiration under
snow in winter, and to assess the relative importance
of diffusion and advection (ventilation by wind) for
gas transport within snow. In agreement with other
studies, we found evidence of an active microbial
community under a roughly 1-m deep snowpack
during winter and into spring as it melted. Under-
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snow CO, mole fractions were observed up to
3,500 umol mol~!, and 813C of CO, varied from
~—22 to ~—8%. The 6"°C of soil respiration
calculated from mixing relationships was —26 to
—24%0, and although it varied in time, it was
generally close to that of the bulk organic horizon
(—26.0%0). Subnivean CO, and 6°C were quite
dynamic in response to changes in soil temperature,
liquid water availability, and wind events. No clear
biologically-induced isotopic changes were observed
during periods when microbial activity and root/
rhizosphere activity were expected to vary, although
such changes cannot be eliminated. There was clear
evidence of isotopic enrichment associated with
diffusive transport as predicted by theory, but simple
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diffusive enrichment (4.4%0) was not observed.
Instead, ventilation of the snowpack by sustained
wind events in the forest canopy led to changes in the
diffusively-enriched gas profile. The isotopic influ-
ence of diffusion on gases in the snowpack and litter
was greatest at greater depths, due to the decreased
relative contribution of advection at depth. There
were highly significant correlations between the
apparent isotopic content of respiration from the soil
with wind speed and pressure. In summary, physical
factors influencing gas transport substantially modi-
fied and potentially obscured biological factors in
their effects on 0'°C of CO, within this subalpine
forest snowpack.

Keywords Carbon dioxide - Microbial -
Niwot Ridge AmeriFlux site - Soil respiration -
Stable isotope - Winter

Introduction

The presence of enhanced carbon dioxide concentra-
tion under snow attributed to winter biological
activity has been known for several decades (Kelley
et al. 1968). A wide variety of organisms inhabit the
snow surface, snowpack, and subnivean soil, includ-
ing bacteria, cyanobacteria, algae, and fungi (Hoham
and Duval 2001), as well as invertebrates, birds,
small mammals (Aitchison 2001), plants and plant
roots. While ecologists used to think of winter as a
relatively dormant season, there is a growing appre-
ciation of the importance of many ecological
processes in winter (e.g., Schmidt and Lipson
2004). In temperate coniferous forests there can be
substantial carbon gain outside what is traditionally
thought of as the “growing season” (Anthoni et al.
1999), and many forests begin to gain carbon a month
or more before the snow is fully melted (Monson
et al. 2005; Suni et al. 2003). Winter respiration can
be a significant fraction of the annual carbon budget
in many ecosystems (reviewed by Brooks et al.
2005). Mass loss of litter in winter can be 50-90% of
annual litter fall (Coxson and Parkinson 1987), and
winter litter decomposition rates in high elevation
subalpine forests can exceed those in summer
(Kueppers and Harte 2005). When liquid water
is available, microbial activity is possible at
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subfreezing temperature as low as —6°C (Brooks
et al. 1996; Edwards and Cresser 1992; Mikan et al.
2002; Schmidt et al. 2008) with some evidence for
activity at —39°C (Panikov et al. 2006). Microbial
dynamics can be altered by freeze-thaw cycles
(Lipson and Monson 1998; Matzner and Borken
2008; Schimel and Clein 1996). In some circum-
stances the heat produced by microbial metabolism
can lead to isolated and relatively warm pockets of
activity even when surrounding soils are very cold
(Zimov et al. 1993). The taxonomic composition of
the bacterial and fungal communities in the soil can
be substantially different in winter and summer
(Lipson 2007; Monson et al. 2006b; Schadt et al.
2003). In some locations microbial biomass is higher
in winter than during the summer growing season
(Lipson et al. 2000; Schadt et al. 2003). Interest in
these biogeochemical processes during winter has led
to a large body of research focused on the fluxes of
CO, from snow-covered ecosystems (Groffman et al.
2006; Hirano 2005; Mariko et al. 2000; Mast et al.
1998; McDowell et al. 2000; Monson et al. 2006b;
Musselman et al. 2005; Oechel et al. 1997; Schi-
ndlbacher et al. 2007; Suzuki et al. 2006; Takagi et al.
2005; Uchida et al. 2005).

Carbon isotopes have been tremendously useful in
process-level ecological studies (see review by
Bowling et al. 2008). Most of our understanding of
the isotopic composition of whole-forest respiration
(commonly called g or 6'°Cg, see Table 1 for a list
of symbols) in temperate regions comes from
research conducted in the warmer summer months
(Alstad et al. 2007; Bowling et al. 2002; Hemming
et al. 2005; Knohl et al. 2005; Lai et al. 2005;
McDowell et al. 2004; Mortazavi et al. 2005; Ponton
et al. 2006), and we have little isotopic understanding
of winter processes. This is primarily due to a
limitation of the technique used to assess dg, which is
an isotopic mixing relationship involving measure-
ments of 6"°C and CO, in forest air (described
below). The problem is illustrated in Fig. 1, which
shows a I-year period of CO, and ¢'°C observed in
air at a subalpine forest in Colorado, USA (the Niwot
Ridge forest, location of the present study). Warmer
temperature in the summer leads to enhanced
biological activity, and there is considerable variation
in CO; in the forest in summer as a result, both with
time and with height. Winter is much colder and
windier, and there is far less variation in CO,, leading
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Table 1 List of symbols used in the text

CO,, C, Carbon dioxide mole fraction in air (umol
CO, mol™ 1)

sc Carbon isotope composition of organic material
or CO, (%o)

C, CO, mole fraction in soil or snow gas
(umol CO, mol™!)

cl2 12C0, mole fraction in air (umol '*CO, mol™!)

ch? 12C0, mole fraction in soil or snow gas
(pmol '2CO, mol™h)

Js 6'3C of CO, in soil or snow gas (%o)

Sa 8"7C of CO, in air (%o)

Oy 813C of soil respiration flux, calculated using
Eq. 2 (%o)

OrR 0"3C of whole-forest respiration, calculated from
a Keeling plot intercept using measurements
made from air inlets (%o)

ORs Apparent '3C of under-snow respiration, from a

Keeling plot using different combinations of
inlets on each profile separately as follows (%o)

Or+a All air and snow inlets on the profile
Or+p All air, snow, and litter surface inlets on
the profile

Or+ All air, snow, litter surface, and within-
litter inlets on the profile

See Fig. 3 for a related diagram

to seasonal patterns that are observed in most
temperate forests (e.g., Murayama et al. 2003).

Because forest respiration and photosynthesis
influence both CO, and 513C, there is a less-well-
known but related seasonal pattern in 6'°C of forest
air (Fig. 1b). The intercept of a regression of §'°C
versus 1/CO, (a Keeling plot) is commonly used to
determine the isotope ratio of forest respiration.
Because of the large ranges in CO, and 6'°C in
summer, g can be determined with a high degree of
confidence. In winter, the small ranges lead to large
uncertainty in the mixing relationships and unrealistic
values of o (Fig. 1c, which is derived from the data
in Fig. 1a, b). This limitation of the regression-based
technique has been described in detail by Zobitz and
colleagues (2006). Studies which have reported
winter i values from a variety of forests (Lai et al.
2005; McDowell et al. 2004) have reported similar
results. Hence, our understanding of CO, isotopes
associated with winter processes lags compared to
our understanding of summer processes.

Carbon isotopes of respiratory fluxes contain
information about the origin of the carbon in those

fluxes. There are systematic differences in 6'°C of
plant and soil organic materials, for example between
labile sugars, cellulose and lignin, bulk (humified)
soil organic matter, root, mycorrhizal, or saprotrophic
fungal biomass, and the respiratory fluxes associated
with transfers between these pools (Bowling et al.
2008). Based on these differences, a shift from more
labile to more recalcitrant respiratory substrates, or
from winter dominance of heterotrophic activity to
enhanced autotrophic respiration during spring thaw
might be discernible based on §'*C of soil respiration
under snow. Given the importance of winter micro-
bial activity to ecosystem carbon budgets discussed
above, and the importance of the isotopic composi-
tion of terrestrial respiration to studies of the carbon
cycle at larger scales (Chen et al. 2006; Randerson
et al. 2002; Scholze et al. 2008; Suits et al. 2005),
research is needed to determine the primary biolog-
ical, physical, and chemical controls on 8" °C of
respiration in winter.

Little research has been conducted on CO, isotopes
in snow, but several studies have focused on CO,
isotopes in firn due to their importance in paleoclima-
tological studies (Assonov et al. 2005; Clark et al.
2007; Francey et al. 1999; Trudinger et al. 1997). Some
of this theory is relevant to CO, isotopes in snowpacks,
but there are differences that prevent direct application
of theory and models from these studies to forest
snowpacks. For example, the influence of advection is
limited to the very surface of the firn, but it is important
throughout a forest snowpack as we will show.

We are aware of two studies that have reported
measurements of CO, isotopes within forest snow-
packs (Brooks et al. 2005; Cerling et al. 1991).
Although focused primarily on soil processes, the
paper by Cerling and colleagues was important
because it described the governing isotope effects
associated with diffusion in soils (and snow), and
showed that the carbon isotope content of CO, within
the soil (or snow) gas differs from that which leaves
the surface as a flux (see also Amundson et al. 1998;
Davidson 1995). The theoretical expectations for CO,
isotope effects within the snowpack resulting from
steady state diffusion theory are illustrated in Fig. 2.
Panel (a) shows the mixing relationships between the
measured quantities 613C and CO,, and panel (b)
shows the mixing lines in 1/CO, (Keeling plot) space.
CO; in air will mix with a respiratory source of
arbitrary but constant isotope ratio dy along the solid
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Fig. 1 (a) CO, and (b)
8'3C of CO, in forest air at
several heights (0.1, 1, 5, 7,
21.5 m) during 2006.
Observations within the
snowpack are not included
in this figure. Colors are
darkest to lightest from
lowest inlet to highest. (c)
The carbon isotope content
of nocturnal whole-forest
respiration (dg), calculated
as a Keeling plot intercept
of the data in panels (a) and
(b) for each day of year.
Error bars are the standard
error of the intercept. Data
were collected as described
by Schaeffer et al. (in press)
and are previously
unpublished
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Fig. 2 Theoretical mixing relationships between 6'°C and
CO, within the snowpack. Panel (a) shows the mixing lines as
they apply to measurable quantities and (b) shows the same in
1/CO, space. The open circle corresponds to the 8"3C and CO,
(or 1/COy) of the air above the snowpack (C, and J,), the open
square represents these quantities measured within the snow-
pack (C; and Jy), and the black circle corresponds to the s"3c
of respiration (d; from Eq. 2). The solid line (both panels)
shows a mixing line between the air and the respiratory source

line (Keeling 1958). In the absence of diffusion, any
increase in CO, caused by respiration, or decrease in
CO, caused by ventilation of the snowpack with air,
will occur along the solid line. However, due to the
difference in mass of the isotopic variants '°0'2C'°0
and '°0'3C'0, their binary diffusivities in air differ
(diffusive transport of the lighter isotope is greater
than that of the heavy isotope). Diffusion will cause
an enrichment of the gas within the snow (or soil)
profile of 4.4%o (enrichment means the gas contains
relatively more of the heavy isotope, and 6'°C
becomes less negative). Theory that relates the
4.4%0 factor to molecular mass was provided by
Cerling et al. (1991). Hence, under fully diffusive
transport, gas within the snow should follow the
dashed mixing lines shown in Fig. 2 (the open
triangle is enriched by 4.4%o from the black circle).
The curved lines in Fig. 2a show the same phenom-
ena, and mixing under the two extreme cases (no
diffusion or purely diffusive) will follow the solid and
dashed mixing lines, respectively. The lines in
Fig. 2a are asymptotic to the black circle and open
triangle, and reach them at infinite CO, (where 1/
CO, = 0 on Fig. 2b). To the extent that advection
(ventilation of the snowpack with air from the
atmosphere) influences transport, and depending on

(which would occur only in the absence of diffusion). The open
triangle corresponds to an enrichment of 4.4%o relative to the
respiratory source Jy, and the dashed line (both panels) shows a
mixing line of this enriched source with the air (described by
Eq. 2). The mixing lines in (a) are asymptotic to the black
circle and open triangle at infinite CO,. Values shown for CO,
in air (open circle) are the means measured at 120 cm during
this study, which were 388.4 pmol mol~' and —8.7%o

the time required for a fully diffusive profile to
establish, actual measurements of &'°C and CO; in
snow may fall within the two extreme cases.

We conducted a field study in a high-elevation
subalpine forest in winter to address two objectives.
Our first goal was to quantify the isotopic composi-
tion of soil respiration in a subalpine forest in winter
and evaluate potential biological controls on the 6'*C
of winter respiration. Second, we examined the 83
content of CO, in the snowpack in the context of
diffusive and advective transport. Although sophisti-
cated physical gas transport models can be applied to
investigate these processes (Massman 2006; Mass-
man and Frank 2006; Massman et al. 1997; Monson
et al. 2006a), we limit our focus in this paper to
description and interpretation of the observations. We
will address the more quantitative aspects of CO,
isotopic transport in snowpacks in a future paper.

Methods
Study location

This study was conducted during February—June
2007 in a subalpine forest (the Niwot Ridge
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AmeriFlux tower site, 40.03 °N, 105.55 °W, 3,050 m
elevation) in the southern Rocky Mountains of
Colorado, USA. The approximately 110-year old
forest is dominated by three conifer species, Pinus
contorta, Picea engelmannii, and Abies lasiocarpa.
The mean annual temperature is 1.5°C, and the mean
annual precipitation is 800 mm. Average peak snow
water equivalence (SWE) is 328 mm on April 21
(1971-2000, National Resources Conservation Ser-
vice, http://www.wcc.nrcs.usda.gov/snotel/). Snow
cover at the site generally lasts from October/
November through May/June. Further site details are
available elsewhere (Monson et al. 2002, 2005,
2006a; Sacks et al. 2007).

Gas sampling and carbon isotope measurements

This work builds on previous studies that have
examined 0'°C of CO, in air at the Niwot Ridge
forest (Alstad et al. 2007; Bowling et al. 2005;
Schaeffer et al. 2008, in press; Zobitz et al. 2006,
2007, 2008). For the present study, measurements of
CO, mole fraction and 6'>C of CO, were made in the
snowpack, the litter, and the air from February 9 until
the snow fully melted on June 15, 2007 (DOY 40-
166). Samples were measured by pumping gas from
the inlet locations (described below) through 38—
40 m of 0.64 cm dia. tubing (Type 1300, Synflex
Specialty Products, Mantua, Ohio) to a tunable diode
laser (TDL) absorption spectrometer (TGA100A,
Campbell Scientific, Inc., Logan, Utah). The TDL
system at the Niwot Ridge forest has been described
in detail by Schaeffer et al. (in press). CO, data are
World Meteorological Organization-traceable and
0'3C data are presented using standard notation
(Farquhar et al. 1989) relative to the Vienna PDB
scale, both accessed via standards in our laboratory at
the University of Utah.

For the snowpack application, a sampling mani-
fold was designed to dilute the relatively high mole
fraction gas in the snowpack (up to 4,000 pmol
mol™') to a measurable range for the instrument
(350600 pmol mol™'). This consisted of two mass
flow controllers (Type 1179A, MKS Instruments,
Andover, Massachusetts) which mixed CO,-free air
(generated by pumping air through a soda lime trap)
with sample gas at controlled flow rates. Gas was
sampled from inlet locations at 225-300 ml min~"
(all flow rates at STP), and was mixed with CO,-free
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air at variable flow rates, which were determined and
controlled using a datalogger (CR5000, Campbell
Scientific, Inc., Logan, Utah). The influence of the
dilution system on the precision and accuracy of the
gas measurements was not assessed, although auto-
mated tests were made daily to insure that the mixing
air stream was CO,-free. The analytical precision for
the analyzer during this period was 0.2 pmol mol
for [CO,] and 0.35%o for d'°C (Schaeffer et al. in
press).

Air from two snowpack vertical profiles was
measured, located within 30 m of the Niwot Ridge
flux tower with a horizontal separation of 6.5 m
between profile 1 and profile 2. Profiles and tubing
were installed in the fall and the natural snowpack
formed around them without disturbance. CO, mea-
surements from the profiles began in midwinter. Each
profile (see Fig. 3) comprised 8 inlets located at these
sampling heights relative to the litter surface: —3 cm
(within the O-horizon), 0 (litter surface), 20, 40, 60,
80, 100, and 120 cm (the higher inlets were some-
times/always in the air and not the snowpack). Inlets
were 10 cm dia. x 1 cm tall stainless steel cylinders
that were covered on top and bottom with 61 um
stainless steel mesh (Sommerfeld et al. 1991), and a

air
Saa
—
Srep
b |
— snow
0 cm (litter surface)
-3 cm (litter) litter
mineral soil

Fig. 3 A diagram of the sampling profile assembly showing
how different subsets of inlets were grouped to calculate the
apparent 'C of under snow respiration (dg+) for each profile
frame. Snow depth varied during the study and sometimes the
lower inlets were also in the air
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filter (1.0 pm PTFE, Acro-50, Pall Corporation, East
Hills, New York). Each profile assembly was made of
a frame of wooden dowels held together with hose
clamps. Samples above the ground (20-120 cm) were
located at alternate sides of the frame, so that the 20,
60, and 100 cm locations were along one vertical axis
and the 40, 80, and 120 cm locations were along a
second vertical axis, with the two axes on each frame
separated by ~ 1 m horizontally. The 0 and —3 cm
locations were located on either side of the frame
horizontally within 40 cm of the center. Sample
tubing was routed along the ground (under the
snowpack) to the analyzer and was not heated. The
location of the sampling tubing at the bottom of the
snowpack and resulting temperature equilibration
removed the need for density corrections due to
variation in gas temperature. Air was not dried before
entry into the manifold/dilution system, but was dried
before entry into the TDL using a Nafion counterflow
assembly (PD 625, Campbell Scientific, Inc., Logan,
Utah).

The sampling strategy was designed to minimize
disruption of the diffusive profile within the snow-
pack. During the second half of every hour,
measurements were made of the gases from 6 of
the 16 snowpack inlets for 5 min each. (The first half
of every hour, the TDL was used to measure vertical
profiles in air as shown in Fig. 1.) Sample gas was
pumped at 300 ml min~" for 3 min (while calibration
gases were being measured), then at 225 ml min~'
for 2 min, for a total volume of 1.35 1 sampled from
each inlet over 5 min. During the latter 2-min period
gas was routed to the TDL analyzer (to verify
stability of the CO,), and the last 10 s of this period
were averaged as a measurement. A full cycle of all
16 inlets on the two profiles was completed in three
half-hour periods, so each inlet was idle for 2 h and
55 min, and flowed as described above for 5 min.
Assuming that the sampling disrupted a sphere of gas
surrounding the inlet, a sampled volume of 1.351
would disrupt the mole fraction gradient in a radius of
6.9 cm (13.8 cm dia.) surrounding the inlet. A typical
diffusion coefficient for CO, in soil or snow is 0.05
to 0.1 cm%/s (Albert and Shultz 2002; Solomon
and Cerling 1987), and it would take = X%/
4D = (13.8)*/(4 x 0.1) = 476 s (7.9 min) for planar
diffusion to reestablish the gradient (Nobel 2005). In
subsequent experiments we re-measured several

inlets 25 min after the initial measurement for several
winter and summer months, and found no difference
in CO, or o3¢ upon re-measurement (data not
shown). Thus the advective influence of our sampling
was negligible.

Meteorological and hydrological measurements

Temperature (snow, litter, or air) was monitored at all
gas inlets using type T thermocouples. A diel artifact
caused by heat conduction through the thermocouple
wire was identified after the study, and was removed
by filtering the data using a low-pass (4-h) window
then using daily means of the filtered data. Compar-
isons with independent temperature measurements
verified the suitability of this correction (data not
shown). Soil temperature was also monitored using
platinum resistance thermometers (STP-1, Radiation
Energy Balance Systems, Seattle, WA) at 5 and
15 cm depths in a pit located ~60 m from the
profiles.

Soil moisture was measured at 3 surface locations
within 1 m of the profiles and within the pit described
above using water content reflectometers (0—-10 cm
depth, CS615 and CS616, Campbell Scientific, Inc.,
Logan, Utah), and a second set of dielectric-based
sensors (0—6 cm depth, Hydra-probes, Stevens Water
Monitoring Systems, Portland, OR). Soil moisture
data are used to indicate the timing of changes in the
amount of liquid water in the surface soil and are
presented on a relative scale, zeroed on DOY 60.
SWE (using a snow pillow) and snow depth (ultra-
sonic depth sensor) were monitored continuously
~400 m from the site by the National Resources
Conservation Service SNOTEL Program (http://
www.wcc.nres.usda.gov/snotel/).  Snow pits  were
excavated and sampled by hand at representative
locations within 15 m of the profiles approximately
every 10 days during the study, following the proto-
cols of Williams et al. (1999). Measurements
included density, SWE, and snow temperature pro-
files (every 10 cm), total snow depth, and grain size.

Additional meteorological data and whole-forest
CO, flux data (using eddy covariance) were obtained
from the ongoing Niwot Ridge AmeriFlux tower
measurement program as described elsewhere
(Monson et al. 2002).
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Isotopic mixing relationships

Two mixing approaches were used. First, the Keel-
ing plot approach (Keeling 1958; Pataki et al. 2003)
was used to infer the isotopic composition of
nocturnal whole-forest respiration (dg) or the isoto-
pic composition of the apparent respiratory source in
the snowpack (which we denote Jr- in this paper).
Or data are presented in Fig. 1 only, and the
remainder of the paper is focused on Jg-. Regres-
sions were performed of 6'3C versus 1/[CO,], and
the intercept of the regression line was taken as dg
or dgx, with the standard error of that intercept used
as a measure of uncertainty. Following the recom-
mendations of Zobitz et al. (2006), and contrasting
with most previous studies, ordinary least squares
(Type I) regressions were used. No outliers were
removed from the Keeling plots. Time periods
assessed varied from 3 to 48 h. Depending on the
time period, calculations of Jdg+ sometimes involved
both daytime and nighttime observations. Regres-
sions were performed with observations from air
inlets only (8 pm to 4 am, to compute Jdg), or various
combinations of air, snowpack, litter surface, and
within-litter inlets (various time periods, to compute
Or+, as described in Fig. 3 and Table 1). Note that
Or+ will not match Jg under most conditions due
to the influence of diffusive fractionation in the
snowpack.

The second mixing approach follows Davidson
(1995), who provided a derivation for the following
equation relating observations of CO, and 6'>C in air
and in the soil (or snow) gas

Cy 0
85 = 100440, + i3 (3, — 1.00440, — 4.4) + 4.4,

‘ (1)

where C ;2 and C}z are the 'CO, mole fractions
(umol '*CO, mol™") in the air and in the soil (or
snow) gas, respectively, 5, and J are the 6'°C of CO,
in the air and in the soil gas, and J; is the 813C of the
respiration flux leaving the soil surface. Since CO, is
almost 99% '*CO,, the ratio C}?/C!? can be replaced
by total CO, (the sum of 12COZ + 13C02 for each,
represented by C, and C;) with only a small resulting
error in ds (<0.001%o). Making this approximation
and solving for d; we obtain
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Cy(0; —4.4) — Cy(0, — 4.4)
oy =

1.0044(C, — C,) Voo @

Equation 2 provides a means to obtain the isotope
ratio of soil respiration (d;) from measurements of
CO, and 6'3C made at two locations, in the air and
within the soil (or snowpack). In this paper we present
dy obtained from measurements in the air at 120 cm
and at the soil-snow interface. There are several
assumptions made in deriving this equation (Davidson
1995). First, it is applicable only for purely diffusive
transport (a condition which is often violated as we
will show) under steady state conditions. At the soil—
air (or snowpack-air) interface, the mole fractions of
CO, must be equal (C; = C, at the interface), and a
no-flux boundary is assumed at depth in the soil. The
ratio of production of 12C0, and *CO, is assumed to
be the same at all depths in the soil. Last, the 513C of
the biological respiratory flux must equal the physical
flux from the surface to the air. Equation 2 describes
the upper line in Fig. 2b, which connects the air (open
circle) and the soil gas (open square), and from these
measurements one can obtain J;. Alternatively, if data
are available at multiple depths, a Keeling plot may be
used to define the upper line in Fig. 2b, and J; can be
obtained by subtracting 4.4%o. from the intercept
(0r+ — 4.4). Equation 2 is a two-point variant of the
Keeling plot approach.

Results and discussion

Environmental conditions, CO, and isotopes
within the snowpack

The environmental conditions during the study are
shown in Fig. 4. At the end of January, air temper-
ature was cold, as low as —24°C. Minimum snow
temperature of about —4°C occurred at that time. A
fairly deep snowpack developed in the late fall and the
snowpack depth was greater than 1 m at the beginning
of CO, measurements (Fig. 4d), so the mineral soil
temperature during the study was fairly warm, always
above 0°C. Temperature of the litter layer during the
study ranged from —0.5 to 0.75°C. A period of
successively warm days resulted in isothermal condi-
tions across the snowpack, and the appearance of
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Fig. 4 Environmental
conditions, CO,, and s13c
within the litter, snowpack,
and air during the study. (a)
air temperature (T) at 2 m,
(b) mineral soil T at —

15 cm (solid thin line) and
—5 cm (dot-dash line), litter
T at —3 cm (triangles),
litter surface T (continuous
black circles), snow T at 30
and 60 cm (gray lines), and
snow T within hand-dug
pits at depths less than

60 cm (black circles), (¢)
relative soil moisture
content (zeroed on day 60)
at 0—10 cm depth (black
lines) or 5 cm depth (gray
lines), (d) snow water
equivalence (SWE, open
circles, left axis) and snow
depth (right axis) measured
at the SNOTEL site (black
circles) or hand-dug pits
(squares), (e) [CO,] within
the litter, snowpack, and air
at —3 cm (litter), O cm
(litter surface), 20, 40, 60,
80, 100, and 120 cm
(snowpack or air), darkest
color at —3 cm, and lightest
gray at 120 cm, (f) 6'°C of
CO, at the same locations
(coloring the same as panel

€)
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liquid water around day 75 (Fig. 4c). This initial melt
was followed by colder days and cessation of the
short-term melt, then the melt began without
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80 '100‘
day of year 2007

interruption around day 115. Snow depth peaked at
130-140 cm, and peak SWE was 45.5 cm on day 117
(39% greater than the long term average).
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The permeability of snow to gas transport is a
strong function of density (Albert and Shultz 2002).
Individual density measurements ranged from
50 g 17" after new snowfall to 483 g 17! during snow
melt. Volume-weighted mean snowpack density was
generally 250-350 g 17! before day 115, with peaks
of 420-430 g 17" during the melt periods (density
data not shown, depth shown in Fig. 4d). Kinetic or
depth hoar grains were common in the bottom 40 cm
of the snowpack.

Observed CO, mole fractions within the litter and
at the litter surface varied from 1,500 to 3,500 pmol
mol ', about 4 to 9 times higher than ambient mole
fractions. Within the snow, mole fractions ranged
from ambient to as high as 3,000 umol mol ™!,
depending on depth. These observations are similar
in magnitude to those made in this and other nearby
subalpine forests (Massman and Frank 2006; Mast
et al. 1998; Monson et al. 2006a; Sommerfeld et al.
1993), and provide additional evidence of the pres-
ence of microbial activity under winter snowpacks.
The 8'3C of CO, varied from ambient (near —8.1%o)
to a minimum of around —22%., with the most
negative values observed in the litter. These isotopic
data are comparable to those reported by Brooks et al.
(2005) for subalpine conifer and aspen forests in the
region. Values of 0'°C observed in the snowpack
were not as negative as respiration in this forest based
on summertime observations (Fig. 1). dg for this
forest during summer periods is in the range —24 to
—28%o0 (Alstad et al. 2007; Bowling et al. 2005;
Schaeffer et al. 2008). The isotopic difference
between observations of ¢'°C in the snowpack and
the likely respiratory source is caused by two factors,
mixing with air (which could be purely diffusive or
partially advective) and diffusive fractionation.

Isotopic mixing relationships

There was a general increase in CO, in the litter and
in the snowpack around day 75, coincident with the
warming and initial melt (Fig. 4e). To first order,
CO, and 313C were inversely correlated, as is
frequently observed in forest air (Flanagan et al.
1996). However, there was a marked departure from
this pattern at higher values of CO,; the increase in
CO, around day 75 was not accompanied by a
decrease in 6'°C (Fig. 4f).
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The nonlinear mixing relationship (Fig. 2a) pro-
vides an explanation for the relatively small change
in 6'°C at higher CO,. Data from both profiles are
shown compared to some reasonable expectations for
mixing lines in Fig. 5. Profile 1 usually had lower
CO, at the same heights than profile 2 (Fig. 5 inset)
and snow temperature on profile 1 was more directly
coupled to air temperature (data not shown). In
general the observations conform to expectations
based on mixing of air and a respiratory source
combined with enrichment by diffusion (Fig. 2).
Shown for comparison in Fig. 5 are the §'°C values
of various bulk organic components of the soil at the
Niwot Ridge forest (Schaeffer et al. 2008). The lower
mixing line was arbitrarily drawn between the bulk
litter 6'°C (—26.0%0) and the air, which is the
expected mixing line if 8'3C of CO, produced by soil
respiration was identical to that of the bulk litter, and
there was no diffusive enrichment. The observed
range of data implies that there is variability in 6'°C
of respiration or the influence of diffusion or both.

The isotopic composition of the CO, produced
during respiration is variable for a variety of reasons
(Bowling et al. 2008). For example, 6'°C of respi-
ratory CO, during decomposition of conifer needles
often changes from initially more depleted to more
enriched than the bulk material as mass is lost
(Fernandez et al. 2003), and root respiration is
generally depleted relative to root biomass (Klumpp
et al. 2005; Schnyder and Lattanzi 2005). Given the
observations shown in Fig. 5, the §'°C of the soil
respiratory source in our study could not be consis-
tently more negative than the lower bound shown
by the solid line, implying a respiratory source of
—26.0%o at a minimum. Since the diffusive fraction-
ation is 4.4%o, the two lines in Fig. 5 are separated by
4.4%0 at the y-axis (assuming the 6'°C of the
respiratory source is constant, which is addressed
below). Our placement of these lines is arbitrary, and
since the vertical range in the observations is less
than 4.4%o, the lines could together be shifted upward
by perhaps 2%o at the y-axis and still bracket the data.
Applying this shift would imply a respiratory source
of —24%o and would indicate that the 4.4%o enrich-
ment was not usually fully present (indicating the
dominance of advection).

When all the data in Fig. 5 were combined on a
single Keeling plot, the intercept was —22.65 £
0.01%0 (n = 13,807). Simply subtracting 4.4%o
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Fig. 5 Keeling-type plot for CO, measured within the
snowpack, litter, and air (main panel) or the same relationship
showing the measured quantities (inser). Compare to the
theoretical relationship in Fig. 2. Time series of the CO, and
8'3C data are shown in Fig. 4e, f. All data over the full study
period are shown (n = 6,916 for profile 1, gray circles and
n = 6,891 for profile 2, small black circles). Air (open circle),
respiratory source (black circle), and 4.4%o enriched respira-
tory source (open triangle) and their respective mixing lines

would imply an average respiratory source of —22.65
to 4.4 = —27.05%0. However, this is incorrect since
it would mean 50% of observations (those above the
regression line) were more than 4.4%o enriched above
the source, which cannot occur by diffusion. Based
on these arguments we estimate the average 6'°C of
soil respiration below the snowpack at Niwot Ridge
during this study was —26 to —24%o, which is very
similar to whole-forest respiration at this site in
summer (Alstad et al. 2007; Bowling et al. 2005;
Schaeffer et al. 2008) and to the extant carbon stocks
in the soil (Fig. 5). We are uncomfortable trying to
constrain it further because the observed ranges in
6'3C vary less than the expected 4.4%o difference
between the mixing lines. Combination of these data
with a transport model including diffusion, advection,

are the same as in Fig. 2. Values of 3"3C of bulk organic
material from the site (Schaeffer et al. 2008) are shown for
comparison (roots: open square, litter: black circle, mineral
soil 0-10 cm: black down triangle, mineral soil 10-20 cm:
open down triangle). For illustration purposes, the 8"3C of the
total respiratory source and the bulk litter are drawn as
identical on this plot (black circle), but this is not necessarily
the case

dispersion, and pressure fluctuation influences (e.g.,
Massman 2006) might provide a way to assess the
6'C of the soil respiratory source with more
confidence.

A further point deserves clarification. Brooks et al.
(2005) convincingly demonstrated that winter micro-
bial activity from subalpine soils under snow was
carbon limited. Lacking sufficient data to suggest
otherwise, they conservatively (but incorrectly) inter-
preted their CO, isotope data by subtracting 4.4%o
from 6'*C measured within the snowpack to obtain
the 6'°C of respiratory CO,. Cerling and colleagues
(1991) noted that “the 6'°C of soil CO, is always at
least 4.4%o enriched relative to the &'°C for soil
respired CO,”, but it can be substantially greater
than 4.4%0 as shown by Davidson (1995). The
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fractionation associated with diffusive transport is
based on the difference in the binary diffusivities of
'°0'2C'°0 and '°0'*C'°0 in air and is 4.4%o, based
on theory of kinetic motion of molecules. It is clear
from Fig. 5 that the §'°C of CO, in the snow and soil
is not simply the isotope ratio of the respiratory
source plus 4.4%o; in fact it varies by 15%o and is
highly dependent on CO,. Under conditions of purely
diffusive transport (no advection), if the snow-air
interface boundary condition were at 380 pmol
mol~! and —8.1%o, the isotope ratio of the CO, in
the snow must vary between that of the respiratory
source and —8.1%o0. Hence, while the 813C of soil
CO, is indeed enriched by diffusion relative to the
respiratory source, the difference between them can
be substantially greater than 4.4%. due to the
atmospheric boundary condition. In order to ascertain
the true 6'>C of respiration, mixing relationships such
as Eq. 2 or a Keeling plot at multiple depths and then
subtracting 4.4%o should be used (see Methods).
Note, however, that this is further complicated by
advection as we will show. Hence the conclusions of
Brooks et al. (2005) regarding the relative amounts of
winter respiration from decomposition versus added
sugar (in their Table 1) should be interpreted with
caution.

The 6'3C of the apparent respiratory source (Jgx,
derived from Keeling plots) was not constant during
the study; variability within the overall data envelope
shown in Fig. 5 occurred over time. The intercepts of
mixing relationships for profile 2 are shown versus
time in Fig. 6. Jg+ . calculated on a 3 h basis varied
from —23.8 to —20.8%0 (Fig. 6a), with a distinct
periodicity on the order of a few days. This range
(Iess than 2%o during snow cover, Fig. 6a) was
smaller than 4.4%o (also see Fig. 7b, which shows
how the variability compares to the overall magni-
tude of influence of diffusion). The periodicity was
quite similar when Jgr«. was calculated over longer
periods (Fig. 6b, e), with some time-dependent
features still present when g+ . was computed on 1
to 4 d periods (such as the dip around day 60-65).

Two assumptions of the Keeling plot approach are
that 1) the '>C of each source does not change over
the time period analyzed (a steady-state assumption),
and that 2) only two sources mix. Similarity of the 3,
6, and 12 h plots in Fig. 6 lends some validity to the
steady-state assumption, at least for the apparent
respiratory ~ source inferred from  snowpack
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observations. The second assumption is more prob-
lematic, since '°C of root and heterotrophic
respiration are likely different (Bostrom et al. 2007;
Bowling et al. 2008; Fernandez et al. 2003; Klumpp
et al. 2005), and since 513C of soil respiration can
change over time scales of a few days (Ekblad and
Hogberg 2001), at least in the summer. The variabil-
ity in dr«. shown in Fig. 6 may be due to changes in
biological activity or changes in transport (or both) as
discussed in the next sections.

Biological influences

There were at least two opportunities where one
might expect changes in the isotopic composition of
soil respiration during our study. The first was a
possible change in microbial activity during the
midwinter temporary melt period, and the second was
the initiation of net carbon gain by the trees in the
forest.

There is an active subnivean microbial community
in subalpine forests of the region (Brooks et al. 2005;
Mast et al. 1998; Monson et al. 2006b; Musselman
et al. 2005). Sucrose in the soil solution and microbial
biomass are high in winter at the Niwot Ridge forest
(Scott-Denton et al. 2006), and the identity of the
microbial community differs in these seasons (Lipson
2007). Further, there are high levels of activity of
many extracellular enzymes involved in decomposi-
tion in winter (Weintraub et al. 2007). In nearby
tundra soils, the under snow microbial community is
primarily fungal (Schadt et al. 2003), and there are
indications this may be true in our study forest as
well. Recent work has identified a cold-active fungal
community that forms hyphal mats at the litter-snow
surface (Schmidt et al. 2008; Schmidt et al. in review
(part of the White on Green special issue)). These
organisms exhibit very high growth rates at cold
temperature and are thought to take advantage of the
flush of substrates available in late winter.

Mineral soil temperature was >0°C during the
entire study, and there was at least some liquid water
available for microbial activity all winter. The
midwinter melt period around day 75 led to increases
in soil water availability and soil and litter temper-
ature (Fig. 4a—c). This was accompanied by a
sustained increase in CO, within the litter and
snowpack (Fig. 4e), which we interpret as enhanced
microbial activity. (Note that CO, could also increase
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Fig. 6 Time dependence of isotopic mixing relationships
within the snowpack. Intercepts (dr+.) of a Keeling mixing
line with all inlets from profile 2 (air, snow, litter surface, and
litter) calculated on time scales varying from 3 h (one complete
cycle through all inlets) to 4 days, plotted over the duration of
the study. Time scales are indicated on each panel and data are

due to increased root respiration, reductions in
permeability of the snowpack, or displacement of
soil CO, by infiltrating melt water). Several other
studies have inferred increased microbial activity
under snow during melt periods (Brooks et al. 1996;
Monson et al. 2006a; Musselman et al. 2005),

plotted at the midpoint of the time period. For example, on day
100, panel (a) shows eight Keeling plot intercepts calculated
every 3 h, and panel (e) shows a single Keeling plot intercept
calculated from days 98—102. Error bars are the standard error
of the intercept

although some have observed smaller CO, fluxes
during melt due to reduced diffusion and possibly
poor aeration (Hardy et al. 1995; Mast et al. 1998).

Different organic materials in the soil have
different bulk 6'°C, and if a new substrate became
available due to changing temperature or moisture,
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Fig. 7 (a) Snow water
equivalence (as in Fig. 4
panel d), (b) 3 h Keeling
plot intercepts from profile
2 (Or+ as in Fig. 6 panel
a), (c) estimates of the 6'°C
of respiration obtained by
subtracting 4.4%o from the

SWE (cm)

data in panel (b) or from

Eq. 2, and (d) net

ecosystem exchange of CO,
at 21.5 m measured by eddy
covariance. Horizontal lines
in (b) show 6'3C of the bulk
litter (dashed) and an o
enrichment of 4.4%o0 above
it (solid) as in Fig. 5
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one might expect changes in 6'°C of respiration. High
soil moisture coupled with high respiration during the
late spring melt could have led to anaerobic condi-
tions in the soils and associated shifts to a more
anaerobic microbial community. There is some
evidence that different fungal groups have systemat-
ically different 6'°C in their respiration (Bostrom
et al. 2007). Despite the strong possibility of micro-
bial responses to the midwinter and spring melts, we
did not observe clear changes in the 6'°C of the
apparent respiratory source (Fig. 7b). This assertion
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is complicated by the fact that there was variability in
Or+c, but as we show below that variability is
probably driven by transport.

We anticipated a possible isotopic change in soil
respiration during the transition from a fully respira-
tory forest in midwinter to the initiation of net carbon
uptake (Fig. 7). Although there were short periods of
net uptake after the early melt (e.g. days 90-100),
substantial carbon uptake began during the full melt
period, which is common for this forest (Monson
et al. 2005). It is possible that enhanced root activity
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would occur in late spring, perhaps associated with
ion uptake or regrowth of fine roots damaged by soil
heaving (Scott-Denton et al. 2006). The 8"3C of root
respiration is thought to differ systematically from
that of total soil respiration (Bowling et al. 2008;
Klumpp et al. 2005). There was not a clear change in
Or+. as net uptake began (Fig. 7b, c¢). This is an
indication that CO, produced by root processes
during the winter—spring transition did not have a
unique 6'°C signature associated with it, unless it was
masked by transport. Despite the time-dependent
variability (Fig. 7b), our results provide some limited
evidence that dg of soil respiration in winter, on
average, may not be substantially different than in
summer in temperature coniferous forests. If this is
generally true, it may indicate that seasonal changes
in Ogr can be ignored by large-scale carbon cycle
modelers, but more work will be necessary to reach
this conclusion with confidence.

Following complete snow melt (days 155-170)
Or+. showed large excursions in both directions (at
this point Jg+. was calculated from litter and air
measurements as the snow was gone). The negative
trend (days 155-160) was probably caused by high
winds as discussed below. Causes for the positive
trend are unknown but possibilities include a change
in diffusive enrichment in the saturated wet soil
environment, or possible microbial decomposition of
the fungal mat biomass, which dies once the snow
melts and is likely to be enriched relative to the litter
(see discussion in Bowling et al. 2008 and references
therein). It is likely that some CO, within the
snowpack dissolves in melt water via the carbonate
reactions (Solomon and Cerling 1987), and there is a
well-known isotopic effect associated with them
(Zhang et al. 1995). Additionally, dissolved organic
carbon during the melt period in this forest leaches to
nearby streams (Hood et al. 2003), leading to possible
changes in substrate availability and isotopic content
for microbial respiration in the soil and litter during
melt. At present the role these processes might play in
the temporal dynamics of CO, isotopes observed in
our study is unknown.

Described in the Methods section were two
approaches that, under conditions of fully diffusive
transport, allow estimation of the 3C of soil
respiration. These include the Keeling plot approach
(subtracting 4.4%o from the intercept) and the use of
Eq. 2, and the results are compared for profile 2 in

Fig. 7c. The two approaches provide similar esti-
mates of the 6'°C of soil respiration, with similar
time-dependent variability. The mean is more nega-
tive than our estimated range of —26 to —24%o based
on Fig. 5. The results in Fig. 7c are probably
systematically biased (too negative) due to the
presence of advection, as we show in the next
section. However, either approach could potentially
be used in manipulative experiments where treat-
ments are compared, provided the influence of
advection on treatments and controls did not differ
(as would be the case if the snow was physically
disrupted by digging for example).

Transport influences

The isotopic influence of diffusion was not equally
present at all depths. The isotopic composition of
CO; in the snowpack and in the soil vary with height
(Fig. 4f) because (1) CO, is produced primarily at the
bottom of the snowpack (within the litter and the soil)
and removed primarily by transport at the top, and (2)
diffusion enriches the transient pool of CO, during
transport. Shown in Fig. 8 are daily calculations of
Or+ made in three ways (see Fig. 3): first (dr«,), With
snow and air inlets only, second (dgxp), with snow,
air, and litter surface inlets, or third (dg+.), with
snow, air, litter surface, and litter inlets. Those
Keeling plots which included observations at greater
depths tended to have more enriched (less negative)
intercepts. This was true for both profiles, and
remained so even as Or+. varied through time
(Fig. 8a, b). This effect was especially apparent when
the data were examined on a 1:1 basis (Fig. 8c—f),
with depth-based differences generally greater at the
more negative values of 0'°C. We interpret this
pattern as a competition between the primary trans-
port mechanisms of diffusion and advection (in this
case ventilation of the snowpack with low-CO, air
from above). If advection events do not completely
ventilate the snowpack, then one might expect that
the diffusive fractionation would be maximal at the
greatest depth, and that advection would remove the
diffusive influence to a greater extent at shallower
depths. Fig. 8 provides evidence for this assertion.
Transport of heat and mass within snowpacks and
firn can be influenced by wind, a phenomenon often
called wind pumping or pressure pumping (Albert
2002; Albert and Hardy 1995; Kelley et al. 1968;
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Fig. 8 Depth dependence
of the diffusive isotope
enrichment during days 80—
140. (a) 24 h Keeling plot
intercepts from profile 1,
calculated using only air
and snowpack inlets (Ors o,
triangles), using air,
snowpack, and litter surface
inlets (Og+p, Open circles),
or using air, snowpack,
litter surface, and within-
litter inlets (Or« ., black
circles). (b) same as panel a
but for profile 2. The lower
4 panels show the same data
plotted in 1:1 fashion, with
the air/snowpack values
(dr*,) on the abscissa, and
the air/snowpack/litter
surface (Og+ panels ¢ and
e, open circles) or air/ L L L
snowpack/litter surface/ 80 90 100 110 120 130 140
litter values (Or+c, panels d day of year 2007

and f, black circles) on the
ordinate. Panels ¢ and d are
for profile 1, panels e and f
are for profile 2. Error bars
are omitted in (a) and (b)
for clarity but shown in the
lower panels

Sy (o)

S (%o)

8rpe p (%0)
snow, air, litter surface
inlets

inlets

8. o (%)
snow, air, litter surface, litter
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55, (59
snow, air
inlets
Massman and Frank 2006; Monson et al. 2006a; pressure. During this period there were several

Sturm and Johnson 1991; Suzuki et al. 2006; Takagi periods of sustained high winds, with horizontal
et al. 2005). The time-dependent isotopic changes in wind speed above the canopy reaching 10—15 m/s for
Figs. 6 and 8 are related to wind as well. Shown in several days (Fig. 9c). Windy periods were often
Fig. 9 are 20-day time series of CO,, dr+ ., wind, and accompanied by large decreases in CO, at most
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Fig. 9 Influence of wind and pressure on CO, and isotopic
mixing relationships within the snowpack. (a) CO, at depths
from —3 to 120 cm (dark to light colors respectively). The
vertical lines highlight days 108 and 109 which are shown in
detail in Fig. 10. (b) 3 h Keeling plot intercepts for profile 2
(all inlets, Og+, see Fig. 6a for error bars), (c) horizontal wind
speed at 21.5 m (black line, left axis) and 2.5 m (gray line,
right axis), and (d) barometric pressure at 12 m

depths (Fig. 9a), and by fairly substantial isotopic
changes (Fig. 9b). High wind speed generally led to
more negative dr- .. Correlations between Jg+ ., wind
speed, and pressure are listed in Table 2. When the
entire time period was analyzed, there were weak but
statistically significant correlations between Jdgx . and
wind speed both above and below canopy for each
profile, but there was not a correlation between Jgs .
and atmospheric pressure. Other studies have
reported correlations between CO, and wind speed,
but poor correlation with pressure, in soil gas along
fault zones (Lewicki et al. 2003) and in snowpacks
(Massman and Frank 2006). Using a non-harmonic
spectral analysis, Massman and Frank found that the
primary CO, forcing in a Wyoming forest snowpack

was associated with atmospheric motions with peri-
ods greater than 3.7 days. They observed time lags of
several hours to days between the atmospheric
forcing and the CO, response, speculating that this
was caused by synoptic motions interacting with local
terrain features such as nearby mountain peaks and
local forest features. The Niwot Ridge study site is
similar to theirs and so similar features of wind/
pressure forcing may be present.

When analyzed in 10-day periods, there were
strong and highly significant correlations, with coef-
ficients of correlation as high as 0.8 (Table 2).
Significant correlations with wind speed were always
negative, meaning that high wind speed led to more
negative Ogx .. Strong positive and negative correla-
tions were observed with pressure—this is not
surprising since either rapidly increasing or decreas-
ing synoptic pressure leads to high wind and localized
pressure gradients. In general, correlations with
above-canopy wind speed were greater than below-
canopy wind speed or pressure. Note that during
periods of snowmelt and increased snow density
(days 80-100 and 140-170, see Fig. 4) the pressure
pumping influence was decreased (relationships in
Table 2 were non-significant). Several researchers
(Brooks et al. 1997; Mast et al. 1998; Winston et al.
1995) have noted that gas fluxes are affected when
melt water (or resulting ice crusts) within the
snowpack influence permeability. The lack of signif-
icant wind influence on the isotopic composition of
CO, within the snowpack during melt periods
(Table 2) suggests that gas transport was influenced
by some combination of ice lenses and water in the
pack. Biological processes were potentially also
affected by the increases in soil moisture caused by
the draining snowpack.

The negative correlation between og+. and wind
can be explained as follows. Shown in Fig. 10 are
profiles of CO,, §'°C, and their mixing relationships
before and during the wind event on day 109 (also
highlighted in Fig. 9a). The sustained high wind
caused a significant decrease in CO, below 80 cm
depth, with reductions in excess of 500 pmol mol_l,
even within the litter (Fig. 10a). There was not a
concomitant change in 0'°C at these depths
(Fig. 10b), but there was a small decrease at 60 and
80 cm. The change was caused by ventilation with
forest air with CO, of 380 pmol mol™" and 6'*C of
—8.1%o (Fig. 4e, f), which led to a large decrease in
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Table 2 Correlations between g+ (calculated using air, snow, litter surface, and litter inlets every 3 h) and mean wind speed (u) at

21 m or 2 m height, and with barometric pressure (P) at 12 m

Start day End day u2lm u2m P12m
r p n r D n r p n

Profile 1 40 167 —0.24 0.000* 956 -0.17 0.000* 876 0.03 0.421 956
40 50 —0.50 0.000* 80 —0.33 0.003 80 —0.13 0.260 80
50 60 —0.09 0.433 80 —0.10 0.402 80 —0.07 0.564 80
60 70 0.30 0.007 80 0.02 0.844 80 —0.54 0.000% 80
70 80 0.05 0.655 80 —0.14 0.313 52 —0.22 0.045 80
80 90 —0.04 0.731 75 —0.44 0.001* 58 -0.51 0.000%* 75
90 100 —0.34 0.005 68 —0.16 0.189 68 0.00 0.988 68
100 110 —0.03 0.759 80 —0.13 0.283 73 —0.40 0.000* 80
110 120 0.03 0.775 79 —0.09 0.430 72 —0.09 0.437 79
120 130 —0.03 0.795 72 0.04 0.748 72 0.07 0.546 72
130 140 —0.27 0.023 69 0.16 0.230 59 —0.04 0.727 69
140 150 0.13 0.301 65 —0.02 0.903 56 —0.46 0.000* 65
150 160 —0.58 0.000% 80 —0.12 0.307 78 0.73 0.000* 80
160 167 —0.18 0.229 48 0.11 0.437 48 —0.18 0.232 48
Profile 2 40 167 —0.39 0.000* 953 -0.23 0.000* 875 0.10 0.002 953
40 50 —0.44 0.000* 80 —0.01 0.908 80 0.14 0.217 80
50 60 —0.57 0.000* 80 —0.43 0.000* 80 0.58 0.000% 80
60 70 —0.69 0.000* 80 —0.20 0.076 80 0.62 0.000% 80
70 80 —0.60 0.000% 80 0.14 0.324 52 —0.46 0.000* 80
80 90 —0.30 0.011 74 —0.21 0.123 57 —0.02 0.888 74
90 100 0.00 0.982 68 —0.03 0.814 68 —0.09 0.487 68
100 110 -0.71 0.000* 80 -0.32 0.007 73 0.73 0.000* 80
110 120 —0.16 0.158 77 —0.23 0.051 72 —0.80 0.000% 71
120 130 —0.39 0.001* 72 —0.61 0.000* 72 —0.65 0.000% 72
130 140 —0.57 0.000% 69 —0.21 0.115 59 —0.12 0.312 69
140 150 —0.23 0.066 65 —0.02 0.865 56 0.06 0.623 65
150 160 —0.47 0.000* 80 —0.29 0.011 78 0.22 0.051 80
160 167 —0.23 0.120 48 0.04 0.798 48 —0.25 0.082 48

Pearson product-moment coefficients (r) and the number of 3 h periods (n) are shown. The probability of a significant correlation (p)
was calculated with a t-test with n — 2 degrees of freedom. Values with p < 0.001 are highlighted with an asterisk, and those with
Irl > 0.5 are shown in bold. Statistics were applied to the entire data set or to 10-day periods separately

CO,, and flushing out of diffusively-enriched CO,.
Note that the mixing relationships shown in Figs. 2
and 5 represent mixing of two large sources of CO,
(respiration from the soil flux and atmospheric CO,),
and a much smaller pool of diffusively-enriched CO,
(stored within the snowpack). A wind event causes
ventilation of the diffusively enriched pool, and the
remaining gas is closer to the mixing line between the
two sources (the lower line in Figs. 2 and 5). The
directional change away from diffusion-dominated
transport is evident in Fig. 10c, d. The relative

@ Springer

importance of the wind influence compared to the
influence of diffusive fractionation can be seen in
Fig. 7b. The lower and upper horizontal lines repre-
sent the bulk litter 6'°C and enrichment above this
value as discussed for Fig. 5. Since the range of the
wind-induced changes is smaller than the 4.4%o
enrichment, the dominance of diffusive transport
even under very windy conditions is still apparent.
These results suggest that the wind influence can
maximally remove maybe 20-25 percent of the
diffusive enrichment. Again we stress that the
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Fig. 10 CO, and 6"C of CO, within the snowpack before
(black circles, day 108) and during (open circles, day 109) a
major wind event. Vertical profiles of CO, (a) and 513C (b) are
shown, with the litter surface and the top of the snowpack
indicated by dashed horizontal lines. The corresponding
relationships between 6'*C and CO, (c), and the Keeling plots
(d) are also shown. Lines in panels ¢ and d are the Keeling mixing

placement of the horizontal lines in Fig. 7b is
arbitrary, so the distance of the data from one line
or the other does not indicate the relative magnitudes
of diffusive and advective transport.

Conclusions

We conducted an extensive study of the carbon isotope
composition of CO, within a subalpine forest snow-
pack during winter and through the spring melt. We
found evidence of microbial activity under the snow-
pack, adding to the array of studies showing that
substantial respiratory activity occurs in winter. The
isotopic composition of soil respiration at the Niwot
Ridge forest in winter is in the range of —26 to —24%o,
which is similar to that of the extant litter and to whole-

-1 -3
1/CO2 (mol umol™) x10

lines calculated from the 3 h data (solid on day 108 before the
wind, dashed on day 109 during the wind). Data shown are means
and standard deviations of eight 3-h measurements made over
each 24 h period. CO, data for these days are highlighted in
Fig. 9. Regression lines in (d) are y = 5219x — 22.07,
= 0.996 (before), and y = 5488x — 23.08, 7 = 0.993 (after)

forest respiration in summer. There was a midwinter
period of melt that increased soil temperature and
added liquid water to soils, but there was not an
obvious change in §'°C of beneath-snow respiration
associated with this event, nor did we find an isotopic
change upon initiation of net carbon uptake by the
forest. The 8'>C of the apparent respiratory source was
strongly influenced by wind speed, particularly above
the canopy. Strong wind events led the apparent
respiratory source in the snowpack to become more
negative (less enriched in '*C). Trace gas transport in
this snowpack was dominated by diffusion with short-
term variability driven by advection. The influence of
diffusion was differentially apparent at greater depths.
Physical factors influencing gas transport appeared to
dominate over biological factors in their effects on
6'3C of CO, within this subalpine forest snowpack.
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