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Abstract

Sagebrush-steppe ecosystems cover more than 36 million ha in North America and represent an important economic and
ecological resource. These ecosystems have a climate with an extended cold period that can last more than five months. The
CO;, fluxes during this protracted cold period likely play an important role in determining annual fluxes in these ecosystems;
however, few studies have measured continuous fLRes in sagebrush-steppe ecosystems during the winter. The objective
of our study was to obtain continuous measurements of fl@es during winter at representative sagebrush-steppe sites
in the western USA and to study their relationships to environmental factors. Measurements #fixe® were obtained
using Bowen ratio/energy balance (BREB) techniques during the winter at two locations in Idaho and one location in Oregon.
Average daily ecosystem respiration during the winter period (November 1-March 15) was@.81g CQ m—2day ! and
1.23+1.19 g CQ@ m—2day ! atthe two Idaho sites and 0.880.56 g CQ m—2day ! at the Oregon site. These values are well
within the range of previously published results for similar ecosystems. Multivariate analyses showed that soil temperature,
wind speed, and snow depth were the environmental factors most closely related to wiptffl@X@s. Based on testing of
empirical flux models, additional research will be required to develop mathematical models that reliably predict winter CO
effluxes across a wide range of sagebrush-steppe sites.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Quantification of the annual carbon cycle in ter-
"~ Corresponding author. Tel+ 1 605 683 4925: restrlal_ecosystems is crucial to_understarjdln_g and
fax: +1 605 688 6677. managing the global carbon cycl€ifig and O’Neill,
E-mail addresstagir.giimanov@sdstate.edu (T.G. Gilmanov). 1989; Sommerfeld et al., 1993; Chapin et al., 1995,;
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Ruimy et al.,, 1995, 1996; Oechel et al., 1997; respiratory lossesQoyne and Kelley, 19791 These
Fahnestock et al., 1999; Frank et al., 2000; Houghton results were confirmed by other studies in arctic
et al., 1998; Houghton, 2000; Falge et al., 2001; Frank tundra ecosystems. For exampkgdorov-Davydov
and Dugas, 2001 Since the mid-1990s, continuous and Gilichinsky (1993¥ound that winter respiratory
measurements of COexchange have been obtained losses for avaccinium-Cetrariacommunity in Rus-
in various terrestrial ecosystemBLUXNET, 2001). sia ranged from 0.0 to 0.034g GOn—2h~1 during
These studies are helping to clarify the contribu- October (-1.4°C) to February {20.3°C), resulting
tions of various ecosystems to the global carbon in an estimated total respiratory loss of 75g £O
cycle. m~2 for the seven-month winter perio@imov et al.
Rangelands (grasslands, savannas, and shrub(1993) reported an average winter respiratory loss
steppes) occupy about 50% of the world’s land sur- (December—February) of 0.55g G@n2day ! for
face area\(orld Resources Institute, 198@ecause arctic tundra soils in northeastern Rus€k&chel et al.
of their expansiveness, rangeland ecosystems could(1997)found that average respiratory loss in moist tus-
contribute significantly to the global carbon cycle. sock tundra in Alaska (October—late May) was 1.1g
Continuous CQ fluxes have been quantified in vari- CO, m—2day 1. Respiratory losses were 0.25g £0
ous rangeland ecosystenk&rf et al., 1992; Valentini m~2day ! for the late fall/early winter period at an
et al., 1995; Ham and Knapp, 1998; Saigusa et al., automorphic arctic tundra site near Kolyma in north-
1998; Dugas et al., 1999; Johnson et al., 1999; Frank east Siberia with mean air temperatures-df9.3°C,
et al., 2000; LeCain et al., 2000; Angell et al., 2001; while ecosystem effluxes were 0.6 g £®2day !
Frank and Dugas, 2001; Meyers, 2001; Sims and in a hydromorphic sedge-marsh tundra site in the
Bradford, 2001; Flanagan et al., 200&ilmanov same region with mean air temperature-ef2.9°C
et al., 2003a,pb These studies documented the mag- (Fedorov-Davydov, 1998 Fahnestock et al. (1999)
nitudes of CQ fluxes above rangeland during the reported an average net winter €@fflux of 0.23 g
growing season, their dynamics, and the relationship CO, m~2day! from soils in arctic tundra commu-
to various environmental characteristics. Although nities in Alaska with maximum efflux of 0.62g GO
growing season fluxes provide important informa- m~2day 1. Mid-February measurements on a deeply
tion, fluxes during the non-growing season are also frozen, snow-covered ombrotrophic bog in western
critical. This is especially true for some temperate Siberia showed average rates of £@volution of
rangelands, where the cold period during late autumn, 0.07 g CQ m—2day ! (Panikov and Dedysh, 20R0
winter, and early spring can represent almost half of These data from tundra ecosystems demonstrated that
the year. Respiratory losses during the extended cold metabolic activity continues under winter conditions
period may offset a major portion of the carbon fixed and suggest that respiratory losses are significant
during the growing season and could be critical in de- and can be important in determining annual L££O
termining the annual carbon cycle of these temperate fluxes.

rangelands. Similar results have been reported for montane
Some of the first data to quantify winter G&uxes ecosystems. For example, in a snow-covered moun-
for terrestrial ecosystems was reportecajiey et al. tain meadow at 2865m elevation in the Wasatch

(1968) who obtained year-round measurements of Mountains in Utah,Solomon and Cerling (1987)
CO, concentrations at the soil surface and 16 m above found that winter respiration rates ranged from 0.004
the ground surface for a coastal arctic tundra ecosys-to 0.075g CQ m=—2h~! during September—April.
tem near Barrow, Alaska, USA. They found gradients In an alpine site, at 3286 m elevation in Wyoming,
indicating substantial rates of respiratory losses dur- Sommerfeld et al. (1993jeasured respiratory losses
ing November and December under 20-30cm of of 0.013-0.079g C® m—2h~! and reported res-
show. Later studies in this same ecosystem indicated piration rates from 0.026 to 0.246g GOn 2h~1
respiratory losses in the winter were equivalent to in a subalpine meadow at 3182 m elevation for the
mineralization of nearly 170gn? of organic mat- snow-covered periodMariko et al. (1994)ound av-
ter Johnson and Kelley, 19JQwith the processes erage winter respiration rates ranging from 0.02 to
of soil freezing and thawing resulting in significant 0.07g CQ m~2h~1 at four mountain forest sites in
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Japan at elevations ranging between 1320 and 2200 m.2. Materials and methods

Thus, the average daily rates of g@volution under

snow-covered montane ecosystems are about 1.0g2.1. Site details

CO, m—2day ! with occasional pulses to 3g GO
m—2day 1.

Winter respiratory losses also have been re-
ported for boreal and temperate forest communi-
ties. For exampleskogland et al. (1988lescribed
the phenomenon of respiratory burst after freez-
ing and thawing in soils of a Norwegian beech
forest. Soil respiration in a mixed-hardwood for-
est in New Hampshire ranged from 0.01 to 2.8¢g
CO, m2day ! during December—February when
mean air temperatures werel.8 to —4.2°C (Crill,
1991). Studies in the Harvard Forest in central Mas-

Continuous measurements of €@xchange were
obtained during the winter at three locations within
the sagebrush-steppe province: (1) the Dubois site in
eastern ldaho, USA, with data collection at the be-
ginning and the end of 2000, (2) the Idaho National
Engineering and Environmental Laboratory (INEEL)
site in central Idaho, USA, with data collection dur-
ing the winters of 1999-2000 and 2000-2001, and (3)
the Burns site in southeastern Oregon, USA, with data
collection during the winter of 2000—2001.

sachusetts showed that winter respiratory losses?2.1.1. Dubois, Idaho site description

ranged from 0.1 to 0.5g COm2day ! with soil
temperatures from—5 to 0°C (Peterjohn et al.,
19949,

Only a limited number of measurements of £0

The Dubois site is located in the northeast portion
of the Snake River Plain near the foothills of the
Snowcrest Range on the US Sheep Experiment Station
(44°16N, 11208W, 1700 m elevation) about 10 km

fluxes have been made during the winter for north- north of Dubois, Idaho, USA. Detailed characteristics
ern latitude rangelands. Low temperatures, snow, no of the study area are describedBhaisdell (1958)and
electrical service, and accompanying logistical diffi- Laycock (1967) The study plot was protected from
culties hamper such measurements. Existing winter grazing in 1995, five years before our winter mea-
flux measurements on rangelands usually involve surements were obtained. The study area has a diverse
short term, periodic determinations rather than con- shrub-steppe community dominated by three-tipped
tinuous measurements. These short-term measure-SagebrushArtemisia tripartita Rydb.; canopy cover
ments typically have been used to estimate winter 40%) with bluebunch wheatgras®geudoroegneria
fluxes by calculating “mean winter flux” and mul- spicata(Pursh) A Love) the dominant grass and ar-
tiplying this value by the length of the cold period rowleaf balsamrootBalsamorhiza sagittatgPursh)
(Fahnestock et al., 1999; Frank et al., 2000; Frank and Nutt.) the dominant forb. The climate of the area
Dugas, 2001; Sims and Bradford, 200Few contin- is semiarid with moderately cold winters and warm
uous measurements of GAluxes have been made summers, with a characteristic late-summer drought
during the winter to evaluate if such methods accu- period. Mean temperature for January is8°C
rately estimate cold-period fluxes in northern latitude (minimum of —32°C) and for July is 22C (maxi-
rangelands. mum of 38°C); mean annual temperature is 6Q
The USDA-ARS Rangeland Carbon Dioxide Flux (Anonymous, 1998 Mean annual precipitation (78
Network (Svejcar et al., 1997is undertaking an ef-  years) for the area is 302 mm with an average snow
fort to document CQ fluxes during the winter for ~ depth of 20-30cm. Soils at the site are represented
several important rangeland ecosystems in the west-by loamy mollisols derived from loess, residuum, or
ern USA. The experiments in the present paper are alluvium parent material of varying thickness that
a part of this effort, and document winter flux mea- overlay basalt bedrockNRCS, 199%. Major soil se-
surements obtained on sagebrush-steppe ecosystemges ranked in order of increasing depth and degree
in Idaho and Oregon. We also examined the relation- of profile development are: Anatolian series (Typic
ships of these fluxes to various environmental factors. Calcixerols), Maremma series (Pachic Haploxerolls),
An Idaho dataset, which was not used for model devel- and Akbash series (Pachic Argixerolls). Depending
opment, was used to test the generality of the derived on relief position, the thickness of mollic epipedon
empirical models. (A1, A2, and Bt horizons) varies from 0.2 to 0.9m,



76

T.G. Gilmanov et al./Agricultural and Forest Meteorology 126 (2004) 73-88

while the depth to basalt bedrock is between 0.5 and received during May and June. Drought occurs dur-

1.5m Soil Survey Staff, 2004

2.1.2. INEEL, Idaho site description

The INEEL site is located on the eastern portion of
the Snake River Plain near the foothills of the Lost
River Mountains (433522’N, 1125623’'W, 1493 m
elevation) about 75km west of Idaho Falls, Idaho,
USA. The general features of the climate, vegetation,
and soils at the INEEL site are similar to those at the
Dubois site, but annual precipitation averages only
220 mm and soils are generally shallower. The most
common shrub at the INEEL site is Wyoming big
sagebrushArtemisia tridentataNutt. subspwyomin-
gensi3 with basin big sagebrusk\(temisia tridentata
Nutt. subsp.tridentatgd occurring as a co-dominant

ing much of the growing season, but is especially
pronounced during July when the mean monthly max-
imum of air temperature is 29°€ with an extreme

of 40.0°C (Sneva, 198p Soils at the site belong to
the Vil-Decantel variant of the Ratto complex with a
coarse-to-fine sandy loam texture and 2—8% slopes.
Thickness of the mollic epipedon is between 0.2 and
0.3 m with a depth of 0.6 m to the bedrock. Soils are
underlain by basaltic parent material and classified
as loamy, mixed, frigid shallow Aridic Durixerolls
(Lentz and Simonson, 1986

2.2. Field Bowen ratio/energy balance (BREB)
measurements

in areas with deep soils. Dominant grasses at the site Measurements were made with Bowen ratio/energy

include thickspike wheatgras€lymus lanceolatus
[Scribn. & Smith), bottlebrush squirreltailEfymus
elymoides[Raf.] Swezey), and Nevada bluegrass
(Poa secundaPresl). Prominent forbs at the study
site include: tapertip hawksbear@répis acuminata
Nutt.), hoary false yarrow Ghaenactis douglasii
[Hook] H.&A.), and paintbrush Castilleja angus-
tifolia [Nutt.] G. Don). A comprehensive analysis
of plant communities at INEEL can be found in
Anderson et al. (1996)Grazing has been restricted at
the INEEL site since the early 1950s.

2.1.3. Burns, Oregon site description

The Burns site is located on the Northern Great
Basin Experimental Range (Z&'N, 11943W,
1380 m elevation) on an ungrazed 65-ha plot dom-
inated by Wyoming big sagebrustArtemisia tri-
dentata Nutt. subsp.wyomingensis with a canopy
cover of 10%. Grasses common on the site include:
Thurber’s needlegrasS{ipa thurberianaPiper), blue-
bunch wheatgrassPéeudoroegneria spicatéPursh)
A. Love), Sandberg’'s bluegrassPda sandbergii
Vasey), and bottlebrush squirreltaiElymus ely-
moides[Nutt.] Smith). Forbs commonly found on the
site include: prairie lupinelLupinus lepidusDougl.),
hawksbeard Grepis occidentalidNutt.), and longleaf
phlox (Phlox longifolia Nutt.). Climate at the Burns

balance CQ flux systems (Model 023/COBowen
ratio, Campbell Scientific, Logan, Utah, USA) with
insulation added around the control box for winter
conditions. The theory and operation of BREB sys-
tems were described in detail lJugas (1993)and
Dugas et al. (1999)Briefly, CO, and water vapor
concentrations were measured with an infrared gas
analyzer (IRGA; Model LI-6262, Li-Cor Inc., Lin-
coln, Nebraska, USA). Air samples from two heights
(0.8 and 1.8 m above the soil surface) were drawn and
routed to the IRGA, which measured the concentration
gradient between the two heights. A low-power pump
(Model TD-3LSC, Brailsford and Co., Rye, New York,
USA) aspirated the air through dm teflon filters
(Model Acro 50, Gelman Sciences, Ann Arbor, Michi-
gan, USA), which prevented dust and liquid water
contamination in the air tubes and IRGA. At the begin-
ning of each hour, the IRGA sample cell was scrubbed
of CO, and water vapor, and absolute concentrations
of CO, and water vapor were determined. Air tem-
perature gradients at the two heights were simultane-
ously measured with fine-wire, chromel-constantan
thermocouples. Gradients of GOwater vapor, and
temperature were measured every second, and the
average gradients were calculated and stored every
20 min with a data logger and storage module (Models
21X and SM192, Campbell Scientific, Inc.). Fluxes

site is characterized by a mean annual precipitation of CO,, water vapor, and energy were calculated us-
(61 years) of 294mm and a mean annual tempera- ing 20 min averages. The eddy diffusivity, which was
ture of 8°C (NOAA, 1999. The climate data for the  assumed equal for heat, water vapor, and, Ofas
Burns site show that 25% of annual precipitation is calculated from sensible heat flux and temperature
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gradients. The C®flux, corrected for vapor density
gradients at the two height8\ebb et al., 198)) was
calculated as the product of the eddy diffusivity and
the CQ gradient. Previous work in sagebrush-steppe
ecosystems showed that g@uxes measured by the
BREB technique agreed closely with those measured

5
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with closed canopy chambersrgell et al., 200 O T e 10 1s0 240 30 360
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stick. _ 3 Days from 1/1/1999
Snow on the ground surface complicates the flux 015

measurements because of potential heat storage in the

snow layer and possible subsequent errors in mea- 0.00.

surements of soil heat flux. This issue was evaluated

for three sites in the USDA-ARS Rangeland Carbon 015

Dioxide Flux Network including Burns, OR; Dubois,

ID; and Mandan, ND (Dugas, W.A., personal commu- 4,1

nication). The effect of an error in soil heat flux on
CO;, fluxes for these three sites was estimated to be

330 360 420

Days from 1/1/2000

270 300 390

o .
less than 10%. Because Dubois had an average SI’]szig. 1. Dynamics of 20 min mean net G@uxes during the winter

depth of 22 cm compared to 5¢cm at Burns and 3cm
at INEEL, greater uncertainties probably exist for the
winter fluxes at Dubois than those at Burns and IN-
EEL.

Three datasets were used for modeling analyses
of winter CO fluxes (Dubois, winter-spring and
fall-winter 2000,Fig. 1g INEEL, winter 1999-2000,
Fig. 1b Burns, winter 2000-2001Fig. 29. The
fourth dataset (INEEL, winter 2000—2001) was used
for model testing.

2.3. Modeling approach

The goal of our modeling study was to identify
possible relationships between wintertime net daily
CO, flux and various environmental characteristics.
For this purpose, 24 h flux integral&(j), repre-
senting net CQ exchange for calendar dajy, were
calculated:

72
Fw(j) = ZFj,kAtk» 1)
k=1

at the: (a) Dubois site, (b) INEEL site, and (c) Burns site.

where Aty = (t — tx—1) = At =20min, {to, t1, t2,
..., t72} is the sequence of moments of time of 20 min
field measurements across 24 h, &nd is the average
CO, flux over the intervaltf_1, t;) recorded by the
flux tower. Simultaneously, for every calendar dpy,
average daily characteristics of relevant environmen-
tal factorsX; (e.g., soil temperature at 4 cm depH,
= Ts, wind speedXs = U; snow depthXz = &; etc.)
were calculated using 20 min measurements. As a re-
sult, a K + 1) by n data arrayX = {X1(j), X2(), - -,
Xe(), Fw@)} (j € (1. j2.--- . jn}) Was generated,
where{j1, j2, ..., jn} is the sequence of days (may
not be continuous) when measurements were obtained;
X:() ( =1, 2,..., k) are environmental factors for
day j potentially influencing daily C@ exchangek
is the number of factors taken into consideration; and
Fw(j) is the net daily CQ flux integral for dayj (the
dependent variable).

Though, a priori, relationships between the response
variableF,, and factors, ..., X incorporated in the
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winter (Fw, g CQ m—2day 1) at the (a) Dubois site, (b) INEEL
site, and (c) Burns site.

multi-dimensional time serie¥ may be quite compli-
cated and include dependenceFRgf(j) on X;(t) and
Fw(t) for t < j, we used models without time delays
in our analysis:

Fw = f(X1,X2,...,Xk; ar,az2, ... ,ap) +¢,  (2)

where factorsX; and responsé&,, refer to the same
(jth) measurement daf;--) the function to be identi-
fied,as, @, ..., &, are its parameters, ands the sta-
tistical error of measurements. The goal of the present
analysis was to identify a form of the relationsfp-)

and to estimate its parameters that minimize the dif-
ference of the sum of squares of observed and pre-
dicted dalily flux integrals. Software tools available in
the non-linear regression modules of Mathemé&tica
(Wolfram Research, 200@nd StatisticA (Statsoft,
2001 were used to implement multivariate non-linear
parameter identification.
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3. Results
3.1. Winter CQ fluxes

Rates of CQ flux during the winter at the three
sites ranged from-0.32 t0+0.15mg CQ m—2s7!

(Fig. 1a—9. On certain relatively rare occasions dur-
ing early winter, peak respiration losses reached
—0.3mg CQ m2s~1. Uptake of CQ from the at-
mosphere (photosynthetic assimilation) up to 0.05mg
CO, m2s1 was observed at all three sites during
the winter period under conditions with relatively
warm temperatures and high levels of solar radiation
(positive peaks irFig. 1).

Wintertime daily net CQ@ flux, Fy (g CO
m~2day 1), was calculated by integrating 72 20-min
values for each dayHg. (1). Dynamics ofF, inte-
grals across the periods with winter measurements at
the three sites demonstrated that the sagebrush-steppe
ecosystem was a source of €@uring the winter
with Fy, varying from a maximum efflux of 6 g CO
m~2day ! during pulses of respiration activity in the
autumn and on certain winter days to values of less
than 1g CQ m—2day ! during January and February
(Fig. 2.

Regression analysis indicated thaf, was most
closely associated with average daily soil temperature
(Ts), average wind speedJ}, and presence and/or
depth of the snow covels{) at the Dubois siteKig.

3, Dubois), and withTs and U at the INEEL site
(Fig. 3 INEEL) and the Burns siteFg. 3, Burns).
Regressions of,, on snow depth were significant
only for the Dubois site, where snow reached depths
greater than 40cm. At the INEEL and Burns sites,
snow was not always present and snow depths were
typically less than 20cm, so that snow depth was
not closely associated witk,, at these two sites.
Nevertheless, as will be shown later, snow presence
was useful as an empirical variable even at these
sites.

3.2. Multivariate relationships for winter C£flux

Considerable variability was observed gy, even
in those cases where univariate regressions were sig-
nificant, indicating that other factors were importantin
determiningF,, rates. Single-factor scatter diagrams
(Fig. 3a—¢ indicated that the exponential model was
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Fig. 3. Relationship between net daily g@ux during the winter Ey) at the Dubois, INEEL, and Burns sites and three meteorological
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a possible tool to describe factor interaction:

Fy = —aoEXplatTs + ayU + asSq) + ¢,

surements. Estimates of the paramefet$ and their
statistical characteristics fdtq. (3) for Fy, from the

3)

whereTs is the soil temperaturé) the wind speedyy
the snow depth{a;} are non-linear regression param-
eters, anct is the statistical error (S.E.) of the mea-

Dubois site are presented Tlable 1 Section 1

With these parametergg. (3)is characterized by

R? = 0.64 and a standard error (S.E.) of 0.53g-,CO i ’ :
m—2day 1. Comparisons of observed and predicted at these sites, as illustrated by the model:
fluxes based oiqg. (3)on a scatter diagrantig. 49

demonstrated that the regression line of observed on F,, =

predicted values is statistically indistinguishable from

the 1:1 line (testing the general linear hypothddjs

= {intercept= 0 and slope= 1.0} using theF statis-

tic indicating no reason to rejetip). Clustering of

the points near the 1:1 line suggests thgt (3)is a

reasonable predictor of the general patterrFgfin
relation toTs, U, andS; for the 2000 wintertime flux
measurements at the Dubaois site.

For the Burns and INEEL sites where snow cover
was not always present during the winter, parameter

as could not be reliably estimated iag. (3) Never-

theless, the presence or absence of snow cover as a

qualitative factor was still important for estimatifg,

—apEXplatTs + ayU),

—boEXp(bTTs + byU),

whenSg > 0
whenSg =0’

4
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Fig. 4. Scatter diagrams of observed compared to predicted wintertimel®@s Ey): (a) Dubois 2000R? = 0.64; (b) INEEL 1999/2000;
R? = 0.73; and (c) Burns 2000/200R2 = 0.58. In all cases, regression lines of observed on predigtedalues (shown) are statistically

indistinguishable from 1:1 relationships.

where parametergs; } correspond to conditions with
snow and paramete{s; } for conditions without snow

on the soil surface.
Identification of the parameters f&q. (4) using

F data from the Burns site for the winter of 2000

resulted in the estimates presentedatle 1 Section

2. With these parametergq. (4) was characterized

by R> = 0.58 and S.E. of 0.42g GOn—?day . A
comparison of observed and predicted valueBpfs
shown inFig. 4c

For the INEEL site where the relationship between

Fw andTswas not as strond-{g. 3, INEEL, a), a mod-

ified version ofEq. (4)was used with~,, dependent

only onU whenS; was >0, which is given by:

Fuy — { —agEXplayU), whenSy > 0 .
—boEXp(bTTs + bylU), whenSy =20
®)
Best fit parameters fagq. (5)identified for the INEEL

1999/2000 dataset are presentedable 1 Section 3
With these parameterEg. (5)hasR? = 0.73 and S.E.

of 0.76 g CQ m~2day 1. Comparisons of observed

and predicted~,, for the INEEL site usinggq. (5)
and parameters fromable 1 Section 3are shown in
Fig. 4h

measured or estimated daily wintertime £fuxes.

To ensure comparability between sites, integralspf
[2(Fw)] were calculated for each site from November
1 to March 15, which at all three sites corresponded to
predominantly winter conditions with negative aver-
age daily temperatures (though occasional warm days
occurred at each site within this period). Calculations
showed tha&(F,) at Dubois was-177.3g CQ m~2
with a mearF, of —1.31g CQ m~?day ! and S.E.

of 0.80g CQ m—2day . Corresponding values for
Burns wereX(Fy) = —92.4g CQ m2, meanFy
=-0.68g9 CQ m2day !, and S.E=0.56g CQ
m~2day 1. For the INEEL 1999-2001 dat&;(Fy)
=-166.1g CQ m2, meanF, =-1.23g CQ
m~2day !, and S.E=1.19g CQ m2day L.

3.3. Model testing

The INEEL winter 2000-2001 dataset was not used
to estimate the parameters fags. (3)—(5) and thus
we used these data to test the performance of these
models to predidt, for the INEEL winter 2000-2001
dataset. Neither the Dubois mod@&dq. (3) nor the
Burns model Eq. (4) accurately predicted the ob-
served INEEL 2000-2001 data. In both cases, the
R? values were below 0.05, demonstrating site speci-

Egs. (3)-(5)were used for the Dubois, Burns, and ficity of these empirical models and their lack of ap-
INEEL sites, respectively, for those days when flux plication to other sagebrush-steppe sites. Application
measurements were not available or to fill in gaps of of the INEEL 1999-2000 modeEg. (5) to the IN-
missing flux data, providing a continuous series of EEL 2000-2001 dataset resulted R = 0.21, sug-



0.318 (0.060)"*
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0.269 (0.071)*

as (cm™ 1)
0.019 (0.06)
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ay (sm?)

96, R2 = 0.58)

0.170 (0.079)

0.399 (0.070)"*

ar (°C™

Numerical estimates (standard errors) of parametei&qgst (3)—(5)for days with{a;} and without{b;} snow produced by non-linear regression applied to the wintey CO
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a0 (g CO, m2day ™)
1. Eq. (3) Dubois site, 2000n( = 121, RZ = 0.64)

0.596 (0.133)"*
2. Eq. (4) Burns site, 2000/2001n(

0.631 (0.129)*
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= 5 gesting that the model was also specific to individual
8 8 years.
\:/ % Using the combined INEEL datasets for the win-
N 9 ters of 1999-2000 and 2000-2001, a new set of
© o parameters was developed féqg. (5) (Table 1
Section 3. Applying this combined model to the
. INEEL winter 20002001 dataset produced Bf
c & = 0.39.Eq. (5)with the INEEL 1999/2000 parame-
S 2 ters (Table 1 Section 3 tested against the combined
o INEEL 1999-2000 and 2000-2001 dataset yielded
§ § R?2 = 0.53, whileEq. (5) with parameters estimated
for the combined INEEL dataset gaw? = 0.57
(Table 1, Section 3.
{g § 4. Discussion
< 9
e e The average daily COflux value for the win-
g g ter period Fy) across the three sagebrush-steppe
<4 o sites in our study was aboutl1.0g CQ m—2day L.
This corresponds to the winter respiration values
that Raich and Potter (1995)roposed for ecosys-
tems with a distinct dry season. In our study, the
sagebrush-steppe sites with higher shrub cover tended
to have higher respiration rate$aple 9. Raich and
| Tufekcioglu (2000)ndicated that soil respiration was
positively correlated with litterfall rates in forests and
= aboveground net primary production in grasslands.
& 0 = Although we did not make such measurements in our
g 13 study, litterfall from shrubs at our study sites may also
% & Sf be an important factor that influences soil respiration.
8 §8 Interest in winter respiration rates has increased as
Qe g° attempts are made to quantify annual ecosystem CO
7 8 fluxes Welker et al., 2000
& S Winter respiration measurements with a BREB
N § system for a semiarid northern mixed-grass prairie
]' T in North Dakota showed soil respiration rates of
r & 2.3g CQ m2day! in January, 0.7-1.2g GO
=] 8 m~2day ! in February and early March, and 3.0g
§ ' % ! CO, m2day ! in late March with an average daily
2] ® efflux of 1.7g CQ m~2 for the 156-day cold season
g J (Frank and Dugas, 20Q1A three-year study of soll
A o respiration at the same site using chamber measure-
by We|23s48 ments demonstrated that soil g@uxes decreased
£ E = § 83 to near 0g C® m—2day ! during December, Jan-
Bg B¢ é v &V o uary, and February, but increased rapidly in March
g% g§ %3 % i and April, resulting in an average dormant season
o <o lo Fw of 1.83g CQ m—2day ! (Frank et al., 200R
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Table 2
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Wintertime CQ flux in different sagebrush-steppe sites in relation to shrub cover

Site (years) Shrub cover (%)

Average wintertime O
flux (g CO, m—2day 1)

S.D. of the wintertime C@
flux (g CO, m—2dayt)

Burns (2000/2001) 10 0.68 0.56
INEEL (1999-2001) 30 1.23 1.19
Dubois (2000) 40 1.31 0.80

According to the review oRaich and Potter (1995)

productivity of the tallgrass prairie compared to the

in ecosystems with no dramatic dry season, estimatessagebrush steppe, these values are consistent with

of soil respiration rates for months with mean air
temperatures from-15 to —5°C ranged from 0.3 to
6.2g CQ m—2day L. In ecosystems with distinct dry

results from the three sagebrush-steppe sitéxq8
to —1.31g CQ m2day ).
The dominant paradigm in soil respiration studies,

seasons, respiration rates during the winter were gen-based mostly on chamber flux measurements in lab-

erally below 1.0g C@m—2day ! (Raich and Potter,

oratory and field conditions, considers the process of

1995. Our measurements of winter respiration rates CO, effluxes from soils as controlled by temperature
in sagebrush-steppe ecosystems agree with those ofand soil moisturelloyd and Taylor, 1994; Raich and

Raich and Potter (1995)
Mielnick and Dugas (200Qresented a comprehen-
sive study of soil C@ fluxes in tallgrass prairie near

Potter, 1995; Duiker and Lal, 2000; Mielnick and
Dugas, 2000; Raich and Tufekcioglu, 2008pplied
to winter conditions, this paradigm usually leads

Temple, Texas, in relation to temperature and soil wa- to rather low estimates of CGOeffluxes from ter-

ter content. Though their studies did not include tem-
peratures below BC, extrapolation of their model to
0 to —5°C soil temperatures with soil water contents
of 0.2-0.4 ¥ m~23 gave CQ efflux rates from 0.32 to
0.72g CQ m—2day 1, which is comparable to rates

restrial ecosystems. The major reason for this lies
in ignoring the processes of GQlegassing during
freeze—thaw events, storage of £i@ the soil porous
space, and variations of its release into the atmo-
sphere under the effects of soil surface properties

observed on most days at the Burns site and on manyand atmospheric factors. The results of measure-

days at the Dubois site. At the INEEL site, however,
CO, effluxes for most days were higher than those
predicted by extrapolation of the Mielnick—-Dugas
model.

Another study that provided a temperature-
dependent model for ecosystem £€&xchange, was
conducted in the tallgrass prairie of north-central Ok-
lahoma bySuyker and Verma (2001)heir model,

ments of wintertime C@ exchange in a number of
non-forest ecosystems obtained since the late 1990s
with field flux towers using both the BREB (e.g., this
study; Frank, A., personal communication; Morgan,
J., personal communication) and eddy covariance
methods (e.g., Massman, W., personal communica-
tion; Prueger and Hatfield, 200Prueger, J., personal
communication) demonstrated that wintertime fluxes

based on measurements with soil temperatures towere generally higher than those suggested by the

—3°C, described night-time CLefflux as a function

dominant paradigm of temperature-controlled fluxes.

of air temperature, soil temperature, and leaf area In our study, we found that these high fluxes were

index (LAI). Extrapolating this model to the ranges
of air and soil temperature from -5 t0°6 and as-
suming no live vegetation (LA 0), we obtained
net daily fluxes in the range from-1.0 to —2.0g
CO, m2day ! with a meanF,, of —1.47g CQ
m~2day 1. If we assume that some vegetation is still
alive (e.g., LAI=0.2), the fluxes ranged from 1.3

to —2.7g CQ m2day ! for the same temperature
range with a mearf,, of —1.94g CQ m~2day 1.

typically associated with near-zero soil temperatures
(Fig. 39 and high wind velocities Kig. 3b. Ad-
ditional field studies that combine several different
methods to investigate driving factors and mech-
anisms causing pulses in wintertime fluxes are
needed.

All models developed in our study showed the
temperature dependence Bf;, as indicated by the
presence ofTs in all three equations and the sta-

Taking into account higher general phytomass and tistical significance of the temperature coefficients
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ar and by (Table 1. The sites, however, differed

83

as potentially important factors in determining ecosys-

concerning the strength of this dependence, as seen intem CQ exchange during cold periods and under

Fig. 33 and reflected in their corresponding models
(Table 1 Sections 1-% The strongest temperature

snow Kelley et al., 1968; Massman et al., 1995
few long-term quantitative data are available. Re-

dependence, was characterized by the exponentialsults from our study showed a significant statis-

kr = 0.4°C~1, which was observed at the Dubois
site. This very high estimate may be partly due to

tical relationship between wintertime GOefflux
and wind velocity. As emphasized telley et al.

a narrow temperature range in the Dubois dataset (1968) CO, flux from the ecosystem to the atmo-

(—2 to +1°C only, Fig. 39. Comparable high val-
ues of kt have been reported previously for other
cold-dominated ecosystems, but occur rarely (e.g.,
Grogan et al., 2001; Sjogersten and Wookey, 2002
For example,Grogan et al. (2001presented data
on CQ efflux in the sub-arctic heath tundra near
Abisko, Sweden, in the soil temperature range from
—9 to —3°C. For control and various treatmenksy

at this site varied from 0.3 to 1.8g G@n—2day 1.
Fitting an exponential model for the control site data
resulted in an appareritr = 0.35°C~1. Sjdgersten
and Wookey (2002)reported maximumQio val-
ues of 15.3 for the tundra soil in Swedish Lapland,
which corresponds tér = 0.27°C~L. In a labora-
tory experiment with soil from a well-drained tun-
dra heath in NE-Greenlandlberling and Brandt
(2003) observed up to a 100-fold increase @fp of
soil CO, release at temperatures below® com-
pared to temperatures aboveé@ These values of

sphere during winter is the result of a set of complex
interactions of processes of production and storage of
CO, in the soil and its transport to the atmosphere
through the soil and snow layer (when present).
Winter measurements at our sagebrush-steppe sites
confirmed that “accumulated GQOwithin the snow
canopy is more rapidly released under conditions of
high wind speed” Kelley et al., 1968 Models for

all three of our study sites included wind speéd (

) as a significant predictor of the wintertime flux
(Table J); for days with snow cover at the INEEL
site, wind speed was found to be the only statistically
significant flux predictorEqg. (5). Most cases of sig-
nificant pulses of C@efflux at the INEEL site were
associated with high wind speed.

The phenomenon of pulses of g@fflux asso-
ciated with freeze—thaw events (compare flux and
temperature curves ifrig. 2) supports findings of
other authors, who described surplus L£@mis-

temperature sensitivity coefficients are comparable to sions (compared to what might be expected from

thekr value obtained for our Dubois study site.

temperature-dependence alone) from soils experienc-

At our Burns study site, the temperature response ing freeze—thaw cyclesSkogland et al., 1988; Schimel

coefficient was estimated as 0.170 and 0.269" for
days with and without snow, respectivelyaple 1,
Section 2. These values are also relatively high,

and Clein, 1996; Panikov and Dedysh, 2000; Priemé
and Christensen, 2001; Elberling and Brandt, 2003;
Bubier et al., 2002 Nevertheless, models (3-5) have

though quite comparable with values reported in the limited ability to generate high fluxes because the si-
literature for near-zero and sub-zero temperatures multaneous occurrence of high temperature and high

(e.g.,Kirschbaum, 1995 Compared to Dubois, GO

wind speed are not always observed. Apparently, more

flux measurements at the Burns site covered a wider detailed models explicitly describing mechanisms of

range of temperatures—(Q0 to +4°C). For days
without snow cover, temperature coefficients at the
INEEL site (0.063C~! for 1999/2000 model and
0.054°C~1 for the combined 1999/2001 model) were
within the typical range okt values for soil respira-
tion previously reported{irschbaum, 1995; Mielnick

CO», degassing in the soil matrix during freeze—thaw
cycles, its storage in the soil porous space, and trans-
port to the atmosphere as controlled by soil properties
and atmospheric conditions are required to further
improve the models of wintertime GQluxes.
Significance of snow as a factor of G@xchange

and Dugas, 2000; Frank et al., 2002; Sjégersten and has been investigated by several auth&edley et al.,
Wookey, 2002; Elberling and Brandt, 2003; Smith, 1968; Massman et al., 1995; Sommerfeld et al., 1996;
2003. Welker et al., 2000; Bubier et al., 200Znow cover
Though wind velocity and associated turbulent affects ecosystem CQexchange through at least two
changes of atmospheric pressure have been recognize@pposite effects. First, depending on the thickness,



84

porosity, and properties of the snow surface (e.g.,
ice crust), snow cover may significantly decrease
the efflux of CQ to the atmosphere, leading to the
temporary formation of pockets of high G@oncen-
tration above the soil surfac&élley et al., 1963
Second, snow cover through its insulation effect may
significantly decrease the depth of frozen soil or even
completely prevent its freezing, thereby increasing
the temperature of the active soil layer during winter
(Walker et al., 1999 This may allow significant C®
production through a continuation of metabolic ac-
tivity of soil microorganisms with enzymatic systems
efficient at low temperature®éanikov, 199Y.

The enhanced effect of snow cover on £€iflux
during the winter may be responsible for the higher
rates ofF,, observed at our Dubois site, which is char-
acterized by thick snow cover throughout most of the
winter. The average trend at Dubois was increaBifg
with increasindy (Fig. 3¢, Dubois), which is reflected
in the positive value of the regression coefficiagin
Eq. (3)(Table 1 Section ). This suggests that thicker
snow cover may have better insulating effects from
below-freezing air temperatures, so that more favor-
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Dubois and Burns models on the INEEL 2000-2001
validation datasetf? < 0.05). Therefore, their appli-
cability apparently remains limited to filling of data
gaps within the particular winter period. Nevertheless,
we found similarity of the general functional form of
the models for different sites and years, especially with
respect to the multiplicative interaction of temperature
and wind speed factors, as well as proximity of param-
eter estimates for different sites and yedrable J).
The empirical models developed in our study have
provided insights on the key environmental factors in-
fluencing CQ fluxes among sagebrush-steppe ecosys-
tems at the daily time scale.

Table 3 summarizes available data on the aver-
age rates of wintertime COevolution in various
non-forest ecosystems. It covers a wide range of cli-
matic conditions and ecosystem productivity, from
arctic tundra to tallgrass prairie and temperate grass-
land, with estimates ofF,, ranging from 0.2 to
4.49 CQ m—2day L. Our estimates for sagebrush
steppes (0.68-1.31g GOm—2day 1) lie between
the estimates for northern mixed prairies in Alberta,
Canada, and mixed prairies in North Dakota and

able soil temperatures at depth would have allowed Montana, which have climatic conditions similar to
the occurrence of below-ground respiratory processesthe shrub-steppes of the US Intermountain West.

during winter. At the Burns siteTable 1 Section 32,

Fw sensitivity to temperature for days with snoat (
=0.170+ 0.079°C~1) was not significantly differ-
ent from that for days without snowb{ = 0.266 +
0.051°C~1). Soil temperature was also not found to
be a significant factor for days with snow at the INEEL
site, but was included into regression for days without
show (Table 1 Sections 3 and ¥ On the effects of
wind speed, the coefficieat; = 0.144+ 0.071snt?!

for days with snow was not statistically different from
the coefficientby = 0.318 + 0.060sn! for days
without snow at the Burns site. Altogether, our results
for the Dubois and INEEL sites demonstrate the sig-
nificance of snow as a quantitative (Dubois) or quali-
tative (INEEL) factor of winter CQ efflux. This con-
tradicts the results frordones et al. (1999yho found

no relationship between wintertime G@fflux and

snow depth in tundra ecosystems in northern Alaska.

Apparently, in contrast to data for European forests
(Valentini et al., 2000 Table 1), which did not show
close correlation of annual ecosystem respiration with
annual temperature, non-forest ecosystems, especially
during wintertime, are under more tight temperature
control, as demonstrated by the strong latitudinal
trend inTable 3 A more detailed comparative ecolog-
ical analysis of a wider sample of winter respiration
datasets presently available from AgriFlux, Ameri-
flux, GREENGRASS, and CarboMont networks will
be helpful in further modeling analyses of the depen-
dence off, on environmental drivers.

To evaluate the contribution of winter GOluxes
to the annual carbon budget of sagebrush-steppe
ecosystems, our estimates of winter total fluxes at the
Dubois (177.3g C@m~2 for the January 1-March
15 and November 1-December 31, 2000 period) and
at the Burns site (92.4 g GOn—2 for the November

On the other hand, our results for the Burns site agree 1, 2000—March 15, 2001 period) may be compared

with the conclusions byones et al. (1999)
Coefficients of the empirical models for our var-
ious study sites turned out to both site-specific and

to estimates of total annual ecosystem respiration of
1453g CQ m~2 year! at the Dubois site, 2000,
and 825g CQ@ m~2 year! at the Burns site (aver-

year-specific, as demonstrated by poor performance ofage for 1069 g C® m—2 year ! for 2000 and 581 g
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Table 3
Average rates of wintertime CQCevolution ) from various non-forest ecosystems
Location Ecosystem Fw (g CO Method Reference
m—2day?)
Alaska Arctic tundra 0.23 Chamber Fahnestock et al., 1999
Kolyma, NE Siberia Automorphic arctic 0.25 Chamber Fedorov-Davydov, 1998
tundra
Kolyma, NE Siberia Arctic tundra 0.55 Chamber Zimov et al., 1993
Kolyma, NE Siberia Sedge-marsh tundra 0.6 Chamber Fedorov-Davydov, 1998
Barrington, New Hampshire Sphagnunpeatland 0.66 Chamber Bubier et al., 2002
Lethbridge, Alberta, dry years  Northern mixed 0.56 Tower, eddy Flanagan et al., 2002
(1999, 2000) prairie covariance
Lethbridge, Alberta, wet year Northern mixed 0.77 Tower, eddy Flanagan et al., 2002
(1998) prairie covariance
Burns, Oregon Sagebrush steppe 0.68 Tower, BREB This study
Central Plains Experimental Shortgrass steppe 1.06 Tower, BREB Morgan, J.A., personal
Range, Colorado communication
INEEL, ldaho Sagebrush steppe 1.23 Tower, BREB This study
Dubois, Idaho Sagebrush steppe 1.31 Tower, BREB This study
Mandan, North Dakota Mixed prairie 1.7 Tower, BREB  Frank and Dugas, 2001
Miles City, Montana Mixed prairie 1.83 Tower, BREB Haferkamp, M.R., personal
communication
Woodward, Oklahoma Mixed prairie 2.03 Tower, BREB Sims and Bradford, 2001Sims,
(1999-2001) P.L. and Bradford, J.A., personal
communication
Shidler, Oklahoma, 1997/1998 Tallgrass prairie 2.25 Tower, eddy Verma, 2001; Gilmanov et al., 2003b
covariance
El Reno, Oklahoma, winter Tallgrass prairie 2.30 Tower, BREB Dugas, W.A. and Mayeux, H.S.,
2002/2003 personal communication
lowa, February Switchgrass 2.8 Chamber Raich and Tufekcioglu, 2000
Konza Prairie, Kansas, late fall Tallgrass prairie 35 Tower, eddy Ham and Knapp, 1998
covariance
Switzerland, winter 1997/1998 Lowland calcareous 4.4 Chamber Volk and Niklaus, 2002

grassland

CO, m~2 year! for 2001) Gilmanov et al., 2004

ecosystems.

5. Conclusions

Measurements of net GQexchange at sagebrush-
steppe sites in Idaho and Oregon during the winter
showed that C@efflux averaged 1.3% 0.80g CQ
m~2day ! for the Dubois site, 1.23+ 1.19g CQ
m~2day ! for the INEEL site, and 0.68t 0.56¢

other northern latitude ecosystems. At certain times,
We estimated that wintertime respiration at Dubois often associated with freeze-thaw events and high
constitutes 12% and at Burns 11% of the total an- wind speed, wintertime pulses of G@ffluxes three to
nual ecosystem respiration in these sagebrush-steppesix times higher than average were observed at all three
of our study sites. Over the annual cycle, wintertime
fluxes constitute no less than 10% of the total ecosys-
tem respiration in sagebrush-steppe ecosystems. Mul-
tivariate analysis showed that winter g@fflux was
most closely associated with soil temperature, wind
speed, and snow depth, explaining 58—73% of the vari-
ability in efflux rates. Coefficients of the multivari-
ate models for our various study sites, however, were
very site-specific and year-specific, as demonstrated
by poor performance of Dubois and Burns models on
CO, m—2day ! for the Burns site. These average val- the INEEL 2000-2001 validation dataset. These mod-
ues agree with estimates of winter respiration from e€ls can be used to gap-fill values of efflux for days
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with missing measurements during particular years for Dugas, W.A., 1993. Micrometeorological and chamber

which they were derived. Additional studies, e.g., the =~ measurements of GOflux from bare soil. Agric. Forest

use of process-based mathematical models, are needed Meteorol- 67, 115-128. .

before predictive models can be developed to describe Dugas, W.A., Heuer, M.L., Mayeux, H.S., 1999. Carbon dioxide
; . fluxes over bermudagrass, native prairie, and sorghum. Agric.

winter CQ;, effluxes in sagebrush-steppe ecosystems.  porest Meteorol. 93, 121-139.

Elberling, B., Brandt, K.K., 2003. Uncoupling of microbial GO
production and release in frozen soil and its implications for
field studies of arctic C cycling. Soil Biol. Biochem. 35, 263—
272.
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