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Abstract The projected shifts in winter weather and snowpack conditions are expected to impact carbon
storage in western U.S. rangelands. Sagebrush shrublands comprise much of the western United States,
yet contribution of winter CO2 efflux to the overall carbon budget of these ecosystems remains uncertain.We
explored factors controlling winter CO2 efflux measured using eddy covariance at five sagebrush‐dominated
sites along an elevation/climate transect extending from 1,425 to 2,111 m. Results showed that winter
CO2 efflux was modest but had important impacts on annual carbon budgets, and its impact increased in
high‐elevation, snow‐dominated ecosystems compared to low, rain‐dominated ones. Observed cumulative
winter CO2 efflux accounted for 8–30% of annual gross ecosystem production (GEP) and
roughly approximated annual net carbon uptake. Omission of winter periods would have increased net
uptake by 1.5 to 2.2 times. Within‐site variability in observed 30‐min winter CO2 efflux was related to soil
temperature and moisture. Between‐site variability was attributed to available carbon stocks, including soil
organic carbon and the previous year's GEP. At low elevations, lack of snow cover to insulate soil from
freezing, coupled with lower carbon stocks, limited CO2 efflux. Conversely, large carbon stocks and deep
snowpack that prevented soil freezing at high elevation led to increased CO2 efflux. These results show how
climate and biota exert strong controls on winter ecosystem respiration and extend our understanding of
how state factors influence winter CO2 efflux. Collectively, our findings suggest that an upward climatic shift
in the rain‐to‐snow transition elevation may alter the carbon budget of sagebrush shrublands.

Plain Language Summary Climate warming and associated shifts in winter precipitation from
snow to rain are expected to affect wintertime plant and soil respiration, impacting carbon cycling and
storage. Sagebrush shrublands comprise much of the western United States, yet the contribution of winter
CO2 emission from these ecosystems is uncertain, even under current conditions. We therefore examined
winter ecosystem respiration and explored factors controlling CO2 emission from five sagebrush sites with
varying elevation, snow, and winter conditions. Factors controlling CO2 emission were shown to change
with elevation. Limited CO2 emission was observed at low‐elevation sites due to lack of snow cover to
insulate the soil from freezing, limited water availability, and low soil organic content. Conversely, high soil
organic content and a deep snowpack that prevented soil freezing at high elevation led to increased winter
CO2 emission that resulted from higher rates of respiration and organic decomposition. Results suggest
that anticipated reductions in snow depth with climate warming may lead to colder winter soil
temperatures, increased freezing, and therefore reduced winter respiration and CO2 emission.

1. Introduction

Shifts in winter conditions are expected to impact carbon cycling and storage in western U.S. rangelands
over the coming century (Tucker et al., 2016). Warmer temperatures are expected, and more precipitation
is anticipated to fall as rain and less as snow (Chambers et al., 2008; Klos et al., 2014; Mote et al., 2014).
Likewise, the duration of snow cover is expected to become shorter or transition from seasonal to intermit-
tent in many parts of the western United States by 2100 (Mote et al., 2005). The reduction in snowpack is
expected to alter soil conditions, thereby affecting decomposition through changes in soil temperature and
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moisture (Brooks, 1996; Oquist et al., 2009; Stielstra et al., 2015; Tucker et al., 2016). Thus, there is a clear
need to examine winter CO2 efflux and its controls across the rain‐to‐snow transition zone (i.e., the elevation
zone where the dominant precipitation transitions from rain to snow) in order to understand how warming
and reductions in snow cover will alter carbon cycling in the region.

Climate, snow cover, and ecological communities vary with elevation in the western United States. High‐
elevation, snow‐dominated regions tend to be relatively cold and wet, and, under current conditions, have
deep and persistent snow cover (Nayak et al., 2010; Tennant et al., 2017; Winstral & Marks, 2014). These
high‐elevation regions often support more trees, shrubs, higher plant density, and increased live and dead
carbon stocks compared with low elevations (e.g., Bowling et al., 2010; Flerchinger et al., 2010). Low eleva-
tions are comparatively warm and dry with shallow and intermittent snowpack. These low elevations sup-
port a sparser plant canopy and reduced live and dead carbon stocks. Anticipated changes in warming
and snow cover suggest the rain‐to‐snow transition zone will shift upslope, and that the small and intermit-
tent snowpack currently found at low elevationmay occur inmany snow‐dominated upper‐montane regions
with just a few degrees of warming (Flerchinger et al., 2019).

Changes in winter conditions can have an important impact on carbon budgets in the western United States
and, specifically, the northern Great Basin. In this region, long wet winters and dry summers can accentuate
winter contributions to the annual total carbon flux (Gilmanov et al., 2004). In high‐elevation snow‐
dominated regions, for example, winter conditions can last for 5 months or more, with freezing air tempera-
tures, short‐day lengths, and snow depths that can exceed 100 cm. Summers can be very dry, with only a
trace amount of rain in July and August (Flerchinger et al., 2010). Collectively, these cold winters and dry
summers restrict most biological activity to spring and early summer while temperatures are warm but
before water limitations become severe (Bowling et al., 2010; Comstock & Ehleringer, 1992; Gilmanov
et al., 2004). As a result, the growing season is often short, annual totals of carbon uptake and loss are small
(Flerchinger et al., 2019), and the cumulative impact of even a small continuous CO2 efflux over a long win-
ter can have an important impact on the annual carbon budget (Brooks et al., 2004).

Decreased snow associated with warming may reduce winter CO2 efflux in the northern Great Basin, acting
as a possible negative feedback to greenhouse gas based warming (Tucker et al., 2016). The link between CO2

efflux and snowpack conditions is indirect and arises from the snowpack's role in moderating soil conditions
(Books et al., 1996, 2011; Stielstra et al., 2015; Tucker et al., 2016). Specifically, reductions in snow
depth/duration, delayed snow accumulation, or a change from a persistent and deep snowpack to one that
is intermittent may decrease the snow's ability to thermally insulate soils from freezing air temperatures.
This leads to the counterintuitive but common prediction that in the coming decades, soils in currently
snow‐covered regions will become colder and freeze more often during winter as the climate warms
(Groffman et al., 2001; Hardy et al., 2001; Seyfried et al., 2016; Tucker et al., 2016). Soil temperature and
water availability exert strong controls on soil decomposition at seasonal timescales, and thus these colder
and frozen soils may reduce winter CO2 efflux (Brooks et al., 1996; Tucker et al., 2016) due to limited liquid
water availability for microbial activity upon freezing and phase change.

A number of scale‐dependent physical and biological factors (e.g., parent material, soils, climate, topogra-
phy, ecological communities, and biogeochemical pools) impact respiration (Jenny, 1941; Chapin et al.,
2002; Moyano et al., 2013; Stielstra et al., 2015; Biederman et al., 2016). These slow time‐varying factors com-
plicate efforts to understand how altered soil temperature and water availability will impact winter CO2

efflux across the varied ecosystems, climates, and soils that span the rain‐to‐snow transition zone. Slow
time‐varying state factors alter carbon stocks and the available substrate for decomposition and autotrophic
respiration, which in turn impacts efflux response to the comparatively fast fluctuations in soil temperature,
patterns of freeze‐thaw, and changes in water availability that are important for CO2 efflux at seasonal time-
scales (Chapin et al., 2002; Jenny, 1941). The quality and quantity of substrate available for decomposition is
particularly critical in unfrozen soils (Brooks et al., 2004; Chapin et al., 2002). Winter CO2 efflux, for exam-
ple, may be largely governed by ecological dynamics that link previous growing‐season gross production to
winter CO2 efflux through labile carbon pools, fine root or litter necromass, and/or autotrophic maintenance
respiration (Brooks et al., 2004; Carbone & Trumbore, 2007; Hopkins et al., 2013). Thus, state factors and
their controls on substrate availability are also needed to understand the within‐site and between‐site varia-
tion in winter CO2 efflux.
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In this study, we examined winter CO2 efflux across an elevation gradient in the northern Great Basin. We
organized our analysis and discussion around three questions: (1) How does winter CO2 efflux vary across
the current rain‐to‐snow transition zone? (2) How do soil temperature and water availability interact with
ecosystem properties (i.e., soil organic stocks, ecosystem productivity, and winter conditions) to impact win-
ter CO2 efflux across the rain‐to‐snow transition? (3) How will a reduction in snow depth/duration or a
change from a persistent and deep snowpack to an intermittent snowpack affect winter CO2 efflux?

2. Methods
2.1. Study Sites

The Reynolds Creek Experimental Watershed (RCEW; Slaughter et al., 2000) and Critical Zone Observatory
(RC CZO; White et al., 2015; Seyfried et al., 2018) located in southwest Idaho, USA, provided an ideal infra-
structure to examine winter CO2 efflux across the rain‐to‐snow transition zone in northern Great Basin ran-
gelands. Reynolds Creek is undergoing rapid environmental change that has been carefully documented
(Nayak et al., 2010), making it ideal for investigating how reductions in snow may impact winter CO2 efflux
in the future. Specifically, spatially and temporally extensive data (1962–2006) from RCEW have documen-
ted an increase in temperature (1–2 °C) at all elevations, a reduction of snow, an increase in rain to snow
ratio, and a temporal shift in stream flow despite no detectable change in total precipitation or soil water sto-
rage (Nayak et al., 2010). The RCEW provides one of the few, long, and reliable records of weather across the
rain‐to‐snow transition zone in the western United States (Slaughter et al., 2001). Furthermore, the region is
remote and has had little development and/or land use that could have caused large disturbances with the
exception of some cattle grazing.

Winter CO2 efflux was monitored at five sagebrush shrublands situated at sites ranging in elevation from
1,425 to 2,111 m. All sites are located in the RCEW within 13 km of each other. Four of the sites are part
of the RC CZO established in late 2014 to monitor long‐term fluxes spanning an elevation/climate gradient
across the rain‐to‐snow transition zone (Table 1; Flerchinger et al., 2019); the fifth site is a high‐elevation,
snow‐dominated site within RCEW operated from 2004 to 2007 that predates the RC CZO (Fellows et al.,
2019; Flerchinger et al., 2010; Reba et al., 2011).

The five sites from lowest to highest elevation include a Wyoming big sagebrush site (Artemisia tridentata
wyomingensis), a low sagebrush site (Artemisia arbuscular), a postfire mountain big sagebrush site
(Artemisia tridentata vaseyana), a mixed sagebrush site (low and mountain big sagebrush) at the Reynolds
Mountain Eastmeteorological station site, and an undisturbedmountain big sagebrush site. Sites are referred
to as WBS, LoS, PFS, RME, and MBS, respectively. The elevation range and corresponding temperature and
precipitation gradients encompass most of the conditions within the RCEW and are typical of much of the
Intermountain West and Great Basin regions within the United States. Precipitation phase at the lower ele-
vation sites (WBS and LoS) is dominated by rain, while that at the higher elevations (PFS, RME, andMBS) is
dominated by snow and accompanied by a seasonal snowpack. The PFS site was burned in 2007; Fellows
et al., (2018) reported rapid recovery of carbon fluxes to preburn levels within a few years postfire. With
the exception of PFS, the sites have not burned in at least the last 50 years and possibly much longer. The
RME site (2003–2007) is a windswept mixed sagebrush (low andmountain big sagebrush) site approximately
800 m from the MBS site. Although climate at this site is nearly identical to the MBS site, it is somewhat less
productive because it is located on a windswept ridge with shallower soil and lower net water inputs due to
differential snow deposition and drifting compared to the MBS site.

Soil organic carbon (SOC) and soil inorganic carbon stocks and plant area vary along the gradient. SOC and
plant area were greater at the MBS and PFS sites than the other sites (Table 1, Flerchinger et al., 2019). Soil
organic carbon was 17.6 kg C/m2 at MBS, 15.2 kg C/m2 at PFS, and ranged from 4.1 to 6.7 kg C/m2 at the
other sites. Leaf area index varied from 0.39 at the lowest elevation to 1.14 at MBS and 1.67 at PFS. The
RME site, being less productive, had lower soil carbon stocks and leaf area index than the nearby MBS.

2.2. Field Observations
2.2.1. Environmental Conditions
Air temperature, air humidity, soil temperature, volumetric water content (VWC), snow depth, and wind
were recorded at 30‐min or 1‐h intervals at each site. Air temperature was measured with a Vaisala HMP
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45/155 temperature and relative humidity probe (Vaisala, Helsinki, Finland). Soil temperature at each site
was measured using three sets of self‐averaging thermocouples installed 2‐ and 6‐cm deep and used herein
to represent the 4‐cm soil temperature. With the exception of the PFS site, VWC was measured at 5 cm with
Hydra‐probe II soil moisture sensors (Stevens Water Monitoring System, Inc., Portland, OR) at hourly inter-
vals and then linearly interpolated to 30‐min intervals. Instrumentation problems at the PFS site persisted
for the 4‐cm soil temperature for all but 1 year of the observation period, and 5‐cm VWC was not included
in the soil profile, so 10‐cm temperature and VWCwere used for this site. Snow depth was from an ultrasonic
depth sensor (Judd Communications, Salt Lake City, UT). Wind speed was measured with a CSAT 3 sonic
anemometer (Campbell Scientific, Inc., Logan UT) monitored at 10 Hz and aggregated to 30‐min intervals.

Soil moisture measurements from the Hydra‐probe rely on the dielectric properties of liquid water.
Therefore, in addition to variations in water content associated with soil moisture recharge and withdrawal,
the conversion of liquid water to ice reduces VWC. This is particularly useful for our study, which relies on
an understanding of liquid water content in cold and frozen soils.
2.2.2. Winter CO2 Efflux
Winter CO2 efflux was determined using open path eddy covariance systems at all five sites. The specific
instruments, site‐specific setup, and data processing are described in Flerchinger et al. (2019). In brief, the
EC towers consisted of a three‐dimensional sonic anemometer (model CSAT3) and an open path infrared
gas analyzer (model LI‐7500 at the RME site and LI‐7500A at the remaining sites) sampled at 10 Hz. EC data
were processed using EddyPro® software. Carbon fluxes were gap‐filled (Figure S2) and partitioned using
REddyProc software available online (Reichstein et al., 2005). Meteorological stations within 70 to 800 m
of each site were used to gap‐fill missing records at the eddy covariance towers. Daytime respiration fluxes
output from REddyProc were based on an ecosystem respiration model fitted to nighttime fluxes (Reichstein
et al., 2005). Uncertainty analysis included uncertainty due to measurement errors, gap‐filling, and friction
velocity threshold. Seasonal friction velocity thresholds were quantified by REddyProc according to Papale
et al. (2006). Winter friction velocity thresholds were typically 0.05 m/s at WBS, 0.11 m/s at LoS, and 0.20 to
0.25 m/s at the remaining sites. Ancillary meteorological data collected at the towers included air tempera-
ture, humidity, and snow depth.

Open path gas analyzers can warm the instrument's optical path, impacting air density and associated flux
estimates that can yield unreasonable carbon uptake under cold conditions (Burba et al., 2008; Wang et al.,
2017). The Li‐Cor 7500A has a winter setting to minimize this effect. Careful inspection of carbon exchange
within RCEW indicated no difference in the trend between CO2 efflux and meteorological conditions
whether or not the Li‐Cor 7500A was operating with winter settings (see supporting information). We never-
theless focused our analysis on dark periods (incoming solar radiation <20 W/m2) to isolate the nighttime
respiration fluxes and to minimize the impact of any radiation heating of the sensor. Even so, the instrument
itself can warm the optical path, potentially causing bias in the measurements toward lower efflux or

Table 1
Site Information and Properties

Site WBS LoS PFS MBS RME

Ecological community Wyoming big sagebrush Low sagebrush Postfire sagebrush Mountain big sagebrush Mixed sagebrush
Water yearsa covered 2015–2018 2016–2018 2015–2018 2015–2018 2004–2007
Latitude/longitude 43.168°N

116.713°W
43.144°N
116.736°W

43.121°N
116.723°W

43.064°N
116.749°W

43.065°N
116.759°W

Elevation (m) 1,425 1,680 1,808 2,111 2,098
Dominant precipitation Rain Rain/snow Snow Snow Snow
Annual precipitation (mm)b 292 333 505 800 800
Mean temperature (°C)b 9.4 8.6 6.5 5.6 5.4
Estimated canopy height (m) 0.33 0.45 0.9 0.9 0.63
Green leaf area indexb 0.39 0.42 1.67 1.15 0.77c

Total plant area indexb 1.19 1.07 2.41 1.54 NA
Soil organic carbon (kg/m2)b

Soil inorganic carbon (kg/m2)b
6.7
21.0

4.1
2.4

15.2
0.0

17.6
0.0

5.9
0.0

aWater year is defined as 1 October through 30 September. bFrom Flerchinger et al. (2019). cFrom Flerchinger et al. (2010).
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increased uptake. Therefore, winter CO2 efflux and ecosystem respiration
(Reco) reported herein may, if anything, underestimate actual wintertime
fluxes to the atmosphere due to this measurement artifact.

In this study, winter CO2 efflux could be a rate, denoted by the units μmol
CO2·m

−2·s−1, or a cumulative sum, denoted by the units g C·m−2· year−1.
The former used the nonfilled nighttime (solar <20 W/m2) 30‐min CO2

fluxes filtered for turbulent fluxes according to the friction velocity thresh-
olds. Cumulative sums in gross ecosystem productivity (GEP), net ecosys-
tem productivity (NEP), and ecosystem respiration (Reco) were
determined by summing the gap‐filled 30 min filled REddyProc estimates.
Power failure during the 2015 winter resulted in a particularly long gap for
the LoS site, so this site year was excluded from the analysis (Figure S2).
2.2.3. Defining Seasonal Periods
We opted to use an ecologically based definition of winter conditions
rather than calendar dates to account for the marked variation in climate
and plant phenology that occur across the rain‐to‐snow transition zone.
We therefore identified winter conditions using a combination of net eco-
system exchange (NEE) and temperature. The approach was modified
from Webb et al. (2016) to suit our rangelands sites. The beginning and
end of winter was identified by a lack of diurnal fluctuation in NEE (<
5.0 μmol CO2·m

−2·s−1, indicating limited photosynthesis) and when soil
temperature or the weekly‐averaged air temperature fell below or rose
above 1 °C. Both soil and weekly air temperature were used to capture
both: a sudden onslaught of cold air temperatures where soil temperature
lagged, and warm air temperature while winter snow and cold soil tem-
perature persisted. The date for the start and end of winter is illustrated
in relation to temperatures and snow depths in Figure 1 and in relation
to NEE in Figure S2 in the supporting information. Specific dates are pro-
vided in the supporting information (Table S1).

The start and end of winter was susceptible to varied spring and fall con-
ditions according to our definition and the thresholds that we used. For
example, spring temperatures may warm and then rapidly cool again, as
was observed at the WBS site in 2015. In this case, winter included this
brief period of warming, which could also be interpreted as the early onset
of spring by modifying our criteria. Nonetheless, our definition of winter
generally worked well across sites and identified cold‐snowy conditions
with little carbon uptake that are typical of winters in the northern
Great Basin.

We compared the variation of nighttime CO2 efflux with soil temperature under winter conditions with the
response under spring and “water‐limiting” seasons. Spring conditions were defined as the period between
the end of winter and time of maximum CO2 uptake and assumed not to be water limiting. Time of maxi-
mum CO2 uptake was approximated as 1 June for the two lower elevation sites (WBS and LoS) and 1 July
for the three upper elevation sites (Figure S2). The dry or water‐limiting season was broadly defined for
the two lower elevations as the period between 1 July and 1 November; dry season for the three upper eleva-
tion sites was between 1 August and 1 November.

2.3. Data Analysis

We examined the variation in winter CO2 efflux with soil temperature and volumetric water content within
each site. This within‐site variation was determined by binning 30‐min winter CO2 efflux for temperature
and moisture conditions at each site. Binning the data allowed us to parse out the overall response of CO2

efflux to variables of interest while smoothing out noise and the influence of simultaneously varying factors.
Thus, this data aggregation isolated the fast within‐site response of winter CO2 efflux to fluctuations in

Figure 1. Air temperature (blue), soil temperature (red), and snow depth
(black) across the rain‐to‐snow transition zone in Reynolds Creek
Experimental Watershed and Critical Zone Observatory. Winter periods are
shown in dark gray. Plotted are water years (1 October through 30
September) 2004–2007 for site RME and 2015–2018 for the remaining sites.
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temperature and moisture apart from other environmental factors.
Moreover, because regression analyses are weighted more heavily on
where the data are concentrated (typically around the mean), binning
may improve applicable ranges of the regression models by discretizing
the data and equally weighting the regression over the observed range of
the independent variable.

We used simple linear regression to assess the relationship between
binned average fluxes and soil temperature and water content for each
site. Reported results used bin sizes of 1.0 °C and 0.01 m3/m3; bins with
fewer than 30 observations were discarded. We also binned by combined
classes of both temperature and moisture to assess the effect of tempera-
ture apart from moisture and vice versa. In this case, bins of 0.01 m3/m3

were identified within 2.0 °C temperature bins, and 1.0 °C temperature
bins were identified within 0.05 m3/m3 moisture bins. In these cases, bins
with fewer than 15 observations were discarded. In most cases, regression
statistics were not markedly sensitive to bin size unless bin size was too
small, resulting in discarding bins because of too few observations within
a bin, or too large, resulting in insufficient number of bins.

We examined between‐site variations in winter CO2 efflux by regressing
site‐level average and cumulative winter Reco estimates with the environ-
mental site conditions. We used a generalized linear regression model to
assess the significance of soil moisture, soil temperature, and environ-
mental factors on the nonfilled, nighttime 30‐min winter CO2 efflux. We
included soil moisture, soil temperature, air temperature, wind, and snow
depth as continuous predictors and site as a categorical factor.

Finally, the response of nighttime CO2 efflux with soil temperature under
winter conditions was compared with spring and water‐limiting seasons.
Analysis of CO2 efflux for spring and water‐limiting seasons is described
in the supporting information.

3. Results
3.1. Climate and Soil Conditions

Across the five sites, annual precipitation increased and annual temperature decreased with elevation. The
lowest‐elevation site (WBS, Table 1) had a mean annual precipitation of ~300 mm/year and a mean annual
temperature of ~9.5 °C (Table 1). The high‐elevation sites (RME and MBS) had a mean annual precipitation
of ~800 mm/year and a mean annual temperature of ~5.5 °C (Table 1).

Length of winters varied with elevation, lasting ~100 days at the low‐elevation WBS site up to ~170 to 180
days at the high‐elevation RME and MBS sites (Figure 1 and Table S1). Snow depth also increased with ele-
vation. Snow depths at the low‐elevation WBS site during the study varied from shallow and intermittent
during 2015 to approximately 20 cm during 2017. In contrast, maximum annual snow depths at the high‐
elevation MBS site varied from 60 cm in 2015 to 140 cm in 2017, while typical maximum snow depth at
RME for the study period (2004–2007) was 80 cm. Maximum annual snow depth at themidelevation PFS site
ranged from 40 cm in 2015 to 100 cm in 2017, and the LoS site had continuous snow cover that reached 20‐ to
40‐cm depths for winters 2016–2018.

Winter soil temperature was typically within a few degrees of freezing, often exceeding 0 °C and averaged
−0.3 to 1.0 °C at all sites (Figures 1 and S3). Nearly all soil temperature observations were between −5
and 5 °C during winter, while air temperatures ranged from −20 to 10 °C (Figures 1 and S3). Soil tempera-
ture decreased with air temperature much more drastically when snow depth was shallow. Except for PFS
where soil temperature was measured deeper, the slope relating soil temperature to air temperature ranged
from 0.11 to 0.34 °C°/C for snow depths <15 cm; slopes when snow depths exceeded 15 cm were 0.02 to 0.06
°C°/C (Figure 2).

Figure 2. Relation between soil temperature and air temperature for vary-
ing snow depths at sites across the rain‐to‐snow transition zone increasing
in elevation from WBS to MBS. Lines connect mean soil temperature for 1°
air temperature bins. The temperature bins were stratified by snow depth.
There were at least 30 observations in each bin.
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Snow's thermal insulating effect was most important at the high‐elevation
RME andMBS sites, where snow was often deep (> 80 cm; Figures 1a and
1b). Despite having longer winters and more frequent freezing air tem-
peratures (55 to 58% of the winter period) than the lower elevation sites,
RME and MBS had the lowest occurrence of freezing 4‐cm soil tempera-
tures during winter (18 and 28%, respectively; Figures S3a and S3b). In
contrast, snow had little effect on soil temperatures at the lowest‐elevation
site, where the snowpack was intermittent and shallow; freezing air tem-
peratures occurred 52% of the time, and the 4‐cm soil depth experienced
freezing temperatures during 49% of the winter. Also, the coldest recorded
30‐min soil temperature was −6.8 °C and was observed at the low‐
elevation site that also had the warmest annual air temperature, shortest
winter conditions, and lowest snowfall. The cold −6.8 °C soil temperature
occurred when air temperature in the preceding days decreased below
−10 °C and snow depth was less than 5 cm.

Soil volumetric water content was ~20 to 25% at WBS, LoS, PFS, and MBS
(Figure 3) and ~10% at RME during winter. Volumetric water content var-
ied by nearly 20% during winter, dropping with decreased soil tempera-
tures and patterns of freeze and thaw. Soil moisture recharge was also
evident before the onset of winter conditions and during periods of snow-
melt at the end of winter.

3.2. Winter CO2 Efflux

Nighttime winter CO2 efflux was small and weakly varying compared to
nonwinter effluxes (Figure S2). Distributions of nighttime winter effluxes
are presented in Figure 4. Nighttime winter CO2 efflux averaged 0.58,
0.86, 0.95, 0.60, and 1.13 μmol CO2·m

−2·s−1 at WBS, LoS, PFS, RME,
and MBS, respectively. Average winter effluxes that are not significantly
different between sites (i.e., p > 0.05) include MBS and PFS, PFS and
LoS, and RME and WBS.

There was a continuous flux of daily respiration (Reco) to the atmosphere
through winter at all sites (Figure 5). Respiration occurred at air tempera-

tures as low as −10 °C and when snow depth exceeded 100 cm (Figures 1 and 5). Cumulative winter CO2

efflux (that is, winter ecosystem respiration, Reco) ranged from 30 ± 7 to 221 ± 16 gC·m−2·year−1 at these
sites (Figure 6a and Table S1) and accounted for 10 to 31% of the annual Reco. Winter Reco increased with

winter length (r2 = 0.39, p < 0.01; Figure 6a) and elevation (r2 = 0.59, p
< 0.001; Figure 6b) across the rain‐to‐snow transition zone. The percen-
tage of annual GEP lost to winter Reco ranged from 8 to 30%, increasing
with winter length (r2 = 0.44; p < 0.01; Figure 6c) and elevation (r2 =
0.49; p = 0.001; Figure 6d). Comparison of winter Reco to annual NEP is
problematic because WBS can be carbon neutral some years (Table S1).
However, winter Reco accounts for 39 to 155% of average annual net car-
bon uptake across sites, and it also increased with winter length and ele-
vation (r2 = 0.56 and 0.64, respectively; Figures 6e and 6f). Thus,
omission of the winter Reco in computing annual net carbon uptake would
create the greatest errors at the higher elevations; specifically, omission
would increase average annual NEP by a factor of 1.5, 1.7, 1.7 2.0, and
2.2 at the sites with increasing in elevation.

Average cumulative winter Reco from RME was not significantly different
from PFS or LoS (p > 0.10), and the difference in average winter efflux
between PFS and LoS was marginally significant (p < 0.10); all other site
comparisons were significantly different (p < 0.05). Winter Reco for a

Figure 3. Soil volumetric water content for study sites across the rain‐to‐
snow transition zone increasing in elevation from WBS to MBS. The hori-
zontal lines at the top of each panel denote winter periods for each site based
on local weather conditions. Plotted are water years 2004–2007 for site RME
and 2015–2018 for the remaining sites.

Figure 4. Frequency distribution of observed winter nighttime CO2 efflux
for study sites across the rain‐to‐snow transition zone increasing in eleva-
tion from WBS to MBS.
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given site and year was also strongly correlated with annual GEP (r2 =
0.70, p < 0.001) and annual Reco (r

2 = 0.80, p < 0.01) for the same water
year (1 October through 30 September; Figure S4).

Criteria for defining the start and end of winter had the most notable
effect on cumulative fluxes at the WBS site. Periods where daily soil tem-
perature briefly rose above 1 °C accounted for approximately 30% of the
cumulative winter Reco at WBS, 18% at RME, and only 7 to 8% at the
remaining sites.

Gap‐filling and selection of the friction velocity threshold were the largest
sources of uncertainty in the winter and annual sums. Flerchinger et al.
(2019) reported data gaps for four of the sites ranging from 15 to 40% for
most years due to instrumentation problems and nonturbulent condi-
tions, but gaps were as high as 52% for LoS due to the winter 2015 power
failure. Gaps for annual sums for RME averaged 49% of the data. Gaps for
the winter sums ranged from 16% for WBS in 2018 to 63% for RME in
2004. Total uncertainty (gap‐filling, friction velocity uncertainty, and
measurement error) in the winter Reco sums reported in Table S1 averaged
24, 21, 10, 15, and 10% for WBS, LoS, PFS, RME, and MBS, respectively.

3.3. Controls on Winter CO2 Efflux

Winter CO2 efflux at each site did not exhibit a trend with time through the winter, except that the three
higher‐elevation sites experienced higher efflux near the end of the season, likely due to increasing tempera-
tures as spring approached (Figure 7a). Winter CO2 efflux decreased with reductions in soil temperature dur-
ing winter within each site (Figure 7b; p= 0.05 for PFS and p < 0.01 for all other sites). With the exception of
LoS, winter CO2 efflux also decreased significantly with reductions in soil water content (Figure 7c; p < 0.01
for WBS, RME, and MBS; p < 0.05 for PFS). The within‐site sensitivity of winter CO2 efflux to temperature
and liquid water content was broadly similar at different sites, as indicated by the similar slopes (Figure 7).
Even the nonsignificant regression (LoS for moisture) generally followed a similar slope as the other sites,
except for a couple outlying points.

Binning by both temperature and moisture was explored to separate their potential interactions, but this
analysis was limited by the number of bins with sufficient observations. An interesting result was found
across a gradient of moisture within the 0 °C temperature bin, which is the temperature bin accounting
for 46 to 86% of observations at all sites; in this case all sites except LoS demonstrated a significant relation
between CO2 efflux and water content (Figure S5c). When binning by temperature within each 0.05 m3/m3

moisture bin, 8 out of the 10 moisture bins with more than 5 temperature bins demonstrated a significant
relation between CO2 efflux and soil temperature (p < 0.05; Figures S5a and S5b).

Winter CO2 efflux at MBS was typically greater than the other sites for a consistent day of winter, air tem-
perature, or soil moisture, andWBS and RMEwere typically lower (Figure 7). However, within‐site variation
in winter CO2 efflux due to soil temperature and water changes can exceed the difference between sites. At
the rain‐dominated WBS site, for example, winter CO2 efflux decreased by ~ 0.9–1.0 μmol CO2·m

−2·s−1 as
soil temperature dropped by 10 °C and liquid water content in the soil decreased by 0.25 m3/m3

(Figure 7), which exceeds the difference in the annual means in winter CO2 efflux between WBS and
MBS (0.58 versus 1.13, μmol CO2·m

−2·s−1, respectively). Additionally, average winter CO2 efflux aggregated
across the entire winter increased with the previous season's GEP (r2 = 0.58, p < 0.001) and increased soil
organic carbon (Figure 8; r2 = 0.50, p < 0.001) between sites.

The generalized linear model revealed that soil temperature, soil water content, wind and snow depth, and
the site categorical factor were all significant in predicting the 30‐min CO2 efflux. The influence of specific
site conditions such as higher SOC and GEP was indirectly captured in the generalized linear regression
model through the site categorical factors; site factors forWBS, LoS, PFS, and RMEwere all negative because
winter CO2 efflux was typically lower than at MBS (Table 2). Although the previous year's GEP was signifi-
cant in relation to average winter CO2 efflux (Figure 8), it was not a significant predictor in the generalized

Figure 5. Average daily estimated ecosystem respiration (Reco) across the
rain‐to‐snow transition zone in Reynolds Creek Experimental Watershed
and Critical Zone Observatory for five sites increasing in elevation from
WBS to MBS. Data are from water years 2004–2007 for site RME and 2015–
2018 for the remaining sites.
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linear model for the 30‐min CO2 effluxes when included with the site factors; this however required
dropping the first year of data to include the previous year's GEP.

4. Discussion
4.1. How Does Winter CO2 Efflux Vary Across the Rain‐to‐Snow Transition Zone?

Findings from our study show winter CO2 efflux had an important impact on the annual carbon budget at
Reynolds Creek, and that this was greater in high, snow‐dominated ecosystems than low, rain‐dominated
ones (Figure 6). The contribution of winter CO2 efflux to the annual carbon budget was accentuated by
the region's long winters and dry summers (Gilmanov et al., 2004), which led to 8–30% of annual GEP being
lost to the atmosphere during winter. Despite this, winter CO2 efflux reported herein (30 to 221 g
C·m−2·year−1 or 0.33 to 1.36 g C·m−2·day−1) was similar to the reported range from other ecosystems,
including seasonally snow‐covered forests (40 to 145 g C·m−2·year−1 for coniferous and 81 to 132 for decid-
uous forests; Brooks et al., 2004), tundra (100 to 160 g C·m−2·year−1 by EC method; Webb et al., 2016), sub-
arctic fen (102 g C·m−2·year−1; Aurela et al., 2002), and other sagebrush shrublands in the northern Great
Basin (0.18 to 0.36 g C·m−2·day−1; Gilmanov et al., 2004).

Figure 6. Variation in (a, b) cumulative winter CO2 efflux (Reco), annual gross ecosystem production (GEP), and the ratio
of winter Reco to (c, d) GEP and (e, f) average net carbon uptake (NEP) with winter length and elevation. Winter Reco is
shown in color, and GEP is denoted by the open symbols; shapes signify the site. Uncertainties in the winter sums are
given in supporting information Table S1.
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Annual net carbon uptake (NEP) at these sites ranged from nearly neutral for the WBS site to 180 g
C·m−2·year−1 for the MBS site in these years (Flerchinger et al., 2019, Table S2), which roughly corre-
sponded to the magnitude of winter Reco reported here. Despite WBS being nearly carbon neutral for
2015, winter Reco accounted for only 39 to 74% of average annual NEP over the study period; much of the
winter Reco from WBS (30%) was attributed to be brief warm periods when the soil warmed above 1 °C. In
contrast, winter Reco accounted for 109 to 155% of the average NEP at MBS and warm periods accounted
for only 8% of the winter Reco. Omission of these winter periods would have increased the estimated carbon
uptake by a factor ranging from 1.5 at the lower elevation WBS to 2.2 at MBS. An underestimation of winter
Reco by 50% would shift some of these sites to carbon sources and reduce net carbon uptake by half at others
(Brooks et al., 2011).

4.2. How Does Soil Temperature and Water Availability Interact With Ecosystem Properties
Across the Rain‐to‐Snow Transition?

Changes in winter CO2 efflux resulting from changes in soil temperature andwater content were proportion-
ally large (up to 1.0 μmol CO2·m

−2·s−1) for the small winter rates that we observed. These temperature‐ and

Figure 7. Variation in 30‐min winter CO2 efflux with day of winter, soil temperature (Soil T), and volumetric water con-
tent (VWC) for sites increasing in elevation from WBS to MBS. Lines connect means for each bin; for clarity, every other
data point is plotted in Figures 7a and 7c. Bins contained at least 30 observations. Figure 7c indicates the typical standard
deviation within each bin for all panels. (Plots separated for each site and plotting every data point are provided in the
supporting information, Figure S6.)

Figure 8. Variation in average annual winter 30‐min CO2 efflux with gross ecosystem production from the previous grow-
ing season and soil organic carbon (SOC) for sites increasing in elevation from WBS to MBS. Lines indicate best fit linear
regression. Figure 8b indicates the typical standard deviation of 30‐min fluxes for both panels.
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moisture‐induced variations in winter efflux were comparable to or larger
than differences in average winter CO2 efflux between MBS and WBS
(0.58 and 1.13 μmol CO2·m

−2·s−1, respectively), which spanned the
rain‐to‐snow transition zone (Figures 7 and 8). Within‐site sensitivity of
winter CO2 efflux to temperature and liquid water content was broadly
similar at different sites, as indicated by the similar slopes (Figure 7).

Binning reduced variability in the 30‐min observations, which was some-
times large. We attribute the large variability in 30‐min observations to
two main factors. First, additional factors such as pressure pumping and
snowpack ventilation associated with wind are important at 30‐min inter-
vals but have a small impact on long‐term CO2 efflux (Bowling &
Massman, 2011). Second, eddy covariance is also subject to sampling
errors and requires several corrections that collectively add to stochasti-
city in CO2 efflux estimates. This stochasticity becomes increasingly
important when CO2 efflux is small.

Figure 5 indicates late summer/fall declines in Reco, limiting carbon loss
totals. These late‐season reductions occurred earlier at the warmer and

drier WBS and LoS sites than at the cold and wet PFS, MBS, and RME sites; for example, maximum daily
Reco occurred typically in mid‐May at WBS and late June at MBS. These reductions corresponded with
reduced soil moisture, indicating that water limitations caused much of the decline (Figure 3). Moreover,
a pulse in CO2 efflux typical of drylands after rainfall (Huxman et al., 2004) was observed at the WBS and
LoS sites in the summer of 2015 (Flerchinger et al., 2019), indicating that water availability strongly limited
decomposition (Figure S2).

Previous work has often identified soil moisture measured in surface soils as a dominant factor controlling
soil respiration during winter (Brooks et al., 2011; Gilmanov et al., 2004; Oquist et al., 2009; Stielstra et al.,
2015; Tucker et al., 2016), and lab‐based experiments have shown heterotrophic respiration is particularly
sensitive to water availability at temperatures around freezing (Oquist et al., 2009). Our results are broadly
consistent and similarly show that liquid water content was an important control of winter CO2 efflux in
Reynolds Creek (Figure 7c). However, we were unable to fully discriminate the contribution of cold tem-
perature and freezing‐induced changes in soil moisture to the ecosystem‐level winter CO2 efflux that we
observed here. The temperature and moisture sensitivity of autotrophic maintenance respiration during
winter was unknown, and patterns of soil moisture and temperature at depth likely complicated the rela-
tionship between surface soil conditions and winter CO2 efflux. Thus, we attribute the decrease in winter
CO2 efflux to the combination of cold temperature and reduced liquid water content in the soil. However,
except for RME, the relation between winter CO2 efflux with soil temperature under winter conditions is
an extension of that for spring (moist) conditions rather than water‐limited conditions (Figure 9), suggesting
that temperature may be the dominant control.

The lack of snow cover and associated large variability in surface soil temperature andmoisture observations
at WBS suggests that these fast‐varying factors exert a strong control on winter CO2 efflux in lower parts of
the rain‐to‐snow transition zone (Figures 2, 3, and 7). We also found some evidence that similar temperature
and moisture limitations can occur during winter in high snow‐dominated regions when the snowpack is
thin. Specifically, the winter CO2 efflux decreased as soil temperature dropped below freezing and liquid
water content decreased at the RME site (Figure 7).

The high winter CO2 efflux at the snow‐dominatedMBS can be attributed to three factors: long winters, deep
snowpack, and large carbon stock. First, the winters were long, increasing the cumulative sum (Figures 1
and 6). Second, the deep and persistent snowpack insulated the soil from atmospheric conditions
(Figures 1 and 2), which presumably allowed for more heterotrophic respiration (Figure 7, Brooks et al.,
1997; Stielstra et al., 2015; Tucker et al., 2016). Third, soil organic carbon stocks and GEP were larger than
at the other sites (Table 1 and Figure 8), providing more substrate for decomposition and autotrophic
respiration (Brooks et al., 2004;Carbone & Trumbore, 2007 ; Hopkins et al., 2013). Thus, not only did the
MBS site have higher rates of winter CO2 efflux than all other sites, but winter conditions endured longer

Table 2
Regression Statistics of the Generalized Linear Regression Model for 30‐min
Winter CO2 Efflux With Site as a Categorical Factor and Soil Water
Content (VWC), Soil Temperature (soilT), Air Temperature (airT),
Wind Speed (Wind), and Snow Depth (Snow) as Continuous Variables

Coefficients: Estimate Std. Error

(Intercept) 0.568 0.017
WBS −0.363 0.014
LoS −0.235 0.014
PFS −0.194 0.013
RME −0.825 0.013
VWC (m3/m3) 0.515 0.058
soilT (°C) 0.038 0.004
airT (°C) 0.027 0.001
Wind (m/s) 0.111 0.002
Snow (cm) 0.00073 0.00018

Note. (R2 = 0.28; residual standard error = 0.389 on 25901 degrees of free-
dom; regression and all coefficients are significant at p < 0.001.)
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than at the three lower elevation sites. Although winter length at RME
was at least as long as MBE, lower carbon stocks resulted in lower CO2

efflux and cumulative winter Reco.

Previous work has suggested carbon stocks often have a secondary role in
winter CO2 efflux because freezing and reduced liquid water content is
typically limiting (Oquist et al., 2009; Stielstra et al., 2015). However,
Brooks et al. (2004) demonstrate that total carbon stocks can be limiting
as observed herein; specifically, temperature and water availability alone
cannot explain the between‐site variations in winter CO2 efflux observed
in Reynolds Creek (Figures 7, 8; Table 2), most notably the contrast
between MBS and RME. We suspect the altitudinal variation in climate
and ecosystems in Reynolds Creek helps to magnify the role of carbon
availability across the rain‐to‐snow transition zone. Specifically, precipita-
tion, snowfall, plant production, and carbon stocks all increase with eleva-
tion (Flerchinger et al., 2019). Greater precipitation at higher elevation is
expected to increase plant production and snowfall (Figures 1 and 6b;
Flerchinger et al., 2019), albeit moderated by site conditions as illustrated
in the contrast betweenMBS and RME. Greater plant production is antici-
pated to increase labile carbon stocks and root respiration (Carbone &
Trumbore, 2007; Hopkins et al., 2013), and greater snowfall is expected
to thermally insulate those carbon stocks (Seyfried et al., 2016).
Collectively, these processes increase the unfrozen pool of carbon avail-
able for decomposition, autotrophic respiration, and therefore winter
CO2 efflux in high snow‐dominated regions.

Winter CO2 efflux did not decrease in the late winter and actually
increased in some cases as winter ended (Figure 7). This may reflect a shift
from heterotrophic to autotrophic sources as budbreak and root flushmay
have begun as winter ended and spring began. Alternatively, snowmelt at
the end of winter may have recharged deep soils and increased hetero-
trophic respiration in unfrozen soils.

Our interpretation that climate and biota exert strong controls on land-
scape carbon availability during winter extends our understanding of
how state factors influence winter CO2 efflux. Previous work has shown
soil properties that impact freezing and associated changes in liquid water
content exert strong controls on landscape variation in soil respiration
(Brooks et al., 1997; Oquist et al., 2004; Stielstra et al., 2015), and we
describe how variations in climate and biota alter carbon availability to
contribute to these variations.

4.3. How Will a Reduction in Snow Depth/Duration or a Change From a Persistent and Deep
Snowpack to an Intermittent Snowpack Affect Winter CO2 Efflux?

Based on our results and published literature, we hypothesize that reductions in snowpack associated with
greenhouse gas warming may alter soil conditions in ways that inhibit winter CO2 efflux in northern Great
Basin rangelands, leading to a negative climate‐carbon cycle feedback during the winter in this region
(Tucker et al., 2016) that could potentially enhance carbon sequestration. Our results suggest that this nega-
tive feedback will be greatest in productive mid‐to‐high elevation ecosystems, where current winter Reco

accounts for as much as 30% of the annual carbon uptake into these ecosystems and increased GEP and soil
organic carbon stocks provide more substrate for decomposition (Figures 6 and 8 and Table 1). Under cur-
rent conditions, these mid‐to‐high elevations have a deep and persistent snowpack (Winstral & Marks,

Figure 9. Relation between 30‐min CO2 efflux with soil temperature during
dark periods (incoming solar radiation <20 W/m2) for winter, spring, and
dry seasons. Lines connect means for each temperature bin; bins contained
at least 30 observations. Q10 computed from combined winter and spring
conditions in order of elevation gradient (WBS, LoS, PFS, RME, andMBS) is
1.68, 2.01, 2.55, 2.29, and 2.79, respectively (p < 0.001 for all sites).
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2014) that often insulates soils from cold winter conditions (Figures 1 and 2). The anticipated upslope shift in
the rain‐to‐snow transition zone (Flerchinger et al., 2019; Nayak et al., 2010) will result in the following:
reductions in snow depth/duration or a shift to intermittent snow cover with warming; reduction in the
snowpack's ability to thermally insulate plants and soils from cold winter temperatures (Figures 1 and 2;
Groffman et al., 2001; Hardy et al., 2001); an increase in frozen soils and reduction in liquid water
availability (Figure 3); and a decrease in winter CO2 efflux (Figure 7, Oquist et al., 2009; Brooks et al.,
2011; Stielstra et al., 2015; Tucker et al., 2016). Thus, winter CO2 efflux is expected to gradually decrease
as the rain‐to‐snow transition zone shifts upslope, with accelerating impacts as ecosystems with larger
carbon stocks are more frequently exposed to freezing conditions.

Previous studies have shown the existence of snow cover exhibited a strong control on winter CO2 efflux
(Brooks et al., 1997, 2004; Gilmanov et al., 2004; Stielstra et al., 2015). This leads to the prediction that the
greatest reduction in winter CO2 efflux should occur where a thinning snowpack no longer decouples the
soil thermal environment from atmospheric conditions. In Reynolds Creek, our results show that this
occurred where snow depth drops below ~15 cm (Figure 2; Seyfried et al., 2016). This combined with an
anticipated increase in gross production with earlier snowmelt at these high‐elevation sites (Flerchinger
et al., 2019) hints at the possibility of a carbon sink in upper‐montane rangelands with warming. This poten-
tial carbon sink assumes a change in growing‐season respiration is negligible.

The preceding discussion of how an upward shift in the rain‐to‐snow transition zone may alter winter CO2

efflux does not consider some complicating factors that warrant consideration. Decreased winter CO2 efflux,
for example, may simply shift the timing of decomposition to the growing season, when soils warm.
Warming may increase midwinter snow melt, increasing deep moisture recharge, and decomposition in
deep unfrozen soil pools. Increased gross production at higher elevation afforded by earlier snowmelt
(Flerchinger et al., 2019) may lead to larger carbon stocks and increased winter CO2 efflux (Figure 8).
Additionally, freeze‐thaw associated with decreased snowpack may increase cell lysis and associated dead
microbes for decomposition or freezing may injure plants leading to an increase in autotrophic maintenance
respiration. The abovementioned expectations are heavily informed by studies on heterotrophic respiration,
but autotrophic respiration, and root respiration in particular, may also be more important. Thus, the future
winter CO2 efflux in these rangelands may hinge on ecosystem redistribution, patterns of plant production,
and also slow time‐varying carbon pools that impact carbon availability.

5. Conclusions

Our study showed that winter CO2 efflux in sagebrush shrublands was modest but had an important impact
on the annual carbon budget. Observed winter Reco accounted for 8–30% of the annual GEP and 10–31% of
annual Reco lost to the atmosphere and roughly approximated the annual net carbon uptake from the sites
(nearly neutral to 180 gC·m−2·year−1). Omission of these winter periods would have increased computed
average net uptake by a factor of 1.5 at low elevation sites to 2.2 at higher elevations. The impact of winter
CO2 efflux increased in high elevation snow‐dominated sagebrush ecosystems compared to low rain‐
dominated ones. Winter effluxes were shown to vary across sites and with slow time‐varying factors includ-
ing soil carbon stocks and the previous year's GEP. Within‐site variations were correlated with fast time‐
varying factors, including soil temperature and volumetric liquid water content.

Reductions in snow depth and duration associated with greenhouse gas warmingmay lead colder winter soil
temperatures, increased soil freezing, and decreases in soil liquid water content without the snowpack's abil-
ity to insulate the soils. These colder temperatures and increased soil freezing could lead to a negative carbon
cycle feedback by reducing winter respiration and CO2 efflux.
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Erratum

In the originally published version of this article, the article title published incorrectly due to typesetting
error. The original title, "Winter ffCO2 Efflux From Sagebrush Shrublands Distributed Across the Rain‐to‐
SnowTransition Zone" should have been "Winter CO2 Efflux From Sagebrush Shrublands Distributed
Across the Rain‐to‐Snow Transition Zone." The article title has since been corrected, and this version may
be considered the authoritative version of record.
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