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[1] Despite their prevalence, little attention has been given to quantifying arid land soil and
ecosystem carbon fluxes over prolonged, annually occurring dry periods. We measured soil
[CO2] profiles and fluxes (Fs) along with volumetric soil moisture and temperature in bare
interplant canopy soils and in soils under plant canopies over a three-month hot and dry
period in a Chihuahuan Desert shrubland. Nocturnal Fs was frequently negative (from the
atmosphere into the soil), a form of inorganic carbon exchange infrequently observed in
other deserts. Negative Fs depended on air-soil temperature gradients and were more
frequent and stronger in intercanopy soils. Daily integrated ecosystem-level Fs was always
positive despite lower daily Fs in intercanopy soils due to nocturnal uptake and more limited
positive response to isolated rains. Subsurface [CO2] profiles associated with negative Fs

indicated that sustained carbonate dissolution lowered shallow-soil [CO2] below
atmospheric levels. In the morning, positive surface Fs started earlier and increased faster
than shallow-soil Fs, which was bidirectional, with upward flux toward the surface and
downward flux into deeper soils. These dynamics are consistent with carbonate precipitation
in conjunction with convection-assisted CO2 outgassing from warming air and soil
temperatures and produced a pronounced diurnal Fs temperature hysteresis. We concluded
that abiotic nocturnal soil CO2 uptake, through a small carbon sink, modulates dry season
ecosystem-level carbon dynamics. Moreover, these abiotic carbon dynamics may be
affected by future higher atmospheric carbon dioxide levels and predictions of more
prolonged and regular hot and dry periods.
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1. Introduction

[2] Southwestern North American climate conditions are
predicted to become increasingly arid, with disproportionate
decreases in winter time rainfall and greater variation in
summer rains associated with the North American monsoon
[Seager et al., 2007; McAfee and Russell, 2008]. Reduced
cool season rains and more variation in the timing and total
amount of monsoon season rains will likely increase the

duration and severity of the “premonsoon drought,” a period
of typically low rainfall that occurs from April to mid-June
[Sheppard et al., 2002; McAfee and Russell, 2008]. The
premonsoon drought represents a consistent annual chal-
lenge for long-lived perennial plants in the arid southwest
U.S. and, hence, the stability and structure of its water-limited
ecosystems. Recent wide-spread regional mortality of domi-
nant species across arid and semiarid southwest U.S. ecosys-
tems has been closely associated with multiple dry years
with low winter precipitation [Breshears et al., 2005;
Miriti et al., 2007; McAuliffe and Hamerlynck, 2010], and
such mortality events can strongly modulate ecosystem pro-
cesses and productivity responses to subsequent monsoon
season rain [Pennington and Collins, 2007; Scott et al.,
2010; Hamerlynck et al., 2013]. Ecological processes in
arid land systems are highly “pulsed” and are tightly coupled
to the seasonal distribution as well as the total amount of
individual rainfall events [Loik et al., 2004]. Due to this,
much arid land ecosystem flux research has focused on
transitions to and from periods of low and high moisture
availability [Huxman et al., 2004; Potts et al., 2006; Cable
et al., 2008; Jenerette et al., 2008; Serrano-Ortiz et al.,
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2010; Barron-Gafford et al., 2012; Rey et al., 2012; Yates
et al., 2013], rather than over prolonged and predictable sea-
sonal dry periods, which are a defining characteristic of arid
land ecosystems [Loik et al., 2004].
[3] A fundamental shift in ecosystem processes could

potentially occur under prolonged dry periods. There is in-
creasing evidence that abiotic carbon dynamics affect arid
land ecosystem-level gas exchange over prolonged, dry plant
dormant periods [Emmerich, 2003; Kowalski et al., 2008;
Serrano-Ortiz et al., 2010; Plestenjak et al., 2012; Rey et al.,
2012; Roland et al., 2013; Sánchez-Cañete et al., 2013a].
Recently, Roland et al. [2013] have used a chemical carbonate
weathering model to demonstrate how turbulence-induced
ventilation drives soil CO2 outgassing and carbonate precip-
itation during the day, while nocturnal replenishment of soil
CO2 and dissolution of carbonates can drive soil CO2 uptake
over dry periods in Spanish mattoral. Observations of negative
nocturnal soil efflux (Fs), or soil uptake of CO2 from the atmo-
sphere, have been found in other arid land systems, notably the
dry valley ecosystems of Antarctica [Parsons et al., 2004; Ball
et al., 2009] and in highly alkaline soils of the Gubantonggut
Desert in China [Xie et al., 2009] have been primarily attrib-
uted to physical, not biological, processes. Negative Fs has
been found to depend on changes in strength of soil tempera-
ture gradients and soil electrical conductivity and are usually
most pronounced under low soil water contents [Ball et al.,
2009; Xie et al., 2009]. Deserts frequently have strong soil
temperature gradients that contribute to abiotic and plant-
mediated soil moisture distribution and soil respiration
[Nobel and Geller, 1987; Williams et al., 1993; Scanlon,
1994; Berndtsson et al., 1996; Fernandez et al., 2006;
Scott et al., 2008; Barron-Gafford et al., 2011]. These dry,
hot conditions are typical of the annual premonsoon drought
and could induce prolonged negative surface Fs. Soil carbon
flux is a critical determinant of arid land net ecosystem carbon
dioxide exchange (NEE) andmodulates ecosystem carbon sink
or source potential [Cable et al., 2011; Hamerlynck et al.,
2013]. Even if nighttime soil CO2 uptake rates are small,
quantification of such dynamics would contribute to a fuller
understanding of arid land ecosystem carbon balance [Ball
et al., 2009; Serrano-Ortiz et al., 2010]. However, past re-
search examining negative Fs has not been coupled directly
with concurrent measurements of subsurface [CO2], nor has
the spatially explicit sampling been performed needed to ex-
trapolate this phenomenon to ecosystem-level Fs [Barron-
Gafford et al., 2011]. Thus, the importance of negative Fs

and its relationship to ecosystem-level fluxes in any terres-
trial arid land ecosystem is currently unknown.
[4] Arid land systems are shifting mosaics of undercanopy

and bare soil intercanopy space [Scholes and Archer, 1997;
D’Odorico et al., 2007]. Woody shrubs serve as important
foci for biological activity, as they facilitate accumulation
of limiting nutrient resources [Titus et al., 2002] and amelio-
rate high temperature and radiation loads which can, in some
cases, enhance plant soil water availability [Bhark and Small,
2003; D’Odorico et al., 2007, 2010; Pockman and Small
2010; but see Caldwell et al., 2008; Duniway et al., 2010].
Soil fluxes are almost always higher under semiarid and arid
land plant canopies, which are typically associated with
higher biotic activity [Cable et al., 2008; Barron-Gafford
et al., 2011; but see Bowling et al., 2011]. Strong soil temper-
ature gradients commonly cooccur with negative surface Fs

[Ball et al., 2009; Parsons et al., 2004; Xie et al., 2009],
and such gradients may be reduced in strength under plant
canopies [D’Odorico et al., 2010]. The higher probability
of biological activity under plant canopies [Barron-Gafford
et al., 2011] may also limit the frequency and strength of neg-
ative soil Fs. In addition, soil contributions are likely the dom-
inant contribution to ecosystem respiration (Reco) across plant
dormant spring and autumn periods [Emmerich, 2003]. If
nocturnal surface Fs is consistently higher and positive in
undercanopy locations across premonsoon drought periods,
disproportionate contributions from undercanopy soils may
sustain positive ecosystem-scale soil fluxes [Barron-Gafford
et al., 2011]. Thus, plant canopies likely modulate the spatial
and temporal dynamics of soil carbon dioxide fluxes in arid
land systems over prolonged seasonal dry periods.
[5] Here we present a study aimed at quantifying soil

respiration and soil surface and subsurface CO2 dynamics
of a Chihuahuan Desert shrubland across a three-month
premonsoon drought period. The three main objectives of
this study were as follows:
[6] 1. To quantify the frequency, strength, and spatial oc-

currence of negative Fs. Specifically, we hypothesized that
negative Fs would be more likely and of greater magnitude
in intercanopy locations, as these are more likely to have
the strong temperature gradients associated with negative
Fs [Ball et al., 2009; Xie et al., 2009].
[7] 2. To determine where and when negative Fs affect

ecosystem-level soil Fs dynamics. We hypothesized that the
flux rates associated with negative Fs [Parsons et al., 2004;
Ball et al., 2009; Xie et al., 2009] are too low to result in
negative Fs when integrated over 24 h or of sufficient magni-
tude in intercanopy soils to offset positive undercanopy Fs to
induce negative ecosystem-level nighttime soil efflux.
[8] 3. To establish the temporal relationship between sur-

face Fs and subsurface CO2 gas concentration gradients and
associated CO2 flux. Previous studies demonstrating night-
time NEE or soil CO2 uptake did not measure covariation
of surface Fs with subsurface CO2 [Ball et al., 2009; Xie
et al., 2009; Roland et al., 2013]. Comeasurement of sur-
face and subsurface CO2 dynamics will provide resolution
of where in the soil profile negative Fs originates. We hy-
pothesized that subsurface changes in [CO2] would precede
surface CO2 uptake.

2. Materials and Methods

2.1. Study Site

[9] The study was conducted at the Lucky Hills site lo-
cated within in the U.S. Department of Agriculture (USDA)
Agricultural Research Service Walnut Gulch Experimental
Watershed located near Tombstone, AZ, USA. The Lucky
Hills site is located around 31.744°N and 110.052°W with
an elevation of 1370 m. Lucky Hills is a typical Chihuahuan
Desert shrub plant community dominated by creosote bush
(Larrea tridentata), whitethorn acacia (Acacia constricta),
mariola (Parthenium incanum), and tarbush (Flourensia
cernua), with average woody plant canopy cover of 34%
and bare soil cover of 66% [Skirvin et al., 2008]. The
1990–2009 mean annual precipitation at Lucky Hills was
about 280 mm, with air temperatures ranging from a mini-
mum of �5°C to a maximum of over 40°C [Goodrich
et al., 2008, Keefer et al., 2008]. Approximately 60% of the
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annual rainfall comes during the months of July–September
in the form of convective thunderstorms associated with
North American monsoon [Sheppard et al., 2002], with the
bulk of the rest falling over the cooler nonsummer months
[Renard et al., 2008]. Soils at the site are from the Lucky
Hills series (coarse-loamy, mixed, thermic, Ustochreptic
Calciorthids) with very gravelly sandy loam A horizons
(0–7 cm) with relatively low CaCO3 (9% fine fraction) and
pH 8.2, followed by two loamy B horizons with varying de-
grees of carbonate accumulation (Bk horizons), the first from
7 to 32 cm (Bk1) with pH 8.6 and 35% CaCO3 fine soil frac-
tion and the second (Bk2; 32–52 cm) with pH 8.4 and 44%
fine fraction CaCO3, then a coarse sandy loam Bk horizon
with a weakly cemented, discontinuous calcium carbonate
(“caliche”) layer (Bkm3; 55–72 cm), and a fine soil fraction
with 33% CaCO3 and pH 8.2 [Breckenfeld, 2008].

2.2. Meteorological Measurements

[10] We have measured hydrometeorological variables and
carbon dioxide and water vapor fluxes using the eddy covari-
ance (EC) technique at the Lucky Hills site continuously
since 2007 [Scott et al., 2010]. The principal role of the EC
station for this study was to provide meteorological data for
calculating gradient-based subsurface soil CO2 fluxes (see
below) and to determine if soil/atmospheric temperature con-
ditions were conducive to dew formation.

2.3. Soil Surface and Subsurface CO2 Dynamics

2.3.1. Surface CO2 Flux
[11] On 23 March 2012, we deployed a multichamber soil

respiration monitoring system (LI-8100, LiCOR Instruments,
Lincoln, NE) consisting of eight chambers, four placed under
creosotebush (Larrea tridentata) and four in intercanopy
spaces. Soil collars were inserted 8–9 cm into the soil surface,
leaving 2–3 cm of the collar exposed; this exposed height
was used to calculate the chamber volume needed to estimate
soil CO2 efflux (Fs in μmol m�2 s�1). Fs was measured every
2 h by enclosing the chamber and measuring the CO2 molar
fraction [CO2] every second over a 2 min measuring interval
following a 45 s premeasurement purge. Fs were calculated
from an exponential or a linear regression of [CO2] on time
after selecting the regression technique with the lowest
number of iterations and the highest coefficient of determi-
nation (R2; File Viewer v3.0, LiCOR Instruments). The
nondispersive infrared gas analyzer in LiCOR 8100 has a
published measurement range of 0–20,000 ppm, with read-
ing accuracy of 1.5%, and a zero drift of <1 ppm d�1 and a
total calibration drift of <0.4 ppm °C�1 at 370 ppm, with
RMS noise of <1 ppm with 1 s signal averaging. Concurrent
with [CO2] sampling, chamber air temperature (Tair) was
measured with a thermistor attached to the chamber housing.
Soil temperature (Tsoil) was measured with a LiCOR tempera-
ture probe, and volumetric soil moisture (θ, cm3 cm�3) was
measured with a Decagon ECH2O 5 cm probe inserted hori-
zontally at 15 cm depth into a trench face dug adjacent to
the monitored soil plot and subsequently reburied. Tair, Tsoil,
and θ were averaged over each 2 min efflux measurement.
Intercanopy and undercanopy plots were paired for concurrent
sampling to insure that diel temperature effects were spread
evenly across plot types. Nighttime average Fs was calculated
from values obtained between 22:00 MST of the previous day
and 06:00 of the current day of year (DOY). Daily integrated

molar soil efflux was estimated by determining the area under
each 24 h curve, with nighttime molar efflux estimated by de-
termining the area under curves generated from 20:00 the
night before to 06:00MST of the current DOY (area transform
function, SigmaPlot v10.0). Undercanopy and intercanopy in-
tegrated Fs carbon yields were extrapolated to ecosystem-level
Fs bymultiplying the mean of eachFs by their respective cover
values of 34% and 66% [Skirvin et al., 2008].
2.3.2. Subsurface Soil CO2 Concentrations and Flux
[12] Soil surface CO2 concentrations were estimated from

intercanopy soil respiration chambers every 2 h by averaging
chamber [CO2] over 10 s following the 45 s chamber prepurge
before the chamber deployed over each of the soil efflux
collars described above. Subsurface volumetric CO2 fraction
(ppm) was measured using CO2 sensors equipped with
solid-state compact CO2 probes (GM222, Vaisala, Helsinki,
Finland). We measured the volumetric soil CO2 fractions
across three intercanopy soil profiles, each consisting of three
CO2 sensors (with a range of 0–5000 μmol mol�1) and soil
temperature at 2, 8, and 16 cm, with soil moisture probes span-
ning the 2–8 and 8–16 cmmeasurement intervals. In addition,
these parameters were measured at 20 and 40 cm at a single
location located within 3 m of the three 2–16 cm profiles.
Each probe was encased in a vertical PVC pipe with an open
bottom that terminated at the desired depth in the soil, and this
casing was sealed on the upper end using a rubber gasket that
fits snugly between the probe and the pipe housing (in the
sense of Barron-Gafford et al. [2011]). [CO2] at each depth
was sampled every 30 s, and 30 min averages were stored
in the data logger. The [CO2] readings were corrected for
field variations in soil temperature and atmospheric pres-
sure using the data collected by the eddy covariance tower
[Tang et al., 2003]. To ensure accuracy, approximately
every month, measured concentrations of each CO2 probe
were compared against the other two profile probes located
at the same depth. When in situ concentrations differed by
more than ±50 ppm, all three probes were pulled and ex-
posed to open air. If all three probes differed by no more
than ~30 ppm from atmospheric concentrations, differences
were considered to be due to spatial variation and not probe
malfunctioning or calibration drift. Otherwise, the question-
able probe was replaced by a new probe that had been
zeroed and span calibrated to 3000 ppm in the laboratory.
Published probe accuracy is ±1.5% of the range, ± 2% of
the reading.
[13] Soil CO2 efflux (Fs; μmol m�2 s�1) from the profile was

obtained using a computational approach based on Fick’s law
and accounting for gradient conservation–dependent mass
diffusion of gasses [Bird et al., 2002; Kowalski and Argüeso,
2011], with Fs=�Dsρa(δC/δz), where Ds is the soil CO2

diffusion coefficient (m2 s�1), ρa is the molar air density
(μmol m�3), and δC/δz is the vertical CO2 molar fraction
gradient (ppm m�1). Ds was calculated for each depth as
Ds = ξDa, where ξ is the tortuosity factor, and Da is the diffu-
sion coefficient of CO2 in free air. Tortuosity was calculated
as ξ = [(ϕ� θ)2.5]/ϕ, where ϕ is porosity, calculated as
ϕ = ρb/ρm, with ρb as bulk density and ρm as the particle
density of mineral soil (1.64 g cm�3 and 2.65 g cm�3 for
the upper 15 cm of soil, respectively), and θ is the volumet-
ric soil water content [Moldrup et al., 2000]. Da (m2 s�1)
was calculated as per Jones [1992], with Da=Da0(P/101.3)*
(T/293.16)1.75, where Da0 is a reference value of Da at 293 K
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Figure 2. Frequency of negative and zero/positive nocturnal soil surface CO2 efflux (Fs) observations for
(a) undercanopy and (b) intercanopy soils. Regression relationships for nocturnal Fs with (c) undercanopy
and (d) intercanopy air-soil temperature gradients. Negative temperature differences indicate that soils at
15 cm depth are warmer than air temperature; the dashed reference lines indicate Fs= 0.

Figure 1. Three month time series of diurnal soil CO2 efflux (Fs) measured in undercanopy (solid line)
and intercanopy locations (broken line) in a Chihuahuan Desert shrubland during the 2012 premonsoon
dry period. Measurements were made every 2 h, each line is the mean of measurements from four Fs collars;
note differences in y axis scales; the dashed reference line indicates Fs = 0.
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and 101.3 kPa (Da0 = 1.47 × 10�5 m�2 s�1), P is air pressure
(kPa), and T is temperature (K).

2.4. Statistical Analysis

[14] Negative and positive undercanopy and intercanopy
Fs values were binned into 1°C chamber Tair� Tsoil differ-
ences, and the differences in Fs distributions across these
temperature bins were compared using chi-square analysis
(χ2, Statistix v.8.0, Analytical Software, Tallahassee, FL).
The dependence of nighttime Fs on the air-soil temperature
gradient was determined by regressing instantaneous mea-
sures of Fs against concurrent chamber Tair�Tsoil and com-
paring the fitted slopes and intercepts (linear regression,
Statistics v8.0). To determine if the magnitude of negative
Fs differed between intercanopy and undercanopy locations,
we performed a one-way analysis of variance (ANOVA)
comparing nighttime Fs for those nights where both locations
showed sustained negative Fs, using the location-by-replicate
interaction as the ANOVA F test error term. To determine

seasonal differences in undercanopy and intercanopy 24 h and
nighttime-integrated Fs, we used a split-plot repeated-measures
one-way analysis of variance (RM-ANOVA, Statistix v8.0).
Soil efflux collar location (intercanopy and undercanopy) was
used as the whole-plot effect, using the location-by-replicate
collar (n=4 for each location) as the whole-plot F test error
term. Day of year (DOY) and the DOY-by-location interactions
were the subplot, within-treatment effects, using the nested
location-by-DOY-by-replicate interaction as the subplot F test
error term. Of specific interest in this RM-ANOVA was the
location-by-DOY interaction, as this would show location-
specific differences in surface Fs to environmental variation
over the three-month sampling period. Final intercanopy
and undercanopy comparison was one-way ANOVA of Fs

summed for all 24 h diel and nighttime intercanopy and
undercanopy observations, using the location-by-replicate col-
lar interaction as the ANOVA F test error term. For all one-
way and RM-ANOVA, post hoc means testing was made
using α-adjusted least significant difference (P< 0.05).

3. Results

[15] Across the three-month study period, negative surface
Fs occurred in both collar locations (Figure 1) but was more
frequent and occurred across a wider range of nighttime
air-soil temperature differences in intercanopy compared

Figure 3. Intercanopy and undercanopy (a) daily aver-
age volumetric soil moisture, (b) 24 h and (c) nightly
(20:00–06:00 MST) integrated soil efflux (Fs) carbon yield,
and (d) ecosystem-level daily and nightly Fs carbon yields
over the course of the 3 month 2012 premonsoon study period.
Dashed lines are Fs zero references; each Fs point and θ15 cm

line is the mean of four soil efflux collars; error bars are ±1 SE.

Figure 4. Diurnal dynamics of average (a) soil surface
and subsurface CO2 concentrations, (b) surface air and sub-
surface soil temperatures, and (c) soil chamber measured
surface soil CO2 efflux (Fs) and temperature-estimated Fs
from a regression to determine Q10 (Fs= a*e

(b*T) per Bowling
et al. [2011]) and subsurface [CO2] gradient-calculated
subsurface Fs pooled across a 20 day period (DOY 155–175;
3–23 June).
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to undercanopy soils (χ2 = 383.8; P ≤ 0.001; Figure 2). In
undercanopy soils, the frequency of negative Fs exceeded
positive values when air/soil temperature gradients were 11°C
or greater (Figure 2a), as compared to 9°C in intercanopy
(Figure 2b). Pooled across soil collars in both locations,
Fs had a significant linear relationship with air/soil tem-
perature gradients (R2 = 0.24; F1,734 = 229.34; P ≤ 0.001),
with significant individual regressions for undercanopy
(F1,378 = 240.08; P≤ 0.001; Figure 2c) and intercanopy loca-
tions (F1,378 = 395.47; P≤ 0.001; Figure 2d). Both regressions
were anchored by negative Fs rates at stronger air/soil temper-
ature gradients, with significantly different slopes and inter-
cepts between undercanopy and intercanopy relationships
(F1,732 = 23.52 and F1,733 = 96.34; P≤ 0.001, respectively).
The steeper slope in undercanopy soil respiration collars
(Figure 2c) was due to larger increases in undercanopy Fs

following the few rains that occurred (Figure 1). These large
after the rain Fs responses led to a markedly better goodness
of fit using an exponential rather than a linear relation-

ship for undercanopy soils (Fs=0.0009+ 0.9458*e
(0.66*ΔT);

F2,377 = 294.08; P≤ 0.001; Figure 2c). On nights where aver-
age nighttime Fs was negative in both locations, Fs was more
negative in the intercanopy (�1.59 μmol m�2 s�1 ± 0.068 SE)
compared to undercanopy rings (�0.91 μmol m�2 s�1 ± 0.069
SE; F1,5 = 9.77; P=0.026).
[16] Volumetric soil moisture at 15 cm was consistently

higher in intercanopy soils compared to undercanopy locations
(Figure 3a); however, as undercanopy and intercanopy soils
have identical particle size distributions (W. E. Emmerich,
personal communication), the consistent difference between
these through wetting and drying periods indicates that differ-
ences in θ15 cm were likely due to the influence of differences
in soil bulk density on the soil moisture probe calibration equa-
tion [Jacobsen and Schjønning 1993]. It is likely that θ did not
differ between locations in the dry periods. Pooled across all
sampling dates, daily integrated Fs was lower in intercanopy
locations (F1,6 = 11.27; P= 0.015) as well as nocturnally inte-
grated Fs (F1,6 = 15.31;P= 0.008), with a significant location-
by-time interaction for both parameters (F91,546 = 12.87;
P ≤ 0.001 for 24 h integrated and F91,546 = 5.39; P ≤ 0.01 for
nighttime integrated Fs, respectively). The two-way inter-
action due to much stronger positive diurnal and nighttime
Fs responses to rain in the undercanopy soil collars as
compared to intercanopy collars (Figures 3b and 3c).
Lower diurnally integrated intercanopy Fs was also due
to differences in nighttime Fs, as peak Fs (i.e., Fs averaged
across 10:00 and 12:00 MST) did not differ between
intercanopy (0.81 μmol m�2 s�1 ± 0.015 SE) and under-
canopy soils (0.88 μmol m�2 s�1 ± 0.037 SE) pooled across
the sampling period (F1,6 = 2.38; P = 0.1741; Figure 1).
Peak Fs showed a significant location-by-DOY interaction
(F91,546 = 14.71; P ≤ 0.01) due to stronger after the rain peak
Fs in undercanopy collars (Figure 1). Nighttime-integrated Fs
was infrequently negative in undercanopy soil collars but was
primarily negative in intercanopy soil collars (Figure 3c).
This did not result in negative Fs integrated across 24 h
in intercanopy soil collars (Figure 3b). Summed across
the study period, intercanopy soils yielded 40.6% lower
carbon yields (22.5 g C m�2 ± 1.31 SE) compared to those
in undercanopy soils (32.9 g C m�2 ± 2.80 SE; one-way
ANOVA F1,6 = 11.27; P=0.0153). The total ecosystem-level
Fs yield was estimated to be 23.5 g C over the entire study pe-
riod (Figure 3d). By the end of the study, intercanopy nocturnal
C accumulations were negative (�0.88 g C m�2 ± 0.351 SE)
and significantly lower than undercanopy accumulations
(5.4 g C m�2 ± 1.57 SE; one-way ANOVA F1,6 = 15.31;
P = 0.008). Despite the occasional negative nightly inte-
grated Fs in both locations and the overall negative C yield
in intercanopy soils (Figure 3c), the total estimated nocturnal
ecosystem-level Fs carbon yield was positive (0.59 g C m�2;
Figure 3d). Figure 4 presents diurnal dynamics averaged
across a 20 day period, showing that soil surface and subsur-
face CO2 concentrations (Figure 4a), temperature (Figure 4b)
and surface and subsurface soil CO2 flux (Figure 4c) in
intercanopy soils when θ15 cm averaged 9.06%, and noctur-
nally integrated CO2 were negative (DOY 155–175; average
Fs=�0.03 g C m�2 night�1; Figures 3a and 3c). Soil CO2

uptake was associated with clear [CO2] concentration gradi-
ents from 40 to 2 cm and [CO2] at 2 cm lower than concentra-
tions at the soil surface (Figure 4a). Initiation of morning soil
surface efflux preceded changes in [CO2] at 2 cm, which, in

Figure 5. Temperature responses of (a) soil chamber mea-
sured soil surface CO2 efflux (Fs), (b) soil CO2 concentration
at 2 cm depth and concurrent soil surface atmospheric [CO2],
and (c) average surface and 0–2 cm Fs responses to tempera-
ture at 2 cm for cross validation across a 20 day period (DOY
155–175; 3–23 June). Diurnal rotation is clockwise, with
higher Fs and [CO2] occurring from 06:00 to 10:00.
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turn, increased sooner and more strongly than [CO2] at 8 and
16 cm and even exceeded concentrations at 8 cm through
much of the morning (Figure 4a). This resulted in a morning
period where CO2 flux at 2 cm was bidirectional, with upward
efflux toward the soil surface (i.e., positive Fs at 0–2 cm) and
downward into the soil profile (i.e., negative Fs at 2–8 cm;
Figure 4c). Soil surface Fs peaked at 10:00 MST, well before
2 cm [CO2] (Figure 4a) and Fs 0–2 cm did (Figure 4c); more
frequent surface Fs sampling may have shown that peak efflux
rates were associated with the transient period with essentially
no soil [CO2] gradient between 16 and 2 cm and an overall
[CO2] of 545–560 ppm (Figure 4a). Afternoon declines in
surface Fs and Fs at 0–2 cm and 2–8 cm were associated with
reestablishment of clear [CO2] gradients from 40 to 2 cm
that started after [CO2] at 2 cm declined to levels below those
at 8 and 16 cm (Figure 4a). Rises and declines in surface
Fs and [CO2], and therefore subsurface Fs, were temporally
offset from their associated temperatures (Figure 4b).
Compared to surface Fs predicted from surface air tempera-
ture (Fs = ae

(b*Tair), which gave a Q10 of 1.01) [Bowling
et al., 2011], observed surface Fs showed markedly greater
morning increases than would be predicted from Tair, and
Fs estimated from Tair also did not predict nighttime soil CO2

uptake (Figure 4d). Temperature-derived daily integrated
Fs was 0.019 g C m�2 d�1 compared to 0.017 g C m�2 d�1

for observed efflux rates, a 9.3% overestimation.

[17] Stronger positive morning surface Fs and higher [CO2]
resulted in distinct diurnal temperature hysteresis (Figure 5a),
as did [CO2] at 2 cm soil depths (Figure 5b). Across most
soil temperatures, 0–2 cm profile estimated flux and surface
Fs were in good agreement, varying from approximately
�0.03 to +0.06 μmol m�2 s�1; however, profile-estimated
Fs underestimated the 08:00 and 10:00 Fs by approximately
0.3 μmol m�2 s�1 (Figure 5c). Integrating under the pooled
daily curves for surface and 0–2 cm profile Fs (Figure 4), the
underestimation by profile-estimated Fs in the morning led to
a 16% underestimation of daily integrated surface CO2 flux
(0.0144 g C m�2 d�1 compared to 0.0172 g C m�2 d�1).
[18] Figure 6 summarizes diurnal surface Fs and subsurface

[CO2] and temperatures for two 7 day periods: one (DOY
122–128) when shallow soils were dry and showed distinct
vertical distribution in θ (Figure 6a) with a negative nocturnal
integrated surface Fs (�0.05 g C m�2 night�1; Figure 3c),
and the other (DOY 132–138), after a 9.4 mm rain, over a
period of higher and more even depth distribution of θ
(Figure 6b) and positive nocturnal Fs (0.05 g C m�2 night�1;
Figure 3c). Over the pre-rain period, Fs (Figure 6a) and
subsurface [CO2] dynamics (Figure 6c) were nearly identical
to those observed later over a 20 day premonsoon period
(DOY 155–175; Figure 4a). Over the post-rain period,
the concentrations of the entire profile went up despite
shallow infiltration depths somewhere between 5 and 15 cm

Figure 6. Diurnal dynamics of soil surface atmospheric and subsurface [CO2] averaged over the 7 day
(a) pre-rain (DOY 122–128; 1–7 May) and (b) post-rain (DOY 132–138; 11–17 May) periods. Soil-
chamber measured soil surface CO2 efflux (Fs) and temperature-estimated Fs from a regression to
determine Q10 (Fs = a*e

(b*T) per Bowling et al. [2011]) for (c) pre-rain and (d) post-rain periods. Bars
are ±1 standard deviation.
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(data not shown). While the soil CO2 concentration gradient
between 20 and 2 cm remained consistent throughout the
24 h diurnal cycle (Figure 6b), soil CO2 efflux more closely
followed soil surface air temperatures compared to when it
was dry (Figure 6d). Interestingly, the Q10 estimated for the
post-rain period did not differ from that calculated under
dry conditions (1.01). Unlike under drier soil conditions,
CO2 at 20 cm exceeded 40 cm levels through much of the
night (Figure 6b). The overall daily integrated Fs for the
pre-rain period was 0.012 g C m�2 d�1 using observed rates
and 0.015 g C m�2 d�1 using temperature-estimated Fs, an
18.7% overestimation, compared to 0.319 g C m�2 d�1 and
0.324 g m�2 d�1 for observed and temperature-estimated Fs

over the 7 day post-rain period, respectively.

4. Discussion

[19] Negative soil CO2 efflux occurred frequently through-
out the three-month premonsoon study period, especially in
intercanopy soils (Figure 1), and was of sufficient strength
and duration to result in negative nighttime integrated Fs,
especially in intercanopy locations (Figure 3c). At no point
was soil carbon uptake observed under daytime conditions
(Figure 1), so it is unlikely that photosynthetic activity by
the soil cryptobiotic community drove soil CO2 uptake, as
observed in other arid land systems [Bowling et al., 2011].
As in other studies documenting negative Fs [Parsons et al.,
2004; Ball et al., 2009; Xie et al., 2009], nocturnal soil surface
CO2 uptake coincided with strong soil-air temperature gradi-
ents (Figure 2), counter to those showing that nocturnal CO2

outgassing is favored under strong soil-air temperature gradi-
ents [Weisbrod et al., 2009] and effects on soil air buoyancy
that result from thermal gradient effects on CO2 partial pres-
sures [Kowalski and Sánchez-Cañete, 2010; Sánchez-Cañete
et al., 2013b]. However, these studies examined exchange
through systems underlain by karst geology, or in systems
with connections to large caves, features not present in the
coarse-textured, sandy loam soils at the Lucky Hills site
[Breckenfeld, 2008]. The frequency distribution and magni-
tude of negative Fs were not the same between undercanopy
and intercanopy locations (Figure 2), as hypothesized. Arid
land shrubs serve as accumulation points for soil and anything
in it, including inorganic carbon [Titus et al., 2002; Emmerich,
2003], which is physically displaced quickly by infiltration
following isolated rains, and can affect postpulse ecosystem
carbon balance [Huxman et al., 2004]. Though dry conditions
curtail activity of soil microbes and plant roots [Cable et al.,
2008], biotic activity is still likely to be greater under plant can-
opies [Barron-Gafford et al., 2011]. These two features would
explain why undercanopy soils responded more strongly to
rain (Figure 1). In addition, reduction of incident solar radiation
in the undercanopy during the day may have lowered the depth
and degree of undercanopy soil warming [D’Odorico et al.,
2010], which likely reduced the frequency of nocturnal soil
CO2 uptake (Figure 2) [see also Ball et al., 2009; Xie et al.,
2009]. Overall, our findings indicate that even when surface
Fs is negative across seasonal dry periods, it is a net flux,
reflecting both positive and negative contributions of biotic
and abiotic carbon processes.
[20] The instantaneous rates of nighttime soil CO2 uptake

at the Lucky Hills site were similar to those observed in
Antarctic Dry Valley ecosystems [Parsons et al., 2004;

Ball et al., 2009] and hyper-alkali soils in central Asia deserts
[Xie et al., 2009]. More frequent and stronger nocturnal
soil CO2 uptake contributed to lower total soil C yields in
intercanopy soils (Figure 3b), as peak daytime soil efflux rates
did not differ between intercanopy and undercanopy soils
when conditions were dry (Figure 1). The strong undercanopy
Fs responses to the few isolated rains that occurred (Figure 1)
led to disproportionate contributions from these soils to
ecosystem-level Fs, as evidenced by positive nocturnal eco-
system Fs carbon yields summed across the study period
(0.59 g C m�2; Figure 3c), despite intercanopy soils taking
up�0.5 to�1.2 g C m�2 (Figure 3b), supporting our hypoth-
esis. In addition to highlighting the importance of water in
arid land soil CO2 exchange, these results show that plant can-
opy modulation of soil respiratory dynamics when water is
available [Cable et al., 2008, 2011; Barron-Gafford et al.,
2011] extends to soil carbon processes over prolonged sea-
sonal dry periods as well. Our results also suggest that noctur-
nal soil CO2 uptake may not be as major a feature in global
carbon cycles as some have conjectured [Xie et al., 2009].
However, at an unvegetated Great Basin desert playa in
Nevada, Yates et al. [2013] demonstrated that soil CO2 uptake
drove the nocturnal atmospheric mixing ratio to levels of
340–380 ppm, well below average background [CO2]. At
no point in our study was such a decrease in atmospheric
[CO2] noted, either at the soil surface (Figures 4a and 5b) or
in [CO2] measured on the EC tower (data not shown). In
addition, at a desert grassland site with high soil carbonates
[Emmerich, 2003], but much higher plant cover located 10.5
km east from the Lucky Hills site, premonsoon negative
nocturnal Fs was never observed [Hamerlynck et al., 2013].
These findings and ours show that in addition to variation in
soil carbonate concentrations, plant cover modulates the pro-
cesses underlying abiotic soil CO2 dynamics in arid lands.
[21] The temporal trends of our data support the ventila-

tion-driven carbonate deposition/dissolution mechanism pro-
posed by Roland et al. [2013]. On nights with soil CO2

uptake, soil [CO2] at 2 cm was below atmospheric levels,
and there was a clear upward [CO2] gradient toward 2 cm,
resulting in a convergence of Fs toward 2 cm, especially from
22:00 to 06:00, when negative surface efflux was most pro-
nounced (Figures 4 and 6a). This flux convergence indicates
CO2 consumption at 2 cm, consistent with Roland et al.’s
[2013] model of sustained nocturnal carbonate dissolution
serving as a soil CO2 sink for atmospheric and deeper soil
CO2. Roland et al. [2013] conjectured upward diffusion of
CO2 from deep within the soil, in their case, from cracks
and caves in their karstic system, induced CaCO3 dissolution
at shallower depths, driving nocturnal soil CO2 uptake. The
Lucky Hills site is not in a karst setting that allows for higher
soil air exchange rates and a greater volume of soil involved
in soil gas exchange at the surface. Soil cooling at night
under dry conditions is associated with upward migration
and, sometimes, deposition of water vapor onto soil particles
and rock clasts [Nobel and Geller, 1987; Scanlon, 1994;
Berndtsson et al., 1996]. It may be that changes in soil water
vapor concentration led to sustained CaCO3 dissolution and
absorption of CO2 near the soil surface (Figures 4a and 6a),
as required by Roland et al.’s [2013] model. It is unlikely
that condensation and deposition were part of the process at
our site, as prevailing soil and air temperatures never resulted
in dew fall conditions over the course of the study period
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(data not shown). In the morning, surface Fs increased before
rises in [CO2] at 2 cm, which were followed sequentially by
rises in [CO2] at 8, 16, and 20 cm (Figures 4a and 6a). This
might reflect surface and air warming (Figure 4b), inducing
convective exchange sufficient to drive outgassing and
carbonate precipitation [Roland et al., 2013; Yates et al.,
2013]. Over the morning, [CO2] at 2 cm were greater than
atmospheric levels and [CO2] at 8 cm (Figures 4a and 6a),
resulting in a flux divergence in Fs at 2 cm, with upward,
positive flux from 2 cm to the soil surface, and downward,
negative flux toward 8 cm (Figure 4c). We believe that this
bidirectional Fs is likely to be ventilation-induced carbonate
precipitation, with soil around 2 cm depth acting as a CO2

source following nighttime carbonate dissolution and HCO3

accumulation [Roland et al., 2013; Yates et al., 2013].
[22] Under dry conditions, afternoon declines in surface Fs

were more pronounced than when wet (Figures 4 and 6). This
might be a consequence of CO2 concentrations at 8 cm ini-
tially being below levels at 2 and 16 cm, which could reduce
the overall soil volume involved in outgassing. Or, it may
simply be that the overall lower CO2 concentration under
drier soil conditions (Figures 6a and 6b) leads to more rapid
depletion of soil CO2. Unlike Rey et al. [2012] or Roland
et al. [2013], daytime CO2 outgassing at our site was not
closely associated with increasing u* (data not shown). The
turbulence dependence of these ecosystem CO2 fluxes was
due to extensive soil-atmosphere connections, either via karst
[Roland et al., 2013] or deep, fluid geothermal sources [Rey
et al., 2012], neither of which are present at the Lucky Hills
site. It may be that the much smaller soil gas exchange rates
and, hence, volumes at our site likely reduced the amount
of daytime outgassing such that by afternoon, surface Fs

decreased even as u* remained high through the afternoon.
When soils were wetter, the upward nighttime [CO2] gradient
below 2 cm did not always extend to 40 cm, which could
limit the soil volume involved CaCO3 dissolution and
nocturnal soil uptake (Figure 6b). Also, overall soil [CO2]
was higher when the soil was wet, and the [CO2] gradient
from 2 to 20 cm was in place throughout the diurnal cycle
(Figure 6b). This would facilitate sustained nocturnal soil
surface CO2 efflux, as well as supported higher afternoon
Fs (Figure 6d).
[23] The distinct temperature hysteresis apparent in surface

Fs (Figure 5a) was stronger than surface fluxes estimated for
0–2cm (Figure 5c), even though the latter included the strong
temperature hysteresis apparent in [CO2] at 2 cm (Figure 5b).
Surface Fs also showed stronger morning temperature re-
sponses than would be expected from using the standard
and commonly used Q10 exponential temperature model
(Figure 4a). These Fs-temperature hysteresis responses may
be also due to eddy-assisted convective exchange as the
soil warms. Alternatively, temperature hysteresis may reflect
differences in the temperature kinetics of carbonate precipita-
tion and dissolution [Cerling, 1984; Breecker et al., 2009] to
morning increases and afternoon declines in [CO2] and Fs.
The relative contributions of these distinct processes to
changes in soil [CO2] dynamics cannot be readily ascertained
from our data. Respiratory temperature hysteresis in arid land
systems has been explained as resulting from diurnal changes
in assimilate transport stimulating root activity and root exu-
dates enhancing microbial activity [Barron-Gafford et al.,
2011]. In addition, soil modeling efforts have shown that

surface hysteresis responses can be induced by distinct
temporal dynamics of subsurface physical transport pro-
cesses alone [Phillips et al., 2011]. However, in studies
relying on biologically derived respiration signals, diurnal
temperature hysteresis runs counterclockwise, with greater
Fs yields at similar afternoon temperatures [Phillips et al.,
2011; Barron-Gafford et al., 2011]. In contrast, our results
run clockwise, with higher morning rates and lower after-
noon and evening rates at similar temperatures (Figure 5).
These results suggest that accounting for changes in the diur-
nal trajectories of Fs temperature responses could be used to
better model and predict soil carbon dynamics in arid land
systems. Though total Fs fluxes are low, dry periods in arid
land systems can prevail over the bulk of the year, and, in
some systems, can persist over years [Sheppard et al.,
2002; Houston and Hartley, 2003; Parsons et al., 2004].
Our results showed temperature-derived estimates of Fs

overestimated diurnal Fs carbon yields by approximately
9% (Figure 4a) to 19% (Figure 6c) when soils were drier,
but were in close agreement over the short period following
rainfall sufficient to raise soil moisture content (Figure 6d).
Future modeling of arid land carbon cycling should account
for shifts in the dominance of organic and inorganic carbon dy-
namics in ecosystem fluxes [Kowalski et al., 2008; Serrano-
Ortiz et al., 2010] and, furthermore, should also account for
the strong temperature hysteresis apparent in abiotic carbon
fluxes in water-limited systems.
[24] In summary, our results clearly show that nocturnal

soil CO2 uptake originates from near, or even at, the soil
surface, in soils with high soil inorganic carbon content
[Emmerich, 2003; Breckenfeld, 2008; Yates et al., 2013].
Regularly recurring prolonged dry periods in southwest
U.S. arid lands represent a baseline carbon source, whose
losses must be offset by C uptake activity during seasonal
rainy periods, which is modulated by the seasonal distribu-
tion of rainfall [Scott et al., 2010; Hamerlynck et al., 2013].
Climate models predict lower cool season rainfall and warmer
cool season temperatures, in addition to greater variation in
monsoon season precipitation [Seager et al., 2007; McAfee
and Russell, 2008]. Such conditions are likely to increase
the duration and intensity of premonsoon drought. This could
enhance nocturnal soil CO2 uptake, shifting the diurnal bal-
ance of carbonate dissolution/precipitation, and thereby the
baseline dry season carbon loss that subsequent monsoon
season plant activity would have to offset. Elevated carbon
dioxide may also have a strong direct effect on these abiotic
carbon processes over these dry periods. An important driver
of nocturnal CO2 uptake is the difference in CO2 concentra-
tion between the atmosphere and 2 cm (Figures 4 and 6).
Even if changes in temperature and precipitation do not dra-
matically affect soil [CO2] and temperature dynamics, increas-
ing atmospheric CO2 will increase the probability of nighttime
carbonate dissolution. This could eventually lead to a spatial
shift to more undercanopy nocturnal carbonate dissolution
and soil uptake. Thus, rising atmospheric CO2 has the poten-
tial to alter the spatial and temporal distributions of pedogenic
carbonate formation over warm dry periods [Breecker et al.,
2009]. This would represent a greater direct ecosystem-level
response to elevated carbon dioxide, given the lack of elevated
carbon dioxide concentration effects on long-term soil water
and plant-mediated carbon sequestration in desert ecosystems
[Nowak et al., 2004; Newingham et al., 2013].
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