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ABSTRACT

Global changes that alter soil water availability may
have profound effects on semiarid ecosystems. Al-
though both elevated CO, (eCO,) and warming
can alter water availability, often in opposite ways,
few studies have measured their combined influ-
ence on the amount, timing, and temporal vari-
ability of soil water. Here, we ask how free air CO,
enrichment (to 600 ppmv) and infrared warming
(+ 1.5 °C day, + 3 °C night) effects on soil water
vary within years and across wet-dry periods in
North American mixed-grass prairie. We found that
eCO, and warming interacted to influence soil
water and that those interactions varied by season.
In the spring, negative effects of warming on soil
water largely offset positive effects of eCO,. As the
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growing season progressed, however, warming re-
duced soil water primarily (summer) or only (au-
tumn) in plots treated with eCO,. These
interactions constrained the combined effect of
eCO, and warming on soil water, which ranged
from neutral in spring to positive in autumn.
Within seasons, eCO, increased soil water under
drier conditions, and warming decreased soil water
under wetter conditions. By increasing soil water
under dry conditions, eCO, also reduced temporal
variability in soil water. These temporal patterns
explain previously observed plant responses,
including reduced leaf area with warming in sum-
mer, and delayed senescence with eCO, plus
warming in autumn. They also suggest that eCO,
and warming may favor plant species that grow in
autumn, including winter annuals and C; grami-
noids, and species able to remain active under the
dry conditions moderated by eCO,.

Key words: elevated carbon dioxide; warming;
climate change; free air CO, enrichment, evapo-
transpiration; soil moisture; seasonality; phenol-
ogy; mixed-grass prairie; northern Great Plains.
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INTRODUCTION

Seasonal variation in water availability is one of the
defining features of semiarid systems (Noy-Meir
1973; Weltzin and others 2003; Austin and others
2004). For example, ecosystems with summer-
dominated precipitation regimes tend to have a
greater proportion of water and roots at shallow
depths, and to be dominated by herbaceous
perennial species, particularly C, grasses, while
those with autumn- or winter-dominated precipi-
tation regimes have deeper water and roots, and
more shrubs, winter-annual grasses and forbs
(Paruelo and Lauenroth 1996; Schenk and Jackson
2002). Less predictable variation in water avail-
ability also occurs within seasons, and across years.
Such variation in water availability can lead to
wide fluctuations in primary and secondary pro-
ductivity and presents an array of challenges for
organisms in semiarid ecosystems, including
domestic livestock (Noy-Meir 1973; East 1984; Sala
and others 1988; Knapp and Smith 2001; Austin
and others 2004; Reeves and others 2014a).
Because the timing of water availability has
profound effects on semiarid ecosystems, it is
important to understand how global changes may
alter that timing (Weltzin and others 2003; Polley
and others 2013; Ponce-Campos and others 2013).
Previous work has focused primarily on predicted
changes in precipitation, and showed that changes
in seasonality or variability can alter productivity,
diversity, interspecific interactions, and biogeo-
chemistry (Knapp and others 2002; Suttle and
others 2007; Heisler-White and others 2009;
Robertson and others 2010). Effects of other global
changes on the timing of water availability have
been much less studied. In particular, both elevated
CO, (eCO;) and warming can strongly influence
soil water and therefore semiarid ecosystems
(Norby and Luo 2004; Kirtman and others 2013).
Elevated CO, often increases leaf-level water use
efficiency, which can in turn reduce plant water
use and soil water loss, increase plant productivity,
or some combination of the two (Morgan and
others 2004; Niklaus and Korner 2004; Ainsworth
and Long 2005; Morgan and others 2011; Hoven-
den and others 2014). Conversely, most models
and experiments indicate that warming will di-
rectly increase evapotranspiration and aridity,
constraining potential increases in plant produc-
tivity, and in some regions increasing plant mor-
tality (McDowell and others 2008; Kirtman and
others 2013; Liu and others 2013; Hutkens and
others 2016). To understand how semiarid ecosys-
tems are likely to change in the future, we need to

know how CO, and warming effects on soil water
availability vary across seasons and environmental
conditions.

Elevated CO, is likely to reduce plant water use
and soil drying most when leaf area and transpi-
ration are relatively high, but soils are dry enough
to induce partial stomatal closure (Fredeen and
others 1997; LeCain and others 2003; Morgan and
others 2004; Niklaus and Korner 2004; Nowak and
others 2004b; Hovenden and others 2008; Adair
and others 2011). Within and among seasons, eCO,
effects on soil water tend to be cumulative,
becoming stronger during dry-down periods fol-
lowing rain events (Niklaus and others 1998; Nel-
son and others 2004; Hovenden and others 2008).
Weaker CO, effects on soil water have been ob-
served when transpiration is limited by low leaf
area or very low soil water, under very wet con-
ditions, or when eCO,-driven increases in whole-
plant production offset leaf-level reduction in
transpiration (Fredeen and others 1997; Hui and
others 2001; Morgan and others 2004; Nowak and
others 2004a, b; Hovenden and others 2008; Adair
and others 2011). In semiarid ecosystems, eCO,
tends to have more positive effects on soil water in
moderately dry years and sites (rainfall from 300 to
500 mm) (LeCain and others 2003; Morgan and
others 2004; Nowak and others 2004a, b), but
variation within and among seasons remains
poorly understood.

Warming may reduce soil water most when both
evaporation and transpiration are high: warm,
moist periods of the growing season (Dunne and
Leopold 1978; Harte and others 1995). Evapo-
transpiration increases with temperature, but only
until it becomes limited by soil water availability
(Dunne and Leopold 1978). Consequently, the
timing of warming effects on soil water in semiarid
environments may depend on ambient soil water
availability. The timing of warming effects may also
be mediated by plant phenology. Earlier spring
growth with warming can accelerate transpiration
and therefore soil drying (Fischer and others 2007),
whereas earlier senescence with warming has been
found to increase late-season water availability
(Zavaleta and others 2003). The few experimental
studies to date in semiarid ecosystems, including
Mediterranean shrublands and temperate grass-
lands and shrub steppes, suggest that warming
most often reduces soil water (Llorens and others
2004; Lellei-Kovacs and others 2008; Niu and
others 2008; Collins and others 2010; Morgan and
others 2011; Mueller and others 2016). Little is
known, however, about how and why warming
effects vary over time.
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Warming and eCO, might also interact to influ-
ence soil water. For example, higher vapor pressure
deficit due to warming could act on greater leaf
area with eCO, to increase transpiration and offset
CO,-induced reductions in transpiration at the leaf
level (Dieleman and others 2012). Furthermore,
such interactions could themselves vary seasonally
with changes in drivers such as leaf area and
ambient soil water. Evidence for interactive effects
of eCO, and warming on soil water is mixed. In a
Tasmanian perennial grassland, warming decreased
soil water most strongly in combination with eCO,
(Hovenden and others 2008). In contrast, decreases
in soil water with warming in a southeastern US
old field were offset by positive trends in soil water
with eCO,, but CO, and warming did not interact
(Dermody and others 2007). CO, and warming
effects on soil water were also additive in a Cali-
fornia annual grassland, but with positive effects of
both warming (due to earlier plant senescence) and
eCO, (Zavaleta and others 2003). A better under-
standing of whether, how, and when eCO, and
warming interact to influence soil water is needed
to predict grassland responses to these global
changes.

Previously, we have reported that eCO, in-
creased soil water in mixed-grass prairie, while
warming had the opposite effect (Morgan and
others 2011). Interactive effects of eCO, and
warming on soil water were rare: in the final
2 years of the study, warming reduced soil water
most in plots treated with eCO, (Mueller and oth-
ers 2016). These changes in soil water contributed
to CO, and warming effects on plants and soils:
eCO, and warming together increased plant pro-
ductivity, growing season length, ecosystem respi-
ration and plant invasion, and altered the
abundance of soil nitrogen and phosphorus (Mor-
gan and others 2011; Dijkstra and others 2012;
Blumenthal and others 2013; Pendall and others
2013; Reyes-Fox and others 2014; Ryan and others
2015; Mueller and others 2016). Previous reports
from the PHACE experiment, however, have fo-
cused on soil water averaged across short time
periods (for example, the time of most rapid plant
growth: DOY 100-200), with no effort to under-
stand variability in CO, and warming effects within
the growing season.

Here, we describe how free air CO, enrichment
(FACE) and infrared warming effects on soil water
vary among seasons and wet-dry periods. We pre-
dicted that (1) warming would reduce soil moisture
most in the spring when it hastens green-up
(Reyes-Fox and others 2014; Zelikova and others
2015) and when ambient soil moisture is high, and

least in the autumn, when both soil moisture and
transpiration are relatively low, and (2) eCO,
would increase soil moisture most in the summer,
when there is ample leaf area and therefore high
transpiration under ambient conditions.

METHODS
Study Site

We studied temporal variation in soil water within
the Prairie Heating and CO, Enrichment (PHACE)
experiment, 15 km west of Cheyenne, Wyoming,
USA (latitude 41°11'N, longitude 104°54'W, ele-
vation 1930 m). The experiment was located on
undisturbed native mixed-grass prairie. Mean
monthly temperatures at this site range from
— 2.5° C in winter (January) to 17.5° C in summer
(July). Mean annual precipitation is 397 £ 76 mm
(mean £ SD, recorded from 1984 to 2013 at
Cheyenne Airport; GHCND: USW00024018).
About 80% of the annual precipitation occurs
during the March-September growing season.
Vegetation is composed of C3 graminoids, including
Pascopyrum smithii (Rydb.) A. Love, Hesperostipa co-
mata Trin and Rupr, and Carex eleocharis L. Bailey,
C4 grasses, primarily Bouteloua gracilis (H.B.K) Lag.,
and a variety of forbs and subshrubs, notably
Sphaeralcea coccinea (Nutt.) Rydb., and Artemisia fri-
gida Willd. Many ecosystem processes at this site
are strongly limited by water, including plant
growth, and cycling of carbon, nitrogen and phos-
phorus (Derner and Hart 2007; Dijkstra and others
2012; Pendall and others 2013).

Experimental Design

The PHACE experiment contained four treatments:
(1) control (ambient CO, and temperature), (2)
free air CO, enrichment (FACE) to 600 ppmv, (3)
infrared warming to increase canopy temperature
1.5 °C in the day and 3 °C at night, and (4) CO,
enrichment plus warming. The target CO, and
temperature levels were based on late 21st century
projections for this region, which indicate that
atmospheric CO, concentration could rise to 500-
800 ppmv and mean annual temperature could
increase 2.5-4 °C, under low and high emissions
scenarios, respectively (Kunkel and others 2013).
Actual treatment levels were 600.5 £ 50.4 ppmv
CO, (mean %+ SD, measured at 1 min intervals),
and + 1.6 £ 0.3 °C (mean £ SD, measured at 1 h
intervals) during the day and + 3.0 £ 0.3 °C at
night (see Morgan and others 2011 for additional
system performance details).
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The CO, enrichment and warming treatments
were applied to 7 m? circular plots beginning in
2006 and 2007, respectively. Five replications of
each treatment were randomly assigned to 20 plots
within two blocks, each occupying a different soil
type: two replications within Ascalon Variant Loam
(fine-loamy, mixed-mesic), and three replications
within Altvan Loam (fine-loamy over sandy,
mixed-mesic). The warming treatment was im-
posed vyear-round, and sometimes accelerated
snowmelt during winter periods with measurable
snow accumulation (D. LeCain, personal observa-
tion). Enrichment of CO, was limited to daylight
hours when green plants were present and the site
was not covered with snow. To control for potential
infrastructure effects, we installed dummy FACE
tubing and heaters at untreated plots. To minimize
dilution of treatment effects through lateral water
flow, we buried a 60-cm-deep plastic barrier
around each plot prior to the start of the experi-
ment.

Measurements

We measured soil volumetric water content (VWC)
continuously with Sentek Envirosmart soil water
sensors (Sentek Sensor Technologies, Stepney, SA,
Australia) placed 10 and 20 cm below the soil
surface. Sensors used frequency domain reflec-
tometry to measure VWC. VWC records were log-
ged hourly and then averaged daily. The soil
volume measured by each sensor extends outward
approximately 5 ¢cm in all directions from its center;
thus, the 10-cm sensor measured soil VWC be-
tween 5 and 15 cm, and the 20-cm sensor mea-
sured VWC between 15 and 25 cm. These
measurements were averaged to estimate VWC at
5-25 cm depth. The 5-25-cm-depth increment
contains most (> 75%) of the root biomass at this
site (Schuman and others 1999), and facilitates
comparison with previously reported soil VWC data
from the site (Morgan and others 2011; Reyes-Fox
and others 2014; Mueller and others 2016). Earlier
reports show that this method of measuring VWC is
accurate in soils with a range of textures (Campbell
Scientific 2009; Maroufpoor and others 2009). Pre-
experiment soil sampling adjacent to each PHACE
plot revealed that soils at 0-30 cm depth were 60%
sand (SD 5.0%, range 51-67%), 20% silt (SD
1.8%, range 17-24%), and 20% clay (SD 4.0%,
range 14-29%). To accurately convert probe out-
put to volumetric water content, the Envirosmart
probes were initially normalized to the extremes of
pure water and pure air (Sentek Sensor Technolo-
gies, Stepney, SA, Australia). The factory default

calibration equation was then improved using
three field calibrations, one in the center of each
soil-type block, and one in an intermediate loca-
tion. Soil cores were taken near the off-plot probes
at each sensor depth over a typical range of soil
water contents. Gravimetric soil core water content
was converted to volumetric soil water content
using soil bulk density. A linear correction was
used to convert Sentek sensor readings to site-
specific soil VWC measurements.

We recorded daily precipitation using a HOBO
weather station (Onset Computer Corporation,
Bourne, MA, USA) equipped with a tipping-bucket
rain gauge (Onset S-RGB-M002). Missing data due
to occasional sensor failure were replaced with data
from a comparable weather station that was located
approximately 1 km away {from the PHACE
experiment. The rain gauges at both weather sta-
tions did not adequately measure precipitation
from snow events, so for months with substantial
snowfall (October through May) we used average
daily precipitation values derived from 5 weather
stations in the National Climatic Data Center net-
work (http://www.ncdc.noaa.gov/) that were
within 10 km of the PHACE experiment.

We measured vegetation greenness from digital
images of permanently marked 1 m?” areas near the
center of each plot. Images were taken from 2 m
above ground (Booth and others 2004) between
the end of March and the end of October at bi-
weekly (in 2007, 2009, 2010 and 2011) or monthly
(in 2008 and 2012) intervals. Greenness was cal-
culated from each image using MATLAB R2011a to
measure the hue, saturation, and value of each
pixel within the image (The Math-Works, Natick,
MA), as described in detail in Zelikova and others
(2015). The resulting greenness values correlated
well with plant cover measured using point count
methods on the same images (R* = 0.75) (Zelikova
and others 2015).

Data Analysis

We analyzed soil water patterns for the six full
years of the study that included both eCO, and
warming (2007-2012). As our primary interest was
to understand interactions between global changes,
soil water, and vegetation, we limited our analyses
to the growing season, defined as the average date
on which green plants were first observed (DOY
73) to the average date on which the last plants
senesced (DOY 326) (Reyes-Fox and others 2014).
We then divided the growing season into three
equal sections that captured differences in plant
cover and ambient soil water availability, two fac-
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tors likely to influence CO, and warming effects
(Figure 1). Hereafter, we refer to these three peri-
ods as spring, summer, and autumn (Figure 1;
Appendix S1: Figure S1, Table S1). Spring (DOY
73-157, Mar 14-Jun 6) was relatively wet, with
low green plant cover. Summer (DOY 158-242, Jun
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7-Aug 30) encompassed both the dry-down period
and the period of maximum green plant cover.
Autumn (DOY 243-326, Aug 31-Nov 22) was rel-
atively dry with low green plant cover.

Gaps in soil water content data due to the failure
of sensors to record or transmit data occurred in
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Figure 1. Seasonal patterns of normalized soil volumetric water content (VWCpm,) at 5-25 cm depth and greenness in
spring (Mar 14-Jun 6), summer (Jun 7-Aug 30), and autumn (Aug 31-Nov 22). A Seasonal VWC, ., averaged across
years and replicates, B weekly VWC,,,y averaged across years and replicates with spline fit (lambda = 0.5); note that Y-
axis starts at 8% VWC, C monthly greenness averaged across years and replicates, calculated from digital images, with
spline fit (lambda = 0.5). In all panels, error bars represent variation among replicates (£ 1 SE); *P < 0.05; **P < 0.01,

***p < 0.001.
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only 2.9% of 30,480 observations. We filled these
gaps using a regression approach. For each plot, we
first determined which other plot had the most
closely correlated VWC data. We then calculated
predicted values for the plot containing the gap
using a regression with the following predictor
variables: VWC of closely correlated plot, month in
experiment, and VWC x month (to account for
variation in relationships between plots over time).
In all cases, R* was greater than 0.98. Gaps were
then filled with predicted values for the same days.
For gaps that were also present in the most closely
correlated plot, this process was repeated with the
next most closely correlated plot until all gaps were
filled.

Across the 20 plots in this experiment, there was
a range of water holding capacity, which con-
founded the treatments and thus biased treatment
effects. To account for this plot-level variation in
VWC, we normalized the data relative to the
maximum soil water content observed for each plot
during the experiment (ranging from 20 to 28%).
Shortly after periods of high rainfall, soils in all
treatments were saturated, and this maximum soil
water content was therefore not influenced by the
experimental treatments. To create normalized
VWC values, we first calculated the proportion of
the daily VWC relative to each plots” maximum
water content (VWCgaiy/MaxVWC). To return
the response to VWC units, we then multiplied the
daily proportion by the average of MaxVWC,,,
(24.5%). Using the normalized response values,
mean values for each week (7 days) were calcu-
lated, with 12 weeks in each season.

Overall, VWC varied from 6.2 to 28% with a
mean of 14.8% and standard deviation of 4.9%.
For analyses of seasonal variation in CO, and
warming effects, we accounted for large VWC
fluctuations due to ambient climatic conditions
(precipitation events of different duration and
intensity) by calculating the deviations of the daily
plot VWC value from the daily mean of all plots.
These deviations were further consolidated into
weekly averages and then used as response vari-
ables in repeated measures mixed model analyses.
Mixed model analyses of VWC were conducted in
SAS 9.4 with CO, and warming treatments, Season
and their interactions as fixed effects. Because we
accounted for spatial variation due to water holding
capacity and temporal trends in VWC, blocking
locations and year were not significant in explain-
ing random variation. However, there was year to
year variation explained by the plot by year ran-
dom effect. Additionally, the treatments within a
given year across all weeks were a significant

source of variation. These random effects were in-
cluded in the mixed model (G-side); additionally,
the repeated measures of weekly means for each
plot within season were included (R-side) using an
AR(1) covariance structure with sequential corre-
lation dropping from r = 0.87 for week 1-2, to
r = 0.22 for week 1-12 for an example plot.

To learn how treatment effects on soil water
varied with ambient soil water, we regressed
weekly means for each treatment (averaged across
both days and replicates) against weekly means in
control plots in JMP 12. To determine how global
change treatments influenced daily variability in
soil VWC, we calculated the daily coefficient of
variation across the entire experiment for each plot.
We then analyzed the response of the coefficient of
variation to global change treatments with a 2-way
CO, by warming mixed model in JMP 12, with
block as a random effect. Greenness values were
averaged by month and fitted with splines by
treatment in JMP 12. Statistical analyses of green-
ness data have previously been reported by Zeli-
kova and others (2015), and we refer to that work
rather than re-analyzing greenness here.

RESULTS

Annual precipitation during the 2007-2012 study
period ranged from 56 to 125% of the 30-year
average (in 2007-2012, precipitation totaled 435,
410, 496, 378, 426, and 224 mm, respectively).
Most growing season precipitation occurred during
the spring and summer, whereas autumn precipi-
tation was relatively low (Appendix S1: Figure S1,
Table S1; see modified season definitions based on
plant phenology in Materials and Methods). In
general, spring and summer precipitation totals
were similar, with the exception of 2010, when
spring precipitation was higher than summer, and
2012, when summer precipitation was higher than
spring.

Across 6 years, the response of normalized vol-
umetric soil water content (VWC,orm) to €eCO, was
consistently positive, while responses to warming
varied with both season and CO, level (Figure 1A,
B; Table 1). In the spring, warming strongly re-
duced VWC,om both on its own and in combina-
tion with eCO,. As the season progressed, however,
warming by CO, interactions indicated that the
warming effect weakened in the absence of eCO,.
In the summer, warming reduced VWC,;m more
in plots treated with eCO, than in plots with
ambient CO,. In the autumn, negative warming
effects were observed only in eCO, plots. As re-
ported previously by Zelikova and others (2015),
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Table 1. Mixed Model Results for Effects of Warming and eCO, on Soil Volumetric Water Content Among

and Within Seasons

Variable Full growing sea- Spring Summer Autumn

son

Fgs P Fgr P Fgr P Fg¢ P
Warming 671,411 <0.0001 371’119 <0.0001 441’144 <0.0001 6.21'125 0.014
CO, 2421 410 <0.0001 71,8 <0.0001 118; ;435 <0.0001 49, 55 <0.0001
Warming x CO, 8.91,410 0.003 0-151,118 0.7 4.71,143 0.032 7.41,125 0.0074
Season 05,401 1
Season x Warming 3.25 401 0.043
Season x CO, 0.245 401 0.78
Season x Warming x CO, 4.1 401 0.018

Bold values indicate significant effects (P < 0.05).

warming hastened plant development and there-
fore increased greenness in the spring and de-
creased greenness later in the growing season
(Figure 1C).

On a weekly time-scale, eCO, and warming ef-
fects also varied with ambient soil water content
(Figure 2). Warming effects were most negative
under moderately wet conditions (> 15% ambient
VWChLorm) and changed to neutral or even positive
as soils dried out (Figure 2A). The effects of eCO,
were more positive for weeks with low to moderate
ambient soil moisture (approximately 10-17%
ambient VWC,,,,n), and less positive under very
wet conditions (ambient VWC o, > 20%) (Fig-
ure 2B). In combination, warming and eCO, ten-
ded to increase VWCm in dry weeks and have
little effect on VWC, o in weeks with high ambi-
ent soil moisture (Figure 2C). Strong positive ef-
fects of both warming and eCO, during weeks with
intermediate ambient VWC,om in 2011 followed
an October snow storm and may be related to
warming effects on snow. By ameliorating dry
conditions, eCO, also led to a reduction in the daily
coefficient of variation (CV) of VWC,,o:m from 32 to
28% (Fy,s = 8.3, P=0.01) (Figure 3). Although
the effect of eCO, on the CV appeared to be larger
under ambient than elevated temperature condi-
tions, the CO, by warming interaction was not
significant (F; 5 = 2.3, P = 0.15).

DiscussioN

Water availability, which mediates most plant
ecological and biogeochemical processes in semi-
arid ecosystems, is likely to change with increasing
atmospheric CO, concentrations and temperatures
(Noy-Meir 1973; Norby and Luo 2004; Nowak and

others 2004b; Mueller and others 2016). Here, we
found that contrasting and interactive effects of
eCO, and warming on soil water (Morgan and
others 2011; Mueller and others 2016) vary over
time, leading to net increases in soil water with
eCO, and warming under dry conditions in the late
summer and autumn, and reduced temporal vari-
ability in soil water.

Seasonal Effects of Warming
and Elevated CO,

Seasonal changes in both warming effects and
warming by CO, interactions were pronounced
(Table 1; Figure 1A, B). In ambient CO, plots,
warming effects became progressively less negative
as the growing season progressed. In contrast,
warming effects in eCO, plots were consistently
negative. We speculate that this CO, by warming
by season interaction was caused by a combination
of more persistent warming effects under the wet-
ter soil conditions induced by eCO,, and increased
plant biomass (and likely transpiration) with the
combination of warming and eCO, (Mueller and
others 2016). Similar warming by CO, interactions
have been observed at yearly time steps both in a
Tasmanian grassland (Hovenden and others 2008)
and in the final 2 years of the PHACE study
(Mueller and others 2016). Earlier inter-annual
analyses from the PHACE experiment in which the
interaction was not observed included a subset of
years and did not correct for plot-level variation in
soil water (Morgan and others 2011; Reyes-Fox
and others 2014). Stronger warming effects with
eCO, in the summer and autumn may allow
warming to counteract positive effects of eCO, on
soil water during most of the growing season, and
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Figure 3. Effects of warming and eCO, on variability in
normalized soil VWC (VWC,om) at 5-25 cm  depth.
Coefficient of variation (CV) was calculated from nor-
malized daily values of soil water content. Error bars
are £ 1 SE.

limit net positive effects of these global changes on
soil water availability. The presence of interactive
effects on soil moisture also underscores the need
for multi-factor studies to accurately capture and
subsequently model global change effects in semi-
arid ecosystems (Dieleman and others 2012).
Several processes may have caused the influence
of warming alone to decline as the growing season
progressed. First, as soils become drier in the late
spring and early summer (Figure 1B), low soil
water can limit both evapotranspiration and the
absolute effect of temperature on evapotranspira-
tion. Accordingly, evapotranspiration measured at
PHACE in 2009-2012 decreased strongly late in the
growing season, and only responded positively to
temperature early in the growing season (Sorokin
and others 2017). Both plant stomatal conductance
and warming effects on soil water declined when
soil VWC dropped below about 12% (Appendix S1:
Figure S1) (Blumenthal and others 2013), further
suggesting that warming had limited potential to
influence transpiration, and therefore soil water, at
such low VWC. Second, warming increased early-
season leaf area, as measured by greenness (Fig-
ure 1C) (Zelikova and others 2015), which may
have increased transpiration. Higher leaf area with
experimental warming can also decrease evapora-
tive water loss from soils (Harte and others 1995).
However, the importance of transpiration in the
hydrologic cycle of this region during the early
growing season (Lauenroth and Bradford 2006)
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suggests that higher leaf area with warming most
likely increased early-season evapotranspiration
(Sorokin and others 2017) and contributed to soil
drying.

The sensitivity of warming effects to ambient
water availability and leaf area (and therefore also
to CO, effects on soil water and leaf area) seems
likely to be common in water limited ecosystems.
For example, in studies of Tasmanian grassland and
Spanish Mediterranean shrubland, warming effects
were often apparent under wet conditions early in
the growing season and disappeared when soils
became sufficiently dry (Llorens and others 2004;
Hovenden and others 2008). These patterns, to-
gether with the results of the present study, suggest
that in ecosystems with wide seasonal fluctuations
in ambient water availability, warming may speed
the onset of drought and then have smaller effects
on soil water once conditions are very dry.

Where warming hastens vegetation senescence,
it can actually increase soil water, as observed in a
California annual grassland with predominantly
winter precipitation (Zavaleta and others 2003). In
our study, positive effects of warming on soil water
were rare, but did occur under very dry conditions
(Figure 2A), potentially due to earlier plant senes-
cence with warming (Reyes-Fox and others 2014).
The largest positive effects of warming were ob-
served following an autumn snow storm in 2011
(Figure 2, orange points; Appendix S1: Figure S1),
suggesting that warming sped snowmelt and thus
either reduced sublimation, which can be sub-
stantial in this region (Schlaepfer and others 2014),
or kept snow from blowing off of plots. Thus, an-
other way in which warming may sometimes in-
crease soil water is by increasing the proportion of
winter precipitation that enters the soil.

Elevated CO, increased soil water across seasons,
as indicated by the lack of a significant CO, by
season interaction. Trends toward stronger eCO,
effects in the summer and autumn, however,
contributed to net increases in soil water with eCO,
and warming together (Figure 1). These results are
generally in accord with previous grassland studies
showing eCO, to retard soil water loss either
throughout the growing season or primarily later in
the growing season (Fredeen and others 1997;
Niklaus and others 1998; Dermody and others
2007).

Variation in CO, and Warming Effects
with Ambient Soil Moisture

Warming and CO, effects had very different rela-
tionships with ambient soil moisture: eCO, made

the soil wetter when it was dry, and warming dried
the soil when it was wet. Similarly, previous studies
in European calcareous grassland and North
American shortgrass steppe found eCO, to increase
soil water most during drying cycles and least when
soils were either saturated or dry enough that
evapotranspiration was universally low (Niklaus
and others 1998; LeCain and others 2003; Nelson
and others 2004). Stronger effects of warming un-
der wet conditions may be due to increased tem-
perature sensitivity of evapotranspiration in the
absence of water limitation. Because wet soil con-
ditions were most common in the spring, earlier
leaf development and water loss through transpi-
ration may also have contributed to more negative
warming effects on soil water. As with CO, effects,
however, warming effects disappeared under very
wet conditions, presumably because precipitation
brought soils in all plots close to field capacity
(Niklaus and others 1998). Combined effects of
warming and eCO, on soil water ranged from
neutral under wet soil conditions to positive under
dry soil conditions.

By making the soil wetter during dry periods
(Figure 2), eCO, also reduced temporal variation in
soil water (Figure 3). Temporal variation in pre-
cipitation in mixed-grass prairie is expected to in-
crease, with larger precipitation events and longer
intervals between precipitation events, which may
increase percolation, reduce evaporation, and in-
crease productivity (Heisler-White and others
2009; Kunkel and others 2013; Sala and others
2015). Among years, both wetter- and drier-than-
average seasons are also likely to become more
common (Swain and Hayhoe 2015). Although
eCO, may reduce within-season variability in soil
water by slowing plant drawdown of soil water
during dry periods between precipitation events
(Figure 2), it may be less likely to ameliorate long-
term droughts, because its influence on soil water
declines during extended dry periods (Appendix
S1: Figure S1) (Niklaus and others 1998; Nelson
and others 2004).

Implications for Semiarid Grasslands

Both models and experiments suggest that water
can mediate productivity responses to eCO, and
warming (Rustad and others 2001; Morgan and
others 2004; Nowak and others 2004a; Fatichi and
others 2016; Hutkens and others 2016). Predictions
for North American grasslands suggest that in-
creases in productivity with longer growing seasons
will be only partially offset by drier conditions,
even without accounting for CO, effects (Hufkens
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and others 2016). Here, increases in soil water with
eCO, were often larger than decreases in soil water
with warming, particularly under dry conditions
when water is most limiting to plant growth (Fig-
ure 2), and therefore probably contributed to
greater plant biomass with eCO, and warming to-
gether (Mueller and others 2016). These results
suggest that in some semiarid grasslands, eCO, and
warming will combine to yield modest increases in
both soil water and plant productivity. They are
also in accord with suggestions that models that do
not incorporate eCO, may underestimate future
grassland productivity (Reeves and others 2014b;
Hufkens and others 2016).

Soil water can both influence and be influenced
by plant phenology (Zavaleta and others 2003;
Fischer and others 2007; Moore and others 2015).
In the PHACE experiment, warming often hastened
the development of plant canopies in the spring
and sometimes reduced canopy greenness in mid-
summer, while eCO, sometimes delayed senes-
cence in the autumn (Reyes-Fox and others 2014;
Zelikova and others 2015). Our finding that
warming reduced soil water most in spring and
summer (Figure 1) helps to explain why it reduced
greenness in summer (Zelikova and others 2015),
but rarely hastened full senescence in autumn
(Reyes-Fox and others 2014). Furthermore, net
positive effects of eCO, and warming on autumn
soil water availability help to explain why eCO,
delayed senescence not only on its own (Reyes-Fox
and others 2014), but also in combination with
warming. Together with direct effects of warming
on early-season growth (Reyes-Fox and others
2014; Zelikova and others 2015; Hufkens and oth-
ers 2016), these patterns suggest that the seasonal
distribution of plant activity in semiarid grasslands
may begin, peak, and decline earlier in the season
but extend further into dry periods in the summer
and autumn.

The timing of water-mediated CO, and warming
effects can also influence plant communities. For
example, in a Tasmanian grassland, reductions in
winter and spring water availability with warming
inhibited seedling survivorship of perennials
(Hovenden and others 2008). The increases in soil
water later in the growing season observed at
PHACE could favor species which remain active
during dry and cool conditions or autumn-germi-
nating winter-annual species (Blumenthal and
others 2016). While cool-season graminoids, many
of which remain green during both dry and cool
periods, did increase in relative abundance with
eCO, plus warming (likely due in part to increased
N availability), other late-season species, such as

the subshrub Artemisia frigida, had the opposite
response (Mueller and others 2016).

In sum, shifts toward greater late-season water
availability with eCO, and warming may lead to
longer growing seasons, modest increases in plant
productivity, and increased abundance of plant
species that can use mid- to late-season soil water.
Such changes may be common in semiarid
ecosystems, where variation in ambient moisture
can alter the relative and interactive strength of
CO, and warming effects on soil water.

ACKNOWLEDGEMENTS

We thank David Smith and Erik Hardy for help
constructing the experiment, Terry Booth and
Larry Griffith for digital imagery used to measure
greenness, and David Augustine, Laura Perry, and
David Hoover for helpful comments on the
manuscript. This work was supported by the
USDA-ARS Pasture, Forage and Rangeland Systems
Program, the USDA-CSREES Soil Processes Pro-
gram (Grant No. 2008-35107-18655), the US DOE
Office of Science (Biological and Environmental
Research) through the Western Regional Center of
the National Institute for Climatic Change Research
at Northern Arizona University, and the US NSF
(DEB no. 1021559).

REFERENCES

Adair EC, Reich PB, Trost JJ, Hobbie SE. 2011. Elevated CO,
stimulates grassland soil respiration by increasing carbon in-
puts rather than by enhancing soil moisture. Global Change
Biology 17:3546-63.

Ainsworth EA, Long SP. 2005. What have we learned from
15 years of free-air CO, enrichment (FACE)? A meta-analytic
review of the responses of photosynthesis, canopy properties
and plant production to rising CO,. New Phytologist 165:351—
71.

Austin AT, Yahdjian L, Stark JM, Belnap J, Porporato A, Norton
U, Ravetta DA, Schaeffer SM. 2004. Water pulses and bio-
geochemical cycles in arid and semiarid ecosystems. Oecologia
141:221-35.

Blumenthal DM, Kray JA, Ortmans W, Ziska LH, Pendall E.
2016. Cheatgrass is favored by warming but not CO, enrich-
ment in a semi-arid grassland. Global Change Biology
22:3026-38.

Blumenthal DM, Resco V, Morgan JA, Williams DG, LeCain DR,
Hardy EM, Pendall E, Bladyka E. 2013. Invasive forb benefits
from water savings by native plants and carbon fertilization
under elevated CO, and warming. New Phytologist 200:1156—
65.

Booth DT, Cox SE, Louhaichi M, Johnson DE. 2004. Technical
note: Lightweight camera stand for close-to-earth remote
sensing. Journal of Range Management 57:675-8.

Campbell Scientific, Inc. 2009. EnviroSMART Soil Water Con-
tent Profile Probes. Logan, Utah. 48 pp.



Warming and CO, Shift Soil Water Timing

Collins SL, Fargione JE, Crenshaw CL, Nonaka E, Elliott JR, Xia
Y, Pockman WT. 2010. Rapid plant community responses
during the summer monsoon to nighttime warming in a
northern Chihuahuan Desert grassland. Journal of Arid
Environments 74:611-17.

Dermody O, Weltzin JF, Engel EC, Allen P, Norby RJ. 2007. How
do elevated CO,, warming, and reduced precipitation interact
to affect soil moisture and LAI in an old field ecosystem? Plant
and Soil 301:255-66.

Derner JD, Hart RH. 2007. Grazing-induced modifications to
peak standing crop in northern mixed-grass prairie. Range-
land Ecology & Management 60:270-6.

Dieleman W1J, Vicca S, Dijkstra FA, Hagedorn F, Hovenden MJ,
Larsen KS, Morgan JA, Volder A, Beier C, Dukes JS, King J,
Leuzinger S, Linder S, Luo Y, Oren R, De Angelis P, Tingey D,
Hoosbeek MR, Janssens IA. 2012. Simple additive effects are
rare: a quantitative review of plant biomass and soil process
responses to combined manipulations of CO, and tempera-
ture. Global Change Biology 18:2681-93.

Dijkstra FA, Pendall E, Morgan JA, Blumenthal DM, Carrillo Y,
LeCain DR, Follett RF, Williams DG. 2012. Climate change
alters stoichiometry of phosphorus and nitrogen in a semiarid
grassland. New Phytologist 196:807-15.

Dunne T, Leopold LB. 1978. Water in Environmental Planning.
San Francisco (CA): W.H. Freeman Co. p 818P.

East R. 1984. Rainfall, soil nutrient status and biomass of large
African savanna mammals. African Journal of Ecology
22:245-70.

Fatichi S, Leuzinger S, Paschalisc A, Langley JA, Barraclough
AD, Hovenden MJ. 2016. Partitioning direct and indirect ef-
fects reveals the response of water-limited ecosystems to ele-
vated CO,. Proceedings of the National Academy of Sciences
of the United States of America 113:12757-62.

Fischer EM, Seneviratne SI, Vidale PL, Luthi D, Schar C. 2007.
Soil moisture-atmosphere interactions during the 2003
European summer heat wave. Journal of Climate 20:5081-99.

Fredeen AL, Randerson JT, Holbrook NM, Field CB. 1997. Ele-
vated atmospheric CO, increases water availability in a water-
limited grassland ecosystem. Journal of the American Water
Resources Association 33:1033-9.

Harte J, Torn MS, Chang FR, Feifarek B, Kinzig AP, Shaw R,
Shen K. 1995. Global warming and soil microclimate: results
from a meadow-warming experiment. Ecological Applications
5:132-50.

Heisler-White JL, Blair JM, Kelly EF, Harmoney K, Knapp AK.
2009. Contingent productivity responses to more extreme
rainfall regimes across a grassland biome. Global Change
Biology 15:2894-904.

Hovenden MJ, Newton PCD, Wills KE. 2014. Seasonal not an-
nual rainfall determines grassland biomass response to carbon
dioxide. Nature 511:583-6.

Hovenden MJ, Newton PCD, Wills KE, Janes JK, Williams AL,
Vander Schoor JK, Nolan MJ. 2008. Influence of warming on
soil water potential controls seedling mortality in perennial
but not annual species in a temperate grassland. New Phy-
tologist 180:143-52.

Hufkens K, Keenan TF, Flanagan LB, Scott RL, Bernacchi CJ, Joo
E, Brunsell NA, Verfaillie J, Richardson AD. 2016. Produc-
tivity of North American grasslands is increased under future
climate scenarios despite rising aridity. Nature Climate
Change 6:710-17.

Hui D, Luo Y, Cheng W, Coleman JS, Johnson DW, Sims DA.
2001. Canopy radiation- and water-use efficiencies as affected
by elevated [CO2]. Global Change Biology 7:75-91.

Kirtman B, Power SB, Adedoyin JA, Boer GJ, Bojariu R,
Camilloni I, Doblas-Reyes FJ, Fiore AM, Kimoto M, Meehl
GA, Prather M, Sarr A, Schar C, Sutton R, van Oldenborgh GJ,
Vecchi G, Wang HJ. 2013. Near-term climate change: Pro-
jections and predictability. Cambridge (UK): Cambridge
University Press. p 76p.

Knapp AK, Fay PA, Blair JM, Collins SL, Smith MD, Carlisle JD,
Harper CW, Danner BT, Lett MS, McCarron JK. 2002. Rainfall
variability, carbon cycling, and plant species diversity in a
mesic grassland. Science 298:2202-5.

Knapp AK, Smith MD. 2001. Variation among biomes in tem-
poral dynamics of aboveground primary production. Science
291:481-4.

Kunkel KE, Stevens LE, Stevens SE, Sun L, Janssen E, Wuebbles
D, Kruk MC, Thomas DP, Shulski M, Umphlett N, Hubbard
KG, Robbins K, Romolo L, Akyuz A, Pathak TB, Bergantino
TR, Dobson JG. 2013. Regional climate trends and scenarios
for the U.S. National Climate Assessment. Part 4. Climate of
the U.S. Great Plains., Washington D.C.: NOAA. 82p.

Lauenroth WK, Bradford JB. 2006. Ecohydrology and the par-
titioning of AET between transpiration and evaporation in a
semiarid steppe. Ecosystems 9:756-67.

LeCain DR, Morgan JA, Mosier AR, Nelson JA. 2003. Soil and
plant water relations determine photosynthetic responses of
C3 and C4 grasses in a semi-arid ecosystem under elevated
CO,. Annals of Botany 92:41-52.

Lellei-Kovacs E, Kovacs-Lang E, Kalapos T, Botta-Dukat Z,
Barabas S, Beier C. 2008. Experimental warming does not
enhance soil respiration in a semiarid temperate forest-steppe
ecosystem. Community Ecology 9:29-37.

Liu HY, Williams AP, Allen CD, Guo DL, Wu XC, Anenkhonov
OA, Liang EY, Sandanov DV, Yin Y, Qi Z, Badmaeva NK.
2013. Rapid warming accelerates tree growth decline in semi-
arid forests of Inner Asia. Global Change Biology 19:2500-10.

Llorens L, Penuelas J, Estiarte M, Bruna P. 2004. Contrasting
growth changes in two dominant species of a Mediterranean
shrubland submitted to experimental drought and warming.
Annals of Botany 94: 843-853.

Maroufpoor I, Emamgholizadeh S, Torabi H, Behzadinasab M.
2009. Impact of Soil Texture on the Calibration of TDR for
Water Content Measurement. Journal of Applied Sciences
9:2933-40.

McDowell N, Pockman WT, Allen CD, Breshears DD, Cobb N,
Kolb T, Plaut J, Sperry J, West A, Williams DG, Yepez EA.
2008. Mechanisms of plant survival and mortality during
drought: why do some plants survive while others succumb to
drought? New Phytologist 178:719-39.

Moore LM, Lauenroth WK, Bell DM, Schlaepfer DR. 2015. Soil
water and temperature explain canopy phenology and onset
of spring in a semiarid steppe. Great Plains Research 25:121—
38.

Morgan JA, LeCain DR, Pendall E, Blumenthal DM, Kimball BA,
Carrillo Y, Williams DG, Heisler-White J, Dijkstra FA, West M.
2011. C4 grasses prosper as carbon dioxide eliminates desic-
cation in warmed semi-arid grassland. Nature 476:202—6.

Morgan JA, Pataki DE, Korner C, Clark H, Del Grosso SJ,
Grunzweig JM, Knapp AK, Mosier AR, Newton PCD, Niklaus
PA. 2004. Water relations in grassland and desert ecosystems
exposed to elevated atmospheric CO,. Oecologia 140:11-25.



D. M. Blumenthal and others

Mueller KE, Blumenthal DM, Pendall E, Carrillo Y, Dijkstra FA,
Williams DG, Follett RF, Morgan JA. 2016. Impacts of
warming and elevated CO, on a semi-arid grassland are non-
additive, shift with precipitation, and reverse over time.
Ecology Letters 19:956-66.

Nelson JA, Morgan JA, LeCain DR, Mosier A, Milchunas DG,
Parton BA. 2004. Elevated CO, increases soil moisture and
enhances plant water relations in a long-term field study in
semi-arid shortgrass steppe of Colorado. Plant and Soil
259:169-79.

Niklaus PA, Korner C. 2004. Synthesis of a six-year study of
calcareous grassland responses to in situ CO, enrichment.
Ecological Monographs 74:491-511.

Niklaus PA, Spinnler D, Korner C. 1998. Soil moisture dynamics
of calcareous grassland under elevated CO,. Oecologia
117:201-8.

Niu SL, Wu MY, Han Y, Xia JY, Li LH, Wan SQ. 2008.
Water-mediated responses of ecosystem carbon fluxes to cli-
matic change in a temperate steppe. New Phytologist
177:209-19.

Norby RJ, Luo YQ. 2004. Evaluating ecosystem responses to
rising atmospheric CO, and global warming in a multi-factor
world. New Phytologist 162:281-93.

Nowak RS, Ellsworth DS, Smith SD. 2004a. Functional responses
of plants to elevated atmospheric CO, - Do photosynthetic and
productivity data from FACE experiments support early pre-
dictions? New Phytologist 162:253-80.

Nowak RS, Zitzer SE, Babcock D, Smith-Longozo V, Charlet TN,
Coleman JS, Seemann JR, Smith SD. 2004b. Elevated atmo-
spheric CO, does not conserve soil water in the Mojave De-
sert. Ecology 85:93-9.

Noy-Meir I. 1973. Desert ecosystems: environment and pro-
ducers. Annual Review of Ecology and Systematics 4:25-51.

Paruelo JM, Lauenroth WK. 1996. Relative abundance of plant
functional types in grasslands and shrublands of North
America. Ecological Applications 6:1212-24.

Pendall E, Heisler-White JL, Williams DG, Dijkstra FA, Carrillo Y,
Morgan JA, LeCain DR. 2013. Warming reduces carbon losses
from grassland exposed to elevated atmospheric carbon
dioxide. Plos One 8:e71921.

Polley HW, Briske DD, Morgan JA, Wolter K, Bailey DW, Brown
JR. 2013. Climate Change and North American Rangelands:
Trends, Projections, and Implications. Rangeland Ecology &
Management 66:493-511.

Ponce-Campos GE, Moran MS, Huete A, Zhang YG, Bresloff C,
Huxman TE, Eamus E, Bosch DD, Buda AR, Gunter SA,
Heartsill Scalley T, Kitchen SG, McClaran MP, McNab WH,
Montoya DS, Morgan JA, Peters DP, Sadler EJ, Seyfried MS,
Starks PJ. 2013. Ecosystem resilience despite large-scale al-
tered hydroclimatic conditions. Nature 494:349-52.

Reeves JL, Derner JD, Sanderson MA, Hendrickson JR, Kron-
berg SL, Petersen MK, Vermeire LT. 2014a. Seasonal weather
influences on yearling beef steer production in Cs-dominated
Northern Great Plains rangeland. Agriculture Ecosystems &
Environment 183:110-17.

Reeves MC, Moreno AL, Bagne KE, Running SW. 2014b. Esti-
mating climate change effects on net primary production of
rangelands in the United States. Climatic Change 126:429-42.

Reyes-Fox M, Steltzer H, Trlica MJ, McMaster GS, Andales AA,
LeCain DR, Morgan JA. 2014. Elevated CO, further lengthens
growing season under warming conditions. Nature 510:259—
62.

Robertson TR, Zak JC, Tissue DT. 2010. Precipitation magnitude
and timing differentially affect species richness and plant
density in the sotol grassland of the Chihuahuan Desert.
Oecologia 162:185-97.

Rustad LE, Campbell JL, Marion GM, Norby RJ, Mitchell MJ,
Hartley AE, Cornelissen JHC, Gurevitch J. 2001. A meta-
analysis of the response of soil respiration, net nitrogen min-
eralization, and aboveground plant growth to experimental
ecosystem warming. Oecologia 126:543-62.

Ryan EM, Ogle K, Zelikova TJ, LeCain DR, Williams DG, Morgan
JA, Pendall E. 2015. Antecedent moisture and temperature
conditions modulate the response of ecosystem respiration to
elevated CO, and warming. Global Change Biology 21:2588—
602.

Sala OE, Gherardi LA, Peters DPC. 2015. Enhanced precipitation
variability effects on water losses and ecosystem functioning:
differential response of arid and mesic regions. Climatic
Change 131:213-27.

Sala OE, Parton WJ, Joyce LA, Lauenroth WK. 1988. Primary
production of the central grassland region of the United States.
Ecology 69:40-5.

Schenk HJ, Jackson RB. 2002. Rooting depths, lateral root
spreads and below-ground/above-ground allometries of plants
in water-limited ecosystems. Journal of Ecology 90:480-94.

Schlaepfer DR, Ewers BE, Shuman BN, Williams DG, Frank JM,
Massman WJ, Lauenroth WK. 2014. Terrestrial water fluxes
dominated by transpiration: Comment. Ecosphere 5:e00391.

Schuman GE, Reeder JD, Manley JT, Hart RH, Manley WA.
1999. Impact of grazing management on the carbon and
nitrogen balance of a mixed-grass rangeland. Ecological
Applications 9:65-71.

Sorokin Y, Zelikova TJ, Blumenthal DM, Williams DG, Pendall E.
2017. Seasonally contrasting responses of evapotranspiration
to warming and elevated CO, in a semiarid grassland. Eco-
hydrology 10:€1880.

Suttle KB, Thomsen MA, Power ME. 2007. Species interactions
reverse grassland responses to changing climate. Science
315:640-2.

Swain S, Hayhoe K. 2015. CMIP5 projected changes in spring
and summer drought and wet conditions over North America.
Climate Dynamics 44:2737-50.

Weltzin JF, Loik ME, Schwinning S, Williams DG, Fay PA,
Haddad BM, Harte J, Huxman TE, Knapp AK, Lin GH, Pock-
man WT, Shaw R, Small EE, Smith MD, Smith SD, Tissue DT,
Zak JC. 2003. Assessing the response of terrestrial ecosystems
to potential changes in precipitation. BioScience 53:941-52.

Zavaleta ES, Shaw MR, Chiariello NR, Thomas BD, Cleland EE,
Field CB, Mooney HA. 2003. Grassland responses to three
years of elevated temperature, CO,, precipitation, and N
deposition. Ecological Monographs 73:585-604.

Zelikova TJ, Williams DG, Hoenigman R, Blumenthal DM,
Morgan JA, Pendall E. 2015. Seasonality of soil moisture
mediates responses of ecosystem phenology to elevated CO,
and warming in a semi-arid grassland. Journal of Ecology
103:1119-30.



	Warming and Elevated CO2 Interact to Alter Seasonality and Reduce Variability of Soil Water in a Semiarid Grassland
	Abstract
	Introduction
	Methods
	Study Site
	Experimental Design
	Measurements
	Data Analysis

	Results
	Discussion
	Seasonal Effects of Warming and Elevated CO2
	Variation in CO2 and Warming Effects with Ambient Soil Moisture
	Implications for Semiarid Grasslands

	Acknowledgements
	References




