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Abstract Pulses of water availability characterize semi-
arid and arid ecosystems. Most precipitation events in
these ecosystems are small ( £ 10 mm), but can stimulate
carbon flux. The large proportion of carbon stored
belowground and small carbon inputs create the po-
tential for these small precipitation events to have large
effects on carbon cycling. Land-use change can modify
these effects through alteration of the biota and soil
resources. The goal of our research was to determine
how small precipitation events (2, 5, and 10 mm)
affected the dynamics of soil carbon flux and water loss
in previously cultivated Conservation Reserve Program
(CRP) fields and undisturbed shortgrass steppe. Total

carbon loss and duration of elevated carbon flux
increased as event size increased in all field types. Time
since cultivation increased in importance for carbon flux
as event size increased. A comparison of water loss rates
to carbon flux suggests that water is limiting to carbon
flux for the smallest events, but is less limiting for events
above 5 mm. We also describe how water availability
interacts with temperature in controlling carbon flux
rate. We conclude that small precipitation events have
the potential for large short-term losses of carbon in the
shortgrass steppe.

Keywords Semiarid and arid ecosystems Æ Water
pulses Æ Soil respiration Æ Land-use change Æ
Cultivation Æ Conservation Reserve Program (CRP) Æ
Soil moisture Æ Soil temperature

Introduction

Semiarid and arid ecosystems are pulse-driven systems
(Noy-Meir 1973), in which nearly continuous dry soils
are irregularly interrupted by brief wet periods that
follow precipitation events (Lauenroth and Bradford
2006). The precipitation regimes in semiarid and arid
environments, and therefore the pulsing regimes, are
characterized by a high frequency of small precipitation
events <10 mm (Sala and Lauenroth 1982; Lauenroth
and Bradford 2009). These small events wet the surface
soil (0–5 cm), where microbes and labile soil organic
carbon (SOC) are abundant (Parton et al. 1987), and
therefore have the potential to promote large carbon
effluxes (Birch 1958; Sponseller 2007). This can result
from rapid microbial growth (Bottner 1985) and min-
eralization of accessible SOC, including dead microbial
biomass (Bottner 1985), intracellular solutes (Halverson
et al. 2000), and the release of nonbiomass organic
carbon from soil aggregates (Adu and Oades 1978).
Abiotic processes, including carbonate dissolution
(Schlesinger 1985) and physical displacement from soil
pore space (Huxman et al. 2004) may also contribute
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to carbon efflux. Plant response to brief wet periods
depends on root depth and prior physiological status
(Sala and Lauenroth 1982; Lauenroth et al. 1987) and is
generally more delayed than microbial response (Ogle
and Reynolds 2004).

Low and episodic precipitation has consequences for
the carbon stored belowground, where most of the car-
bon in semiarid and arid ecosystems resides. Approxi-
mately 99% of the carbon stored in the semiarid
shortgrass steppe ecosystem is belowground (Burke et al.
2008); of that, 10% of the carbon is in plant roots
and the remainder is soil organic carbon. Although the
total pool of soil organic carbon is large, annual
belowground net primary production is small—on the
order of 200 g m�2 (Milchunas and Lauenroth 2001).
Soil carbon efflux counters these inputs and its magni-
tude is essential to our understanding of carbon balance
in this belowground dominated ecosystem.

Land-use change has resulted in a patchwork of
large-scale disturbances in the semiarid shortgrass
steppe (Lauenroth and Milchunas 1992), which can
substantially change soil carbon flux through direct
alteration of the plant and microbial community and
indirect effects on soil resources and physical charac-
teristics. Dryland (non-irrigated) wheat-fallow cropping
has been an extensive land use in the region, with an
average of 850,000 ha annually harvested in the short-
grass steppe of Colorado since 1985 (USDA National
Agricultural Statistics Service 2008). Wheat-fallow
cropping removes perennial vegetation and reduces
SOC, including microbial biomass (Burke et al. 1995).
The USDA Conservation Reserve Program (CRP) has
converted cultivated land to perennial vegetation and
currently includes 1 million ha of former shortgrass
steppe in Colorado (USDA Farm Service Agency 2008).
Although patterns of soil recovery of CRP grasslands
are not well documented, there is evidence that micro-
bial biomass and labile SOC pools can increase in as
little as 6 years, and completely recover by 50 years
(Burke et al. 1995; Robles and Burke 1997). Therefore,
time since cultivation disturbance represents a potential
gradient in microbial activity and substrate availability.

Our objective was to determine how pulse precipita-
tion events affect the dynamics of soil carbon flux in

previously cultivated CRP fields and undisturbed
shortgrass steppe. Specifically, we addressed the fol-
lowing questions:

1) How does soil carbon flux respond to pulse events of
2, 5, and 10 mm?

2) Does the pulse response of soil carbon flux depend on
time since cultivation disturbance?

3) What is the relationship between the duration of
pulse-driven soil carbon flux and elevated soil water
content?

We expect that as the size of the pulse event and
time since disturbance increases, water and SOC limi-
tation to microbial activity will also decrease, which
creates the potential for high C flux. We also expect
there to be interactive effects of water and SOC, such
that SOC limitation to C flux will decrease as event size
increases.

Materials and methods

Study sites

Our study was conducted in undisturbed shortgrass
steppe and CRP grasslands near the Central Plains
Experimental Range (CPER, Shortgrass Steppe Long-
Term Ecological Research site), located 60 km northeast
of Fort Collins, CO, USA (40�49¢N, 107�47¢W). The
climate is semiarid with cold dry winters and warm wet
summers. Long-term (68 years) mean annual precipita-
tion and mean annual temperature at the CPER are
341 mm (r = 99 mm) and 9.6�C (r = 1.1�C).

The shortgrass steppe plant community is dominated
by the C4 grasses Bouteloua gracilis (plant nomenclature
follows Great Plains Flora Association 1986) and
Buchloë dactyloides (Table 1). Other important plant
groups include C3 graminoids, forbs, dwarf shrubs, and
prickly pear cactus. We compared undisturbed short-
grass steppe to two types of grasslands enrolled in the
CRP, which varied in the time since cultivation distur-
bance. Both CRP grassland types had been seeded with
a native perennial grass mix composed of Bouteloua

Table 1 Dominant plant species, aboveground net primary production, belowground biomass, total soil organic carbon, and soil texture
(% clay, % sand, % silt) in 4-year and 20-year CRP fields, and undisturbed shortgrass steppe (SGS)

Field type Dominant species
(% canopy cover)

ANPP
(g m�2 year�1)

Belowground
biomassa (g m�2)

Total soil organic
carbona (g C m�2)

% Claya % Sanda % Silta

4-year Bromus tectorum 22% 119 75 375 12 76 12
Salsola iberica 20%
Helianthus petiolaris 9%

20-year Bouteloua curtipendula 23% 118 133 404 19 62 19
Bouteloua gracilis 17%
Sporobolus cryptandrus 16%
Agropyron smithii 12%

SGS Bouteloua gracilis 49% 99 270 678 20 62 18
Buchloë dactyloides 24%

a0–5 cm depth
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gracilis, Bouteloua curtipendula, and Agropyron smithii.
The first field type was last cultivated 4 years ago and
has a plant community dominated by annual grass and
forb species (Table 1). Aboveground net primary pro-
duction in 2007 was higher than undisturbed shortgrass
steppe, but belowground biomass and total soil organic
carbon were 28 and 55% of undisturbed shortgrass
steppe, respectively. The second field type was last cul-
tivated 20 years ago and has a plant community domi-
nated by perennial grasses from the CRP seed mix.
Aboveground net primary production in 2007 was also
higher than undisturbed shortgrass steppe, but below-
ground biomass and soil organic carbon were 49 and
60% of undisturbed shortgrass steppe, respectively. Soils
at the sites were classified as Altvan and Ascalon fine
sandy loams (mixed mesic Aridic Argiustoll), with a
minor component of Renohill Shingle Complex (smec-
titic mesic Ustic Haplargid). These soils are deep and
well drained (Natural Resource Conservation Service
2008). We identified three replicates of each field type.
All fields occurred within 15 km of each other and had
similar topographic relief (<3% slope). All CRP fields
had a history of continuous dryland wheat-fallow rota-
tion prior to abandonment.

Experimental design

We sampled a 9-m2 plot within each field. Each plot was
located at least 100 m from the edge of the field and had
vegetation that represented the entire field. In the
shortgrass steppe, we used exclosures to prevent graz-
ing. We applied water to three 1.5-m2 subplots, arranged
in a checkerboard pattern within the 9-m2 plot to min-
imize water movement from neighboring subplots. We
added water as a single uniform event to each subplot
using a backpack sprayer in 2, 5, and 10-mm events
between 15 July and 25 July 2007. Application of 10-mm
events resulted in standing water in micro-depressions,

but we did not take measurements until this water had
infiltrated. The pulse-event size we applied was ran-
domized with respect to time of day to minimize the
effects of diurnal variation in soil temperature. The
mean daily air temperature during the study period was
25.0�C (Min: 15.6�C, Max: 34.5�C; Fig. 1a). Variation
in mean, maximum, and minimum daily air tempera-
tures were minimal during the 10-day study period
(r = 1.1, 2.0, and 0.9, respectively). There was low
precipitation prior to (one 10-mm event occurred on 5
July 2007) and no precipitation during the study period
(Fig. 1b).

Sampling and calculations

We measured soil carbon flux using the LI-6400 soil CO2

flux chamber (chamber volume: 991 cm3; LI-COR, Inc.,
Lincoln, NE, USA) between 08:00 and 13:00. To avoid
repeated disruption of the soil, we used 10-cm diameter
PVC collars as a base for the CO2 flux chamber to rest.
We installed these collars 2.5 cm into the soil at least
12 h before flux measurements were taken, and they
remained in the soil throughout the study. To minimize
the influence of aboveground plant respiration and soil
resource heterogeneity, we took measurements at inter-
plant locations (>10 cm from nearest plant). Within
each 1.5-m2 subplot, we took measurements at four
chamber locations. We took background measurements
before the pulse event and subsequently at 15-min
intervals up to 3 h, and at 30-min intervals up to 5 h. We
also took additional 24 and 48-h measurements.

We took a soil temperature reading at 5-cm depth
concurrently to each soil carbon flux measurement using
a soil thermometer incorporated in the LI-6400. We also
measured volumetric water content using time-domain
reflectometry (TDR) during each flux measurement. The
15-cm TDR probe was inserted diagonally into the soil
to a depth of 5 cm. We calculated water-filled pore space

M
ea

n 
T

em
pe

ra
tu

re
 (

°C
)

0

10

20

30

40

Mean daily air temp.
Max. daily air temp.
Min. daily air temp.

Date
01-Jun-07 01-Jul-07 01-Aug-07 01-Sep-07

P
re

ci
pi

ta
ti

on
 (

m
m

)
0

5

10

15

20

25

(a)

(b)
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minimum daily air temperatures
(�C), and b precipitation (mm)
at the study site from June to
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indicates the study time period
of 15–25 July 2007

207



(WFPS) as an integrative index of soil water availability
and gas diffusivity (Linn and Doran 1984):

WFPS ¼ hV
TP
� 100 ð1Þ

where hV is volumetric water content and TP is total
porosity = 1-bulk density/particle density. Particle
density is 2.65 g cm�3 for most soils in this region.

We calculated depth of penetration of a rainfall event
using an equation developed by Hanks and Ashcroft
(1980):

D ¼ W
hVfc � hVi

ð2Þ

where D (cm) is the depth a precipitation event pene-
trates in the soil, W (cm) is the event size, hVfc is volu-
metric water content at field capacity, and hVi is the
initial volumetric water content before the event.

We used total carbon (g C m�2) lost from the time
the pulse event was applied to the time at which flux
measurements returned to background levels as our re-
sponse variable. We calculated the difference between
the integrated area beneath the flux curve and the
background carbon flux during the same time interval.
We determined the time to return to background soil
carbon flux by modeling the decay of soil carbon flux
using a double exponential decay function (Xu et al.
2004):

R ¼ ae�bt þ ce�dt ð3Þ

where R (g C m�2 h�1) is the soil carbon flux rate after a
pulse event, a indicates the peak flux above background,
c indicates the flux rate before gradual decay of soil
carbon flux, b and d indicate the decay speed and rep-
resent the time required for R to decline to 1/e (e is the
base for natural log) of its peak value of a or c,
respectively, and t is the time since pulse event. The
model assumes two phases of soil carbon flux decline: an
initial steep decline and delayed gradual decline. The
gradual decline phase may be related to the loss of soil
moisture or the loss of different pools of carbon acces-
sible to microbes.

We calculated water losses by the difference between
the maximum WFPS and 24-h WFPS reading. We
determined time to return to background WFPS by
modeling the decay of WFPS using a double exponential
decay model similar to Eq. (3).

Statistical analysis

We analyzed carbon flux and water responses using a
mixed model ANOVA (Proc Mixed, SAS 9.2; SAS
Institute Inc. 2002–2007, Cary, NC, USA). Pulse event
size and time since disturbance were treated as main
effects. We combined all flux measurements for each
field type and used nonlinear regression analysis
(SigmaPlot 8.02; SPSS Inc. 2002, Chicago, IL, USA) to

determine the relationship between carbon flux rate and
soil moisture and soil temperature.

Results

Total carbon lost increased as event size increased in all
field types and ranged from 0.3 g C m�2 after a 2-mm
pulse in a 20-year CRP field to 2.8 g C m�2 after a 10-
mm pulse in the shortgrass steppe (Fig. 2a). Time since
disturbance did not significantly affect total carbon lost
for the smallest pulse event. However, 20-year fields had
significantly lower total carbon losses than the other two
field types for the 10-mm event.

Maximum carbon flux rate was significantly affected
by time since disturbance, but not by pulse size. Four-
year fields had significantly higher maximum flux rates
than the other two field types (F = 18.27, P = 0.0006).
Rates of carbon flux in 4-year fields increased up to 23
times above background after 15 min of the pulse event.
For 2 and 5-mm events, flux rates were greatest after the
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first 15 min of soil wetting, which could mean that the
maximum rates occurred earlier. It took longer to reach
a maximum flux rate after 10-mm events (1–5 h) and
there was a gradual return to background rates.

Average times to return to background flux rates
increased as event size increased (Fig. 2b). An average
time of 22 h was required for 4-year fields after a 2-mm
event, which was significantly shorter than 42 h after a
10-mm event. The 20-year fields had a significantly
longer average time to return to background for 10-mm
events compared to 2 and 5-mm events, whereas 5 and
10-mm events in the shortgrass steppe had a significantly
longer average time to return to background than 2-mm
events. Field type did not significantly affect time to
return to background carbon flux, but there was sub-
stantial variability among field types. For example,
average time to return to background carbon flux for
2-mm events ranged from over 20 h on 4-year fields to
less than 10 h for the 20-year field and the shortgrass
steppe; none of these differences were significant.

Soil carbon fluxes were positively, nonlinearly,
and interdependently related to WFPS and soil tempera-

ture [4-year CRP field: f ¼ 0:31e�0:5
x�36:3
17:3ð Þ2þ y�29:7

4:6ð Þ2
� �

;
R2 = 0.44,P < 0.0001; 20-year CRP field: f ¼ 0:21e�0:5

x�30:1
17:9

� �2þ y�28:1
3:9

� �2� �
; R2 = 0.30, P < 0.0001]; undis-

turbed shortgrass steppe: f ¼ 0:24e�0:5
x�40:1
26:3ð Þ2þ y�29:2

5:4ð Þ2
� �

;
R2 = 0.23, P < 0.0001 where f is carbon flux rate (g C
m�2 h�1), x is WFPS (%) and y is soil temperature (�C)
(Fig. 3). Maximum flux rates were observed between 30
and 40% WFPS and soil temperatures between 25 and
35�C in all field types. There wasmore variability inWFPS
than temperature at which maximum C flux rate occurred
in 20-year fields and undisturbed shortgrass steppe, as
indicated by a less acute peak in the C flux rate response.
Minimum flux rates occurred at low and high soil tem-
peratures and low and high WFPS.

Initial WFPS in the top 5 cm of soil ranged from 7 to
18%. Much of this variability can be explained by var-
iability in clay content; background WFPS significantly
increased as the percentage of clay increased (r2 = 0.33,
P < 0.0001). Maximum WFPS, depth of water pene-
tration, and water loss rates increased significantly with
event size (maximum WFPS: F = 20.03, P < 0.0001;
depth: F = 51.75, P < 0.0001, water loss rate:
F = 25.32, P < 0.0001), but were not affected by time
since disturbance. Our calculations indicate that 2-mm
events reached a depth between 1.6 and 2.1 cm, 5-mm
events reached a depth between 4.2 and 4.6 cm, and
10-mm events reached a depth between 8.2 and 9.7 cm.
The average time to return to background WFPS after a
pulse was 2.2 h for a 2-mm event and 5.9 h for a 5-mm
event. These times were significantly shorter than the
average time to return to background soil carbon flux
for the same size events (Fig. 4). WFPS did not return to
background for 10-mm events within our 48 h mea-
surement period. Our best estimate from modeling
indicated time to return to background WFPS was at

least 120 h. There were no significant differences in time
to return to background WFPS attributed to field type.

Discussion

Pulses of water availability trigger pulses of carbon flux
in the shortgrass steppe. Increases in pulse size increased
the amount of carbon lost and the duration of elevated
carbon flux. As the pulse size increased, there was
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greater soil water content and increased depth of water
penetration (Sala and Lauenroth 1985), which likely
extended the duration of microbial activity. In addition,
microbial populations may increase over the longer
duration of the increased event sizes, leading to higher
microbial biomass engaged in carbon flux. Root respi-
ration may have been limited in the first few hours of the
precipitation event; especially since there was low green
(photosynthetically active) leaf area due to the dry
conditions before the study began (June 2007 precipi-
tation was 8% of the mean). Previous research has
suggested root activity of Bouteloua gracilis is limited
when severe drought is followed by a precipitation event
(Lauenroth et al. 1987).

We hypothesized that as time since disturbance in-
creased, total carbon flux would increase, resulting from
the establishment of long-lived perennial grass species
that have high root biomass and higher soil organic
carbon (SOC). We found that past disturbance was
increasingly important to carbon flux as the event size
increased. Time since disturbance did not influence the
total carbon flux for 2 and 5-mm events, but 20-year
fields had significantly lower total carbon flux than the
other fields after 10-mm events. The carbon lost during 2
and 5-mm events may be more contingent on the short-
term dynamics of soils in between events, such as an
increase in microbial biomass carbon (Fierer and Schi-
mel 2003), labile dissolved organic carbon (Lundquist
et al. 1999), and nitrogen availability to microbes (Fisher
et al. 1987). Given the relatively short time for SOC to
accumulate in 4-year fields, it was surprising that they
had carbon losses similar to the undisturbed shortgrass
steppe for 10-mm events and the highest maximum
carbon flux rates. However, 4-year fields were tilled re-
cently, which breaks down soil aggregates and mixes

aboveground litter into the soil, and have an annual
plant community that produces high litter quality (low
carbon: nitrogen ratio; Munson 2009).

Our estimates of total carbon lost from interplant
spaces of semiarid grasslands (0.3–2.8 g C m�2) are
comparable to fluxes from interplant spaces of a desert
shrubland following pulses of the same size (�2–3 g C
m�2; Sponseller 2007). Estimates from interspaces
should be lower than from under plants, where there is
high organic matter substrate, as well as higher root and
microbial biomass (Hook et al. 1991).

Soil temperature interacted with soil moisture to
influence carbon flux, which was inhibited at high or low
extremes of the environmental controls. Even at optimal
soil temperatures, carbon flux was low unless there was
sufficient soil moisture, which is characteristic of grass-
lands and other water limited ecosystems (Noy-Meir
1973). Carbon flux rate reached its maximum at our sites
when WFPS was near field capacity for coarse-textured
soils, the highest water content at which soil aeration
was not limiting (Linn and Doran 1984). High vari-
ability in the WFPS at which maximum C flux rate oc-
curred in 20-year fields and undisturbed shortgrass
steppe is likely due to a greater proportion of fields with
fine-textured soils, which results in higher field capaci-
ties. This result highlights the complexity of soil prop-
erties in mediating water availability for microorganisms
(Liu et al. 2002). The dual and interacting roles of soil
temperature and soil water in influencing belowground
carbon fluxes are well established in grasslands (Parton
et al. 1987; Moorhead et al. 1999) although the details of
their effects are controversial (Burke et al. 2003; Giar-
dina and Ryan 2000).

The smallest events (2 and 5 mm) caused a flux re-
sponse that lasted longer than it took soils to lose water
from the pulses, whereas for the largest event (10 mm),
carbon flux returned to baseline before the added water
had been depleted. This suggests that water is the most
limiting factor to soil carbon flux rates for the smallest
events, but may be less limiting for events above 5 mm.
Other limitations, such as the soil organic carbon supply
may limit flux above this event size. This is supported by
evidence that time since disturbance only had an effect
above 5-mm events. Soil organic carbon stored after
disturbance may be necessary for a sustained carbon flux
response from large precipitation events. The pulse sizes
used in this study may not have been large enough to
observe an asymptote in total carbon flux with increas-
ing event size, which has been described in arid and
semiarid ecosystems (Huxman et al. 2004). However,
since carbon flux returned to background before soil
water for 10-mm events, it seems unlikely that events
>10 mm would lead to higher amounts of carbon loss
in the short term.

We can use the distribution of rainfall events in the
shortgrass steppe to scale up our estimates to approxi-
mate annual C efflux. An average shortgrass steppe
growing season has forty-five 2-mm events, nine 5-mm
events, and three 10-mm events (Sala and Lauenroth
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1982). Assuming our results of total carbon lost are
applicable to every event of similar size, there is poten-
tial to lose 48 g C m�2 year�1 from 4-year CRP fields,
which represents 39% of carbon in NPP, 23 g C m�2

year�1 from 20-year CRP fields (18% of carbon in
NPP), and 34 g C m�2 year�1 (24% of carbon in NPP)
from the shortgrass steppe. These annual estimates do
not account for the possibility of progressively lower
carbon losses after consecutive events (Sponseller 2007)
or differences in flux response due to seasonal changes in
temperature. However, they suggest that the cumulative
effects of precipitation events <10 mm could have a
large effect on shortgrass steppe carbon balance.
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