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ABSTRACT

Soil respiration from grasslands plays a critical role
in determining carbon dioxide (CO,) feedbacks
between soils and the atmosphere. In these often
mesic systems, soil moisture and temperature tend
to co-regulate soil respiration. Increasing variance
of rainfall patterns may alter aboveground-below-
ground interactions and have important implica-
tions for the sensitivity of soil respiration to
fluctuations in moisture and temperature. We
conducted a set of field experiments to evaluate the
independent and interactive effects of rainfall var-
iability and plant-soil processes on respiration
dynamics. Plant removal had strong effects on
grassland soils, which included altered CO, flux
owing to absence of root respiration; increased soil
moisture and temperature; and reduced availability
of dissolved organic carbon (DOC) for hetero-
trophic respiration by microorganisms. These
plant-mediated effects interacted with our rainfall
variability treatments to determine the sensitivity

of soil respiration to both moisture and tempera-
ture. Using time-series multiple regression, we
found that plants dampened the sensitivity of res-
piration to moisture under high variability rainfall
treatments, which may reflect the relative stability
of root contributions to total soil respiration. In
contrast, plants increased the sensitivity of respi-
ration to temperature under low variability rainfall
treatment suggesting that the environmental con-
trols on soil CO, dynamics in mesic habitats may be
context dependent. Our results provide insight into
the aboveground-belowground mechanisms con-
trolling respiration in grasslands under variable
rainfall regimes, which may be important for pre-
dicting CO, dynamics under current and future
climate scenarios.
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INTRODUCTION

A major goal of terrestrial ecosystem ecology is to
understand how biotic and abiotic factors control
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the turnover of soil carbon (C). Soils represent a
large and dynamic C pool that has the potential to
mitigate or amplify trends associated with global
climate change. Nearly 10% of the atmospheric
carbon dioxide (CO,) passes through soil on a
yearly basis (Raich and Potter 1995), and this ter-
restrial reservoir holds more C than the atmosphere
and vegetation combined (Jobbagy and Jackson
2000; Schlesinger 1997). The mineralization of soil
organic C is regulated to a large extent by respira-
tory processes, which are sensitive to changes
in environmental conditions (Jenkinson and
others 1991; Atkin and others 2005; Davidson and


http://dx.doi.org/10.1007/s10021-010-9401-y

Z. T. Aanderud and others

Janssens 2006). In particular, moisture is considered
a master variable that drives patterns of soil respi-
ration in many terrestrial ecosystems (Bartholomew
and Broadbent 1950; Schimel and others 2007;
Gu and others 2008). Although soil respiration tends
to increase with average soil moisture content (for
example, Cook and Orchard 2008), recent studies
have demonstrated that the temporal variability of
soil moisture has strong and sometimes independent
effects on the dynamics and cumulative production
of CO, (Sponseller 2007; Fay and others 2008;
Borken and Matzner 2009).

Rainfall patterns play a central role in deter-
mining the temporal variability of moisture and
respiratory activity in soils. For example, rainfall
events in grassland soils generate short-term pulses
of soil CO, following prolonged dry periods (Fay
and others 2000; Knapp and others 2002; Xu and
Baldocchi 2004). Within hours of a rewetting
event, CO, production can achieve rates that are
500% higher than pre-wetting conditions (Fierer
and Schimel 2003; Sponseller 2007). When scaled
over longer time periods, rainfall variability can
have mixed effects on soil respiration. Some studies
have shown that rainfall induced-pulses of soil
respiration can account for 5-10% of annual net
ecosystem production in mid-latitude forests (Lee
and others 2004) and up to 90% of the late-season
ecosystem respiration in semi-arid grasslands (Xu
and Baldocchi 2004). In contrast, altered rainfall
regimes in a tall grass prairie have been shown to
reduce summer soil CO, flux (Harper and others
2005). Ultimately, rainfall-induced fluxes may
determine whether ecosystems function as sources
or sinks of atmospheric CO, (Shim and others
2009). Such findings have important implications
for predicting soil CO, dynamics because the
schedule, magnitude, and timing of rainfall are
expected to become increasingly variable under
future climate change scenarios (Weltzin and oth-
ers 2003; Zhang and others 2007; Knapp and others
2008).

The coupling of aboveground and belowground
processes may help explain the dynamic responses
of soil respiration to rainfall variability (van der
Putten and others 2009). This coupling is deter-
mined to a large extent by the direct and indirect
effects that plants have on soil moisture dynamics,
soil physiochemical characteristics, and soil food
webs. First, plants are capable of enhancing soil
respiration through the delivery of labile carbon
substrates via roots to heterotrophic microorgan-
isms (Cardon and Gage 2006; Scott-Denton and
others 2006). Second, plants can indirectly alter
soil respiration by modifying soil moisture and

temperature. Although plants minimize evapora-
tive water loss by reducing soil temperature
through shading, more often they deplete soil
moisture through transpiration (Lauenroth and
Bradford 2006). Also, plants may directly alter the
amount of rainfall that reaches the soil through
interception and stem flow processes. Lastly, plant
roots directly contribute to soil respiration, in some
cases accounting for more than half of total soil
CO, flux (Hanson and others 2000; Tang and oth-
ers 2005; Crow and Wieder 2005). There are some
reports, however, that this source of respiration
may be less responsive to rainfall variability than
heterotrophic respiration (Cisneros-Dozal and oth-
ers 2006; Zobitz and others 2008; Carbone and
others 2008), presumably because the abundance
and activity of microorganisms can rapidly change
in response to environmental fluctuations. It
appears that at least some of these aboveground-
belowground linkages may be decoupled by
drying-wetting cycles that are associated with
rainfall variability (Yepez and others 2007). How-
ever, few studies have evaluated the sensitivity of
respiration to moisture (Noormets and others 2008)
or investigated how interactions between rainfall
and plants regulate soil respiration (Liu and others
2002, 2009; Cable and others 2008).

In this study, we conducted a set of field exper-
iments to determine how soil respiration responds
to the interactive effects of rainfall variability and
plant—soil processes. Specifically, we quantified the
sensitivity of respiration to moisture and tempera-
ture (that is, CO, evolved per unit change in
moisture) in a successional grassland in the pres-
ence and absence of plants under low and high
variability rainfall regimes. In this mesic habitat,
soil respiration may be co-regulated by tempera-
ture and moisture. For example, soil respiration in
temperate grasslands is influenced by seasonal and
diel fluctuations in temperature, but also responds
to moisture, which tends to covary with tempera-
ture during spring and summer months (Davidson
and others 1998, 2006; Conant and others 2004;
Almagro and others 2009). Although there is evi-
dence that soil respiration in mesic ecosystems can
be controlled by moisture and/or temperature, it is
unclear whether the strength of these environ-
mental drivers is contingent upon rainfall vari-
ability. Therefore, we also evaluated the sensitivity
of soil respiration to temperature under natural and
manipulated rainfall regimes. The first part of the
study quantified how plants modified soil CO, flux
and environmental conditions (that is, moisture,
temperature, and resource availability) under nat-
ural rainfall variability. The second part of the
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study directly manipulated rainfall variability to
quantify the sensitivity of soil respiration to fluc-
tuations in moisture and temperature. Thus, results
from our study shed light on the environmental
factors that influence soil respiration dynamics in
mesic ecosystems under variable climate regimes.

METHODS
Overview of Experiments

To assess the effects of aboveground-belowground
linkages on soil respiration dynamics, we manipu-
lated plant communities in replicate grasslands at
the W. K. Kellogg Biological Station (KBS) Long
Term Ecological Research (LTER) site. This
manipulation was used for two related experi-
ments. The first experiment monitored CO, flux
and additional soil characteristics under ambient
rainfall conditions. This replicated experiment al-
lowed us to test the effects of our plant manipula-
tion and assess the spatial variability of soil
respiration across a 42 ha LTER landscape. The
second experiment crossed the plant manipulation
with a rainfall variability treatment. We deployed
one set of environmental sensors in each of the
treatment combinations to quantify the sensitivity
of soil respiration to rapid fluctuations in moisture
and temperature. We used multiple regression
time-series regression procedures to draw conclu-
sions from this unreplicated experiment. We dis-
cuss the advantages and challenges of our two
experimental approaches in the ““Discussion”’.

Site Description

We conducted our study in the successional grass-
land treatment (T7) at the KBS-LTER site located in
southwestern Michigan, USA. This land-use treat-
ment consists of replicate 1 ha replicated fields
containing a mixture of perennial grasses and forbs
that established after the field was abandoned from
agricultural activity in 1989 (Robertson and others
2000). Dominant plant species include Solidago
canadensis (L.), Apocynum cannabinum (L.), and
Phleum pratense (L.). Average annual precipitation
at the KBS-LTER is 890 mm (+148.0 SD, n = 21)
with half falling as snow, and the mean annual
temperature is 9.0°C (£ 0.81 SD, n = 21) (http://
www.kbs.msu.edu/databases). We performed our
experiment from June to September 2007. During
this time, mean monthly rainfall was 376 mm
(£120.3 SD) and mean monthly temperature was
19.2°C (£1.95 SD). All soils are fine-loamy, mixed,
mesic Typic Hapludalfs with a total soil C of 1.3%

and nitrogen (N) of 0.13%, pH of 5.5, and cation

exchange capacity of 5.5 cmol kg™'.

Plant Manipulation

The first part of our study involved the initiation
and monitoring of a plant manipulation, which
ultimately allowed us to assess the importance of
aboveground-belowground coupling to the sensi-
tivity of respiration under variable rainfall treat-
ments. We manipulated plant communities in a
10 m x 10 m area at the north end of each of the
T7 replicates (n = 5) on the KBS-LTER site. We
subdivided each of these areas into four 5 m x 5 m
plots. The plant community was left intact in two of
the randomly chosen plots (+P) and removed from
the remaining two plots (—P). We created and
maintained the —P treatment across the entire
5m x 5m plot by clipping and removing all
plants, spraying herbicide (glyphosate) on the
stubble, and subsequently weeding all emergent
seedlings on a weekly basis. We left a 1.5 m buffer
strip between the +P and —P treatments to control
for edge effects.

We evaluated the direct and indirect effects of
plant manipulations on soil CO, flux in all experi-
mental plots on a weekly basis from June through
September 2007 using in situ closed-cover flux
chambers (Livingston and Hutchinson 1995; Am-
bus and Robertson 2006). The chambers consisted
of a PVC collar (with a beveled edge for ease of soil
insertion) and a fitted cap. We attached a piece of
8 cm tygon tubing, fitted with a three-way septum,
to the top of the cap to allow for gas headspace
sampling. All soil collars were driven 5 c¢m into the
soil at the center of each plot 2 weeks prior to data
collection to minimize potential soil disturbance
effects. To quantify CO, flux, we sampled the
headspace of the chamber (diameter =25 cm,
height = 8 cm) four times over approximately 2 h
(that is, time zero, 40 min, 80 min, and 120 min).
At each sampling time we attached a 10 ml syringe
to the septum, opened the valve, plunged the syr-
inge five times to mix the headspace in the cham-
ber and tube, pulled a 8 ml gas sample, and placed
it in an evacuated 5.9-ml septum-sealed glass vial.
Owing to the relatively large volume of the head-
space in the chamber (4 1) and the short sampling
duration, we assume that the negative pressure or
concentration effects on our CO, fluxes was neg-
ligible (Ambus and Robertson 2006). CO, concen-
trations in the vials were measured with a LI-820
infrared gas analyzer (LI-COR Biosciences, Lincoln,
NE, USA). The overpressure in the glass vials was
released prior to each CO, measurement. We used
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these four CO, measurements and the ideal gas law
to calculate CO, flux.

In addition, we quantified the direct and indi-
rect effects of plant manipulations on a suite of
soil characteristics from June through September.
Specifically, we measured soil moisture and tem-
perature each week for 14 weeks; dissolved or-
ganic carbon (DOC), inorganic N concentrations,
total C, and total N were measured once at the
beginning of each month. Soil characteristics were
determined on 2 mm-sieved soil samples com-
posited from five soil cores (diameter =2 cm,
height 10 cm) that were extracted using a soil
probe. After each soil core was removed we placed
a 12 cm piece of PVC pipe, capped with a rubber
stopper, to prevent preferential water flow from
rainfall events. We measured soil moisture gravi-
metrically on 30 g of the composited soil sample.
The soil sample was weighed, dried at 105°C for
48 h, and re-weighed to determine water content.
We converted these gravimetric water contents to
volumetric water contents using an average bulk
density for each treatment. Bulk density was cal-
culated from ten 10 cm diameter x 8 cm deep
PVC cores that were sampled at the end of the
experiment. Soil temperature measurements were
taken adjacent to the permanent gas chambers to
a depth of 10 cm during the time zero CO, sam-
pling points using a soil thermometer (Forestry
Suppliers Inc., Jackson, MS, USA). For DOC, soils
were extracted within 24 h of sampling via a
distilled water extraction (1:2 w/v), passed
through a 0.2 pm nylon filter, and measured on a
TOC analyzer (Shimadzu, Columbia MD, USA).
For inorganic N, soils were extracted within 48 h
via a 1 M KCl extraction (1:10 w/v), passed
through a Whatman #1 filter, and measured on an
OI Analytical Flow Solution IV analyzer (OI
Analytical, College Station TX, USA). We quanti-
fied total C and total N from soils using a TruSpec
C/H/N/S/O analyzer (Leco Inc, St. Joseph, MI,
USA). We conducted all of our field sampling
between 10:00 and 14:00 to minimize variation
associated with diel fluctuations of soil conditions.
We tested for the effect influence of the plant
manipulations (+P versus —P, fixed effect) and
time (random effect) on our response variables
(that is, CO, flux, soil moisture, temperature,
DOC, inorganic N, total C, and total N) prior to
rainfall treatments (see ‘‘Rainfall Variability
Treatments’”” section) using repeated measures
(RM) ANOVA (SAS PROC MIXED) with covari-
ance structures selected using Bayesian Informa-
tion Criterion (Wolfinger and Chang 1999).

Rainfall Variability Treatments

After the plant manipulations had been established
for 14 weeks, we initiated our second study, which
consisted of a factorial experiment that exposed +P
and —P plots in one randomly selected T7 replicate
to a low (LV) rainfall variability treatment or a high
variability (HV) rainfall treatment. During this
unreplicated experiment, we protected soils from
ambient rainfall by erecting rainout shelters (2 m
length x 2 m width x 1.5 m high) over our plot,
which consisted of PVC frames (4 m?) covered with
polyethylene plastic. Using a watering can, we
delivered the same amount of water (60 1) to each
plot over a 26-day period (August 29-Sept 23,
2007). The HV treatment received three simulated
events of 20 mm every 7 days, whereas the LV
treatment received a rainfall event of 2.3 mm each
day of the experiment. These treatments were
chosen to reflect patterns of rainfall variability ob-
served on the KBS-LTER over the past two decades.
For example, the average number of rainfall events
occurring during the summer (June-September) is
37 (£8.9 SD, n = 21), but most of these are small
with only 33% of events measuring over 10 mm
and 14% of the events measuring over 20 mm.
Further, the more extreme (>20 mm) events are
highly variable and occur on average every 15 days
(£17 SD, n = 21). Therefore, the LV treatment
simulates stable rainfall conditions consisting of
frequent and minor events, whereas the HV treat-
ment captures more extreme events that are typical
of precipitation regimes in our study area.

Soil Respiration Sensitivity

We quantified the sensitivity of soil respiration to
moisture and temperature by applying time-series
regression models to CO,, moisture, and tempera-
ture data that were continuously measured using
environmental sensors over the 26-days rainfall
variability experiment in one randomly selected T7
replicate plot. We measured CO, concentrations
(ppmv) at a depth of 2 cm in each treatment using
non-dispersive infrared absorption with 3% CO,
GMT222 sensors (Vaisala, Helsinki, Finland). By
placing the sensor close to the soil surface we were
able to capture an integrated CO, response to the
rainfall treatments before the CO, was released to
the atmosphere. The CO, concentrations measured
by the sensors were corrected for variations in
temperature and pressure (Tang and others 2003),
converted to a mole concentration (Tang and oth-
ers 2003, 2005), and corrected for rapid changes in
volumetric soil air content induced by rainfall to
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estimate the amount of CO, generated from the soil
profile. We converted the volume fraction C,
(umol mol™') from the sensors to mole concen-
tration of C (umol m™’) using C = C, P/RT, where
P is the air pressure (Pa), T the soil absolute tem-
perature (K), and R the universal gas constant
(8.3144 Y mol ' K™') (Tang and others 2005).
Finally, we multiplied C by the volumetric soil air
content (air-filled porosity, m™>). This correction
accounts for the potential to overestimate C due to
the condensing of soil air that occurs during a
rainfall event independent of respiration. For
example, if the soil C was 10,000 pmol m > before
a rainfall event and the event reduced the volume
of soil air by 50% the resulting C at the next time
step would be elevated to 20,000 pmol m—>
regardless of changes in soil respiration. This
overestimation would skew inferences of soil res-
piration sensitivity to moisture. Using the same set
of sensors, Daly and others (2008) found that near-
surface CO, concentrations were significantly and
positively correlated with more traditional chamber
CO, flux measurements. Moreover, they found
that the correlation between sensor-based CO,
concentrations and chamber-based CO, fluxes
were robust under variable soil moisture conditions
induced by precipitation events. Based on these
results, we treated the corrected CO, time-series
measured with near-surface sensors as an inte-
grated measure of heterotrophic and root respira-
tion. In addition, we monitored soil moisture
(m”> H,O m ™’ soil) and temperature (°C) over a soil
depth of 2-7 cm in each treatment with ECH,O-
TM sensors (Decagon Devices, Pullman WA, USA).
Sensor data (CO,, soil moisture, and soil tempera-
ture) were generated every 10 s, averaged to create
a 30 min value, and stored on field dataloggers
(CR1000, Campbell Scientific, Inc., Logan UT,
USA). Each treatment combination had one CO,
sensor, one soil moisture sensor, and one soil
temperature sensor that were placed within 5 cm
of each other. We expressed and modeled all our
data on a daily time-step, calculated from 30 min
intervals. This daily averaging removed diel vari-
ability, which may have masked the impact of our
treatments on respiration sensitivity (Riveros-Ire-
gui and others 2007; Carbone and others 2008).
We used our plant manipulations to approximate
root and heterotrophic respiration. Specifically, we
assumed that respiration in the +P soils was due to
root and heterotrophic respiration, whereas respi-
ration in the —P soils was due primarily to het-
erotrophic respiration (Anderson 1973; Tang and
others 2005).

We estimated soil respiration sensitivity using
time-series multiple regression models that in-
cluded both soil moisture and temperature as pre-
dictor variables. Specifically, we defined sensitivity
as the slopes from linear regressions where cor-
rected CO, concentrations through time were fit as
a function of soil moisture (moles CO,/m* H,O m™>
soil) or temperature (moles CO,/°C). To meet the
assumptions of the procedures, we examined the
residuals of the time-series regressions for auto-
correlation using the Ljung-Box test (Ljung and
Box 1978). The residuals for some of the treatment
combinations (+P, LV and —P, HV) were marginally
significant suggesting that the confidence intervals
around these slopes might be larger than what was
calculated from the regression. However, when we
modeled the errors as an autoregressive processes
with lag equal to 1 (that is, AR1) autocorrelation in
the residuals was removed, but the estimated sen-
sitivity parameters were similar and the relation-
ship among model parameter estimates (and thus
our conclusions) were unchanged. Therefore, we
report results from the non-autoregressive analysis,
which are simpler, more conservative, and easier to
interpret. The details of the time-series regression
and results of the autoregressive analyses can be
found in the Appendix in the Supplemental
Materials. All models generated an adjusted R* and
standard errors. From these standard errors, we
constructed 95% confidence intervals around the
parameter estimates. Because differences among
parameters cannot accurately be judged using
confidence intervals alone, we performed t-tests to
determine significant differences (P < 0.05) in CO,
sensitivity between the four treatment combina-
tions (—P LV, —P HV, +P LV, +P HV). Interactions
were identified as cases where differences between
sensitivities of one treatment significantly changed
relative to another treatment.

REsuLTs
Plant Manipulation

The plant manipulation had strong effects on the
temporal dynamics of nearly all measured soil re-
sponse variables prior to initiating the rainfall var-
iability treatments. With the exception of total C
and total N, results from RM-ANOVA revealed that
there were significant time x treatment (that is,
plant manipulation) interactions for all of mea-
sured soil response variables (Table 1; Figure 1).
We used the marginal means (or least square
means [LSM]) generated from the RM-ANOVA
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Repeated Measures ANOVA Table for Soil Characteristics Through Time in Response to a Plant Manipulation (+P versus —P) in a Mesic

Table 1.

Grassland at the Kellogg Biological Station (KBS) Long-Term Ecological Research (LTER) Site

Total N (%)

Total C (%)

NO5~

NH,* (mg N g soil %)

DOC

Temperature

Q)

Moisture
(gg™)

CO, flux

Source

(mg N g soil ™)

(ng C g soil )

(umol CO, m™2s7})

5.70

0.044
F3'24 = 8.49

P

Fis
P

18.89

0.908
Fig = 18.89
P < 0.0001
Fsg = 0.02

P

Fis
P

= 67.65

0.0003
F3'3 =21.54
P < 0.0001

Fis
P

11.21
0.0101
F3,8 =21.22

P

Fis
P

5.78

0.043
Fi7132 = 76.99 F;3,4=112.76

P < 0.0001

Fis
P

27.34
0.0008
Fi17,136 = 61.13
P < 0.0001
F17,136 = 6.57

P

Fis
P

0.77

0.41
Fi17,136 = 51.28

P < 0.0001

Fis
P

Plant

F1,8 =4991

0.0001

P =

Time

0.0005

P < 0.0001 = 0.0004

F3,24 = 40.30
P < 0.0001

=1.92
0.153

24.36
0.0002

F38
P

2.31

0.004

3.14

0.0001

Plant x Time

F324
P

F3,8 =28.12

P

F17,132

P

Fl7,136

P

0.897

0.001

0.0001

models to assess the magnitude and direction of soil
responses to the plant manipulation. CO, flux was
14% higher in the +P versus —P plot. This reduc-
tion in soil CO, flux in the —P plots was accom-
panied by a 42% increase in soil moisture and a 1°C
increase in soil temperature. In addition, plant re-
moval significantly altered resource availability.
For example, DOC concentrations were 44% lower
in the —P plots (27.1 pg g~ ') compared to the +P
plots (48.3 ug g~'). In contrast, inorganic N was
higher in the —P versus +P plots. Plant removal
more than doubled NH,* concentrations and re-
sulted in a 30-fold increase in NOs~ availability.
Although total C changed through time, it was
unaffected by the plant manipulation. Total N was
approximately 20% higher in the +P versus —P
treatment at the beginning of the manipulation,
but this effect attenuated with time.

Respiration Sensitivity to Moisture

The plant manipulation determined baseline soil
moisture levels in the experimental plot, whereas
the rainfall variability treatment controlled short-
term fluctuations in soil moisture (Figure 2). Under
LV rainfall, soil moisture levels were relatively
stable through time, but were consistently lower in
the +P versus —P plot (Figure 2). Under HV rainfall,
simulated precipitation events generated large
fluctuations in soil moisture that masked the effect
of the plant manipulation observed in the LV
treatment (Figure 2). Total C in the +P and —P
treatment were not different prior to the rainfall
manipulations (Table 1; Figure 1) suggesting that
dead roots in the —P contributed minimally to soil
respiration. This assumption allowed us to estimate
that root respiration in the +P treatment accounted
for approximately 55% and 68% of the total soil
CO, under HV and LV rainfall, respectively.

The plant manipulation also modified the sensi-
tivity of respiration to fluctuations in soil moisture,
but only under HV rainfall (Figure 3). Plants sig-
nificantly dampened the sensitivity of respiration to
moisture in the HV rainfall treatment (P < 0.001),
but not in the LV rainfall treatment (P = 0.15).
Sensitivity to soil moisture was almost four times
lower in the presence versus the absence of plants
under HV rainfall. Further, respiration sensitivity to
moisture was two-and-a-half times lower under HV
than LV rainfall in the presence of plants
(P = 0.03). Overall, plants decreased the statistical
variability associated with respiration sensitivity to
moisture and improved the fit of the time-series
data. For example, the 95% confidence intervals
for the sensitivity of respiration to moisture in the
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Figure 1. The effects of
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+P treatment were at least three times smaller than
those for —P treatment. In addition, the fits for
the time-series in the +P treatment were higher
(adjusted R* > 0.86) than the fits for the —P
treatments (adjusted R* < 0.62).

Respiration Sensitivity to Temperature

Plant removal increased temperatures by 0.9-5.3°C
under LV rainfall and by 0.1-3.6°C under HV
rainfall (Figure 2). Although not directly manipu-
lated in this study, we were able to assess whether
our experimental treatments altered the sensitivity

of respiration to indirect changes and natural var-
iability in temperature. Soil moisture and soil
temperature did not covary during our rainfall
variability experiment (r = —0.08, P = 0.40). Plants
enhanced the sensitivity of respiration to temper-
ature, but only in the LV rainfall treatment
(Figure 3). Specifically, in the LV rainfall treat-
ment, sensitivity to temperature was five times
greater in +P versus —P soils (P = 0.02). With the
exception of the —P LV treatment (P = 0.71), soil
temperature was positively correlated with respi-
ration (P < 0.05).
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Low variability rainfall (LV)

High variability rainfall (HV)

Figure 2. The impact of

low variability (LV) and
high variability (HV)
rainfall treatments and
the presence (+P) and
absence (—P) of plants on
soil CO, concentration,
soil moisture, and soil
temperature. The HV
rainfall treatment

consisted of three

simulated rainfall events
every 7 days of 20 mm
(upward-pointing arrows),
whereas the LV rainfall
treatment consisted of 26
daily rainfall events of
2.3 mm. Solid gray and
black lines represent real-
time sensor data that

were generated every 10 s

and averaged to create a
30 min value. Circles
represent the daily means
of these data, which were
used to quantify
respiration sensitivity.
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DiscussioN

The overarching factors that govern soil respiration
are well known, but much of the detail describing
how root and heterotrophic components of respi-
ration respond to environmental variables, such as
rainfall variability is lacking (Trumbore 2006). We
addressed these issues by experimentally relating
soil respiration dynamics to manipulations of
rainfall variability in the presence and absence of
roots, which couple aboveground-belowground
processes. Overall, the plant removal had dramatic
effects on the grassland soils, which included al-
tered CO, flux, reduced DOC, and increased soil
moisture and N availability (Figure 1). These plant-
mediated effects interacted with our rainfall vari-
ability treatments to determine the sensitivity of
respiration to both moisture and temperature. To-
gether, our results suggest the direct and indirect
effects involved in aboveground-belowground
coupling should buffer soil respiration sensitivity
under more variable rainfall conditions predicted
for grasslands under future climate-change sce-
narios (IPCC 2007; Zhang and others 2007).

Soil Respiration Sensitivity to Moisture

Plants diminished the effects of rainfall variability
on the sensitivity of respiration to moisture (Fig-
ure 3). The plant dampening effect measured un-
der high variability rainfall may have stemmed
from root respiration. For example, growing evi-
dence suggests that root respiration is less variable
and responsive to environmental change than
heterotrophic respiration (Cisneros-Dozal and oth-
ers 2006; Scott-Denton and others 2006; Carbone
and others 2008). In our rainfall treatments, root
respiration accounted for approximately one-half
to two-thirds of the total measured soil CO,. Based
on the assumption that root respiration is less
variable and constituted a large portion of soil
respiration, we can make two inferences. First, we
may have observed reduced respiration sensitivity
in the +P treatments by including the less respon-
sive root component in our CO, measurements.
Second, because root contributions to soil CO,
were roughly comparable between the HV and LV
treatments, our results suggest that differences in
respiration sensitivity may be due largely to het-
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Figure 3. Sensitivity of soil respiration to fluctuations in
moisture and temperature under a low variability (LV)
and high variability (HV) rainfall treatment in +P and —P
soils. Sensitivity is defined as the change in CO, per unit
change of an environmental variable (that is, soil mois-
ture or soil temperature). All values are parameter
estimates from time-series multiple regression models
with attending 95% confidence intervals. Different letters
indicate significant differences between treatments (P <
0.05) based on pairwise z-tests.

erotrophic organisms. Here, we briefly discuss po-
tential plant-mediated mechanisms that could
contribute to a decline in respiration sensitivity to
moisture by heterotrophic organisms.

First, plants may have dampened respiration
sensitivity to moisture by altering the availability of
resources to heterotrophic organisms (primarily
bacteria and fungi). For example, DOC was higher
and inorganic N was lower in +P than —P soils
(Table 1; Figure 1). Such changes in resource
availability could potentially influence the
responsiveness of respiration to changes in soil
moisture. We found some evidence for this in +P
soils where higher DOC concentrations did not
correspond with more CO, being produced fol-
lowing high variability rainfall events. Instead, CO,
pulses following rain events were 200% higher in

—P than +P soils. These distinctions in the rapid
CO, responses between plant treatments may have
resulted from differences in the quality and quan-
tity of C or N sources available to soil microbes. In
the absence of plants, labile C may be derived pri-
marily from intracellular solutes that are released as
microbial biomass turns over. Further, the amount
of these substances may vary due to sudden
changes in soil moisture (Halverson and others
2000; Fierer and Schimel 2003). Therefore, fol-
lowing rainfall events, intracellular solutes may be
rapidly mineralized and assimilated leading to large
short-term pulses of CO, that heighten heterotro-
phic respiration sensitivity.

Plants may have also influenced respiration
sensitivity by creating drier soil conditions through
evapotranspiration. Under high variability rainfall
regimes soils experience prolonged dry-down
periods that are punctuated by episodic rainfall
events. Under such conditions high variability
rainfall generally enhances respiratory responses
(Fay and others 2000, 2008; Harper and others
2005). We did not observe this pattern in our mesic
system where the magnitude and frequency of
rainfall events were relatively small. In contrast,
soils under our LV rainfall treatment were the
driest, whereas soils under HV rainfall never sub-
stantially dried out between the weekly events
(Figure 2). Under these conditions the relatively
drier soil under LV rainfall may have stimulated
heterotrophic respiration and caused respiration
sensitivity to be enhanced. Therefore, respiration
sensitivity reflected changes in the dryness of the
soil more so than what was predicted based on the
nominal rainfall treatment.

Co-regulation of Respiration Sensitivity:
The Importance of Temperature and
Moisture

Our results indicate there are strong interactions
between rainfall variability and aboveground-
belowground processes on the sensitivity of soil
respiration to moisture and temperature. For
example, under LV rainfall the sensitivity of respi-
ration to temperature significantly increased by a
factor of five when plants were present in the soil
(Figure 3). In contrast, there was no affect of
temperature fluctuations on respiration in —P soils
under the LV rainfall. Respiration was also sensitive
to temperature under HV rainfall, but was unaf-
fected by the plant manipulation. As we discussed
above, the sensitivity of respiration to moisture
was predominantly positive and significant. Thus,
our results generally agree with other studies
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demonstrating that soil respiration in mesic eco-
systems is co-regulated by moisture and tempera-
ture (Davidson and others 1998; Conant and others
2004; Almagro and others 2009). Additional
manipulative studies are needed, however, to better
understand how temperature and moisture vari-
ability independently affect the sensitivity of soil
respiration both on a daily and seasonal time-step.

The enhanced respiration sensitivity to tempera-
ture under low variability rainfall may have resulted
from multiple plant effects. First, shading by plants
may reduce temperature stress (Lloyd and Taylor
1994), which could in turn enhance the sensitivity of
respiration. Under low variability rainfall, tempera-
tures in the +P plot did not rise above 25°C and were
2-5°C cooler relative to bare soil for 85% of the
experiment, whereas soil temperatures in the —P
plots were greater than 25°C for 27% of the experi-
ment. Second, respiration sensitivity to temperature
may be enhanced if rising soil temperatures occur
when C substrate availability is high. In the absence
of moisture limitation, soil respiration tends to be
enhanced if rising soil temperatures are synchro-
nized with high resource availability (Boone and
others 1998; Cleveland and others 2007; Yuste and
others 2007). Our results are consistent with this
resource-temperature synchrony because DOC
concentrations were often higher in the presence
than the absence of plants and sensitivity was ele-
vated in these soils (Figure 1).

Experimental Design: Caveats and
Inference Space

Ecologists are commonly challenged by the optimal
design of field experiments (see Cottingham and
others 2005). One such challenge involves trade-
offs between replication, sampling frequency, and
the number of factors that can be simultaneously
explored in a given study. For example, our first
experiment examined the effects of a plant
manipulation (+P versus —P) on soil respiration in
plots within replicate 1-ha grassland fields (Fig-
ure 1). This study had the advantage of statistical
power and strong spatial inference, but with bi-
weekly sampling, we were unable to resolve the
sensitivity of soil respiration to rapid fluctuations in
moisture and temperature (Figure 2). We ad-
dressed this shortcoming by conducting a second
manipulative experiment that generated high-res-
olution temporal data using environmental sen-
sors. In this case, however, we were unable to
replicate the treatment combinations owing to the
costs of the sensor network. Similar constraints
arise when ecologists conduct whole-ecosystem

experiments or when unplanned events interrupt
long-term studies (Miao and Carstenn 2006). For-
tunately, there is a suite of statistical techniques
that allow ecologists to make robust inferences
about unreplicated time-series data (Carpenter
1990; Diggle 1990; Pole and others 1994; Bence
1995). In this study, we used a relatively simple set
of multiple regression time-series models to test the
effects of plant and precipitation manipulations on
soil respiration dynamics. Given the rapid devel-
opment and application of environmental sensor
technology, it seems likely that ecosystem ecolo-
gists will increasingly need to consider using similar
statistical approaches. Even though time-series
statistics provide an opportunity to analyze unre-
plicated experiments, it is important to acknowl-
edge the limitation of these analyses. For example,
soil organisms and their metabolic functions are
notoriously heterogeneous (Frey 2007). In this
particular study, the spatial variability of CO, flux
in the replicated +P and —P treatments across the
42-ha site was relatively low (coefficient of varia-
tion = 0.22-0.31), but this pattern may not hold for
other processes or in different ecosystems. There-
fore, it is important to exercise caution when
extrapolating findings from unreplicated experi-
ment across the landscape.

CONCLUSION

Grasslands comprise approximately 40% of the
terrestrial surface of the earth (Wang and Fang
2009). Due to the extent of this biome, fluxes of C
from these systems may play a critical role in
determining CO, feedbacks between the soil and
the atmosphere. We found that the coupling of
aboveground and belowground processes via plants
was important for predicting the dynamics of soil
respiration to rainfall variability. In our mesic
grassland, respiration was co-regulated by moisture
and temperature even as rainfall became more
variable. To more fully understand our results, it is
essential to determine how the sensitivity of res-
piration is partitioned between root and hetero-
trophic respiration, if these plant-mediating effects
are consistent across grasslands in different biore-
gions with different vegetation communities, and
the role of root deposited C sources in promoting
sensitivity.
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