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Abstract

Partitioning soil CO, efflux into autotrophic (Rs) and heterotrophic (Ry) components is
crucial for understanding their differential responses to climate change. We conducted a
long-term experiment (2000-2005) to investigate effects of warming 2°C and yearly
clipping on soil CO, efflux and its components (i.e. R, and Ry) in a tallgrass prairie
ecosystem. Interannual variability of these fluxes was also examined. Deep collars
(70 cm) were inserted into soil to measure Ry. Ry was quantified as the difference
between soil CO, efflux and Ry. Warming treatment significantly stimulated soil CO,
efflux and its components (i.e. Ro and Rpy) in most years. In contrast, yearly clipping
significantly reduced soil CO, efflux only in the last 2 years, although it decreased Ry in
every year of the study. Temperature sensitivity (i.e. apparent Qo values) of soil CO,
efflux was slightly lower under warming (P> 0.05) and reduced considerably by clipping
(P <0.05) compared with that in the control. On average over the 4 years, Ry accounted for
approximately 65% of soil CO, efflux with a range from 58% to 73% in the four
treatments. Over seasons, the contribution of Ry to soil CO, efflux reached a maximum
in winter (~90%) and a minimum in summer (~35%). Annual soil CO, efflux did not
vary substantially among years as precipitation did. The interannual variability of soil
CO, efflux may be mainly caused by precipitation distribution and summer severe
drought. Our results suggest that the effects of warming and yearly clipping on soil CO,
efflux and its components did not result in significant changes in Ry or R, contribution,
and rainfall timing may be more important in determining interannual variability of soil
CO; efflux than the amount of annual precipitation.
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Introduction

Global warming induced by elevated atmospheric
greenhouse gases has increased Earth’s surface tem-
perature by 0.6 °C in the past century and the tempera-
ture is predicted to continue to increase by 1.4-5.8 °C by
the end of this century (IPCC, 2001). In the Great Plains,
air temperature is predicted to increase by 2—4 °C with
the doubling of the current CO, concentration (Long &
Hutchin, 1991). This projected warming is probably
altering ecosystem carbon (C) cycling, causing positive
feedback if warming increases soil CO, efflux more than
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plant production (Cox et al., 2000). At a global scale,
climate warming of 1°C would result in an extra
11-34PgCyr ' release to the atmosphere due to en-
hanced decomposition, equivalent to as much as five
times the annual CO, release from all fossil fuel
burning (Jenkinson et al., 1991; Schimel ef al., 1994;
IPCC, 2001).

Soil CO; efflux, commonly referred to as soil respira-
tion, is the second largest C flux (68-80PgCyr )
between terrestrial ecosystems and the atmosphere in
the global C cycle (Raich & Schlesinger, 1992; Raich
et al., 2002), and is, therefore, an important regulator of
climate change, as well as determinant of net ecosystem
C balance. It is largely influenced by soil temperature
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(Lloyd & Taylor, 1994; Boone et al., 1998; Rustad et al.,
2001), water content (Davidson et al., 2000; Liu et al.,
2002), nutrient availability (Raich & Tufekcioglu, 2000),
and current photosynthetic rates (Hogberg et al., 2001).
Both autotrophic respiration (R,) from plant roots and
rhizosphere microbes and heterotrophic component
(Ryp) during litter and soil organic matter (SOM) decom-
position contribute to CO, efflux from soils (Hanson
et al., 2000; Wan & Luo, 2003; Kuzyakov, 2006; Subke
et al., 2006).

The relative contribution of Ry or Ry generally ac-
counts for approximately one half of the total soil CO,
efflux according to three recent reviews (Hanson ef al.,
2000; Bond-Lamberty et al., 2004; Subke et al., 2006).
However, the average estimates mask considerable
variation because of the diversity of ecosystems and
potential biases of different techniques and time scales.
Hanson et al. (2000) synthesized 50 studies published in
the literature, suggesting a mean contribution of 48%
and 37% from autotrophic sources for forest and non-
forest ecosystems with a wide range of 10-90%. In
addition, the contribution of R, exhibits large season-
ality, usually being low during the dormant season and
high during the active growing season as autotrophic
respiration mainly depends on supply of carbohydrates
from canopy photosynthesis (Rochette et al., 1999; Lin
et al., 2001). Owing to year-to-year changes in climate
variables and consequently indirect changes in physio-
logical and ecological processes and nutrient availabil-
ity, soil CO; efflux and its components usually exhibit
the interannual variability (Savage & Davidson, 2001;
Scott-Denton et al., 2003; King et al., 2004; Luo & Zhou,
2006). Understanding the seasonal and interannual
variability and their responses to climate change is
urgently needed to improve the prediction of ecosystem
C cycling.

The dynamics of the two components, Ry and Ry,
may be controlled by different abiotic and biotic factors,
such as temperature, water availability, photosynthetic
activity, or plant phenological development. Hetero-
trophic processes control soil C storage and nutrient
dynamics, while autotrophic respiration reflects plant
activity and the supply of organic compounds to roots
from the canopy (Hogberg et al., 2001; Bhupinderpal-
Singh et al., 2003; Binkley et al., 2006). In addition, the
responses of Ry and Ry to temperature largely differ,
exhibiting different Qo values (Boone et al., 1998; Rey
et al., 2002). The potential change in soil CO, efflux
associated with global warming will largely depend on
the relative contribution of autotrophic and hetero-
trophic components (Buchmann, 2000). Therefore,
quantifying the components of soil CO, efflux is im-
perative to understand the nature and extent of feed-
backs between climate change and soil processes and to

predict ecosystem responses to climate change (Melillo
et al., 2002; Ryan & Law, 2005).

Although warmer temperature has been found to
cause significant increases in the efflux of CO, from
soils in various biomes (Rustad et al., 2001), little in-
formation is available on how various components of
soil CO, efflux respond differently to increasing tem-
perature, especially in natural ecosystems. The results
from modeling, mesocosm experiments, and transect
studies are highly controversial (Lin et al., 1999, 2001;
Lavigne et al., 2003; Eliasson et al., 2005). For example,
Lin et al. (1999, 2001) observed that litter decomposition
and SOM oxidation were more sensitive to elevated
temperature than rhizosphere respiration (R,) in ex-
perimental forest mesocosms. However, a transect
study by Lavigne et al. (2003) indicated that the re-
sponse of soil CO, efflux to temperature are controlled
more by autotrophic than heterotrophic respiration in
balsam fir ecosystems. To date, we did not find any
published results for warming effects on the source
components of soil CO, efflux. It is essential that, at a
long-term scale, warming responses of source compo-
nents of soil CO, efflux are investigated in natural
ecosystems.

Land use practices such as mowing or clipping for
hay in grasslands, which account for about 20% of the
global terrestrial ice-free surface, may also have
considerable effects on soil CO, efflux and its compo-
nents, especially in the short term (Bahn et al., 2006).
Clipping usually reduces soil CO, efflux by 21-49%
despite the fact that it increases soil temperature
(Bremer et al., 1998, Wan & Luo, 2003). Craine ef al.
(1999) found that Ry and Ry also responded to a
decrease of assimilate supply after clipping in a C4-
dominated grassland. However, Bahn et al. (2006) sug-
gested that autotrophic respiration was little affected by
clipping due to carbohydrate reserves which sustained
root metabolism for several days, and heterotrophic
respiration strongly responded to short-term changes
in assimilate supply. The long-term response of soil
CO; efflux and its components to clipping remains
uncertain.

In this study, we investigated the responses of soil
CO; efflux and its components to experimental warm-
ing and yearly clipping over a period of 6 years in a
tallgrass prairie ecosystem. The interannual variability
of these fluxes was also examined. Deep PVC collars
(70cm in depth) were used to exclude roots, so mea-
sured CO; efflux in these collars represents Ry. Ra was
quantified by comparing soil CO, efflux with Ry. We
hypothesized that warming would increase soil CO,
efflux and its components in most years but yearly
clipping would decrease them, with large interannual
variability.

© 2007 The Authors

Journal compilation © 2007 Blackwell Publishing Ltd, Global Change Biology, 13, 761-775



COMPONENTS AND INTERANNUAL VARIABILITY OF SOIL CO, EFFLUX 763

Materials and methods
Site description

The study was conducted at the Kessler Farm Field
Laboratory (KFFL) in McClain County, Oklahoma
(34°59'N, 97°31'W), approximately 40 km southwest of
the Norman campus of the University of Oklahoma,
USA. The field site is an old-field tallgrass prairie
abandoned from agriculture 30 years ago and without
grazing during the past 20 years. The grassland is
dominated by three C,4 grasses: Schizachyrium scoparium,

Sorghastrum nutans, and Eragrostis curvula, and two Cs
forbs: Ambrosia psilostachyia and Xanthocephalum texa-
num. Mean annual temperature is 16.3 °C, with monthly
air temperature ranging from 3.3°C in January to
28.1°C in July. Mean annual precipitation is 915 mm,
with monthly precipitation ranging from 30mm in
January to 135mm in May (average values from 1948
to 1998, data from Oklahoma Climatological Survey). In
the study period (1999-2005), daily and annual rainfall
data are shown in Fig. 1a and b. A silt loam soil includes
35.3% sand, 55.0% silt, and 9.7% clay (A. Subedar &
Y. Luo, unpublished data, 2003). Soil carbon content is
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Fig. 1 Daily (a) and annual (b, inserted figure) rainfall at the experimental site, and seasonal and interannual variability of soil
temperature at the depth of 5cm (c) and soil moisture of 0-15cm (d) from 1999 to 2005 in the long-term warming and clipping
experiment. Yearly clipping was usually conducted in July. Vertical bars represent the standard error of the mean (1 = 6). The dashed
vertical line in ¢ and d indicates the day when warming treatment started (November 21, 1999). UC, unclipped control; UW, unclipped

warmed; CC, clipped control; CW, clipped warmed.
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1.42% on a mass basis (Luo et al., 2001). The soil belongs
to part of the Nash-Lucien complex with neutral pH,
low permeability rate, high available water capacity,
and a deep, moderately penetrable root zone (US
Department of Agriculture, 1979).

Experimental design

The experiment used a paired nested design with
warming as the main factor and clipping as a secondary
factor. Twelve 2m x 2m plots were divided into six
pairs of control (i.e. unwarmed) and warmed plots. In
each warmed plot, one 165m x 15cm infrared heater
(Kalglo Electronics Inc., Bethlehem, PA, USA) was
suspended in the middle of each plot at the height of
1.5m above the ground with a radiation output of
100 Wattm 2. The heating has been operated year
round, 24hday71 and 365 days yrf1 in the field since
November 21, 1999. A previous study found that the
effects of infrared heaters on soil temperature were
spatially uniform in the warmed plots (Wan et al.,
2002). To simulate shading effects of heaters, we in-
stalled one ‘dummy’ heater made of metal flashing with
the same shape and size as the heating device over each
control plot. For each paired plot, the distance between
the control and the warmed plots was approximately
5m to avoid heating the control plot by the infrared
heater. The distances between the individual sets of
paired plots varied from 20 to 60 m.

Each 2m x 2m plot was divided into four Im x I1m
subplots. Plants in two diagonal subplots were clipped
at the height of 10 cm above the ground yearly, usually
in July. The other two were the unclipped subplots.
Clipping in the manner effectively mimics hay mowing,
a widely practiced land use in the southern Great
Plains. Usually farmers and ranchers in the southern
Great Plains mow grass pasture once or twice per year,
depending on rainfall. Our study site is rather dry,
yearly clipping mimics hay mowing once a year. After
clipping, plants were allowed to grow until the next
clipping. The four treatments in the experiment were
unclipped control (UC), unclipped warmed (UW),
clipped control (CC), and clipped warmed (CW) with
six replicates. Further details of the study site were
described in Wan et al. (2002, 2005).

Measurement protocols

To measure soil CO, efflux, PVC collars (80 cm? in area
and 5cm in height) was inserted 2-3 cm into the soil
permanently at the center of each subplot. Small living
plants inside the soil collars were clipped at the soil
surface at least 1 day before the measurement to elim-
inate aboveground plant respiration. The clipped plant
material was left in the collars to decompose. To detect

the responses of heterotrophic respiration (Ry) to
warming and yearly clipping, the original soil collars
in one clipped and one unclipped subplots in each plot
were replaced with deep PVC tubes (80 cm” in area and
70cm in depth) in October 2001. The 70 cm long PVC
tubes cut off old plant roots and prevented new roots
from growing inside the tubes. The measurements of
CO; efflux above these PVC tubes began immediately
after installation to examine the transient response of
dead root decomposition. After a specific period (5
months), CO, efflux measured above these PVC tubes
represents Ry. Autotrophic respiration (Ra) is calcu-
lated as their difference. R and Ry; were measured once
or twice a month between 10:00 and 15:00 hours (local
time), using a LI-COR 6400 portable photosynthesis
system attached to soil CO, flux chamber (LI-COR
Inc., Lincoln, NE, USA). A measurement consisted of
placing the chamber on PVC collars, scrubbing the CO,
to sub-ambient levels, and determining soil CO, efflux
over the periods. Data were recorded at a 5s interval by
the datalogger in the LI-COR 6400 console. Each of the
measurements usually took 1-3min after placing the
chamber over the collar.

Soil temperature at the depth of 5cm was monitored
adjacent to each PVC collar using a thermocouple probe
(LI-COR 6000-09TC) connected to the LI-COR 6400 at
the same time when soil CO, efflux was measured. Data
were also logged at a 5s interval. Soil moisture content
was measured gravimetrically twice a month from
September 1999 to December 2000. Soil samples at the
top 5cm were taken from one clipped and one un-
clipped subplots in each plot and oven dried at 105 °C
for 24 h and weighed. Soil moisture was expressed as a
percent of dry soil on a mass basis. Beginning from
January 2001, volumetric soil water content (%V) was
measured using manual Time Domain Reflectometry
(TDR) equipment (Soilmoisture Equipment Corp.,
Santa Barbara, CA, USA) at the depth interval of
0-15 cm. To be consistent for analysis, those gravimetric
soil moisture data taken before December 2000 were
calibrated to volumetric soil moisture according to their
relationship between mass-based and volumetric soil
moisture. The measurement frequency of soil tempera-
ture and volumetric soil water content was same as soil
CO, efflux, once or twice a month.

Estimation of annual CO, efflux

Annual soil CO, efflux for each treatment was esti-
mated by summing the products of soil CO, efflux
and the number of days between samples. It was
corrected further for diurnal patterns in efflux. Our
measurements, collected between 10:00 and 15:00
hours, were assumed to represent daytime averages
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based on diurnal patterns observed by Wan & Luo
(2003) at a similar site. The calculated average daily
efflux was 96.5% of the observed daytime average. The
corrected daily flux was then multiplied by the number
of days between measurements to compute the cumu-
lative flux over the period (Bremer et al., 1998; Zhou
et al., 2006).

Modeling soil CO, efflux and heterotrophic
respiration

Soil temperature and soil moisture content are two main
abiotic factors influencing soil CO, efflux. We used a
reverse exponential decay function to simulate moisture
effects and an exponential function to simulate tem-
perature effects (Hui & Luo, 2004)

R = RO(HI,)ebt(l 7 e(—60v+d)) (1)

Rop,) = a + f0o, (2)

where R is the measured soil CO, efflux or hetero-
trophic respiration (umolCO, m *s™'); R, is the base
respiration when soil temperature is 0°C and changes
with soil moisture; T is soil temperature (°C); and 0y is
volumetric soil moisture (%); a, b, ¢, d, and f are para-
meters related to soil temperature and moisture. When
0, <d/c, R=0. When 0, > (2In(10) +d)/c, soil CO,
efflux is hardly limited by soil moisture and largely
controlled by soil temperature. The reverse exponential
decay function fitted our observations better than other
moisture functions (Luo & Zhou, 2006).

Data analysis

Each plot was an experimental unit, so replicate mea-
surements were averaged by plot for analysis. In addi-
tion, monthly means of soil CO, efflux, Ry, Ra, soil
temperature, and soil moisture were used to keep
consistent in statistical analysis and calculation of an-
nual mean values. Owing to paired design of experi-
ment, we used paired sample f-test to examine annual
statistical significance of warming, yearly clipping, and
their interactive effects on soil CO, efflux, Ry, Ry, soil
temperature, and soil moisture. The effects were con-
sidered to be significantly different if P<0.05. The
statistical analyses were performed in SPSS 11.0.1 for
windows (SPSS Inc., Chicago, IL, USA, 2001).

We assessed sensitivity of mean soil CO; efflux, Ry,
and R, to soil temperature by fitting exponential func-
tions to the data from individual treatments.

R =ae'", (3)

where R is mean soil CO, efflux, Ry, and Rp
(umolm 2571, T is soil temperature (°C) at the depth

© 2007 The Authors

of 5cm, a is the intercept of soil CO, efflux when
temperature is zero (i.e. basal respiration rate), and b
represents the temperature sensitivity of soil CO; efflux,
Ry, and Ra. The b values were used to calculate a
respiration quotient (Q1o), which describes the change
in fluxes over a 10 °C increase in soil temperature, by

Qi = ' (4)

Values of parameters (i.e. a, b, and Qo) derived from
seasonal data sets reflect effects of temperature and
other covarying factors on soil CO, efflux and its
components (Boone et al., 1998; Hogberg et al., 2001).
Thus, an apparent Qo value is used to denote the
derived temperature sensitivity of soil CO, efflux, Ry,
and Ra. In the analyses of temperature sensitivity and
modeling, four data points of soil CO, efflux per treat-
ment during the summer severe drought period (Fig. 2)
were excluded when volumetric soil moisture was
below 10% (Luo et al., 2001).

The significance of the effects of regression coeffi-
cients 4 and b among the treatments was examined by a
t-test method as described by Zhou et al. (2006). Because
the heterotrophic flux is recorded directly from mea-
surements on deep collars, we decided to show Ry/Rg
ratio as the relative contribution of Ry rather than
Ra/Rs ratio as R, contribution in the paper (Subke
et al., 2006).

Results

Microclimate

Soil temperature at the depth of 5cm exhibited pro-
nounced seasonal variations over the 6 years, with a
decrease in maximum values from 2001 to 2004 (Fig. 1c).
Annual mean soil temperature ranged from 17.0°C
(2004) to 19.3°C (2001) with an average of 17.8°C in
the control plots based on monthly daytime measure-
ments (Table 1). The main effects of both warming and
yearly clipping on annual mean soil temperature were
statistically significant in every year of the study
(P<0.001). However, no significant interactive effects
of warming and yearly clipping were found except in
2000 (P<0.05). Specifically, warming significantly in-
creased annual mean soil temperature by 1.4 £ 0.1 °C in
the unclipped plots and by 2.0 £ 0.1°C in the clipped
plots from 2000 to 2005 (Table 1). Yearly clipping also
increased soil temperature by 1.4 & 0.3°C relative to
that in the control plots (Table 1).

Unlike soil temperature, volumetric soil moisture at
the depth of 0-15cm fluctuated greatly over the season
(Fig. 1d). Usually the lowest soil moisture was observed
in summer (July and August) and the highest in winter.
Throughout the duration of the experiment, warming
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Fig. 2 Seasonal and interannual variability of soil CO, efflux from August 1999 to December 2005 under: (a) unclipped and (b) clipped
treatments in the long-term warming experiment. See Fig. 1 for notes and abbreviations.

and yearly clipping significantly reduced soil moisture
(P <0.05), although, in 2001 and 2003, effects of yearly
clipping were not significant (P> 0.05).

Soil CO; efflux

The temporal dynamics of soil CO, efflux followed the
distinct seasonal pattern of soil temperature in all 6
years, which was high during summer and low in
winter (Figs 1c and 2). However, long droughts in
summer (August-September 2000, August 2001, July
2002, and July 2003) suppressed soil CO, efflux irre-
spective of the higher soil temperature (Figs 1d and 2).
From year to year, there were also observable variations.
For example, the summer peak of soil CO,
efflux reached nearly 6 pmol m 2s~! in 2002 and was
<4 pmolm?s~" in 2001 in the control plots (Fig. 2). Soil
CO, efflux in the winter is as low as nearly
0pumolm~2s~! in 2002 but 0.3-0.5 pmolm2s~! in other
years. Annual mean soil CO, efflux ranged from
1.85pumolm s ' (2001) to 2.50 pmolm s~ ! (2005)

with an average of 2.18 yumolm s ™" in the control plots
(Table 1).

The stimulation of soil CO, efflux by warming was
statistically significant for 5 years out of the 6-year
study period (except 2000). On average, warming in-
creased annual mean soil CO; efflux by 9.0 £ 1.5% in
the unclipped plots and by 15.6 + 1.5% in the clipped
plots from 2000 to 2005 (Table 1). Effects of yearly
clipping on soil CO; efflux were significant only in the
last 2 years (P <0.05), while no interactions of warming
and yearly clipping were found in any of the 6 years
(P>0.05).

On the basis of the temperature relationship with soil
CO, efflux in Eqn (3), soil temperature accounted for
81% of variation in the unclipped plots and nearly 70%
in the clipped plots across the 6-year period (Fig. 3). The
apparent Qqo values were slightly lower under warm-
ing (P>0.05) and reduced considerably by clipping
(P<0.05) compared with that in the control, ranging
from 1.70 to 3.62 for all four treatments (Table 2). There
were higher Q;( values for the four treatments in 2004

© 2007 The Authors
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Table 1 Annual mean soil CO, efflux (umol m~'s™1), hetero-
trophic respiration (umolm™'s™'), autotrophic respiration
(umolm’l s7h), soil temperature (°C) at the depth of 5cm,
and volumetric soil moisture (%V) at the depth of 0-15cm
from January 2000 to December 2005

2000 2001 2002 2003 2004 2005

Soil CO; efflux
ucC 2.08 1.85 2.10 2.20 2.36 2.50
Uuw 2.16 2.13 2.31 2.41 2.54 2.71
cC 1.95 1.83 2.04 1.97 1.96 227
CW 2.18 2.12 2.36 2.35 2.30 2.51
Heterotrophic respiration

ucC 143 1.57 1.42 1.61
Uw 1.55 1.73 1.72 1.74
CcC / / 1.35 1.44 1.25 1.31
CwW 142 1.48 1.44 1.67
Autotrophic respiration
ucC / / 0.67 0.63 0.94 0.89
Uw 0.76 0.68 0.82 0.97
cC 0.69 0.53 0.71 0.96
CwW 0.94 0.87 0.86 0.84

Soil temperature
uC 17.6 19.3 17.7 17.9 17.0 17.4
UW 194 20.4 18.8 19.3 18.2 19.0
CcC 19.8 219 19.1 18.6 17.6 18.5
CW 2138 243 20.8 203 19.2 20.6
Soil moisture
ucC 23.3 29.8 27.6 22.1 27.5 24.8
Uw 2138 28.8 26.8 20.5 26.8 21.6
CcC 19.5 28.7 27.5 22.1 27.8 23.6
cw 172 28.3 26.8 20.5 26.7 20.8

UC, unclipped control; UW, unclipped warmed; CC, clipped
control; CW, clipped warmed.

than that in the other years, probably resulting from the
effects of abundant rainfall or less drought stress.

Heterotrophic (Ry) and autotrophic respiration (R ,)

Ry also showed a distinct seasonal pattern and fol-
lowed the changes in soil temperature across the 4 years
of the study (2002-2005), although Ry had larger varia-
bility than soil CO, efflux (Fig. 4a). There were dips in
the measured Ry during each summer due to the
combined effects of low soil moisture and high tem-
perature. Annual mean Ry ranged from 142 to
1.61 pmolm 25! with an average of 1.51 umol m 2s7!
in the control plots (Table 1). The effects of warming on
Ry were statistically significant for 3 years of the 4-year
study period (except 2003). Yearly clipping significantly
reduced Ry in all the 4 years (P<0.05). However, no
interactions of warming and yearly clipping on Ry were
found in any of the 4 years, as well as its temperature
sensitivity (P> 0.05).

© 2007 The Authors

Ry contribution to soil CO, efflux and its annual
mean values are displayed in Fig. 4b and c. Immediately
after collar installation, decomposition of dead roots by
deep-collar insertion contributed considerably to this
efflux, which was larger than soil CO, efflux, but this
phenomenon disappeared after 5 months. Thereafter,
an opposite seasonal pattern occurred on the relative
contribution of Ry compared with soil temperature
(Fig. 4b). On average, annual mean Ry contributed to
approximately 65% of soil CO, efflux across the 4 years
(Fig. 4c). Warming and yearly clipping did not signifi-
cantly affect Ry; contribution to soil CO, efflux.

Annual mean R was calculated from the difference
between soil CO; efflux and Ry, ranging from 0.53 to
0.96 yumolm2s~! for the four treatments across the
4-year period (Table 1). Warming treatment also signifi-
cantly stimulated R5 for 3 years of the 4-year study
period (except 2004). Neither yearly clipping nor the
interactions of warming and yearly clipping signifi-
cantly affected R, and its temperature sensitivity
(P>0.05). The temperature sensitivity of R, (i.e. appar-
ent Qq0) was higher than that of Ry (Table 2).

Seasonal and interannual variability

We calculated coefficient of variation (CV) from
monthly and annual means to represent seasonal and
interannual variability, respectively, in soil CO, efflux,
Ry, Ra, soil temperature, soil moisture, and rainfall
(Table 3). The seasonal variability was distinctly much
greater than interannual variability for all the variables.
It appeared that yearly clipping decreased the inter-
annual variability of soil CO, efflux and increased that
of soil temperature, while warming did not affect them.
Interestingly, the highest mean soil CO; efflux occurred
in 2005 when seasonal variability of precipitation dur-
ing the growing season was lowest, indicating the
importance of precipitation distribution (Tables 1 and
3). In addition, there was the larger seasonal variability
in autotrophic respiration than that of other variables
because estimates of R4 combined uncertainties of both
Rs and Ry measurements.

Modeled soil CO; efflux and Ry

The inclusion of both soil temperature and moisture
slightly improved model fitting of observed soil CO,
efflux and Ry for the four treatments over seasons
compared with the exponential model only using tem-
perature (Figs 3 and 5). Although soil temperature and
moisture often covary, the comparison between the two
models suggests that soil temperature is the dominant
environmental factor in regulating seasonal dynamics
of soil CO, efflux and Ry across the whole study period.
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Table 2 Qy( values of soil CO, efflux, heterotrophic respira-
tion, and autotrophic respiration from 2000 to 2005 calculated
from Eqns (1) and (2)

2000 2001 2002 2003 2004 2005 All data

Soil CO, efflux

uc 274 221 213 233 362 264 223

UW 266 209 210 222 318 262 228

CC 194 192 18 213 362 219 193

CW 194 18 170 213 320 239 1.89
Heterotrophic respiration

ucC 194 198 266 269 199

uw 185 185 268 283 1.96

cc / / 184 207 268 221 190

CW 182 216 310 255 1.88
Autotrophic respiration

ucC 223 406 437 282 235

Uw 239 386 498 281 265

cc / / 201 275 522 262 218

CwW 191 234 323 216 224

*Q10 in paper by Luo et al. (2001) was based on data in both
1999 and 2000.

UC, unclipped control; UW, unclipped warmed; CC, clipped
control; CW, clipped warmed.

Unfortunately, the combined function of soil tempera-
ture and moisture did not fit the data well under severe
water stress, where soil moisture was <10%, and we

decided to exclude the four points in model fitting (see
‘Materials and methods’). Therefore, biological factors
such as biomass or net primary productivity (NPP) may
be other important components controlling soil CO,
efflux and Ry and should be included in future studies.
In addition, we did not predict Ro with confidence
because R4 only contributed a small proportion of soil
CO; efflux with larger uncertainties than Rg and Ry,
and seasonal changes in plant roots and closely asso-
ciated organisms may have confounded the response to
environmental soil variables (Trumbore et al., 1996),
making it more difficult to find clear relationships with
environmental variables.

Estimated annual soil CO; efflux and its components

Annual soil CO, emissions ranged from 682 to
968ng72yr71 across the 6 years for the four treat-
ments (Fig. 6). On average, warming treatment in-
creased annual soil CO, efflux by 9.4 +1.4% in the
unclipped plots and by 15.1 & 1.6% in the clipped plots
from 2000 to 2005. In contrast, yearly clipping decreased
annual soil CO, efflux by 6.1 £ 1.6% compared with
that in the control. Lower annual soil CO, efflux
occurred in 2000 and 2001 than in the other years
(Fig. 6), largely owing to the long drought and high
temperature.

© 2007 The Authors
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Annual Ry contributed 56.0-71.7% to total annual soil
CO, efflux, ranging from 427 to 657 gCm 2yr ' across
the 4 years (2002-2005) for the four treatments. On
average, warming increased annual Ry by 14.5% in
the unclipped plots and by 13.3% in the clipped plots
across the 4 years, and yearly clipping decreased annual
Ry by 12.5%. For annual Ra, which contributed 28.3—
44.0% to total annual soil CO, efflux, warming in-
creased annual Rp by 2.3% and yearly clipping in-
creased it by 21.9% compared with that in the control.

Discussion

Partitioning soil CO; efflux

In our study, the surface CO, efflux measured in deep
soil collars (70cm), which were inserted beyond the
main rooting zone to exclude roots, was used to repre-
sent heterotrophic flux component after severed roots
caused by deep-collar insertion have been decomposed.

© 2007 The Authors

On average over the 4 years, the relative contribution of
Ry to soil CO, efflux was 66% in the control (Fig. 4),
very close to the mean contribution in nonforest eco-
systems (63%, Hanson et al., 2000) and in temperate
grassland (67%, Subke et al., 2006), and well within the
range of 60-88% in grasslands and croplands (Raich &
Tufekcioglu, 2000).

Results from this and previous studies indicate that
the deep-collar insertion is a useful technique to esti-
mate relative contributions of Ry and Rp to soil CO,
efflux after collars were installed several months (Buch-
mann, 2000; Wan et al., 2005). Buchmann (2000), for
example, compared results from the deep-collar inser-
tion with those from trenching methods and found
similar partitioning of soil respiration to Rs vs. Ry
(~30% vs. ~70%). The insertion method is simple, cost
effective, and easy to maintain over a long time. How-
ever, insertion of deep collars cut roots and stimulated
decomposition of dead roots in the first several months
(Fig. 4b), and thus the data during the disturbance

Journal compilation © 2007 Blackwell Publishing Ltd, Global Change Biology, 13, 761-775
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Table 3 Seasonal and interannual variability (IAV) of soil CO, efflux, heterotrophic respiration, autotrophic respiration, soil
temperature, soil moisture, and annual precipitation as coefficient of variation from January 2000 to December 2005

2000 2001 2002 2003 2004 2005 IAV
Soil CO; efflux
ucC 0.69 0.65 0.82 0.76 0.79 0.80 0.11
Uw 0.69 0.67 0.82 0.76 0.76 0.78 0.09
CcC 0.65 0.60 0.79 0.74 0.84 0.71 0.07
CW 0.65 0.59 0.74 0.83 0.80 0.73 0.06
Heterotrophic resp.
ucC 0.70 0.64 0.64 0.72 0.07
Uw 0.64 0.64 0.67 0.72 0.05
CcC / / 0.56 0.63 0.64 0.62 0.06
CW 0.56 0.65 0.70 0.80 0.07
Autotrophic resp.
ucC 1.18 1.17 1.03 1.07 0.20
Uw 1.22 1.19 1.12 1.00 0.17
CC / / 1.06 1.13 1.34 0.91 0.25
CcwW 0.86 1.21 1.16 0.69 0.05
Soil temperature
ucC 0.50 0.50 0.53 0.43 0.51 0.42 0.04
Uuw 0.46 0.46 0.47 0.40 0.46 0.37 0.04
CcC 0.50 0.47 0.52 0.42 0.51 0.40 0.08
CwW 0.44 0.40 0.43 0.38 0.45 0.34 0.07
Soil moisture
ucC 0.44 0.28 0.19 0.32 0.23 0.17 0.11
Uw 0.47 0.30 0.18 0.36 0.24 0.26 0.14
CcC 0.47 0.32 0.17 0.33 0.22 0.22 0.15
CW 0.58 0.30 0.18 0.36 0.22 0.29 0.19
Precipitation 0.86 0.76 0.51 0.94 0.77 0.76 0.24
Precipitation in growing season ~ 0.96 (60%)  0.83 (62%)  0.37 (68%) 0.79 (72%)  0.78 (62%)  0.31 (78%)  0.16 (66%)

Percentages in brackets of the bottom row are precipitation contribution in growing season to annual precipitation.
UC, unclipped control; UW, unclipped warmed; CC, clipped control; CW, clipped warmed.

period should be excluded from analysis. The insertion
method may cause biases in estimated Ry in a few
sources. First, there may be still some roots that grew
underneath the 70 cm collars. In temperate grasslands,
83% of root biomass is grown in the upper 30 cm depth
(Jackson et al., 1996). Our own data from ingrowth cores
also showed that roots were very rare below 60 cm (data
not shown). Usually, deep soil CO, production (includ-
ing both Ro and Ry is quite small relative to soil
horizons nearer to the surface (Davidson & Trumbore,
1995; Hui & Luo, 2004; Davidson et al., 2006). Second, a
small quantity of severed roots may slowly decompose
for a long time after the collar insertion, possibly con-
tributing to overestimation of heterotrophic respiration.
Third, the inserted deep collars excluded root exudates
and root litter and thus decreased organic matter input.
As a consequence, measured Ry was supposed to
gradually decline in comparison with the surrounding
soil. Our 4 years of observation showed that the gradual
decline was very minor. Lastly, the deep-collar insertion
potentially resulted in different soil moisture content

and possibly different temperature from those in soil
outside of collars. The impacts of the differential envir-
onment on estimation of Ry are yet to be assessed.

Seasonal and interannual variability

The range of soil CO, efflux measured in the control
plots over the 6 years is comparable with that in other
studies (e.g. Davidson et al., 1998; Law et al., 1999; Xu &
Qi, 2001; Bremer & Ham, 2002; Wan & Luo, 2003).
Similar seasonal trends in soil CO, efflux have also
been observed in a variety of ecosystems (e.g. Conant
et al., 2000; Xu & Qi, 2001; Wan & Luo, 2003) except for
arid ecosystems, where soil moisture dominates CO,
efflux from soil (Davidson et al., 2000). In our study,
seasonal variation in soil CO; efflux and its components
considerably followed the temporal dynamics of soil
temperature with some dips due to summer severe
drought (Figs 1, 2 and 4).

The significant year-to-year variability in soil CO,
efflux has been reported in various ecosystems such

© 2007 The Authors
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error of the mean (1 = 6). The hatched columns represent annual heterotrophic respiration.

as grasslands (Frank et al., 2002), a beech forest (Epron
et al., 2004), mixed temperate forests (Savage & David-
son, 2001), a mixed hardwood forest (Melillo et al.,
2002), ponderosa pine forests (Irvine & Law, 2002),

© 2007 The Authors
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and forest plantations (King et al., 2004). Compared
with those studies, the observed interannual variability
in this study was relatively low for both soil CO, efflux
and its components. Surprisingly, the year-to-year
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variation in soil CO, efflux did not follow the inter-
annual pattern of precipitation at our site (Figs 1b and
6). For example, the highest annual soil CO, efflux
occurred in 2005 when annual precipitation was lowest
but a large proportion (78%) was present in the growing
season and was evenly distributed (Table 3, Fig. 1a and
b). In the first 2 years of the study, annual rainfall was
relatively high while annual soil CO, efflux was lower
than that in other years, largely resulting from high
seasonal variability of precipitation with the long per-
iod of drought in the growing season of 2000 (55 days
without rain) and 2001 (41 days without rain) and the
negative effects of extremely high temperature in July of
2001 (Tables 1 and 3, Fig. 1). A general negative correla-
tion between summer rainfall and high temperatures
was also found throughout the tallgrass prairie (Rose,
1936). We carefully checked soil moisture pattern and
found that some dips in soil CO, efflux corresponded
with those points, where volumetric soil moisture was
lower than around 12% (Fig. 1c). In a water manipula-
tion experiment, Liu ef al. (2002) observed that soil CO,
efflux dropped very quickly when gravimetric soil
moisture was below around 8%, which was very close
to 12% of volumetric one, while there was little re-
sponse of soil CO, efflux above this point. Evenly
distributed precipitation during the growing season of
2005 caused intermediate soil moisture and then the
highest soil CO, efflux. Therefore, the interannual
variability of soil CO, efflux was controlled by precipi-
tation distribution or soil moisture dynamics instead of
annual precipitation. Similar results have been ob-
served in other ecosystems (Davidson et al., 2000;
Savage & Davidson, 2001). Linear relationship between
annual soil CO, efflux and precipitation, which oc-
curred at the global scale (Raich & Schlesinger, 1992),
may not work at a specific site.

Effects of warming and yearly clipping

Numerous studies have observed increases in soil CO,
efflux in response to warming (Peterjohn et al., 1994;
McHale et al., 1998; Rustad et al., 2001; Melillo et al.,
2002; Niinisto et al., 2004). The warming-induced re-
sponses in soil CO, efflux may be regulated by accli-
matization of respiration (Luo ef al., 2001), physiological
and phenological adjustments of plants and microbes
(Melillo et al., 2002), extensions of growing seasons
(Dunne et al., 2003; Wan et al., 2005), changes in net N
mineralization (Wan et al., 2005), and stimulated C4
plant productivity (Wan et al., 2005). In our study,
warming significantly increased the mean soil CO,
efflux for 5 years out of the 6-year study period (except
2000). The warming-induced increases in soil CO,
efflux likely resulted from extensions of growing season

and increased plant productivity (Wan et al., 2005). A
positive linear correlation between soil CO, efflux and
aboveground biomass across the first 3 years indicated
that increase in soil CO; efflux largely enhanced below-
ground C allocation and Rs (Wan et al.,, 2005). The
magnitude of warming effects on soil CO, efflux was
lower than the 20% mean increase found in 17 ecosys-
tem warming experiments (Rustad et al., 2001), likely
due to low soil organic C content in our experimental
site (Luo et al., 2001). We did not observe a decline trend in
warming stimulation of soil CO, efflux as shown by
Rustad et al. (2001), mainly because soil CO, efflux is
tightly coupled with carbon uptake through plant growth.

Few studies have examined the effects of warming on
components of soil CO, efflux in the field (Melillo et al.,
2002). Our study found that warming significantly
increased both Ry and Ra except for Ry in 2003 and
Ra in 2004. The increased respiration likely resulted
from enhanced oxidation of soil carbon compounds on
warmed plots for Ry (Lin et al., 2001; Eliasson et al.,
2005) and from an increase in root biomass for R, (Wan
et al., 2005). Similarly, Lin et al. (1999, 2001) also ob-
served the significant increases in soil CO, efflux and its
components in response to warming in sun-lit con-
trolled-environment terracosms.

The removal of aboveground biomass by clipping
temporarily reduces the supply of current photo-
synthates to roots and mycorrhizal fungi, usually re-
sulting in a decrease in soil CO, efflux by 19-49% at a
short-term period (i.e. several days to months) (Bremer
et al., 1998; Craine et al., 1999; Craine & Wedin, 2002;
Zhou et al., 2006). In our study, yearly clipping signifi-
cantly reduced soil CO; efflux in the last 2 years and Ry
for all the 4 years (P<0.05), while there was no sig-
nificant effect on R. At a yearly scale, the reduction in
assimilate supply by clipping may strongly decrease Ry
(Bahn et al., 2006) and this trend enlarged with time
from 2002 to 2005. Although R, was slightly stimulated
by clipping due to an increase in root biomass (Wan
et al., 2005) and offset the reduction in Ry, resulting in
no significant effects on soil CO, efflux in the first 4
years, the compensation of Ry was not enough in the
last 2 years. However, frequent clipping to keep the
ground bare over the whole study period of 1 year
significantly decreased soil CO, efflux by 33% at a
similar grassland (Wan & Luo, 2003). Thus, frequency
of clipping and duration of study can be sources of
variable results for different studies.

Temperature sensitivity

The apparent Q¢ values of soil CO; efflux was slightly
lower under warming (P> 0.05) and reduced consider-
ably by clipping (P<0.05) compared with that in the
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control, while there was not consistent trends on the
apparent Qo values of Ry and Ra. The decrease in Qg
values in response to warming had been observed in
other studies (McHale et al., 1998; Luo et al., 2001;
Stromgren, 2001; Niinisto et al., 2004; Zhou et al.,
2006), suggesting that temperature acclimation could
have occurred, although the magnitude largely varied.
Clipping not only affected the supply of current
photosynthates to roots and their associated symbionts
but also changed microclimate variables such as soil
temperature and moisture (Wan et al., 2002), resulting
in the decrease in temperature sensitivity of soil CO,
efflux.

The apparent Qo values for Rn were higher than
those for Ry and soil CO, efflux (Table 2). Similar
results have been observed in other studies (Boone
et al., 1998; Epron et al., 1999; Jiang et al., 2005). The
higher Q;( values for R, than Ry may result not only
from higher sensitivity of the specific root respiration to
soil temperature, but also from seasonal variation in
root biomass, which is usually high when temperature
is high (Boone et al., 1998; Rey et al., 2002). The different
Q1o values for Ry and Ry suggest that temperature
sensitivity of soil CO, efflux depends on the relative
root contribution. An ecosystem in which roots contri-
bute the largest portion of soil CO, efflux should be
most sensitive to warming.

Conclusions

This study showed that heterotrophic respiration ac-
counted for approximately 66% of soil surface efflux
over the 6 years in a grassland ecosystem. Throughout
the duration of experiment, warming significantly
stimulated soil CO, efflux and its components. How-
ever, warming did not change relative contributions
of Ry and Ry to soil CO, efflux. Yearly clipping
significantly reduced soil CO, efflux in the last 2 years
and heterotrophic respiration in all the 4 years, while
there was no significant clipping effect on Ra. The
apparent Qjp values of soil CO, efflux was slightly
lower under warming (P >0.05) and reduced consider-
ably by clipping (P<0.05) compared with that in the
control.

We found that the seasonal variability was distinctly
much greater than interannual variability for soil CO,
efflux and its components. Yearly clipping decreased
the interannual variability of soil CO, efflux, while
warming did not affect it. The interannual variability
of annual soil CO, efflux was not related to fluctuations
in precipitation, suggesting that rainfall distribution
over seasons, especially growing season, is more im-
portant than annual precipitation.

© 2007 The Authors

Acknowledgements

The authors would like to thank Rebecca A. Sherry and Nancy A.
Zehrbach for maintaining the experimental infrastructure and
for assistance with field measurement as well as William Snod-
grass and Ensheng Weng. This research was financially sup-
ported by US National Science Foundation (NSF) under DEB
0078325 and DEB 0444518, and by the Office of Science (BER),
Department of Energy, Grants No.: DE-FG03-99ER62800 and
DE-FG02-006ER64319.

References

Bahn M, Knapp M, Garajova Z et al. (2006) Root respiration in
temperate mountain grasslands differing in land use. Global
Change Biology, 12, 995-1006.

Bhupinderpal-Singh, Nordgren A, Lofvenius MO ef al. (2003)
Tree root and soil heterotrophic respiration as revealed by
girdling of boreal Scots pine forest: extending observations
beyond the first year. Plant, Cell and Environment, 26, 1287-
1296.

Binkley D, Stape JL, Takahashi EN, Ryan MG (2006) Tree-girdling
to separate root and heterotrophic respiration in two Eucalyp-
tus stands in Brazil. Oecologia, 148, 447-454.

Bond-Lamberty B, Wang C, Gower S (2004) A global relationship
between the heterotrophic and autotrophic components of soil
respiration? Global Change Biology, 10, 1756-1766.

Boone RD, Nadelhoffer KJ, Canary JD, Kaye JP (1998) Roots exert
a strong influence on the temperature sensitivity of soil
respiration. Nature, 396, 570-572.

Bremer JD, Ham JM (2002) Measurement and modeling of soil
CO, flux in a temperature grassland under mowed and
burned regimes. Ecological Modeling, 15, 1318-1328.

Bremer JD, Ham JM, Owensby CE, Knapp AK (1998) Responses
of soil respiration to clipping and grazing in a tallgrass prairie.
Journal of Environmental Quality, 27, 1539-1548.

Buchmann N (2000) Biotic and abiotic factors controlling soil
respiration rates in Picea abies stands. Soil Biology and Biochem-
istry, 32, 1625-1635.

Conant RT, Klopatek JM, Klopatek CC (2000) Environmental
factors controlling soil respiration in three semiarid ecosys-
tems. Soil Science Society of America Journal, 64, 383-390.

Cox PM, Betts RA, Jones CD, Spall CD, Totterdell T] (2000)
Acceleration of global warming due to carbon-cycle feedbacks
in a coupled climate model. Nature, 408, 184-187.

Craine FM, Wedin DA (2002) Determinants of growing season
soil CO, flux in a Minnesota grassland. Biogeochemistry, 59,
303-313.

Craine FM, Wedin DA, Chapin FS III (1999) Predominance of
ecophysiological controls on soil CO, flux in a Minnesota
grassland. Plant and Soil, 207, 77-86.

Davidson EA, Belk E, Boone RD (1998) Soil water content and
temperature as independent or confound factors controlling
soil respiration in a temperature mixed hardwood forest.
Global Change Biology, 4, 217-227.

Davidson EA, Savage KE, Trumbore SE, Borken W (2006) Vertical
partitioning of CO, production within a temperate forest soil.
Global Change Biology, 12, 944-956.

Journal compilation © 2007 Blackwell Publishing Ltd, Global Change Biology, 13, 761-775



774 X. ZHOU et al.

Davidson EA, Trumbore SE (1995) Gas diffusivity and produc-
tion of CO, in deep soils of the eastern Amazon. Tellus B, 47,
550-565.

Davidson EA, Verchot LV, Cattanio JH, Ackerman IL, Carvalho
JEM (2000) Effects of soil water content on soil respiration in
forests and cattle pastures of eastern Amazonia. Biogeochem-
istry, 48, 53-69.

Dunne J, Harte J, Taylor K (2003) Response of subalpine meadow
plant reproductive phenology to manipulated climate change
and natural climate variability. Ecological Monograph, 73, 69-86.

Eliasson PE, McMurtrie RE, Pepper DA, Stromgren M, Linder S,
Agren GI (2005) The response of heterotrophic CO, flux to soil
warming. Global Change Biology, 11, 167-181.

Epron D, Farque L, Lucot E, Badot PM (1999) Soil CO, efflux in a
beech forest: the contribution of root respiration. Annals of
Forest Science, 56, 289-295.

Epron D, Nouvellon Y, Roupsard O et al. (2004) Spatial and
temporal variations of soil respiration in a Eucalyptus planta-
tion in Congo. Forest Ecology and Management, 202, 149-160.

Frank AB, Liebig MA, Hanson JD (2002) Soil carbon dioxide
fluxes in northern semiarid grasslands. Soil Biology and Bio-
chemistry, 34, 1235-1241.

Hanson PJ, Edwards NT, Garten CT Jr, Andrews JA (2000)
Separating root and soil microbial contributions to soil respira-
tion: a review of methods and observations. Biogeochemistry,
48, 115-146.

Hogberg P, Nordgren A, Buchmann N et al. (2001) Large-scale
forest girdling shows that current photosynthesis drives soil
respiration. Nature, 411, 789-792.

Hui D, Luo Y (2004) Evaluation of soil CO, production and
transport in Duke Forest using a process-based modeling
approach. Global Biogeochemical Cycles, 18, GB4029, doi:
10.1029/2004GB002297.

IPCC (2001) Climate Change 2001: The Scientific Basis—Summary for
Policymaker. Third Assessment Report of the IPCC, Cambridge
University Press Cambridge.

Irvine J, Law BE (2002) Contrasting soil respiration in young and
old-growth ponderosa pine forests. Global Change Biology, 8,
1183-1194.

Jackson RB, Canadell J, Ehleringer JR, Mooney HA, Sala OE,
Schulze ED (1996) A global analysis of root distributions for
terrestrial biomes. Oecologia, 108, 389—411.

Jenkinson DS, Adams DE, Wild A (1991) Model estimates of CO,
emissions from soil in response to global warming. Nature,
351, 304-306.

Jiang L, Shi F, Li B, Luo Y, Chen ], Chen J (2005) Separating
rhizosphere respiration from total soil respiration in two larch
plantations in northeastern China. Tree Physiology, 25, 1187-
1195.

King JS, Hanson PJ, Bernhardt EY, DeAngelis P, Norby RJ,
Pregitzer KS (2004) A multiyear synthesis of soil respiration
responses to elevated atmospheric CO, from four forest FACE
experiments. Global Change Biology, 10, 1027-1042.

Kuzyakov Y (2006) Sources of CO, efflux from soil and review
of partitioning methods. Soil Biology and Biochemistry, 38,
425-448.

Lavigne MB, Boutin R, Foster R], Goodine G, Bernier PY,
Robitaille G (2003) Soil respiration responses to temperature

are controlled more by roots than by decomposition in balsam
fir ecosystems. Canadian Journal of Forest Research, 33, 1744—
1753.

Law BE, Ryan MG, Anthoni PM (1999) Seasonal and annual
respiration of a ponderosa pine ecosystem. Global Change
Biology, 5, 169-182.

Lin G, Ehleringer JR, Rygiewicz PT, Johnson MG, Tingey DT
(1999) Elevated CO, and temperature impacts on different
components of soil CO, efflux in Douglas-fir terracosm. Global
Change Biology, 5, 157-168.

Lin G, Rygiewicz PT, Ehleringer JR, Johnson MG, David T,
Tingey DT (2001) Time-dependent responses of soil CO, efflux
components to elevated atmospheric [CO,] and temperature
in experimental forest mesocosms. Plant and Soil, 229, 259-270.

Liu X, Wan S, Su B, Hui D, Luo Y (2002) Response of soil CO,
efflux to water manipulation in a tallgrass prairie ecosystem.
Plant and Soil, 240, 213-223.

Lloyd J, Taylor JA (1994) On the temperature dependence of soil
respiration. Functional Ecology, 8, 315-323.

Long SP, Hutchin PR (1991) Primary production in grasslands
and coniferous forests with climate change: an overview.
Ecological Applications, 1, 139-156.

Luo Y, Wan S, Hui D, Wallace L (2001) Acclimatization of soil
respiration to warming in a tall grass prairie. Nature, 413,
622-625.

Luo Y, Zhou X (2006) Soil Respiration and the Environment.
Academic Press/Elsevier, San Diego, CA.

McHale PJ, Mitchell M]J, Bowles FP (1998) Soil warming in a
northern hardwood forest: trace gas fluxes and leaf litter
decomposition. Canadian Journal of Forest Research, 28, 1365—
1372.

Melillo JM, Steudler PA, Aber JD (2002) Soil warming and
carbon-cycle feedbacks to the climate system. Science, 298,
2173-2176.

Niinist6 SM, Silvola J, Kelloméki S (2004) Soil CO, efflux in a
boreal pine forest under atmospheric CO, enrichment and air
warming. Global Change Biology, 10, 1363-1376.

Peterjohn WT, Melillo JM, Steudler PA, Newkirk KM, Bowles FP,
Aber JD (1994) Responses of trace gas fluxes and N availability
to experimentally elevated soil temperatures. Ecological Appli-
cations, 4, 617-625.

Raich JW, Potter CS, Bhagawati D (2002) Interannual variability
in global soil respiration: 1980-94. Global Change Biology, 8,
800-812.

Raich JW, Schlesinger WH (1992) The global carbon dioxide flux
in soil respiration and its relationship to vegetation and
climate. Tellus, 44B, 81-99.

Raich JW, Tufekcioglu A (2000) Vegetation and soil respiration:
correlations and controls. Biogeochemistry, 48, 71-90.

Rey A, Pegoraro E, Tedeschi V (2002) Annual variation in soil
respiration and its components in a coppice oak forest in
Central Italy. Global Change Biology, 8, 851-866.

Rochette P, Flanagan LB, Gregorich EG (1999) Separating soil
respiration into plant and soil components using analyses of
the natural abundance of carbon-13. Soil Science Society of
American Journal, 63, 1207-1213.

Rose JK (1936) Intercorrelation between climate variables in the
corn belt. Monthly Weather Review, 64, 76-82.

© 2007 The Authors

Journal compilation © 2007 Blackwell Publishing Ltd, Global Change Biology, 13, 761-775



COMPONENTS AND INTERANNUAL VARIABILITY OF SOIL CO, EFFLUX 775

Rustad LE, Campbell JL, Marion GM et al. (2001) A meta-analysis
of the response of soil respiration, net nitrogen mineralization,
and aboveground plant growth to experimental ecosystem
warming. Oecologia, 126, 543-562.

Ryan MG, Law BE (2005) Interpreting, measuring, and modeling
soil respiration. Biogeochemistry, 73, 3-27.

Savage KE, Davidson EA (2001) Interannual variation of soil
respiration in two New England forests. Global Biogeochemical
Cycles, 15, 337-350.

Schimel DS, Braswell BH, Holland AB (1994) Climatic, edaphic,
and biotic controls over the storage and turnover of carbon in
soils. Global Biogeochemistry Cycles, 8, 279-293.

Scott-Denton LE, Sparks KL, Monson RK (2003) Spatial and
temporal control of soil respiration rate in a high-elevation,
subalpine forest. Soil Biology and Biochemistry, 35, 525-534.

Stromgren M (2001) Soil-surface CO, flux and growth in a boreal
Norway spruce stand: effects of soil warming and nutrition. Doc-
toral thesis, Acta Universitatia Agriculturae Sueciae, Silvestria
220, Swedish University of Agricultural Sciences, Uppsala,
ISBN 91-576-6304-1.

Subke JA, Inglima I, Cotrufo MF (2006) Trends and methodolo-
gical impacts in soil CO, efflux partitioning: a metaanalytical
review. Global Change Biology, 12, 921-943.

© 2007 The Authors

Trumbore SE, Chadwick OA, Amundson R (1996) Rapid ex-
change between soil carbon and atmospheric carbon dioxide
driven by temperature change. Science, 272, 393-396.

US Department of Agriculture (1979) Soil Survey of McClain
County, Oklahoma. Oklahoma agricultural experiment station,
Stillwater, OK, USA.

Wan S, Hui D, Wallace LL (2005) Direct and indirect warming
effects on ecosystem carbon processes in a tallgrass prairie.
Global Biogeochemical Cycles, 19, GB2014, doi: 10.1029/
2004GB002315.

Wan S, Luo Y (2003) Substrate regulation of soil respiration in a
tallgrass prairie: results of a clipping and shading experiment.
Global Biogeochemical Cycles, 17, 1054-1065.

Wan S, Luo Y, Wallace L (2002) Changes in microclimate induced
by experimental warming and clipping in tallgrass prairie.
Global Change Biology, 8, 754-768.

Xu M, Qi Y (2001) Soil-surface CO, efflux and its spatial and
temporal variations in a young ponderosa pine plantation in
northern California. Global Change Biology, 7, 667-677.

Zhou X, Sherry RA, An Y, Wallace LL, Luo Y (2006) Main and
interactive effects of warming, clipping, and doubled precipi-
tation on soil CO, efflux in a grassland ecosystem. Global
Biogeochemical Cycles, 20, GB1003, doi: 10.1029/2005GB002526.

Journal compilation © 2007 Blackwell Publishing Ltd, Global Change Biology, 13, 761-775



