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ABSTRACT

Carbon (C) and nitrogen (N) fluxes are largely controlled by the small but highly bio-reactive, labile pools
of these elements in terrestrial soils, while long-term C and N storage is determined by the long-lived
recalcitrant fractions. Changes in the size of these pools and redistribution among them in response to
global warming may considerably affect the long-term terrestrial C and N storage. However, such
changes have not been carefully examined in field warming experiments. This study used sulfuric acid
hydrolysis to quantify changes in labile and recalcitrant C and N fractions of soil in a tallgrass prairie
ecosystem that had been continuously warmed with or without clipping for about 2.5 years. Warming
significantly increased labile C and N fractions in the unclipped plots, resulting in increments of
373 mg Ckg ' dry soil and 15 mg N kg~ dry soil, over this period whilst clipping significantly decreased
such concentrations in the warmed plots. Warming also significantly increased soil microbial biomass C
and N in the unclipped plots, and increased ratios of soil microbial/labile C and N, indicating an increase
in microbial C- and N-use efficiency. Recalcitrant and total C and N contents were not significantly
affected by warming. For all measured pools, only labile and microbial biomass C fractions showed
significant interactions between warming and clipping, indicating the dependence of the warming
effects on clipping. Our results suggest that increased soil labile and microbial C and N fractions likely
resulted indirectly from warming increases in plant biomass input, which may be larger than warming-
enhanced decomposition of labile organic compounds.

Published by Elsevier Ltd.

1. Introduction

Soil is an important source or sink of carbon (C) and nitrogen
(N), and plays a major role in the cycling of these elements in
terrestrial ecosystems. On a global scale, the soil contains 1500 Pg
(1 Pg = 10" g) of organic carbon and 300 Pg of total nitrogen in the
upper soil layer up to 1 m, and these amounts are considerably
larger than those in terrestrial biomass (Schlesinger, 1997;
Amundson, 2001). Relatively small changes in the amounts of soil C
and N may therefore bring about substantial effects on atmospheric
concentrations and on global C and N cycling at large. In other
words, the stability of C and N in soil organic matter (SOM) to
perturbations such as global warming is critically important for the
global C and N cycles.

SOM is composed of a continuum of materials of varying
chemical complexity with mean turnover times from days to years
and millennia (Davidson and Janssens, 2006). The broad continuum
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can be conceptually divided into several discrete pools character-
ized by distinct turnover times in model studies, such as Century
(Parton et al, 1987), ROTH-C (Jenkinson, 1990), and APSIM
(McCown et al., 1996). In experimental studies, a variety of chem-
ical, physical, and biological fractionation procedures have been
developed to characterize various pools of soil C and N (Olk and
Gregorich, 2006). SOM pools are chemically divided into a labile
pool with a small size and rapid turnover and a recalcitrant fraction
with a large size and slow turnover using acid hydrolysis procedure
(McLauchlan and Hobbie, 2004), although there is considerable
discrepancy between soil C pools simulated in modeling studies
and SOM fractions determined in laboratory analyses.

While C and N fluxes are largely dominated by the small but
highly bio-reactive labile pool, long-term C and N storage is often
determined by the long-lived recalcitrant fraction (Trumbore et al.,
1990). Being a direct reservoir of readily available nutrients, the
labile pool is particularly important and exerts considerable control
on ecosystem functioning. Through its impact on microbial biomass
and activity and on the turnover and supply of nutrients to vege-
tation, the labile pool can alter both productivity and community
structure of ecosystems (Pastor and Post, 1986). Such alterations, by
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bringing about changes in the size and distribution of inputs in
labile and recalcitrant pools, not only may lead to new conditions in
the short term but can also influence the long-term terrestrial net C
and N storage and feedback to the atmosphere (Zak et al., 1993; Luo,
2007). Several studies have also demonstrated that the labile pool is
very sensitive to alterations in soil moisture, temperature, and plant
community structure resulting from climate change (Zak et al.,
1993; Trumbore et al., 1996). Hence, analyzing the labile pool may
provide insights into and early indications of impacts of climate
change on soil C and N dynamics.

Together with the recalcitrant fraction, information on the labile
pool could improve detection and prediction of changes in soil C
and N dynamics that may not be readily evident with the tradi-
tional monitoring of total C and N contents or net gas exchange
measurements. Specifically, analysis of total C and N does not
normally permit detection of small changes because of the high
background levels and natural soil variability. Net gas exchange
measurements may also not provide information about the size and
distribution of inputs in labile and recalcitrant pools. Fractionating
SOM into labile and recalcitrant pools and quantitative analysis of
these pools could be useful for better understanding C and N
dynamics and their responses to global warming. However, the
labile and recalcitrant fractions of C and N have not been widely
used to evaluate climate change impacts under field conditions,
especially in grasslands that are one of the most important
ecosystems occupying nearly a quarter of the global land cover
(Schimel, 1995). Furthermore, clipping — a widely practiced land
use in grasslands — may affect responses of the labile and recalci-
trant pools to climate change and has not been examined yet.

Microbial biomass C and N pools represent vital components of
ecosystem cycling with a turnover time from days to years (Hu
et al, 1997), and serve as a source (mineralization) or a sink
(immobilization) of labile nutrients. Studies have shown that
microbial biomass responded quickly to change in soil perturbation
by tillage (Carter, 1986) and soil moisture (Skopp et al., 1990).
Laboratory incubation indicated that soil microbial biomass and
activity increased in response to soil warming (Sprent, 1987; Fang
etal., 2005). In field experiments, there was a lag time for microbial
biomass C and N to respond to experimental warming in subarctic
soils (Ruess et al., 1999). In tallgrass prairie, understanding the
responses of soil microbial biomass to warming and clipping are
also key to predicting future changes in carbon and nutrient
cycling.

In this study, we investigated effects of warming and clipping on
labile and recalcitrant C and N fractions and microbial biomass C
and N of soil in a tallgrass prairie ecosystem. The site is located in
the Southern Great Plains of USA and is dominated by Schizachy-
rium scoparium, Sorghastrum nutans, and Eragrostis curvula (all C4
grasses) and Ambrosia psilostachya and Xanthocephalum texanum
(Cs3 forbs). The field experiment has been continuously warmed
with or without clipping since its establishment on November 21,
1999. We hypothesized that both warming and clipping would
decrease labile pool sizes due to enhanced oxidation of labile pools
and reduced substrate input, respectively (Peterjohn et al., 1993;
Wan and Luo, 2003; Niinisto et al., 2004).

2. Materials and methods
2.1. Site description

The study was conducted at the Great Plains Apiaries in McClain
County, Oklahoma (34°58'54”N, 97°31'14” W), approximately
40 km southwest of the Norman campus of the University of
Oklahoma, USA. This 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, grasses:

S. scoparium (Michx.) Nash, S. nutans (L.) Nash, and E. curvula
(Schrad.) Nees, and two Cs forbs: A. psilostachya DC. and X. texanum
(DC.) Shinners. The three C4 grasses represent approximately 75% of
the total plant biomass (R. Sherry and Y. Luo, unpublished data).
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
30 mm in January to 135 mm in May (average values from 1948 to
1998, Oklahoma Climatological Survey). A silt loam soil in the
grassland includes 35.3% sand, 55.0% silt, and 9.7% clay (A. Subedar
and Y. Luo, unpublished data). The soil belongs to part of the Nash-
Lucien complex with neutral pH, high available water capacity, and
a deep, moderately penetrable root zone (USDA, US Department of
Agriculture, 1979).

2.2. Experimental design

The field experiment used a paired, nested design with warming
as the main factor and clipping as a secondary factor. Twelve
2 x 2 m plots were divided into six pairs of control (i.e., unwarmed)
and warmed plots. In each warmed plot, one 165 x 15 cm infrared
heater (Kalglo Electronics Inc., Bethlehem, Pennsylvania, USA) was
suspended in the middle of the plot at a height of 1.5 m above the
ground. The height of 1.5 m was determined by considerations of
vegetation height and radiative energy output. The heating was on
year-around, 24 h per day and 365 days per year in the field since
November 21, 1999. To simulate shading effects of heaters, we
installed one ‘dummy’ heater made of metal flashing with the same
shape and size as the heating device over each control plot. A
previous study by Wan et al. (2002) has documented that warming
increased daily mean air temperature at 25 cm above the ground by
1.1 °C and soil temperature at 2.5-cm depth by 2.0 °C, and the
effects of the heater on soil temperature were spatially uniform in
the warmed plots. For each paired plot, the distance between the
control and the warmed plots was approximately 5 m to avoid
heating the control plot by the heater. The distances between the
individual sets of paired plots varied from 20 to 60 m.

Each 2 x 2 m plot was divided into four 1 x 1 m subplots. Plants
in two diagonal subplots were clipped at the height of 10 cm above
the ground yearly, usually in August. The other two were the
unclipped controls. On average from 2000 to 2002, clipping
removed 187 and 225 g m~2 of biomass from control and warmed
plots, respectively. Based on plant C and N concentrations from An
et al. (2005), we calculated that clipping removed 84 and
101 gCm~2 and 2.8 and 3.4 g N m~2 under control and warming,
respectively. Clipping in this 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 to twice per year, depending on rainfall. Our
study site is rather xeric, and thus yearly clipping was conducted to
mimic hay mowing once a year. The four treatments in the exper-
iment were unclipped control (UC), unclipped warmed (UW),
clipped control (CC), and clipped warmed (CW) with 6 replicates.
Further details of the study were described in Wan et al. (2002,
2005).

2.3. Soil sampling

Soil samples were collected from the topsoil (0-20 cm) of all the
subplots (excluding surface litter) in May, September, and
December of 2002 and in June 2003. Two or more soil cores
(2.54 cm diameter x 20 cm deep) were taken from each subplot,
and samples from the same treatment were pooled together,
packed in polyethylene bags, and immediately stored in an ice chest
until they were transported to the laboratory. The composite
samples were then passed through a sieve (<2 mm diameter), and
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any visible plant materials were manually removed from the sieved
soil. One-half of each processed sample was stored at 4 °C for a day
or two and subsequently used for microbial biomass C and N
measurements. The remaining soil was air-dried, finely ground and
sieved (<180 pum) for chemical analysis.

2.4. Determination of labile and recalcitrant C and N pools

Acid hydrolysis is a commonly used technique to isolate and
quantify labile and recalcitrant fractions of SOM. The procedure has
been applied in several SOM fractionation and modeling studies
(Oades et al., 1970; Leavitt et al., 1996; Paul et al., 2001; Shirato and
Yokozawa, 2005; Olk and Gregorich, 2006; Rovira and Vallejo,
2007) and found to be useful in obtaining reasonably accurate
estimates of the different SOM pools (Xu et al., 1997; Paul et al.,
2001). It is easy to perform and not as time consuming as the
physical or biological separation methods. Moreover, the acid
hydrolysis procedure can readily be applied to large number of
samples and this makes the technique more convenient and
appealing to most ecological researches (Rovira and Vallejo, 2007).

In most acid hydrolysis fractionation studies, hydrochloric acid
(HQ1) is the conventionally used extractant. Hydrolysis with sulfuric
acid (H2S04) has also been used widely and reportedly provides
better characterization of SOM quality (Oades et al., 1970; Rovira
and Vallejo, 2000, 2002, 2007; Shirato and Yokozawa, 2005; Paul
et al., 2006). The two-step acid hydrolysis with 5N H3SO4 in the
first step and 26 N H,SO4 concentrations in the second step has in
particular been found to give more realistic numerical SOM quality
indices than the HCI hydrolysis procedure (Oades et al., 1970;
Rovira and Vallejo, 2000).

In the present study, we used the two-step acid hydrolysis
procedure with H,SO4 as the extractant to determine labile and
recalcitrant C and N pools. Details of the procedure are found in
Oades et al. (1970) and Rovira and Vallejo (2002). Briefly, 20 mL of
5N H,SO4 was added to 500 mg soil, and the sample was hydro-
lyzed for 30 min at 105 °C in sealed Pyrex tubes, after which
the hydrolysate was recovered by centrifugation and decantation.
The residue was washed with 20 mL of de-ionized water and the
washing added to the hydrolysate. This hydrolysate was taken as
labile pool I (LPI) and analyzed for labile pool I carbon (LPI-C) and
nitrogen (LPI-N). The remaining residue was hydrolyzed with 2 mL
of 26 N H,SO4 overnight at room temperature under continuous
shaking. The concentration of the acid was then brought down to
2 N by dilution with de-ionized water and the sample was hydro-
lyzed for 3 h at 105 °C with occasional shaking. The hydrolysate was
recovered in the same manner as for the LPI. This second hydro-
lysate was taken as labile pool II (LPII) and analyzed for labile pool II
carbon (LPII - C) and nitrogen (LPII - N). The labile pool I is known
to predominantly contain polysaccharides which are of both plant
origin (such as hemi-cellulose and starch) and microbial origin
(mostly microbial cell walls) whereas the labile pool II is largely
cellulose in composition (Oades et al., 1970; Rovira and Vallejo,
2007).

We also measured total organic C (TOC) and total N (TN) in soils.
In this study, carbon was analyzed with a Shimadzu TC analyzer
(Shimadzu Corporation, Kyoto, Japan) and nitrogen was analyzed
with a Carlo Erba elemental analyzer (Carlo-Erba, Milan, Italy).
Recalcitrant C (RP-C) and N (RP-N) pools were calculated as the
difference between the total concentration of the elements (i.e.,
TOC or TN) and the labile pools (LPI and LPIl summed together).

2.5. Determination of microbial biomass C and N contents
In December 2002 and June 2003, soil microbial biomass C

(SMB-C) and N (SMB-N) were determined using the fumigation—
extraction method (48 h fumigation, Vance et al., 1987). Soil

extractable C and N in fumigated and non-fumigated soil samples
were extracted by 0.5 MK;SO4 and analyzed using the method
mentioned above for C and N. The differences in extractable Cand N
between the fumigated and non-fumigated soils were assumed to
be released from lysed soil microbes. The released C and N were
converted to SMB-C and SMB-N using extraction factors of 2.22 and
0.54, respectively (Brookes et al., 1985; Wu et al., 1990).

2.6. Statistical analysis

Three-way analysis of variance (ANOVA) for a blocked split-plot
design was used to examine the effects of warming, clipping,
sampling date, and their interactions for labile and recalcitrant C
and N pools, total C and N, soil microbial biomass C and N, and
ratios of microbial biomass/labile pools. For specific sampling date,
a three-way ANOVA was used to examine the effects of clipping,
warming, and their interaction. The effects were considered to be
significantly different if p < 0.05. All statistical analyses were per-
formed using SPSS 13.0 for windows (SPSS Inc., Chicago, 2004).

3. Results
3.1. Labile and recalcitrant pools of soil C and N

Warming significantly increased LPI-C, LPII-C, and LPI-N but not
LPII-N, while clipping significantly decreased all of them (Table 1).
On average in three seasons, warming increased LPI-C, LPII-C, and
LPI-N by 14.5, 16.5, and 17.5%, respectively, in the unclipped plots
(Fig. 1, Table 1). Clipping decreased LPI-C, LPII-C, LPI-N, and LPII-N
by 11.4, 20.7, 15.4, and 13.5%, respectively, in the warmed plots
(Fig. 1, Table 1). The interactive effects of clipping and warming
were significant on LPI-C (p < 0.05) and marginally significant on
LPII-C (p = 0.08) but not on labile N (Table 1). When labile I and
labile II pools were summed together, warming increases of
373 mg Ckg ! dry soil (15.8%) and 15 mg N kg~! dry soil (11.4%) in
the unclipped plots on labile C and N fractions, respectively.
Although labile C and N contents were significantly different over
three seasons, the statistical analyses show that the effects of
warming, clipping, and their interaction did not depend on the
seasons (i.e., no interaction with sampling date, Table 1).

The recalcitrant C and N pools contributed to a large amount of
total C and N (~86%) compared to labile C and N fractions (~13%,
Table 2). Warming and clipping did not significantly affect the
recalcitrant and total C and N contents except clipping effects on
recalcitrant N and total N (Fig. 2a, Table 2). The interactive effects of
clipping, warming, and sampling date on recalcitrant C and N pools
and total C and N were also not statistically significant (Table 2). In
addition, warming with clipping did not significantly affect the
percentages of total C and N for any measured pools (Table 2).

3.2. Soil microbial biomass C and N

Warming significantly increased both soil microbial biomass C
(SMB-C) and N (SMB-N), while clipping marginally significantly
decreased SMB-N but not SMB-C (Fig. 2b,c, Table 1). In winter
2002, SMB-C in the unclipped plots ranged from 347 mg Ckg~! in
the control to 615 mgCkg™! in the warmed plots, resulting in
a significant increase of 268 mg Ckg~! (77.2%) due to warming
(Fig. 2b). Differences in SMB-C in spring 2003 among the treat-
ments were smaller but exhibited a similar trend. The interaction
of warming and clipping was significant on SMB-C, and depended
on sampling date, which showed a marginal significance for
warming x clipping x time (Table 1). Although both warming and
clipping affected SMB-N, their interaction was not significant
(Table 1). On average, the microbial biomass accounted for 2.3% of
the total and 15% of the labile pool (Table 2).
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Table 1

113

Results of three-way ANOVA showing the P values for responses of labile C and N pools I and II (LPI-C, LPI-N, LPII-C, and LPII-N), recalcitrant C and N (RP-C and RP-N), total C and
N (TC and TN), and soil microbial biomass C and N (SMB-C and SMB-N) to warmed (W), clipped (CL) treatments, and sampling dates (D).

Factor LPI-C LPII-C RP-C TC SMB-C* LPI-N LPII-N RP-N TN SMB-N?*
Warming 0.01 0.02 0.82 0.72 <0.001 0.01 0.35 0.11 0.10 0.001
Clipping 0.03 0.001 0.17 0.12 0.22 0.01 0.04 0.03 0.03 0.06
Date <0.001 0.003 0.17 0.12 <0.001 <0.001 <0.001 0.13 0.02 0.78

W x CL 0.04 0.08 0.74 0.66 0.03 0.10 0.30 0.70 0.63 0.69

W xD 0.46 0.80 0.70 0.68 0.65 0.58 0.85 0.47 0.51 0.58
CLxD 0.30 0.51 0.44 0.42 0.60 0.97 0.72 0.65 0.67 0.58

W x CLxD 0.29 0.82 0.88 0.88 0.08 0.59 0.31 0.91 0.89 0.75

2 Soil microbial biomass C and N (SMB-C and SMB-N) were measured twice (i.e., December 19, 2002 and June 27, 2003 ), while others were measured three times (i.e., May 16,
September 24, and December 19, 2002). p Values smaller than 0.05 are bold and the italic indicates marginal significance.

The ratios of SMB and LP for both C and N contents were also
influenced by warming and clipping treatments (Fig. 3). Warming
significantly increased the SMB-C:LPC ratios in the unclipped plots
(42%, p < 0.01), and increased the SMB-N:LPN ratios in the clipped
plots (42%, p<0.01). Clipping and its interactive effects with
warming on ratios of SMB-C:LPC and SMB-N:LPN were not statis-
tically significant (p > 0.1).

4. Discussion

Predictions of climate change largely depend on effects of
warming on SOM decomposition and understanding of the
temperature sensitivity of different SOM fractions (Davidson and
Janssens, 2006; Luo, 2007). In the present study, experimental
warming significantly increased labile C and N contents in the
unclipped plots (Figs. 1 and 2). This contradicted other reports and
our hypothesis that labile pool sizes of SOM may decrease under
warming as a result of increased soil respiration and enhanced
decomposition of organic matter (Peterjohn et al., 1993; Niinisto
et al, 2004). We found that the labile C and N pools (LPI+1I)
showed positive linear correlations (p<0.01 and p<0.001,
respectively) with total aboveground biomass in the same year
(2002) across different subplots (Fig. 4). Furthermore, warming also

significantly increased below-ground biomass by 11.6% (Wan et al.,
2005), while annual soil respiration only increased by 5.0% from
2000 to 2002 (Luo et al., 2001; Zhou et al., 2007). Greater above-
and below-ground biomass production and low stimulation in soil
respiration in the warmed treatments resulted in higher substrate
inputs (Wan et al., 2005), and hence the increased labile C and N
concentrations in these plots. The observed increases in labile C and
N pool sizes were thus attributable to indirect warming stimulation
via alterations in inputs and outputs rather than direct warming
effects through decomposition of the recalcitrant pools. Several
long-term studies have demonstrated that labile C and N levels
were high in high substrate input systems and low in those with
low substrate input (Cambardella and Elliott, 1992; Janzen et al.,
1992). Improvements in aggregate formation due to earthworm
activity could also have been a factor in the observed increments in
labile C and N pools. Physical protection through aggregation is
known to reduce accessibility of organic materials to microorgan-
isms and enzymes (Tan et al., 2004).

Clipping significantly decreased labile C and N fractions, espe-
cially in the warmed plots, that could largely be a result of
decreased soil moisture that might have restricted the decompo-
sition of the recalcitrant pools or reduced litterfall (Skopp et al.,
1990; Wan et al.,, 2002, 2005). In the unwarmed plots, however, the
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Fig. 1. Effects of warming and clipping on labile C pool I (LPI-C, a), labile C pool II (LPII-C, b), labile N pool I (LPI-N, c), and labile N pool II (LPII-N, d) in a tallgrass prairie soil. Mean
represents average in three seasons (i.e., May 16, September 24, and December 19, 2002). The same letter on top of bars indicates statistically non-significance.
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Table 2

The percentages of total C and N (TC and TN, mg kg ') for labile C and N pools I and Il (LPI-C, LPI-N, LPII-C, and LPII-N), recalcitrant C and N (RP-C and RP-N), and soil microbial

biomass C and N (SMB-C and SMB-N).

TC (mgkg™) LPI-C (%) LPII-C (%) RP-C (%) SMB-C (%)
Unclipped Control 18667 (2925) 4.77 (0.23) 7.84 (0.51) 8738 (15.55) 1,66 (0.17)c
Unclipped Warmed 19878 (2178) 513 (0.24) 8.59 (0.32) 86.28 (10.71) 2.58 (0.12)a
Clipped Control 16931 (2496) 5.25 (0.22) 7.77 (0.41) 86.98 (14.90) 2.00 (0.16)ac
Clipped Warmed 16810 (2235) 5.37 (0.19) 8.05 (0.57) 86.57 (13.24) 2.45 (0.12)ab

TN (mgkg ) LPI-N (%) LPII-N (%) RP-N (%) SMB-N (%)
Unclipped Control 1067 (81)ab 3.05 (0.18) 10.46 (0.80) 86.49 (6.82) 2.39 (0.11)
Unclipped Warmed 1189 (111)a 3.21 (0.08) 10.27 (0.55) 86.51 (8.86) 2.74(0.29)
Clipped Control 964 (53)c 3.22 (0.26) 11.01 (0.45) 85.78 (4.93) 212 (0.17)
Clipped Warmed 1030 (95)bc 312 (017) 10.25 (0.67) 86.63 (8.58) 2.84 (0.24)

Standard error of the mean is in parentheses. Different letters for SMB-C indicate significantly different means (ANOVA).

clipping effects on labile C and N fractions due to biomass removal
may be offset by increased below-ground biomass (through such
processes as root exudation and root decay) and decreased soil
respiration (Wan et al., 2005; Zhou et al., 2007). The interactions of
warming and clipping were significant for labile C but not for labile
N contents (Table 1), suggesting that the warming effects on labile C
fractions were negated by clipping. The profound influences of land
management practices such as grazing on labile C and N levels are
well documented (Janzen et al., 1992; Riihlmann, 1999). Our results
suggest that the increases in labile C and N fractions due to
enhanced biomass from warming may be adversely impacted by
clipping.

Besides plant biomass, soil temperature and moisture are two
other factors that might have impacted the observed responses of
the labile C and N pools to warming and clipping treatments. First,
higher soil temperature in warmed and clipped plots (Wan et al.,
2002; Zhou et al., 2007) may stimulate decomposition of the
recalcitrant pools (Knorr et al., 2005), which could increase labile C

mg C kg™ dry soil

Recalcitrant N pool

8001 b mmm Unclipped Control
a Unclipped Warmed
600 1 B Clipped Control

gz Clipped Warmed
a a

soil)

SMB-N(mg N kg*! dry SMB-C(mg C kg™ dry

12/19/02

6/27/03
Date

Fig. 2. Effects of warming and clipping on recalcitrant C and N pools (a) and soil
microbial biomass C (SMB-C, b) and N (SMB-N, c¢) on December 2002 and June 2003
(mean + SE).

and N levels. Second, decreased soil moisture under warming and
clipping (Wan et al., 2002) may restrict decomposition of the labile
and recalcitrant pools (Skopp et al., 1990). However, the two
opposite effects may be counterbalanced, and hence their overall
effects may be relatively small compared to the increases in
substrate inputs, which are yet to be assessed.

Seasonally, labile C contents were lowest in summer whereas
labile N fractions were lowest in spring (Fig. 2). The months of July
and August are the hottest and generally dry in the area, and
substrate input during this period could be presumably low, thus
leading to lower labile C levels in subsequent months. The clipping
treatment in this experiment has been applied in August each year
and likely also lowered labile C levels in the clipped plots. The
relatively low labile N contents in May coincided with the peak
growing season of C3 species, suggesting increased uptake of, and
greater demand for N by the plants (Sprent, 1987).

Recalcitrant and total C and N contents may be potentially
decomposed faster under warming than in control due to increased
soil temperature. However, we did not detect such changes in those
large pools after two and half years warming in the present study
(Tables 1 and 2). Due to plant biomass removal in the clipped plots,
clipping significantly decreased recalcitrant and total N contents
but not recalcitrant and total C (Fig. 2a, Table 1). Note that percent
decreases in recalcitrant and total N contents by clipping were
similar to those for recalcitrant and total C contents. The statistical
significance for the decreased recalcitrant and total N was largely
due to their small variances across the six replicate plots (Table 2).
In contrast, variances of recalcitrant and total C were relatively
large. Thus, the different statistical results for responses of recal-
citrant and total C and N to clipping may have minor ecological
meanings.
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Alterations in the quantity and quality of plant biomass inputs in
response to warming could exert substantial impacts on soil
microbes. In the present study, our results have shown significant
warming increases in soil microbial biomass C and N after three-
year manipulation (Fig. 2), which was consistent with the increases
in labile C and N contents (Fig. 1). Warming may directly promote
nutrient cycling by increasing soil and litter decomposition rates
and net N mineralization (Hobbie, 1996; Ruess et al., 1999). Addi-
tionally, changes in plant community composition (Zhang et al.,
2005), increased above- and below-ground biomass, (Figs. 1 and 2,
Wan et al., 2005), and increased population density (Ruess et al.,
1999) under warming may also enhance microbial activity. There-
fore, rising temperature would lead to higher physiological activi-
ties of soil microorganisms, and in turn to higher decomposition
rates and soil respiration (Hobbie, 1996; Zhou et al., 2007). A long-
term study in a grass and dwarf shrub ecosystem in Denmark has
shown that microbial biomass C and N could be significantly
enhanced with increases in labile C input into the soil (Michelsen
et al., 1999). In two other studies in New Zealand and the United
Kingdom, soil microbial biomass was stimulated by higher organic
inputs (Sparling, 1992; Degens, 1998). In June 2003, differences in
microbial biomass C and N among the treatments exhibited
a similar trend but were less in magnitude compared to those in
December 2002, probably owing to the competition for nutrients
between plants and microbes during the active growing season.
Clipping significantly decreased soil microbial biomass N contents
but not microbial biomass C (Fig. 2, Table 1), reflecting higher
sensitivity of the former to plant biomass removal. Soil microbial
biomass C was significantly impacted by the interactive effects of
warming and clipping. The effects of warming on soil microbial
biomass C largely depended on sampling date, thus indicating that
microbial activity might have been affected by seasonal variations
in temperature and moisture.

Although Zhang et al. (2005) found no warming-associated
increases of microbial biomass C and N by September 2002,

increases had occurred by December 2002 (Fig. 2). This suggests
a lag time of about three years for response from the beginning of
the trial. A similar long-term study in subarctic soils near Abisko,
northern Swedish Lapland also showed a lag time of about six years
for responses of microbial biomass C to warming (Ruess et al.,
1999). The difference in the lag time between the two studies may
be attributed to the differences in temperature increments, which
was about 2 °C in our study compared to 0.9-1.9 °C in the subarctic
soils (Ruess et al., 1999; Wan et al., 2002).

The SMB/LP ratio, which is essentially the amount of C or N
converted to microbial biomass per unit labile C or N, can be
considered as a measure of nutrient use efficiency by the microbes
and be used to infer information about the available soil substrates.
The increases in SMB/LP ratios observed in the present study (Fig. 3)
show that warming, by altering the quality as well as quantity of
substrates returning to the soil, can bring about changes in the
microbes’ nutrient use efficiency. The latter is an indication of
a possible shift in soil microbial community composition, most
likely due to dominance by fungi since fungi have higher nutrient
use efficiency than bacteria (Zak et al., 1996). Dominance by fungi
could favor soil C storage in ecosystems (Holland and Coleman,
1987). Irrespective of treatments, the SMB-N/LPN ratio was pro-
portionally greater than the SMB-C/LPC ratio suggesting relatively
higher N use efficiency by the microbes. Enhanced N use efficiency
by microbes can potentially minimize the competition between
microbes and plants, resulting in greater nutrient availability for
plants, higher plant growth and a continued supply of organic
inputs into the soil (Hu et al., 2001).

5. Conclusions

The study has demonstrated significant increases in both labile
C and N (including microbial biomass) pools in response to
experimental warming. An alteration in C and N use efficiency by
microbes was also observed, indicating a possible shift to a fungi-
dominated microbial community. Such a shift could favor soil C
storage. The warming increases in labile and microbial biomass C
and N pools largely resulted from increased above- and below-
ground biomass. The warming effects on labile C and soil microbial
biomass C fractions were largely negated by clipping. In addition,
our results also provided evidence that warming increased the
percentage of total N for microbial biomass N, suggesting warming
impacts not only the pool sizes but also its distribution. These
changes, especially the enhanced N use efficiency, may be condu-
cive for a continued supply of organic inputs, thus favouring long-
term N retention and C accumulation in soils, leading to negative
feedbacks of terrestrial ecosystems to climate warming. Such
negative feedbacks could however be adversely affected by
management practices such as grazing. Thus, land use management
may considerably influence response to global warming.

Acknowledgments

The authors thank the three anonymous reviewers for their
insightful comments, and Rebecca A. Sherry and Nancy A. Zehrbach
for maintaining the experimental infrastructure. This research was
financially supported by U.S. National Science Foundation (NSF)
and by the Office of Science (BER), Department of Energy.

References

Amundson, R., 2001. The carbon budget in soils. Annual Review of Earth and
Planetary Sciences 29, 535-562.

An, Y., Wan, S., Zhou, X., Subeda, A.A., Wallace, LL., Luo, Y., 2005. Plant nitrogen
concentration, use efficiency, and contents in a tallgrass prairie ecosystem
under experimental warming. Global Change Biology 11, 1733-1744.



116 A. Belay-Tedla et al. / Soil Biology & Biochemistry 41 (2009) 110-116

Brookes, P.C.,, Landman, A., Pruden, G., Jenkinson, D.S., 1985. Chloroform fumigation
and the release of soil nitrogen: a rapid direct extraction method to measure
microbial biomass nitrogen in soil. Soil Biology and Biochemistry 17, 837-842.

Cambardella, C.A,, Elliott, E.T., 1992. Particulate soil organic matter changes across
a grassland cultivation sequence. Soil Science Society of America Journal 56,
777-783.

Carter, M.R., 1986. Microbial biomass as an index for tillage-induced changes in soil
biological properties. Soil and Tillage Research 7, 29-40.

Davidson, E.A., Janssens, L.A., 2006. Temperature sensitivity of soil carbon decom-
position and feedbacks to climate change. Nature 440, 165-173.

Degens, B.P, 1998. Microbial functional diversity can be influenced by the
addition of simple organic substrates to soil. Soil Biology and Biochemistry 30,
1981-1988.

Fang, C., Smith, P, Moncrieff, ].B., Smith, J.U,, 2005. Similar response of labile
and resistant soil organic matter pools to changes in temperature. Nature 433,
57-59.

Hobbie, S.E., 1996. Temperature and plant species control over litter decomposition
in Alaskan tundra. Ecological Monographs 66, 503-522.

Holland, E.A., Coleman, D.C., 1987. Litter placement effects on microbial and organic
matter dynamics in an ecosystem. Ecology 68, 425-433.

Hu, S., Coleman, D.C,, Carroll, C.R., Hendrix, P.F.,, Beare, M.H., 1997. Labile soil carbon
pools in subtropical forest and agricultural ecosystems as influenced by
management practices and vegetation types. Agriculture. Ecosystems and
Environment 65, 69-78.

Hu, S., Chapin III, ES., Firestone, M.K,, Field, C.B., Chiariello, N.R., 2001. Nitrogen
limitation of microbial decomposition in a grassland under elevated CO;.
Nature 409, 188-191.

Janzen, H.H., Campbell, C.A., Brandt, S.A., Lafond, G.P., Townley-Smith, L., 1992. Light
fraction organic matter in soils from long-term crop rotations. Soil Science
Society of America Journal 56, 1799-1806.

Jenkinson, D.S., 1990. The turnover of organic-carbon and nitrogen in soil. Philo-
sophical Transactions of the Royal Society B 329, 361-368.

Knorr, W., Prentice, I.C., House, ]I, Holland, E.A., 2005. Long-term sensitivity of soil
carbon turnover to warming. Nature 433, 298-301.

Leavitt, S.W., Follett, R.F., Paul, E.A., 1996. Estimation of slow- and fast-cycling soil
organic carbon pools from 6N HCl hydrolysis. Radiocarbon 38, 231-239.

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

Luo, Y., 2007. Terrestrial carbon cycle feedback to climate warming. Annual Review
of Ecology, Evolution and Systematics 38, 683-712.

McCown, R.L., Hammer, G.L., Hargreaves, ].N.G., Holzworth, D.P., Freebairn, D.M., 1996.
APSIM: a novel software system for model development, model testing and
simulation in agricultural systems research. Agricultural Systems 50, 255-271.

McLauchlan, KK., Hobbie, S.E., 2004. Comparison of labile soil organic matter
fractionation techniques. Soil Science Society of America Journal 68, 1616-1625.

Michelsen, A., Graglia, E., Schmidt, LK., Jonasson, S., Sleep, D., Quarmby, C., 1999.
Differential responses of grass and a dwarf shrub to long-term changes in soil
microbial biomass C, N, and P following factorial addition of NPK fertilizer,
fungicide and labile C to a heath. New Phytologist 143, 523-538.

Niinisto, S.M., Silvola, J., Kellomdki, S., 2004. Soil CO, efflux in a boreal pine forest
under atmospheric CO, enrichment and air warming. Global Change Biology 10,
1-14.

Oades, .M., Kirkman, M.A., Wager, G.H., 1970. The use of gas-liquid chromatography
for the determination of sugars extracted from soil by sulfuric acid. Soil Science
Society of America Journal 34, 230-235.

Olk, D.C., Gregorich, E.G., 2006. Overview of the symposium proceedings, “Mean-
ingful pools in determining soil carbon and nitrogen dynamics”. Soil Science
Society of America Journal 70, 967-974.

Parton, W.J., Schimel, D.S., Cole, C.V., Ojima, D.S., 1987. Analysis of factors controlling
soil organic matter levels in Great Plains grasslands. Soil Science Society of
America Journal 51, 1173-1179.

Pastor, ]., Post, W.M., 1986. Influence of climate, soil moisture, and succession on
forest carbon and nitrogen cycles. Biogeochemistry 2, 3-27.

Paul, E.A., Collins, H.P,, Leavitt, SSW., 2001. Dynamics of resistant soil carbon of
Midwestern agricultural soils measured by naturally occurring 'C abundance.
Geoderma 104, 239-256.

Paul, E.A., Morris, S.J., Conant, R.T., Plante, A.E, 2006. Does the acid hydrolysis-
incubation method measure meaningful soil organic matter pools. Soil Science
Society of America Journal 70, 1023-1035.

Peterjohn, W.T., Melillo, J.M., Bowles, S.T., 1993. Soil warming and trace gas fluxes:
experimental design and preliminary flux results. Oecologia 93, 18-24.

Rovira, P, Vallejo, V.R,, 2000. Examination of thermal and acid hydrolysis proce-
dures in characterization of soil organic matter. Communications in Soil Science
of Plant Analysis 31, 81-100.

Rovira, P, Vallejo, V.R., 2002. Labile and recalcitrant pools of carbon and nitrogen in
organic matter decomposing at different depths in soil: an acid hydrolysis
approach. Geoderma 107, 109-141.

Rovira, P, Vallejo, V.R, 2007. Labile, recalcitrant, and inert organic matter in
Mediterranean forest soils. Soil Biology and Biochemistry 39, 202-215.

Ruess, L., Michelsen, A., Schmidt, LK., Jonasson, S., 1999. Simulated climate change
affecting microorganisms, nematode density and biodiversity in subarctic soils.
Plant and Soil 212, 63-73.

Rithlmann, J., 1999. A new approach to estimating the pool of stable organic
matter in soil using data from long-term field experiments. Plant and Soil 213,
149-160.

Schimel, D.S., 1995. Terrestrial ecosystems and the carbon cycle. Global Change
Biology 1, 77-91.

Schlesinger, W.H., 1997. Biogeochemistry: An Analysis of Global Change. Academic
Press, San Diego.

Shirato, Y., Yokozawa, M., 2005. Acid hydrolysis to partition plant material into
decomposable and resistant fractions for use in the Rothamsted carbon model.
Soil Biology and Biochemistry 38, 812-816.

Skopp, J., Jawson, M.D., Doran, J.W., 1990. Steady-state aerobic microbial activity as
a function of soil water content. Soil Science Society of America Journal 54,
1619-1625.

Sparling, G.P,, 1992. Ratio of microbial biomass carbon to soil organic carbon as
a sensitive indicator of changes in soil organic matter. Australian Journal of Soil
Research 30, 195-207.

Sprent, J.I, 1987. The Ecology of the Nitrogen Cycle. Cambridge Univ. Press, Cam-
bridge, UK.

Tan, ZX, Lal, R, Izauralde, R.C., Post, W.M., 2004. Biochemically protected soil
organic carbon at the North Appalachian experimental watershed. Soil Science
169, 1-11.

Trumbore, S.E., Bonani, G., Wolfli, W., 1990. The rates of carbon cycling in several
soils from AMS '“C measurements of fractionated soil organic matter. In:
Bouwman, A.F. (Ed.), Soils and the Greenhouse Effect. John Wiley, New York, NY,
pp. 405-414.

Trumbore, S.E., Chadwick, O.E., Amundson, R., 1996. Rapid exchange 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.

Vance, E.D., Brooks, P.C., Jenkinson, D.S., 1987. An extraction method for measuring
soil microbial biomass carbon. Soil Biology and Biochemistry 19, 703-707.
Wan, S. Luo, Y., Wallace, LL, 2002. Changes in microclimate induced by
experimental warming and clipping in tallgrass prairie. Global Change Biology

8, 754-768.

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., Hui, D., Wallace, L.L., Luo, Y., 2005. Responses of aboveground biomass, net
nitrogen mineralization, and soil respiration to experimental warming and
clipping in a tallgrass prairie. Global Biogeochemical Cycles 19 (2), GB2014,
doi:10.1029/2004GB002315.

Wu, ], Joergensen, R.G., Pommerening, B., Chaussod, R., Brookes, P.C., 1990.
Measurement of soil microbial biomass C by fumigation-extraction—an auto-
mated procedure. Soil Biology and Biochemistry 22, 1167-1169.

Xu, J.M.,, Cheng, H.H., Koskinen, W.C., Molina, J.A.E., 1997. Characterization of
potentially bioreactive soil organic carbon and nitrogen by acid hydrolysis.
Nutrient Cycling in Agroecosystems 49, 267-271.

Zak, D.R., Grigal, D.F,, Ohmann, L.F, 1993. Kinetics of microbial respiration and
nitrogen mineralization in Great Lakes forests. Soil Science Society of America
Journal 57, 1100-1106.

Zak, D.R,, Ringelberg, D.B., Pregitzer, K.S., Randelett, D.L., White, D.C., Curtis, P.S.,
1996. Soil microbial communities beneath Populus grandidentata grown under
elevated atmospheric CO,. Ecological Applications 6, 257-262.

Zhang, W., Parker, K., Luo, Y., Wallace, L., Hu, S., 2005. Soil microbial responses to
experimental atmospheric warming and clipping in a tallgrass prairie. Global
Change Biology 11, 266-277.

Zhou, X., Wan, S., Luo, Y., 2007. Source components and interannual variability of
soil CO, efflux under experimental warming and clipping in a grassland
ecosystem. Global Change Biology 13, 761-775.



