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Abstract
Aims Although water conservation in rice production
has become increasingly important, the effects of water
management on the allocation and dynamics of carbon
(C) within the rice-soil system remain unknown.
Methods We compared the allocation and dynamics of
C assimilated by rice under continuously flooded, non-
flooded and alternate water regimes. Rice (Oryza sative

L. cv. Luliangyou 996) was labeled with 14CO2 and
harvested 7 times within 45 days.
Results More 14C was released from roots into the soil
in non-flooded and alternate water regimes treatments.
Microbial 14C decreased with time after the labeling and
was lowest under flooded condition. Roots and rhizo-
microbial respiration followed the order of non-flooded
> alternate water regimes > flooded treatment. Water
management affected 14C distribution in aggregates
with more 14C in macroaggregates in the non-flooded
treatment. Estimated amounts of C transferred remain-
ing belowground by rice 45 days after labeling were
1,986, 2,827 and 2,472 kg Cha−1, of which rhizodepo-
sition accounted for about 41 %, 16 % and 30 % of C
transferred belowground under non-flooded, flooded
and alternate water regimes, respectively.
Conclusions Water management affected the alloca-
tion and dynamics of recently assimilated C within
the rice-soil system and also changed the relative
contribution of rhizodeposition to C transferred be-
lowground. This study suggests the differences in the
driving mechanisms of C sequestration under flooded
vs. non-flooded and alternate water regimes.
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TN Soil total nitrogen
DOC Dissolved organic carbon
MBC Microbial biomass carbon
WHC Water holding capacity
F Continuously flooded
NF Non-flooded
AWD Alternate wetting and drying
C- carbon CO2- carbon dioxide

Introduction

Rice is the major staple food crop in Asia, and it
consumes about 90 % of total irrigation water
(Bhuiyan 1992). However, freshwater for irrigation is
becoming scarce due to increasing competition from
industrial and urban demand (Bouman and Tuong
2001), Further, seasonal drought during the rice-
growing season exacerbates the effects of water short-
age on rice production in some typical regions (Guo et
al. 2007). These have threatened the sustainability of
irrigated rice systems and, therefore, water conserva-
tion methods in rice production were introduced and
developed.

These water conservation techniques included non-
flooded mulching cultivation (Fan et al. 2005), alter-
nate wetting and drying irrigation (Bouman and Tuong
2001; Belder et al. 2004), continuous soil saturation
(Borrell et al. 1997), internal drainage (Ramasamy et
al. 1997), and aerobic rice systems (Bouman et al.
2006). This has been accompanied by documenting
the effects of these water managements on rice yield
(Bouman and Toung 2001), water use efficiency
(Belder et al. 2004), methane emission (Minamikawa
and Sakai 2005) and plant physiological responses
(Yang et al. 2002).

Recent attention has focused on soil organic carbon
(SOC) storage in rice-based systems under different
water managements, in particular because of concerns
over atmospheric CO2 levels and global warming (Hu et
al. 1997). Paddy soils play an important role in mitigat-
ing global warming because these soils represent a large
portion of global cropland. Most C addition to soil
originates from plants through deposition of leaf and
root litter as well as rhizodeposition (Rees et al. 2005;
Kuzyakov and Domanski 2000). About 50 % of the C
fixed by net photosynthesis is transferred belowground,
and 5–10 % of photosynthetically fixed C can be recov-
ered in soil during the vegetation season (Kuzyakov and

Domanski 2000; Nguyen 2003). Water conservation
techniques applied in rice systems shift the original
balance between anaerobic and aerobic factors (water
and redox conditions) and thus affect the turnover and
dynamics of SOC. For example, compared with contin-
uously flooded system, non-flooded rice systems can
lead to a short-term decrease (Li et al. 2007) or maintain
(Fan et al. 2005, 2012) of the total SOC and soil total
nitrogen (TN). This calls for evaluating the fate and
dynamics of assimilated C within the rice-soil system
in relation to water management. Only a few studies
have evaluated the distribution of photosynthesized C
within the rice-soil system under flooded condition us-
ing isotopic techniques (Watanabe et al. 2004; Lu et al.
2002a, b, 2004). Therefore, little information is avail-
able on the effects of water management regimes on the
partitioning and translocation of plant-assimilated C
within the rice-soil system.

Soil moisture being one of the important abiotic
factors for rice growth can affect rice physiology.
Thakur et al. (2011) reported that controlled water
irrigation improved rice plants’ morphology and phys-
iology compared with continuously flooded condition.
Rice under alternate wetting and drying or non-
flooded conditions can enhance roots activity and
develop more fine roots (Mishra and Salokhe 2011).
These may change the partitioning of photosynthe-
sized carbon and affect rhizodeposition.

Labile SOC pools such as dissolved organic carbon
(DOC) and microbial biomass carbon (MBC) can be
strongly affected by water conservation management. A
considerable part of DOC in the soil originates from
rhizodeposition (reviewed by van Hees et al. 2005),
while microbial biomass plays a crucial role in trans-
forming rhizodeposited C and is always highly labeled
by the newly assimilated C (Kaštovská and Šantrůčková
2007). Lu et al. (2002a) found that 0.15–0.94 % of
photosysthesized 13C was incorporated into MBC im-
mediately after pulse labeling of flooded rice, and 0.18–
0.75 % still remained at the end of the growing season.
Changing the rice growing environment from continu-
ously flooded to aerobic or alternate anaerobic/aerobic
would affect the dynamics of microorganisms and
DOC. For example, microbial biomass decreased under
the non-flooded vs. continuously flooded treatment (Li
et al. 2006). Soil redox condition can enhance or stabi-
lize DOC through Fe oxyhydroxides (reviewed by
Kögel-Knabner et al. 2010). DOC is a primary energy
source for microorganisms and can affect microorganism
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activity and abundance in the soil (Blagodatskaya et al.
2009); however, the effects of rhizodeposition and espe-
cially the quantity and quality of labile DOC fraction on
microbial biomass as related to water management in
paddy soil remain to be determined.

The dynamics of soil aggregates have gained in-
creasing attention because of their role in C sequestra-
tion and in maintaining SOC level. This makes it
necessary to have more information on how the parti-
tioning and stabilization of recently assimilated C is
affected by changes of aggregate size fractions as
related to water management in paddy soil. Reducing
conditions and associated physicochemical changes
may lead to soil disaggregation (De-Campos et al.
2009). Despite obvious effects of soil moisture on
aggregation, no studies have investigated the effects
of water management on the allocation of roots-
derived C in aggregate fractions.

In the current study, we studied the effects of water
management on the allocation and dynamics of assim-
ilates by labeling rice with 14CO2 at young stage under
controlled laboratory condition. The objectives of this
study were to (1) determine the allocation and dynam-
ics of new assimilates among pools within the rice-soil
systems, and (2) evaluate amounts of C transferred by
rice belowground and rhizodeposition under various
water management regimes.

Materials and methods

Experimental set-up

The soil samples (Anthrosols) were collected from the
plough layer (0–20 cm) of a rice field at Dong Kou
city, Hunan province, China (110° 62′N and 27°12′E).
The samples had the following characteristics: 1.9 %
SOC content; 0.24 % TN content; soil pH (H2O) 5.49;
available K 92.9 mg kg−1.

The soil was first sieved (<5 mm), then 360 g soil
were filled into each plastic pot (height: 12 cm; inner
diameter: 8 cm) and rewetted to 85 % of the water
holding capacity (WHC). The pots used for CO2 trap-
ping (see below) had one vent in the lid and another
one in the bottom. Sixty-three pots were used in this
experiment.

The rice seeds (Oryza sative L. cv. Luliangyou 996)
were germinated on wet filter paper for 3 days.
Depended on seedlings numbers transplanted per ha

on-farm locally, we estimated numbers in seedling
transplanted in each pot in this study. Thus, three
healthy germinated rice seedlings were transplanted
to each pot. Fertilizers consisting of CO (NH2)2 and
KH2PO4 at the rate of 100 mg N and 12.5 mg K per kg
soil was used in this experiment. 30 %N was basal
fertilizer, 30 %N and 40 %N was top dressing on day
15 and 28. All the K was basal fertilizer. Additionally,
3.5 gL−1 KH2PO4 was directly added to the leaves
11 days after planting. The total N rate was calculated
depended on rate of 150 kg Nha−1 in line with recom-
mended practices locally.

Three soil water regimes were established, consist-
ing of (1) continuously flooded (F), pots were flooded
with distilled water to a level of 4–5 cm above soil
surface, (2) non-flooded (NF), pots were maintained at
85–90 % of the WHC, (3) alternate wetting and drying
(AWD), pots were flooded as described above for F,
then dried for 3–4 days until the soil water content
reached 70–75 % of the WHC, then flooded again; this
kept the soil under alternate flooded and dried con-
ditions. These three water regimes started after the
development of three leaves per plant. The plants were
grown for 14 h per day at a light density of 400 umol
m−2 s−1 and a temperature of 27±1 °C and 22±1 °C
(day: night).

14C pulse labeling

The labeling took place on day 35 after transplanting. The
labeling apparatus, previously described by Kuzyakov et
al. (2001), consists of a two-compartment Plexiglas
chamber. The day before labeling, we covered the pots
with black plastic sheets to avoid algal photosynthesis
and direct diffusion of the tracer into the soil. The hole
around the stem in the lid of the pots for soil CO2 trapping
was sealed with silicon paste (NG 3170, Thauer & Co.,
Dresden, Germany) and tested for air leaks. Briefly, 18
pots with 54 plants were placed into one chamber. The
chamber was connected by tubing with a flask containing
Na2

14CO3 (ARC Inc., USA) solution with a 14C activity
of 444 KBq per plant. 14CO2 was released into the
chamber by adding 10 ml of 5 M H2SO4 to the labeling
solution. The plants were labeled during 5 h in the 14CO2

atmosphere. Before opening the labeling chamber, the air
was pumped for 1 h through 15ml of 1MNaOH solution
to remove unassimilated 14CO2. Immediately after the
labeling, we started soil CO2 trapping by pumping in a
closed circle through 15 ml of 1 M NaOH. Water traps,
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consisting of 20-cm-long glass tubes (inner diameter
3 cm), were placed in front of NaOH vessels to avoid
water flyover.

Harvesting procedure and soil sampling

Plant and soil samples were taken at 6 h, 2 d, 6 d,
14 d, 33 d, 37 d and 45 d after labeling, with three
replicates for each sampling day and treatment. The
pots used for CO2 trapping were harvested on day 45.
At harvest, shoots were cut at the base and soil was
taken out of pot. The roots were separated from soil
by handpicking and washed with 100 ml deionized
water to remove the soil adhering to the roots. Shoots
and roots were dried at 60 °C. Soil samples were
divided into several parts: one part of fresh soil was
used to analyze MBC and DOC. Another part of the
soil was oven-dried at 105 °C to determine the water
content. Furthermore, fresh soil samples were stored
at 4 °C in airtight polypropylene bags for aggregate
fractionation.

Aggregate fractionation

Soil sampled 6 h, 2 d, 14 d, 33 d, 37 d and 45 d after
the labeling was prepared for aggregate fractionation.
Aggregates were isolated according to Kristiansen et
al. (2006). The samples were spread out thinly on
aluminum foil and dried to optimal moisture at 40 °C
for 10–15 min. Soil was gently, manually crumbled
to ca. 5 mm pieces, and 100 g was transferred to two
sieves (2 and 0.25 mm) and shaken for 2 min. There-
after, the remaining aggregates on top of the sieves
were collected. Large macroaggregates (2–5 mm)
were collected from the 2 mm sieve and small macro-
aggregates (2–0.25 mm) were collected from the
0.25 mm sieve. The remaining material was passed
through the 0.25 mm sieve and classified as micro-
aggregates (<0.25 mm). Preliminary tests showed
that the sieving duration was sufficient to quantita-
tively separate the various aggregate size-classes
while minimizing aggregate abrasion during the siev-
ing (Dorodnikov et al. 2009).

Sample analysis

The total C content in trapped CO2 was determined by
titration of 1 ml of the NaOH solution with 0.1 M HCl
against phenolphthalein after adding 1 ml of 0.5 M

BaCl2 solution (Zibilske 1994). The 14C activity of
CO2 trapped in NaOH solution was measured in 1 ml
aliquots added to 6 ml Rothiscint scintillation cocktail
(Roth Company, Germany) after the decay of chemi-
luminescence by a Liquid Scintillation Counter (LS
6500 Multi-Purpose Scintillation Counter, 217 Beck-
man, USA). The 14C counting efficiency was about
92 % and the 14C activity measurement error did not
exceed 2 %.

Dry samples of shoots, bulk soil, soil aggregate
fractions and roots were pulverized in a ball mill prior
to analysis for radioactivity and for total C and N
determination. Radioactivity of samples was measured
after combustion of 50 mg of plant sample or 500 mg
of soil sample within an oxidizer unit (Feststoffmodul
1300, AnalytikJena, Germany) with Liquid Scintilla-
tion Counter as described above. Additionally, 3–
40 mg of milled shoots, roots and soil samples were
weighed in tin capsules to determine the C contents by
an element analyzer (Vario EL III, Elementar, Hanau,
Germany).

Soil microbial biomass carbon was determined by
chloroform fumigation extraction (Wu et al. 1996).
Briefly, 10 g fresh soil were shaken with 40 ml of
0.05 M K2SO4 for 1 h at 200 rev min−1, centrifuged at
3000 rev min−1 for 10 min, and filtrated. Another 10 g
fresh soil were fumigated with chloroform for 24 h
and extracted in the same way. Total C concentrations
were measured with a TOC/TIC analyzer (Dimatec,
Essen, Germany). MBC was calculated as the differ-
ence between the C content of the fumigated and the
non-fumigated extracts and divided by a KEC factor of
0.45 (Wu et al. 1996). We assume that the C concen-
tration in the K2SO4 extraction of non-fumigated soil
corresponds to the DOC fraction. The 14C activity of
MBC and DOC solution was measured in 3 ml ali-
quots added to 6 ml Rothiscint scintillation cocktail
(Roth Company, Germany) after the decay of chemi-
luminescence using the above Liquid Scintillation
Counter (for counting efficiency and measurement
see above).

Calculations and statistical analysis

The C amount (kg Cha−1) was calculated by using the
following equation according to Kuzyakov et al.
(2001):

Ci ¼ Cshoots�14Ci=
14Cshoots ð1Þ
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where Ci is the C amount in the investigated pool
(kg Cha−1), Cshoots is the C amount in the shoots
(kg Cha−1), 14Ci is the

14C activity transferred to the
individual pool (KBq) and 14Cshoots is the

14C activity
in the shoots (KBq). This method of calculation allows
a rough estimation of C transferred belowground as
the parameters of Eq. 1 were not constant during plant
development. This estimation approach was used to
recalculate the relative results of 14C tracer distribution
after the pulse labeling for absolute amounts of C
allocation. It can be used only for periods of linear
plant growth and was used after 14C distribution in the
plant and the achievement of the stage near equilibri-
um. The 14C activity and the amount of C in shoots
were chosen as reference because these can be mea-
sured more accurately in shoots compared with other
compartments (roots, CO2, soil). The mass of the
shoots for ha were calculated using the surface area
of the experiment pot.

The 14C activity in individual pools was expressed
as the percentage of 14C recovery at each sampling
day. The total 14C recovery after sampling was the
sum of the 14C activity in shoots, roots, soil and CO2.

The significant differences between treatments on
each sampling day were determined using one-way
analysis of variance (ANOVA) with SPSS (Version
11.0, 2002, SPSS Inc., USA).

Results

Shoots and roots biomass

Shoots and roots biomass increased after the labeling
for all treatments (Table 1). The highest shoots and
roots biomass were observed under flooded condition,
while the non-flooded treatment had the lowest shoots
and roots biomass.

Allocation of rice-assimilated 14C in shoots

The highest 14C recovery in the shoots was detected
directly after labeling for all treatments, and there were
no differences between the treatments (Fig. 1). The
14C recovery in shoots followed a power function
decrease with time for all treatments. 14C losses from
the shoots in the flooded treatment were always slower
than in the non-flooded and the alternate water regime
treatments. The 14C recovery in the shoots at the end

of the experiment was significantly larger for the
flooded vs. alternate water regime treatment.

Belowground 14C allocation after pulse-labeling

Contrary to the shoots, the 14C recovery in roots of all
treatments followed a power function increase with
time (Fig. 2a). Despite the absence of significant dif-
ferences of the 14C recovery in roots between water
treatments at the beginning, the non-flooded treatment
showed a significantly lower 14C recovery starting
from day 2 to day 45.

The 14C recovery in the soil was significantly lower
in the flooded treatment compared to non-flooded and
the alternate water regime treatments during the ex-
periment, except for day 0 (Fig. 2b). For the non-
flooded treatment, 14C recovery in soil increased from
7.2% on day 0 to 10.4 % on day 2, and remained at
that level for the rest of the experiment. In contrast, the
recovery in soil showed the highest values directly
after labeling for the flooded and the alternate water
regime treatments, and then decreased significantly
during the first 2 days.

Compared to the non-flooded and the alternate wa-
ter regime treatments, the cumulative 14C of roots and
rhizomicrobial respiration for flooded treatment was
always significantly lower and gradually increased
from 5.8 % to 14.4 % during the experiment
(Fig. 2c). 14C respiration in the alternate water regime
treatment was between that of the flooded and the non-
flooded treatments, and the cumulative roots and rhi-
zomicrobial respiration increased from 8.0 % to
22.1 % of recovered 14C during the experiment.

Total MBC and DOC content did not vary signifi-
cantly during the experiment (data not shown). The
former (averaged across 5 sampling days) was about
351–370 mg Ckg−1 for three treatments, and no sig-
nificant differences were detected between treatments.
The average total DOC content was 32.9, 42.1 and
30.9 mg Ckg−1 for non-flooded, flooded and alternate
water regime, respectively. The average DOC content
was significantly higher in flooded treatment than in
the non-flooded and alternate water regimes.

The 14C recovery in MBC was highest 6 h after
labeling for all treatments, and it significantly de-
creased during the first 2 days (Fig. 3a). Compared
to the flooded treatment, the percentage of 14C recov-
ery in MBC was significantly higher in the non-
flooded and alternate water regimes treatments.
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The 14C recovery in DOC was also highest 6 h after
the labeling for all treatments (Fig. 3b). There was a
fast 14C decline in DOC during the first 2 days for all
treatments, followed by a slower decline thereafter.
The recovery in DOC did not differ significantly be-
tween the treatments.

The sieving procedure fractionated the bulk soil
into aggregate size classes with large macroaggregates
(>2.00 mm), small macroaggregates (0.25–2.00 mm),
and microaggregates (<0.25 mm) representing on av-
erage 46 %, 38 % and 16 % of the bulk soil mass,

respectively (Fig. 4a). Water management affected the
aggregates size distribution. Compared to the flooded
and the non-flooded treatments, the alternate water
regimes treatment significantly decreased large macro-
aggregates and increased microaggregates. The SOC
content in each aggregate class was similar to the
content in the bulk soil (data not shown).

Specific 14C activity of aggregate size fractions
changed with water management and time (Fig. 4b, c
and d). More 14C was incorporated into macroaggre-
gates in non-flooded treatment, while the activity in all
aggregate fractions did not change significantly during
45 days (Fig. 4b). However, the highest activity of all
aggregate size fractions was detected 6 h after label-
ing, both in flooded and alternate water regimes treat-
ments (Fig. 4c and d). The 14C distribution among
aggregates fractions did not differ significantly either
in flooded or alternate water regimes treatments.

C transferred by rice belowground

By using the 14C content in the soil with roots on day
45 as 14Ci (%), we calculated (Eq. 1) that C amounts
transferred remaining belowground were 1,986, 2,827,
2,472 kg Cha−1 in the non-flooded, flooded and alter-
nate water regime treatments, respectively. Significant
differences were detected between flooded and non-
flooded treatments, but not between flooded and alter-
nate water regimes treatments.

The input of C from living roots system into the soil
has been termed rhizodeposition, which composing of
exudation, secretion, sloughing and lysis of cells and

Table 1 Shoots and roots biomass over 45 days after the pulse labeling

Days after
labeling

6h 2d 6d 14d 33d 37d 45d

Shoots biomass (kg ha−1)a

NFb 2542 ab* 3146 b 3773 b 5309 b 7387 b 8205 b 8613 b

F 2919 a 3495 a 4532 a 6147 a 8714 a 9729 a 10784 a

AWD 2158 b 2909 b 3838 b 5036 b 7818 b 8285 b 9142 b

Roots biomass (kg ha−1)

NF 768 a 946 b 1375 b 2130 b 3551 b 4206 a 3621 b

F 1216 a 1368 a 2130 a 3020 a 5695 a 5644 a 6025 a

AWD 744 a 1377 a 1514 b 2469 ab 4408 ab 4201 a 4759 ab

a Shoots and roots biomass are estimated based on surface area of the experiment pot.
bNF non-flooded; F continuously flooded; AWD alternate wetting and drying

*Means followed by different letters within same column are significantly (p<0.05) different between treatments on each sampling day.
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Fig. 1 14C dynamics in shoots over 45 days after the pulse
labeling. Data points are means and error bars represent stan-
dard error (n03). Means followed by different letters are signif-
icantly (p<0.05) different between treatments on each sampling
day (NF: non-flooded; F: continuously flooded; AWD: alternate
wetting and drying). Curves are fitted using a one-phase power
function model according to individual dates (solid line for NF,
long dash line for F and dotted line for AWD)
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root tissue senescence (Rees et al. 2005). Rhizodeposi-
tion estimated based on the 14C content remaining only
in the soil on day 45 as 14Ci (%), was 822, 460, 640 kg C
ha−1, which accounted for about 41 %, 16 % and 30 %
of new transferred C remaining belowground for the
non-flooded, flooded and alternate water regimes, re-
spectively. Significantly less rhizodeposition was found
under flooded condition.

Discussion

Effect of water management on allocation
of assimilates in shoots

The 14C recovery in shoots decreased with time for all
treatments (Fig. 1). This was due to shoots respiration
and belowground allocation of assimilates and their use
for respiration (Swinnen et al. 1994; Domanski et al.
2001). Newly fixed C is preferentially respired by plants
(Staddon et al. 2003) and, in grasses, between 30 %
and 90 % of total fixed C can be lost by respiration
(Kaštovská and Šantrůčková 2007). Belowground trans-
location is another mechanism that decreases the labeled
C in shoots (Kuzyakov and Domanski 2000). In this
study, the 14C recovery in shoots was higher for the
flooded treatment compared to non-flooded and alter-
nate water regimes treatments (Fig. 1). This may be
connected with lower shoots respiration and/or to lower
14C release from roots into the soil (Fig. 2b) and used for
roots and rhizomicrobial respiration (Fig. 2c).

Effect of water management on allocation
of assimilates in belowground pools

14C recovery in the roots was higher under flooding
vs. non-flooded and alternate water regimes (Fig. 2a).
We explain this first with less exudation from flooded
roots. Reid (1974) examined the effect of water level
on exudation by roots and reported that exudation
decreased when water potential increased from
−200 kpa to 0. Similarly, fewer assimilates were
released by roots when plants were grown in open
pots that were regularly leached with distilled water
(Martin 1975; Barber and Martin 1976). Higher 14C
recovery in flooded roots is also connected with
lower roots and rhizomicrobial respiration in flooded
soil (Fig. 2c). Similar to our observations, lengthier
anaerobiosis (48 h) can decrease 14C in CO2 efflux

from soil under perennial ryegrass compared to the
aerobic control (Meharg and Killham 1990). Roots
under anaerobic condition may produce substances
such as ethanol and lactate, which are toxic to plant
roots and microorganisms, thus decreasing roots and
rhizomicrobial 14CO2. Conversely, rice grown under
controlled irrigation and alternate water regimes usu-
ally has higher activity and more fine roots (Mishra
and Salokhe 2011; Thakur et al. 2011).

The 14C recovery in soil was about 10.8 %, 5.3 %
and 7.9 % on day 45 for the non-flooded, flooded and
alternate water regimes treatment, respectively
(Fig. 2b). Similar to our study, Watanabe et al.
(2004) showed 4.3 % of the recovered C was trans-
ferred to flooded soil 14 days after labeling, during the
maximum-tiller-number stage of the rice. The lower
14C recovery in flooded soil further coincides with
results of more 14C remaining in roots in the flooded
condition (Fig. 2a), showing lower 14C exudation from
roots into soil under flooded condition.

The total MBC content did not vary significantly
within or between treatments. This finding was con-
trary to previous study which has shown a decrease in
microbial biomass after exposure to drying-rewetting
events (Schimel et al. 2007). This may be ascribed to
relative short duration or intensity of drying-rewetting
cycles (Borken and Matzner 2009). Similarly, Fierer
and Schimel (2002) found evident effects of drying-
rewetting on MBC dynamics until 6 weeks later. Total
DOC concentration was significantly higher in the
flooded vs. non-flooded and alternate water regimes.
Soil redox conditions can enhance or stabilize DOC
through Fe oxyhydroxides in paddy soil (reviewed by
Kögel-Knabner et al. 2010). The anaerobic condition
may decrease DOC adsorption and increase the DOC
concentration in flooded soil.

The 14C recovery in MBC was significantly lower
in the flooded vs. non-flooded and alternate water
regime (Fig. 3a). This may be caused partly by fewer
rhizodeposits in the flooded soil (Fig. 2b). Further-
more, we found that the flooded treatment also
showed a significantly lower proportion of 14C in
DOC as MBC, as compared to the other two treat-
ments (data not shown). This indicates that lower
DOC availability may be another factor explaining
the lower 14C in microbial biomass under flooding.
Although DOC is the primary energy source for
microorganisms and can affect their activity and abun-
dance in the soil (Blagodatskaya et al. 2009), the
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effects also strongly depend on the quality of DOC
(Amon et al. 2001). It has been documented that
lignin-derived compounds might make up a larger
portion of DOM in continuously flooded paddy soil
as result of the hampered degradation of phenolic
compounds under anoxic conditions (Kirk 2004;
Kögel-Knabner et al. 2010). Thus there could have

been more complex compounds which are relatively
stable against microbial decay in flooded condition.

14C recovery in the MBC and DOC decreased with
time for all treatments (Fig. 3a). The highest 14C recov-
ery in MBC was detected directly after labeling for all
treatments, confirming a very rapid incorporation of
newly assimilated C into microorganisms (Kuzyakov
and Gavrichkova 2010). Maximum incorporation into
microbial biomass usually was detected within 24 h of
pulse labeling (Kaštovská and Šantrůčková 2007; Butler
et al. 2004; Domanski et al. 2001). The rapid incorpo-
ration of 14C into MBC is also shown by the lower 14C
of DOC pools after labeling (Fig. 3b). This agrees with
Fischer et al. (2010), who demonstrated that microor-
ganisms can quickly take up labeled low-molecular-
weight organic substance exudates. However, compared
to other studies, the amount of 14C recovered inMBC in
this study was higher directly after labeling. This might
reflect partial co-extraction of labeled substances allo-
cated in roots hairs and fine roots by the fumigation-
extraction approach.

Effect of water management on allocation
of assimilates in aggregates

The aggregate size fractionation method used here was
chosen because it is gentler than conventional wet and
dry sieving methods (Kristiansen et al. 2006). Wet-
sieving method releases water soluble organic matter
and may loss some 14C or cause redistribution of 14C
assimilates among aggregates fractions. In turn, pro-
longed sieving of air-dry soil tends to increase abrasion
rather than fragmentation due to the greater tensile
strength of dry aggregates (Dorodnikov et al. 2009).
However, compared with wet and dry sieving methods,
we can not isolate silt and clay fraction (<53 μm) be-
cause of the moisture optimal used here.

Water management strongly influenced the distri-
bution of new assimilates between the aggregate frac-
tions. More new 14C assimilates were incorporated
into macroaggregates under non-flooded condition
(Fig. 4b). This reflected that roots-derived C is initially
incorporated between and within large macroaggre-
gates (Jastrow 1996). There were no obvious differ-
ences in 14C distribution among aggregate fractions
under flooded and alternate water regime (Fig. 4c and
d). Water pretreatment can strongly influence the dis-
tribution of roots-derived 14C in aggregate fractions;
stable macroaggregates in soil, which can survive

Fig. 2 14C recovery in roots (a), soil (b) and accumulated
respiration (c) over 45 days after the pulse labeling. Data points
are means and error bars represent standard error (n03). Means
followed by different letters are significantly (p<0.05) different
between treatments on each sampling day (NF: non-flooded; F:
continuously flooded; AWD: alternate wetting and drying).
Curves are fitted using a one-phase power function model
according to individual dates (solid line for NF, long dash line
for F and dotted line for AWD)
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Fig. 3 14C dynamics in microbial biomass C (a) and dissolved
organic C (b) over 45 days after the pulse labeling. Data points
are means and error bars represent standard error (n03). Means
followed by different letters are significantly (p<0.05) different
between treatments on each sampling day (NF: non-flooded; F:
continuously flooded; AWD: alternate wetting and drying).
Curves are fitted using a one-phase power function model
according to individual dates (solid line for NF, long dash line
for F and dotted line for AWD)
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slaking, show higher concentrations of new roots-
derived C than less stable macroaggregates (Gale et al.
2000; Gale and Cambardella 2000). Flooded and alter-
nate water regimes treatments increase the portion of
unstable macroaggregates and also increase the incor-
poration of 14C assimilates in microaggregates.

14C dynamics in aggregates depended on the water
regimes. 14C in macro- and microaggregates tended to
increase with time under the non-flooded treatment.
The large variability, however, yielded a low R2 value
of the fitted power function (Fig. 4b). This trend con-
trasts previous incubation experiments (Gale et al.
2000a; Angers et al. 1997), in which the labeled sub-
stances decreased in macroaggregates but increased in
microoaggregates with time. Comparing these experi-
ments with our study showed that the shorter time

(45 d) in our study may explain the differences to
previous investigations.

C transferred belowground by rice

C transferred by rice remaining belowground 45 days
after pulse labeling was 1,986, 2,827, 2,472 kg Cha−1 in
the non-flooded, flooded and alternate water regimes
treatment, respectively. Rhizodeposition was lowest in
flooding condition. As discussed above, this was due to
less 14C assimilates released from roots and also less was
used for roots and rhizomicrobial respiration. The esti-
mation of C transferred remaining belowground and
rhizodeposition for flooded rice in the current study are
higher than was reported previously, Lu et al. (2002b)
reported that C transferred remaining belowground and
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rhizodeposition were 1,065 kg Cha−1 and 200 kg Cha−1

for flooded rice, respectively. This is due to higher shoots
or roots biomass C (4,560 kg Cha−1 for shoots and
1,703 kg Cha−1 for roots 45 days after labeling for
flooded treatment) in our study than that of previous
study (roots biomass C, 894 kg Cha−1). Compared with
flooded treatment, the non-flooded and alternate water
regimes treatments increased not only the amount of
rhizodeposition, but also the proportion of C transferred
remaining belowground as rhizodeposition (41 %, 30 %
vs. 16 %). Amos and Walters (2006) once reported net
rhizodeposition contributes 5–62 % of C transferred
remaining belowground by summarizing 12 maize stud-
ies. Rhizodeposition of roots exudates can lead to C
accumulation or C consumption due to influence on
microorganisms (Kuzyakov et al. 2001). In the current
study, increase the amount and relative proportion of
rhizodeposition are consistent with the higher roots and
rhizomicrobial respiration under the non-flooded and
alternate water regimes treatments (Fig. 2c). It is possible
that the non-flooded and alternate water regimes treat-
ments would lead to higher priming effects and loss in
native soil carbon. Thus, the non-flooded and alternate
water regimes for rice may lead to tradeoffs between
water conservation and less soil C sequestration. This
may support observations from the existed field experi-
ments that non-flooded rice system with plastic film
mulching saved irrigation water by more than 60 %, but
with lower or similar SOC concentration compared with
continuously flooded system (Fan et al. 2005, 2012; Li et
al. 2007). However, the impacts of rhizodeposition on
soil organic matter (SOM) turnover also depend on the
source or form of the rhizodeposits. When labile rhizo-
deposits preferentially assumed by microbes, rhizodepo-
sition may retard decomposition of more recalcitrant
plant residues and native SOM (Johnson et al. 2006).
Under flooded treatment, the low proportion of new
transferred C remaining belowground as rhizodeposition
45 days after labeling suggests that roots are themost sink
of new C belowground. This indicates that C sequestra-
tion in traditionally flooded paddy soil is mainly driven
by roots and not of rhizodeposition.

Conclusions

Our results showed that water management regimes af-
fected the allocation and dynamics of recently assimilated
C within the rice-soil system. More assimilated C

remained in shoots and roots under continuously flooded
treatment. Higher assimilates were released from roots
into the soil and for roots and rhizomicrobial respiration
under non-flooded and alternate water regimes. The non-
flooded and alternate water regimes treatments increased
both the amount and proportion of C transferred remain-
ing belowground as rhizodeposition. This may suggest
the differences in the driving mechanisms of C seques-
tration under flooded vs. non-flooded and alternate wet-
ting and drying treatments. It should be noted that we
conducted this study under controlled laboratory condi-
tion and limited this study to young rice stage. It remains
necessary to quantify C flow within the rice-soil system
under different water managements at different growth
stages in field condition, especially at grain stage. Addi-
tionally, the studies of rhizodeposition effects on priming
effects in soil under different water management are also
necessary to help us to understand how the increase of
rhizodeposition under non-flooded and alternate water
regimes changes C cycling of paddy soil.
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