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Abstract. We measured soil carbon (C) and its stable isotopimposition in paddy fields that had
received different fallow treatments for 6 yearsreestigate how management practices influenced th
response of soil C. The experiment compared 4vialfeatments in neighboring fields: mowing twice a
year and no tillage (MN), mowing twice a year andigling once a year (MP), and flooding to 5 or 15
cm and puddling (WP5, WP15) to prevent successiamaisteland and thus permit future cultivation. MN
had the potential to increase soil C more than MP&ugh larger root and shoot buildup. However, the
total soil C content to a depth of 30 cm was sigaiitly higher in WP5 (13.7 Mg C A than in MN
(11.8 Mg C ha). The dry-fallow management increased plant growtiile reducing soil C. The large
root dry weight in MN and MP could have increaseill € through high root turnover, whereas land use
change from flooding to dry-land masked the abuh@amput. After cultivation stops, flooding plags
significant role in preventing root growth and @gestration in fallow paddy fields.

Keywords. agricultural abandonment, carbon sequestrationlofa| irrigation, LULUC, stable carbon
isotope, weed control

I ntroduction

Rice Oryza sativa L Gramineae) has been grown in the paddy fieldsi@fisoon
Asia for thousands of years. In Japan, rice paddmsstitute the most common
farmlands, accounting for 54% of the total agrigrdt land in 2008 (MAFF, 2009), and
are thus the main component of agricultural lanpesaThe number of abandoned and
fallow paddy fields has recently increased becafisedustrialization and the aging of
farmers and such paddy fields now account for geEdP6 of the total cultivated land
area in Japan. Rice paddies in monsoonal Asia gataynportant role in the global C
budget. Past and current land use and land useggetdhULUC) contribute to cause
large emissions of carbon dioxide (g§QUJncertainties in the quantitative understanding
of the impact of LULUC on the C cycle affect therfmlation of emission mitigation
strategies (Strassmann et al., 2008).

Fallow management practices can alter species csitigpo and cycling of
ecosystem nutrients and C, and soil C pools canhb@ged. Flooding and puddling
management practices affect soil C accumulatiooudgiin shoot and root C input.
Previous studies have revealed that flooding siggeepaddy weeds and controls their
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germination and dry weight (e.g. Kent et al., 200Gmada et al., 2007). Annual
puddling restricts the dominance of rhizomatouspeials, which alters the quantity
and quality of shoots and roots. Fallow managempeattices, such as flooding, also
affect soil organic C decomposition. During flooglinCQ, production in the soil is
severely restricted because of the anaerobic dondit Owing to their unique
biochemical processes and the physical mechanisswciated with ponding, paddy
soils have greater potential for C sequestrati@am ttho upland cultivated soils (Pan et
al., 2004; Nishimura et al., 2008). Although thex@ general lack of knowledge of the
impacts on soil C after cultivation ends, soil phgkproperties (Ohta et al., 1996) and
the soil properties and vegetation in Japan (Arral Matsumoto, 1988) and China
(Zhang et al., 2007) have been studied.

Weed biomass production act as conduits transgp@irinto belowground C pools
in fallow and abandoned fields. Perennial weedslihicker and denser root systems
than annuals to maximize below-ground resourceisitigun (Roumet et al., 2006), and
upland weeds are generally able to survive dropghibds because of these extended
root systems, which are difficult to completely @ra. The overall amount of weed
roots increases the longer a field has been abaddoevhich discourages re-cultivation
of fallowed paddy fields (Shimoda, 2008). To avthd succession from annual weeds
(which are easier to control) to perennials (whach more difficult to control), water
flooding and tillage are fallow management schertineg help to eliminate weeds,
particularly perennial weeds (Bhagat et al., 198#nada et al., 2007).

Although some studies have reported that floodirgagement programs should be
launched to preserve paddy fields in a wet conditoo conserve rare arable weeds in
abandoned paddy fields (Shimoda and Nakamoto, 2¥@8j)ada et al., 2007), little
information has emerged on fallow management mestihat effect the plant root-
shoot buildup and restoration of soil C after rpgaddy cultivation has ceased. The
purpose of this study was to evaluate the C storagragement strategies through
different plant structure in a fallow paddy fiekbr this purpose, 2 dry treatments and 2
flooded treatments were conducted in contiguoudditor 6 years. We then collected a
set of soil and plant samples from each field taneixe how fallow management
practices affected C stocks.

M aterials and methods
Study site

Our study site is on the island of Shikoku in tleitewestern part of Japan. The
expansion of abandoned terrace paddy fields iry lsild mountainous areas of this
district has caused the deterioration of rural tmagbes. Terrace paddy fields can be
irrigated with abundant natural water resourcemfsprings and rain in most parts of
this area, so using flooding to manage abandonedcte paddy fields in this area is
both reasonable and practical.

The study site was located in Toon, Ehime, Japaf4@N, 132°53E, 390-
400 m asl), and comprised 4 fallow paddy fieldsaative rice field. The mean annual
air temperature and mean annual precipitation thesiperiod 1975-2005 were 16Q
and 1319 mm (Japan Meteorological Agency). The soid Gleyic, Humic Alisol
(FAO/UNESCO), and the soil clay content was 22%him top 30 cm. The underlying
material is an impermeable mudstone. Rice is gromestly in valley heads. No
intensive land improvement and development of watertrol systems are practiced
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because of the low economic efficiency of such smpatidy terraces; hence, paddy
fields are irregular in shape and drainage remgagl in all seasons. Each field is very
small, ranging from 160 to 300%nand averaging 240 mThe soil type and land-use
history were same for all of the fields. Based oal bistory, agriculture was established
in this area more than 500 years ago, and thekts flad been used for paddy rice
cultivation by conventional methods before theyevabandoned. The same agricultural
practices (e.g. tillage, irrigation, and fertilimat with N, P, and K) were historically
used in each of the study fields. Because thetyod and cultivation practices for the
study fields were the same before the fallow mammye treatments began, the
pedogenic environment and initial soil C storagetfe fields were considered to be
similar, and the soil in the adjacent cultivatezriield was considered a control.

Fallow and rice management practices

The experiment compared 4 different fallow treatteeim neighboring fields:
mowing twice a year and no tillage (NT); mowingpwing, and puddling, and no
flooding (NF); and mowing, plowing, and puddlingndaflooding to either 5 or 15 cm
(F5, F15). A rice cropping paddy field (Rice) a néze area was used as a reference
field. The fallow management practices started002 and the treatment schedule is
depicted inFigure 1

~ Month
June July August SeptemberOctober

—>| Mowing - -
—>| Mowing - -

Treatment May
NT Mowingl -

NF Mowingl Plowing & puddlingb Drainag

l
l

!

F5 Mowind Plowing & puddlinb Flooding to 5 cm |Drainage—>
F15 Mowind Plowing & puddlinb Flooding to 15 cm |Drainage—>
Rice - | Plowing & puddlind* Flooding to 5 cm| Flooding to 0-5 chfainage—»

trasnsplant harvest

Figure 1. Schedule of operations during the growing seasagach of the 5 treatments

Based on oral history, all rice straw had been éstad was incorporated into soil in
the spring except for some year. With the exceptibNT, the fields were plowed in
mid-May each year. A few days before the rice fiels planted, the NF, F5, F15, and
rice fields were plowed to about 10 to 15 cm deféggpded, puddled, and leveled
(“surface soil puddling”), then all plant residussre then plowed into the soil. In the
NF treatment the field was drained after levelM{ater was supplied to the F5 and F15
fields from an irrigation canal via bamboo pipeginly the rice cultivation period.
Water depth was controlled with wave plates araimedfields. The outline of the water
management of the rice field during the rice caliion period was based on Japanese
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conventional practices of continuous flood irrigatibefore summer, drainage and
subsequent intermittent flood irrigations in sumyreerd final drainage about 20 days
before the rice harvest in autumn. In Octoberfialtds were drained and the rice was
harvested. All fallow fields were mown with a shdel-held mower once a year in mid-
May, and NT and NF were mown again in late August.

Sail, root, and plant samples

In early September 2008, soil and root samples weliected from the 4 fallow
paddy fields and the rice paddy parcel. Six or sesampling plots were established at
5-m intervals in the east—west direction in ea@idfi Before the soil was sampled,
plants were cut at the level of the ground surtaue plant litter was removed. Samples
were taken from layers at depths of 0-10, 10-2@,20130 cm with a liner sampler (55-
mm diameter). Air-dried samples were passed thraughmm sieve and roots were
removed by hand. The soil and root samples wene tven-dried to constant mass
(40°C, 7 days). Soil bulk density was calculated byiding the oven-dry mass of the
<2-mm fraction by the volume of the core segmeffierAhe roots had been oven-dried,
we shook them to remove much of the attached Raibt samples were hand-sorted
into fine (diameter < 2.0 mm) size classes. Toneske the shoot dry weight of each
weed species, we collected aboveground biomass 3roepresentative quadrats (0.50
m x 0.50 m) in each field. After the shoots hadrbeeen dried at 8C for 48 h, the
shoot dry weight was determined. pH was measuredhidyng each soil sample in
deionized water (1:2.5 wi/v). Volumetric soil moistucontent was measured with a
water content electrical conductivity temperatueasor (WET-2, Delta-T, Cambridge,
UK). Plant shoots were divided into 5 dominant sgedSetaria viridis Digitaria
ciliaris, Echinochloa oryzicolaArtemisia indica and Monochoria vaginaliy and rice
(Oryza sativiito measure the dry weight and stable isotopicpmsition of C §°C).

Soil carbon content and stable i sotopic composition

Many previous studies have used #i&C as a natural tracer when-€op-derived
soil C is replaced by new,@veed-derived soil C (Shimoda, 2008). Therefore alg®
measured'’C of soil to evaluate the contribution of @eeds to soil C storag&"C is
defined as

07°C (%) = (BC/ 12C)5a -1;x100Q (Eq.1)
00, ‘130/ 12c jst g.
where the subscriptssd and “st’ denote the sample and the Vienna Pee Dee

Belemnite standard, respectively. The fraction gid€rived C on the soil C sample
(fcs) was calculated with following equation (e.g., '8bda et al., 2009):

513C _ 513C
fes = om0
37C, - 0°C,

(Eq.2)

whered*Cs is the measured C isotope ratio of the soil, &i6s and5**C, are the
measured C isotope ratios of plant organic matieiCy and G species, respectively.
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For each field, the weed-derived°C value ¢*°C value of total dry weight) can be
calculated by the following mass-balance equatida ét al., 2004):

613(: = Z (6lscweed(i) xa weed(i)) (Eq3)

weed
i=1

where513cweed(i) is the carbon isotope ratio of weed spedigSieed () IS the percent
dry weight of weed speciedo total dry weight, and is the number of weed species in
the plot. The plan®™C value ¢*°C value of total dry weight) of the field can be
similarly calculated as the sum &fC value of each species multiplied by its percent
dry weight. We calculated thig, values at a ¢dominated fallow field. Because the

same rice cultivar and management practices wezd t@ a long time in the study
area, the initiab*>C value of soils in the fields were assumed to leestime. Therefore,
fc, is nearly equal to the weed-derived contributib€do soil when the soif**C value

in Rice field considered as a control.

Dried soil and plant samples were oven-dried at@@or at least 48 hours and then
ground into fine powder in a Multi-beads shockeagMi Kikai, Osaka, Japan) for the
analysis of C concentration and’C. Approximately 20 mg of soil or 2 mg of plant
samples was weighed in a tin cup and combusted ielemental analyzer (Flash EA
1112, ThermoFinnigan Co., Bremen, Germany) couptedcart isotope ratio mass
spectrometer (Delta plus Advantage, ThermoFinniganp Conflo Ill interface. The
soil N concentration was also determined with themental analyzer. The platiC
values were derived from measurements of well-migbdot for each species. The
precision of the C isotope measurements was egthtatbe within 0.13 %.. Soil C and
N contents were calculated by multiplying the C &hdoncentrations, the bulk density,
and the depth of the soil layer.

Statistical analyses

Tukey’'s honestly significant difference test (sigzahce level set & < 0.05) was
used to test differences in means and to evallseeffects of each management
treatment on soil C and N conteni&°C, and root dry weight. Statistical analyses were
conducted with R statistical software (R versiod.2. R Foundation for Statistical
Computing, Vienna, Austria).

Results

The flooded fields were dominated by paddy weda@ble J): Echinochloa oryzicola
(Gramineae) in Fand Monochoria vaginaligPontederiaceae) in F15. Flood tolerance
is extremely well developed in these species (Bhapal. 1999; Kennedy et al. 1980),
which can germinate under anaerobic conditionsgrod at high speed even in deeply
flooded fields. NT was dominated by the upland wdig#taria ciliaris, Setaria viridis
(Gramineae), and\rtemisia indica(Compositae), and NF b. ciliaris. A perennial
weed Q. indicd dominated in NT. The lowest shoot dry weight was ®g ha’ in
F15. The shoot dry weights and species compositi@ns similar to those in a previous
study in these fields (Yano and Sakurai, 2009).
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The root dry weight in the top 10 cm was signifitgharger in NT (5.3 Mg hd)
than in the F5, F15, and rice fieldsd. 2). F15 had the lowest root dry weight (0.8 Mg
ha'in F15). In NF, F5, F15, and the rice field, rdoy weight decreased exponentially
with depth, with less than 20% in the top 10 cmiNI 38% of the total root dry weight
was distributed below 10 cm. The coarse root weigNT was more than one-third of
the total (fine + coarse) root weight in the topct® (Fig. 2). The total root weight in
each of the flooded fallow fields was entirely careed of fine roots at all depths.

Table 1. Shoot dry weight (Mg h8 and J%C values (%o) in each species

. T Life 58C Treatment

Species YPE 1 form NT | NF | F5 | F15 | Rice
Setaria viridis Cs annual -13.5 2.2 0.1 0.1
Digitaria ciliaris Cy annual -13.4 0.8 3.1 0.0
Echinochloa oryzicola Csy annual -13.4 6.1
Artemisia indica Cs perennial -29.8 2.8 0.0
Monochoria vaginalis Cs annual -28.8 2.5
Oryza sativa Cs annual -28.5 5.8
Other 1.1 0.1 0.0 0.0 0.0
Shoot dry weight 6.9 3.3 6.2 2.5 5.8

We did not include the weights of spikelets in tive field.

Soil bulk densities at each depth were not sigaifity different among the fields
(Table 3. Soil pH was approximately 7.0 in all fields #tdepths except the top 10 cm
of NT, was not altered by land use change from pduags into fallow fields. Soil
water content values obviously reflected differenge water management among the
fields.

Table 2. Soil pH, moisture (%) and bulk densities (Mg)rat each depth (+ standard error)

Depth(cm) Treatment Bulk density pH Soil moisture
0-10 cm NT 0.83 +0.10 6.4 0.0 | b 257 1.3 | ¢
NF 0.86 +0.04 a 6.9 0.2 | a] 16.5 11| c
F5 0.89 +0.04 a 6.9 0.2 | a] 685 0.7 a
F15 0.87 +0.03 a 71 0.1 | a| 77.0 19| a
Rice 0.91 +0.02 a 6.7 +0.3 | a|] 485 23| b
10-20 cm NT 1.00 +0.02 n 6.8 0.2 | a - -
NF 0.95 +0.06 g 7.0 0.2 | a - -
F5 1.14 +0.03 a 7.2 0.2 | a - -
F15 1.09 014 | a 7.1 0.1 | a - -
Rice 111 +0.05 a 71 +0.2 a - -
20-30 cm NT 1.14 +0.05 A 7.1 0.0 | a - -
NF 1.13 +0.06 a 6.9 0.1 | a - -
F5 1.06 +0.05 a 6.9 0.2 | a - -
F15 1.16 +0.03 a 7.0 04 | a - -
Rice 1.10 +0.05 a 7.0 +0.2 a - -

Different letters indicate a significant differenbetween management practice® at 0.05.
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The soil C content in the top 10 cm was significafiigher in F5 (5.1 Mg C h3
than in NF (4.1 Mg C ha), but none of the other values were significamuiifferent
from one anotherHg. 3). The soil C contents in the unflooded fields (N0 &) were
lower than those of flooded fields (F5 and F153epths of 10-20 cm and 20-30 cm,
although the differences were not significant. Bod C contents in all soil samples
tended to decrease with depth. The soil C conterst teepth of 30 cm was less in
unflooded fields than it was in flooded fieldsd. 3).

M Fine root

O Coarse root

s
S 6 r
o b) 10-20 cm
=3
£
o 4 F
=
>
XS]
8 2
0
6 -
c) 20-30 cm
4 -

0 _ﬁ 1 a 1 a 1 a 1 —'& 1
NT NF F5 F15 Rice

Figure 2. Root biomass to 30 cm in depth: (a) 0—10 cm,1®)}20 cm, and (c) 20—-30 cm. Small
bars indicate standard error. Different letters ioate a significant difference between
management practices at P < 0.05

The soil N content in the top 10 cm was significafiigher in NT (0.40 Mg N ha)
and F5 (0.39 Mg N hd than in the other fieldsF{g. 4). However, there was no
significant difference in total soil N content tadapth of 30 cm among the fieldsig.
4).
Soil $*3C in the top 10 cm was significantly lower in theerfield (-26.7 %o) than in
the other fieldsKig. 5a), and the value in NF was 3.5 %0 higher than dighe rice
field. The values in the top 10 cm decreased irotder of NF > F5 > F15 > NT > Rice,
and the values at 10-20 cm showed a similar tréigl Bb). In contrast, there were no
significant differences among the 5 fields at 20e80 (Fig. 5¢). The soils**C values in
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the 20-30-cm layer were greater than -23.7 %o ifhdatd, which was higher than they
were in the shallower layers. This is because eméctt (1 %0-2 %o) 0f'°C occurs in
the advanced stages of soil organic matter decotiposind at greater depths in the
soil horizon during the phase of decomposition lainp litter to soil organic matter
(Melillo et al., 1989). The values &, show the relative contribution of weed-derived

C to soil C in NF and F5 ats&lominated fallow fieldsTable 3. The values ofc, in
NF and F5 were 26.0 % and 20.9 % in the top 10amd,less than 5% in the 20-30-cm

layer (Table 3.

Table 3. The fraction of C4-derived C{) on the soil (%) at each depth

Treatment
Depth(cm) NE 5
0-10 26.0 20.9
10-20 17.7 14.9
20-30 1.9 4.8
6 - a) 0-10 cm
ab a b ab
ab
4 +
| I
0 L L
6 b) 10-20 cm

Soil C content (Mg C ha™)

A
H

NT NF

F5

'|'a _ra
l L
F15 Rice

Figure 3. Soil C content (Mg 19 at each depth (+ standard error). Different leténdicate a
significant difference between management pracat&s< 0.05
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05 a) 0-10 cm

a

04

03

0.2

0.1 r

0.0
05 r

04 -

03 r

02 r

Soil N content (Mg N ha‘l)

0.1 r

0.0
05 -

0.4 r
03 | a ‘|'a a a a

0.2 -

H
—
HH
Hi
Hi

0.1 -

0.0

NT NF F5 F15 Rice

Figure 4. Soil N content (Mg h3 at each depth (+ standard error). Different leténdicate a
significant difference between management pracatés< 0.05

Discussion

If soil C is fortified with G plant litter, the soi**C value rises. The varied séi’C
values in the top 10 cm among the fields reflectiiflerences in the dominant
vegetation: the NF and F5 fields had higher (le=gative) soib'C values Fig. 5a) on
account of the dominance by upland weeds, inclu@inB. ciliaris andE. oryzicola In
addition, the variation in the soif°C values in the 10-20-cm layer coincided partly
with the variation in vegetation type. The valuefqfin NF and F5 were decreased

with depth Table 3.

Carbon lost from the plant-soil system can be rephed by increased
photosynthesis and production. Flooding managemesiticted the germination and
growth of paddy weeds, whereas NT had the potefuiah greater increase in soil C
because of the larger root buildupig. 2). The soil C content in the top 10 cm,
however, was similar in both NT (4.8 Mg Cjaand F5 (5.1 Mg C hd). Komatsuzaki
and Ohta (2007) showed that soil C storage in led-tipland accumulates extremely in
near the soil surface. Although NT has the potémtiancrease soil C more than F5
because of the larger amount of plant residueasarfitter C would not return to the
soil for at least 6 years after agricultural cassatRoot quality is another reason for
reduced soil C in the NT field. Annual puddlingtrets the dominance of rhizomatous
perennials (Yamada et al., 2007), and our resuiswsthat a perennial species
dominated only in the no-tilled field (NT;able ) and that coarse roots were also found
almost exclusively in the untilled field. Fine reodct as conduits transporting C into
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belowground C pools, where the roots acquire ssburces. As the diameter of the
root increases, root turnover decreases (e.g.a@dlJackson, 2000). The percentage of
fine root weight in the top 10 cm was the smallesSiT (Fig. 2), and this distribution
may have contributed to the lower soil C valueblinthan in F5. These results indicate
that no-till management actually decreases soie€pie the greater root and shoot C
input.

22 - a) 0-10cm
a
515 ab
24 T @ bc
C @
26 d
g -28
22 -
S a b) 10-20 cm
z % a
=3 ab
g 24 r ap @
o o) b
2 o
g ¢
2 26 |
c
o
o
]
o
@ -28
3
n 221 3 c) 20-30 cm
24 r a a 2
a a a
-26 F
_28 1 1 1 1 1
NT NF F5 F15  Rice

Figure 5. Mean soil stable carbon isotopic composition athedepth. (a) 0-10 cm, (b) 10-20
cm, and (c¢) 20—-30 cm. Small bars indicate standardr. Different letters indicate a
significant difference between management practt&s< 0.05

These results indicate no-till management actuadgrehses soil C despite the
greater root and shoot C input. In fact, the sodo@tents in the top 30 cm in unflooded
fields were significant lower than those in floodezlds at similar or greater root and
shoot C input Fig. 3). These results indicated that dry-fallow manageni&reased
plant growth while reducing soil C. A possibility that anaerobic conditions delay soil
organic C decomposition and result in a higher lwation coefficient (remaining
organic C) under flooding (Mitsuchi, 1974). Soil ®ould have more rapidly
decomposed in unflooded fields than in floodeddge(with similar plant C input),
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which would lead to lower soil C in the unfloode€lds. Some studies have suggested
that cessation of agriculture increases soil Caalrlg drained sites (e.g., Anzai and
Matsumoto, 1988; Ohta et al., 1996; Zhang et 80,72. In contrast, soil C decreased at
well-drained sites after agriculture cessationeimaced paddies, where the wall of the
bund is commonly dry and seepage is limited (Ohtal.e 1996; Shimoda, 2008). The
soil C content was somewhat lower in the unfloofletils (NF and NT) than in the
flooded fields at a depth of 20—30 cm, but theedéhce was not significant. The soil C
content of the rice field was in the mid range camed with those of the other
treatments. Previous studies have tended to firgetaCQ emissions in intermittently
flooded rice fields than in flooded rice fields (dta et al., 2000). The intermittently
flooded management would not be helpful in restpgail C content in rice fields.

The additional input from shoot N may have controuto the higher soil N in the
NT and F5 fields than in the other fieldsid. 4). Whereas warm-season plant
contribute to C input by increased photosynthest$ production, cool-season legume
N fixation and C input contribute to soil C and Ndapromotes warm-season plant
growth in temperate grassland ecosystems (Forrmadalaman, 2008). Fallow paddy
soils have the capacity to act as a significank $om CO,, if appropriate changes in
management practices are implemented.

Our results show that flooding management of fallpaddy fields can be an
effective and cost-effective means of restoringl €0j preventing succession to
wasteland, and preparing for re-establishing ofivation. Further study should focus
on the assessment of the long-term effects of sarf€ accumulation and
decomposition in the absence of flooding.
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