Nutr Cycl Agroecosyst (2019) 114:211-224
https://doi.org/10.1007/s10705-019-09999-8

)

Check for
updates

ORIGINAL ARTICLE

Decomposition characteristics of rice straw returned

to the soil in northeast China

Chao Yan * Shuang-Shuang Yan * Tian-Yu Jia - Shou-Kun Dong -

Chun-Mei Ma - Zhen-Ping Gong

Received: 26 July 2018/ Accepted: 3 May 2019/ Published online: 8 May 2019

© Springer Nature B.V. 2019

Abstract The straw return method has been increas-
ingly implemented in rice production in Northeast
China. In-depth studies on the characteristics of rice
straw decomposition are of great importance for
achieving sustainable agricultural development. In
this study, the nylon mesh bagging method was used to
study the patterns of rice straw decomposition and
nutrient release during a 5-year period of rice growth.
The results showed that straw decomposition occurred
mainly during the first 3 years after straw return, with
the cumulative amount of decomposition reaching
77.0%, and that the rate of straw decomposition
decreased linearly with time. The release of carbon,
nitrogen, cellulose and hemicellulose occurred mainly
during the first and second years after straw return.
Moreover, the release of phosphorus and potassium
occurred mainly during the first month after straw
return, and lignin was released at various rates
throughout the entire study period. These results
indicated that straw returned to the soil acts both as
a source of phosphorus and potassium in the short term
and as a source of nitrogen and carbon in the long term
during the rice growing season in Northeast China.
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Introduction

Northeast China is located in the area of northeastern
Asia and represents an important source of rice
production. In the three provinces of Northeast China
(Heilongjiang, Jilin and Liaoning) in 2015, the rice
production area was 4454.4 thousand hectares, and the
rice yield was 33.0 million tons. On the basis of a
grain/straw ratio of 1/1.2, rice produced 39.6 million
tons of straw in 2016 (China 2016). The open-field
burning of rice straw eliminated 22.4% of the straw
production (Liang et al. 2006) in 2015 but produced
approximately 15.1 million tons of pollutants in the
three provinces of Northeast China. The nutrient loss
caused by straw burning can reach 80% for nitrogen
(N; Raison 1979), 25% for phosphorus (P; Nigussie
and Kissi 2011), 21% for 33 potassium (K; Ponnam-
peruma 1984) and 4-60% for sulfur (S; Lefroy et al.
1994). However, chopping straw followed by its direct
return to the field can solve the problem of environ-
mental pollution caused by straw burning and returns
the various nutrients contained within the straw
directly to the soil, thereby increasing the availability
of soil nutrients (Mandal et al. 2004; Tirol-Padre et al.
2005; Yadvinder-Singh et al. 2004; Yadvinder et al.
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2010) and improving soil structure (Abera et al. 2012;
Hansen et al. 2010). Hence, investigations into the
characteristics of rice straw decomposition are of
important practical significance for sustainable rice
production. Crop straw exhibits a common decompo-
sition pattern of “first fast and then slow” (Ferreira
et al. 2016; Pal and Broadbent 1975; Smith and
Douglas 1971) and is impacted by environmental
factors such as climate and soil conditions. Fores et al.
(1988) studied the pattern of rice straw decomposition
during the dry season in the Ebro Delta (northeastern
Spain), and their results showed that, at 139 days after
decomposition, the residue mass and residue N, carbon
(C) and P levels were 75%, 70%, 50% and 30%,
respectively, of their initial levels. The nutrients from
straw decomposition in the previous season provided
33% N and 8% P for the subsequent season of rice
production. A previous study on the effects of straw
management (in species such as maize, soybean,
wheat, sorghum and cotton) on decomposition pat-
terns in a sandy soil in Mississippi, USA, showed that
placement on the soil surface and burial at a 150 mm
depth resulted in 36-66% and 69-80% annual reduc-
tions, respectively, in the mass of the straw residue
(Ghidey and Alberts 1993). Using '*C-labeled rice
straw, Wang et al. (1999) showed that the decompo-
sition rate of the C within straw was fast in the early
stage but slow in the late stage, with values ranging
from 3.3 x 1077 d ' to 7.1 x 107> d™"', and that the
C mineralization rate in wet soil was 1.2-1.5 times
greater than that in dryland soil (70% of the maximum
field capacity) after 112 days of incubation under
laboratory conditions. Shaffer and Ma (2001) showed
that aerobic conditions would increase the decompo-
sition rate of soil organic C in dryland areas compared
with wetland areas and indicated that flooding would
reduce the mineralization of soil organic C. The
difference between the two experimental results may
be due to differences in climatic conditions and straw
composition in the different test areas. Nakajima et al.
(2016) showed that under 100% water-filled pore
space (WFPS), the straw decomposition of rice straw
increased as the temperature increased; specifically,
after 24 weeks of culture under constant temperatures
of 5 °C, 15 °C and 25 °C, the percentages of release
were 22.2%, 33.5% and 46.2%, respectively. Straw
decomposition followed a power function of time
(days) (Pal and Broadbent 1975). Under laboratory
conditions, the amount of gas (CO, and/or CHy)
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emissions produced by the organic decomposition of
microorganisms can also be used as an indicator of the
decomposition rate (Devévre and Horwath 2000; Zhou
et al. 2014). Rice straw is composed mainly of
cellulose, hemicellulose and lignin (Pan et al. 2017;
Wu et al. 2014). The greatest decomposition rate was
observed for hemicellulose, followed by cellulose and
lignin, the last of which had the lowest decomposition
rate (Gong et al. 2018). Many studies have shown that
silica, polysaccharides and lignin can form complex
rigid structures that inhibit the decomposition of straw
lignin (Eremeeva et al. 2001; Pan et al. 2010; Wu et al.
2014).

At present, studies on the regular patterns of rice
straw decomposition have focused mainly on the
current rice growing season or the years after straw
return (Ferreira et al. 2016; Fores et al. 1988; Pal and
Broadbent 1975). However, relatively few studies on
the nutrient decomposition of rice residue and changes
in fiber composition for more than 1 year exist. The
parameters and models of straw decomposition in
other regions have limited reference for Northeast
China because of its unique geographical location. In
this study, the nylon mesh bag method was used to
monitor the changes in nutrient and fiber composition
of rice straw residue for 5 consecutive years. In this
area, the study of rice straw decomposition can
conserve agricultural production costs, improve farm-
land ecological environments and provide theoretical
support for the sustainable development of ecological
agricultural environments.

Materials and methods
Study site description

This experiment was conducted at the research and
practice station of plant studies at Northeast Agricul-
tural University. The center of the farm is located in
Xingfu township, Xiangfang district, Harbin city,
Heilongjiang Province, China; the geographic coordi-
nates are 45°34'—45°46'N, 126°22'-126°50'E, and the
elevation is 171.7 m above sea level. The study area
has a cold temperate continental climate, with rain and
high temperature occurring in the same season. The
annual precipitation is between 500 and 550 mm, the
frost-free period is approximately 140 days, and
the > 10 °C cumulative temperature is approximately
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2700 °C. For rice production, a continuous cropping
system with one growing season every year was
adopted; the rice seedlings were transplanted in late
May, with paddy rice harvesting occurring at the end
of September. The soil is a Phaeozem, and the content
of sand, silt and clay particles was 19.6%, 67.9% and
12.5%, respectively. The air temperature and rainfall
at the study site are shown in Fig. 1.

Experimental setup

The nylon mesh bagging method was used to study the
decomposition and nutrient release patterns of rice
straw under field conditions for 6 years. The nylon
mesh bags used were 250 mm long and 200 mm wide
and had a standard mesh number (the diameter of the
mesh was 0.183 mm). The straw samples were air-
dried, cut to approximately 100 mm in length and
placed into the nylon mesh bags, which were then
sealed with nylon thread. Each bag contained 60.0 g of
air-dried straw (55.2 g oven-dry mass). Each year
during the experiment, tillage was conducted on May
20, the field was subject to ponding on May 22 and
seedlings were transplanted on May 30. The row
spacing was 300 mm, and the plant-to-plant spacing
was 130 mm, with 3 seedlings per hill. On May 26,
2010, rice straw-filled nylon mesh bags were buried in
the center of the paddy field, and a position mark was
made in the field. The mesh bags did not overlap each

other and were arranged vertically in the horizontal
direction. The distance from the upper end of the mesh
bag to the soil layer was 50-100 mm. To prevent
damage to the mesh bags caused by tilling the soil, on
May 20 each year, the mesh bags were removed,
placed into a container that contained soil and covered
with a soil layer that was 50 mm thick, after which the
container was placed in the field. After the soil was
tilled, the net bags were put back into the field. The
whole process lasted no more than 2 days. The rice
straw composition was as follows: 39.9% C,
66mgg 'N, 1.8mgg 'P, 122 mgg 'K, 42.2%
cellulose, 26.4% hemicellulose and 6.0% lignin. The
initial soil fertility (0—150 mm) conditions were as
follows: 2.2 gkg™' total N, 0.7 gkg™' total P,
165 gkg™' total K, 26.5mgkg™ " nitrate-N,
2.0 mg kg~' ammonium-N, 86.8 mg kg~ available
P, 340.0 mg kg~' available K and 26.2 g kg™’
organic matter. The basal fertilizer included
150 kg ha™" urea (N: 46%), 150 kg ha™" diammo-
nium phosphate (N: 18%, P,Os: 46%) and
100 kg ha™! potassium sulfate (K,O: 30%), and the
topdressing included 150 kg ha™' urea (N: 46%) and
was applied at the tillering stage (25 days after
planting). Other management practices were the same
as those used in rice production (Yan et al. 2016).
Sampling, methods of analysis and calculations
The initial nutrient content and fiber composition of
the rice straw were determined before the straw was
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returned in the experiment. Sampling of the nylon
bags was performed once a month during the rice
growing period starting on June 26 in the first year of
rice straw return (year 2010). In the second to fifth
years (2011-2014), two samplings were performed—
on May 26 and September 26. In the 6th year of the
study, the last sampling was performed on May 26,
2015. Thus, a total of 13 samplings were performed,
with 3 bags per sampling, which resulted in a total of
39 bags. After the samples were removed, they were
rinsed with water and cleaned by removing the rice
roots that penetrated the net bags. The samples were
then oven dried, weighed, crushed and transferred to
paper bags for future use.

Several methods were applied to measure the
different components of the rice straw.

C was measured both by oxidation with potassium
dichromate and by titration with ferrous ammonium
sulfate (Nelson 1982).

Total N content was measured by digestion with
H,SO4—H,0, and the Kjeldahl method (Buchi B-324,
Switzerland) (Barker and Volk 1964).

Total P content was measured by using the
colorimetric method with molybdenum in sulfuric
acid (Hitachi UV-2900, Japan).

Total K was measured by digestion with H,SO4—
H,0, and the flame photometry method (Sherwood
F-P410, England).

The fiber composition was measured via an Ankom
A200i type semiautomated fiber analyzer (USA).

Filter bag technology was first used along with a
neutral eluent to extract the neutral detergent fiber
(NDF) content, and a filter bag was then used along
with an acidic fiber eluent to extract the acid detergent
fiber (ADF) content. The same filter bag was subse-
quently used along with an acidic lignin eluent to
extract the acid detergent lignin (ADL) content. The
hemicellulose content within the straw residue repre-
sented the difference between the NDF and ADF, the
cellulose content represented the difference between
the ADF and ADL and the lignin content represented
the ADL within the straw residue.

The following calculations were performed:

Decomposed percentage of rice straw
= (m0 — m1)/m0 * 100%

Residual percentage of rice straw = m1,/m0 % 100%,
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where mO is the initial straw mass or nutrient content
and m1l is the mass or nutrient content in the straw
residue on a given sampling date.

Statistical analysis

All the data were subjected to a normality test prior to
a one-way analysis of variance (ANOVA) using IBM
SPSS Statistics 21.0 (SPSS Inc., Shanghai, China). To
compare the treatment means, Duncan’s multiple
range test was used at a significance level of
P < 0.05. Graphs were constructed using Origin 9.0
software (Origin Lab Inc., Guangzhou, China) (Yan
et al. 2018).

Results
Dynamics of rice straw mass

Figure 2 shows the dynamics of the rice straw mass
and the percent release over time. The results showed
that the mass of the straw decreased gradually as the
decomposition rate increased gradually over time. The
straw decomposed mainly during the rice growing
season (late May-late September), whereas the
decomposition of the returned straw changed little
during the non-rice growing season (late September to
the end of May in the following year). The straw mass
decreased by 15.1 g, 6.3 g, 4.6 g and 3.9 g after the
first, second, third and fourth months, respectively,
which corresponded to percentages of release of
27.4%, 11.3%, 8.3% and 6.1%, respectively. By the
end of the first year, the total rice straw mass decreased
by 30.7 g, and the percentage of release was 55.6%,
with the average straw decomposition accounting for
13.9% per month. In the second year, the percentage of
release was 11.4%, which accounted for 25.6% of the
residual amount after the first year’s decomposition. In
the third year, the percentage of release was 9.3%,
which accounted for 28.6% of the residual amount
after the first 2 years of decomposition. The residual
rate of rice straw decomposition followed a strong
linear trend over time (1-5 years; see Table 1). The
relationship was as follows: y =49.27 — 7.75x,
R? = 0.944, where y is the residual rate of straw and
x is the straw decomposition time (year).
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Table 1 Fit of the percentage residual of straw with decom-
position time (year)

Equation y=a-+b*x
Adj. R? 0.944
Value Standard
error
Residual rate a 49.273 3.110
b — 7.749 0.938

Dynamics of rice straw composition
Dynamics of rice straw nutrient composition

Table 2 shows the dynamics of the straw composition
during decomposition. The results showed that the
nutrient composition during the first 2 years changed
dramatically but then stabilized. First, the initial C
content in the returned straw was 39.9%, after which
this percentage decreased gradually and reached the
lowest value of 27.4% after 2 years of decomposition.
No significant change in C content was observed
during the following 3 years of decomposition.
Second, the initial N concentration in the returned
straw was 6.6 mg g~ ', and after the first year of straw
decomposition, it reached 8.6 mg g~', which was

2011/9/26 —

2012/5/26
2012/9/26
2013/5/26
2013/9/26 —
2014/5/26
2014/9/26
2015/5/26

Date

significantly greater. The N concentration decreased to
4.2 mg g~ after 2 years of straw decomposition but
slightly increased during the next 3 years. Third, the
initial P concentration in the returned straw was
1.8 mg g~ '; however, this concentration decreased to
0.8 mg g~ " after the first year of straw decomposition,
after which it then increased gradually and remained
within a rather constant range of 1.0-1.2 mg g~ " after
2 years of decomposition. The differences in P
concentration over time were never significant. The
K concentration in the straw exhibited nearly the same
trends as did the P concentration. The lowest K
concentration was 1.6 mg g~', which occurred after
1 year of decomposition, but increased to 2.0 mg g~
after 2 years, after which it remained within a rather
constant range of 2.9-3.0 mg g~ ' during the follow-
ing 3 years. Taken together, the results of this study
showed that the nutrient contents of the straw grad-
vally reached equilibrium after 3-5 years of straw
decomposition. The equilibrium concentrations of C,
N, P and K were 288 mgg !, 51mgg
1.2 mg g 'and 3.0 mg g™, respectively. In addition,
the results showed that the C/N ratio changed over
time (year) and was 39.2 in the first year after straw
return, which was significantly lower than that at the
other times, and after 2 years of decomposition, the
value fluctuated between 54.7 and 65.2. The difference
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Table 2 Composition of straw residue over time

Date Straw parameter  2011/5/26 2012/5/26 2013/5/26 2014/5/26 2015/5/26
C@mgg™" 398 + 0.11% 337 £ 1.54° 274 £ 0.11° 291 £ 22.6™ 285+ 31.1° 286 + 22.2%
N (mgg™h 6.57 + 0.01° 8.59 4 0.04* 4214 0.01° 5.04 £ 099 508+ 1.0 525+ 097>
P (mgg™") 1.78 + 0.05° 0.83 £ 0.07° 101 £ 0.06° 123 4+ 040™ 120+ 026  1.19 £ 0.39®
K (mg g™ 12.2 + 0.05 1.55 + 0.06° 196 & 0.05° 299 + 0.08° 293 +0.05° 287 + 0.07°
C/N ratio 60.7 & 2.01* 392 4+ 1.90° 652 + 215 57.84+ 728" 563 + 8.50° 547 + 7.78°
Cellulose (mg g~ ") 421 + 7.81° 490 + 6.83% 314 £ 2.00° 393 4 54.69" 357 + 66.31°° 361 + 48.2°
Hemicellulose (mg g~') 264 + 8.39* 2274 £251° 1124 £2.03° 150 + 23.6° 132 + 18.0° 133 + 32.4°
Lignin (mg g~ ") 594 + 1.02¢ 83.3 +2.00° 71.8 4+ 041° 96.0 £+ 13.62°  71.4 &+ 1021% 41.0 + 7.21¢

Values within the same parameter, followed by different letters are significantly different at p < 0.05

in the C/N ratio between the initial values and the
subsequent years was not significant.

Dynamics of the fiber composition of rice straw

The initial percentage of cellulose content in the rice
straw was 42.2%, after which it increased to 49.0%
after 1 year of decomposition, remained stable from
31.4 to 39.3% after 2 years of decomposition and
reached 35.9% at the equilibrium of decomposition.
The initial percentage of hemicellulose content in the
rice straw was rather high at 26.4%, after which it
decreased to 22.7% after 1 year of decomposition,
decreased to the lowest (11.2%) after 2 years of
decomposition, remained stable from 13.2 to 15.0%
thereafter and reached 13.3% at the equilibrium of
decomposition. The lignin content in the straw
initially constituted 5.9% and accounted for
7.1-9.6% of the mass of the straw during the first to
fourth years, after which it decreased to 4.1% after
5 years of straw decomposition. No obvious patterns
were detected in terms of the differences in lignin
content in the straw.

Table 3 shows the changes in straw composition
during the first year after straw return. The data in the
table show that the C content in the returned straw
initially constituted 39.9% but decreased to the lowest
(30.3%) after 1 month of straw decomposition. Sub-
sequently, the C content in the straw slightly increased
and remained between 33.0 and 35.0%. The N content
in the straw tended to gradually increase throughout
the entire period of rice growth; the N content in the
straw was initially 6.6 mg g~ but increased to
8.6 mg g~ ' at rice harvest (on September 26, 2010),
which represented an increase of 35.8%. The P content
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in the rice straw was initially 1.8 mg g~' but
decreased to 0.5 mg g~ after 1 month of decompo-
sition, which represented a decrease of more than
70.2%; subsequently, the P concentration in the straw
increased gradually. The K content in the straw was
initially 12.2 mg g~' but decreased to 1.4 mg g~
after 1 month, which represented a decrease of 88.5%;
during the following 3 months, the K concentration in
the straw continued to decrease slowly and remained
stable from 0.8 to 1.0 mg g~ '. The C/N ratio of the
rice straw was initially 60.7 but then decreased to 43.6
after 1 month of decomposition, after which it
remained between 39.4 and 49.3. The percentage of
cellulose in the rice straw initially constituted 42.2%,
after which it gradually increased over time and
peaked during the late stage of rice growth (August
26-September 26). However, the hemicellulose in the
straw showed a dynamic trend with an initial decrease
to the lowest value of 21.3% after 2 months of
decomposition followed by an increase to 23.1% at
rice harvest. The lignin content in the straw was
relatively low, but it increased gradually during the
first rice growing season and reached 9.0% after
4 months of decomposition.

Nutrient release and fiber composition of rice straw
Nutrient release of rice straw

Figure 3 shows the dynamics of the total nutrient
residue amount and the nutrient release rate of the
returned straw. The data in the figure show that the
total amount of C, N, P, and K in the straw decreased
gradually, the release rate increased gradually, and the
nutrient release occurred mainly during the early stage
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Table 3 Composition of straw residue during the first year after addition to the soil

Date Straw parameter 2010/06/26 2010/07/26 2010/08/26 2010/09/26
C(mgg™ 399 £ 0.11* 302 £ 9.02¢ 344 £ 2.23° 330 + 0.54° 350 + 1.28%
N (mgg™h 6.57 + 0.01° 6.94 + 0.08" 6.98 + 0.14° 7.76 £ 0.07%° 8.90 & 0.04*
P (mgg™") 1.78 + 0.05° 0.53 £ 0.12° 0.56 £ 0.09° 0.64 £ 0.09° 0.74 £ 0.07°
K (mg g™ 12.2 + 0.05° 1.40 + 0.08° 1.03 £+ 0.10° 0.89 + 0.07° 0.81 £ 0.06°
CIN ratio 60.7 £ 2.017 43.6 + 2.13% 493 + 1.05° 425 + 3.12% 394 + 0.91°
Cellulose (mg g~ ") 421 + 7.81° 463 + 11.2° 474 + 2.89° 512 + 2.93% 500 + 4.67%
Hemicellulose (mg g~ ") 264 + 8.39* 229 + 7.92° 213 + 5.44° 225 + 6.21% 231 + 3.78°
Lignin (mg g~ ") 594 + 1.02¢ 73.6 + 3.67° 85.5 & 0.89* 85.8 &+ 2.44% 90.0 + 1.78°

Values within the same parameter, followed by different letters are significantly different at p < 0.05

after straw return. Figure 3a shows the dynamics of
the total amount of C and the decomposition of the
straw. The first month after straw return was the fastest
stage of decomposition of organic C in the straw, with
the percentage of release reaching 44.9%. During the
first and second years after straw return, the percent-
ages of organic C release were 62.5% and 77.8%,
respectively. Moreover, the cumulative percentages of
organic C release from the straw were 83.2%, 83.7%
and 84.1% when the straw underwent decomposition
for 3 years, 4 years and 5 years, respectively.

The total amount of N in the straw and the
percentage of release are shown in Fig. 3b. The N
content in the straw was initially 362.8 mg, which
gradually decreased during the process of straw
decomposition. The decomposition of N in the straw
occurred mainly during the first and second years, with
the cumulative percentages of release reaching 37.9%
and 79.1%, respectively. In particular, the percentage
of N release was 34.9% during the first 2 months of the
first year, which accounted for 92.2% of the percent-
age of N release from the straw during the first year
after straw return. The release rates of N in the straw
were 82.4%, 82.5% and 82.2% when the straw
underwent decomposition for 3 years, 4 years and
5 years, respectively.

Figure 3c, d show the dynamics of the total amount
of P and K and their percentages of release from the
returned straw. The data in the figure show that the
release of P and K from the straw occurred mainly
during the first month after straw return, with the total
release rate of P and K reaching 77.1% and 91.7%,
respectively. The release of P and K subsequently
entered a slow release stage, during which the
percentage of P released from the straw remained

between 79.3% and 85.1%, whereas the percentage of
K release remained between 93.8% and 94.9%.

During the first month of straw decomposition, the
nutrient release rates were as follows: the fastest
release rate was observed for K, followed by P, C and
N, the last of which had the slowest release rate.
During the first year after straw return, the nutrients
were released in the following order: K > P > C > N.
Moreover, during the first year of straw decomposi-
tion, N was released primarily during the first
2 months after straw return, whereas C, P and K were
released mainly during the initial month after straw
return. Beginning with the second rice growth stage,
the nutrient contents in the straw remained generally
consistent with those at the end of the last rice growing
period, indicating that the straw barely underwent
decomposition in the autumn of the previous year until
the following spring at the study site. The release of K
and P essentially remained stagnant after the first year
of straw return; however, a large amount of C and N
was released during the second year of straw decom-
position. The nutrient content dynamics in the straw
with time (0-5 years) are shown in Fig. 4. The model
of nutrient change in straw over time is listed
in Table 4. The dynamic changes in C and N in
the straw represent exponential decay models whose
equations are y = 81.328 * exp(— x/0.665) + 18.672
(R*=0.996) and y = 81.328 * exp(— x/1.001) +
18.672 (R* = 0.965), respectively. The P and K
contents in the straw as indicated by the time change
equation are y = 20.37 * x70.196 (R* = 0.996) and
y = 7.136 * x10.325, (R2 =0.999), respectively,
where y is the residual rate of straw and x is the straw
decomposition time (year).
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Table 4 Model of nutrient change in straw over time

Equation Y = Al * exp(— x/t1) + yO0 Y = a/x"b
C N P K
Adj. R? 0.996 0.965 0.999 0.999
Value  Standard error Value  Standard error Value Standard error  Value Standard error
Residual rate  y0 18.672 0 18.672 0 a 20366 0.209 7.136  0.586
Al 81328 0 81.328 0 b 0.197  0.001 0.325 0.010
tl 0.664 0.047 1.001  0.161
k 1.505 0.107 0.999 0.161
tau  0.460 0.033 0.694 0.112
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Fiber component release of rice straw

Figure 4a shows the dynamics of the total amount of
cellulose and the percentage of release from straw over
time. The data in the figure show that the release of
cellulose from straw occurred mainly during the first
and second years after straw return. The percentage of
release of cellulose in the straw during the first year
reached 45.6% but decreased by 11.4% per month on
average during the rice growing period. The percent-
age of cellulose release constituted 74.3% after
2 years of release but decreased by 7.2% per month
on average during the second rice growing period. The
release of cellulose from the straw subsequently
underwent a slow stage, with the percentage of release
reaching 81.0% after 5 years of decomposition.

Hemicellulose in the rice straw accounted for
26.4% of the total amount of straw (see Table 1).
Although the hemicellulose content was significantly
less than that of cellulose, its percentage of release was
greater than that of cellulose. Figure 4b shows that
hemicellulose release from the straw occurred mainly
during the first and second years after straw return.
Moreover, the percentage of hemicellulose release
from the straw in the first year reached 61.7% and
decreased by 15.4% per month on average during the
rice growing period. The hemicellulose release con-
stituted 85.6% with 2 years of decomposition, with an
average decreasing rate of 6.0% per month during the
second rice growing period. The release rate of
hemicellulose in the straw was subsequently main-
tained between 86.3% and 88.7%.

Figure 4c shows the dynamics of the total amount
and release rate of lignin in the straw over time. The
figure shows that the lignin content in the straw
accounted for 5.9% of the total straw (see Table 1) and
was significantly lower than that of cellulose and
hemicellulose in the straw. The percentage of lignin
release from the straw during the first year reached
30.5% and decreased by 7.6% per month on average
during the rice growing period. The cumulative
percentage of cellulose release was 60.1% after
2 years of release and decreased by 7.4% per month
on average during the second rice growing period. The
total amount of lignin did not significant change
during the third year of straw decomposition, which
led to a cumulative percentage of release of 62.4%
after 3 years of straw decomposition. The cumulative
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percentages of lignin release reached 71.6% and
82.8% during the fourth and fifth years, respectively.

Figure 4 shows that the fastest release rate was
observed for hemicellulose, followed by cellulose and
lignin, the last of which was the slowest. The first and
second years after straw return were the main periods
for cellulose, hemicellulose and lignin decomposition.
Subsequently, no changes were observed in the
hemicellulose or cellulose decomposition, whereas
lignin underwent decomposition again during the
fourth and fifth years. A dynamic model of the fiber
composition in the straw with time (year) is shown in
Table 5, and an exponential decay model works well
for cellulose and hemicellulose. The equations are
y = 81.328 * exp(— x/0.966) (R*=1.00) and
y = 90.132 * exp(x/0.807) (R* = 1.00), respectively.
The linear model fitting lignin changes with time has a
stronger effect. The equation is
y = 84.723 — 15.140x (R? = 0.843), where y is the
residual rate of the straw and x is the straw decom-
position time (year).

Discussion
Characteristics of nutrient dynamics in rice straw

In this long-term study, using the nylon mesh bag
method, we studied the decomposition dynamics of
rice straw under natural production conditions and
carried out a 5-year monitoring to determine the
nutrient content and fiber composition of straw residue
during different periods. The decomposition of crop
straw in the field is affected by various factors, such as
temperature, moisture, culture time and soil microbes
(Pal and Broadbent 1975; Nakajima et al. 2016), and
the most influential factors in rice production in
Northeast China are temperature and culture time.
Upon its return to the soil, straw undergoes a long and
complex decomposition process via the activities of
soil microorganisms and enzymes. The breakdown of
organic matter by microorganisms is regulated by the
chemical composition and moisture of the straw, the
temperature and both the microbial activity and
nutrient availability in the surrounding soil environ-
ment (Nakajima et al. 2016; Shaffer and Ma 2001;
Sierra 1997). In this study, the low temperature during
winter (6 months) in Northeast China severely inhib-
ited the straw decomposition, whereas the high
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Table 5 Model of fiber composition in straw over time

Equation Y = Al * exp(— x/t]) + y0 Y=a+b*x
Cellulose Hemicellulose Lignin
Adj. R? 1.00 1.00 0.842
Value Standard error Value Standard error Value Standard error
Residual rate y0 18.672 0 10.154 1.720 a 84.723 8.702
Al 81.328 0 90.132 3.098 b — 15.140 2.874
t1 0.966 0.071 — 0.807 0.077
k 1.035 0.076 — 1.240 0.118
tau 0.670 0.049 — 0.560 0.053

temperature and sufficient rainfall during the summer
(May—October) promoted straw decomposition. Many
researchers have reported an overall straw decompo-
sition trend of “first fast and then slow” (Ferreira et al.
2016; Pal and Broadbent 1975; Smith and Douglas
1971), which is consistent with the results of this
study. Nutrient release was relatively fast during the
first year of straw decomposition but then slowed each
year thereafter, which may have been related to the
gradual depletion of the readily decomposable matter
in the straw (Ghidey and Alberts 1993). In this study,
the loss of rice straw mass occurred mainly during the
first 3 years after straw return. Specifically, the rice
growing period was the main period of straw decom-
position, while in the non-rice growing season, the
straw mass changed little from the autumn of the
previous year to the following spring, mainly because
the lower environmental temperature inhibited the
activity of most microorganisms and was also related
to the straw structure. The temperature of the study
area is shown in Fig. 1. The average temperature in
each year from April to October during the test period
was 7.1 °C, 15.6 °C, 22.5 °C, 23.8 °C, 22.2 °C,
15.8 °C and 7.0 °C, and the rainfall amount was
22.1 mm, 76.7 mm, 80 mm, 154.3 mm, 112.6 mm,
38.3 mm and 27.3 mm, respectively. Most studies
have shown that straw decomposition increases with
increasing temperature in natural environments
(Nakajima et al. 2016). In this study, there was almost
no decomposition of straw in the field from October to
April of the following year, indicating that the
minimum temperature for straw decomposition under
natural conditions was approximately 7.0 °C.

During straw decomposition, an abundance of C, N,
P and K, as well as a variety of trace elements, is
released in the soil and act as an effective complement
to the nutrients required for plants (Yadvinder et al.
2010). Fores et al. (1988) studied rice straw decom-
position in Spain and found that the nutrient loss rate in
rice straw followed the pattern of P > C > N and that
the fastest rate of nutrient decomposition occurred
during the first 15 days. In our study, nutrient decom-
position occurred mainly during the first month of the
first year after straw return, and the nutrient release
rate presented a descending order by which K > P >
C > N. The reason for these differences may be due
to the differences in climate and test sampling
intervals between the two test sites. The difference
in the short-term nutrient release rates was related to
the states of the nutrients in the rice straw. K occurs
mainly in the ionic state and is soluble in water; thus, it
has the fastest release. Although P occurs mainly in an
insoluble organic state, its dissolution and release can
be promoted by the secretion of a certain amount of
organic acids by roots (Wang et al. 2013). C occurs
mainly in the form of a variety of compounds that
undergo variable rates of decomposition (Guixiang
et al. 2016; Tang et al. 2016). In this study, C nutrient
dynamics in the rice straw monitored for 5 years
showed that the release of C and N occurred mainly
during the first 2 years after straw return, accounting
for 92.5% and 96.3% of the total amount in the straw,
respectively. The dynamics also showed that the
release of P and K occurred mainly during the first
month after straw return, with the amounts accounting
for 90.6% and 96.7% of the total amounts added,
respectively, which was consistent with the results of
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Saha et al. (2010). The relative content of P in the rice
straw decreased gradually, which indicated that P was
continuously decomposed in the returned straw (Yad-
vinder et al. 2010). Furthermore, with 80% of total K
uptake by the crop present in the straw (Yu et al. 2010),
straw return also increased the source of K in the soil.
The K carried within the returned straw has the same
nutrient effect as chemical K fertilizers; thus, straw
can partially replace chemical K fertilizers (Gupta
et al. 2007; Yadvinder-Singh et al. 2004).

The C/N ratio of rice straw is generally 50-60, and
that of organic matter for microbial decomposition is
between 20 and 30; therefore, straw return would
increase the C/N ratio in the soil environment (Gok
and Ottow 1988). In this study, the C/N ratio in rice
straw had an initial value of 60.7. During the rice
growing season in the first year after straw return,
rapid decomposition occurred. Subsequently, the C
content of the returned straw first decreased and then
increased to a steady level, whereas the N content
tended to gradually increase; thus, changes occurred in
the C/N ratio in the straw residue. The C/N ratio
decreased to 37.9 after 1 year of straw decomposition
and was maintained in the range of 54.9-64.7 after
2 years of decomposition. Straw return can increase
the rate of microorganism multiplication, which leads
to an insufficient N source for microbial metabolism,;
thus, N is replenished from the soil, which results in
the fixation of inorganic N (G6k and Ottow 1988;
Kanamori and Yasuda 1979; Rao and Mikkelsen
1976). We previously reported that the mineral N
content in the soil solution was significantly decreased
during the rice growing period after straw was
returned to the field (Yan et al. 2018). During the
early stage after straw return, changes in soil temper-
ature and the C/N ratio may lead to changes in straw
decomposition because of the impact on microbial
composition, whereas the late stage of straw decom-
position is affected to a greater degree by microbial
biomass C (Guixiang et al. 2016). This result was
consistent with the law of the reduction in the C/N
ratio of rice straw in the early stage of this study. The
release of C from rice straw is also accompanied by N
mineralization and fixation by soil microbes (Cheng
etal. 2016; Lim et al. 2015), which leads to changes in
the C/N ratio in the soil environment. The C/N ratio of
rice straw changed significantly in the short term, but
the C/N ratio in the soil changed minimally.
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Dynamic characteristics of fiber composition
in rice straw

Amino acids, soluble polysaccharides, organic acids
and mineral nutrients in the straw were released
quickly, resulting in a rapid decrease in straw quality
during the early stage after straw return (Ferreira et al.
2016; Pal and Broadbent 1975; Smith and Douglas
1971). However, the straw decomposition rates in
different climate regions were significantly different.
This straw matter provides an abundant source of C
and nutrients for microorganisms, thereby increasing
the number of microorganisms and enhancing their
activity. However, the hemicellulose, cellulose and
lignin content in rice straw undergoes slow decompo-
sition because of their structural complexity (Pan et al.
2017). The results of this study showed that the
variation trend of the fiber composition of the returned
straw was consistent with that of the straw mass and
that the fiber decomposed the most during the first year
after straw return, which then gradually slowed over
time. A significant difference was observed in the fast
decomposition period and in the percentage of release
among the fiber components of the returned straw. The
percentage of release of various components during
the early stage after straw return (the first year to the
second year) presented an order of hemicellu-
lose > cellulose > lignin, which was consistent with
the results of Gong et al. (2018). Studies have also
shown that silica, poorly soluble polysaccharides and
lignin in rice straw can form complex rigid structures
that would lead to the inhibition of lignocellulose in
straw during decomposition (Eremeeva et al. 2001; Li
et al. 2009; Wu et al. 2014). With the prolonging of
decomposition, hemicellulose and cellulose were
depleted, which Ileft nondecomposable cellulose
residue. Lignin in the rice straw decomposed slowly;
however, compared with cellulose and hemicellulose,
lignin decomposed significantly faster during the late
decomposition stage (fourth to fifth years).

Conclusions

Straw return can increase sources of soil nutrient
supplies and is of great significance for the sustain-
ability of rice production to explore the dynamics of
straw decomposition in Northeast China. In this study,
a localization experiment was carried out in the field
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under natural conditions. The results showed that the
straw decomposition dynamics were fast and then
slow. Nutrient release occurred mainly during the first
3 years after straw was returned to the field, and the
cumulative release reached 77.0%. After the first year,
the amount of straw released reached 55.6%, after
which the straw residue decreased at a rate of 7.8% per
year. N release occurred mainly during the first
2 months of the first year and during the second year,
and significant C decomposition occurred during the
first month of the first year and during the second year.
The major fraction of P and K release was observed
during the first month of the first year. In the
northeastern region, returning rice straw to the field
can appropriately reduce the amount of K fertilizer and
phosphate fertilizer applications needed.
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