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Abstract 
Aims  Soil salinization poses a significant challenge 
to agriculture. The practice of returning straw to the 
field has garnered increasing attention as a sustain-
able method to improve salinized land. This study 
aimed to investigate the impact of nitrogen applica-
tion rates on rice straw decomposition, rice straw 
nutrient release, and rice yield in saline sodic rice 
field conditions.
Methods  The field experiment was designed with 
five nitrogen (N) fertilizer rates with 0 (N0), 90 
(N1), 180 (N2), 270 (N3), and 360  kg N ha−1 (N4) 
under the condition of full return (8 t ha−1) of straw 
from sodic-saline paddy fields, nylon mesh bag fill-
ing method was used to study the decomposition 

process of rice straw. The field experiment was con-
ducted in a completely randomized design with three 
replications.
Results  The results showed that the application of 
N fertilizer promoted the decomposition of rice straw 
and the release of C, N and P from the straw, but had 
no effect on the release of K from the straw. Com-
pared with N0, the cumulative decomposition rates 
of rice straw in N1, N2, N3 and N4 treatments were 
significantly increased by 10.05%, 15.10%, 20.00% 
and 18.44%, respectively (two-year average). In addi-
tion, the highest rice yield was obtained in the N3 
treatment.
Conclusion  Overall, the study suggests that apply-
ing 270  kg N ha−1 is the most effective in promot-
ing rice straw decomposition, nutrient release, and 
increasing rice yield in sodic saline rice fields, offer-
ing valuable insights for optimizing N fertilizer appli-
cation and maximizing farmer’s economic benefits.

Keywords  Straw decomposition · Straw nutrient 
release · N fertilizer · Saline sodic soil · Rice (oryza 
sativa L.)

Introduction

It is one of the greatest challenges to agriculture and 
livestock production with soil salinization in arid and 
semi-arid areas (Qadir et al. 2008). According to data 
published by FAO in 2015, the total area of saline 
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soils is about 1  billion hectares globally (FAO and 
ITPS 2015). Salt-affected soils are characterized by 
high concentrations of dissolved mineral salts in their 
profiles, which can negatively impact crop produc-
tion (Amini et  al. 2016). The physical and chemical 
properties of Salt-affected soils are characterized by 
high salinity, high pH, poor soil structure, and limited 
nutrient content (Morton et  al. 2019). The Songnen 
Plain in China has a soil area affected by salinization 
of more than 3.7 × 106 ha, which is one of the three 
major saline sodic soil areas in the world (Yang et al. 
2016). Plants growing in this area are subjected to 
both Na+ toxicity and high pH stress caused by excess 
Na2CO3 and NaHCO3, which cause much more dam-
age to plants than NaCl and Na2SO4 (Wang et  al. 
2018). Recent studies have shown that rice cultiva-
tion under adequate irrigation conditions is one of 
the most effective ways to increase land utilization, 
improve ecological environment and promote eco-
nomic development in saline areas (Xu et  al. 2020; 
Yuan et  al. 2019). N can play both nutritional and 
osmotic roles in saline conditions (Song et al. 2019). 
The application of N fertilizer can effectively allevi-
ate the saline stress suffered by rice and increase rice 
yield (Zhu et al. 2020). Therefore, N fertilizer is often 
used in large quantities and for a long time by farm-
ers in rice cultivation in saline areas. However, in the 
saline sodic rice growing areas of the western Song-
nen Plain, this practice is not sustainable.

A challenge for many rice farmers is the nutri-
ent deficiency of the soil and the high carbon defi-
cit in the soil. However, the carbon-poor soils can 
effectively function as a sink with appropriate 
management strategies. While there are numer-
ous complex and costly approaches, a simple and 
cost-effective strategy involves returning rice straw 
back to the soil. Straw is a significant biological 
resource. Straw return not only has multiple effects 
on the soil, such as promoting soil carbon accumu-
lation, improving soil physicochemical properties, 
and enriching soil microbial diversity (Wang et  al. 
2021; Yu et al. 2020), but also improved crop pho-
tosynthesis to improve crop yield, while reducing 
N fertilizer application, and increasing farmers’ net 
income (Pan et al. 2022; Ran et al. 2022). However, 
the slow decomposition of straw, caused by the 
lack of nutrients in the soil, negatively impacts the 
growth of rice plants.In addition, the long winters 
and low temperatures in northeastern China have 

led to low acceptance of straw return by farmers, 
and large quantities of rice straw are burned directly 
in the fields. Straw burning causes nutrient losses of 
about 80% N, 25% P, and 21–33% K, and is accom-
panied by severe air pollution (Yan et  al. 2019). 
How to promote straw return technology in north-
east saline sodic areas is of important significance 
for soil improvement and reducing environmental 
pollution. Therefore, the clarification of the rules of 
straw decomposition is the basis of reasonable use 
of straw, and is also the key to the straw return tech-
nology in saline sodic rice fields.

Straw decomposition and nutrient release are influ-
enced by soil and climatic factors because they are 
directly related to the activity of microbial decom-
posers (Wahdan et al. 2022; Li et al. 2020). In addi-
tion, the straw’s own C/N also heavily influences the 
process of straw decomposition and nutrient release 
(Zhang et  al. 2022). When straw C/N < 20, straw 
decomposition is rapid, straw organic N miner-
alization, and soil N content increases; when straw 
C/N > 30, straw decomposition is slow, microbial 
sequestration of soil N is enhanced, and soil available 
N levels decrease (Christopher and Lal 2007; Truong 
et al. 2019). Rice straw is mainly composed of carbon 
rich materials such as cellulose, hemicellulose and 
lignin, and its C/N is much higher than 30 (Pan et al. 
2017; Wu et  al. 2014). The decomposition process 
of rice straw consumes a large amount of available 
N in the soil, which competes with crop growth for 
N and leads to crop yield reduction (Cheshire et  al. 
1999; Zhu et al. 2015). The application of mineral N 
fertilizer provides more inorganic N, which promotes 
the growth of microorganisms, thus accelerating the 
decomposition of straw and the release of nutrients 
(Zhao and Zhang 2018). Sinsabaugh et  al. (2002) 
also showed that N fertilizer application promoted 
the activity of hydrolytic enzymes such as cellulase, 
which accelerated the decomposition of organic mat-
ter in straw. However, excessive N fertilizer applica-
tion significantly reduced the abundance and diversity 
of functional genes in the carbon cycle and affected 
the decomposition of straw (Jing et al. 2021). At the 
same time, some studies have indicated that the emis-
sions of greenhouse gases, including carbon dioxide 
and nitrous oxide, tend to rise as N application rates 
increase (Cao et  al. 2021). Therefore, reasonable N 
fertilizer application is crucial for straw return into 
the field, especially in nutrient-poor saline sodic soils.
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Related studies have shown that the combined 
use of inorganic fertilizer with straw incorporation 
has positive effects on rice roots, N fertilizer utili-
zation, and photosynthetic characteristics in saline 
sodic rice fields (Ran et al. 2022; Meng et al. 2022). 
However, the characteristics of in  situ straw decom-
position and nutrient release by N fertilizer applica-
tion are unknown. Therefore, this study was carried 
out to investigate the decomposition, nutrient release 
and the change pattern of organic components of rice 
straw under five N application rates in saline sodic 
rice fields. In this study, we aimed to (1) clarify the 
dynamics changes of decomposition and nutrient 
release of rice straw under different N fertilizer appli-
cation rates; (2) seek N fertilization options for rapid 
straw decomposition and high grain yield under straw 
return conditions in saline rice growing areas; and (3) 
provides the basis for guiding the rational applica-
tion of N fertilizer and realizing the maximization of 
farmers’ economic benefit.

Materials and methods

Site description

This study was conducted from October 2019 to 
October 2021 under saline paddy field conditions at 
the Saline Experimental Station of Jilin Agricultural 
University (N 45°35′58″-N 45°36′28″, E 123°50′27″-
123°51′31″, 133.7 m a.s.l.), which is located in Sheli 

Town, Baicheng City, Jilin Province, China. The 
experimental station is located in the western part of 
the Songnen Plain in northeast China, which belongs 
to the overland of temperate continental monsoon 
climate and continental climate. The average annual 
temperature was 4.7  °C, the average annual precipi-
tation was 413.7 mm, the average active cumulative 
temperature ≥ 10  °C was 2,996.2  °C, the average 
frost-free period was 144 d, and the average annual 
sunshine hours were 2915  h. The average monthly 
precipitation and average monthly temperature for 
the test years are shown in Fig.  1. According to the 
soil classification of the World Soil Resource Refer-
ence Base (IUSS Working Group 2014), the main 
soils in the experiment are of Solonetz type. The 
0–20  cm soil was collected after the rice harvest in 
October 2019 to determine its physical and chemical 
characteristics (Table  1). Before the experiment, the 
newly reclaimed land was planted with rice for five 
consecutive years, and the straw produced from rice 
cultivation was burned on-site before spring plowing 
the following year.

Field experiment design

The field experiment used a completely randomized 
block design with three replications. Five N appli-
cation rate treatments were set at a straw return rate 
of 8000 kg ha−1 (converted at a grain to straw ratio 
of 1:1.1 based on local rice yields). The stalks used 
in the study were obtained from fields that were 

Fig. 1   Monthly precipita-
tion and temperature varia-
tions during the experiment. 
The meteorological data 
from http://​www.​meteo​
manz.​com

http://www.meteomanz.com
http://www.meteomanz.com
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managed in a consistent manner to maintain uniform-
ity in their physical and chemical properties. The N 
application rates were as follows. 0, 90,180, 270 and 
360 kg N ha−1 (hereafter referred to as N0, N1, N2, 
N3 and N4, respectively). The size of each subplot 
was 30 m2 (6  m×5  m). To avoid exchange of nutri-
ents and water between plots, plots were separated 
by large ridges (0.6  m wide and 0.4  m high). Each 
plot had a separate irrigation and drainage outlet. 
The fertilizers applied in the trial were urea, calcium 
superphosphate, potassium chloride, and zinc sulfate 
heptahydrate. N fertilizer was applied in accordance 
with base fertilizer : tillering fertilizer : panicle fer-
tilizer = 6:3:1. Potash (K2O) fertilizer was applied as 
a base and panicle fertilizer at a ratio of 6:4, at a rate 
of 75  kg ha−1. Phosphate fertilizer (P2O5) and zinc 
fertilizer (ZnSO4) were all applied as basal fertilizers 
at a rate of 50 kg ha−1 and 20 kg ha−1, respectively. 
The base fertilizer was applied on May 9, the tiller-
ing fertilizer was applied in late June, and the pani-
cle fertilizer was applied in mid-July. The local rice 
variety " Baigeng 1” was planted in this experiment. 
Transplanting was carried out on May 20 at a density 
of 20 hills m−2 with a spacing of 16.5 × 30.0 cm and 
four seedlings per hill in both years. To prevent the 
phenomenon of salt return to the paddy fields, the 
paddy fields were flooded at a depth of 3–5 cm after 
transplanting until two weeks before the rice harvest. 
Diseases, insects and weeds were strictly controlled 
during the experiment.

After the rice harvest, rice straw was collected 
by hand from the fields. After natural air drying, the 
straw is cut into 5–7  cm long pieces with a straw 
chopper. The crushed rice straw was spread evenly in 
the harvested fields on October 17, 2019 and October 
19, 2020, and then incorporated into the soil using a 
reverse stubble rotavator (1GFM-220, Lianyungang 
Xingan Machinery Manufacturing Co., Ltd., Jiangsu, 
China). Meanwhile, nylon mesh bag filling method 
was used to study the decomposition process of rice 
straw. Nylon mesh bags were 15 × 10  cm in size 
with an aperture of 0.15 mm. Each bag was put with 
10.00 g of dried rice straw and then sealed with nylon 
thread. The initial nutrient and cellulose contents of 
rice straws in both years were measured before filling 
the nylon mesh bags, and the specific information is 
shown in Table 2. During the annual straw return in 
October, nylon mesh bags filled with straw were bur-
ied scattered among the rice fields, and the locations Ta
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were marked in the fields. Each plot was buried with 
24 bags of straw, at a depth of 15  cm, placed hori-
zontally, and without overlapping. To prevent dam-
age to the net bags by tilling the soil, the net bags 
were removed on May 9, 2020 and May 9, 2021, and 
placed in a container with soil, covered with a 15 cm 
thick layer of soil, and then the container was placed 
in the field. After the soil was rototilled, the net bags 
were put back in the field. The whole process lasted 
no more than 2 days. Three net bags containing rice 
straw were recovered from each plot on: (1) May 9 
(during spring plowing); (2) June 9; (3) July 9; (4) 
August 9; (5) September 9; and (6) October 9 (after 
rice harvest). After recovery, the soil and root debris 
adhering to the straw were carefully removed with 
water, the mesh bag with the residual straw was dried 
at 70  °C for 48  h to a constant mass, and the straw 
was weighed and ground to measure the nutrient and 
cellulose content in the residual straw.

Sample analysis

Leaf area index (LAI) was determined according to 
the method described by Ran et al. (2023). Five rice 
plants with the same growth trend were selected from 
each plot (excluding side rows and sampling rows) 
based on the average number of tillers at mid-tiller-
ing (MT), panicle initiation (PI), heading (HD), fill-
ing (FI), and physiological maturity (PM) stages. All 
green leaves were manually removed, and the length 
(longest part) and width (widest point) of all green 
leaves were measured with a ruler. The leaf area of 
each leaf was then calculated (length-width coeffi-
cient method) with the formula: leaf area = leaf length 
× leaf width × 0.75. The leaf area index was calcu-
lated as follows:

Soil temperature was measured according to the 
method of Ding et  al. (2017). After spring plowing, 

LAI =
Totalleafarea (m2)

Totalareaofcultivatedland (m2)

three right-angle geothermometers at a depth of 
15 cm were buried in each plot. Measurements were 
taken every 10 days. Soil temperature values were 
read at 2:00, 8:00, 14:00, and 20:00 each time, and 
the average value was taken as the daily average 
temperature.

The decomposition rate, nutrient content and 
organic fraction (cellulose, hemicellulose, lignin) 
of the straw were determined using recovered straw 
bales. The straw decomposition rate was calculated 
using the mass loss method (Li and Zhong 2021). Its 
calculation formula is as follows:

where SD is the decomposition rate of straw (%), m0 
is the original mass of straw (g), and mt is the residual 
mass of straw (g).

Straw C content was oxidized using potassium 
dichromate and then titrated with ferrous sulfate 
(Walkley and Black 1934). The straw total N content 
was digested by H2SO4-H2O2, and then determined 
by Kjeldahl N determination (Jia et  al. 2019). The 
straw total phosphorus content was determined by 
the molybdenum antimony anti-colorimetric method 
(Lu 2000). The total K content of straw was digested 
using H2SO4-H2O2 and then determined by flame 
photometry (Lu 2000). The straw nutrient release rate 
was calculated according to the following equation:

wherehere NR is the nutrient release rate (%); m0 and 
mt are the initial and residual straw mass (g), respec-
tively; c0 and ct are the nutrient contents (g kg−1) in 
the initial and residual straw, respectively.

The content of organic components (cellulose, 
hemicellulose and lignin) in rice straw was deter-
mined by a modified Van Soest detergent fiber 
method and the decomposition rate of organic com-
ponents was calculated (Van-Soest 1963). The 

SD(%)=
m0−mt

m0

× 100

NR(%) =
m0 × c0 − mt × ct

m0 × c0
× 100

Table 2   Basic composition 
properties of rice straw

Year Total C
(mg g−1)

Total N
(mg g−1)

Total P
(mg g−1)

Total K
(mg g−1)

C/N ratio Cellulose
(mg g−1)

Hemicellulose
(mg g−1)

Lignin
(mg g−1)

2019 380.91 4.56 1.72 8.09 83.40 366.07 265.57 54.95
2020 376.74 4.73 1.66 8.13 79.57 378.66 272.69 58.63
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procedure was as follows: In the first step, 1.000  g 
(sieved through a 0.425 mm mesh) was weighed and 
extracted under neutral detergent (100 °C) for 60 min 
to obtain neutral detergent fiber (NDF). In the second 
step, 1.000 g (sieved through a 0.425 mm mesh) was 
weighed and extracted under acid detergent to obtain 
acid detergent fiber (ADF). In the third step, the acid 
detergent fiber was extracted and filtered with strong 
acid (5 mL, 72% H2SO4), and the non-extractable 
residue was dried at 60 °C and then ashed at 550 °C 
for 2 h. The acid detergent lignin (ADL) was obtained 
by the difference between the residue and the ashed 
material. The hemicellulose content of the straw resi-
due was the difference between NDF and ADF, and 
the cellulose content was the difference between ADF 
and ADL. The decomposition rate of organic compo-
nents (cellulose, hemicellulose and lignin) in straw 
was calculated as follows:

where OD is the decomposition rate of organic com-
ponents in straw (%); m0 and mt are the mass of initial 
and residual straw (g), respectively; b0 and bt are the 
content of organic components in initial and residual 
straw (%), respectively.

Scanning electron microscopy (HITACHI S4800, 
Japan) was used to observe the microstructure of the 
straw surface. Rice straw samples were vacuum dried 
and gold sprayed, and imaged at an accelerating volt-
age of 5 kV with a magnification of 5000×.

Rice yield

Rice harvest was conducted in early October. In all 
plots, 2 × 2 m except for the border ones and the sam-
pling area were collected for determining the yield 
per unit area with three replications. After threshing 
the rice, the empty deflated grains were blown clean 
and weighed and their moisture content was deter-
mined, and then converted to the corresponding yield 
at 14% moisture content.

Statistical analyses

All data collected were collated and calculated using 
Microsoft Excel 2019. Statistical analysis was con-
ducted using one-way ANOVA of SPSS software 

OD(%) =
m0 × b0 − mt × bt

m0 × b0
× 100

(version 22.0, IBM SPSS Inc.). Significant differ-
ences between means were determined using the least 
significant difference (LSD) test with significance set 
at p < 0.05 (the data were normal distributed and vari-
ances homogenous). All data are presented as means 
with standard errors (SE). Graphs were drawn with 
Sigmaplot 14.0 software.

Results

Leaf area index

The leaf area index exhibited a pattern of initial 
increase followed by a decrease throughout the 
growth of rice, reaching its peak at the heading stage 
(Fig. 2). Throughout the rice growth stage, rice leaf 
area index gradually increased with increasing N 
fertilizer application rate, but there was no signifi-
cant difference in leaf area index between N3 and 
N4 treatments. The application of N fertilizer signifi-
cantly increased the leaf area index of rice from the 
panicle initiation stage to the physiological maturity 
stage compared to N0 treatment.

Soil temperature

Soil temperature exhibited a pattern of increase fol-
lowed by decrease during the period between spring 
plowing and rice harvest. The temperatures were 
higher from June to August, with a notable sharp 
decrease observed in September (Fig. 3). During the 
period from late June to early September, soil tem-
perature gradually decreased with increasing N fer-
tilizer application rate and was significantly lower in 
the N2, N3, and N4 treatments than in the N0 treat-
ment. However, during the rest of the period, N fer-
tilizer application had no significant effect on soil 
temperature.

Straw decomposition rate

The straw had a low decomposition rate (less than 
10%) from when it was applied (mid to late October) 
until the following year’s spring ploughing (May 9). 
The decomposition of straw exhibited a pattern of 
initially fast decomposition from May to October, 
followed by a slower rate (Fig. 4). The overall straw 
decomposition rate was 55.27-66.07% in the first 
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year of the experiment and 56.34-67.87% in the sec-
ond year. The accumulated straw decomposition rates 
of N1, N2, N3 and N4 treatments were significantly 
higher by 10.05%, 15.10%, 20.00% and 18.44% (two-
year average) compared to N0 treatment on October 
9, but there was no significant difference between N3 

and N4 treatments. However, he application of the 
N fertilizer had different effects on the daily decom-
position rate of straw during rice growth. The aver-
age daily decomposition rates of straw for the N0, 
N1, N2, N3, and N4 treatments were 0.047, 0.057, 
0.069, 0.073, and 0.073  g d−1(two-year average), 

Fig. 2   Effects of different N application rates on rice leaf area 
index (LAI) in saline sodic paddy field. Data are expressed as 
the mean ± standard error (n = 3). Different lowercase letters 
on the vertical bars of the same year indicate statistical sig-
nificance between different fertilizer application at the p < 0.05 

level. MT, PI, HD, FI and PM represent mid-tillering, panicle 
initiation, heading, filling and physiological maturity stages, 
respectively. A and B represent the years 2020 and 2021, 
respectively. N0, N1, N2, N3 and N4 were fertilized with 0, 90, 
180, 270 and 360 kg ha−1 of N, respectively

Fig. 3   Changes of soil temperature under different N appli-
cation rates. Data are expressed as the mean ± standard error 
(n = 3). Different lowercase letters on the vertical bars of the 
same year indicate statistical significance between different 

fertilizer application at the p < 0.05 level. A and B represent 
the years 2020 and 2021, respectively. N0, N1, N2, N3 and 
N4 were fertilized with 0, 90, 180, 270 and 360 kg ha−1 of N 
respectively
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respectively, between May 9 and July 9. And the aver-
age daily decomposition rates of straw in N0, N1, 
N2, N3, and N4 treatments were 0.025, 0.024, 0.023, 
0.018, and 0.018  g d−1 (two-year average), respec-
tively, between July 9 and September 9.

Dynamics of rice straw nutrient composition

Rice straw carbon release was mainly concentrated 
in the rice growing season (May-September), while 
straw carbon release was very slow in the non-rice 
growing season (October-May) (Fig.  5). During the 
rice growing season, carbon release from rice straw 
exhibited an initial rapid rate followed by a gradual 
slowdown. The overall carbon release from straw 
ranged from 50.09 to 60.92% in the first year of the 
experiment compared to 50.54-63.01% in the sec-
ond year. In addition, the application of N fertilizer 
significantly increased the cumulative carbon release 
rate of rice straw. Compared with N0, the cumula-
tive carbon release rate of straw increased by 11.13%, 
17.34%, 23.14%, and 21.76% in N1, N2, N3, and N4 
treatments (two-year average), but there was no sig-
nificant difference between N3 and N4 treatments 
during the experiment.

There was very little change in straw N release rate 
and C/N from straw application (mid to late October) 

to the following year before spring plowing (May 
9) (Fig. 6). The straw N release rate was low during 
the experiment, ranging from 28.51 to 40.57% in the 
first year and 31.76–45.70% in the second year. Com-
pared with N0, the cumulative release rate of straw 
N increased by 5.94%, 9.85%, 13.00%, and 11.5% in 
N1, N2, N3, and N4 treatments (two-year average), 
but there was no significant difference between N3 
and N4 treatments during the experiment. The C/N 
in straw decreased continuously with time. After a 
complete rice growing season, the C/N in straw was 
54.29–58.25. In addition, the application of N ferti-
lizer reduced the C/N in residual straw. The C/N of 
residual straw in the N2, N3, and N4 treatments was 
significantly lower than that in the N0 treatment 
between July 9 and October 9. However, there was 
no significant difference in residual straw C/N among 
N2, N3, and N4 treatments throughout the experi-
ment period.

The release of P and K from rice straw was mainly 
concentrated in the non-rice growing season (October-
May), while the release of P and K from straw entered a 
slow release stage after June 9 (Fig. 7). The cumulative 
P release rate from rice straw after a long winter until 
spring plowing (May 9) was about 65%. After rice har-
vest, straw P release rates were 74.58–80.52% (2020) 
and 78.28–83.58% (2021), respectively. N fertilizer 

Fig. 4   Effects of different N application rates on rice straw 
decomposition. Data are expressed as the mean ± standard 
error (n = 3). Different lowercase letters on the vertical bars of 
the same year indicate statistical significance between different 

fertilizer application at the p < 0.05 level. A represents October 
2019 to October 2020; B represents October 2020 to October 
2021. N0, N1, N2, N3 and N4 were fertilized with 0, 90, 180, 
270 and 360 kg ha−1 of N, respectively
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application promoted the release of phosphorus from 
straw during the rice growing season. The cumulative 
P release rate from straw was significantly higher by 
3.65%, 5.36%, 7.35%, and 6.90% (two-year average) in 
N1, N2, N3, and N4 treatments compared to N0 treat-
ment on October 9, but there was no significant differ-
ence in P release rate from straw between N3 and N4 
treatments. The K release rates in straw from straw appli-
cation (mid-late October) to the following year before 
spring plowing (May 9) were 78.77-79.16% (2020) and 
81.52–81.70% (2021). And the cumulative release of K 
from rice straw was as high as 92% on June 9 and then 
maintained between 93.45% and 96.01%. However, 
there was no significant effect of N fertilization on the 
release of K from straw during the experiment.

The above results showed that the release of P and 
K in straw was faster, while the release of C and N 
was slower, and the sequence of nutrient release in 
straw was: K > P > C > N.

Decomposition rates of rice straw cellulose, 
hemicellulose, and lignin

The decomposition rates of cellulose, hemicellulose 
and lignin in rice straw under different treatments are 
shown in Fig.  8. The cumulative decomposition rates 
of cellulose, hemicellulose and lignin in straw gradually 

increased as the time of straw degradation increased. 
The cellulose, hemicellulose and lignin decomposi-
tion rates of straw were very low from the time of straw 
application until spring plowing (May 9). The decompo-
sition rate of cellulose and hemicellulose of straw was 
faster between May 9 and July 9, while the degradation 
of cellulose and hemicellulose of straw gradually slowed 
down between July 9 and October 9. The decomposition 
rate of lignin was slow during the first month after spring 
plowing, while it was faster between June 9 and August 
9. The cumulative decomposition rates of cellulose, 
hemicellulose and lignin in rice straw ranged from 43.25 
to 55.09%, 51.45–62.24% and 28.68–43.28% (two-year 
average), respectively. This indicates that lignin in straw 
is more difficult to decompose than cellulose and hemi-
cellulose. On October 9, the cumulative decomposition 
rates of cellulose, hemicellulose, and lignin of different 
treatments showed N3 > N4 > N2 > N1 > N0, but there 
was no significant difference in the decomposition rates 
of organic fractions of straw between N4 and N3 treat-
ments during the experiment.

SEM images of rice straw surface structure

According to the decomposition of straw, the two 
treatments with the lowest decomposition rate 
(N0) and the highest decomposition rate (N3) were 

Fig. 5   Effects of different N application rates on carbon cumu-
lative release rates of rice straw. Data are expressed as the 
mean ± standard error (n = 3). Different lowercase letters on the 
vertical bars of the same year indicate statistical significance 

between different fertilizer application at the p < 0.05 level. A 
represents October 2019 to October 2020; B represents Octo-
ber 2020 to October 2021. N0, N1, N2, N3 and N4 were fer-
tilized with 0, 90, 180, 270 and 360 kg ha−1 of N, respectively
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selected, and the surface structure of straw was 
observed by Search Engine Marketing (SEM). The 
surface morphology of rice straw changed signifi-
cantly during the decomposition process (Fig. 9). The 
surface of the original rice straw was flat and tightly 
structured, covered by a layer of wax and without hol-
lows. On June 9, the rice straw began to show more 
obvious signs of decomposition, the flat surface of the 
straw was disrupted, the tight structure became loose, 
the epidermal hairs and other tissues on its outer sur-
face had begun to fall off and decompose, and the 
wax-silica layer gradually became thinner. On July 
9, large cavities appeared on the surface of the straw, 
and the epidermal tissue below its waxy-silicified 
layer had gradually appeared, and the cell wall and 

complex fiber structure had been obviously destroyed; 
the straw showed a fractured shape and uneven faults, 
and many pores of different sizes appeared on the sur-
face. On October 9, the overall structure of the rice 
straw was severely damaged, and the basic tissues 
had been thoroughly decomposed, in which the hard-
to-degrade waxy layer, silicified structure and large 
vascular bundles had disappeared, leaving only part 
of the highly lignified mechanical tissues. The above 
results showed that with the increase of decomposi-
tion time, the straw structure was severely damaged, 
the surface became rough, the fractures increased, the 
cavities increased, and the fiber bundles became loose 
and formed a near-net-like structure. Comparing N0 
and N3 treatments, it is obvious that rice straw was 

Fig. 6   Effect of different N application rates on N cumulative 
release rates (A and B) and C/N (C and D) of rice straw. Data 
are expressed as the mean ± standard error (n = 3). Different 
lowercase letters on the vertical bars of the same year indicate 
statistical significance between different fertilizer application at 

the p < 0.05 level. A and C represents October 2019 to October 
2020; B and D represents October 2020 to October 2021. N0, 
N1, N2, N3 and N4 were fertilized with 0, 90, 180, 270 and 
360 kg ha−1 of N, respectively
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more damaged under high N conditions, indicating 
that the decomposition effect of rice straw was sig-
nificantly better under N application than without N 
treatment.

Rice yield

The application of N fertilizer significantly increased 
the rice yield in saline sodic paddy fields under straw 
return conditions (Fig.  10). Rice yield increased and 
then decreased with increasing N application rate, 
with the highest yield at N3 (270  kg N ha−1). How-
ever, there was no significant difference in rice yield 
between N2 (180 kg N ha−1) and N4 (360 kg N ha−1) 
treatments. The average two-year rice yield under N3 

was 8.01 t ha−1. Rice yield was significantly higher in 
N3 by 10.06% (2020) and 11.13% (2021) compared to 
N4. This indicates that excessive N fertilizer application 
reduces rice yield.

Discussion

Effect of N fertilization on straw decomposition in 
saline sodic paddy fields

The process of straw decomposition is influenced by 
many factors, such as straw quality, soil temperature, 
soil properties, tillage practices, and landfill depth 
(Zhong et al. 2017; Min et al. 2022; Nakajima et al. 

Fig. 7   Effect of different N application rates on phosphorus 
(A and B) and potassium (C and D) cumulative release rates 
from rice straw. Data are expressed as the mean ± standard 
error (n = 3). Different lowercase letters on the vertical bars of 
the same year indicate statistical significance between different 

fertilizer application at the p < 0.05 level. A and C represents 
October 2019 to October 2020; B and D represents October 
2020 to October 2021. N0, N1, N2, N3 and N4 were fertilized 
with 0, 90, 180, 270 and 360 kg ha−1 of N, respectively
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2015; Li et al. 2020). The most influential factors for 
the decomposition of rice straw are soil temperature 
and soil properties in sodic saline areas of northeast 
China (Zhang et al. 2019; Yan et al. 2019). The study 

revealed that the rate of rice straw decomposition was 
significantly low from the time of straw incorporation 
(mid-late October) until the following spring plow-
ing on May 9. However, the decomposition of straw 

Fig. 8   Effect of different N application rates on the cumulative 
release rates of cellulose (A and B), hemicellulose (C and D) 
and lignin (E and F) from rice straw. Data are expressed as the 
mean ± standard error (n = 3). Different lowercase letters on the 
vertical bars of the same year indicate statistical significance 

between different fertilizer application at the p < 0.05 level. A, 
C and E represent October 2019 to October 2020; B, D and F 
represent October 2020 to October 2021. N0, N1, N2, N3 and 
N4 were fertilized with 0, 90, 180, 270 and 360 kg ha−1 of N, 
respectively
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showed an initial rapid phase followed by a slower 
phase between May and October (Fig. 4). This is gen-
erally consistent with the study of Yan et al. (2019). 
This may be due to the fact that the experimental site 
is located in the western part of the Songnen Plain 
in northeast China, which has a long winter season 

(Fig.  1), with a deeper soil freeze and longer freez-
ing time, resulting in slow decomposition of straw 
in winter (Yan et  al. 2019). And as the temperature 
rises and the soil thaws, microbial activity strength-
ens, rice straw contains a large amount of easily 
decomposed organic matter, which is easily used by 

Fig. 9   Scanning electron microscopy (SEM) images of rice straw surface structure at different days of decomposition under the 
treatments of N0 and N3. N0 and N3 were fertilized with 0, and 270 kg ha−1 of N, respectively

Fig. 10   Rice yield under different N application rates in 2020 
(A) and 2021 (B). Data are expressed as the mean ± standard 
error (n = 3). Different lowercase letters on the vertical bars of 
the same year indicate statistical significance between different 

fertilizer application at the p < 0.05 level. N0, N1, N2, N3 and 
N4 were fertilized with 0, 90, 180, 270 and 360 kg ha−1 of N, 
respectively
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microorganisms, leading to faster decomposition 
(Chen et al. 2020; Yadvinder-Singh et al., 2010). As 
decomposition proceeds, the number of microorgan-
isms in the soil decreases (Zhong et  al. 2020). The 
easily decomposed organic matter in straw gradually 
decreases, and what remains is mainly crude fiber and 
lignin that are difficult to decompose, which are dif-
ficult to be easily used by microorganisms, leading to 
slow decomposition at a later stage (Sun et al. 2021; 
Jennifer et al. 2018). In addition, the cumulative straw 
decomposition rate was higher in 2021 than in 2020 
in this study (Fig. 4). This may be due to the appli-
cation of straw return could effectively improve soil 
aggregate structure and change microbial community 
composition as well as their metabolic activity, which 
in turn favors the accumulation of exogenous organic 
C in the tested soil (Zhang et  al. 2019). Simultane-
ously, the N, phosphorus, and potassium content 
in the soil increased, while soil bulk density, pH, 
ECe, ENa, and ESP decreased, leading to an over-
all enhancement of the soil’s physical and chemical 
properties (Ran et al. 2022; Gao et al. 2024). Further-
more, the soil temperature in 2021 was slightly higher 
than in 2020 (Fig. 3), which facilitated straw decom-
position in the second year.

After crop straw is returned to the soil, the straw 
decomposition process is accompanied by complex 
microbial activities (Bao et  al. 2020). The present 
study showed that the application of N fertilizer pro-
moted the decomposition of rice straw in saline sodic 
rice fields (Fig. 4), which was similar to the findings 
of Zeng et  al. (2020). The carbon and N content of 
straw is crucial for straw decomposition, and usually 
the initial C/N of straw can be an important indicator 
to predict the decomposition dynamics of straw (Tay-
lor et  al. 1989). The appropriate C/N for microbial 
degradation of organic matter is 25, and either too 
high or too low C/N will affect the microbial decom-
position of straw and the release of straw nutrients 
(Truong et  al. 2019). Straw with a C/N higher than 
25 is returned to the soil, creating a soil environ-
ment rich in carbon sources and poor in N sources for 
microorganisms. If the inorganic N supply in the soil 
N pool is insufficient, straw decomposition will be 
slowed down (Recous et al. 1995). The original C/N 
of rice straw was about 80 in this study (Table  2), 
much higher than 25, while the soil was extremely 
poor (Table 1) and could not provide a large source 
of N for microorganisms, which seriously affected 

the decomposition of straw. The application of N 
fertilizer provided a N source for microorganisms, 
thus accelerating the decomposition process of straw 
(Zhao and Zhang 2018). In addition, although micro-
bial community composition and function were not 
affected by N application, N fertilizer application sig-
nificantly increased the rate of straw microbial assem-
bly, resulting in different decomposition rates of straw 
at different N application rates (Zhong et al. 2020).

However, this study also found no significant dif-
ference in straw decomposition rates between 270 kg 
N ha−1 and 360 kg N ha−1. Zhang et al. (2017) found 
that soil microbial biomass C and N and relative 
abundance of fungi and bacteria increased under low 
N addition as microbial demand for N was alleviated. 
However, it decreases under high N addition due to 
toxic inhibition effects and the growth of microbial 
decomposers peaks at intermediate levels of N availa-
bility (Hogervorst et al. 2003; Jing et al. 2021). There-
fore, high N fertilizer application does not continue to 
increase the rate of straw decomposition, which may 
be due to limitations on the activity of decompos-
ing microorganisms (Berg and Mcclaugherty 2013). 
In addition, this study also found an interesting phe-
nomenon that the average daily decomposition rate of 
straw in the N application treatment was lower than 
that in the N0 treatment during the mid and late stages 
of rice growth (July-September) (Fig. 4). This may be 
due to N can bind to the phenolic hydroxyl group of 
the lignin benzene ring in the straw residue, forming 
a more stable aniline and slowing down the decom-
position of lignin (Xu et  al. 2017). Additionally, the 
application of N fertilizer promoted the growth of 
rice in saline sodic fields, increased the leaf area of 
rice (Fig.  2), and formed a shading effect, resulting 
in lower soil temperature in the N application treat-
ment than in the N0 treatment (Fig. 3), which in turn 
affected the average daily decomposition rate of straw 
in the middle and late stages of rice growth. Nakajima 
et al. (2015) also showed that the increase in soil tem-
perature promoted the decomposition of rice straw.

Effect of N fertilizer application on nutrient release 
from rice straw in saline sodic paddy fields

Rice straw contains nutrients such as carbon, nitro-
gen, phosphorus and potassium (Table  2). Straw 
nutrient release is regulated by soil microbial-
mediated immobilization, mineralization of organic 
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matter, and humification (Vidal et al. 2021; Li et al. 
2022). Since humification occurs mainly in recal-
citrant straw, nutrient release from straw depends 
on the net balance between immobilization and 
mineralization mediated by soil microorganisms 
(Sajid et  al. 2022; Vidal et  al. 2021;). In the pre-
sent study, the release of C, N, P and K from straw 
after one year of decomposition of 50.32–62.97%, 
30.74–43.14%, 76.43–82.05% and 93.25–96.56%, 
respectively (K > P > C > N), which is in agreement 
with Yan et  al. (2019). The highest release rate of 
potassium was found in straw, which may be due to 
the fact that most of the potassium in straw exists in 
water-soluble or ionic state and is easily soluble, and 
therefore released more rapidly (Yan et  al. 2019). 
Usually, some of the phosphorus in straw constitutes 
a component of the cell membrane, and the remain-
ing 60% of phosphorus is present in the ionic state 
in the straw (Sun et al. 2021). Therefore, the release 
of phosphorus is slower than that of potassium. Both 
carbon and N in straw are mainly present in the 
organic state that is difficult to decompose, resulting 
in a slow release rate. During straw decomposition, 
microbial activity intensifies and sequestered N, and 
straw total N content increases (Chaves et al. 2021). 
Therefore, the net N release rate is slower than the 
carbon release rate in straw. This is the primary rea-
son for the notable decrease in the carbon to N ratio 
in the straw following N application (Fig. 6). As the 
straw decomposes, its composition stabilizes, lead-
ing to a gradual narrowing of this difference. In addi-
tion, this study also found that N fertilizer application 
promoted the release of C, N, and P nutrients from 
rice straw (Figs.  5, 6 and 7). In addition, this study 
found that the application of N fertilizer enhanced 
the release of C, N, and P in rice straw (Figs.  5, 6 
and 7). This was further supported by the increased 
cumulative decomposition rate of straw with N fer-
tilizer application (Fig.  4), as the decomposition of 
straw leads to nutrient release. As N fertilizer applica-
tion increased, the levels of ammonia N and nitrate 
N in the soil also rose gradually (Ran et  al. 2022). 
However, excessive N concentration may hinder the 
release of N from straw. Prior research has indicated 
that high N levels can impede microbial decomposi-
tion (Hogervorst et al. 2003), leading to the formation 
of more stable compounds when N combines with 
the phenol hydroxyl group of lignin benzene ring (Xu 
et al. 2017), thereby slowing the increase of organic 

carbon (Wu et al. 2019). Consequently, compared to 
N3, N4 was found to inhibit the release of C and N in 
straw (Figs. 5 and 6). In conjunction with the previ-
ous finding that excessive N application can increase 
greenhouse gas emissions (Cao et al. 2021), it can be 
inferred that excessive N application in conjunction 
with straw returning may enhance soil carbon and N 
mineralization, ultimately hindering soil carbon and 
N sequestration.

Lignin, hemicellulose and cellulose are important 
components of rice straw, and their decomposition 
is mainly influenced by the corresponding micro-
organisms (Deng et  al. 2017). In the present study, 
the cumulative decomposition rates of hemicellulose 
and cellulose were higher than those of lignin at the 
same N level (Fig.  8), which is consistent with the 
results of Sun et al. (2021). This could be attributed 
to the complex structure of lignin, which is made 
up of carbohydrates connected by stable biochemi-
cal bonds with high molecular weight (Gupta et  al. 
2016). The intricate nature of lignin hinders extracel-
lular enzymes from accessing the cell to participate in 
decomposition (Hashimah et  al. 2013), while differ-
ent microorganisms exhibit variations in selecting and 
utilizing carbon sources (Kuzyakov and Bol 2006). In 
addition, this study found that N fertilizer application 
significantly promoted the decomposition of hemi-
cellulose, cellulose and lignin in straw (Fig.  8). The 
application of N fertilizer reduced the C/N of straw 
(Fig. 6) and also provided a N source for soil microor-
ganisms, which was more favorable for straw decom-
position (Zhao and Zhang 2018). At the same time, 
the application of N fertilizer enhanced the activity 
of hydrolytic enzymes associated with cellulose and 
hemicellulose, which in turn promoted the decompo-
sition of cellulose and hemicellulose in straw (Sin-
sabaugh et  al. 2002). Soil properties are also a key 
factor influencing the decomposition of straw. The 
physicochemical properties were extremely poor in 
the soil in this study, with pH > 8.5 (Table  1), and 
alkaline conditions promoted lignin degradation (Zhu 
et al. 2018). Zeng et al. (2020) also found that N fer-
tilizer application promoted lignin decomposition 
in straw in a fluvo-aquic soil with a pH of 8.5. The 
presence of high N levels hinders the breakdown of 
cellulose, hemicellulose, and lignin in straw (Fig. 8). 
This aligns with the concept of suppressing straw 
decomposition and nutrient release in high N levels. 
Additionally, N can react with the phenolic hydroxyl 
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group of lignin in straw residue, forming more stable 
compounds that slow down the degradation of lignin 
(Xu et al. 2017).

Rice straw is mainly composed of epidermis, 
mechanical tissues, vascular bundles and basic tissues, 
and decomposition occurs mainly because the thin-
walled cells of basic tissues and the bast in vascular 
bundles are damaged (Sun et  al. 2021; Li and Zhong 
2021). Scanning electron microscopy (SEM) was able 
to visualize the structural changes in the appearance 
and the degree of damage during decomposition of the 
straw (Li et al. 2015). It was observed that the exterior 
cavities of the straw residue became larger and more 
numerous as the decomposition time increased. This 
was mainly due to the decomposition of a large amount 
of carbohydrates (including hemicellulose and cellu-
lose), while lignin was more complex in structure and 
more difficult to be decomposed than other carbohy-
drates (Zeng et al. 2020). The straw in the N treatment 
was significantly more damaged than that in the non-N 
treatment (Fig. 9), further suggesting that N application 
promotes the decomposition of rice straw.

Effect of N fertilizer application on rice yield under 
the straw return condition in saline sodic rice fields

The real challenge in sodic saline areas is how to improve 
the soil at minimal cost while maximizing crop yield. 
Previous studies have shown that the application of 
biochar, desulfurized gypsum, aluminum sulfate, and 
compost can effectively improve the physicochemical 
properties of saline soils and increase the yield of crops 
(Mukhopadhyay et al. 2021). However, the cost of these 
improvement methods is high and it is difficult to achieve 
promotion. Straw contains a large number of nutrients 
required for crop growth (Table 2), which has a positive 
effect on soil improvement and is inexpensive (Wang 
et al. 2021). However, the incorporation of high C/N rice 
straw into the soil promoted a large uptake and utiliza-
tion of soil effective N by microorganisms, leading to N 
competition between microorganisms and crops (Chesh-
ire et  al. 1999; Chaves et  al. 2021). Therefore, straw 
return should be combined with an adapted N fertilizer 
application. This study showed that N fertilizer applica-
tion under straw return conditions increased rice yield 
with the highest yield of 8.01 t ha−1 obtained at 270 kg 
N ha−1. This may be due to the fact that the application 
of N fertilizer promoted the decomposition and nutrient 
release of straw (Figs. 4, 5, 6, and 7), which improved the 

growth environment of the root system in the middle and 
late stages of rice growth, enhanced the nutrient uptake 
by the root system, and thus increased the rice yield (Ran 
et al. 2022). In addition, the application of excessive N 
fertilizer prolongs the nutritional growth stage of rice, 
reduces the efficiency of N fertilizer utilization, and leads 
to a decrease in rice yield (Wang et al. 2022).

Implications for fertilizer management in saline sodic 
rice fields

Soils with low initial organic carbon concentrations have 
greater C sequestration potential because they are farther 
from their saturation level than soils with high organic 
carbon concentrations (Stewart et  al. 2008). It is worth 
noting that saline sodic soils are extremely nutrient poor 
(Table 1), and have considerable C sequestration poten-
tial. Thus, carbon sequestration can be achieved while 
improving soil physicochemical properties through long-
term straw return, especially in nutrient-poor saline soils. 
Our previous studies have also shown that straw return 
significantly improved the physicochemical proper-
ties of saline sodic soils and increased the sequestration 
of organic carbon in the soil (Ran et  al. 2023). How-
ever, considering the phenomenon of competition for N 
between rice growth and straw decomposition, the rea-
sonable application of N fertilizer is particularly impor-
tant. The cumulative decomposition rate of rice straw 
was greatest and rice yield was highest at a N applica-
tion rate of 270 kg ha−1. Therefore, we recommend that 
straw be applied in combination with 270 kg ha−1 of N 
fertilizer in saline sodic rice growing areas. Since most of 
the phosphorus and potassium in straw had been released 
before spring plowing (May 9), it basically satisfied the 
demand for phosphorus and potassium in the early stage 
of rice growth. Therefore, we recommend no or little 
application of phosphorus and potassium in the basal fer-
tilizer process, and appropriately increase the proportion 
of phosphorus and potassium in the follow-up fertilizer 
process to meet the demand of rice growth. However, the 
N fertilizer requirement during straw decomposition may 
change as the number of years of straw return increases, 
soil physicochemical properties improve and soil nutri-
ents accumulate, and soil N supply capacity increases. 
Therefore, it should be paid long-term attention to the 
straw decomposition and nutrient release patterns under 
different N application rates in future research to guide 
local farmers in a more reasonable application of N ferti-
lizer under straw return.
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Conclusion

The decomposition of rice straw in saline soil is a 
dynamic process. The results indicated that N appli-
cation could enhance straw decomposition and the 
release of nutrients (C, N, P). This effect exhibited an 
increasing trend followed by a decreasing trend as N 
application increased, peaking at the N3 treatment. 
Similarly, rice yield demonstrated a corresponding 
trend with increasing N application. Therefore, the N3 
(270  kg N ha−1) treatment could synergistically pro-
mote straw decomposition and enhance rice yield, ulti-
mately contributing to an increase in farmers’ income.
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