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Abstract
Labile organic carbon (LC) and recalcitrant organic carbon (RC) are two ma-
jor fractions of soil organic carbon (SOC) and play a critical role in organic
carbon turnover and sequestration. The aims of this study were to evaluate
the variations of LC and RC in a semi-arid soil (Inner Mongolia, China) un-
der plastic mulch and drip irrigation after the application of organic materials
(OMs), and to explore the effects of OMs from various sources on LC and RC by
probing the decomposition characteristics of OMs using in-situ nylon mesh bags
burying method. The field experiment included seven treatments, i.e., chicken
manure (CM), sheep manure (SM), mushroom residue (MR), maize straw (MS),
fodder grass (FG), tree leaves (TL) and no OMs as a control (CK). Soil LC
and RC were separated by Huygens D’s method (particle size-density), and
the average soil mass recovery rate and carbon recovery rate were above 95%,
which indicated this method was suitable for carbon pools size analysis. The LC
and RC contents significantly (P<0.01) increased after the application of OMs.
Moreover, LC and RC contents were 3.2%–8.6% and 5.0%–9.4% higher in 2016
than in 2015. The applications of CM and SM significantly increased (P<0.01)
LC content and LC/SOC ratio, whereas they were the lowest after the applica-
tion of TL. However, SOC and RC contents were significantly higher (P<0.01)
after the applications of TL and MS. The correlation analysis indicated the de-
composition rate of OMs was positively related with LC content and LC/SOC
ratio. In addition, lignin, polyphenol, WOM (total water-soluble organic mat-
ter), WHA (water-soluble humic acid), HSL (humic-like substance) and HAL
(humic acid-like) contents in initial OMs played important roles in SOC and
RC. In-situ nylon mesh bags burying experiment indicated the decomposition
rates of CM, SM and MS were significantly higher than those of MR, FG, and
TL. Furthermore, MS could result in more lignin derivatives, WHA, and HAL
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polymers in shorter time during the decomposition process. In conclusion, the
application of MS in the semi-arid soil under a long-term plastic mulch and drip
irrigation condition could not only improve soil fertility, but also enhance soil
carbon sequestration.
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Abstract: Labile organic carbon (LC) and recalcitrant organic carbon (RC)
represent two major fractions of soil organic carbon (SOC) that play critical
roles in organic carbon turnover and sequestration. This study evaluated vari-
ations in LC and RC in a semi-arid soil (Inner Mongolia, China) under plastic
mulch and drip irrigation following the application of organic materials (OMs),
and explored how OMs from various sources affect LC and RC by examining
decomposition characteristics using an in-situ nylon mesh bag burial method.
The field experiment included seven treatments: chicken manure (CM), sheep
manure (SM), mushroom residue (MR), maize straw (MS), fodder grass (FG),
tree leaves (TL), and a control without OMs (CK). Soil LC and RC were sepa-
rated using Huygens D’s method (particle size-density), with average soil mass
recovery and carbon recovery rates exceeding 95%, confirming the method’s
suitability for carbon pool size analysis. LC and RC contents increased sig-
nificantly (P<0.01) after OM application and were 3.2%–8.6% and 5.0%–9.4%
higher in 2016 than in 2015, respectively. CM and SM applications significantly
increased (P<0.01) LC content and the LC/SOC ratio, while TL application
produced the lowest values. Conversely, SOC and RC contents were signifi-
cantly higher (P<0.01) following TL and MS applications. Correlation analysis
revealed that OM decomposition rate was positively related to LC content and
the LC/SOC ratio. Additionally, lignin, polyphenol, WOM (total water-soluble
organic matter), WHA (water-soluble humic acid), HSL (humic-like substance),
and HAL (humic acid-like) contents in initial OMs played important roles in
SOC and RC. The in-situ nylon mesh bag experiment showed that decomposi-
tion rates of CM, SM, and MS were significantly higher than those of MR, FG,
and TL. Furthermore, MS produced more lignin derivatives, WHA, and HAL
polymers in a shorter time during decomposition. In conclusion, applying MS
to semi-arid soils under long-term plastic mulch and drip irrigation can improve
both soil fertility and carbon sequestration.
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1 Introduction
Soil organic carbon (SOC) plays a vital role in supplying plant nutrients, enhanc-
ing cation exchange capacity, improving soil aggregation and water retention,
and supporting soil biological activity (Loveland and Webb, 2003; Lal, 2004;
Sparling and Schipper, 2004; Haynes, 2005). Simultaneously, SOC serves as an
indicator of sustainable land management (Nandwa, 2001) and critically deter-
mines responses to nitrogen and phosphorus fertilization. Although the labile
organic carbon (LC) fraction accounts for only a small portion of total SOC, it di-
rectly participates in soil biochemical processes and plays an essential role in soil
health (Haubensak et al., 2002; McLauchlan and Hobbie, 2004; Cookson et al.,
2005). Separation techniques for LC can be classified as physical, chemical, or bi-
ological methods, with chemical methods being most commonly used in previous
studies. LC fractions identified through chemical methods include water-soluble
organic carbon (WOC), dissolved organic carbon (DOC), microbial biomass car-
bon (MBC), particulate organic carbon (POC), and permanganate-oxidized car-
bon (POXC) (Meng et al., 2013; Plaza-Bonilla et al., 2014). However, physical
methods cause less damage to organic carbon structure than chemical methods,
and the separated components can better reflect the structure and function of
undisturbed SOC (Zhang et al., 2011).

Based on carbon cycle characteristics in the Markov Chain Monte Carlo
(MCMC) model (Müller et al., 2004), Huygens et al. (2007) recently improved
the soil separation method of Meijboom et al. (1995), asserting that SOC could
be divided into LC and recalcitrant organic carbon (RC) through this physical
method. LC and RC represent two important components of SOC, and their
ratios to SOC (i.e., LC/SOC and RC/SOC) can serve as indicators to describe
SOC turnover and sequestration (Yu et al., 2015).

Management strategies affecting SOC components have recently received con-
siderable attention (Knoblauch et al., 2011; Du et al., 2013; Troy et al., 2013).
One important strategy for sustainable agricultural production systems involves
applying organic materials (OMs) to soils (Schmidt et al., 2011). Gougoulias et
al. (2014) and Liu et al. (2016) demonstrated that OM application significantly
contributed to LC content, primarily because OMs input into soil provide a
carbon source for soil microorganisms. Liang (2012) and Chen et al. (2015) also
found that OM application could significantly affect MBC, POC, and DOC con-
tents. Moreover, Li et al. (2016) indicated that soil DOC and MBC contents
increased significantly after applying straw, mushroom residue, and manure.
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Numerous studies have examined the effects of OM application on LC frac-
tions using chemical methods. For example, Singh et al. (2009) found that OM
quality importantly influenced short-term soil carbon dynamics, and SOC and
LC amounts were closely related to the types and properties of exogenous OMs
(Manna et al., 2005). However, relatively few studies have examined LC and RC
fractions separated by Huygens D’s method (2007) or investigated relationships
between OM chemical compositions and SOC fractions.

Integrating water-saving drip irrigation with evaporation-reducing plastic film
mulch is particularly suitable for improving water use efficiency, especially in
semi-arid areas of western China. In recent years, plastic mulch and drip irriga-
tion have been applied across approximately 4.686×10� hm² in Inner Mongolia.
Jiang et al. (2014) and Yin et al. (2014) found that plastic film mulch could
alter soil physical, chemical, and biological properties, promote decomposition
of soil organic matter, and enhance transformation and release of soil nutri-
ents, thereby increasing soil nutrient availability and fertility. Li et al. (2007)
found that corn biomass and yield increased under plastic film mulch, resulting
in more corn residue returned to soil. Li et al. (2009) also found that plastic
film mulch promoted organic carbon decomposition and decreased light fraction
organic carbon content in topsoil. Numerous studies have investigated the ef-
fects of plastic mulch and drip irrigation on LC in different soils; however, little
information is available regarding their effects on both LC and RC.

This study aimed to evaluate variations in LC and RC separated by Huygens
D’s method in a semi-arid soil under plastic mulch and drip irrigation after
applying six different OMs, including natural organic materials (maize straw,
fodder grass, and tree leaves), livestock manures (chicken manure and sheep
manure), and half-decomposed organic materials (mushroom residue). Addi-
tionally, an in-situ nylon mesh bag burial experiment was conducted to explore
decomposition characteristics and chemical composition variations of different
OMs. We hypothesized that OM application would increase SOC, LC, and RC
contents and affect SOC turnover and sequestration in semi-arid soils under plas-
tic mulch and drip irrigation. Moreover, OM decomposition rates and chemical
compositions would play important roles in SOC fractions.

2.1 Experimental Site
The experiment was conducted in Tumuji Town (46°17�N, 123°00�E), located
in Jalaid Banner, Hinggan League, Inner Mongolia, China, which belongs to
semi-arid regions. The annual average temperature is 4.0°C, mean annual pre-
cipitation is 300–450 mm, and the frost-free period is approximately 150 days.
Average annual sunshine hours total 2592 h, and total solar radiation is 5362.46
MJ/(m²・a). The effective accumulated temperature �10°C is about 2700°C–
3300°C. The soil is classified as Chernozem, with a pH of 8.2 and containing
19.8 g/kg organic matter, 6.55 mg/kg available phosphate, 51.36 mg/kg avail-
able potassium, and 84.82 mg/kg available nitrogen.
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2.2.1 Field Experiment with OM Application
The field experiment was conducted in May 2015 and 2016. The OMs used
included chicken manure (CM), sheep manure (SM), mushroom residue (MR),
maize straw (MS), fodder grass (FG), tree leaves (TL), and a control without
OMs (CK). CM and SM were collected from chicken and sheep breeding farms,
respectively. MR was the residue from edible fungus culture medium produced
with corn as raw material. MS was maize straw, and TL was poplar leaves.
FG was collected from Jalaid Banner pasture. The basic properties of initial
OMs are shown in Table 1 . The maize variety used was XianYu 335. Each plot
measured 5 m × 10 m. The field was arranged in a randomized design with three
replicates per treatment. The mechanized coated drip irrigation cultivation
technique was used during planting. OMs were manually applied to ridges
after ridging in both 2015 and 2016. Ridge height was 10 cm. Carbon input
was 7719 kg C/hm², with each organic material treatment receiving equivalent
amounts in 2015 and 2016. Application rates were 33,151 kg/hm² for CM, 27,708
kg/hm² for SM, 22,953 kg/hm² for MR, 18,000 kg/hm² for MS, 22,265 kg/hm²
for FG, and 19,415 kg/hm² for TL. Each plot received urea (210 kg N/hm²),
superphosphate (67 kg P/hm²), and potassium chloride (87 kg K/hm²). Soil
samples were collected from the junction of ridge and furrow at 0–20 cm depth
in October 2015 and 2016. Five samples per plot were collected following an
“S”pattern. Samples were then air-dried, passed through a 2-mm sieve after
removing crop residues and stones.

2.2.2 Field Experiment with In-Situ Nylon Mesh Bag Burial
The in-situ nylon mesh bag burial experiment was conducted simultaneously
with similar field management to the OM application experiment. Six treat-
ments were included: CM, SM, MR, MS, FG, and TL. Each treatment had
three replicates, with each plot covering 1.7 m × 3.6 m. Raw materials of MR,
TL, CM, and SM were crushed into crumbs, while MS and FG were cut into 2–
3 cm segments. Each OM type (20 g) was placed into 300-mesh nylon bags (20
cm × 15 cm) and sealed. A total of 24 nylon mesh bags were buried per plot.
Bags were placed flat without overlap directly below the drip irrigation belt at
20-cm intervals in 10-cm deep soil. Three nylon mesh bags from each plot were
randomly collected at 30, 60, 90, 120, 150, 180, 360, and 540 days after burial,
then returned to the laboratory and stored after cleaning.

Lignin and cellulose were measured using Van Soest acid detergent fiber method
(Van Soest, 1963). Organic C was measured by exogenous thermal process with
potassium dichromate (Walkley and Black, 1934). Polyphenol was measured
by ferrous tartrate method (Turkmen et al., 2006). Total N was determined
by Kjeldahl method. Water-soluble organic matter and humic-like substance
fractions were extracted according to Wu et al. (2004).

Table 1 Basic properties of the initial organic materials
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Material

Organic
C
(g/kg)

Total
N
(g/kg)

Cellulose
(%)

Hemicellulose
(%)

Lignin
(%)

Polyphenol
(%) Lignin/N

Quality
class

Chicken
ma-
nure

232.84±2.30e15.19±0.61a7.02±0.93e4.16±0.22d2.29±0.33e0.69±0.05b1.51±0.32d-

Sheep
ma-
nure

278.58±2.01d9.82±0.38bc20.53±1.24c14.13±0.72b2.60±0.75e0.75±0.08b2.65±0.19d-

Mushroom
residue

336.29±3.34c11.06±0.53b12.76±1.55d4.35±0.21d6.90±0.42c0.72±0.09b6.24±0.24cdIM

Maize
straw

428.85±2.56a6.13±0.72c37.81±2.17a23.68±1.15a5.30±0.18d0.88±0.07b8.65±0.43b-

Fodder
grass

346.68±4.18c16.75±1.05a25.64±2.00b16.25±1.07b8.49±0.83b0.81±0.04b5.07±0.41cd-

Tree
leaves

397.57±1.21b8.72±0.68bc13.47±0.64d8.89±0.58c11.50±0.67a1.05±0.03a13.19±0.92a-

Note: IM, intermediate quality. Data with the same lowercase letter within
the same row do not differ significantly at the 5% level according to the least
significant difference test. Values are mean ± standard error.

2.3 Separation Method for Labile Organic Carbon (LC) and
Recalcitrant Organic Carbon (RC)
Soil LC and RC fractions were separated using Huygens D’s method. Each
sample was processed three times with the following steps: 50 g of air-dried soil
passing through a 2-mm sieve was placed on a 0.25-mm sieve and wetted with
deionized water. The sieve set (0.25-, 0.15-, and 0.05-mm sieves) was placed in
a wet sieve barrel, water was added to immerse the soil on top of the 0.25-mm
sieve, and wet-sieving was performed with a sieving machine for 30 minutes.
Size fractions retained on the 0.25-mm and 0.15-mm sieves were washed into a
bucket and swirled with injected deionized water. The upper turbid liquid was
poured out and collected until the washing solution became clear to separate
macro organic matter (>0.15 mm MOM) and mineral fraction (>0.15 mm MF)
by decantation. The MOM, MF, 0.05–0.15 mm fraction, and <0.05 mm fraction
(centrifuged at 3000 r/min for 5 min) were then collected. Each fraction was
oven-dried at 55°C and weighed. Dried soils were ground with a planetary ball
mill and stored for subsequent carbon analysis.

LC was defined as carbon content in MOM per 1 kg of original soil. RC was
defined as the sum of carbon content in MF, 0.05–0.15 mm fraction, and <0.05
mm fraction per 1 kg of original soil. Mass recovery referred to the percentage
of the sum of different soil grade weights relative to total soil weight (50 g).
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Carbon recovery represented the sum of carbon content in different soil grades
relative to carbon content in the total soil amount.

2.4 Data and Statistical Analyses
Decomposition percentage (%) = (mass of initial OMs –mass of residue OMs) /
mass of initial OMs × 100

Cellulose decomposition percentage (%) = (content of initial OMs –content of
residue OMs) / content of initial OMs × 100

Residual quantities of OMs during decomposition were fitted by exponential
equation:

𝑦 = 𝑎 + 𝑏 × 𝑒−𝑘×𝑡

where 𝑦 (g) is residual quantity at time 𝑡; 𝑘 is the decomposition rate constant
calculated by least-squares method, indicating decomposition speed; 𝑏 (g) is
mass lost; and 𝑎 (g) is the asymptote value of 𝑦 when 𝑡 approaches infinity.
Carbon released quantities from OMs during decomposition were calculated as:

𝐶𝑡 = 𝐶0 × 𝑀0 − 𝐶𝑡 × 𝑀𝑡
𝑀0

× 1000

where 𝐶0 is C content of initial OMs (g/kg); 𝑀0 is mass of initial OMs (g); 𝐶𝑡
is C content of OMs at time 𝑡 (g/kg); and 𝑀𝑡 is mass of OMs at time 𝑡 (g).
Carbon released quantities from OMs during decomposition were fitted by first-
order kinetic equation:

𝐶𝑡 = 𝐶0 × (1 − 𝑒−𝑘0×𝑡)

where 𝑘0 is the carbon decomposition rate constant calculated by least-squares
method.

Results were initially compiled using Excel 2010 (Microsoft, Redmond, WA,
USA). All analyses were performed with three replicates. Data were analyzed
using analysis of variance (ANOVA). Multiple comparisons were conducted us-
ing Duncan’s new multiple range test (DMRT). Significant differences between
treatments were determined at 95% and 99% probability levels. Graphical ma-
terial was prepared using Origin 2007 (Originlab, Northampton, USA).

chinarxiv.org/items/chinaxiv-201712.00322 Machine Translation

https://chinarxiv.org/items/chinaxiv-201712.00322


3.1 Soil Organic Carbon (SOC)
Compared with CK, SOC contents increased significantly (P<0.01) after OM
application (Fig. 1 [Figure 1: see original paper]). In both 2015 and 2016, SOC
contents followed the descending order TL > MS > FG > MR > SM > CM,
with SOC contents in 2016 being 6.7%–12.6% higher than in 2015. Compared
with CK, SOC contents after TL and MS applications increased by 39.5% and
36.2%, respectively, in 2016. SOC contents after TL application were 9.5%,
15.0%, 19.2%, and 20.7% higher than those of FG, MR, SM, and CM, respec-
tively, in 2016 (P<0.01). Meanwhile, SOC contents after MS application were
6.9%, 12.2%, 16.3%, and 17.8% higher than those of FG, MR, SM, and CM,
respectively, in 2016 (P<0.01). However, SOC content after TL application
was 2.5% higher than that after MS application (P<0.05) in 2016.

Fig. 1 Soil organic carbon (SOC) contents after OM application in 2015 and
2016. Error bars represent standard deviations. Different lowercase and capital
letters above bars indicate significance at P<0.05 and P<0.01 levels, respectively,
among treatments within the same year. CK, control; MR, mushroom residue;
CM, chicken manure; SM, sheep manure; TL, tree leaves; MS, maize straw; FG,
fodder grass. Abbreviations apply hereafter.

3.2 Labile Organic Carbon (LC) and Recalcitrant Organic
Carbon (RC)
The average mass recovery rate and carbon recovery rate were 95.53% (94.51%–
96.32%) and 95.87% (94.54%–96.25%), respectively, after separation. This sim-
ple separation method was suitable for carbon pool size analysis as errors were
controlled within a reasonable range.

Compared with CK, LC and RC contents increased significantly (P<0.01) af-
ter OM application (Table 2 ). Moreover, LC and RC contents were 3.2%–8.6%
and 5.0%–9.4% higher in 2016 than in 2015, respectively. LC contents increased
most after CM and SM applications, rising by 28.9% and 30.7%, respectively, in
2016 compared with CK. Additionally, LC contents after MS, MR, and FG appli-
cations were 10.8%, 9.4%, and 8.5% higher than after TL application (P<0.01)
in 2016, respectively. RC contents after TL and MS applications increased by
38.4% and 33.0%, respectively, in 2016 compared with CK. RC contents after
TL application were 11.7%, 17.0%, 21.8%, and 27.5% higher than those of FG,
MR, SM, and CM, respectively, in 2016 (P<0.01). RC contents after MS appli-
cation were 7.3%, 12.3%, 17.0%, and 22.4% higher than those of FG, MR, SM,
and CM, respectively, in 2016 (P<0.01). RC content after TL application was
4.2% higher than that after MS application (P<0.01) in 2016.

Table 2 LC and RC contents after OM application in 2015 and 2016
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SOC
component Year CK CM SM MR TL MS FG
LC (g/kg) 2015 1.10±0.01eE1.40±0.02cC1.49±0.01aA1.43±0.01bB1.31±0.01dD1.40±0.02cC1.34±0.01cC

2016 1.19±0.03dC1.46±0.06bB1.54±0.02abA1.56±0.03aA1.34±0.02cB1.48±0.05bB1.45±0.04bB
RC (g/kg) 2015 11.32±0.09fE13.08±0.24dC11.53±0.10fE12.06±0.12eD14.68±0.06aA14.26±0.11bB13.34±0.08cC

2016 11.60±0.23gG13.73±0.15dD12.59±0.11fE13.19±0.110eE16.06±0.181aA15.42±0.142bB14.37±0.269cC

Note: SOC, soil organic carbon; LC, labile organic carbon; RC, recalcitrant
organic carbon; OMs, organic materials. Different lowercase and capital letters
within the same row indicate significance at P<0.05 and P<0.01 levels, respec-
tively, among treatments within the same year. Values are mean ± standard
error.

Two-way ANOVA revealed that both OM treatments and years were main fac-
tors influencing SOC, LC, and RC contents (Table 3 ). Interactions between
OM treatments and years were significant for SOC and RC contents but not
significant for LC content.

Table 3 Significant effects of OM treatments, years, and their interactions on
SOC, LC, and RC contents

Main effect SOC LC RC
Mean
square

F
value

Mean
square

F
value

Mean
square

F
value

OM treatment (O) 15.63 312.67**0.12 120.35**13.21 264.18**
Year (Y) 12.45 249.12**0.08 80.24**10.89 217.82**
O × Y 1.23 24.65**0.01 10.21NS1.01 20.18**

Note: ** indicates significance at P<0.01 level; NS, not significant.

3.3 Ratios of Labile Organic Carbon and Recalcitrant
Organic Carbon to Soil Organic Carbon (LC/SOC and
RC/SOC)
Allocation proportions of LC fractions differed significantly after OM application
(Fig. 2 [Figure 2: see original paper]). Compared with CK, the LC/SOC ratio
after CM and SM applications increased significantly (P<0.01) by 31.7% and
21.7% in 2015, and by 11.5% and 11.6% in 2016, respectively. The LC/SOC
ratio decreased significantly (P<0.01) after TL application in 2015, and after
TL and MS applications in 2016. However, compared with CK, the RC/SOC
ratio after CM and SM applications decreased with no significant differences
in either year. Among the six OM types, RC/SOC ratio was highest after TL
application, followed by MS.
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Fig. 2 Proportion of soil organic carbon components after OM application in
2015 and 2016. CL, carbon loss quantities in separation; LC, labile organic
carbon; RC, recalcitrant organic carbon. Different lowercase and capital letters
indicate significance at P<0.05 and P<0.01 levels, respectively, among treat-
ments.

3.4 Pearson’s Correlation Coefficient (r) Between Chemical
Compositions of OMs and SOC Fractions
Correlation analysis explored relationships between OM chemical compositions
and SOC fractions (Table 4 ). The most important chemical compositions af-
fecting SOC content were lignin (r=0.709, P<0.01), WOM (r=0.754, P<0.01),
WHA (r=0.652, P<0.05), HSL (r=0.685, P<0.05), polyphenol (r=0.655,
P<0.05), and HAL (r=0.619, P<0.05). LC content showed negative relation-
ships with C/N ratio (r=–0.817, P<0.01) and WHA (r=–0.640, P<0.01). RC
content showed positive relationships with lignin (r=0.633, P<0.05), polyphenol
(r=0.642, P<0.05), lignin/N ratio (r=0.627, P<0.05), WOM (r=0.733, P<0.01),
WHA (r=0.750, P<0.01), HSL (r=0.747, P<0.01), and HAL (r=0.725, P<0.01).
The most important factor affecting LC/SOC ratio was C/N ratio (r=–0.718,
P<0.01). Lignin (r=0.647, P<0.05) and lignin/N ratio (r=0.738, P<0.01)
played important roles in RC/SOC ratio. Additionally, a positive relationship
was found between OM decomposition rates and LC content (r=0.507, P<0.05)
and LC/SOC ratio (r=0.734, P<0.01).

Table 4 Pearson’s correlation coefficient (r) between chemical compositions of
OMs and SOC fractions in 2016

SOC
frac-
tion

Organic
C

Total
N C/N CelluloseHemicelluloseLigninPolyphenolLignin/N

Decomposition
rate

SOC 0.709** 0.655* 0.754**0.652* 0.685* 0.619*- - -
LC – – –

0.817**
– – –

0.640*
– – 0.507*

RC 0.633* 0.642* 0.627*0.773** 0.750** 0.747**0.725** – –
LC/SOC – – –

0.718**
– – – – 0.734**–

RC/SOC0.647* – – – – 0.738**– – –

Note: LC/SOC, ratio of labile organic carbon to soil organic carbon; RC/SOC,
ratio of recalcitrant organic carbon to soil organic carbon; WOM, total water-
soluble organic matter; WLOM, water-soluble litter-molecular organic matter;
WHA, water-soluble humic acid; HSL, humic-like substance; FAL, fulvic acid-
like; HAL, humic acid-like. r values are coefficients based on Pearson’s corre-
lation analysis (n=21). * and ** indicate significance at P<0.05 and P<0.01
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levels, respectively. Decomposition rate of OMs was calculated from organic
carbon content over 540 days.

3.5 Residual Quantities and Carbon Released Quantities of
OMs During Decomposition
The OM decomposition process could be divided into three stages: 0–90 days as
a“quick decomposition period,”90–180 days as a“slow decomposition period,”
and 180–540 days as a “stable decomposition period”(Fig. 3 [Figure 3: see
original paper]). Within 90 days, OM decomposition rate exceeded 70%. After
540 days, residual quantities of CM, SM, and MS decreased to 5.69, 6.11, and
6.53 g from the initial 20 g, whereas those of MR, FG, and TL decreased to 8.05,
8.84, and 10.32 g, respectively. Moreover, decomposition rates of CM, SM, and
MS (71.55%, 68.16%, and 68.21%) were higher than those of MR, FG, and TL
(58.64%, 55.28%, and 47.95%), respectively.

Carbon release quantities from OMs initially increased rapidly then stabilized
during decomposition (Fig. 4 [Figure 4: see original paper]). Carbon release
quantity from MS was higher than other OMs at each period. Within 90 days,
carbon release quantities from OMs exceeded 65%. After 540 days, carbon
release quantities from MS, TL, MR, FG, SM, and CM were 6.38, 4.85, 4.71,
4.64, 4.37, and 3.80 g, respectively.

Fig. 3 Dynamic changes in residual quantities of OMs during decomposition
under different treatments. Error bars represent standard deviations.

Fig. 4 Dynamic changes in carbon release quantities from OMs during decom-
position under different treatments. Error bars represent standard deviations.

Changes in residual quantities of OMs during decomposition were well fitted by
the first-order kinetic equation (𝑦 = 𝑎 + 𝑏 × 𝑒−𝑘×𝑡) (Table 5 ), with high cor-
relation (R²>0.98). The 𝑘 values for CM, SM, and MS were higher, requiring
61, 63, and 69 days, respectively, for half decomposition. In contrast, 𝑘 values
for MR, FG, and TL were lower, requiring 117, 161, and 590 days, respectively,
for half decomposition. Changes in carbon release quantities from OMs during
decomposition were fitted by the first-order kinetic equation with high correla-
tion (R²>0.98). The 𝐶0 value for MS was highest (6.11), followed by TL (4.75),
while those for CM and SM were lower (3.66 and 4.18, respectively). The 𝑘0
value for SM was highest (0.0203), followed by MS (0.0194) and CM (0.0189),
while TL had the lowest value (0.0117).

Table 5 Fitted equations for residual quantities and carbon release quantities
of OMs over decomposition time

Treatment𝑦 = 𝑎 + 𝑏 × 𝑒−𝑘×𝑡 𝑅2 𝐶𝑡 = 𝐶0 × (1 − 𝑒−𝑘0×𝑡) 𝑅2

CM 𝑦 =
5.69 + 14.31𝑒−0.0114𝑡

0.99 𝐶𝑡 = 3.66(1 − 𝑒−0.0189𝑡) 0.99
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Treatment𝑦 = 𝑎 + 𝑏 × 𝑒−𝑘×𝑡 𝑅2 𝐶𝑡 = 𝐶0 × (1 − 𝑒−𝑘0×𝑡) 𝑅2

SM 𝑦 =
6.11 + 13.89𝑒−0.0110𝑡

0.99 𝐶𝑡 = 4.18(1 − 𝑒−0.0203𝑡) 0.99

MR 𝑦 =
8.05 + 11.95𝑒−0.0059𝑡

0.99 𝐶𝑡 = 4.71(1 − 𝑒−0.0132𝑡) 0.99

MS 𝑦 =
6.53 + 13.47𝑒−0.0100𝑡

0.99 𝐶𝑡 = 6.11(1 − 𝑒−0.0194𝑡) 0.99

FG 𝑦 =
8.84 + 11.16𝑒−0.0043𝑡

0.98 𝐶𝑡 = 4.64(1 − 𝑒−0.0125𝑡) 0.99

TL 𝑦 =
10.32 + 9.68𝑒−0.0012𝑡

0.99 𝐶𝑡 = 4.75(1 − 𝑒−0.0117𝑡) 0.99

Note: 𝑅2 is determination coefficient; 𝑦 is residual quantity at time 𝑡; 𝑘 is decom-
position rate constant; 𝑏 is mass lost; 𝑎 is asymptote value when 𝑡 approaches
infinity; 𝐶𝑡 is carbon release quantity at time 𝑡; 𝐶0 is carbon mineralization
potential; 𝑘0 is carbon decomposition rate constant.

3.6 Residual Quantities of Cellulose and Lignin in OMs
During Decomposition
Residual cellulose content trends declined rapidly then stabilized during decom-
position, similar to OM residual quantity trends (Fig. 5 [Figure 5: see original
paper]). Cellulose contents in FG and TL decomposed quickly during 0–60 days,
while those in MS, MR, CM, and SM decomposed rapidly during 0–90 days. Af-
ter 540 days, cellulose decomposition percentages followed the descending order
MS > CM > FG > MR > TL > SM, reaching 64.87%, 62.67%, 62.44%, 55.93%,
51.36%, and 50.14%, respectively.

Residual lignin contents in OMs increased during early decomposition. Lignin
contents in MS, CM, and SM increased mainly during 0–60 days, while those in
TL, FG, and MR increased primarily during 0–90 days. Compared with initial
OM lignin contents, after 540 days lignin contents in TL, MS, MR, FG, SM,
and CM increased by 26.77%, 21.36%, 19.14%, 16.09%, 11.84%, and 10.68%,
respectively.

Fig. 5 Dynamic changes in residual quantities of cellulose (a) and lignin (b)
contents in OMs during decomposition.

3.7 Water-Soluble Organic Matter in OMs During Decom-
position
Dynamic changes in water-soluble organic matter (WLOM) of OMs during de-
composition are presented in Table 6 . WLOM contents generally declined dur-
ing decomposition, with only MS and TL showing increases at 90 days. WOM
and WHA contents exhibited rising trends at 90 days. WOM contents in MS,
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FG, and MR increased significantly and were sustained longer, while those in
CM, SM, and TL increased slightly and were sustained for shorter durations.
WHA contents in MS increased more than other OMs.

Table 6 Dynamic changes in water-soluble organic matter of OMs during de-
composition

OMs Components 0 30 60 90 120 150 180 360 540
CM WOM 12.82±1.28.98±0.185.20±0.587.11±0.516.58±0.624.44±0.263.68±0.563.43±0.162.11±0.05

WLOM 7.33±0.524.16±0.063.14±0.092.76±0.132.51±0.121.94±0.081.68±0.211.49±0.081.02±0.03
WHA 5.49±0.264.82±0.172.06±0.104.35±0.184.07±0.212.51±0.262.00±0.161.93±0.111.09±0.08

SM WOM 15.55±2.277.27±0.815.49±0.346.93±0.545.08±0.153.43±0.043.21±0.133.05±0.242.03±0.10
WLOM 6.47±0.434.82±0.233.93±0.163.17±0.192.92±0.062.34±0.152.20±0.172.11±0.181.64±0.05
WHA 9.07±1.242.45±0.031.56±0.073.76±0.272.16±0.071.09±0.091.01±0.080.94±0.060.39±0.03

MR WOM 13.71±1.306.23±0.875.20±0.445.46±0.554.19±0.383.83±0.212.83±0.192.56±0.262.48±0.14
WLOM 5.20±0.714.57±0.343.81±0.243.30±0.133.17±0.132.86±0.172.04±0.141.95±0.131.83±0.17
WHA 8.50±0.471.66±0.081.40±0.072.16±0.081.02±0.040.97±0.050.79±0.060.61±0.080.65±0.02

MS WOM 11.04±1.269.01±0.966.60±0.787.11±1.175.71±0.434.57±0.234.32±0.374.09±0.423.28±0.13
WLOM 4.91±0.253.08±0.092.57±0.072.45±0.042.38±0.061.70±0.041.64±0.261.57±0.061.42±0.06
WHA 6.13±0.535.93±0.374.03±0.264.66±0.543.33±0.452.87±0.282.68±0.222.52±0.081.86±0.17

FG WOM 17.01±2.297.87±0.664.70±0.257.11±0.286.22±0.814.06±0.153.93±0.193.51±0.152.26±0.05
WLOM 6.57±0.553.33±0.272.19±0.192.25±0.171.87±0.171.74±0.161.62±0.071.30±0.171.20±0.09
WHA 10.44±2.224.54±0.252.51±0.154.86±0.354.35±0.262.32±0.142.31±0.182.21±0.111.06±0.08

TL WOM 15.86±2.319.28±0.226.62±0.517.98±0.966.71±0.115.40±0.544.82±0.263.93±0.232.81±0.17
WLOM 7.68±1.184.70±0.404.06±0.264.16±0.223.93±0.163.55±0.233.11±0.382.74±0.092.55±0.11
WHA 8.19±1.144.58±0.382.56±0.063.82±0.162.78±0.041.85±0.071.71±0.061.19±0.040.26±0.03

Note: WOM, total water-soluble organic matter; WLOM, water-soluble litter-
molecular organic matter; WHA, water-soluble humic acid. Values are mean ±
standard error.

3.8 Humic-Like Substance in OMs During Decomposition
Dynamic changes in humic-like substance of OMs during decomposition are
shown in Table 7 . HSL and HAL contents exhibited rising trends during de-
composition. HSL and HAL contents in MS increased at 60 days and reached
maximum values at 90 days. Moreover, HSL and HAL contents in MS were
significantly higher than other OMs at each period. HSL and HAL contents in
CM, SM, MR, TL, and FG increased at 90 days, with TL, MR, and FG showing
large increases.

Table 7 Dynamic changes in humic-like substance of OMs during decomposition
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OMs Components 0 30 60 90 120 150 180 360 540
CM HSL 7.93±1.205.08±0.953.17±1.1311.30±1.829.01±1.638.63±1.227.36±0.854.32±0.673.32±0.39

FAL 4.47±0.294.06±0.322.79±0.164.95±0.334.70±0.184.19±0.243.93±0.293.55±0.152.91±0.16
HAL 3.46±0.221.02±0.080.38±0.176.35±0.704.31±0.344.44±0.213.43±0.180.77±0.130.41±0.08

SM HSL 6.16±1.304.19±0.232.67±0.067.62±1.277.87±0.837.36±0.916.28±0.543.05±0.112.05±0.05
FAL 4.19±0.252.79±0.051.78±0.122.73±0.062.41±0.142.28±0.102.16±0.162.05±0.081.55±0.06
HAL 1.97±0.061.40±0.030.89±0.054.89±0.235.46±0.465.08±0.454.12±0.311.00±0.140.50±0.03

MR HSL 8.19±1.185.58±0.243.05±0.105.84±0.455.20±0.624.57±0.254.19±0.383.43±0.292.43±0.61
FAL 2.16±0.131.78±0.061.27±0.111.52±0.041.90±0.151.78±0.091.65±0.031.40±0.041.03±0.05
HAL 6.03±0.403.81±0.051.78±0.084.32±0.083.30±0.032.79±0.032.54±0.042.03±0.101.40±0.03

MS HSL 10.28±1.218.50±0.795.08±0.4715.86±1.2710.53±1.219.90±1.278.96±1.196.09±0.234.09±0.16
FAL 5.97±0.344.82±0.462.16±0.096.22±0.754.70±0.263.68±0.183.47±0.152.79±0.141.79±0.11
HAL 4.32±0.263.68±0.352.92±0.139.65±0.765.84±0.246.22±0.845.49±0.463.30±0.272.30±0.08

FG HSL 17.45±2.2113.20±2.1717.77±1.1620.43±2.3717.26±1.3615.99±1.3513.96±2.249.58±0.896.58±0.46
FAL 9.90±1.907.87±0.726.73±0.177.62±0.207.23±0.615.97±0.464.82±0.113.46±0.162.49±0.07
HAL 7.55±0.855.33±0.3611.04±1.2212.82±1.2510.03±1.3310.02±0.919.14±0.716.12±0.614.09±0.52

TL HSL 14.91±1.171.93±1.237.36±1.2114.47±1.3011.45±1.2110.77±1.348.78±1.197.50±0.885.50±0.63
FAL 8.25±1.166.60±0.765.71±0.836.55±0.456.23±0.645.58±0.474.98±0.564.08±0.273.27±0.17
HAL 6.66±0.645.33±0.311.65±0.067.92±0.785.22±0.575.19±0.413.80±0.163.42±0.132.23±0.03

Note: HSL, humic-like substance; FAL, fulvic acid-like; HAL, humic acid-like.
Values are mean ± standard error.

4 Discussion
Continuous OM application influences soil organic matter levels and the quality
of some or all of its pools (Cadisch and Giller, 2000). Many studies have shown
that OMs positively alter soil environment and promote SOC storage (Liu et
al., 2005; Purakayastha et al., 2008; Banger et al., 2010). Wang (2014) found
that light organic carbon (LOC) and POC contents after straw application were
significantly higher in semi-arid soil than in sub-humid soil, suggesting that OM
effects on labile organic carbon may be greater in semi-arid soils. In this study,
LC and RC contents increased significantly (P<0.01) after two years of con-
tinuous OM application compared with no OM (CK). Moreover, LC and RC
contents were 3.2%–8.6% and 5.0%–9.4% higher in 2016 than in 2015, respec-
tively, consistent with Wang (2014) who reported that SOC, LOC, and POC
contents under straw treatment with plastic mulch were higher in 2010 than in
2009 and significantly higher than no-straw treatment.

OM application, OM sources, and decomposition degrees all affected SOC frac-
tions under plastic film mulch (Li et al., 2009). Vanlauwe et al. (2005) indicated
that short-term carbon dynamics were controlled by quality parameters of in-
putted OMs, such as lignin, N, and polyphenol contents. This finding was
confirmed by Mandal et al. (2007) and Singh et al. (2009), who suggested that
OM quality was an important factor for agricultural soil carbon changes beyond
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carbon input amount. In this study, carbon input was equivalent across OM
treatments, so SOC fraction variations mainly depended on OM nature. Cor-
relation analysis revealed that lignin and polyphenol contents in OMs played
important roles in SOC and RC contents, consistent with Gentile et al. (2010).
Puttaso et al. (2013) found that lignin and polyphenols were more resistant
and difficult to decompose compared with cellulose and hemicellulose, thus ben-
efiting SOC improvement. Similarly, Trinsoutrot et al. (2000) indicated that
residues with higher lignin and polyphenol concentrations might be more sta-
ble as important SOC components through biochemical processes due to highly
recalcitrant lignin. Moreover, this study found that the most important factors
affecting SOC and RC contents were WOM, WHA, HSL, and HAL contents in
OMs.

Decomposition rate is an important index for maintaining and improving soil
organic matter distribution and fertility (Li et al., 2015). This study found OM
decomposition rates followed the descending order CM > SM > MS > MR >
FG > TL, with CM, SM, and MS showing obviously higher rates than MR, FG,
and TL. Gao et al. (2010) and Liang et al. (2011) reported that water-soluble
organic carbon (WOC) contents after animal manure application were higher
than after straw application. In this study, LC contents after CM and SM ap-
plications were significantly higher than other OMs, followed by MS, while TL
produced the lowest LC content. Similarly, LC/SOC ratios after CM and SM
applications were higher, implying these treatments favored SOC mineralization
and turnover. Moreover, OM decomposition rate was positively related to LC
content and LC/SOC ratio. Therefore, CM and SM applications significantly
increased LC contents and LC/SOC ratios mainly due to their higher decompo-
sition rates. Conversely, SOC and RC contents after TL and MS applications
were significantly higher than other OMs, with correspondingly higher RC/SOC
ratios, implying TL and MS applications favored SOC storage. The higher RC
and SOC contents under TL and MS treatments could be attributed to higher
lignin/N ratios and lignin and polyphenol contents in TL and MS, which differs
from Long et al. (2015) who found that pig manure treatment produced signifi-
cantly higher SOC content than straw treatment in silt loam. This inconsistency
may be attributed to different soil types and environments.

Wang et al. (2014) and Liu et al. (2014) studied maize straw decomposition rate
in semi-arid dryland soil under plastic film mulch using nylon mesh bag methods
and found that plastic film mulch promoted carbon mineralization. Therefore,
OM application in semi-arid soils under long-term plastic film mulch conditions
is necessary. This study showed that six OM types significantly increased SOC,
LC, and RC contents. However, variations in LC and RC contents, LC/SOC
ratio, and RC/SOC ratio differed significantly among the six OM treatments.
For example, MS had a higher decomposition rate and the highest WOM, WHA,
HSL, and HAL contents, with more lignin derivatives, WHA, and HAL polymers
produced during decomposition. Thus, MS is recommended for use under plastic
mulch and drip irrigation in semi-arid soils.
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5 Conclusions
A two-year field experiment demonstrated that LC and RC contents increased
significantly after continuous OM application. LC and RC contents were 3.2%–
8.6% and 5.0%–9.4% higher in 2016 than in 2015, respectively. LC contents were
significantly higher after CM and SM applications, followed by MS, while TL
produced the lowest LC content. Additionally, LC/SOC ratios were significantly
higher after CM and SM applications. SOC and RC contents were significantly
higher after TL and MS applications, while CM and SM produced relatively
lower values. RC/SOC ratios were also higher after TL and MS applications.
In conclusion, applying MS to semi-arid soils under long-term plastic mulch and
drip irrigation can improve both soil fertility and carbon sequestration.
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