agronomy

Article

Residual Carbon Derived from Different Maize Parts Differed
in Soil Organic Carbon Fractions as Affected by Soil Fertility

Mengmeng Wang 123, Jiubo Pei 1'23*, Yaxi Yu 123 and Siyin Wang 123

check for
updates

Citation: Wang, M.; Pei, J.; Yu, Y.;
Wang, S. Residual Carbon Derived
from Different Maize Parts Differed
in Soil Organic Carbon Fractions as
Affected by Soil Fertility. Agronony
2023, 13,1121. https://doi.org/
10.3390/agronomy13041121

Academic Editor: Wenxiu Zou

Received: 7 March 2023
Revised: 10 April 2023

Accepted: 12 April 2023
Published: 14 April 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://

creativecommons.org/licenses /by /
4.0/).

College of Land and Environment, Shenyang Agricultural University, Shenyang 110866, China

National Engineering Research Center for Efficient Utilization of Soil and Fertilizer, National Development
and Reform Commission, Shenyang 110866, China

Key Laboratory of Arable Land Conservation in Northeast China, Ministry of Agriculture and Rural Affairs,
Shenyang 110866, China

Correspondence: peijiubo@syau.edu.cn

Abstract: Maize straw returning is one of the important measures to improve dryland soil organic
carbon (SOC). However, the effects of different maize parts on SOC fractions with different soil
fertility levels in situ are not exactly clear. Therefore, an in situ field incubation experiment over
540 days, by adding different 1*C-labeled maize parts (root, stem and leaf) into low- (no fertilizer
treatment) and high- (manure treatment) fertility soils, was conducted at a long-term brown earth
experimental site in Shenyang of China to figure out the effects of different maize parts on SOC
fractions (dissolved organic carbon (DOC) and particulate organic carbon (POC)). The results showed
that the distribution-DOC ratio of low-fertility treatment was higher than that of high-fertility
treatment in the period of rapid decomposition of straw. In both low- and high-fertility soils, the
ratio of carbon to DOC in leaf residue was higher than that in root and stem residues. The proportion
of root, stem and leaf residue converted to DOC in low-fertility soil was 4.51%, 3.89% and 5.00%,
respectively. The proportion of root, stem and leaf residue converted to DOC in high-fertility soil
was 4.10%, 3.65% and 4.11%, respectively. As for the distribution-POC ratio, during the period of
rapid decomposition of straw, the ratio of carbon conversion from root and stem residue to POC was
generally higher than that from leaf residue. The ratio of carbon conversion to POC of root, stem and
leaf residues in high-fertility treatment was higher than that in low-fertility treatment. In low-fertility
treatment, the proportion of root, stem and leaf residues converted to POC was 41.34%, 46.33% and
36.11%, respectively. The proportion of root, stem and leaf residue converted to POC in high-fertility
soil was 46.48%, 44.45% and 41.14%, respectively. The results showed that, for DOC, a low fertility
level and more leaf residue types were beneficial. While, for POC, root and stem residues with a high
fertility level were beneficial. These results provide evidence that the addition of different parts of
maize residues would have differing effects on DOC and POC. Leaf residues in low-fertility soils
were more suitable for increasing DOC. Root and stem residues in high-fertility soils were more
suitable for increasing POC. Nevertheless, we could not ignore the unmeasured SOC fractions that
some of the residues could be converted to.

Keywords: 13C-labeled maize residual parts; dissolved organic carbon; particulate organic carbon;
soil fertility

1. Introduction

Soil is the largest organic carbon pool in terrestrial ecosystems, and its carbon pool
capacity exceeds the sum of vegetation and atmospheric storage [1]. Soil organic carbon
can provide nutrients for vegetation growth and maintain the good physical structure of
the soil. Soil organic carbon (SOC) plays an important role in the global carbon cycle and
in mitigating climate change [2]. In particular, soil labile organic carbon is the first link
in the turnover of the soil organic carbon pool and serves as an early-warning indicator
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of soil fertility and environmental health changes. Most studies classify it into dissolved
organic carbon, microbial biomass carbon, easily oxidized organic carbon, light group of
organic carbon and particulate organic carbon [3-5]. In terms of the transformation capacity
and characterization contents of each component, dissolved organic carbon (DOC) mainly
represents the transformation capacity, while particulate organic carbon (POC) mainly
represents the fixed trend, that is, the tendency to transformation of carbon components
that are difficult to decompose, which is considered as the main index to describe the
transformation and fixation of soil labile organic carbon [6-8].

Many studies have shown that the application of exogenous organic matter can
improve the level of soil organic carbon [9]. Some studies have found that increasing
the input of exogenous organic matter is an important measure to improve the turnover
capacity of soil organic carbon, maintain and increase the level of soil organic matter and
improve soil fertility [10]. The addition of exogenous organic materials effectively increased
the soil organic carbon content, which was conducive to soil organic carbon accumulation
and soil stability [11]. Maize straw (including root, stem and leaf residues) is one of the main
sources of exogenous organic matter in farmland soil, which not only provides physical
protection for the soil but also improves soil organic matter, biological activity and nutrient
availability. Maize straw return to the field is a vital agronomic practice for increasing
soil organic carbon and its labile fractions, as well as soil aggregates and organic carbon
associated with water-stable aggregates [12]. In addition, it can increase soil aggregate,
structure and organic carbon activity and improve soil fertility [13]. As an important source
of soil organic carbon, straw returning not only promoted SOC decomposition but also
increased the total soil organic carbon content. Crop residue improvement is an effective
measure to increase soil organic carbon content and soil productivity [13]. Straw returning
significantly increased soil total organic carbon and particulate organic carbon content.
Moreover, combined application of nitrogen fertilizer can increase soil organic matter
content and microbial activity, which is helpful to improve soil fertility [14]. Previous
studies showed that the contents of total organic carbon, microbial biomass carbon and
particulate organic carbon in the surface soil increased significantly after 2~10 years of
straw returning to the field [8]. It was also found that the conversion and accumulation
of soil organic carbon (especially labile organic carbon) in the rhizosphere of maize straw
after returning to the field were different due to the different carbon compounds and C/N
factors derived from different crop residues [15-17]. However, the quantitative difference
in situ derived by different crop residues on soil labile organic carbon components was
still unclear.

Therefore, an in situ experiment for 540 days was carried on at a long-term (over
30 years) experiment site of dryland soil in northeast China by means of a tracing method
of 13C-labeled maize root, stem and leaf residue addition. The total soil organic carbon (total
SOC) and its 5'3C signature, soil labile organic carbon components including dissolved soil
organic carbon (DOC) and its 5'3C signature and soil particulate organic carbon (POC) and
its 813C signature were measured periodically. Moreover, the ratio of straw carbon in total
SOC and those DOC fractions were calculated as well. We hypothesized that low-fertility
soil would promote more added residue carbon to DOC, while high-fertility soil would
promote more to POC. In addition, more carbon from leaf residue was distributed to DOC
than from root and stem residues, but root and stem residues were more likely to contribute
to POC.

2. Materials and Methods
2.1. Study Site and Tested Materials

The in-situ experiment was carried out at a long-term brown earth site (41.82° N,
123.57° E) of Shenyang Agricultural University in northeast China. This site is flat with an
elevation of 75 m and is located in the northern temperate continental monsoon climate
zone with a cold and dry winter and a concentrated high temperature and rainy summer
condition. The annual average temperature, the annual average precipitation, the accu-
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mulated temperature over 10 °C and the frost-free period are 7.5 °C, 706 mm, 3350 °C
and 153 days, respectively. The local soil type was classified as brown earth (a Hapli-Udic
Alfisol according to the U.S. soil taxonomy), which was developed on a loess-like parent
material, showing there is no hydrochloric acid reaction in the whole profile. The site was
established in the spring of 1987 with continuous cultivation of maize in the recent 30 years,
with conventional field management for sowing and fertilizing. The harvest to remove the
maize straw were around 25 September every year. The plowing of the soil and sowing
were in the end of April of next year. The fertilizers used were applied to the soil as base
fertilizers. In this study, the tested topsoil (0-20 cm) with two fertility levels was collected in
October 2018. After removing impurities, those samples were air-dried and passed through
a 2 mm sieve for utilization in the in situ experiment. The basic properties of the tested soil
are shown in Table 1.

Table 1. Basic properties of the tested soil (0-20 cm).

Soil Organic Total Nitrogen

. o1s o1 13 v
Soil Fertility Fertilizer Carbon(g kg ) (g kg 1) C/N 85°C (%o)
- No fertilizer
Low fertility (LF) 0 kg N hm-2) 1155 + 0.09 B 1.30 + 0.03 B 8.87 +0.15 A —17.88 + 0.41 B
High fertility (HE) ~ Tianure fertilizer 20.61 +0.25 A 232+ 001 A 8.89 + 0.08 A —19.45+ 0.04 A

(270 kg N hm~2)

Note: Different uppercase letters indicate significant differences between two soil fertility levels at p < 0.05.

Maize residue labeled with stable '3C isotope was obtained by a '>C pulse labeling
test [18]. The labeling experiment was carried out on a fine day of the summer in 2014,
and 13CO, gas was produced by the reaction of HCI (2 M) and Na,'3COj3; (99% atom
% 13C, Sigma-Aldrich, Shanghai). The marking chamber was composed of transparent
agricultural plastic film and adjustable support (length, width and height of 5m, 1 m and
1.5 m, respectively). The gap between the marking chamber and the soil was sealed with
wet soil. Before injecting the 1*CO,, a vacuum pump was used to extract CO, from the
labeling room (2.2 m length x 0.5 m width, covered 20 plants). After starving plants for a
period of time, the 1*CO, gas was injected to improve the absorption and assimilation rate
of 13CO,. After injecting 1*CO, gas into the marking room, the fan was started at the same
time to fully mix the gas in the marking room. Maize residues were harvested and washed
at autumn maturity, blanked for 30 min at 105 °C and dried to constant weight at 60 °C.
Then, the roots, stems and leaves of the maize residues were separated with scissors and cut
into small pieces, which were crushed with a straw crusher and passed through a 40-mesh
sieve (0.425 mm) for the in situ experiment. In addition, a small amount of the crushed
residue was ground with a hybrid grinder (Retsch MM 200, Germany) to determine its basic
physical and chemical properties. The total carbon content, total nitrogen content and the
§13C value of the labeled maize root residue were 40.75%, 1.25% and 208.82 %, respectively.
Those of the labeled maize stem residue were 44.08%, 1.44% and 252.70 %o, respectively,
and those of the labeled maize leaf residue were 42.80%, 1.25% and 234.92 %o, respectively.

2.2. In Situ Experiment Design and Sampling

A total of 120 experimental devices were set up in this experiment (1 PVC device
represented 1 replicate), including 2 kinds of soil fertility (low and high), 3 kinds of maize
residue addition (root, stem and leaf) and 1 control treatment without any residue addition.
Each treatment was designed to have 3 replicates. A total of 8 treatments were administered:
(1) low-fertility soil (LF); (2) low-fertility soil plus root residue (LF + R); (3) low-fertility soil
plus stem residue (LF + S); (4) low-fertility soil plus leaf residue (LF + L); (5) high-fertility
soil (HF); (6) high-fertility soil plus root residue (HF + R); (7) high-fertility soil plus stem
residue (HF + S); (8) high-fertility soil plus leaf residue (HF + L).

The 3C-labeled root, stem and leaf of maize residues were ground by a 0.425 mm
sieve. Then, 1000 g soil samples (equivalent to the weight of dried soil) and 10 g maize
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residues samples were mixed, respectively, and distilled water was added to adjust the
water content to reach 70% field water capacity in each mixed treatment. A blank control
treatment had no maize residues but only the water content was adjusted to reach 70%
field water capacity. Then, each mixed sample was filled into a designed device (Figure 1)
and vertically buried into the surface layer (0-20 cm) of the ridge in the corresponding soil
plot treated by fertilization on 2 June 2019 (the upper end of the PVC pipe was about 10 cm
above the ground, as shown in Figure 1), and no crops were planted in each PVC pipe. The
PVC pipe device had an inner diameter of 10 cm, a height of 20 cm and a wall thickness of
about 3 mm. The bottom was sealed except for a hole linking to a hard PVC water pipe
(5 mm in diameter). The water pipe was usually used to adjust the soil water content in
the PVC device. The soil temperature and water content inside were monitored on the
sampling day (5, 20, 60, 180 and 540 days, starting with all the PVC pipes buried), with a
soil temperature and water content TDR meter from IMKO TRIME-PICO 64, Germany. For
each sampling period, the control valve of the water pipe was first closed to reduce DOC
loss in the samples, and then the whole PVC pipes of all treatments were removed from
the field.

PVC pipe

(Thickness of pipe wall 3 mm)

PVC pipe height
20 em T _ Ridge
Surface soil ; 6 : ; 26
0-10 cm s Tested soil Y . .
+Corn residue Draln—plpe
+ l 2 REiaed (Diameter 5 mm)
¥ e & B

PVC pipe diameter
10 cm

Figure 1. Schematic map of the tested device.

2.3. Determination of Soil Organic Carbon Fractions
2.3.1. Total Soil Organic Carbon

After sampling, the soil samples were taken back to the laboratory to air dry. The
air-dried soil samples were ground to pass a 0.15 mm sieve, which were examined using
elemental analyzer-stable isotope ratio mass spectrometry (EA-IRMS) to get the sample’s
values of total soil organic carbon (SOC) and its 5'3C.

2.3.2. Soil Dissolved Organic Carbon

The soil’s dissolved organic carbon (DOC) was extracted with a K;SOy solution. The
soil sample was transferred to a 100 mL oscillation flask, and 40 mL of 0.5 mol L1 K,S04
solution was added. All the flasks were oscillated at 25 °C for 30 min (180 r min—!), and then
centrifuged for 15 min with a speed of 4000 r min~!. After centrifugation, the supernatant
was filtered using a 0.45 pum filter membrane. The filtrate was freeze-dried and ground
until it passed through a 0.15 mm sieve. The soil dissolved organic carbon (DOC) and §'C
values were determined using EA-IRMS.
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2.3.3. Soil Particulate Organic Carbon

The soil particulate organic carbon (POC) was extracted using the sodium hexam-
etaphosphate dispersion method. The air-dried soil (equivalent to 10 g oven-dried soil)
after passing through a 2 mm sieve was put into 150 mL triangular bottle, and 30 mL of
sodium hexametaphosphate solution with a concentration of 5 g L~! was added. Those
bottles were oscillated in a reciprocating oscillator for 15 h (180 r min~!). The dispersed
soil solution was passed through a 0.053 mm filter membrane and rinsed with DI water
several times. Furthermore, the residual materials left on the membrane were oven dried at
50 °C and weighed before being ground to pass through a 0.15 mm sieve to determine soil
particulate organic carbon content and §'3C value using EA-IRMS.

2.4. Calculations

The contribution rate of different maize residues’ carbon to the soil organic carbon
fractions was calculated using the following formula [19]):

513C 04 — 8°Cu
513CmaizeO - 613Cck

Frnaize (%) = x 100 1)

where Fpaize (%) represents the contribution rate derived from maize residues in the
treatment of maize residue plus soil. §'3C,qq and §'3C represent the §'3C values (%o) of
soil organic carbon fractions in the treatments of maize residue plus soil and soil alone,
respectively. 813Cpaize0 represents the §13C value (%o) of the initially added maize residue.

The content of soil organic carbon derived from maize straw Mplants & kg’l) was
calculated using the following formula:

Mplant (g kg_1> = M X Faize /100 (2)

where M (g kg ') represents the soil organic carbon fraction content in each treatment of
maize residue plus soil.
The distributions of the residue C to DOC or POC (D, %) were calculated using the
following formula:
D(%) = Mplant/ Cinaizeo X 100 3)

where D (%) represents the ratio of maize residues’ carbon distributed in DOC or POC
fractions to the initial corresponding added maize residues’ C. Cpaize0 represents the C
content (g kg~?!) of the initial added maize residue.

2.5. Statistical Analysis

All statistical tests were performed using SPSS Statistical 23 software (IBM Corporation,
New York, USA). The significant difference in different treatments was determined using
ANOVA analysis and Duncan’s test. Figures were generated using the Origin 2018 program
(Origin Lab, Northampton, MA, USA).

3. Results
3.1. Distribution of Different Straw Carbon in SOC

After returning maize straw to the field, the SOC content increased, with a significant
effect according to fertility level or residue type (p < 0.001). The SOC_jegique derived from
the residues of root, stem and leaf showed significant difference as well (p < 0.05). During
the 540-day incubation period, the content of SOC _egiqye Of different straw types showed a
trend of general decline over time (Figure 2). In both low- and high-fertility treatments,
the indices fluctuated greatly in the first 60 days (Figure 2) and then changed slowly. In
low-fertility soil, the leaf carbon content of SOC was generally higher than that of root and
stem carbon contents before 180 days. During the 540-day incubation period, the peak
value appeared on the 20th day of sampling in the low-fertility treatment, the content of
SOC _esidue Was 2.94 g kg~! (LF + R), 3.21 g kg~ ! (LF + S) and 4.53 g kg~! (LF + L). It
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appeared on the fifth day of sampling in the high-fertility treatment, with peak values of
390¢g kg’1 (HF+R),3.16 g 1<g*1 (HF +S)and 4.28 g kg’1 (HF + L); meanwhile, the content
of SOC _egique in the HF + L treatment was similar on the 5th day and the 20th day.
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Figure 2. Distribution of different straw carbon in SOC in different fertility soils over 540 days. SOC-
residue represents the carbon content derived from different residue types in SOC. LF and HF represent
low- and high-fertility soil levels, respectively. R in blue, S in red and L in green represent the residues
of the root, stem and leaf, respectively. Error bars represent the standard deviations from the mean
(n=3). E Rand F x Rin black represent fertility level, residue type and the interaction of fertility
level and residual type. *, **, *** and ns indicate significant difference at p < 0.05, 0.01 and 0.001, and
no significance by ANOVA analysis, respectively. Different uppercase letters indicate significant
differences between different treatments in the same sampling time, while different lowercase letters
indicate significant differences between different sampling times in the same treatment (p < 0.05).

3.2. Distribution of Different Straw in DOC in Soils with Different Fertility

DOC content was increased before 180 days during the 540-day incubation period
after returning maize straw to the field. The content of DOC egiqyue With different residue
types showed a fluctuating downward trend (Figure 3). Before 180 days of the incubation
period, the content of DOC _¢giqye in leaf residues was higher than that in root and stem
residues, while it showed an opposite trend after 180 days. At the beginning (on the fifth
day of sampling), the content of DOC _¢gi4ye in the low-fertility treatment was higher than
that in the high-fertility treatment, with the contents of 0.24 g 1<g’1 (LF+R),025¢g 1<g’l
(LF +S) and 0.29 g kg~ ! (LF + L), respectively. Moreover, in the high-fertility treatment it
was 0.16 g kg~! (HF + R), 0.20 g kg ! (HF +S) and 0.20 g kg~ (HF + L), respectively.

3.3. Distribution of Different Straw in POC in Soils with Different Fertility

The POC content also increased after returning maize straw to field. Over the incu-
bation period, the content of POC _egique With different straw types showed a fluctuating
downward trend (Figure 4). POC derived from root and stem residues was generally
higher than that from leaf residue except for the first 60 days. Meanwhile, on the fifth
day of sampling, POC derived from stem residue in the low-fertility treatment was higher
than that of root and stem residues, with values of 3.35 g kg~! (LF + S), 2.01 g kg™ !
(LF + R) and 1.75 g kg ! (LF + L), respectively. A similar trend was also observed in the
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high-fertility treatment, with values of 3.89 g kg’1 (HF +R), 344 g 1<g’l (HF +S) and
326¢g 1<g71 (HF + L), respectively.
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Figure 3. Distribution of different straw residues in DOC in different fertility soils over 540 days of
the experiment. DOC-eqique represents the content of carbon derived from different residue types in
DOC. LF and HF represent low- and high-fertility soil levels, respectively. R in blue, S in red and L in
green represent the residues of root, stem and leaf, respectively. Error bars represent the standard
deviations from the mean (n = 3). F R and F x R in black represent fertility level, residue type and
the interaction of fertility level and residual type. ns indicates no significant difference by ANOVA
analysis, respectively. Different uppercase letters indicate significant differences between different
treatments in the same sampling time, while different lowercase letters indicate significant differences
between different sampling times in the same treatment (p < 0.05).

3.4. Distribution of C_siay, among SOC Fractions

Figure 5 shows the distribution situation of the ratio (C derived from root, stem or leaf
in soil and the initial corresponding C in root, stem or leaf) of C-residue among the fractions
of DOC, POC and unmeasured parts (such as C-gas lost, other labile organic fractions or
recalcitrant C fractions that we did not measure in this study). The trends of DOC and
POC showed a general fluctuation and decline, while the unmeasured parts showed the
opposite trend.

The distribution of C_jegique ratio in DOC was significantly affected by sampling time,
fertility level and residue type (p < 0.01); moreover, there was an interaction between the
sampling time and residue type (p < 0.01), sampling time and fertility level (p < 0.001) and
sampling time, fertility level and residue type (p < 0.01) (Table 2). During the 60-day incu-
bation period, the ratio of residual carbon in DOC in the low-fertility treatment was higher
than that in high-fertility treatment. In both low-fertility and high-fertility treatments, DOC
derived from leaf residue was generally higher than that from root and stem residues.
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Figure 4. Distribution of different straw residues in POC in different fertility soils over 540 days of
the experiment. POC-jeqiqye Tepresents the content of carbon derived from different residue types in
POC. LF and HF represent low- and high-fertility soil levels, respectively. R in blue, S in red and L in
green represent the residues of root, stem and leaf, respectively. Error bars represent the standard
deviations from the mean (n = 3). F, R and F x R in black represent fertility level, residue type and the
interaction of fertility level and residual type. *** and ns indicate significant difference at p < 0.001,
and no significance by ANOVA analysis, respectively. Different uppercase letters indicate significant
differences between different treatments in the same sampling time, while different lowercase letters
indicate significant differences between different sampling times in the same treatment (p < 0.05).
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Figure 5. Distribution of C-residue in DOC and POC (%) under different treatments over 540 days of
the experiment. LF and HF indicate low- and high-fertility soils. R, S and L indicate the residues of
root, stem and leaf. Error bars represent the standard deviations from the mean (n = 3). Different
uppercase letters indicate significant differences between different treatments in the same sampling
time, while different lowercase letters indicate significant differences between different sampling
times in the same treatment (p < 0.05).
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Table 2. ANOVA analysis for the effect of sampling time (S), fertility (F) and residue type (R).

Factor Df Distribution-DOC Distribution-POC Unmeasured
F p F p F p

S 4 149.627 <0.001 54.432 <0.001 61.848 <0.001
F 1 13.000 <0.01 14.577 <0.001 13.942 <0.001
R 2 16.260 <0.001 8.692 <0.001 7.782 <0.01
SxF 4 52.657 <0.001 101.074 <0.001 111.221 <0.001
S x R 8 3.639 <0.01 6.355 <0.001 5.636 <0.001
FxR 2 2.419 0.098 5.987 <0.01 6.780 <0.01
SxFxR 8 3.578 <0.01 3.102 <0.01 2.874 <0.01

The distribution of C_jegique ratio in POC was significant affected by sampling time
(p < 0.001), fertility level (p < 0.001) and residue type (p < 0.001), and there was an interac-
tion between sampling time and residue type (p < 0.001), sampling time and fertility level
(p < 0.001), fertility level and residue type (p < 0.01) and even among these three factors
(p <0.01) (Table 2). POC derived from the root and stem residues was higher than that
from the leaf residue in the soil at both fertility levels. On the fifth day of sampling, the
C_residue ratio in POC in the high-fertility treatments was generally higher than that in the
low-fertility treatments (Figure 5). In addition, we also calculated the unmeasured fractions’
ratio that was not determined, showing a generally fluctuating increase trend, with the
significant differences (p < 0.01) based on one factor, between any two factors, and among
three factors (Table 2).

4. Discussion
4.1. Impact of Residue Types on DOC in the Soil

The maize residues’ carbon content decreased over the incubation time (Figure 3).
During the 60-day incubation period, the content of DOC _¢gidye fluctuated greatly because
the decomposition of the easily decomposed components was fast and fluctuated greatly
in the early stage of maize residue decomposition [20,21], especially in the low-fertility
soil that was lacking an organic carbon source, thereby needing more exogenous organic
carbon [22,23]. In the first 180 days of incubation, the content of DOC _egiqye in leaf residue
was higher than that in root and stem residues, mainly more-soluble carbohydrate, cellulose
and hemicellulose in the leaf residues would be decomposed quickly and used, while
more-recalcitrant C components such as lignin components in the root and stem residues
were relatively slowly decomposed [16,24]. After 180 days, the recalcitrant C components
would be more decomposed, so root addition treatments contributed more significantly
than the treatments with stem or leaf residue [22,24,25]. Additionally, the degradation
degree of lignin in leaves was lower than that of root and stem residues, so the content of
DOC _esidue in root and stem residues was higher than in leaf residues at the later stage of
incubation [16,26,27]. With the extension of the incubation time, residues were gradually
decomposed and utilized by microorganisms [28-30]. The peak content of DOC _egique Was
different in the root residue treatments from that of the stem and leaf residues treatments.
This is because of the formation of monosaccharides, amino acids and amino sugars in the
early stage of residue decomposition. These substances in high-fertility conditions would
induce a surge in microbial reproduction [31-33], which would utilize a large amount of
these residual decomposition substances, resulting in a low content of DOC in the soil. In
the early stage of the residues” decomposition, DOC was mainly released in the form of
CO, and a lesser amount was stored in the soil. Later, with the enhancement of microbial
activity, the degradation of microbial metabolites, dead microbial remains, cellulose and
lignin would increase DOC content in soil [32,34].
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4.2. Impact of Residue Types on POC in the Soil

The content of POC ,esique derived from root and stem residues was generally higher
than that in leaf residues, mainly because POC would be allocated by more-recalcitrant
C components such as lignin in the root and stem residues, and relatively less easily-
decomposed components such as carbohydrate, cellulose and hemicellulose in leaf
residues [16,24]. Because of this, during the 540-day incubation period, the distribution
differences of POC _esique ratio derived from root and stem residues in the treatments to
the initial maize straw addition suggested that, because the root and stem residues contain
more lignin and hemicellulose substances than leaf residues, the decomposition process of
lignin and hemicellulose into the soil would favor POC [32,35,36]. Furthermore, soil fertility
also regulates the decomposition of residues. High-fertility soil would contain a higher
microbial biomass, more enzyme activity and better soil structure. Thus, a suitable environ-
ment could be created for microorganisms to use the substrates. Instead, low-fertility soils
might be carbon deficient, limiting the metabolic activity of microorganisms, which would
potentially affect the process of decomposition and transformation of maize residues in
soil [37]. Previous studies reported the differences in C mineralization in the initial stage;
meanwhile, after 365 days of culture, there was no significant difference in maize residue
types (root, stem and leaf) [38]. Similarly, our results also showed (Figures 2—4) that the
residues’ carbon contribution was similar, namely the trend fluctuated in the short time but
a relatively stable situation occurred with prolonged incubation time.

4.3. Impact of Residue Types and Fertility on Different SOC Fractions

Exogenous carbon added into the soil would be distributed into different soil organic
carbon fractions such as labile or recalcitrant fractions or even converted to gas and lost.
Our study focused on the labile organic fractions, where the soil organic carbon is quickly
turned over. The residues’” quality differences among root, stem and leaf in maize residues
could lead to the transformation and accumulation of soil labile organic carbon fractions
and a difference in microbial utilization of different carbon sources [15-17]. Previous
studies found that the leaf residues contained more-easily-decomposed components, such
as sugars, cellulose and hemicellulose, and the root and stem residues contained more
lignin components that were not easily decomposed [16,24], so the leaf residues could be
decomposed and utilized quickly. Thus, regardless of low- or high-fertility treatments,
residue C derived from the leaf residue was more easily distributed to the DOC fraction,
showing that the DOC jegique derived from leaf residue was higher than that from the root
and stem residues (Figure 3). Moreover, residue C derived from the root or stem residue
was more easily distributed to the POC fraction, due to the accumulation of more slowly
decomposing substances. In addition, the fertility level influenced the maize straw C
distribution into the DOC or POC fraction. Meanwhile, low fertility due to lack of carbon or
nutrients that would promote exogenous maize straw C decomposition and conversion to
DOC. Moreover, high fertility due to relatively enriched carbon or nutrients would reduce
the decomposition of exogenous maize straw C at the beginning time, which would give
a chance that exogenous C could be decomposed slowly and converted to POC or even
allow recalcitrant C fractions to be stored [22,23,39]. However, it should not be ignored
that there were still some other organic carbon fractions that our study did not measure or
pay attention to, such as microbial biomass carbon fraction and other labile organic carbon
fractions, lost fractions (CO; or leaching from the drainage pipe) and even recalcitrant C
fractions [7,40,41].

5. Conclusions

Different parts of maize residues had important different effects on DOC and POC,
specially affected by soil fertility (Figure 6). The distribution of the added residues’ carbon
in low fertility was more conducive to DOC. Compared with the root and stem residues,
the leaf residues were more likely to contribute to DOC. The added residues’ carbon in high
fertility was more conducive to forming POC. Compared with the leaf residues, carbon
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derived from the root and stem residues was more likely to contribute to POC. Additionally,
we could not ignore the unmeasured fractions that would also fix some of the maize carbon.
Those results indicated that the addition of crop residues was effective for SOC, DOC and
POC components. Distinguishing between the different crop straw parts returning to the
field could give a differentiation strategy to furthermore improve soil organic matter and
even fertility.

Total initial carbon added to straw | gw Fel-ﬁ]ity + Leaf

2
= DOC <}

= e

E Low Fertility [ DOC
v POC Unmeasured

= High Fertility fraction POC
~

=

~—
N
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Figure 6. Changes of DOC and POC under different treatments over 540 days of the experiment.
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