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Abstract: In agroecosystems, effective straw return modes are one of the key practices for increasing
soil fertility and carbon (C) availability. Although they improve soil quality, there is currently little
information available regarding the influence of distinct straw return modes with respect to potential
soil organic carbon (SOC) sequestration. In this study, we established a five-year (2015-2019) field
experiment in Mollisols of Northeast China, which included four straw return modes, plow tillage
with straw return as the control (PTS), rotary tillage with straw return (RTS), rotary tillage with
straw strip return (RSS), and plow tillage with straw strip return (PSS), to investigate the impact
on soil physicochemical properties, aggregates, and C sequestration. The results reveal that RSS
effectively improved the soil physicochemical properties. Such responses increased the contents of
SOC, fulvic acid carbon (FAC), and humin carbon (HMC) in all soil layers (0-30 cm). The proportion
of macroaggregates was higher in RSS, whereas the proportion of silt/clay was the lowest at depths
of 0-20 cm; consequently, the mean weight diameter (MWD) and geometric mean diameter (GMD) of
RSS were higher at depths of 0-20 cm due to the improved physical soil structure. In the 0-10 cm and
20-30 cm layers, the highest humic acid carbon (HAC) concentrations associated with all aggregate
sizes were found for RSS, in contrast to 10-20 cm, which had increased HMC. Structural equation
modeling (SEM) revealed that C transformation was mainly mediated through silt/clay-associated
FAC, HMC, and SOC, ultimately determining HAC (81%) and HMC (85%) as the primary humus
fractions for SOC sequestration. Therefore, this study shows that RSS is the suitable straw return
mode for effectively improving soil quality, aggregate stability, and C sequestration in Mollisols of
Northeast China.

Keywords: straw strip return; aggregate stability; humus; carbon sequestration

1. Introduction

As one of the three Mollisol regions around the world, the Northeast Plain of China
has a high soil organic matter content and plays a crucial role in maintaining China’s agri-
cultural productivity [1-3]. However, due to long-term agricultural intensive cultivation
management (e.g., moldboard plowing) and large-scale single cropping [4,5], the soil struc-
ture and quality have been seriously degraded. Currently, the loss of soil organic carbon
(SOC) content in Northeast China has exceeded 50%, even reaching 88.9% in some areas [6].
Thus, it is urgent to explore reasonable farmland management measures to improve the
soil carbon (C) pool for achieving sustainable development.

Numerous studies have indicated that conservation tillage systems can effectively
improve the stability of the soil structure, thereby increasing SOC sequestration and soil ag-
gregation [7,8]. After crop straw enters the soil, straw C is first converted into labile organic
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C compounds through the mineralization of microorganisms [9], and finally converted into
humus C molecules through humification [10,11]. Thus, humus has different stability and
turnover rates depending on its composition and can also be the most stable and recalcitrant
component of the SOC pool [12,13]. Although several studies have demonstrated that crop
residues regulate the compositions of soil humus [14], the stimulation effects of tillage prac-
tices with straw return on humus C fractions and on soil C sequestration lack investigation.
Therefore, research on improving straw return modes is urgently needed to explore the
complex relationships, and to clarify the mechanisms underlying total SOC sequestration.

Aggregates are critical indicators for evaluating soil structure and health and are
also the primary sites of SOC sequestration [15,16]. The effects of different tillage and
straw return modes on SOC dynamics are primarily associated with decreased soil distur-
bance, improved soil aggregation structure, and increased amounts of straw C input [17,18].
Around 90% of SOC is stored in soil aggregates; thereby, the size and quantity of ag-
gregate fractions are crucial factors for evaluating the stability and C sequestration of
aggregates [19]. However, conventional tillage (e.g., continuous moldboard plowing)
disrupts the soil structure, decreases the stability of aggregates, and increases SOC min-
eralization [20]. This phenomenon generally results in the problem of C stratification,
which is not favorable for C sequestration of the whole tillage layer [21]. Zhang et al. [22]
reported that no-till straw return significantly increases the proportion of microaggregates
(53-250 um) and macroaggregates (>250 um) and is associated with higher organic C
concentrations in Northeast China. In contrast, although no-till straw return contributes
to increasing soil surface C storage, the highest SOC sequestration is observed by rotary
tillage with straw return [23], which is due to the synergistic effect of tillage and straw.
Meanwhile, humus is a persistent cementing agent for C sequestration via regulation of
soil aggregate formation and SOC turnover [24-26]. Recent studies have indicated that
if 15% of the C from global crop residues is converted into soil humus C fractions, then
global C sequestration would be approximately 5.0 Pg per year [27,28]. Thus, through
tillage and straw return, understanding the mechanism of transformation between soil
aggregate-associated organic C and humus C is important for improving soil C storage and
soil quality.

As one of the three main grain crops in Northeast China, accounting for approxi-
mately 20% of the total national maize (Zea mays) area, annual maize straw production
accounts for approximately 1.2 x 10% tons and 31% of the total national maize straw
production [22,28,29]. To date, however, the effects of straw strip return on soil humus C
and aggregate stability- and size-associated organic and humus C are still unclear. Con-
sequently, in the present study, we hypothesize that straw strip return may have distinct
effects on soil C sequestration and aggregate stability, as well as on the humus C dynamics
within aggregates. The main objectives of this study were to (i) investigate the effects of
straw strip return on the soil aggregate size distribution and the stability of aggregates in
the cultivated layer (0-30 cm) based on five years of continuous practices; (ii) compare the
responses of organic and humus C concentrations associated with bulk soil and aggregates
to different straw return modes; (iii) evaluate the transformation mechanism between
organic and humus C associated with bulk soil and aggregate size fractions. Our results
may provide a reference for agricultural residue management in Northeast China.

2. Materials and Methods
2.1. Description of the Study Site

The long-term field experiment was established in 2015 in Tieling county, Liaoning,
China (41°49’ N, 124°28' E). The climate of the area is characterized by an annual average
temperature of 6.8 °C and average annual precipitation of 625 mm, mainly concentrated
from June to August (Figure S1). Maize (Zea mays L.) is the major crop cultivated in this area.
The soil type is classified as Mollisol, based on descriptions by the USDA Soil Taxonomy
System [30] The initial soil conditions in the 0-30 cm layer are as follows: soil organic
carbon (SOC), 1142 g kg’1 ; total nitrogen (TN), 0.92 g kg’1 ; pPH, 6.4; alkaline nitrogen
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(AN), 132.80 mg kg~!; available phosphorus (AP), 33.26 mg kg~!; available potassium
(AK), 161.5 mg kg~ !. The soil texture consisted of 16.7% sand, 58.4% silt and 24.9% clay.

2.2. Experimental Design

The long-term field experiment was arranged in a split-plot design, and the main
plot factor was tillage practice (rotary and plowing tillage), whereas straw management
was the subplot factor (total layer and strip straw return), with a total of four treatments
and three replicate plots for each treatment, where each plot was 96 m? (9.6 m x 10 m).
Four straw return modes were implemented as follows: (1) rotary tillage with straw return
(RTS), using a rototiller to a depth of 15 cm (Figure 1a); (2) plow tillage with straw return
(PTS) (control), a conventional tillage practice in the fields of Northeast China, using a
moldboard plow to a depth of 25-30 cm (Figure 1b); (3) rotary tillage with straw strip return
(RSS), in which the sowing rows were not disturbed and only the monopoly furrows were
rotary tilled and combined with straw return (Figure 1c); (4) plow tillage with straw strip
return (PSS), in which the sowing rows were not destroyed and only the monopoly furrows
were plowed and combined with straw return (Figure 1d). The density of maize was
67,500 plants ha~1. Moreover, the amount of straw returned to the field was 9000 kg ha—1.
Mineral NPK fertilizers (75 kg ha=! of N, 90 kg ha~! of P,Os, and 90 kg ha~! of K,0)
were applied annually during sowing, and 150 kg ha—! of N fertilizer was applied in the
maize jointing stage. Sowing of maize in May and harvesting in October and no artificial
irrigation took place during the growing season of maize.
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Figure 1. Diagram indicating the straw return mode of each treatment as shown in the figure.
(a) RTS, rotary tillage with straw return; (b) PTS, plow tillage with straw return; (c) RSS, rotary
tillage with straw strip return; (d) PSS, plow tillage with straw strip return, respectively. The tillage
layer (0-30 cm) was divided into three layers, topsoil (0-10 cm), mid-soil (10-20 cm) and subsoil
(20-30 cm), respectively.
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2.3. Soil Sampling

Before the maize harvest in October 2019, soil samples were collected from three soil
layers: 0-10, 10-20, and 20-30 cm. Additionally, in the three replicate plots, each plot was
compounded into a sub-sample using the “S-shaped” sampling method, the sampling
location of each plot was selected as a burrow. The collected bulk soil is placed in plastic
boxes for the separation of aggregates. The rest of the soil samples were passed through a
2 mm sieve, removing vegetable residues and stones as well as other impurities visible to
the naked eye, and then used for the determination of soil physicochemical properties and
humus carbon fractions.

2.4. Soil Analysis
2.4.1. Soil Physicochemical Property Analysis

The soil bulk density (BD) and field water holding capacity (WHC) were determined
by drilling soil cores using the core ring method [31]. Soil pH was measured using a
digital pH meter at a soil/water ratio of 1:2.5. The content of nitrate (NO3~-N) and
ammonium (NH;*-N) was determined using an automatic discrete analyzer (Westco
SmartChem 200, AMS Alliance, Rome, Italy). Alkaline nitrogen (AN) was determined
using the alkaline hydrolysis diffusion method [32]. Total phosphorus (TP) and available
phosphorus (AP) were determined using the NaOH fusion-molybdenum antimony anti-
colorimetric method [33]. The total potassium (TK) and available potassium (AK) were
determined by flame photometry after fusion with NaOH and extraction with 1.0 mol L~!
of NH,OACc [34].

2.4.2. Soil Aggregate Isolation

Isolation of soil water-stable aggregates was performed according to the method of
Kemper and Rosenau [35]. Using a water-stable aggregate analyzer, 50 g of the air-dried soil
samples was weighed, passed through 2, 0.25, and 0.053 mm sieve apertures in that order,
from top to bottom, immersed in distilled water for 5 min, and then automatically shaken up
and down at 30 r min~! for 2 min (amplitude of 3 cm). Soil aggregate fractions were oven-
dried to a constant weight of 60 °C and then weighed. Soil water-stable aggregates were
isolated into four different fraction sizes: (1) large macroaggregates (diameter > 2 mm);
(2) small macroaggregates (diameter of 2-0.25 mm); (3) microaggregates (diameter of
0.25-0.053 mm); (4) silt + clay (diameter < 0.053 mm).

2.4.3. Organic and Humus Carbon Measurements in Bulk Soils and Water-Stable
Aggregate Fractions

Organic carbon concentrations of bulk soil and aggregate fractions sieved through a
0.15 mm mesh were measured using an elemental analyzer (EA 3000, Euro Vector, Rome,
Italy). Extraction, fractionation, and purification of soil humic substance fractions were
carried out according to the method of Rivero et al. [36]. Samples (5 g) of bulk soil
and aggregate fractions were weighed and passed through a 60 mesh sieve in a 100 mL
centrifuge tube, to which 50 mL of a mixed 0.1 M NaOH and 0.1 M NayP,07 solution was
added and extracted by incubating the sample in a 70 °C constant-temperature oscillating
water bath for 1 h. Next, the sample was centrifuged at 3500 r min~! for 15 min, and the
filtrate was the extraction of humic substances (HE). The residues in the centrifuge tube
were washed with distilled water and dried at 60 °C and represent humin (HM). The next
day, the solution was filtered and calibrated in 50 mL volumetric bottles to collect acid-
soluble fulvic acids (FAs). The concentration was fixed in distilled water and represents
acid-insoluble humic acids (HAs). Fulvic acid carbon (FAC) was calculated by subtracting
HAC from HEC, while humin carbon (HUC) was calculated by subtracting the sum of
HAC and FAC from the SOC.
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2.5. Calculation and Statistical Analysis

The content of the soil aggregate fractions was calculated according to the description
from Elliott [37], as follows:
w;
R, = 1
=g M

where R; represents the percentage of soil aggregates of each size (%), and W; represents
the quantity of the soil aggregates of this size (g).

The stability of the soil aggregates was evaluated by calculating the mean weight diam-
eter (MWD), the geometric mean diameter (GMD), and the percentage of macroaggregates
(R > 0.25 mm).

Y XiW;
MWD ===L20 0 2)
iz1 Wi
Y Winx
GMD = EXP {1,}{/\/ 3)
i=1""1
M
R-025 = ;8'25 4)

where X; is the mean diameter of aggregates of each particle size (mm), W; is the percentage
content of aggregates of each particle size (%), and M > 0.25 mm is the weight of the
macroaggregates (g).

Pearson’s correlation analysis was employed to reveal the relationship among grain
yield, soil physicochemical properties, and humic carbon pool. The differences in com-
parisons between treatments were detected using one- and two-way analyses of variance
(ANOVAs) and Duncan’s multiple range tests (Duncan’s) at the 0.05 level of probability
(p < 0.05). All data were analyzed using the analytical package SPSS Statistics 23.0 software
(SPSS Inc., Chicago, IL, USA) for comparison of differences among treatments, while Ori-
gin 9.0 software (Origin Lab Inc., Northampton, MA, USA) was used for the correlation
analyses and preparing graphs.

Structural equation modeling (SEM) analysis was conducted using AMOS (IBM SPSS
AMOS 23, Chicago, IL, USA) software developed by IBM. The model was used to ex-
plore the direct and indirect effects of the humus carbon fractions in aggregates of each
particle size, the organic carbon in the aggregate fractions, and the humus carbon in the
bulk soil on soil organic carbon sequestration. Our aim is to find the transformation path-
ways from carbon molecules at the soil microgranular level to organic and humus carbon
macromolecules, which may contribute more to our understanding of the relationship
between the various fractional aggregate sizes and soil carbon sequestration. Finally, the
path coefficients between the variables were calculated using the maximum likelihood
method by AMOS 23 software. Standardized path coefficients were selected based on the
range of values (—1 to 1) and significance (p < 0.05) between the two variables, together
with the removal of nonsignificant paths. The structural equation model final fitting was
determined using a nonsignificant chi-square test and its associated p-value (p > 0.05),
comparative fit index (CFI), the goodness of fit index (GFI), and root mean square error of
approximation (RMSEA).

3. Results
3.1. Soil Physicochemical Properties in Different Straw Return Modes

In the 0-10 cm layer, tillage (T) and straw management (S) had significant effects on
the AK, TN, and NO3~-N contents and pH (p < 0.05) (Table 1). Further analysis revealed
that PTS significantly decreased BD and increased soil pH compared to the other treatments.
In the 10-20 cm layer, both tillage and straw management, as well as their interaction,
significantly affected the AN, AK, TN, and NO3™-N contents and pH (p < 0.05) (Table 1). In
the 20-30 cm layer, tillage, straw management, and their interaction had significant effects
on the BD, AP, AK, and NO3; ™ -N contents and pH (p < 0.05) (Table 1).
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Table 1. Effect of tillage and straw return mode on the physicochemical properties of the soil layer.
Soil Depth Straw Return Mode BD WHC AN AP AK TN TP TK NH4*-N NO;-N pH
(cm) (g-cm®) (%) (mg-kg~1) (mg-kg=1) (mg-kg=1) (g'kg™) (g'kg™ (g'kg™) (mg-kg=1)  (mgkg1)
RTS 1.22a 33.63 a 108.42 ab 1291d 193.64 b 1.24Db 0.47 a 19.68 ab 8.12 ab 7.40d 5.00 b
PTS 1.09b 3259 a 102.36 b 17.52 ¢ 183.48 c 1.22b 042 a 18.48 b 7.30b 8.49 ¢ 513 a
RSS 118 a 35.11a 13894 a 21.62 a 210.08 a 1.39a 0.55a 21.09 a 8.87 a 1533 a 484d
0-10 PSS 1.18 a 35.18 a 118.38 ab 19.07 b 19244 b 1.20b 042 a 20.86 a 6.89b 9.68 b 488 ¢
B ANOVA
T * ns ns ns *3% % ns ns *3% % *3%
S ns ns * *% *3% * ns *3% ns *3% 3%
TxS * ns ns * ns * ns ns ns ** **
RTS 137 a 31.14 a 99.52 b 12.87d 155.91b 1.01d 0.50 a 2190 a 6.00 d 5.84d 518b
PTS 1.31 ab 31.99a 80.58 ¢ 14.66 ¢ 136.39 ¢ 1.14c¢ 0.37b 22.71a 9.51b 7.57 ¢ 5.58a
RSS 1.22b 3741 a 109.72 a 17.88 a 159.51 a 124 a 0.50 a 23.11a 10.62a 21.62a 4.96 ¢
10-20 PSS 1.28 ab 3555a 106.47 ab 16.98 b 156.39 b 1.20b 0.43b 2152 a 6.70 c 9.24b 514b
B ANOVA
T ns ns 3% ns *3% *3% 3% ns ns *3% 3%
s ns ns *% *% *% % ns ns *% % *%
T X S ns ns 3% *% *3% *3% ns ns *3% *3% 3%
RTS 1.52a 26.61 a 7423 Db 3.80b 114.06 ¢ 095a 0.36a 21.66 a 345c 545c 545d
PTS 1.38b 2713 a 84.38 ab 194 c 103.13 d 094 a 0.34a 21.81a 6.26 b 7.53b 6.29 a
RSS 1.37b 30.73 a 93.89 ab 479 a 119.75b 0.96 a 0.36a 22.66 a 921a 8.33a 6.19b
20-30 PSS 1.37b 30.47 a 10691 a 4.67 a 14929 a 095a 0.35a 20.17 a 727b 724Db 6.06 ¢
B ANOVA
T ** ns ns > ** ns ns ns ns * **
S *3% * * *% *3% ns ns ns *3% *3% 3%
TxS ** ns ns * ** ns ns ns ** ** **

T, tillage; S, straw management; T x S, Interaction of tillage and straw management. RTS, rotary tillage with straw return; PTS, plow tillage with straw return; RSS, rotary tillage with
straw strip return; PSS, plow tillage with straw strip return. The tillage layer (0-30 cm) was divided into three layers: topsoil (0-10 cm), mid-soil (10-20 cm) and subsoil (20-30 cm),
respectively. BD, bulk density; WHC, field water holding capacity; AN, alkaline nitrogen; AP, available phosphorus; AK, available potassium; TN, total nitrogen; TP, total phosphorus;
TK, total potassium; pH, acidity and alkalinity; NH,;*-N, ammonium nitrogen; NO3 ~-N, nitrate nitrogen. Values represent the means of three replicates. Different lowercase letters
indicate significant differences (p < 0.05) between tillage and straw return mode treatments. * indicates significant difference (p < 0.05), ** indicates extremely significant difference
(p < 0.01), ns indicates not significant.
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3.2. Organic and Humus Carbon Concentrations in Bulk Soil

Tillage (T) and straw management (S), as well as their interaction (T X S), had signifi-
cant effects on the SOC content in the 0-10 cm and 20-30 cm layers (p < 0.05), whereas in
the 10-20 cm layer, no significant difference was observed for their interaction (Figure 2A).
In the 0-10 cm and 10-20 cm layers, straw management had a significant effect on the
HAC content (p < 0.05); however, in the 20-30 cm layer, the interaction of tillage and straw
management had no significant effect on the HAC content (Figure 2B). Furthermore, both
the FAC and HMC contents were higher in RSS than in PTS, RTS, and PSS at each depth
(Figure 2C,D).
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Figure 2. Concentrations of organic and humus carbon fractions in bulk soil under different tillage
and straw return modes. (A) soil organic carbon (SOC); (B) humic acid carbon (HAC); (C) fulvic acid
carbon (FAC); (D) humin carbon (HUC). RTS, rotary tillage with straw return; PTS, plow tillage with
straw return; RSS, rotary tillage with straw strip return; PSS, plow tillage with straw strip return.
The tillage layer (0-30 cm) was divided into three layers: topsoil (0-10 cm), mid-soil (10-20 cm) and
subsoil (20-30 cm), respectively. Error bars represent the standard deviations of the mean (1 = 3).
Different lowercase letters indicate significant differences between treatments (p < 0.05). T, tillage;
S, straw management; * indicates significant difference (p < 0.05), ** indicates extremely significant
difference (p < 0.01), ns indicates not significant.

3.3. Soil Aggregate Size Distribution and Stability

In the 0-10 cm layer, RSS significantly increased large macroaggregates (149.2%,
167.5%, and 125.3%) and small macroaggregates (35.3%, 19.7%, and 14.5%) but decreased
the microaggregate (35.31%, 44.71%, and 36.93%) and silt/ clay (61.92%, 42.54%, and 45.26%)
contents compared to RTS, PTS, and PSS, respectively. Tillage, straw management, and
their interaction had significant effects on the distribution of large macroaggregates and
microaggregates (Figure 3A). Similarly, in the 10-20 cm layer, a higher large macroaggre-
gate content (19.7%, 180.9%, and 151.3%) and a lower silt/clay content (53.54%, 75.07%,
and 57.76%) were observed compared to RTS, PTS, and PSS, respectively. However, the
interaction between tillage and straw management was not significant (p < 0.05).

As shown in Table 2, tillage and straw management significantly regulated the sta-
bility of soil water-stable aggregates, and the effect of tillage and straw management was
significant in the 0-10 cm layer (p < 0.05). Specifically, RSS significantly increased the
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proportion of Ry 25 mm at depths of 0-10 cm (61.1%, 48.4%, and 38.3%) and 10-20 cm (18.9%,
71.2%, and 26.9%) compared to RTS, PTS, and PSS. This is consistent with the trend of
MWD and GMD as compared to the other treatments, with increased MWD (64.1%, 54.4%,
and 40.0%) and GMD (124.1%, 85.71%, and 62.5%) in the 0-10 cm layer and MWD (13.3%,
61.9%, and 30.8%) and GMD (25.53%, 110.7% and 40.48%) in the 10-20 cm layer observed
under RSS treatment.

[ >2mm T:ns S:** Tx§:** [ >2mm T: ** §: ** TxS:ns T:ns S:ns TxS:ns
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I <0.053mm T: ** S: %% Tx§: ** I <0.053mm T: ** §: == TxS:ns T:ns S: ** TxS§:

—_
=
<

80 |-

40 -

20

Aggregates size distribution (%)

RTS

PTS RSS
A0-10cm

PSS

PTS

B.10-20cm C.20-30cm

Figure 3. The distribution of water-stable aggregate fractions in soil under different tillage and
straw return modes. RTS, rotary tillage with straw return; PTS, plow tillage with straw return;
RSS, rotary tillage with straw strip return; PSS, plow tillage with straw strip return. (A) indicates
topsoil (0-10 cm), (B) indicates mid-soil (10-20 cm), and (C) indicates subsoil (20-30 cm), respectively.
Error bars represent the standard deviations of the mean (n = 3). Different lowercase letters indicate
significant differences between treatments (p < 0.05). T, tillage; S, straw management; ** indicates
extremely significant difference (p < 0.01), ns indicates not significant.

Table 2. Effect of tillage and straw return mode on the stability of soil water-stable aggregates.

Ro.25 mm (%) MWD (mm) GMD (mm)
Straw Return Mode
0-10 cm 10-20 cm 20-30 cm 0-10 cm 10-20cm  20-30 cm 0-10 cm 10-20cm  20-30 cm
RTS 43.88 ¢ 58.30 b 43.13 ab 0.64b 0.90b 0.62 ab 0.29 ¢ 0.47b 0.30a
PTS 47.63 bc 4281 ¢ 35.76 b 0.68b 0.63d 0.54b 0.35 bc 028 ¢ 024a
RSS 70.67 a 65.97 a 46.98 a 1.05a 1.02a 0.71a 0.65a 0.59 a 0.33a
PSS 54.09 b 59.29 b 40.91 ab 0.75b 0.78 ¢ 0.61 ab 0.40b 0.42b 0.28 a
ANOVA

T * *% * *% *% * *% *% ns

S *F *% ns *% *% * *% *% ns

T xS ** ns ns ** ns ns x ns ns

T, tillage; S, straw management; T x S, Interaction of tillage and straw management. RTS, rotary tillage with straw
return; PTS, plow tillage with straw return; RSS, rotary tillage with straw strip return; PSS, plow tillage with straw
strip return. The tillage layer (0-30 cm) was divided into three layers: topsoil (0-10 cm), mid-soil (10-20 cm) and
subsoil (20-30 cm), respectively. Ry 25 mm, the proportion of macroaggregates with diameter >0.25 mm; MWD,
mean weight diameter; GMD, geometric mean diameter. Values represent the means of three replicates. Different
lowercase letters indicate significant differences (p < 0.05) between tillage and straw return mode treatments.
* indicates significant difference (p < 0.05), ** indicates extremely significant difference (p < 0.01), ns indicates
not significant.

3.4. Organic and Humus Carbon Concentrations in Aggregate Fractions

Tillage had a significant effect on the aggregate organic C in all soil layers from 0 to
30 cm (p < 0.05), except for large macroaggregates and microaggregates in the 0-10 cm
layer (Table 3). Therefore, the small macroaggregate and silt + clay-associated organic C
concentrations in RTS and RSS were significantly higher than in PTS and PSS, respectively
(Figure 4A). Furthermore, RSS had significantly higher HAC concentrations than RTS,
PTS, and PSS at depths of 0-10 cm and 20-30 cm associated with all aggregate sizes
(Figure 4D,F). However, at a depth of 10-20 cm, the HAC concentrations in PTS aggregates
were significantly higher than those of the other treatments (Figure 4E).
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Table 3. Interaction of tillage and straw management on aggregate size-associated organic and humus carbon.

0-10 (cm) 10-20 (cm) 20-30 (cm)
Aggregate Carbon Fractions  ANOVA >2 2025  0.25-0.053  <0.053 >2 2-0.25 0.25-0.053  <0.053 >2 2025  0.25-0.053  <0.053
(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)
T 13271 36.08 ** 4991 36.85 ** 2.75 ™ 2925 ** 24.54 2039 3787  37.82% 24.48 80.21 **
SOC (F) S 0.001 ™ 0.04 1 1491 0.121 0.00 ™ 0.38 1 3.50 1541 0.75 1 2.85 1 0.68 1 0.37 15
TxS 343415 1.81 1 0.86 ™ 2.71 1 1016 * 51.29 ** 5.05 1 2035  30.04* 462 0.91 1 0.627
T 16248  207.16* 19654 ** 75.66%  53.04% 36.73 ** 18.31 ** 2,871 9201% 10298 ** 61.93 ** 3451
HAC (F) S 110.98*  91.26** 69.64 7.18% 8334 46649 * 65.37 ** 21730%  1867* 5520 2073 5.8
TxS 18.37 ** 0.35 1 22915 0.66 1 26.10 ** 106.75 ** 18.07 ** 2067% 5451 3058* 3527 % 8.85*
T 14474%  17.37% 154.71 ** 6322  4155% 86.65 ** 37.35 69.99*  43897*  14990*  199.04* 11013 *
FAC (F) S 2,601 2.51 1 24.87 0.03 ™ 96.73 ** 2.23™ 2729 ** 8570  12681*  5530*  28395% 67.44
TxS 27292  241.10%  397.94%  22580*  23354*  201.97* 469.92%  14527*  47298*  113.69*  263.02* 38.68 **
T 1.69 1 17.02 ** 2,027 2737%  1353% 90.25 ** 80.26 ** 42.96 ** 1.50 24.66 ** 17.89 % 4470
HMC (F) S 1241 12.29 ** 18.19 ** 548+ 0.427 10.35 17.91 % 0117  24285%  19.76% 94.64 * 58.17 *
TxS 0.55 1 34.15 16.57 * 87.01%  1710% 148.73 ** 32.02 36.02 ** 7.96* 0.40 1 7.27% 5.40%

T, Tillage; S, Straw management; T x S, Interaction of tillage and straw management. Large macroaggregates, >2 mm; Small macroaggregates, 2-0.25 mm; Microaggregates,
0.25-0.053 mm; Silt + clay, <0.053 mm. The tillage layer (0-30 cm) was divided into three layers: topsoil (0-10 cm), mid-soil (10-20 cm) and subsoil (20-30 cm), respectively. SOC, Soil
organic acid carbon; HAC, Humic carbon; FAC, Fulvic acid carbon; HMC, Humin carbon. * indicates significant difference (p < 0.05), ** indicates extremely significant difference
(p < 0.01), ™ indicates not significant.
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Figure 4. The organic carbon (OC) and humus carbon concentrations of the water-stable aggregate
fractions under different tillage and straw return modes. (A) aggregate OC at 0-10 cm soil depths;
(B) aggregate OC at 10-20 cm soil depths;(C) aggregate OC at 20-30 cm soil depths; (D) HAC
aggregate at 0-10 cm soil depths; (E) HAC aggregate at 10-20 cm soil depths; (F) HAC aggregate at
20-30 cm soil depths; (G) FAC aggregate at 0-10 cm soil depths; (H) FAC aggregate at 10-20 cm soil
depths; (I) FAC aggregate at 20-30 cm soil depths; (J) HMC aggregate at 0-10 cm soil depths; (K) HMC
aggregate at 10-20 cm soil depths; (L) HMC aggregate at 20-30 cm soil depths. RTS, rotary tillage
with straw return; PTS, plow tillage with straw return; RSS, rotary tillage with straw strip return;
PSS, plow tillage with straw strip return. Error bars represent the standard deviations of the mean
(n = 3). Different capital letters indicate significant differences (p < 0.05) between organic and humus
carbon associated with different aggregate sizes within the same treatment. Different lowercase
letters indicate significant differences between treatments (p < 0.05). T, tillage; S, straw management.

Tillage and the interaction of T x S had significant effects on FAC associated with all
aggregate sizes in the 0-10 cm layer (p < 0.05), whereas tillage, straw management, and
their interaction had significant effects (p < 0.05) on FAC associated with all aggregate sizes
in the 1020 and 20-30 cm layers (Table 3). PSS significantly increased FAC associated
with all aggregate sizes in all layers from 0 to 30 cm depth (Figure 4G-I). Tillage, straw
management, and their interaction had significant effects on small macroaggregate- and
silty / clay-associated HMC in the 0-10 cm layer, small macroaggregate- and microaggregate-
associated HMC in the 10-20 cm layer, and microaggregate-associated HMC in the 20-30 cm
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layer (Table 3). At a depth of 1020 cm, RSS significantly increased all aggregate size-
associated HMC concentrations compared to RTS, PTS, and PSS (Figure 4K).

3.5. Correlation Analysis between Physicochemical Properties and Organic and Humus Carbon

Correlation analysis showed that in the topsoil, soil property indicators (AP, AK, TN,
TK, and FAs) were negatively correlated with the FAC of the aggregate fractions. The HAC
of the aggregate fractions was positively correlated with AK, TN, NH;"-N, and SOC and
negatively correlated with BD (Figure 5A). The HAC of the aggregate fractions showed a
highly significant positive correlation with pH (p < 0.001) and a negative correlation with
AK, SOC, and FAs (Figure 5B). The HAC and FAC of the aggregate fractions were positively
correlated with AK (p < 0.001) in the subsoil. The HMC of the aggregate particles showed
a highly significant negative correlation with AP (p < 0.001), but a significant positive
correlation with the HM (p < 0.05). The SOC of the aggregate fractions was positively
correlated with AK and pH (p < 0.05) (Figure 5C). Still, the pH and HMC of the aggregate
particles were negatively correlated with yield in the subsoil.

3.6. Model Analysis on the Transformation of Organic and Humus Carbon

Structural equation modeling (SEM) was used to finally establish a model according
to the results of data fitting (x?/df =1.09, p =0.337, RMSEA = 0.05, GFI = 0.99, CFI = 1.00).
According to SEM analysis, the total variation in organic and humus carbon in the bulk
soil comprising SOC was 100%; meanwhile, HAs was 81%, FAs was 74%, and HM was
85% (Figure 6). Worth noting is that only the microaggregates and the silt + clay negatively
affected FAs and HM (path coefficients of —0.41 and —0.52, respectively). The FAclay
directly affected the SOCmicro (path coefficient of 0.66), while the HMclay affected the
SOCsmall and SOCmicro (path coefficients of 0.41 and 0.60, respectively), in addition to the
HM (path coefficient of 0.55). The pattern of SOC turnover within the aggregates was deter-
mined as follows: First, the small macroaggregates are decomposed into microaggregates
(path coefficient of 0.47), further decomposed into silt + clay (path coefficient of 0.44), and
then utilize the cementation of silt + clay to reform large macroaggregates (path coefficient
of 0.51). Interestingly, the SOC in silt + clay and the HAs in bulk soil were found to be
strongly correlated (path coefficient of 0.90). Among the direct effects of the humus carbon
fractions on the SOC, HM had the strongest influence (path coefficient of 0.66), followed
by FAs and HAs (path coefficients of 0.27 and 0.24, respectively). In addition, HAs had a
significantly greater impact on HM than FAs (path coefficients of 0.73 and 0.42, respectively)
and indirectly promoted SOC accumulation. Through structural equation modeling, we
identified intermediate carriers of soil carbon sequestration, namely FAclay, HMclay, SOC-
small, SOCmicro, SOCclay, HAs, and HM. The aggregate size-associated humus carbon
fractions were eventually significantly enriched in the HAs (81%) and HM (85%) of bulk
soil through a series of transformations and revolutions and ultimately immobilized into
the soil as organic carbon (Figure 6).
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Figure 5. Pearson’s rank correlation coefficients between soil physicochemical properties and aggre-
gates stability and maize grain yield and concentration of humus carbon pool at different depths of
the soil layer. (A) indicates topsoil (0-10 cm), (B) indicates mid-soil (10-20 cm), and (C) indicates
subsoil (20-30 cm), respectively. (*) Correlation is significant at the 0.05 level; (**) Correlation is
significant at the 0.01 level; (***) Correlation is significant at the 0.001 level. BD, bulk density; WHC,
field water holding capacity; AN, alkaline nitrogen; AP, available phosphorus; AK, available potas-
sium; TN, total nitrogen; TP, total phosphorus; TK, total potassium; SOC, soil organic carbon; pH,
acidity and alkalinity; NH4*-N, ammonium nitrogen; NO3; ™ -N, nitrate nitrogen; HAs, humic acids;
FAs, fulvic acids; HM, humin; large, large-macroaggregate; small, small-macroaggregate; micro,

microaggregates; clay, silt and clay.
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Figure 6. Structural equation model showing the direct and indirect effects of soil organic carbon
(SOC), humic acids (HAs) carbon, fulvic acids (FAs) carbon and humin (HM) carbon within aggregates
on organic and humus carbon in bulk soil. Note, the solid and dashed arrows represent the positive
and negative relationships between variables, respectively. The number on the arrow represents
the standardized path coefficient, the thickness of the arrow indicates the magnitude of the path
coefficient, and the percentage is the total variance explained by the model.

4. Discussion
4.1. Effects of Straw Return Mode on Physicochemical Properties and Aggregate Stability

The tillage with straw strip return mode is defined as a reduced form of tillage because
it does not disturb the whole soil cultivated layer, i.e., conservation strip-till [21]. In this
study, RSS and PSS increased the available nutrient contents (AN, AP, and AK) at depths of
both 0-10 cm and 10-20 cm (Table 1) compared to RTS and PTS, respectively. This could be
because reduced and no-tillage combined with straw return practices enhance SOC seques-
tration, indirectly promoting abiotic factor properties, accelerating straw nutrient release
(mainly N, P, and K), and further improving the physicochemical environment [38,39].

A recent meta-analysis indicated, conservation tillage combined with straw return
can either increase or decrease the soil bulk density, bulk density values would not exceed
the threshold (BD > 1.40 g cm3) that limits crop growth [21,40]. Therefore, this was
consistent with our results, in which the values of bulk density in all return modes were
less than 1.40 g cm 3, and only the control (RTS) using conventional tillage exceeded the
limit threshold of 8.57% at a depth of 20-30 cm (Table 1). It is well known that water-
stable aggregate stability and aggregate size distribution are effective indicators for use
in the comprehensive assessment of soil structural quality [21]. Among them, the mass
proportion of macroaggregates, MWD, and GMD reflect aggregate stability, whereby higher
values indicate greater stability [41,42]. The same results were found by Wang et al. [23]
in a nine-year experiment, which indicated a significant increase in MWD, GMD, and the
proportion of macroaggregates in the tillage layer with reduced /no-tillage combined with
straw return compared to RTS and PTS [43,44].
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RSS significantly increased the contents of SOC, FAC, and HMC in all soil lay-
ers from 0 to 30 cm (Figure 2A,C,D) as well as the proportion of large macroaggregates
(Figure 3A-C). Additionally, it significantly increased the soil aggregate stability at depths
of 0 to 20 cm compared to the other treatments (Table 2). This might be due to, first, strip
rotary tillage being similar to reduced tillage practices with minimal soil disturbance,
maintaining an excellent aggregation structure and, combined with the total straw return,
increasing the surface SOC content, thus promoting soil aggregate formation [45,46]. Sec-
ond, straw return increased the proportion of macroaggregates, enriched with soil organic
matter and moderated soil moisture and temperature fluctuations in the surface layer, while
decreasing aggregate wettability and turnover rates, thereby better increasing aggregate
stability and protecting against aggregate disintegration [47,48]. Therefore, these findings
contribute to further illuminating the mechanisms of accumulation in different humus
carbon fractions of soil under strips of straw return. Overall, RSS improved soil physico-
chemical properties, due to the minimal disturbance and sufficient mixing of topsoil with
straw, resulting in increased soil nutrient content and aggregation.

Furthermore, Figure S2 showed that a lower maize yield was observed in 2018 com-
pared to other years, which was caused by extreme weather during the growing season
(Figure S1). Based on a five-year average, the maize grain yield was significantly higher
under the RSS and PSS treatments than under the PTS and RTS treatments. This trend was
consistent with the soil physicochemical properties, indicating that straw strip return plays
an important role in ensuring food security.

4.2. Structural Equation Modeling and Transformation Mechanisms of Organic and Humus Carbon

RSS had significantly higher aggregate-associated HAC concentrations than the other
treatments (Figure 4D,F). In contrast, higher aggregate-associated HMC concentrations
were found at a depth of 10-20 cm (Figure 4K). This might be because RSS decreased soil
disturbance, resulting in improved soil physicochemical properties and aggregate stability,
which indirectly promoting the accumulation of HAC and HMC in the soil, thus promoting
soil microbial activity at different depths. Therefore, HAC and HMC play a crucial role
in the accumulation of aggregate-size-associated organic carbon in RSS. Specifically, the
mechanisms underlying SOC stabilization are related to the (i) chemical recalcitrance of
HAs, which is highly protective of SOC due to its high aromaticity and aliphatic and alkyl
carbon contents, thus promoting hydrophobicity; and (ii) association of HMC with soil
minerals, which has the largest molecular weight among humus fractions, with a highly
insoluble, viscous, and inert texture that allows it to strongly bind to clay minerals, iron—
aluminum oxides, and metal cations, and it is the most decomposition-resistant cementing
agent in soil [49]. Among all soil layers from 0 to 30 cm, the aggregate-associated organic
carbon fractions of PSS were significantly enriched with FAC (Figure 5G-I). The main
components of FAC are unstable water-soluble compounds, such as polysaccharides and
proteins, which are the main components of soil labile organic carbon. Some studies have
indicated that fulvic acid is a precursor of the humus fraction, and when straw humification
forms humus, the fulvic acids content is significantly increased [50].

This study indicates that the transformation between organic and humus carbon
fractions within aggregates has different pathways (Figure 6). Therefore, the transformation
process of aggregate-associated humus carbon fractions to aggregate-associated organic
carbon, to humus carbon fractions in bulk soil, and to soil organic carbon was simulated
using structural equation modeling (SEM). We clearly observed high path coefficients for
HAC and FAC at the same aggregate size, as well as for HAC or FAC between different
aggregate sizes (Figure 6). Since HAC and FAC are formed by humic substrates heated by
acids and alkalis that are filtered, there is a correlation between the two in terms of material
composition and nutrient exchange, so the interconversion coefficient is greater [51]. In
contrast, HMC does not exchange materials with HAC and FAC due to its higher chemical
recalcitrance and [49], surprisingly, a significant negative correlation was observed between
HMC and FAC in microaggregates and silts/clays.
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Furthermore, small macroaggregates and microaggregates are the main transporters
of aggregate-associated humus carbon fractions, and previous studies have indicated that
small macroaggregates and microaggregates are the most abundant of the different sized
aggregates in soils, in which they are important components facilitating organic carbon
accumulation [47]. Subsequently, SOC was further decomposed and bound between
aggregates of varying size and eventually accumulated in the HAC and HMC in bulk soil.
SEM revealed the contribution of HAC and HMC to SOC was 81% and 85%, respectively,
thus confirming our previous hypothesis that humic acid and humin play a predominant
role in organic carbon sequestration [48,52]. Through SEM prediction of the transformation
relationships between organic and humus carbon molecules, we have clarified the effects
of these components on soil carbon sequestration (FAclay, HMclay, SOCsmall, SOCmicro,
SOCclay, HAs, and HM, respectively). Although we defined these components through
model simulations, this is only a link between quantitative relationships and may not
be sufficient for illuminating the real situation between organic and humus carbon in
aggregate sizes. Therefore, this will be a challenge in our future study and we need to
find other real data to confirm our conclusions. It is known from previous studies that the
structural composition of soil carbon molecules can be accurately defined using advanced
13C NMR spectroscopy, which may play a crucial role in our future study [28].

5. Conclusions

In our study, tillage and straw return were found to affect soil physicochemical prop-
erties, aggregate stability, and SOC sequestration. Specifically, RSS increased the SOC
concentration at a depth of 0-30 cm, and the significant improvement in SOC could be at-
tributed to the enrichment of the humus carbon fractions of HMC and FAC. The proportion
of macroaggregates (>0.25 mm) and aggregate stability (MWD and GMD) were higher for
RSS treatment, resulting in an effective improvement in soil structure and facilitating straw
humification and SOC sequestration. Structural equation modeling (SEM) revealed that
silt/ clay-associated FAC and HMC are involved in soil C turnover within aggregates, and
ultimately contribute to the accumulation of HAC and HMC in soil, thereby promoting
SOC sequestration. Our results demonstrate that RSS is a more suitable system for optimiz-
ing soil macroaggregates toward increasing the humus C content of cultivated land and
long-term stabilization of soil C in Mollisols of Northeast China.
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Figure S2: Maize grain yield during the period of 2015 to 2019 between different straw return modes.
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