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Abstract

Soil aggregates, which form the basic framework of soil structure, exert significant control
over soil quality and crop yield. However, the influence of organic amendments on the
relationships between aggregate formation and crop yield are still unclear. To investigate
this issue, a long-term field experiment was established including four fertilizer treatments:
control without fertilization (CK), chemical fertilizer (NPK), NPK combined with straw
(NPKS), and NPK combined with organic manure (NPKM). Soil aggregates were fraction-
ated into >2 mm (LMA), 2-0.25 mm (MMA), 0.25-0.053 mm (SMA), and <0.053 mm (MIC)
fractions. NPKS and NPKM treatments increased the proportion of large macroaggregates
(LMAs) by 8-12% and significantly elevated soil organic carbon (SOC) and nutrient levels
relative to CK. NPKS and NPKM significantly increased the soil quality index (SQI) of LMA
and MIC by 45.5-116.7% and 21.1-32.1%, compared with CK and NPK. Random forest (RF)
analysis revealed that among the nutrient variables across the four aggregate fractions, the
SOC content in LMA and the total phosphorus (TP) content in MIC contributed the highest
to soybean yield. Partial least squares modeling further confirmed that the SQI of LMA was
the dominant factor influencing soybean yield. Therefore, long-term organic amendments
improve soybean yield mainly by enhancing soil quality at the aggregate scale, providing a
practical pathway for sustaining soil quality and crop productivity.

Keywords: organic amendments; soil aggregates; soil quality; soybean yield

1. Introduction

Soil aggregates are key determinants of soil quality and ecosystem performance in
farmlands [1], serving as major pools of soil organic carbon and nutrients [2]. Aggregate
composition strongly affects soil carbon and nitrogen contents, as the disintegration of ag-
gregates releases protected organic matter and enhances its mineralization and loss [3]. The
stability of soil organic matter is enhanced because its biological accessibility is significantly
limited in the 0.25-0.053 mm aggregate fraction, which could be related to mineral-sorbed
carbon and recalcitrant by-products of plant or microbial origin [4]. The >0.25 mm soil
aggregate fraction contains more labile organic matter derived from fresh litter, fine roots,
and fungal hyphae [5] and also provides physical protection for soil organic matter through
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occlusion within aggregates [6,7]. Because aggregate-mediated physical and biochemi-
cal processes jointly control soil functionality, understanding how management affects
aggregate distribution and composition is essential for maintaining soil quality. Such
improvements in soil physical structure are particularly important for soybean, whose
yield formation strongly depends on root proliferation, nutrient uptake, and nodulation
efficiency in well-aggregated soils.

Application of organic amendments can improve soil aggregate formation and increase
soil organic carbon (SOC) and nutrients [8]. Improved aggregation not only enhances
soil fertility but also creates a more favorable structural environment for soybean root
growth and pod formation [9]. According to Tian et al. [10], long-term application of
organic manure enhanced the concentrations of C, N, and P in large macroaggregates
(>2 mm, LMAs) and simultaneously increased their relative abundance in soil. Similarly,
Li et al. [11] observed that straw incorporation elevated SOC levels in LMA by 11-14%.
Furthermore, Zhang et al. [12] found that combining organic manure with straw markedly
promoted the formation of LMA by 24.5-59.1% and enriched phosphorus contents in
both LMA and medium macroaggregates (2-0.25 mm, MMAs). Although numerous
studies have investigated how organic manure or straw affect soil aggregation and nutrient
distribution [13,14], the specific aggregate fractions that respond most strongly to organic
amendments remain poorly understood. Clarifying these responses is critical, as different
aggregate fractions provide contrasting physical environments that may differentially
influence soybean yield. Moreover, previous studies mainly focused on topsoil or bulk soil,
whereas the functional role of subsoil (20-40 cm) aggregates—which contribute significantly
to deep rooting and nutrient capture—has received limited attention.

As a quantitative measure integrating physical, chemical, and biological attributes of
soil, the soil quality index (SQI) provides an effective tool for assessing soil function [15].
Enhancements in the SQI are often achieved through the joint use of organic and inorganic
fertilizers, which modify key properties such as aggregate structure and SOC content.
Increases of 15.0-19.0% in the SQI within 040 cm soils were reported under organic
fertilizer treatment [11], with SOC, TN, and TP acting as the main driving factors. Similarly,
Huo et al. [16] documented a 22.2-40.7% improvement in the SQI following long-term
straw return in the 0-20 cm layer. However, most previous studies have focused on bulk
soil SQI, whereas the effects of organic amendments on the SQI at the aggregate scale
remain largely unexplored. Consistent with previous syntheses, Song et al. [17] found that
the use of organic amendments generally promoted crop yield and soil quality, resulting in
mean increases of 14% and 6%, respectively. Likewise, Mi et al. [18] demonstrated that both
organic manure and straw application improved the SQI and yield, with the SQI showing a
strong positive correlation with sustainable productivity. These findings suggest that the
SQI can serve as a bridge linking soil structural improvement with crop performance, but
the contribution of the SQI at different aggregate scales to soybean yield is still unclear. For
soybean, improvements in structural stability and aggregate-associated nutrient availability
are key drivers of yield resilience and overall productivity.

In this study, the long-term field experiment was designed to assess the influence of
organic amendments in combination with chemical fertilizers on soil aggregate distribution,
nutrient status, aggregate-scale SQI, and soybean yield at depths of 0-20 cm and 2040 cm.
Random forest analysis was used to quantify the contributions of SOC and nutrient contents,
as well as the SQI at each aggregate scale, to soybean yield, following the method of Liu
et al. [19]. We hypothesized that (1) SOC and nutrient contents in LMA at 0-20 cm and in
MIC at 20-40 cm contribute highest to soybean yield and (2) SQI at the LMA scale would
have a greater overall impact on soybean yield.
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2. Materials and Methods
2.1. Site Description

Located in Heilongjiang Province, China (47°27' N, 126°55’ E), the study site is based
at the Chinese Academy of Sciences” Hailun Agroecosystem National Field Observation
Station, founded in 1990. The experimental site is characterized by a temperate continental
monsoon climate, with warm and humid summers and long, dry winters. The mean
annual temperature is 1.5 °C, varying from —23 °C in January to 21 °C in July, and the
annual precipitation averages 550 mm, about 65% of which occurs from June to August.
The climatic conditions from January to December 2022 are shown in Figure 1. The soil
was classified as a Mollisol according to the USDA Soil Taxonomy [20], is predominantly
formed from sedimentary parent materials and possesses a loess-derived, loamy texture.
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Figure 1. Monthly total precipitation and mean air temperature in the experimental area from January
to December 2022.

2.2. Experimental Design and Treatments

The field experiment followed a randomized complete block design with four treat-
ments and three replicates. Each plot (12 m x 5.6 m) received one of the following treat-
ments: CK (no fertilizer), NPK (chemical fertilizer), NPKS (NPK + straw, 4.5 Mg ha=! yr’l),
and NPKM (NPK + organic manure, 3.75 Mg ha~! yr~1). Fertilizer application rates were
30 kg N ha~! (urea), 36 kg P ha~! (ammonium hydrogen phosphate), and 30 kg K ha™!
(potassium sulfate). The field was managed under a maize—soybean rotation, with soybean
grown in the sampling year. Fertilizers and amendments were applied before sowing, and
soils were sampled at maturity. The pig manure (pH 7.3) contained 265 g C,21 g N, 2.6 g P,
and 2.4 g K per kg dry matter. The basic soil properties of the experimental soils are shown
in Table 1.

Table 1. The soil’s basic physical and chemical properties in 1990.

pH SOC Sand Silt Clay
gkg! gkg! gkg! gkg!
6.2 25.7 250 340 410

2.3. Soil Sampling, Aggregate Separation, and Analysis

In August 2022, composite soil samples were obtained by mixing subsamples col-
lected from three randomly chosen points in each plot at two depths (020 cm and
20-40 cm). Aggregate fractionation was carried out using the wet-sieving method de-
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scribed by Six et al. [21] and Puget et al. [22]. Specifically, 100 g of air-dried soil was slowly
moistened for 5 min with 15-20 mL of distilled water sprayed through a fine mist to
achieve uniform wetting. The sample was subsequently soaked in approximately 500 mL
of distilled water for another 5 min to complete the pre-wetting step. After hydration, the
soil was transferred onto a nest of sieves (2.0, 0.25, and 0.053 mm) and shaken in water
for 10 min at 32 rpm with a 3.8 cm oscillation. Aggregates were divided into four size
fractions: LMA (>2 mm), MMA (2-0.25 mm), SMA (0.25-0.053 mm), and MIC (<0.053 mm).
Subsamples from each aggregate size class were analyzed for soil organic carbon (SOC),
total nitrogen (TN), available nitrogen (AN), total phosphorus (TP), available phosphorus
(AP), total potassium (TK), available potassium (AK), and pH. Measurements of AN, AP,
and AK followed the analytical protocols of Zhang et al. [23]. Soil pH was determined
potentiometrically in a 1:2.5 (w/v) soil-to-water mixture. SOC and TN were measured
using a Vario EL CHN elemental analyzer (Elementar, Hanau, Germany).

2.4. Evaluating Soil Quality Index (SQI) and Soybean Yield

To evaluate overall soil quality, the SQI was computed by integrating multiple soil
indicators through a weighted summation of their normalized scores and assigned weights:

n
SQI :Z Wi X Sl'
i=1

Here, W; is the assigned weight for the i-th soil parameter, S; is its standardized score,
and n denotes the total number of soil indicators considered. Following Mei et al. [24],
eight key variables describing soil physicochemical conditions were identified, and the
MDS-based soil quality index (5QI) was developed using principal component analysis
(PCA) in combination with a normalization procedure. The normalized score for each
parameter was calculated using the following formula [24]:

k
Nie = | 2 (5 x M)
i=1

Nix denotes the summed contribution of the i-th variable to the first k principal
components (eigenvalues > 1), p is the loading of that variable on component k, and A
represents the proportion of variance described by component k. From this analysis, TK and
AN were identified as the optimal indicators for constructing the final MDS-SQI. Soybean
plants were harvested on 29 September 2022, and yields were assessed by hand-harvesting
three 2 m? subplots randomly selected within each treatment.

2.5. Statistical Analysis

Random forest (RF) models identified the key aggregate-related nutrients influencing
soybean yield. Partial least squares path modeling (PLS-PM) further clarified the direct
and indirect effects of organic amendments on aggregate-scale SQI and yield, with path
coefficients estimated using the “plspm” package in R [10]. Statistical analyses were
conducted in R 4.3.2; data normality and variance homogeneity were tested with the
Shapiro-Wilk and Levene’s tests (car v3.1-2); and treatment effects were evaluated by
two-way ANOVA.

3. Results
3.1. Soil Aggregate Fraction and Soybean Yield

Across both the 0-20 cm and 2040 cm layers, the incorporation of organic manure
or straw alongside chemical fertilizers markedly altered the distribution of soil aggregate
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fractions (Figure 2). In the 0-20 cm layer, the share of LMA under NPKM exceeded that of
CK and NPK treatments by 11.6% and 9.8%, respectively (Figure 2a). Compared with CK,
NPK, and NPKS, the fraction of MMA under the NPKM was significantly higher by 6.5%,
5.3%, and 1.2%, respectively. The combined use of organic manure or straw with chemical
fertilizer markedly affected aggregate distribution. In the 0-20 cm layer, both NPKS and
NPKM treatments reduced the SMA fraction relative to CK and NPK, with a 6.3% lower
value under NPKM than under NPKS. MIC displayed a consistent pattern with SMA. In
the 20-40 cm layer, the proportions of LMA and MMA were higher under NPKM by 4.6%
and 0.3% compared with NPKS (Figure 2a). Overall, SMA declined by 9.7-14.1% under
NPKS and by 10.9-15.3% under NPKM compared with CK and NPK. Soybean yield under
NPKM increased significantly by 15.0% and 11.5% compared with CK and NPK and by
6.0% relative to NPKS (Figure 2b).
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Figure 2. Soil aggregate fractions (a) and soybean yield (b) under different fertilization regimes in
0-20 cm and 20-40 cm layers. CK, unfertilized control; NPK, chemical fertilizer; NPKS, NPK plus
straw; NPKM, NPK plus organic manure. LMA, >2 mm; MMA, 2-0.25 mm; SMA, 0.25-0.053 mm;
MIC, <0.053 mm. Distinct lowercase letters denote significant differences (p < 0.05), and error bars
show standard deviations (n = 3).

3.2. SOC, Nutrient Contents, and Soil Quality at the Aggregate Scale

The application of organic amendments markedly influenced SOC and nutrient distri-
butions among aggregate fractions (Figures 3 and 4). In the 0-20 cm layer, SOC levels within
LMA and MMA were considerably greater than those in SMA and MIC (Figure 3a). Under
the NPKM, the SOC contents in LMA and MMA were the highest, at 33.7 and 30.8 g kg~ !,
respectively. Similarly to SOC, TN content was highest in LMA under the NPKM treatment
(3.2 g kg 1) (Figure 3c). The TP content was highest in LMA and, across all aggregate
sizes, followed the order NPKM > NPKS > NPK > CK (Figure 3e). Under the NPKM, the
AN content in MMA and the AP content in SMA were the highest, at 151.8 mg kg~! and
105.0 mg kg~ !, respectively (Figure 4a,c). The AK content was highest in LMA, with NPKM
and NPKS showing significantly higher content than NPK by 10.2% and 6.6%, respectively
(Figure 4e).

In the 2040 cm soil layer, the SOC content in the LMA fraction was significantly
higher than other aggregate fractions. Under the NPKM, the SOC content in the LMA
fraction was significantly higher than CK, NPK, and NPKS by 40.4%, 24.9%, and 11.0%,
respectively (Figure 3b). The TN and TP contents showed similar trends across different
aggregate fractions (Figure 3d,f). The MMA fraction contained significantly greater TK
levels compared with LMA, SMA, and MIC (Figure 3h). Conversely, AN and AP con-
centrations were significantly elevated in LMA relative to the other aggregate fractions
(Figure 4b,d). Compared with CK, the AN content under NPK, NPKS, and NPKM was
significantly higher by 9.8%, 42.9%, and 58.3%, respectively. Similarly, under the NPKM,
the AP content was highest at 77.3 mg kg~ !.
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In the 0-20 cm soil layer, the SQI in large aggregates (LMA-SQI) was significantly
higher than that in MMA, SMA, and MIC (Figure 5a). Under NPKM, the LMA-5QI was
elevated by 52.2% and 18.6% relative to CK and NPK and by 4.5% relative to NPKS. A
comparable trend in SQI was also observed in the 2040 cm soil layer (Figure 5b). The
LMA-SQI at 0-20 cm was 29.6% higher than that at 2040 cm under NPKM treatment.
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Figure 3. Soil nutrient contents in different aggregate size classes in 0-20 cm and 2040 cm soil
layers: (a) SOC in 0-20 cm; (b) SOC in 2040 cm; () TN in 0-20 cm; (d) TN in 20-40 cm; (e) TP
in 0-20 cm; (f) TP in 2040 cm; (g) TK in 0-20 cm; (h) TK in 20-40 cm.; NPK, chemical fertilizer;
NPKS, NPK plus straw; NPKM, NPK plus organic manure. LMA, >2 mm; MMA, 2-0.25 mm; SMA,
0.25-0.053 mm; MIC, <0.053 mm. SOC, soil organic carbon; TN, total nitrogen; TP, total phosphorus;
TK, total potassium. A, aggregate size; T, treatment; A x T, interaction between aggregate size and
treatment. Uppercase letters indicate differences among aggregate size fractions, and lowercase letters
denote significant treatment effects (p < 0.05). Bars indicate standard deviations (1 = 3). ™, p > 0.05;
***, p <0.001.
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Figure 4. Soil nutrient contents in different aggregate size classes in 0-20 cm and 2040 cm soil layers:
(a) AN in 0-20 cm; (b) AN in 20—40 cm; (¢) AP in 0-20 cm; (d) AP in 20—40 cm; (e) AK in 0-20 cm;
(f) AK in 2040 cm. CK, unfertilized control; NPK, chemical fertilizer; NPKS, NPK plus straw; NPKM,
NPK plus organic manure. LMA, >2 mm; MMA, 2-0.25 mm; SMA, 0.25-0.053 mm; MIC, <0.053
mm. AN, available nitrogen; AP, available phosphorus; AK, available potassium. A, aggregate size;

T, treatment; A x T, interaction between aggregate size and treatment. Uppercase letters indicate

differences among aggregate size fractions, and lowercase letters denote significant treatment effects
(p < 0.05). Bars indicate standard deviations (n = 3). ***, p < 0.001.
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Figure 5. SQI in aggregate scale in 0-20 cm (a) and 2040 cm (b) soil layers. CK, unfertilized control;
NPK, chemical fertilizer; NPKS, NPK plus straw; NPKM, NPK plus organic manure. LMA, >2 mm;
MMA, 2-0.25 mm; SMA, 0.25-0.053 mm; MIC, <0.053 mm. SQJ, soil quality index; A, aggregate size;
T, treatment; A x T, interaction between aggregate size and treatment. Uppercase letters indicate

differences among aggregate size fractions, and lowercase letters denote significant treatment effects
(p < 0.05). Bars indicate standard deviations (n = 3). ***, p < 0.001.
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3.3. Contribution of SOC and Soil Nutrient Contents and SQI in Aggregate Scale to Soybean Yield

In the LMA fraction, soybean yield was primarily influenced by SOC in the 0-20 cm
layer (22.4%) and by AK in the 20-40 cm layer (20.0%) (Figure 6a,e). For the MMA fraction,
AP in the 0-20 cm soil exerted the strongest influence on soybean yield (20.7%), while
TN in the 20-40 cm was the major contributing factor (19.7%) (Figure 6b,f). At the SMA
fraction, the key factors showing the highest contribution to soybean yield in both the 0-20
cm and 2040 cm soil layers were consistent with those at the MMA fraction (Figure 6¢,g).
Within the MIC fraction, AN in the 0-20 cm layer contributed most to soybean yield (19.5%),
whereas TP in the 20-40 cm layer made the greatest contribution (25.5%) (Figure 6d,h). In
the 020 cm soil layer, the SQI at the MMA fraction showed the highest contribution to
soybean yield (30.9%) (Figure 7a). In the 20-40 cm layer, the SQI at the LMA fraction had
the greatest contribution, reaching 48.3% (Figure 7b).
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Figure 6. Contribution analysis of SOC and aggregate nutrients to soybean yield at the aggregate
scale: (a—d) LMA, MMA, SMA and MIC in 0-20 cm; (e-h) LMA, MMA, SMA and MIC in 20-40 cm
LMA, >2 mm; MMA, 2-0.25 mm; SMA, 0.25-0.053 mm; MIC, <0.053 mm. SOC, soil organic carbon;
TN, total nitrogen; TP, total phosphorus; TK, total potassium; AN, available nitrogen; AP, available
phosphorus; AK, available potassium. *, p < 0.05; **, p < 0.01.
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Figure 7. Contribution analysis of aggregate-scale SQI to soybean yield: (a) 0-20 cm; (b) 20—40 cm.
LMA, >2 mm; MMA, 2-0.25 mm; SMA, 0.25-0.053 mm; MIC, <0.053 mm. *, p < 0.05.

3.4. Relationship Between Soybean Yield and Aggregates

According to PLS-PM analysis, organic amendments combined with chemical fertil-
izers exerted significant direct and indirect effects on aggregate-associated soil attributes,
the SQI, and soybean yield. (Figure 8). The effect of organic manure on the four aggregate
fractions was greater than straw. At the LMA level, soil characteristics displayed a strong
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positive association with aggregate-scale SQI (path = 0.84). In turn, the SQI positively
affected soybean yield (path = 0.441). Among the four aggregate fractions, the LMA-SQI
showed the highest loading value (0.976) in representing aggregate-scale SQI. The goodness-
of-fit (GOF) index of 0.678 indicated that the PLS-PM model achieved a reasonable level of
overall fit.

//)J\\\
77 \\\\
///7/’ ’///i\*\\ N

AT \.\

r|'l

Nitrogen

: Phosphorus

Figure 8. Diagram of the partial least squares path model (PLS-PM). Each box represents an observed
(measured) or latent (constructed) variable. Green and blue arrows indicate positive effects. *, p < 0.05;
**, p <0.01; ***, p < 0.001. The goodness-of-fit (GOF) model is 0.678.

4. Discussion
4.1. Impacts of Organic Amendments on Soil Aggregate Fraction and Properties

Soil aggregate composition in the 0-20 cm and 20-40 cm layers was substantially
modified by the long-term co-application of organic amendments and mineral fertilizers,
leading to higher proportions of LMA and MMA and lower proportions of SMA and
MIC (Figure 2). The aggregation process begins with microaggregates that subsequently
coalesce to generate large macroaggregates [25]. In the 0-20 cm layer, organic manure
inputs not only provided additional carbon sources but also enhanced microbial activity
and fungal hyphal growth, strengthening particle binding and promoting the aggregation
of MIC into LMA [26]. Similarly, polysaccharides and lignin derived from straw acted
as natural binding agents, facilitating the conversion of SMA and MIC into LMA [27]. A
meta-analysis further indicated that, compared with straw-derived cellulose and lignin that
require microbial decomposition before acting as binding agents, organic manure directly
promotes the formation of LMA through chemical cementing substances such as humic
acids [28]. Compared with the CK, both NPKM and NPKS significantly increased SOC
content across all aggregate fractions, with the largest increase observed under NPKM
(Figure 3a). The improvement is largely driven by the more labile nature of manure-
derived organic matter, which decomposes readily and releases nutrients faster than straw
residues [29]. In addition, the physical protection afforded by soil aggregates effectively
restricts microbial decomposition of organic matter [30], favoring the long-term stabilization
of carbon, nitrogen, and phosphorus. This mechanism also explains the higher proportion
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of LMA under NPKM compared with NPKS (Figure 2). Nutrient concentrations were
consistently greater in LMA than in SMA (Figures 3 and 4), reflecting the larger aggregate
volume and lower specific surface area of LMA, which improve the physical protection
and retention of organic matter and nutrients [31]. Organic amendments not only directly
increase soil organic carbon and nutrient contents but also promote the formation of LMAs
that serve as enrichment reservoirs for C, N, and P [13]. SOC, TN, and TP concentrations
were significantly enriched in LMA and MMA compared with SMA and MIC, consistent
with earlier studies (Figures 3 and 4). In contrast, the highest AN and AP contents occurred
in MMA and SMA (Figure 4a,c), likely because microbial immobilization of available N
and P during the early stages of organic matter decomposition within LMA enhances total
N and P accumulation while temporarily reducing available nutrient pools [32,33]. Similar
observations were also reported by [23]. Taken together, these results indicate that the
increases in LMA and nutrient-enriched MMA represent major structural pathways through
which organic amendments improve soil physical and chemical functioning, suggesting that
their effects extend beyond direct nutrient supply. The contrasting nutrient distributions
among aggregate fractions also highlight the importance of aggregate-level analysis for
understanding nutrient cycling processes relevant to soybean production. Furthermore,
identifying how manure and straw affect specific aggregate fractions at different depths
provides practical evidence for improving soil structure and nutrient conservation under
long-term fertilization systems.

4.2. Impacts of Organic Amendments on Aggregate Scale SQI

Significant increases in the SQI were observed for all aggregate fractions under the
combined use of organic amendments and fertilizers (Figure 5). Similar trends were
reported by Zhang et al. [23], who attributed the improvement of soil function to enhanced
nutrient conservation and structural integrity. The SQI in LMA at 0-20 cm was markedly
greater than in the other aggregate fractions (MMA, SMA, and MIC). This increase was
mainly associated with the higher SOC and nutrient levels and with better aeration and
microbial conditions within LMA [34,35]. These factors create microenvironments with
high enzyme activity, where the synergistic effects of physical stability, biological activity,
and chemical buffering make LMA a key determinant of topsoil quality [36,37]. According
to PLS-PM analysis, LMA exhibited a strong positive effect on the SQI (Figure 8), implying
that better aggregate organization and nutrient enrichment directly promote soil quality.
Therefore, the formation of LMA plays a crucial role in sustaining soil quality when organic
amendments are combined with chemical fertilizers.

Compared with the 0-20 cm layer, the 2040 cm soil exhibited lower SQI values
(Figure 5b), reflecting the scarcity of direct organic matter additions at depth. Although the
downward movement of dissolved organic carbon and nutrients may promote aggregate
formation to some extent, this passive process is less efficient than direct amendment incor-
poration [38]. In the 2040 cm layer, SQI improvement depends more on physicochemical
stabilization processes such as organo-mineral associations and microbial residue accumu-
lation [39]. Reduced biological activity and slower carbon turnover weaken the coupling
between nutrient availability and microbial functional diversity, ultimately resulting in a
lower SQI.

4.3. Impacts of Aggregate Nutrients and Aggregate Scale SQI on Soybean Yield

SOC in the LMA fraction of the 0-20 cm soil layer exerted the strongest influence
on soybean yield (Figure 6a). This finding agrees with previous studies showing that
carbon protected within LMA enhances root growth and nutrient uptake by improving soil
pore structure and biological activity [1,40]. LMAs serve as reservoirs of plant-available
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nutrients that are gradually released through microbial turnover, sustaining nutrient supply
for crop growth and development [41]. Interestingly, AP in MMA and SMA, as well as AN
in MIC, also showed substantial contributions to soybean yield (Figure 6). In MMA and
SMA, moderate pore connectivity and high specific surface area favor P desorption and
diffusion, thereby facilitating the mobilization of microbially released P and ensuring a
steady AP supply when crop demand is high [42]. Similarly, the high contribution of AN
in MIC likely results from its capacity to support the continuous transformation of organic
nitrogen into plant-available forms, providing a stable nitrogen source for root uptake and
promoting yield [43].

At 20-40 cm depth, soybean yield was primarily affected by AK in LMA, TN in MMA
and SMA, and TP in MIC, each representing the dominant factor within its nutrient pool
(Figure 6d,e). This indicates that LMA enhances potassium retention and sustained release,
supporting root metabolic activity in the 20-40 cm soil layer [44]. The moderate porosity of
MMA and SMA facilitates nitrogen transport and microbial mineralization under limited
carbon input, making them important reservoirs of available nitrogen [45]. The accumu-
lation of TP within MIC may be related to mineral-bound P and microbial residues that
gradually release potential nutrients through desorption or mineral dissolution [12,23]. The
LMA-SQI exhibited the strongest contribution to soybean yield in both the 0-20 cm and
20-40 cm layers (Figure 7). This consistent pattern suggests that LM A plays a pivotal role
in maintaining the integrated functionality of soil systems across depths [46]. In addition,
LMA often retains a legacy of long-term organic inputs and microbial residues, allowing the
persistence of favorable physical and biochemical properties in deeper soil layers. Together,
these mechanisms suggest that nutrients associated with specific aggregate fractions in
deeper soils provide sustained support for crop productivity. Future studies should further
quantify how nutrient transformations within specific aggregate fractions regulate crop
productivity under varying managements. In addition, integrating microbial functional
gene analyses with aggregate-scale nutrient dynamics could help clarify the biological
pathways linking soil structure to yield formation.

5. Conclusions

The long-term field study showed that adding straw or organic manure in combina-
tion with chemical fertilizers improved the aggregate-scale SQI and enhanced soybean
yield. Among the two organic amendments, the manure—fertilizer combination yielded the
greatest nutrient enrichment and promoted the development of LMA enriched in SOC and
AN. SOC in surface LMA (0-20 cm) and TP in subsoil MIC (20-40 cm) were the dominant
factors governing soybean yield, while the LMA-SQI exerted the strongest overall influ-
ence. Overall, our results highlight that improved soil structural quality—especially stable,
nutrient-rich macroaggregates—plays a key role in supporting soybean yield by enhancing
root growth and nutrient uptake. Practically, long-term application of organic amendments
together with balanced fertilization is recommended to maintain aggregate stability and
sustain soybean productivity.
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