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ABSTRACT
Improvement of soil structure is critical for efficient nutrient and water transport to plants, particularly in sodic, dispersive soils. 
In addition to inorganic amendments such as gypsum, organic amendments (OAs) can enhance soil aggregation and stability 
through biochemical processes, but it is unclear how OAs composition [carbon (C) content, C: nitrogen (N) ratio and C functional 
groups] influences aggregation in sodic subsoils. To address this, we conducted a 17-month soil incubation study in which 19 
organic and inorganic amendments were vertically banded in an alkaline sodic subsoil (collected from 20 to 40 cm depth). The 
study examined how OA properties and their decomposition affected aggregate formation and stability (indicated by wet mean 
weight diameter; WMWD), via changes in soil physiochemical and biological properties at 3 and 17 months. At 3 months, aggre-
gate stability correlated positively with total C content and C quality of the OAs (i.e., aliphatic C, C/N ratio), and soil microbial 
biomass C. The highest increase in aggregate stability (2–2.5-fold) was observed in soils amended with plant residues, including 
reed (Phragmites australis), faba bean (Vicia faba L.) and wheat (Triticum aestivum L.). By 17 months, these beneficial effects on 
aggregation largely diminished. Chicken manure improved soil aggregation in the short term (3 months) and maintained higher 
N availability in the long term (17 months), indicating its potential use to address multiple subsoil constraints. In contrast, nei-
ther gypsum nor polyacrylamide improved soil aggregation. Our findings support the use of vertically banded plant and animal 
manure-based OAs to improve sodic subsoil structure and biological functions of sodic subsoils, with implications for soil func-
tion and agricultural productivity.

1   |   Introduction

Soil structure has a major effect on the flux and efficiency 
of nutrient and water transport to plants (Oades  1984; Neal 

et al. 2020). Poor structure of agricultural soils is one of the major 
threats to soil health and function (Pagliai et  al.  2004; Rabot 
et al. 2018; Hartmann and Six 2023). Alkaline sodic dispersive 
soils, defined by exchangeable sodium percentage (ESP) > 6.0 
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and pH > 8.5, have poor structure and soil-water-air relations 
due to slaking, swelling and clay dispersion, which limit root 
proliferation and crop yield (Rengasamy 2002). Early estimates 
suggested that about 436 million ha of the world's land area have 
sodicity issues, with 60% (249 million ha) located in Asia, the 
Pacific and Australia regions (Rengasamy 2002; Leogrande and 
Vitti 2019). More recent global assessments indicate that 1.4 bil-
lion ha (11% of the world's land area) are affected by salinity and 
sodicity (FAO 2024).

Sodic subsoils, especially those deeper than 20 cm, pose sig-
nificant challenges for management in arid and semi-arid 
regions, as there is insufficient rainfall to leach excess so-
dium (Na+) from these zones (Rengasamy and Olsson 1991). 
To improve soil fertility in such soils, agricultural practices 
such as the use of organic amendments (OAs) and/or gyp-
sum have been widely adopted (Liang et  al.  2025). Gypsum 
(CaSO4·2H2O) has been shown to reduce clay dispersion and 
increase flocculation by replacing Na+ with calcium (Ca2+) 
on soil clay surfaces (Rengasamy et al. 2016). However, most 
studies have focused on improving the surface layers (i.e., 
< 10 cm) (Lebron et al. 2002; Leogrande and Vitti 2019; Green 
et al. 2023). Deep incorporation of amendments into subsoils 
has gained attention, as it can directly alter subsoil biologi-
cal, physical and chemical properties (Clark et al. 2007; Sale 
et al. 2019; Wang et al. 2020). However, little is known about 
the effects of deep placement of OAs and/or gypsum on ag-
gregate formation and stability in alkaline sodic dispersive 
subsoils, despite reports of yield improvements (Tavakkoli 
et al. 2019).

Soil aggregation is a key component of soil structure, con-
stantly changing and restructuring due to biological, chemical 
and physical processes (Abiven et al. 2009). Soil aggregation 
plays a crucial role in soil carbon (C) persistence and storage 
(Verchot et al. 2011; Lehmann et al. 2020), and is influenced by 
the organic matter decomposition processes (Fang et al. 2021), 
as well as soil texture, clay mineralogy, cation content and cli-
mate (Abiven et al. 2009; Bai et al. 2020). Two main concep-
tual models describe organic matter (OM)–aggregate linkages: 
a bottom-up model, which proposes that microbially-derived 
OM acts as a binding agent of clay particles and silt-clay frac-
tions, leading to the formation of micro-aggregates and even-
tually macro-aggregates (Vidal et al. 2018; Rabbi et al. 2024). 
On the other hand, the top-down model proposes that plant-
derived OM, such as fresh or partly decomposed plant resi-
dues, nucleates macro-aggregates that subsequently break 
down into micro-aggregates and the silt-clay fraction during 
decomposition (Golchin et al. 1997). These competing theories 
continue to be explored by researchers seeking to understand 
the complex interactions between soil organic matter and soil 
structure.

The role of microbial processing in aggregate dynamics 
has been well established (Gupta and Germida  2015; Rabbi 
et al. 2020). Increased microbial biomass and the associated 
microbial polysaccharides (the main component of fungal cell 
walls) can enhance the formation of stable soil aggregates 
(Chenu et  al.  2002; Cania et  al.  2020). The OAs, however, 
have varied qualities (e.g., total and labile C contents, C func-
tional groups, nitrogen (N) content) which can directly and 

indirectly affect soil aggregation (Baldock et  al.  1997; Fang 
et al. 2021). For example, the labile C content (e.g., carbohy-
drate) in OAs has been shown to be positively correlated with 
soil aggregation (Sarker et  al.  2022). Since most labile C in 
OAs decomposes in < 3–6 months and is facilitated by nutri-
ent inputs (Fernandez et al. 2016; Fang et al. 2018, 2020), the 
benefits of OAs to soil aggregation may diminish over time. 
However, it lacks quantitative information on how OA qual-
ity controls aggregation during microbial decomposition over 
longer time frames (i.e., > 1 year).

This research aimed to evaluate the application strategy (such as 
vertically banded placement) and mechanisms of OAs that im-
prove soil structure of sodic subsoils, where dispersive clay par-
ticles can lead to a quick breakdown of aggregates. Specifically, 
in a controlled incubation experiment, we examined (i) the ef-
fects of a range of OAs with varying C quality (including crop 
residues, green manure and animal manures), humate, inor-
ganic amendment (gypsum) and polyacrylamide on aggregate 
formation and stability; and (ii) the role of microbial processing 
in aggregate formation and turnover after deep placement of 
amendments in a sodic subsoil. We hypothesized that:

	 i.	 Application of high-C and/or low-quality-C OAs (such as 
crop residues) would rapidly increase water-stable aggre-
gates in soil adjacent to the amendment band, via enhanced 
microbial growth and associated bottom-up aggregation.

	 ii.	 OAs would increase soil aggregation in the short term (e.g., 
a few months) but have limited effects over longer periods 
(e.g., > 1 year) due to microbial death and turnover.

	iii.	 Gypsum would have long-term positive effects on aggre-
gate stability, primarily by reducing clay dispersion.

2   |   Materials and Methods

2.1   |   Soil and Amendments

An alkaline sodic dispersive subsoil with ESP of 12.9 and 
pHH2O of 8.9 was collected at 20–40 cm depth from a semi-arid 
region near Grogan, New South Wales, Australia (34.3524°S, 
147.7126°E). The site has a mean annual rainfall of 560 mm 
and mean minimum and maximum temperatures of 8.7°C and 
23.6°C, respectively (https://​www.​bom.​gov.​au/​clima​te/​data). 
The site had a crop rotation history of wheat, canola and le-
gumes with summer fallow. The soil is classified as a Solonetz 
(IUSS Working Group  2006), equivalent to a Sodosol in the 
Australian Soil Classification (Isbell 2002). The dominant clay 
mineral in the soil is kaolinite (Fang et al. 2020). The soil was 
air-dried, gently crushed and sieved to < 4 mm, with the stones 
and recognizable plant debris (> 2 mm) manually removed prior 
to the experiment.

Soil organic carbon (SOC) was measured after removing car-
bonate C by acid-washing (Midwood and Boutton  1998). Soil 
inorganic carbon (SIC) was calculated based on the loss of C 
after acid-washing. The soil was then dried at 60°C, ground to 
< 0.05 mm and analysed for C and N concentration using a LECO 
TruMac Carbon and Nitrogen Elemental Analyser (CA, USA). 
Total phosphorus (P) was determined by the molybdenum-blue 
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method after Kjeldahl digestion (Kjeldahl  1883), and four cat-
ions (Ca2+, Mg2+, K+ and Na+) were extracted from the soil 
using 0.1 M BaCl2 and 0.1 M NH4Cl solution (Gillman and 
Sumpter  1986) and then quantified using an Agilent 280FS 
Atomic Absorption Spectrophotometer (CA, USA). The basic 
soil chemical properties are summarised in Table 1.

Total C and N contents of OAs were analysed using the LECO 
Analyser (CA, USA) after drying and grinding at 60°C to < 0.1 mm. 
Inorganic C in the OAs was determined by a titration method 
using 1 M HCl and was calculated based on the weight loss due 
to acidification/CO2 emission. The water extractable C (dissolved 

organic C, DOC) and dissolved N (DN) in the OAs were extracted 
using Milli-Q water (1:5 w/v) and filtered through a 0.45 μm 
Millex-HV Syringe filter (Durapore PVDF membrane), and then 
analysed using a Total Organic Carbon Analyser (TOC-V CSH/
CPN; Shimadzu, Japan). The chemical composition of both the 
soil and OAs were determined by solid-state 13C cross-polarisation 
magic angle spinning (CP/MAS) nuclear magnetic resonance 
(NMR) spectroscopy, as detailed in Baldock et al. (2021). The spec-
tra were divided into eight chemical shift regions, representing 
alkyl C (0–45 ppm), methoxyl (45–60 ppm), O-alkyl C (60–90 ppm), 
di-O-alkyl C (90–110 ppm), aryl C (110–145 ppm), O-aryl C (145–
160 ppm), carboxylic/amide/ester C (160–180 ppm) and ketone/
aldehyde C (180–210 ppm) (Chen et al. 2004). The aliphatic C to ar-
omatic C (aliphatic C (0–110 ppm)/aromatic C (110–160 ppm)) ratio 
in the OAs was also calculated.

2.2   |   Experimental Design

Soils were incubated in PVC containers (15 cm diameter 
× 20 cm height) in the dark at 20°C ± 0.5°C for over 17 months, 
with or without organic and inorganic amendments (Figure 1). 
A total of 19 treatments and one control (nil amendments) 
were included, each with 4 replicates (Table 2). The study in-
cluded 12 different OAs, encompassing plant residues, animal 
manures, compost, compost-biochar/zeolite mixtures, biosol-
ids and humate (Sigma-Aldrich, USA), covering a range of C:N 
(7 ~ 109) and C:P (phosphorus) (7 ~ 1088) ratios (Table 3). The 
amendments (< 2 mm, apart from humate) were applied at 15 t 
dry weight ha−1, equivalent to 12 g kg−1 of dry soil. Gypsum 
was used at 5 and 15 t dry weight ha−1, and polyacrylamide 
(PAM; Sigma-Aldrich, USA) at 5 kg ha−1, applied either alone 
or in combination with gypsum at 5 t ha−1. A control soil with-
out any amendments was also included. Two nutrient rates 

TABLE 1    |    The basic chemical properties of the soil (20–40 cm soil 
depth). Data are mean ± standard error (n = 4).

Properties Solonetz

pH (1:5 H2O) 8.92 ± 0.01

EC (μS cm−1) 426 ± 49

ESP 12.9 ± 0.60

Sand (%) 40.3 ± 0.5

Silt (%) 8.5 ± 0.8

Clay (%) 51.3 ± 0.9

SOC (g kg−1) 5.77 ± 0.18

SIC (g kg−1) 0.85 ± 0.02

Dominant clay minerals Kaolinite

Note: ESP was calculated as exchangeable Na+ divided by the sum of 
exchangeable Ca2+, Mg2+, K+ and Na+.
Abbreviations: EC, electrical conductivity; ESP, exchangeable sodium 
percentage; SIC, soil inorganic C; SOC, soil organic C.

FIGURE 1    |    Diagram of the soil incubation setup, CO2 sampling approach (NaOH trapping) and soil sampling positions. Amendments were ver-
tically banded along the central axis of each PVC column. PVC caps were closed only during CO2 sampling periods and remained open at all other 
time. Sampling positions a and b indicate the locations where soil was destructively collected using a stainless-steel micro-corer (2.5 cm diameter 
× 5 cm height), approximately 1 cm from the amendment band (i.e., 1–3.5 cm lateral distance from the band) over the 0–4 cm depth.
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were added to wheat residues in the amendment band for 
facilitating decomposition and transformation of wheat resi-
dues into stabilized SOC: (1) ‘wheat residues + nut1’, receiving 
65 mg (NH4)2SO4/NH4NO3–N kg−1 soil, 15 mg KH2PO4–P kg−1 
soil and 11 mg (NH4)2SO4–S kg−1 soil and (2) ‘wheat residues 
+ nut2’, receiving 130 mg N kg−1 soil, 30 mg P kg−1 soil and 
22 mg S kg−1 soil (Table 3).

To apply the amendments, a vertical band was created in the 
middle of the subsoil and buried to a depth of about 4.5 cm 
within PVC containers. Each container was filled with 300 g of 
subsoil mixed with 12 g of OAs (15 t ha−1) or 4 or 12 g of inorganic 

amendments (5 or 15 t ha−1), and this mixture was packed to 
achieve a soil bulk density of 1.3 g cm−3. The remaining 700 g 
subsoil was then carefully added around the amendment band. 
Soil moisture was adjusted to 70% water holding capacity and 
maintained by weekly re-watering with reverse osmosis water to 
store their initial weight over the 17-month incubation. To eval-
uate the effects of the OAs bands on soil physicochemical and 
biological properties while minimising disturbance, we sampled 
soils destructively using a stainless-steel micro-corer (2.5 cm 
diameter × 5 cm height) about 1 cm from the amendment band, 
that is, at 1–3.5 cm lateral distance to the amendment bands and 
over the 0–4 cm depth (Figure 1).

TABLE 2    |    Organic and inorganic amendments and nutrient additions in the treatments.

No Amendments
Application 
rate (t ha−1)

Application rate 
(g kg−1 dry soil) Notes

1 Bean residues 15 12 Vicia faba L.

2 Common reed residues 15 12 Phragmites australis

3 Wheat residues 15 12 Triticum aestivum L.

4 Wheat residues + Nut1 15 12 Triticum aestivum L.

5 Wheat residues + Nut2 15 12 Triticum aestivum L.

6 Green waste + Pig manure 15 12 Immature pig bedding 
material compost

7 Chicken manure composted 15 12 Mature poultry litter compost

8 Chicken manure uncomposted 15 12 Uncomposted poultry litter; 
Charcoal was presented 

at sampling site

9 Green organics compost 15 12 Mature municipal green 
waste compost

10 Pig manure 15 12 Uncomposted

11 Cow manure 15 12 Uncomposted

12 Compost + Biochar 15 12 49:1 w/w mature green waste 
compost: green waste biochar 

ratio; blended post-composting

13 Compost + Zeolite 15 12 9:1 w/w mature green waste 
compost: zeolite ratio; 

blended post-composting

14 Biosolids 15 12 Taken from a small suburban 
wastewater treatment plant 

receiving domestic commercial 
and industrial inflows.

15 Humate 15 12

16 Gypsum_low 5 4

17 Gypsum_high 15 12

18 Polyacrylamide (PAM) 5 kg ha−1 4 mg kg−1

19 PAM + Gypsum 5 kg ha−1 PAM 
+5 t ha−1 gypsum

4 mg kg−1 PAM + 
4 g kg−1 gypsum

20 Control Nil Nil

Note: Two nutrient rates were added to wheat residues in the amendment band: (1) ‘wheat residues + nut1’, receiving 65 mg (NH4)2SO4/NH4NO3–N kg−1 soil, 15 mg 
KH2PO4–P kg−1 soil and 11 mg (NH4)2SO4–S kg−1 soil and (2) ‘wheat residues + nut2’, receiving 130 mg N kg−1 soil, 30 mg P kg−1 soil and 22 mg S kg−1 soil.
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6 of 14 Soil Use and Management, 2026

2.3   |   Aggregate Wet Mean Weight Diameter 
and Analyses of Dispersion

Soils sampled adjacent to the amendment bands (at 3 and 
17 months) were air-dried, gently crushed along natural 
planes of weakness, and sieved to < 6.5 mm before wet siev-
ing. The soil fractions were separated into macro-aggregates 
(> 0.25 mm), micro-aggregates (0.05–0.25 mm) and silt-clay 
fraction (< 0.05 mm) following the method described by Chan 
et  al.  (2002). About 20 g of air-dried soil was placed in a wet-
sieving apparatus (McAuliffe Engineering, Wagga Wagga, 
Australia), submerged in reverse osmosis water in a 2 L cylin-
drical container (17 cm diameter × 13.5 cm height), and pre-
soaked for 5 min before wet sieving. A stroke length of 38 mm 
at a frequency of 30 strokes min−1 was used. The fractions were 
washed carefully, dried at 60°C and weighed. The 2–6.5 mm size 
fraction was combined with the 0.25–2 mm size fraction as the 
macro-aggregates (> 0.25 mm) due to the high dispersion of the 
clay particles (Sarker, Singh, et al. 2018). After wet sieving, the 
< 0.05 mm fraction in suspension was determined using the pi-
pette sampling technique (Yoder  1936; Chan et  al.  2002), and 
the micro-aggregate (0.05–0.25 mm) fraction was calculated by 
the difference in bulk soil weight and the combined fractions. 
The soil mass proportion distribution in aggregate-size classes 
is provided in Table S1. Wet mean weight diameter (WMWD) of 
soil aggregates, an index of aggregate stability, was calculated by 
multiplying the mass proportion of soil in each aggregate-size 
class by the mid-point of the size class and then summing those 
values (Six et al. 1998).

The amount of dispersible clay (g clay kg−l soil) was determined 
using a Hach Turbidimeter 2100 N (HACH, Colorado, USA). 
A calibration curve, established using < 2 μm clay fractions 
obtained by standard dispersion–sedimentation, was used to 
convert turbidity readings to clay content. Mechanical clay dis-
persion of soils was measured following the method described 
by Zhu et al. (2016): 1.0 g of the air-dried soil (< 2 mm) was placed 
in a turbidimeter cell with deionized water at a 1:5 soil:water 
ratio, the cell was gently inverted 20 times and turbidity was 
measured after 4 h of sedimentation.

2.4   |   Total CO2 Emissions From the Amended 
and Unamended Soils

The CO2 emission fluxes from the amended and control soils 
were measured using the NaOH trapping method on 2, 10, 13, 
15, 18, 24, 52, 90, 102, 131, 164, 193, 234, 270 and 500 days. In 
brief, a jar to trap CO2 (30 mL of 2 M NaOH) was placed on a 
stainless-steel tripod stand in each soil container with a cap to 
seal for 24 h at each measuring time. To account for headspace 
CO2, 3 blank PVC containers (without soil but with a closed 
cylinder equivalent to the soil volume in the treatments) were 
established in the same manner as the soil containers. The 
total CO2-C trapped in the NaOH solution was determined 
using phenolphthalein indicator and acid–base titration (Fang 
et al. 2018). A linear interpolation of CO2 emissions between 
the sampling points (Singh et  al.  2015). Cumulative CO2 
emissions were calculated by summing the linearly interpo-
lated emissions at different time points over the 17-month 
incubation.

2.5   |   Soil Microbial Biomass C

Soil microbial biomass C (MBC) was measured using the chlo-
roform fumigation-extraction method (Vance et al. 1987) at 90 
and 500 days' incubation. A 10 g subsample of fresh soil was 
mixed with 40 mL of 0.5 M K2SO4 solution and shaken for 1 h. 
A paired 10 g fresh soil subsample was fumigated with ethanol-
free chloroform in a desiccator for 24 h in the dark at 22°C, then 
extracted with K2SO4 using the same procedure. The resulting 
extracts were filtered through glass-fibre filter paper (Whatman 
GF/C), and dissolved organic C (DOC) was measured using 
a TOC Analyser. Microbial biomass C was determined as the 
difference between the DOC values of the fumigated and non-
fumigated soils, divided by a conversion factor (kec) of 0.45 
(Vance et al. 1987).

2.6   |   Soil Enzyme Activity

Activities of four soil enzymes: β-glucosidase (BG), β-1,4-N-
acetylglucosaminidase (NAG), L-leucine aminopeptidase (LAP) 
and phosphatase (PHOS) were measured to represent C, N and 
P acquisition. Air-dried soil (2.5 g) was weighed into 50 mL poly-
propylene centrifuge tubes and adjusted to 70% water holding 
capacity. Samples were incubated at 25°C for 5 days to allow the 
microbial community to re-equilibrate. Enzymatic activity was 
then determined following Deng et  al. (2011). Approximately 
0.5 g of soil was mixed with a modified buffer solution (pH 9) at a 
ratio of 1:100 (w/v). An aliquot of the slurry (100 μL) was pipetted 
into black microwell plates together with Methylumbelliferyl 
(100 μL) and the appropriate enzyme substrate (50 μL). Three 
blanks containing all reagents, but no soil, were included to 
correct for substrate autohydrolysis. The soil-substrate mix-
tures were incubated in the dark at 37°C for 2–4 h (depending 
on enzyme activity), and fluorescence was measured using a 
FLUOstar Omega (BMG labtech) plate reader (Bell et al. 2013).

To quantify the enzyme stoichiometry of C-to-N acquisition 
versus C-to-P acquisition, we followed the approach of Fang 
et  al.  (2022). Vector length was calculated as the square root 
of the squared sum of the values of x and y, where x represents 
the C-to-P acquiring enzyme activities, and y represents the C-
to-N acquiring enzyme activities (Fanin et al. 2016; Moorhead 
et  al.  2016). Vector angle was calculated as the arctangent of 
the point (x, y). A larger vector length indicates greater C ac-
quisition compared to nutrient (N and P) acquisition, whereas 
a larger angle indicates greater P limitation relative to N limita-
tion (Fanin et al. 2016; Moorhead et al. 2016).

2.7   |   Statistical Analysis

A linear mixed model was used to analyse all responses using the 
ASReml-R package (Butler 2021) within R (R Core Team 2024). 
The model included fixed effects of amendments, time and their 
interaction, and random effects of replicate and replicate by 
time for WMWD and MBC; WMWD and MBC were inverse and 
square-root transformed, respectively, to stabilize variance. To 
account for within-unit correlation in the repeated measures, 
we specified an unstructured residual variance–covariance ma-
trix. For cumulative CO2-C mineralised, enzyme vector length 
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7 of 14Soil Use and Management, 2026

and angle and physicochemical properties (mineral N, EC, pH, 
CEC, ESP and dispersible clay), the model comprised fixed 
amendment effects and random replicate effects. When the 
Wald F-statistic for amendments (or amendment by times) was 
significant, treatment means were compared with the control 
at the 5% significance level, and LSD values were reported for 
other pairwise comparisons.

Relationships among WMWD, MBC, cumulative C miner-
alised (Cmin), OA C functional groups and OA C, N and C/N 
ratio at 3 and 17 months we evaluated using partial least squares 
path modelling (PLS-PM) using the ‘plspm’ package (Sanchez 
et  al.  2013). PLS-PM, a regression-based method suitable for 
small samples and non-normal, was used to estimate path co-
efficients and coefficients of determination (R2), which quantify 
the strength and direction of direct linear effects between vari-
ables (Hair Jr et  al.  2014). Model performance and alternative 
path structures were compared using the Goodness-of-Fit (GoF) 
statistic, which summarises overall predictive ability.

3   |   Results

3.1   |   Chemical Properties of the Organic 
Amendments

The dominant C functional groups varied among the different 
OAs, with alkyl, O-alkyl and aryl being the most prevalent, 
accounting for 4.9%–23.5%, 4.5%–57.2% and 8.8%–52.6% of the 
total C functional group signal area in the solid-state 13C NMR 
spectra, respectively (Table  3). Notably, the plant residues of 
common reed (Phragmites australis), faba bean (Vicia faba L.) 
and wheat (Triticum aestivum L.) exhibited lower proportions of 
alkyl (4.9%–6.4% vs. 13.1%–23.5% in the other OAs) but higher 
O-alkyl (55.6%–57.2% vs. 4.5%–44.7%) (Table  3). In terms of 
aliphatic-aromatic ratios, the plant residues (reed, bean and 
wheat) showed higher ratios (5.1–6.5) compared to the other 
OAs (0.42–4.6) (Table 3).

Total C contents of plant residues, including reed, bean and 
wheat residues, ranged from 42.2% to 43.5%, which were higher 
than pig manure, chicken manure (un)composted and green 
waste + pig manure amendments (31%–38.6%) (Table  3). The 
other OAs, including green organics compost, cow manure, 
compost + biochar, compost + zeolite and biosolids, had lower 
C contents, ranging from 14.4% to 23.1%. The C content in hu-
mate was 47.5%. The CO3

2− contents in green waste + pig ma-
nure and green organics compost were the highest among all 
amendments, with contents of 8% and 7%, respectively. The 
DOC contents in the OAs varied from 0.42% (Biosolids) to 7.58% 
(chicken manure composted). The N contents in the OAs ranged 
from 0.4% (wheat residues) to 3.2% (chicken manure). The C/N 
ratios of the OAs varied between 7.2 (biosolids) and 109 (wheat 
residues), while the C/P ratios ranged between 7.2 (biosolids) 
and 1088 (reed residues).

3.2   |   Wet Mean Weight Diameter

The effects of amendments, time and their interaction on 
WMWD were significant (p < 0.001), and WMWD decreased 

significantly over time (Table 4). At 3 months, the application of 
plant residues (reed residues, bean residues and wheat residues 
with or without nutrients) increased WMWD (p < 0.05) by 2–2.5 
times (i.e., 0.48–0.60 mm), compared to the control (0.24 mm) 
(Table  4). Green waste + pig manure, Chicken manures (un-
composted and composted) and green organics compost also 
had a significant positive effect on WMWD at 3 months (i.e., 
0.39–0.50 mm), compared to the control. However, the benefi-
cial effects of amendments on WMWD diminished over time. 
At 17 months, WMWD ranged between 0.22 and 0.31 mm across 
treatments and control (Table 4).

3.3   |   Cumulative CO2 Emissions

The cumulative C mineralised over a 17-month period ranged 
from 139 to 385 g CO2-C m−2 across the control and treatments, 
as shown in Table 4 and Figure S1. Amendments significantly 
affected cumulative C mineralisation (p < 0.001), with values 
50%–180% higher than the control, in soils amended with wheat 
residues with or without nutrients, reed residues, bean residues, 
chicken manure composted, biosolids (214–385 g CO2-C m−2). 
However, no significant difference was detected in the cumu-
lative C mineralisation for the soils treated with gypsum (low 
and high rates), green waste + pig manure, green organics com-
post, cow manure, humate, PAM + gypsum, compost + zeolite 
and PAM alone (142–194 g CO2-C m−2), compared to the control 
(139 g CO2-C m−2) (Table 4 and Figure S1).

3.4   |   Soil Biological and Physicochemical 
Properties

Amendments significantly affected (p < 0.001) soil MBC over 
time, as evidenced by the main effects of amendments, time and 
their interaction (Table 4). While the MBC decreased over time, 
the rate of decrease varied depending on the type of amendment 
used. At 3 months, soils treated with wheat residues (with or 
without nutrient additions), chicken manure (uncomposted and 
composted) and bean residues had significantly higher MBC 
(p < 0.05) compared to other treatments and the control soil.

At 17 months, amendments significantly affected enzymatic 
stoichiometry (C:N vs. C:P), altering the vector angle (p < 0.001), 
which ranged between 5.3° and 16.8°. Treatments with bean res-
idues, manures (compost + zeolite, compost + biochar, chicken 
manure composted, green organics compost, pig manure, green 
waste + pig manure and cow manure), biosolids, gypsum (gyp-
sum_low, PAM + gypsum) and PAM had significantly lower 
vector angles (p < 0.05) compared to the control soil (16.8°). 
The vector length (C vs. nutrient acquisition) was not signifi-
cantly affected by amendments and ranged from 0.19 to 0.35 
(Figure 2a–c).

After 17 months, several amendments significantly reduced 
dispersive clay (p < 0.05) to 7.9–9.6 g kg−1 soil, including gyp-
sum (low and high rates), PAM + gypsum, green waste + pig 
manure, biosolids, chicken manure composted, reed residues, 
cow manure, bean residues and wheat residue + nut2, as com-
pared to the control soil (10.1 g kg−1 soil). On the other hand, 
the input of humate resulted in an increase in dispersive clay 
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8 of 14 Soil Use and Management, 2026

content to 11.0 g kg−1 soil, as well as ESP, relative to the control 
(Table 5). Furthermore, soil mineral N was significantly higher 
in the manures and composts treated soils. In treatments with 
chicken manure (composted and uncomposted), biosolids, pig 
manure, compost + biochar and cow manure, mineral N was 
about 1–3 times greater than in the control (29 mg kg−1 soil) 
(Table  5). Applications of gypsum (low and high rates) led to 
significant  reduction in soil pH and ESP (p < 0.05), relative to 
the control (Table  5). Electrical conductivity across the con-
trol and amended soils ranged from 322 to 697 μS cm−1 after 
17 months (Table 5). Cation exchange capacity across the control 
and amended soils ranged between 28.5 and 31.2 cmol (+) kg−1 
soil (Table 5).

3.5   |   The Effect of Biochemical Function 
and Properties of OAs on Soil Aggregation

The path models showed that the aggregate stability, measured 
as WMWD, was significantly associated with MBC, both di-
rectly and indirectly via total C content and C functional groups 

in OAs, particularly at 3 months after application (Figure  3). 
Specifically, at 3 months, WMWD was positively (p < 0.05) cor-
related with the aliphatic C content in OAs and soil MBC (with 
path coefficients of 0.54 and 0.77, respectively). At 3 months, soil 
MBC was positively (p < 0.05) correlated with C content in the 
OAs (path coefficient = 0.43), but negatively (p < 0.05) correlated 
with carboxylic C content in the OAs (path coefficient = −0.60). 
At 17 months, WMWD was positively (p < 0.05) influenced by 
cumulative C mineralised (0.51), which was enhanced with in-
creasing C/N ratio (0.51) in the OAs, as well as total C (0.34). 
However, at 17 months, MBC did not significantly affect WMWD 
(Figure 3b).

4   |   Discussion

To our best knowledge, this study is one of few to simu-
late common management practices, such as vertically 
banded amendments in subsoils (Jin et  al.  2025; Uddin 
et al. 2025), and elucidating their effects on soil structure and  
functions.

TABLE 4    |    Wet mean weight diameter (WMWD), microbial biomass C (MBC) and cumulative C mineralised (Cmin) in the amendment treated 
soils (1–3.5 cm distance from the amendment bands) and the control soil on 3 months and 17 months.

WMWD MBC Cmin

3 months 17 months 3 months 17 months 3 months 17 months

Bean residues 0.56 (1.77)* 0.27 (3.71) 814.5 (28.5)* 90.5 (9.5) 91.3* 233.8*

Reed residues 0.55 (1.83)* 0.29 (3.41) 181.6 (13.5) 79.6 (8.9)* 54.5 259.2*

Wheat residues 0.44 (2.29)* 0.31 (3.28) 575.5 (24)* 90.5 (9.5) 96.9* 385*

Wheat residues + Nut1 0.5 (1.99)* 0.27 (3.71) 1139.4 (33.8)* 77.4 (8.8)* 147.1* 352.8*

Wheat residues + Nut2 0.5 (1.98)* 0.25 (3.98) 1135.8 (33.7)* 85.6 (9.3) 144.8* 368*

Green waste + Pig manure 0.47 (2.13)* 0.27 (3.7) 135.8 (11.7) 74.6 (8.6)* 49.1 182.8

Chicken manure composted 0.38 (2.66)* 0.26 (3.91) 644.2 (25.4)* 90.8 (9.5) 78.9* 227.7*

Chicken manure uncomposted 0.38 (2.6)* 0.27 (3.65) 834.4 (28.9)* 76.5 (8.7)* 78.5* 194.5

Green organics compost 0.38 (2.66)* 0.27 (3.72) 157.8 (12.6) 81.1 (9) 38.3 153.5

Pig manure 0.28 (3.62) 0.25 (4.04) 144.8 (12) 85.6 (9.3) 60.6 197.2

Cow manure 0.29 (3.44)* 0.27 (3.65) 99.3 (10) 80.1 (8.9) 35.7 169.9

Compost + biochar 0.27 (3.67) 0.26 (3.88) 132.6 (11.5) 77.8 (8.8)* 47.8 195.2

Compost + zeolite 0.27 (3.75) 0.25 (4.05) 144.1 (12) 68.3 (8.3)* 43.7 181.6

Biosolids 0.28 (3.61) 0.27 (3.68) 162.6 (12.8) 72.5 (8.5)* 48.6 214*

Humate 0.17 (5.76)* 0.22 (4.56)* 174.2 (13.2) 75.3 (8.7)* 24.6 157.8

Gypsum_low 0.3 (3.38)* 0.26 (3.85) 191.2 (13.8) 87.3 (9.3) 44.4 187.8

Gypsum_high 0.32 (3.12)* 0.26 (3.78) 189.8 (13.8) 78 (8.8)* 35.3 142.4

PAM 0.22 (4.5) 0.25 (3.94) 162.1 (12.7) 77.3 (8.8)* 38.6 184.1

PAM + gypsum 0.22 (4.5) 0.26 (3.87) 191.8 (13.8) 80.6 (9) 40.2 171.9

Control 0.24 (4.17) 0.27 (3.64) 129.7 (11.4) 86.6 (9.3) 36.6 139

LSD0.05 (0.63) (0.31) (2.8) (0.3) 21.7 56

Note: The cumulative C mineralisation over time is presented in Figure S1. The LSD0.05 indicates the least significant differences at the 5% level. WMWD and MBC 
were inverse and square root transformed prior to analysis, respectively. The values in the brackets are the values after transformation. The LSD0.05 indicates the least 
significant differences at the 5% level. The asterisk indicates the significant difference between treatment and control.
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9 of 14Soil Use and Management, 2026

4.1   |   Composition of the OAs Directly 
and Indirectly Determines Soil Aggregate Stability

The compositions of the OAs directly affected soil aggregate 
formation and stability, with deep placement of plant-derived 
residues resulting in the highest WMWD after 3 months. 
This was partly attributed to the higher levels of labile C in 
the plant-derived OAs (Table  3), which can act as binding 
agents to facilitate the formation of larger soil aggregates in 
this dispersive clay subsoil. These findings align with previ-
ous research indicating that labile organic matter can help to 
‘glue’ soil particles together across contrasting soil textures 
(i.e., loam, sandy clay loam, sandy loam) (Smucker et al. 2007; 

Sarker, Incerti, et  al.  2018). For example, water-soluble car-
bohydrates from O-alkyl C and di-O-alkyl C in the OA bands 
may have been transported to the adjacent area through water 
diffusion, interacting with soil minerals to form micro- and 
macro-aggregates (Chenu et al. 2002; Abiven et al. 2009; Liu 
et al. 2018; Sarker, Incerti, et al. 2018). The path model further 
confirmed this proposition by showing a positive correlation 
between WMWD and aliphatic C in the OAs, specifically O-
alkyl C and di-O-alkyl C (Figure  3). These findings suggest 
that labile OM may have an intense and transient effect on ag-
gregate stability (Abiven et al. 2009). In contrast to plant-based 
OAs, animal manure-based OAs had inconsistent effects on 
soil aggregation (positive or no effect) in the short term. This 
contrasts with a long-term field study in a subtropical region 
of China, where pig manure accelerated soil aggregation more 
than plant residues (peanut and rice straw) in a clay loam soil 
(Lin et al. 2019). Such inconsistencies may be due to the tran-
sient effects of aggregation by labile OM and the turnover of 
aggregates (Abiven et al. 2009), as well as differences in soil 
properties and climate (Clark et al. 2009; Lin et al. 2019).

Our results indicated that short-term (3 months) increases 
in MBC were associated with increased aggregate stability 
(Figure 3a), consistent with the bottom-up model of soil aggre-
gate formation (Clark et  al.  2009; Lehmann et  al.  2017). This 
could be due to the stimulation of fungal growth by the OAs 
(particularly plant residues), leading to greater production of 
fungal mycelia that effectively promote soil aggregation, par-
ticularly macro-aggregates in sandy clay loam cropping soils 
(Beare et al. 1997). The increased MBC (Table 4) may have re-
sulted in greater production of microbial polysaccharides (which 
can account for 80%–90% of the cell wall dry mass for most fun-
gal species) and extracellular polysaccharides, which can rapidly 
adsorb to clay minerals and ‘glue’ soil particles together to form 
aggregates (Walia and Dick 2018; Cania et al. 2020). Our find-
ings also suggest that nutrient addition had no significant effect 
on aggregate stability, despite resulting in increased MBC (par-
ticularly in the wheat residues with nutrient inputs). This could 
be because nutrient inputs promoted more bacterial than fungal 
growth (Uddin et al. 2025), given the lower C:N ratio of bacte-
ria (De Vries et  al.  2006), whereas fungi—less constrained by 
nutrient stoichiometry—are recognised as the key biotic agent 
driving soil aggregation (de Goede et  al.  2025). Furthermore, 
nutrient inputs with wheat residues decreased soil pH (by 
0.17–0.22 units; Table 5) and increased the positive charge on the 
surface of kaolinite, which could have had a detrimental effect 
on the sorption of SOC to clay minerals through cation bridging 
(Kleber et al. 2021), decreasing soil aggregate formation.

Over time (17 months), there was a decrease in both WMWD 
and MBC in the soils adjacent to the amendment band due 
to biotic processes, which led to increased mineralisation/
loss of SOC. This, in turn, resulted in low WMWD across the 
amended and non-amended soils. The correlation between 
WMWD and MBC was not detected at 17 months, as most mi-
crobial polysaccharides would have been recycled and/or lost 
via respiration (Kiem and Kögel-Knabner 2003; Fang et al. 2018; 
López-Mondéjar et al. 2020). The cumulative CO2-C mineralised 
over the 17 months positively affected WMWD, indicating that C 
flux and biological functions can be critical indicators for stable 
soil structure formation (Annabi et al. 2007; Neal et al. 2020). 

FIGURE 2    |    Enzyme stoichiometry of the C-to-N acquisition (BG/
(BG + NAG+LAP)) versus C-to-P acquisition (BG/(BG + PHOS)) (a), 
vector length (b) and vector angle (c). The small angle (i.e., on the bot-
tom side of the 1:1 line) represents more N limitation versus P limitation. 
Significant differences (at 5% level, LSD0.05) between treatments are in-
dicated by the lowercase letters.
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The C/N ratio of the OAs became an important indicator of 
soil structure response, as a higher C/N ratio of OAs increased 
WMWD indirectly, as shown by the path model (Figure 3).

4.2   |   The Effect of Deep Placement Gypsum on Soil 
Aggregation Was Limited

This study found that gypsum applications significantly de-
creased clay dispersion (Table 5) and lowered soil pH. The role of 
pH in controlling the surface charge of clay is well established: 
higher pH increases repulsive forces in the electrical double 
layer at the surface of charged colloids, thereby increasing soil 
dispersion (Tavakkoli et al. 2015; Rengasamy et al. 2016). The 
decrease in soil pH resulting from gypsum application can be 
linked to the formation of CaCO3 and the consequent reduction 

in zeta potential, which promotes clay flocculation (Bronick and 
Lal 2005).

However, the deep placement of high or low gypsum rates did 
not affect soil aggregation in areas adjacent to banded amend-
ments (Table 4). This contrasts with a previous soil incubation 
study where gypsum improved soil aggregation over 9 months 
when uniformly mixed with the same sodic dispersive subsoil 
(Fang et al. 2021). The inconsistency between these results may 
be due to the low solubility and mobility of gypsum in soil, re-
sulting in limited diffusion to areas outside the banded amend-
ment zone (ripping line). Therefore, deep placement of gypsum 
(compared with uniform mixing) along the ripping line may not 
effectively improve the physical structure of subsoil beyond the 
immediate vicinity of the amendment. However, combined ap-
plications of gypsum and OAs have been shown to be effective 

TABLE 5    |    Soil chemical and physical properties after 17 months incubation of incubation.

Treatments
Mineral N 

(mg kg−1 soil)
CEC (cmol(+) 

kg−1 soil)
Dispersible clay 

(g kg−1 soil) ESP
pH (1:5 

H2O)
EC (μS 
cm−1)

Bean residues 32.8 28.9 9.5 14.6 8.87 423

Reed residues 25.3 28.6 9.4* 13.7 8.95 382

Wheat residues 16.6 29.3 9.8 12.5* 9.07 322

Wheat residues + 
Nut1

42.5 29.1 10.1 12.5* 8.93 372

Wheat residues + 
Nut2

70.8* 30.3* 9.6 12.7 8.73 424*

Green waste + Pig 
manure

36.8 28.5 9.2* 13.9 8.95 384

Chicken manure 
composted

67.4* 29.4 9.3* 13.7 8.60* 425*

Chicken manure 
uncomposted

109.1* 29.8 10.0 13.2 8.35* 497*

Green organics 
compost

43.4 29.2 9.6 13.3 8.85 390

Pig manure 82.9* 29.3 9.6 13.5 8.48* 492*

Cow manure 50.2* 29.2 9.5* 13.2 8.70 450*

Compost + biochar 53.6* 28.9 9.9 13.8 8.85 443*

Compost + zeolite 29.2 28.5 9.6 13.1 8.95 355

Biosolids 94.4* 29.2 9.3* 13.5 8.08* 532*

Humate 38.3 29.4 11.0* 15.8* 8.93 471*

Gypsum_low 32.3 29.0 8.3* 12.3* 8.35* 493*

Gypsum_high 27 29.3 7.9* 11.8* 8.20* 505*

PAM 30.2 29.4 10.4 12.7 8.87* 383

PAM + Gypsum 34.2 31.2* 8.5* 12.7 8.05* 697*

Control 29.3 28.9 10.1 13.3 9.05 354

LSD0.05 17.2 0.7 0.6 1.10 0.26 65

Note: LSD0.05 indicates the least significant difference at 5% level. The asterisk indicates the significant difference between treatment and control. Data (ESP, pH and 
EC) were adapted from Uddin et al. (2025).
Abbreviations: CEC, cation exchange capacity; EC, electrical conductivity; ESP, exchangeable sodium percentage.
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and may serve as an alternative to conventional gypsum appli-
cations (Fang et al. 2021).

5   |   Conclusions

This study provides a comprehensive understanding of how or-
ganic amendments of contrasting compositions (i.e., total carbon 
and nitrogen, C/N ratio and carbon functional groups) and inor-
ganic amendments affect aggregate formation over a 17-month 
period. Among the organic amendments tested, plant-derived 
residues such as those from reed, bean and wheat residues were 
the most effective in enhancing soil aggregation, while the addi-
tion of exogenous nutrients to wheat residues had no additional 
impact. (Un)composted chicken manure also improved soil ag-
gregation over the short-term (3 months) and maintained high 
N availability over a longer period of 17 months, indicating their 

potential use in addressing subsoil constraints and providing 
a source of nutrients. The disappearance of long-term effects 
on soil aggregation in our 17-month incubation suggests that 
repeated applications of suitable organic amendments may be 
required to maintain improved soil structure under field con-
ditions. Caution is needed when extrapolating these laboratory 
findings to subsoil field conditions. In conclusion, our study pro-
vides new knowledge on how organic amendment composition 
affects soil structure via soil biotic and abiotic processes, with 
important implications for managing alkaline sodic subsoils.
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Supporting Information

Additional supporting information can be found online in the 
Supporting Information section. Table  S1: Soil mass proportion dis-
tribution in aggregate-size classes in the control Solonetz (20–40 cm 
soil depth) and the amendment-treated soils at 3 and 17 months. The 
aggregate-size classes include macro-aggregates (> 0.25 mm), micro-
aggregates (0.05–0.25 mm) and silt-clay fraction (< 0.05 mm). The num-
bers after ‘±’ represent the standard errors of the mean (n = 3). Figure 
S1: Cumulative total C mineralised in the treatments (g CO2-C m−2) 
over the 17 months incubation period. Error bars represent standard er-
rors of the means (n = 4).
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