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ABSTRACT

Understanding how fresh, decomposed, and root-derived particulate organic matter (POM) interact with soil
macropores is crucial for enhancing soil organic carbon stocks, yet their spatial relationships remain largely
unclear. Therefore, we conducted an 8-year conservation tillage experiment on a Vertisol (wheat-maize rotation,
no tillage with straw return) that compared four fertilization regimes: (i) control (no fertilization), (ii) chemical
fertilization (NPK), (iii) organic fertilization (OF), and (iv) combined chemical-organic fertilization (NPKOF). X-
ray computed tomography was used to quantify POM fractions, macropore and biopore structure. Our results
demonstrated that all fertilization treatments (NPK, OF, NPKOF) significantly improved soil macropore structure
in the 0-10 cm layer, whereas OF and NPKOF increased bioporosity by 4.82-fold and 2.26-fold in the 10-20 cm
layer (P < 0.05). Biopores constitute a major component of percolating pores in the subsoil and are promoted by
the application of organic fertilization. Furthermore, OF and NPKOF significantly enhanced fresh POM and root-
derived POM content in the 0-10 cm layer and shortened their distance to pores throughout the 0-20 cm layer (P
< 0.05). The three POM fractions exhibited positive correlations with macropore structure characteristics (P <
0.05), yet no significant correlation was observed between root-derived POM and biopores. Root-derived POM
showed preferential accumulation in areas distant from biopores. Overall, our findings demonstrate that long-
term organic fertilization is linked to increased POM accumulation, improvements in surface soil macropore
structure, and enhanced biopore formation in the subsoil of Vertisols.

1. Introduction

biological activity, including root penetration, decay-induced channels,
and burrowing by earthworms and other soil fauna (Lucas et al., 2019;

Soil macropore structure refers to the three-dimensional arrange-
ment of voids formed by the solid components of soil across different
scales. Macropore structure is critically linked to soil functions, as it
provides habitats for numerous soil organisms and mediates key
biochemical reactions (Rabot et al., 2018). In agricultural soils, opti-
mizing pore structure enhances root growth, improves nutrient avail-
ability, and increases crop productivity (Zhang and Peng, 2021; Liu
et al., 2025). Based on formation mechanisms and morphological
characteristics, soil macropores can be classified into two major cate-
gories: biopores and nonbiopores. Biopores are directly formed by soil
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Kautz, 2014; Behringer et al., 2025; Capowiez et al., 2021). They play a
vital role in regulating water movement and sustaining pore network
development (Phalempin et al., 2025a; Zhang et al., 2019), thereby
directly influencing soil organic matter (SOM) dynamics and nutrient
cycling.

As a labile component of SOM, particulate organic matter (POM)
originates primarily from plant residues. It is characterized by its large
particle size, high carbon-to-nitrogen ratio, low density, and high mi-
crobial degradability (Lavallee et al., 2020). Traditional POM quantifi-
cation methods rely on particle size and density fractionation, which
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disrupts soil structure. In contrast, X-ray computed tomography (CT)
combined with machine learning enables in situ POM quantification
while preserving spatial distribution information. Based on its origin and
morphological features, POM can be classified into three distinct frac-
tions: (1) fresh POM, (2) decomposed POM, and (3) root-derived POM
(Schliiter et al., 2022b; Phalempin et al., 2025a; Leuther et al., 2022).
Fresh POM consists of coarse, undecomposed residues (e.g., straw and
leaves) and is typically found in macropores. Decomposed POM pri-
marily comprises biochar or fragmented residues from further decom-
position of fresh POM. Root-derived POM is associated with root growth
and penetration, often contributing to biopore formation (Lucas et al.,
2023). Therefore, quantifying POM into these three fractions is crucial
for elucidating its accumulation mechanisms in soils.

Macropore structure directly governs water and gas transport,
thereby influencing microbial decomposition of POM (Kravchenko and
Guber, 2017). Previous studies have demonstrated that macropore size
and connectivity can enhance POM decomposition (Kravchenko et al.,
2015; Ding et al., 2025b). Schliiter et al. (2022b) observed that POM
decomposition resulted in organic carbon enrichment within a 30-60
pm radius around decomposing POM. However, existing studies have
primarily focused on the relationship between POM and macropore
structures, while the role of biopores in regulating POM loss or accu-
mulation, particularly root-derived POM, remains poorly understood.
During root penetration, the redistribution of soil particles may either
expose fresh POM and decomposed POM to pore spaces or encapsulate
them within the soil matrix (Leuther et al., 2023). Notably, large,
continuous biopores exhibited complete connectivity, forming the
backbone of complex pore networks (Koestel et al., 2018b). Further-
more, biopores play a crucial role in regulating subsurface water
movement and gas exchange, processes that directly control POM dy-
namics (Zhang et al., 2019; Lee et al., 2024a). Establishing quantitative
relationships between biopores and POM fractions (fresh POM, decom-
posed POM, and root-derived POM) is therefore essential for under-
standing biologically mediated POM dynamics in soils.

Shajiang black soil, covering an area of 4 x 10° ha in North China
Plain, is a typical soil type producing low-to-medium crop productivity
in China. It is characterized by high clay content, high soil strength,
increased bulk density, and low organic matter content (Peng et al.,
2022). To enhance crop productivity, local farmers commonly apply
chemical fertilizers to provide essential nutrients. While chemical fer-
tilizers can promote POM accumulation by increasing root biomass and
crop residue returns (Ding et al., 2025a), they may also introduce
dispersive ions, such as NH and Na™, that promote soil compaction and
structural degradation (Guo et al., 2022; Guo et al., 2019). Several
studies have demonstrated that chemical fertilizers failed to improve
soil macropore structure relative to no fertilization (Yu et al., 2025; Fang
et al., 2024). In contrast, organic fertilizers not only enhance POM
accumulation through organic matter inputs but also significantly
improve soil structure (Zhou et al., 2016; Leuther et al., 2022). Con-
servation tillage (no-tillage with straw mulching) is recognized as a key
agricultural practice for improving soil structure and maintaining soil
productivity (Ren et al., 2024; Jiang et al., 2024). The integration of
organic fertilization with conservation tillage may provide a viable
strategy for enhancing Vertisol structure and increasing organic matter
accumulation. Despite these benefits, the mechanisms governing POM
dynamics (fresh, decomposed, and root-derived POM) in relation to pore
structure, especially biopores, under organic fertilization under con-
servation tillage remain unclear. In this study, we hypothesized that
long-term organic fertilization could increase POM content and improve
biopore structure, and root-derived POM content was strongly associ-
ated with biopore abundance. To test these hypotheses, we analyzed soil
samples from an 8-year field experiment comparing four fertilization
regimes under conservation tillage in Vertisols: (i) control (no fertil-
ization), (ii) chemical fertilization, (iii) organic fertilization, and (iv)
combined chemical-organic fertilization. Our specific objectives were
to: (i) quantify the effects of different fertilization regimes on POM
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distribution and pore structure (macropores and biopores), and (ii)
establish quantitative relationships between POM fractions and pore
characteristics.

2. Materials and methods
2.1. Experimental site

The field experiment was established in October 2015 in Longkang
Farm (33°32' N, 115°59' E), Anhui Province, China. The mean annual
temperature and precipitation were 14.8 °C and 912 mm. The soil is
derived from fluvial-lacustrine sediments, classified as a Vertisol ac-
cording to the USDA Soil Taxonomy. It exhibited a clay loam texture (8
% sand, 54.1 % silt, and 37.9 % clay), with an initial soil organic carbon
(SOC) content of 8.84 g kg™! in the 0-20 cm layer.

The experiment was conducted in a maize-wheat rotation system
under conservation tillage management. The experimental field was
maintained under a no-tillage regime for the entire year. After crop
harvest, the straw was chopped into segments (<15 cm) and returned to
the field as mulch, followed by fertilizer application. Four fertilization
treatments were applied in a randomized complete block design: no
fertilization (control), chemical fertilization (NPK), organic fertilization
(OF), and combined chemical and organic fertilization (NPKOF). Each
plot measured 160 m? (20 m x 8 m), with three replications per treat-
ment. In the NPK treatment, fertilizers were applied at 210 kg N ha™!, 60
kg P20s ha’!, and 90 kg K20 ha™! for each season. A basal application of
100 kg N ha™! along with all P and K fertilizers was applied before
sowing, with the remaining 110 kg N ha™! applied during stem elonga-
tion. For the OF treatment, commercial organic fertilizer (8194 kg ha™;
containing > 4 % N + P20s + K20 and > 30 % soil organic matter) was
applied before sowing each season. In the NPKOF treatment, a combi-
nation of commercial organic fertilizer (4097 kg ha™), 50 kg N ha™,
11.3 kg P20s5 ha™l, and 33.4 kg K20 ha! was applied before sowing,
followed by an additional 55.1 kg N ha™! during stem elongation each
season.

2.2. Soil sampling and measurements

Undisturbed soil samples were collected using PVC cores (5 cm
diameter, 5 cm height) in September 2024 from the 0-10 cm and 10-20
cm layers. A total of 24 PVC cores were sampled (3 replicates x 2 soil
layers x 4 treatments). Each PVC core was sealed with plastic film and
stored at 4 °C until CT scanning. Additionally, steel ring knife samples
were collected from both soil layers to determine soil physical proper-
ties, including air permeability (K,), saturated hydraulic conductivity
(K;), and bulk density. Furthermore, composite soil samples (4-5
random sampling points per plot) were collected and homogenized for
soil organic carbon (SOC) analysis (Lu, 2000).

The small cores were initially saturated in a sandbox with the bottom
3 cm immersed in water, followed by drainage to —100 hpa water po-
tential. K, was measured using the steady-state method and calculated
according to Darcy’s law (Yi, 2009; Zhang et al., 2019):

_au

¢ AAP M

where Q is the air flow rate @ T’l), L is the sample length (L), 7 is
the dynamic air viscosity (M L1 T’l), A is the cross-sectional area (Lz),
and AP is the pressure difference (M L1173, K, was measured using the
constant head method (Yi, 2009) after resaturating the soil cores. SOC
was measured using the potassium dichromate heating method
described by Lu (2000).

2.3. X-ray CT scanning and image analysis

2.3.1. X-ray CT scanning
PVC cores were scanned using an industrial X-ray CT scanner (v|
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tome|x m 300) in multi-scan mode at settings of 160 kV and 160 pA.
Each core was scanned at a voxel size of 30 pm using a detector with a
2024 x 2024 pixel array. The image resolution is approximately 90 pm,
which is three times the voxel resolution (Behringer et al., 2025). The
reconstructed 3D volumetric data were exported as 16-bit grayscale TIFF
format images using VG Studio MAX 3.5 software. Image preprocessing
was performed using Fiji software (Schindelin et al., 2012), which
included brightness/contrast adjustment and application of a median
filter for noise reduction. Then, a cylindrical region of interest (ROI)
measuring 40.5 mm in diameter and 39 mm in height was extracted
from each core for further analysis (Fig. 1a).

2.3.2. POM determination

Image analysis was performed using Fiji and Ilastik software. Soils
were segmented into pores, POM, and matrix via Ilastik pixel classifi-
cation (Fig. 1a), an interactive machine-learning tool (Berg et al., 2019).
A random forest classifier was trained on the gray images, utilizing a
multi-dimensional feature space that included gray values and intensity

(a) Image
segmentation

(b) POM
classification

I mm

(c) Biopore
segmentation

Biopores

(d) 3D
distribution

Biopores

FPOM
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gradients. POM was further classified into fresh POM, decomposed POM
and root-derived POM based on morphological characteristics including
blobness, compactness, plateness, and sphericity (Table S1) (Schliiter
et al., 2022b; Leuther et al., 2022). These morphological parameters
were obtained using the “Connected Components Labeling” and
“Analyze Regions 3D” tools within the MorphoLibJ plugin (Legland
et al.,, 2016). Decomposed POM exhibited the most compact
morphology, characterized by the highest values of compactness,
plateness, and sphericity among all POM fractions. In contrast, root-
derived POM displayed elongated cylindrical shapes with minimal
blobness. Fresh POM showed intermediate morphological characteris-
tics across all measured parameters. Firstly, POM was classified into
fresh residues (including roots and fresh POM) and decomposed POM. A
training dataset consisting of 1,322 manually labeled POM was classi-
fied into fresh residues and decomposed POM (Fig. 1b). The dataset was
randomly divided into training (n = 925) and validation subsets (n =
397). We implemented a random forest classifier with 500 decision trees
in Python 3.12, which achieved 94.5 % prediction accuracy on the

t

r et

Nonbiopores.

DPOM RPOM

Fig. 1. Image processing flowchart. FPOM, DPOM and RPOM indicate fresh POM, decomposed POM, and root-derived POM. The yellow, red, and blue parts
represent soil matrix, POM and macropores in Fig. a. The green, brown, pink, and blue parts represent fresh POM, decomposed POM, root-derived POM, and

biopores, respectively in Fig. d.
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validation subset. Subsequently, the classifier was retrained using the
complete training dataset, yielding an out-of-bag (OOB) error rate of 6.6
% (Table S2). The optimized classifier was then applied to classify the
entire sample set. Finally, classification results were assigned to labeled
POM images using the “Assign measure to label” function in Morpho-
LibJ. Subsequently, fresh residues were classified into root-derived POM
and fresh POM. An additional 967 manually selected observations
comprising both fresh POM and root-derived POM were used to train a
secondary random forest classifier (Fig. 1b). This model achieved a
prediction accuracy of 93.1 % with an OOB error rate of 7.8 % for dis-
tinguishing between fresh and root-derived POM (Table S3). Notably,
some root-derived POM fragments remained connected to fresh POM in
the segmented images. These connections were resolved using “Distance
Transform Watershed 3D”, followed by manual reclassification of non-
root POM fragments as fresh POM. POM content was calculated using
the “Analyze Region 3D” tool and POM length density was obtained by
“Skeletonise” and “Analyze Skeleton” in Fiji. Previous studies have
typically classified roots within the fresh POM fraction (Schliiter et al.,
2022b). In our study, we specifically isolated roots as a distinct category
to enable precise analysis of biopore-POM relationships.

2.3.3. Macropore determination and biopore segmentation

The image-based porosity was calculated as the percentage of CT-
derived pore voxels relative to the total voxels in the ROI The con-
nected porosity, defined as the volume fraction of interconnected pores,
was quantified using the “Purify” in Fiji. Mean pore diameter and pore
size distributions were quantified using the “Local thickness” package,
based on the maximum inscribed sphere method. Macropore sizes were
divided into 4 classes: 60-150 pm, 150-300 pm, 300-500 pm, and >
500 pm. The hydraulic radius was calculated by the ratio of pore volume
to macropore surface area (Larsbo et al., 2014). The surface area density
was determined using the “Analyze Region 3D” tool. Connection prob-
ability, a metric used to evaluate macropore network connectivity,
ranges from 0 (many unconnected pores) to 1 (all pores forming a single
interconnected cluster). It was calculated using the formula described by
Renard and Allard (2013):

n n 2
F—;Vf/(;%) (@)

where I’ is the connection probability, V; the volume of each mac-
ropore, and n the total number of macropores. The volume and surface
area of each macropore were measured using the “Connected Compo-
nents Labeling” and “Analyze region 3D” tools in the MorphoLibJ plu-
gin. The average POM-macropore distance was derived as a frequency-
weighted mean of the Euclidean distances between individual POM
voxels and their nearest pores (Schliiter and Vogel, 2016). This metric
serves as an indicator of POM occlusion within the soil matrix. The
critical macropore diameter was obtained using the SoilJ plugin
(Koestel, 2018a). Due to the limited resolution, percolating pores con-
necting the top to the bottom of the ROI could not be detected in several
cores. Consequently, a critical macropore diameter could not be deter-
mined for these samples.

The biopore segmentation followed the same methodology as root-
derived POM segmentation. We established a training dataset
comprising 807 manually classified observations (biopores and non-
biopores) (Fig. 1c). Using this dataset, a random forest classifier ach-
ieved 96.3 % prediction accuracy with a 4.09 % out-of-bag (OOB) error
rate (Table S4), which was subsequently applied to classify all pores in
the samples. Notably, many non-biopores connected to biopores were
initially misclassified. To address this, we implemented an image pro-
cessing pipeline beginning with single-pixel erosion of biopore bound-
aries, followed by Distance Transform Watershed 3D to achieve
complete separation. The refined pore network was then reclassified
using the random forest classifier, with subsequent single-pixel dilation
of biopores to restore original dimensions. Final manual correction was
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required to address two specific artifacts: few non-biopore mis-
classifications and the loss of fine biopore structures (1-2 pixels wide)
resulting from the erosion process, thereby ensuring segmentation ac-
curacy. This was conducted using “Connected Components Labeling”
and “Label Edition” in Fiji. The characteristic parameters of biopores
were calculated using the same methodology applied for pores and root-
derived POM. Visualization of the 3D biopore structure and POM was
achieved with VG Studio MAX 2022 software (Fig. 1d).

2.4. Estimate of carbon (C) input from crops

The C input (Mg ha~! yr 1) from crops was estimated as the sum of C
derived from roots and stubble (Crootisubble) and straw (Csgqw), calcu-
lated using the following equations (Hua et al., 2014; Zhao et al., 2018;
IPCC, 2006; NCATS, 1999):

Cinput = Csrraw + Croot+srubble (3)
Coraw = (Ygain X 4 X OCergp) x (1 — W) = 1000 4

where Ygrqin is the grain yield; 1 is the ratio of straw to grain (1.2 for
maize, 1.1 for wheat); OCp is the C content of air-dried crop (444 g
kg~! for maize, 399 g kg ! for wheat); W is the average water content of
air-dried gain (0.14 g g71).

Croot+xtubble = ((Ygrain + Ysrmw) X R x Rroot + Rsmbble X Ystmw) X (1 - W)
X OCergp + 1000
(5)

where Yiqqy is the straw yield (kg ha_l); R is the ratio of root biomass to
total aboveground biomass (0.351 for maize, 0.429 for wheat); Ry is
the ratio of the root system within the topsoil (0-20 cm) (0.851 for
maize, 0.753 for wheat); Rsuppie is the coefficient of stubble (0.03 for
maize, 0.13 for wheat).

2.5. Statistical analysis

Data analysis was conducted using SPSS 23.0 and Origin 2017. One-
way analysis of variance (ANOVA) was used to assess the impact of
different fertilizations on POM, macropore and biopore structure pa-
rameters. Post-hoc comparisons were performed using the least signifi-
cant difference (LSD) method at a 5 % significance level. When the
assumptions of ANOVA were not fulfilled, the Kruskal-Walli’s test was
employed to assess the statistical significance of differences. The
Cohen’s d effect size was calculated to quantify the differences between
treatment and control groups (Table S5-S12). Spearman correlation
analysis was applied to examine the relationship between POM and
macropore, biopore structure. Furthermore, partial correlation analysis
was performed to evaluate the relationship between POM and pore
characteristics while controlling for the effects of K, K, SOC, and bulk
density.

3. Results
3.1. Soil basic properties

Compared to the control treatment, the NPK, OF, and NPKOF treat-
ments exhibited a significant increase in K, and K in the 0-10 cm layer
(P < 0.05, Table 1). The OF and NPKOF treatments significantly
increased the SOC by 207 % and 120 %, respectively, in the 0-10 cm
layer, and 38.9 % and 44.4 % in the 10-20 cm layer (P < 0.05).
Furthermore, the NPK, OF, and NPKOF treatments also decreased bulk
density by 6.3 %, 13.8 %, and 14.4 %, respectively, in the 0-10 cm layer
(P < 0.05).
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Table 1

Soil basic properties under different fertilization regimes. NPK, OF and NPKOF
indicate treatments of chemical fertilizations, organic fertilization, and com-
bined chemical fertilization with organic fertilization, respectively. Different
lowercase letters indicate significant differences among various fertilization
regimes (P < 0.05).

Treatments  Bulk density LnK; /10°® LnK, /10 SOC /g
/g em 3 mmh~! 3 um? kg!
0-10 Control 1.60 (0.00) a 12.3 (0.95) 4.71 12.3
cm b (0.43) b (1.04) ¢
NPK 1.50 (0.06) b 13.6 (2.86) 8.29 14.3
a (0.45) a (0.18) ¢
OF 1.38 (0.02) ¢ 15.0 (1.65) 8.68 37.8
a (1.26) a (2.33)a
NPKOF 1.37 (0.08) c 13.4(3.349) 8.44 27.0
a (1.43)a (1.11) b
10-20 Control 1.66 (0.05) a 11.0 (2.93) 5.17 6.64
cm a (1.06) a (0.69) ¢
NPK 1.65 (0.05) a 11.7 (1.14) 5.83 7.95
a (0.40) a (0.13) be
OF 1.62 (0.02) a 13.7 (2.41) 5.90 9.22
a (0.22) a (1.01) ab
NPKOF 1.62 (0.07) a 11.3 (2.31) 4.87 9.59
a (1.57) a (0.82) a

3.2. Macropore structures

The image-based porosity in the 0-10 cm layer was significantly
greater in the NPK, OF, and NPKOF treatments than in the control, with
values higher by 233 %, 283 %, and 224 %, respectively (P < 0.05;
Fig. 2a). Significant differences between these fertilized treatments and
the control were also observed for porosity across four size classes
(60-150 pm, 150-300 pm, 300-500 pm, and > 500 pm), as well as for
connected porosity and connection probability in the 0-10 cm layer (P
< 0.05, Fig. 2, Table 2). Notably, the mean pore diameter and surface
area density in the 0-10 cm layer were 42.3 % and 128 % greater,
respectively, under the OF treatment compared to the control (P < 0.05).
In the 10-20 cm layer, the OF treatment exhibited significantly higher
values for total image-based porosity, porosity in the 150-300 pm,
300-500 pm, and > 500 pm size classes, connected porosity, and
connection probability relative to the control (P < 0.05). The NPKOF
treatment also showed significantly greater connected porosity and
connection probability in the 10-20 cm layer than the control (P <
0.05). Furthermore, no critical macropore diameter was detected in the
control treatment (Table 2).

3.3. Biopore structures

The representative 3D visualizations of biopore networks under
various fertilization treatments are shown in Fig. 3. In the 0-10 c¢m soil
layer, the control treatment primarily exhibited finer biopores, while the
NPK and NPKOF treatments showed more interconnected and struc-
turally elaborate biopore networks containing root-derived biopores or
burrows. In the 10-20 cm layer, both OF and NPKOF treatments
demonstrated more densely clustered and highly branched biopore
networks.

Compared to the control treatment, the NPK, OF, and NPKOF treat-
ments exhibited significantly greater bioporosity by 331 %, 111 %, and
358 %, respectively, in the 0-10 cm layer (P < 0.05, Fig. 4). In the 0-10
cm layer, the biopore surface area density was significantly higher under
both the OF and NPKOF treatments than in the control (P < 0.05). In the
10-20 cm layer, these two treatments (OF and NPKOF) also showed
significantly greater bioporosity, biopore proportion, mean biopore
diameter, and biopore length density compared to the control (P < 0.05,
Fig. 4, Table 3). Additionally, the NPKOF treatment resulted in a higher
biopore length density in the 0-10 cm layer (P < 0.05). The hydraulic
radius of biopores in the 10-20 cm layer was also significantly larger
under the OF treatment (P < 0.05).
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3.4. POM distributions

The 3D distributions of fresh, decomposed and root-derived POM are
presented in Fig. 5. In the 0-10 cm layer, the NPK, OF, and NPKOF
treatments exhibited more concentrated and spatially widespread fresh
POM distributions compared to the control. At a depth of 10-20 cm, the
OF treatment displayed a larger quantity of fresh POM. Regarding root-
derived POM, the OF and NPKOF treatments showed a greater distri-
bution in the 0-10 cm layer.

Compared to the control treatment, the NPKOF treatment contained
significantly more fresh POM and decomposed POM in the 0-10 c¢m soil
layer, with contents greater by 202 % and 90.4 %, respectively (Fig. 6, P
< 0.05). The OF treatment also showed significantly higher fresh POM
content in both the 0-10 cm and 10-20 cm layers, as well as higher
decomposed POM content in the 10-20 cm layer compared to the con-
trol (P < 0.05). In contrast, the root-derived POM length density was
significantly lower in the 0-10 cm layer under the OF treatment and in
the 10-20 cm layer under the NPKOF treatment than in the control (P <
0.05). Furthermore, when compared to the NPK treatment, the content
of root-derived POM in the 0-10 cm layer was 65.7 % and 67.7 % greater
under the OF and NPKOF treatments, respectively (P < 0.05).

Both OF and NPKOF treatments resulted in a significantly shorter
distance from macropores to fresh, decomposed, and root-derived POM
in the 0-10 cm layer relative to the control (P < 0.05, Fig. 7). A similar
reduction in distance to macropores was observed for decomposed and
root-derived POM in the 10-20 cm layer under these treatments (P <
0.05). Compared to the control, the NPK and NPKOF treatments were
associated with a shorter fresh POM-biopore distance and decomposed
POM-biopore distance in the 0-10 cm layer (P < 0.05). In the 10-20 cm
layer, the NPK, OF, and NPKOF treatments all exhibited significantly
shorter distances from biopores to all three types of POM than the
control (P < 0.05). Overall, the fresh POM-macropore distance was
shorter than the decomposed POM-pore distance (Fig. S1). The root-
derived POM-biopore distance was also significantly shorter than the
distances for both fresh and decomposed POM to biopores (P < 0.05).

3.5. Yields and estimate of carbon input from crops

The three-year average (2022-2024) yield data are presented in
Fig. 8. Relative to the control treatment, wheat yield was 3.43, 1.54, and
2.91 times greater under the NPK, OF, and NPKOF treatments, respec-
tively (P < 0.05). Similarly, maize yield was significantly higher in these
treatments than in the control, with increases of 83.4 %, 49.7 %, and
92.5 % (P < 0.05). Furthermore, the NPK, OF, and NPKOF treatments
resulted in a significantly higher C input from both straw and roots (P <
0.05).

3.6. Relationships between POM and pores, biopores

The correlation matrix revealed significant relationships between
macropore characteristics, biopore metrics, and POM fractions (Fig. 9).
Both fresh POM and decomposed POM exhibited significant positive
correlations with macropore metrics (image-based porosity, connected
porosity, hydraulic radius, connection probability), biopore character-
istics (mean biopore diameter, connection probability, length density),
and K, (P < 0.05). Root-derived POM was positively correlated with
image-based porosity, connected porosity, connection probability, and
K, (P < 0.05).

In addition, all three POM fractions were significantly positively
correlated with porosity across all size classes (P < 0.01, Fig. S2). Spe-
cifically, fresh POM showed a significant positive correlation with bio-
porosity in the 300-500 pm range, whereas decomposed POM correlated
positively with bioporosity in both 300-500 pm and > 500 pm size
classes (P < 0.05). No significant correlation was observed between
root-derived POM and biopore size distribution (P > 0.05, Fig. S2).
Additionally, fresh POM and decomposed POM decreased with
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Fig. 2. Image-based porosity and macropore size distributions under different fertilization regimes. NPK, OF and NPKOF indicate treatments of chemical fertil-
izations, organic fertilization, and combined chemical fertilization with organic fertilization, respectively. Different lowercase letters indicate significant differences
among various fertilization regimes (P < 0.05).

Table 2

Macropore characteristic parameters under different fertilization regimes. NPK, OF and NPKOF indicate treatments of chemical fertilizations, organic fertilization, and
combined chemical fertilization with organic fertilization, respectively. Different lowercase letters indicate significant differences among various fertilization regimes
(P < 0.05). NA represents there was no percolating macropores due to the limited image resolution.

Pore Treatments  Connected porosity Mean pore diameter Critical macropore Hydraulic radius Surface area density Connection
/% /pm diameter /pm /pm /mm~ probability
0-10 cm Control 2.09 (1.32) b 461 (68.2) b NA 74.5 (7.39) b 0.50 (0.14) b 0.30 (0.27) b
NPK 11.9(2.37) a 636 (26.0) a 325(n=23) 109 (11.7) a 0.28 (0.12) ¢ 0.90 (0.04) a
OF 13.5(0.50) a 656 (138) a 251 (n=2) 102 (23.4) ab 1.14 (0.09) a 0.89 (0.04) a
NPKOF 11.4(1.42) a 539 (10.1) ab 277 (n = 3) 95.3 (4.44) ab 0.25 (0.04) ¢ 0.88 (0.02) a
10-20 Control 0.44 (0.10) ¢ 434 (11.9) a NA 63.6 (6.45) a 1.45 (0.36) a 0.10 (0.07) ¢
cm
NPK 0.98 (0.27) be 408 (99.3) a 91.5 (n = 2) 61.7 (1.71) a 0.60 (0.14) b 0.28 (0.09) b
OF 4.16 (1.31) a 678 (26.8) a 225 (n = 3) 82.2 (0.63) a 1.27 (0.20) a 0.67 (0.12) a
NPKOF 2.21 (0.38) b 568 (315) a 160 (n = 3) 81.5 (24.5) a 0.39 (0.13) b 0.55 (0.06) a
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Control

Fig. 3. 3D distributions of biopores (blue part) under different fertilization regimes. NPK, OF and NPKOF indicate treatments of chemical fertilizations, organic
fertilization, and combined chemical fertilization with organic fertilization, respectively.

increasing POM-macropore distance, whereas root-derived POM dis-
played a linear positive relationship with root-derived POM-macropore
distance (P < 0.01, Fig. 10).

4. Discussions
4.1. Effects of fertilization on macropores and biopores

Our study demonstrated that chemical or organic fertilization under
conservation tillage significantly altered the macropore structure in the
0-10 cm soil layer, resulting in greater porosity and enhanced macro-
pore connectivity (Fig. 2, Table 2). These improvements primarily
resulted from structural modifications induced by crop root growth and
residue decomposition. Notably, the NPK and NPKOF treatments ach-
ieved the highest crop yields (Fig. 8), consequently returning substantial
crop residues to the soil after harvest. The decomposition of these
organic materials significantly promoted new macropore formation
while facilitating the development of a loose, porous structure through
the combination of organic material and soil particles (Ding et al.,
2025a; Phalempin et al., 2022; Witzgall et al., 2021). Furthermore, the
accumulation of substantial fresh POM and roots can stimulate the ac-
tivity of macrofauna (Le Mer et al., 2022), such as earthworms and
orthoptera (Fig. S3), whose activities promote the formation of macro-
pores. Contrastingly, numerous studies have reported minimal effects of
inorganic fertilizers on macropore structure improvement (Yu et al.,
2025; Fang et al., 2024). This discrepancy likely stems from straw
removal in those studies, where the absence of organic inputs combined
with the dispersive effects of fertilizer-derived ions exacerbated soil
compaction and structural degradation (Guo et al., 2022). Although OF
treatment yielded less than NPK and NPKOF, its substantial organic
inputs still significantly enhanced soil structure. These findings align
with previous research demonstrating the positive effects of organic and
combined organic-inorganic fertilizers on soil structure (Zhou et al.,
2016; Leuther et al., 2022). In the study, NPK and NPKOF treatments
significantly enhanced biopore characteristics in the 0-10 cm soil layer,
including bioporosity and length density (Fig. 4; Table 3). These findings

NPKOF

correlate well with our crop yield data (Fig. 8), as both treatments
markedly promoted crop growth and root system development. We
deduced that organic management further enriched the biopore network
by stimulating soil fauna activity (e.g., earthworms, nematodes)
(Schliiter et al., 2022a; Pelosi et al., 2017). Certain soil fauna-generated
pores exhibit non-cylindrical morphologies (Mele et al., 2021), which
could not be quantified in our study due to limitations in the current
image analysis methodology. Future studies could employ deep learning
segmentation models (e.g., U-Net; Phalempin et al., 2025b) to identify
these excluded pore types.

In the 10-20 cm layer, bioporosity and biopore length density were
significantly greater under the OF and NPKOF treatments relative to the
control (Fig. 4, Table 3). This result demonstrates the role of organic
fertilization in promoting the development of subsoil pore structure. A
striking observation was the higher proportion of biopores in the subsoil
than in the topsoil under OF treatment (Fig. 4). This vertical distribution
can be attributed to distinct pore-forming processes: in the topsoil, the
pore network was dominated (92.04 %) by non-biopores derived from
the decomposition of surface organic matter, whereas in the subsoil,
biopores constituted a substantially larger proportion (41.3-44.6 %) of
the porosity. This phenomenon primarily stems from fertilization pro-
moting root penetration into the subsoil and enhancing soil fauna ac-
tivity, thereby facilitating biopore formation. Within the dense Vertisol
subsoil (Table 1), these biopores are indispensable for water and gas
exchange (Zhang et al., 2019). As the dominant component of perco-
lating pores in the 10-20 cm layer (Fig. S4), their development under
organic fertilization ensures efficient solute transport, which is ulti-
mately governed by the critical macropore diameter (Koestel, 2018a).
As the experimental site has been under long-term no-till management,
existing biopores persist over time. Consequently, these subsoil biopores
may represent a cumulative result of repeated root growth and decom-
position cycles over the past eight years.

4.2. Effects of fertilization on POM distributions

Our study confirmed that chemical fertilization and organic
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Fig. 4. Bioporosity and biopore size distributions under different fertilization regimes. NPK, OF and NPKOF indicate treatments of chemical fertilizations, organic
fertilization, and combined chemical fertilization with organic fertilization, respectively. Different lowercase letters indicate significant differences among various
fertilization regimes (P < 0.05).

Table 3

Biopore characteristic parameters under different fertilization regimes. NPK, OF and NPKOF indicate treatments of chemical fertilizations, organic fertilization, and
combined chemical fertilization with organic fertilization, respectively. Different lowercase letters indicate significant differences among various fertilization regimes
(P < 0.05).

Biopore Treatments Proportions of biopores/ % Mean biopore diameter /pm Hydraulic radius /pm Surface area density /1 ‘mm ! Length density /mm~2
0-10 cm Control 10.9 (4.45) a 459 (231) a 74.4 (26.0) a 0.05 (0.01) ¢ 0.06 (0.01) b

NPK 13.4 (4.31) a 853 (380) a 92.2 (9.44) a 0.06 (0.02) ¢ 0.19 (0.03) a

OF 7.96 (4.20) a 646 (136) a 88.8 (15.0) a 0.17 (0.03) a 0.10 (0.01) b

NPKOF 143 (1.41) a 891 (37.2) a 109 (4.32) a 0.10 (0.00) b 0.17 (0.05) a
10-20 cm Control 22.5(7.33) b 260 (14.0) b 67.9 (19.6) b 0.09 (0.03) b 0.02 (0.00) ¢

NPK 42.2(9.16) a 404 (131) b 65.8 (3.64) b 0.20 (0.04) a 0.05 (0.01) ¢

OF 44.6 (7.88) a 892 (79.5) a 109 (18.7) a 0.16 (0.01) ab 0.18 (0.02) a

NPKOF 41.3 (6.47) a 683 (190) a 83.1 (26.1) ab 0.16 (0.07) ab 0.13 (0.01) b
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Control

Fig. 5. 3D distributions of fresh POM (green part), decomposed POM (brown part) and root-derived POM (pink part) under different fertilization regimes. NPK, OF
and NPKOF indicate treatments of chemical fertilizations, organic fertilization, and combined chemical fertilization with organic fertilization, respectively.

fertilization significantly increased the accumulation of fresh POM in the
0-10 cm layer (Fig. 6). This is primarily attributed to the fact that both
chemical fertilizers and organic amendments enhance crop and root
growth, thereby substantially increasing above- and belowground
biomass returned to the soil (Tang et al., 2023). These organic inputs
serve as a key source of fresh POM, significantly promoting its accu-
mulation as evidenced by straw-derived C input (Fig. 8). Furthermore, in
the OF and NPKOF treatments, the organic amendments themselves

contained abundant coarse organic materials, which directly contrib-
uted to fresh POM incorporation into the soil. This finding aligns with
previous studies (Celik et al., 2010; Leuther et al., 2022; Schliiter et al.,
2022a), which suggest that increased organic carbon is often associated
with the transition to organic farming, primarily due to organic manure
inputs. Evidence indicates these organic materials enhance soil aggre-
gation (Guo et al., 2019; Sodhi et al., 2009), reducing disturbances to
aggregates caused by frequent wet-dry cycles and improving the
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protection of POM and SOC. Additionally, NPKOF treatment signifi-
cantly increased decomposed POM in the 0-10 cm soil layer (Fig. 6),
primarily derived from the further breakdown of organic fertilizer par-
ticles and fresh residues. While previous studies have identified biochar
as a potential major component of decomposed POM (Schliiter et al.,
2022b), this scenario was excluded in our study site due to the absence
of fire events. Consequently, organic fertilizer inputs emerged as the
predominant factor enhancing both fresh and decomposed POM frac-
tions in surface soils. Additionally, it was observed that the control
treatment did not significantly reduce the root-derived POM content in
the 0-10 cm soil layer compared to other treatments. Under the no-
fertilization condition, crops may develop more extensive root systems
to seek additional nutrients.

The concentration of root-derived POM in the 0-10 cm layer was
significantly higher in the OF and NPKOF treatments compared to the
NPK treatment (P < 0.05). This pattern likely results from organic
amendments reducing soil bulk density, thereby decreasing mechanical
impedance to root proliferation. Furthermore, compared to the control,
OF significantly enhanced root residue decomposition and fragmenta-
tion in the 0-10 cm soil layer. This observation was proved by 3D root
distribution, which revealed abundant fragmented root segments
(Fig. 5). The accelerated decomposition probably resulted from
improved microbial activity stimulated by micro-nutrients present in
organic fertilizers. However, no significant differences in root-derived
POM content were observed in the 10-20 cm layer (Fig. 6). Vertisols
are characterized by high swelling-shrinkage capacity and strength
(Wang et al., 2022), and exhibit strong vertical stratification of SOC and
POM under long-term no-till management. Schliiter et al. (2018) re-
ported that long-term no-tillage did not improve deep soil structure but
instead led to the formation of a more compact and less permeable no-till
pan beneath the plow layer. These physical constraints result in pref-
erential accumulation of root-derived C input in surface soils, while
significantly constraining root-derived POM accumulation in subsoil
layers. Consequently, despite substantial surface organic inputs, limited
downward translocation of organic materials occurred, resulting in
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constrained POM accumulation in the subsurface layer.

4.3. Links between POM and macropores, biopores

Positive correlations between three POM fractions and macropore
structure characteristics (image-based porosity, connected porosity,
hydraulic radius, and connection probability) were observed in the
study (Fig. 9; Fig. S2). This indicated POM accumulation had positive
effects on macropore development. POM contains abundant cementing
substances that bind with soil particles to create a well-structured pore
network. Upon decomposition, these organic materials generated addi-
tional pores, enhancing macropore connectivity (Ding et al., 2025a).
The developed macropore networks may subsequently facilitate water
and gas exchange, creating optimal habitats for microbial and faunal
activity (Lee et al., 2024b). Our study also revealed a significant positive
correlation between macropore structure and air conductivity, and the
critical macropore diameter was found to govern water movement
(Fig. 9; Fig. S5). This improved macropore architecture further estab-
lishes favorable physical conditions for POM decomposition. Fresh POM
primarily consists of root residues and straw fragments. The shorter
fresh POM-macropore distance indicated closer proximity to macropore
spaces (Fig. S1), granting preferential access to water and oxygen that
accelerates microbial decomposition of fresh POM (Rohe et al., 2021). In
contrast, decomposed POM consisted of more fragmented materials
located farther from pore surfaces. Both fresh and decomposed POM
fractions exhibited significant negative correlations with macropore
distance (Fig. 10), demonstrating they tend to accumulate around
macropores, with their decomposition being regulated by pore structure
characteristics. While organic fertilizer application introduced sub-
stantial organic inputs, it simultaneously reduced the physical distance
between POM and soil pores (Fig. 7). This process simultaneously fa-
cilitates significant POM depletion through the creation of optimal
physical conditions for decomposition. Thus, long-term organic fertilizer
input is essential for the accumulation of both fresh and decomposed
POM fractions. Root-derived POM was positively correlated with
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macropore structure, indicating that well-developed macropore net-
works for root-derived POM not only enhanced decomposition but also
maintained continuous replenishment through promoted root
proliferation.

Contrary to our hypothesis, the study revealed no significant positive
correlations between root-derived POM and biopore parameters (Fig. 9,
Fig. §2, Table S13). Although biopores are primarily formed by root
growth and decay or by soil macrofauna activity, we observed only weak
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associations between these features. This was because long-term no-till
management led to substantial biopore accumulation in the subsoil layer
(41.3 %-44.6 % proportions across fertilization treatments, Table 3), yet
this did not translate to significant increases in root density, likely
constrained by high bulk density (1.62-1.65 g cm ™) of these soil layers,
which is commonly associated with large penetration resistance. Root-
derived POM increased with distance from biopores (Fig. 10), indi-
cating greater root accumulation in areas farther from biopores. Bio-
pores are known to provide preferential pathways for root growth and
development, while the nutrient-rich biopore sheath can promote
microbial-mediated root decomposition (Petzoldt et al., 2022; Xiong
et al., 2022). However, biopores exhibited limited hydraulic conduc-
tivity and gas permeability that may have led to reduced microbial ac-
tivity in the subsoil (Table 1). Consequently, roots located farther from
biopores may have been preserved in the soil due to reduced microbial
decomposition. As critical components of the macropore network,
increased biopore volume significantly improved overall macropore
connectivity. This enhancement particularly accelerated the decompo-
sition of fresh and decomposed POM in surface soil. However, while
biopores constituted the dominant structure of the subsoil macropore
network under organic fertilization, they exerted no significant influ-
ence on root-derived POM dynamics.

4.4. Limitations and prospects

This study quantitatively analyzed the characteristics of biopores
and their relationship with POM. Based on morphological features, we
successfully segmented biopores that typically exhibit continuous,
straight cylindrical shapes. Biopores are known to be formed through
soil faunal burrowing activity and root channeling. Numerous studies
have established that biopores serve as preferential pathways for root
growth, thereby facilitating root-derived POM accumulation (Colombi
et al.,, 2017; Xiong et al., 2022; Atkinson et al., 2019). However, our
findings revealed significant POM accumulation in areas distal to bio-
pores. This apparent contradiction highlights the need for mechanistic
analysis of how biopores regulate microbial-mediated root decomposi-
tion dynamics. Additionally, in cases where roots completely occupied
existing biopores, imaging analysis identified these structures as root
material, which was located far from other biopores. Furthermore, when
roots are not consumed or decomposed by soil fauna or microorganisms,
they are often located at a greater distance from biopores. Due to
inherent limitations in the experimental design, this phenomenon was
not quantitatively characterized. Future research should investigate the
role of biopores in POM decomposition and accumulation processes,
which may hold important implications for nutrient cycling and yield
enhancement in conservation agriculture systems.

5. Conclusions

In summary, our study quantified the effects of long-term organic
fertilization under conservation tillage on soil macropore and biopore
structure and classified POM (fresh POM, decomposed POM, and root-
derived POM) distributions and their relationships using X-ray CT
scanning. Our findings revealed that organic fertilization treatments
(OF, NPKOF) were associated with the accumulation of fresh and root-
derived POM, as well as a greater abundance of macropore and bio-
pore structures in the 0-10 cm layer. The OF treatment was also linked
to improved macropore and biopore structures in the 10-20 cm layer.
However, organic fertilization (OF and NPKOF) reduced POM-pore
distances, indicating increased susceptibility to decomposition, which
contributed to the development of macropore structure. Although
organic fertilization decreased the distance between root-derived POM
and biopores, no significant correlation was observed between root-
derived POM and biopore characteristics. Root-derived POM primarily
accumulated in areas distant from biopores. Our findings highlight that
organic fertilization is an important factor linked to improved soil pore
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structure and POM accumulation in Vertisols. While POM accumulation
creates favorable conditions for macropore development, our results
showed no significant effect of biopores on root-derived POM distribu-
tion. The dynamics of root-derived POM influenced by macropores and
biopores required further investigations to provide insights for organic
carbon accumulation in conservation agriculture systems.
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