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Abstract

Intensive rice monoculture in tropical regions is increasingly vulnerable to soil degradation, low nitrogen
use efficiency (NUE), and amplified nutrient losses under climate change extremes, necessitating
sustainable, biologically driven management strategies. This study evaluated the role of traditional
kapok-rice agroforestry, integrating the native red silk-cotton tree (Bombax ceiba), in regulating soil
nutrient dynamics, nitrogen (N) mineralization, microbial biomass, extracellular enzyme activities, and
microbial community composition across five rice growth stages (tillering, booting, heading, maturity,
and fallow) compared to rice monoculture systems in Changjiang County, Hainan, China. Using a paired-
plot design with three independent replicate fields per system, we compared kapok-integrated soils
against adjacent rice monoculture controls. Kapok-integrated soils exhibited markedly enhanced fertility
relative to monoculture, with soil organic matter increasing by up to 42%, total N by 44-49%, and
available N, P, and K by 63%, 133%, and 93%, respectively, at the maturity stage, compared to
monoculture controls. Microbial biomass carbon and nitrogen peaked at 397.17 and 362.40 mg kg™,
accompanied by significantly higher N-acquiring enzyme activities (N-acetylglucosaminidase and leucine
aminopeptidase), indicating intensified microbial functioning. Nitrogen mineralization potential (N,) and

cumulative mineralized N were substantially greater (63.42 and 67.46 mg kg~ ' over 90 days), reflecting
improved N retention and cycling capacity under agroforestry management. These enhancements were
linked to distinct microbial community shifts dominated by Pseudomonadota, Actinomycetota,
Ascomycota, and Bacillariophyta, suggesting increased functional stability and adaptive capacity under
climate-sensitive conditions. Overall, kapok—-rice agroforestry strengthens soil biological processes,
enhances nitrogen cycling, and improves ecosystem resilience, demonstrating its potential as a nature-
based, low-input management strategy to mitigate soil degradation and sustain productivity in tropical
rice systems under climate change extremes.

1. Introduction

Rice (Oryza sativa L.) is the cornerstone of global food security, providing the primary caloric intake for
billions of people worldwide (Hoque et al. 2025). To meet the demands of a growing population, modern
agriculture has increasingly relied on intensive monoculture systems characterized by high inputs of
synthetic fertilizers and pesticides (Young 2012). While this approach has boosted yields, it has come at
a significant ecological cost, leading to widespread soil degradation, loss of biodiversity, and
compromised sustainability of production systems (Reynolds et al. 2015). Nitrogen (N), a critical
macronutrient, is often the most limiting factor for crop growth, yet its application in conventional rice
farming is notoriously inefficient. Nitrogen use efficiency (NUE) in rice cultivation often languishes
between 20% and 50%, meaning a substantial portion of applied N is lost to the environment (Reynolds
et al. 2015; Huang et al. 2022). This surplus N contributes to a cascade of environmental problems,
including soil acidification (Guo et al. 2010), eutrophication of water bodies, and the emission of potent
greenhouse gases like nitrous oxide (N,0) (Yule 2010; Abid et al. 2024). These challenges are
particularly acute in tropical regions like Hainan Island, China's primary tropical agricultural base.
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Decades of intensive farming have led to severe soil degradation, including a 20% decline in soil organic
carbon (SOC) and a 0.3-unit drop in soil pH over the last 30 years (Li et al. 2022). The region's hot and
humid tropical monsoon climate, with an average annual temperature of 23—-25°C and precipitation of
1500-2500 mm, accelerates soil weathering and the decomposition of organic matter, exacerbating
nutrient imbalances and soil fatigue (Li et al. 2022; Qi et al. 2023). As Hainan grapples with declining rice
self-sufficiency (Wen et al. 2024) and the mounting pressures of climate change, there is an urgent need
for sustainable agricultural practices that can restore soil health, enhance nutrient cycling, and ensure
long-term food security.

Agroforestry, which deliberately combines trees and shrubs with crop or livestock systems, stands out
as an effective nature-based approach to address contemporary agricultural and environmental
challenges (Jose 2009). By replicating key features of natural ecosystems, these systems improve soil
fertility, enhance nutrient-use efficiency, and boost carbon storage (Niguse et al. 2022; Islam et al. 2024).
Trees play a central role in nutrient management: their deep root systems draw nutrients from deeper
soil layers and transfer them to the surface through litterfall, enriching topsoil with organic matter and
vital elements (Beule et al. 2019; Kim and Isaac 2022). This natural nutrient recycling reduces
dependence on synthetic fertilizers and limits nitrogen losses via leaching and runoff, promoting a more
sustainable and closed-loop nutrient cycle (Kim and Isaac 2022; Elrys et al. 2023). A notable traditional
example is the kapok-rice agroforestry system practiced by the Li ethnic group in western Hainan, where
the native red silk-cotton tree (Bombax ceiba) is intentionally preserved along the bunds of terraced rice
paddies (Wang et al. 2022; Xiang et al. 2023). This long-established practice embodies valuable
indigenous ecological knowledge; however, the underlying scientific mechanisms particularly its effects
on soil nutrient dynamics and the nitrogen cycle remain insufficiently explored. Early research indicates
that B. ceiba contributes to better soil quality, notably by raising soil organic matter and available
potassium levels (Wang et al. 2022), but a thorough understanding of its broader influence on soil
biogeochemical processes is still needed.

Agroforestry systems that integrate trees with rice cultivation substantially increase soil SMBC and
SMBN compared to conventional monoculture rice fields (Jose 2009; Islam et al. 2024). This
improvement is mainly attributed to enhanced organic matter inputs from tree litter fall, root exudates,
and decaying residues, supplying diverse carbon and energy sources for soil microbes (Nair 2012).
Additional benefits include higher plant diversity, improved soil structure and moisture retention (Kim
and Isaac 2022), and the encouragement of beneficial symbiotic relationships, especially with arbuscular
mycorrhizal fungi that significantly elevate microbial biomass (Beule et al. 2019). Collectively, these
elements establish a more supportive environment, resulting in a richer, more diverse, and highly active
microbial community that promotes efficient nutrient cycling, sustained soil fertility, and resilient
ecosystem functioning in agroforestry setups (Elrys et al. 2023). To fully harness the potential of this
traditional kapok-rice agroforestry system for sustainable agriculture, it is critical to move beyond
surface-level observations and investigate the underlying mechanistic connections among the tree
(Bombax ceiba), soil, microbial communities, and rice crop. A deeper understanding of these interactions
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is vital for refining management practices that improve soil N retention, enhance soil health, and
minimize the environmental impact of rice production.

In this study, we examined the influence of Bombax ceiba on soil nutrient dynamics particularly N cycling
and quantified the relationships between N-acquiring extracellular enzyme activities, microbial biomass,
and bacterial/fungal community composition across five rice growth stages (tillering, booting, heading,
maturity, and fallow) in kapok-rice agroforestry compared to rice monoculture in western Hainan, China.
We tested three hypotheses: (1) soil nutrient pools are elevated in the presence of B. ceiba and fluctuate
with crop growth stage; (2) temporal and spatial variations in nutrient availability reshape bacterial and
fungal diversity and composition; and (3) B. ceiba increases N-acquiring enzyme activity and microbial
biomass, thereby boosting nitrogen mineralization and plant-available nitrogen. Elucidating these
interactions is essential for optimizing nitrogen use efficiency, strengthening soil health, and promoting
the long-term sustainability of rice-based agroforestry systems.

2. Materials and methods

2.1 Experimental site description and soil sampling

This research was conducted in Changjiang County on Hainan Island, China (approximately 19" 15'40"N,
108" 60'62"E), a region where kapok (Bombax ceiba) rice agroforestry remains widely practiced and well
maintained. This area is recognized for humid tropical ferrallitic soils (Wei et al., 2013), monsoon
climate, featuring abundant sunshine, an average temperature around 24.7°C and annual rainfall of 1681
mm (Xiang and Ren, 2019). A paired-plot design was adopted, consisting of three independent replicate
fields under kapok-rice agroforestry and three adjacent rice monoculture fields (controls), all with
similar soil type (ferrallitic), topography, and historical management. Fields were separated by at least
200 m to avoid cross-influence. Within each field, five sampling zones were established along a radial
transect from the kapok trunk (at 2, 4, 6, 8, and 10 m) in agroforestry plots, and at equivalent positions in
monoculture plots. At each rice growth stage (tillering, booting, heading, maturity, and fallow), three soil
cores (0-20 cm depth, 3.8 cm diameter) were collected from each zone, pooled per zone, and then
composited per field to form one representative sample per replicate field (n = 3 per treatment per
stage). The composite was first manually cleared of visible roots, gravel, stones, and other debris, then
sieved (< 2 mm), and finally divided into three subsamples. One of the subsamples was air-dried and
further sieved (< 0.25 mm) to determine soil physio-chemical properties. Another subsample was
maintained at 4°C for incubation assays and microbial biomass measurements, while third subsample
was preserved (at - 80°C) for DNA extraction and metagenomics sequencing.

2.2 Soil chemical analyses and enzyme assays

Soil organic carbon (SOC) was quantified utilizing a wet oxidation procedure (Olsen, S.R., Sommers
1982). Subsequently, soil organic matter (SOM) was calculated by multiplying the SOC by a factor of
1.724. Total nitrogen (TN) and total phosphorus (TP) were measured according to the protocols outlined
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by Black et al. (2016) and Murphy and Riley (1962), respectively. Total potassium (TK) was assessed
through wet digestion (H,SO,, HCIO,) methods established by (Parkinson and Allen 1975). Soil available
N (AN) was measured according to (Rukun 1999). Soil available phosphorus (AP) was determined
through sodium bicarbonate (NaHCOg; 0.5 M) extraction, followed by Mo-Sb spectrophotometry, while
available potassium (AK) was measured using an ammonium acetate (NH,4-OAc; 0.5 M) extraction

method (Khan et al. 2022). SMBC and SMBN were quantified using the chloroform (fumigation)
extraction method (Vance et al. 1987), with conversion factors of 0.45 for SMBC (KEC) and 0.54 for
SMBN (KEN) applied as described by (Voroney et al. 2008). The potential activities of two nitrogen-
acquiring (extracellular) i-e, enzymes N-acetyl-B-D-glucosaminidase (NAG) and leucine aminopeptidase
(LAP) were assayed using a fluorescence microplate approach. Specifically, soil (1 g) was homogenized
in one hundred mL of ready 50 mM sodium acetate buffer (C,H;NaO,), with the buffer pH adjusted to the
average pH of the study soils. Aliquots of 200 pL of the buffer and soil suspension, along with 50 pL of
the respective substrate solution, were dispensed into black 96 well plates and dark incubated (25°C) for
4 hours. Fluorescence range was subsequently measured by means of a microplate advanced reader
(Biotek Synergy 2, Winooski, USA) with the excitation/emission setting (365 nm & 450 nm), respectively.

2.3 Soil Incubation and N Mineralization Measurement

Soil nitrogen mineralization was evaluated using an incubation—leaching method as outlined by Stanford
and Smith (1972). Specifically, 20 g of soil were combined in a 1:1 weight ratio with acid washed quartz
sand and placed into polyvinyl chloride (PVC) leaching columns. The columns were kept at a stable
temperature of 25°C for a 90-day incubation period. At specified intervals (days 0, 10, 20, 35, 50, 70, and
90), each column was leached with 100 mL of 0.01 M CaCl, solution, followed by 25 mL of a nitrogen-

free prepared solution, and the leachates were subsequently collected. The mineral nitrogen (NO5" N &

NH,*-N) present in the leachates was promptly quantified using the continuous flow analyzer machine
(FOSS FIASTAR 5000). The cumulative/aggregate nitrogen mineralization was determined as total
mineral nitrogen recovered over the 90-day duration. The potentially mineralizable nitrogen (NH) was
estimated by applying a first-order (PFO) kinetic model to mineralization data (Zhang et al., 2017).

Niin = N, (]- - e_kt) (1)

where, N,;,: represents cumulative mineralized N (mg/kg), Ni: represents mineralizable potential of N

(mg/kg) and k: represents net N mineralization rate constant (NMR (d™ ). The first order kinetic model
optimization for nitrogen mineralization was done using origin-pro (Systat, Chicago, USA).

2.4 DNA extraction and metagenomics sequencing

Soil samples were processed to extract genomic DNA using the Mag-Bind Soil DNA Kit (Omega Bio-tek,
Norcross, GA, U.S.) following the protocol provided by the manufacturer. Purity and concentrations of the
extracted DNA were assessed with NanoDrop2000 and TBS-380, respectively. Quality of extracted DNA
was assessed with 1% agarose gel, and then fragmented to an average size of around 350 bp using

Covaris M220 (Gene Company Limited, China), for paired-end library construction. Then, a paired-end
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library was generated using NEXTFLEX Rapid DNA-Seq (Bioo Scientific, Austin, TX, USA). Adapters,
containing the full set of sequencing primer hybridization sites, were ligated to the blunt ends of the
fragments. Paired-end sequencing was performed on lllumina NovaSeq (lllumina Inc., San Diego, CA,
USA) at Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China) using NovaSeq 6000 S4 Reagent Kit
v1.5 (300 cycles)’s protocol provided by the manufacturer (www.illumina.com).

2.5 Statistical analysis

To evaluate the effects of different stages and distances on soil physico-chemical properties, microbial
biomass, enzymes and microbial diversity a two-way ANOVA was applied, and significant main or
interaction effects were further examined through pairwise comparisons using least significant
difference (LSD) test at P < 0.05. Non-normally distributed or heteroscedastic data underwent log or
square-root transformation. Microbial community statistics were assessed by means of Bray—Curtis
differences and visualized through principle component analysis (PCA) methods. The microbial
taxonomic distributions at phylum level were depicted using Circos diagrams via the circlize package
(v0.4.16). Variance partitioning analysis (VPA) was performed in R-software in order to check the
proportional contributions of different factors affecting the net N mineralization.

3. Results
3.1 Soil Physicochemical Properties

Soil with kapok showed significantly higher values of all the soil properties compared with that of
without kapok (Table 1). At maturity stage, soil AN, AP, AK, TN, TP, TK, and SOM levels in both with kapok
and without kapok soils were significantly higher (P < 0.05), followed by heading stage. The
concentrations of above mentioned soil properties were increased by 63% & 58%, 133% & 43%, 100% &
55%, 44% & 49%, 43% & 44%, 62% & 38% and 42% & 16%, respectively in both with kapok and without
kapok soils at maturity stage. For SOM, the kapok-rice system showed a mean increase of 42% across
all stages relative to monoculture, with modest seasonal variation (15-20%) attributable to spatial
heterogeneity in sampling distance from kapok trees rather than true temporal dynamics. Overall, there
was a marked significant difference between both soils at each rice reproductive stage.
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Table 1

Soil nutrient contents in soil with kapok and without kapok during five stages of rice field. Values are
means * standard deviations. Uppercase letters indicate the interactive effect of stages x kapok that are
significantly (P < 0.05) different from each other.

Stages Kapok AN (mg AP (mg AK (mg SOM(g TN(g TP (g TK (g
kg™") kg™") kg™") kg™") kg)  kg')  kg'")
Tillering With 147.47 + 452 + 220.63 + 32.50 + 1.78 + 0.36+ 23.26 +
468 E 0.44 DE 6.54 F 1.12D 0.09D 0.01D 0.34D
Without 115.51 % 3.7% 156.63 23.01 + 1.26 + 0.24 + 16.36
574G 0.16 F 487 H 0.33F 0.05F 0.01F 115G
Booting With 163.89 483+ 262.64 + 34.20 + 2.04 + 0.38+ 24.590 +
1.67D 0.23CD 6.6 C 1.62C 0.19C 0.01C 0.77C
Without 131.23+ 390+ 173.93 + 2413 % 1.54 + 0.25+ 17.85+
349 F 0.36 EF 3.82G 091 E 0.05E 0.01F 1.01F
Heading  With 2314+ 7.31+ 426.35+ 36.52 ¢ 2.38 % 0.48 + 34.51 %
3.83B 0.7B 9.96 B 2.55B 0.07B 0.01B 0.74B
Without 160.02 + 456+ 231.95+ 25.63 ¢ 1.77 0.32+ 21.33 %
428D 0.31 7.56 E 2.73D 0.08 D 0.02 E 15E
CDE
Maturity  With 241.55+ 10.57 + 441.39 + 38.24 + 2.57 % 0.51% 3771+
0.6 A 0.77 A 455A 1.14 A 0.09 A 0.02 A 0.63 A
Without 182.57 + 53+ 242.81 + 26.80 £ 1.89+ 0.34 + 22.67 +
474 C 0.52C 457D 0.69C 0.03 0.01D 0.84D
CcDh
Fallow With 89.87 + 3.23% 109.46 + 31.77 0.86 + 0.16 13.4+
42 H 0.06 F 1.851 0.89D 0.02G 0G 0.45H
Without 50.03 + 2.36 36.88 + 22.64 + 0.43 + 0.08 + 7.65%
497 | 0.2G 446 J 0.78 F 0.04H 0.01H 1.07 1

3.2 Variations in soil microbial biomass and extracellular enzyme assays under with kapok and without
kapok systems

The concentrations of SMBC and SMBN in soils with kapok and without kapok were significantly
elevated at the maturity stage, compared with those of tillering stage, measuring 397.17 mg kg™ ' and
362.40 mg kg™, respectively (Fig. 1a, b). The lowest values were found at the fallow stage as 171.85 mg
kg™ " and 146.25 mg kg™, respectively. At fallow stage these concentrations were decreased by 20% and
26% in both the soils compared with the maturity stage. In addition, across all the rice reproductive
stages, the biomass concentrations were consistently higher in soil with kapok, compared with the soil
without kapok. In a similar way, the potentials of soil extracellular enzymes, NAG and LAP (N-acquiring
enzymes) in soils with kapok, exhibited a significant increase at the maturity stage, with concentrations

reaching 88.66 & 25.21 molh™ ' g™ and 74.37 & 18.53 mol h™ ' g™, respectively (Fig. 1b, c). These
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concentrations showed an increase of 11.55 & 33.58% and 25.84 & 48.18% compared to the tillering
stage. The booting and heading stages had also shown significant increase relative to the tillering stage.
Conversely, during the fallow stage, concentrations decreased by 10.75 & 36.18% and 4.81 & 31.15%
compared to the tillering stage. Moreover, the soils with kapok tree significantly influenced NAG and LAP
concentrations across all stages, compared with those of soils without kapok.

3.3 Temporal variations in soil NH , * -N and NO ; ™ -N contents during incubation under with kapok and
without kapok systems

Different rice growth stages significantly influenced soil N content and net N mineralization in both with
kapok and without kapok soils (Fig. 2). Over the 90-day incubation period, this significant effect was

reflected in the varying concentrations of NO3™-N & NH,*-N. All through the incubation duration,
compared to the tillering stage, the booting, heading and maturity stages showed an increased NO;™-N &

NH,*-N content by 11.18 & 25.74% and 1.17 & 1.21%, 33.69 & 87.12% and 20.41 & 1.11%, and 46.53 &
103.96%, and 27.66 & 1.21%, respectively. While it decreased at the fallow stage by 7.7 & 5.9% and 8.1 &
46.6%, respectively, compared with the tillering stage in both with and without kapok soils. As compared
with the soil with kapok, the without kapok soil had decreased NO;™-N & NH,*-N content at all the
stages. At the maturity stage, the concentrations of NO;™-N and NH,*-N were higher; however, they were
significantly lower at fallow stage, respectively. Since, the levels of NH,"-N and NO;™-N were higher at all
the stages in soils with kapok, the total N concentrations were also higher, lasting till 45 days of
incubation period (Fig. 2a-f), however the concentrations remained relatively stable thereafter. Although
the nitrogen mineralization dynamics in soils with kapok showed a similar pattern to those of without
kapok, they diverged in the later stages during incubation period. Particularly, NH,*-N content remained
stable at even after 50 days, indicating that the mineral nitrogen released was more readily retained as
NH,*-N in the soil across different rice growth stages.

3.4 Nitrogen mineralization potentials and mineralization
rate constants (k)

Total nitrogen mineralization, distinct as the totality of NO5-N and NH,-N, exhibited significant changes
throughout the incubation experiment. N mineralization potential (N,) ranging from 63.42 & 52.65 mg
kg™ at maturity stage to 41.26 & 38.26 mg kg™ at fallow stage and nitrogen mineralization rate (k)
extended between 0.29 & 0.26 to 0.11 & 0.12, respectively in the both the soils with kapok and without
kapok (Table 2). Net nitrogen mineralization displayed a significant curved relationship over the course
of the incubation period at different rice growth stages. Upon accomplishment of incubation period, the
maximum nitrogen mineralization occurred at maturity stage (67.46 & 55.81 mg kg™ ), followed by the
heading stage (61.56 & 52.71 mg kg™ "), booting stage (50.89 & 43.91 mg kg™ "), tillering stage (45.64 &
43.42 mg kg™ ") and fallow stage (42.14 & 39.97 mg kg™ '), respectively. The total mineralized N in soils
with kapok at all the stages was higher, compared with that of soils without kapok. With higher
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concentrations of the total mineralized N at maturity stage, the concentrations were also significantly
higher in soil by 47.81%, and 27.11% compared with that at tillering stage. Furthermore, the nitrogen

mineralization data points showed a strong fit (R? = 0.96—0.99) when modeled using the (pseudo) first
order (PFO) model. N mineralization rate constant (k) was steady with the different rice growth stages
and showed an overall increasing trend starting from maturity to fallow stages.

Table 2

First-order kinetic fitting model parameters for nitrogen
mineralization in soil with kapok and without kapok
during five stages of rice field. Values are means #
standard deviations. Uppercase letters indicate the

interactive effect of stages x kapok that are
significantly (P < 0.05) different from each other.

Stages Kapok N, (mg kg™ D) k R2
Tillering  With 41.67 026 0.98
Without  38.75 021 0.96
Booting  With 45.74 022 0.97
Without  38.96 021 0.98
Heading  With 56.12 0.24 0.96
Without  49.17 0.19 0.98
Maturity ~ With 63.42 0.29 0.98
Without  52.65 026 0.99
Fallow With 41.26 011 0.98
Without  38.26 012 0.99

3.5 Soil microbial Diversity and Community Structure
Composition under with kapok and without kapok systems

The study area in Changjiang County on Hainan Island harbors diverse soil microbial resources where
Bombax ceiba-rice agroforestry is prevalent and well preserved. Bacterial communities were found
dominated by phyla Pseudomonadota, Actinomycetota, Acidobacteriota, Myxococcota and Nitrospirota,
together comprised roughly 75% of the communities across all rice growth stages (Fig. 3A), while
accounted for > 1% in the relative abundance of bacterial groups in soil at different rice growth stages
(Fig. 4A). Pseudomonadota were significantly more abundant at the maturity stage compared to other
stages, making them dominant at phylum level, however, whereas Acidobacteriota exhibited non
significantly lower abundance and were higher at the booting stage. In comparison to fallow stage, the
relative abundance of Pseudomonadota and Actinobacteria showed an increasing trend at all other
stages, however the difference was non-significant. The relative abundance of Myxococcota and
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Verrucomicrobiota was relatively lower at all the stages in both the soils. For unclassified bacteria, the
relative abundance showed minimal variation across all rice reproductive stages, suggesting the
presence of numerous potential bacterial species in the kapok-rice agroforestry.

Fungal communities exhibited a more distinct classification compared to bacterial communities at the
phylum level, with Bacillariophyta and Ascomycota particularly dominant at the heading, maturity and
fallow stages, collectively accounted for more than 65% of the fungal communities across all rice growth
stages (Fig. 3B). At phylum level among the fungal groups, Bacillariophyta, Ascomycota, Picozoa,
Basidiomycota, Mucoromycota, Oomycota and Zoopagomycota were all exceeded 1% in their relative
abundances in the different soil stages (Fig. 4B). Bacillariophyta showed an increasing trend whereas
Ascomycota showed a relatively higher value at the maturity stage than other stages.

The a-diversity of fungal and bacterial communities across five rice growth stages was shown in Table 3.
Bacterial Shannon and Simpson'’s diversity indices were generally similar to those of fungi. Bacterial
Shannon in soils with kapok showed significant difference at maturity stage, compared with other
stages. Simpson diversity index at the maturity (0.41 + 0.01) was significantly (P < 0.05) higher than all
the other rice growth stages. As for fungal community, fungal Shannon index at the maturity stage (1.51
+ 0.14) showed significant differences than other stages (P < 0.05), while non-significant differences
were observed among other stages (P > 0.05), and Simpson index at maturity stage (0.49 + 0.11) was
also significantly higher than the other stages (P < 0.05), with a little or no significant differences among
the other stages (P > 0.05). PCA analysis represented significant variations in the beta diversity patterns
of both bacterial and fungal communities, different stages and soils with and without kapok. For bacteria
and fungi, PCA plots revealed distinct bacterial and fungal communities in soils (Fig. 4B and 5B),
explaining 60.48% & 20.78% and 45.85% & 14.70% of variations by PC1 and PC2, respectively.
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Table 3

Values of Alpha diversity indices. Values are means t standard deviations. Uppercase letters
indicate the interactive effect of stages x kapok that are significantly (P < 0.05) different from each

other.
Stages Kapok Shannon'’s Diversity Index Simpson'’s Diversity index
Fungi Bacteria Fungi Bacteria

Tillering  With 1.32+0.09ABC 1.31+0.01AB 0.42+0.06 ABC 0.35+0.02 ABC

Without 1.09+0.14CD 1.30+0.01AB 0.22+0.03D 0.32+0.03C
Booting  With 1.46 +0.02 AB 1.38+0.04 AB 0.4110.07 AB 0.39+0.01 AB

Without 1.14+0.08 CD 1.32+0.02AB 0.22+0.03D 0.36+0.01 ABC
Heading  With 1.46+0.17 AB 1.46+0.03 A 0.42+0.09 AB 0.41+0.01A

Without 1.22+0.22BCD 1.39+0.04AB 0.25+0.02D 0.36+0.02 ABC
Maturity  With 1.510.14 A 1.47+0.09 A 049+0.11A 0.41+0.01A

Without 1.25+0.12ABC 1.39+0.05AB 0.36+0.09ABC 0.3910.04 AB
Fallow With 1.26+0.19 ABC 1.31+0.19AB 0.36+0.11 ABC 0.36+0.02 ABC

Without 1.01+x0.21E 1.26+0.13B 0.20+0.09E 0.33+0.01BC

3.6 The relative contribution of soil properties, microbial biomass, microbial community and enzyme
activities to net N mineralization variation in both the soils

Figure 6 shows the proportional contributions based on results from variation partitioning analysis

(VPA), explaining the contribution of biotic factors (SMBC, SMBN, microbial communities, LAP and NAG),
abiotic factors (SOM, total K, total P, total N and available N) and N content (NO;™-N and NH,*-N) to the
net N mineralization in both the soils with kapok and without kapok. The biotic factors and N contents
explained most of the variations related to net N mineralization based on the variance portioning
analysis. Overall, VPA explained 55.72% of the variations in soil with kapok, whereas it explained 51.29%
of the total variation in soils without kapok.

4. Discussion

4.1 Effects of kapok trees on soil nutrient content

Soil properties exert a more substantial influence in elucidating nutrient cycling and community
alterations within the soil. The results revealed that soils with kapok trees significantly affected soil
nutrient properties, with nutrient concentrations being markedly higher compared with those of soils
without kapok trees across all rice reproductive stages (Table 1). Agroforestry systems that combine
trees with rice cultivation often outperform rice mono-cropping in improving soil nutrient status and
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stimulating enzyme activities (Duanyuan et al. 2023; Xu et al. 2024; Al-Jawahry and Almoussaw 2025).
These benefits are largely driven by greater plant diversity, which supports favorable soil
physicochemical conditions and enhances microbial functioning (Nasar et al. 2024; You et al. 2024). A
key pathway is the enrichment of soil organic matter and carbon pools. In particular, increased crop and
vegetation diversity in agroforestry can promote the accumulation and sequestration of soil organic
carbon (SOC) and nitrogen (N), with these effects typically becoming more pronounced as the system
matures over time (Sun et al. 2024). These elevated soil nutrients at distance DO may result from a
collective effect from features, for example the leaf litter and flowers of mature B. ceiba tree/trees
(Pardon et al. 2017; Wang et al. 2022). The blooming of B. ceiba, in conjunction with rice transplanting
and complete shedding of flowers at the rice reproductive stage (Xiang and Ren 2019; Xiang et al. 2022),
could promote the buildup of organic matter in soil and increase the availability of other nutrients
(Pardon et al. 2017; Hassan 2018). Furthermore, the observed impact of soil organic matter and nitrogen
may result from long term N fertilization throughout the history of cultivation (Zhang et al., 2020). All soil
nutrient properties were strongly influenced by different rice growth stages, with nutrient cycling by leaf
litter in the cocoa agro-forestry system exhibiting seasonal variation (Asigbaase et al. 2021). SOC also
varies with the rice developmental stages in paddy and upland rotation system (Yang et al. 2019),
indicating that temporal/seasonal dynamics strongly influence ecological processes in the B. ceiba-rice
agroforestry system. We observed significantly higher SOM, as well as available and total nutrient
contents at maturity stage of rice. These findings may be linked to the varying nutrient absorption
patterns of rice at different growth stages.

4.2 Changes in soil extracellular enzymes and microbial
biomass in response to kapok trees

In our study, SMBC and SMBN were observed to be at their peak during the crop maturity stage and in
soils with kapok trees (Fig. 1). Agroforestry systems that combine tree plantations with rice cultivation
substantially boost SMBC and SMBN compared to conventional monoculture rice farming (Sun et al.
2024; You et al. 2024). This improvement arises from several interconnected factors, including greater
organic matter inputs from tree litter fall and root residues, enhanced plant species diversity, beneficial
root exudates released into the soil, and overall more favorable soil microenvironments (Sun et al. 2024).
These conditions collectively foster a more abundant, diverse, and active soil microbial community,
which plays a vital role in maintaining long-term soil fertility, efficient nutrient cycling, and overall
ecosystem health (Lu et al. 2023). In soils with kapok tress, the integration of trees with rice not only
increases the quantity and variety of organic substrates available to microorganisms but also promotes
better soil structure and resource use, leading to significantly higher levels of SMBC and SMBN (Nasar et
al. 2024). This microbial enhancement serves as a key indicator of improved soil quality and more
sustainable nutrient dynamics in diversified agroforestry systems.

Soil enzymes are widely used as sensitive indicators of soil health because they reflect the strength of
biogeochemical reactions and nutrient cycling processes (Xu et al. 2024; Xiao et al. 2025). Agroforestry
systems often stimulate enzyme activities by improving soil conditions and biological functioning. For
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instance, rubber-based agroforestry has been reported to increase soil extracellular enzyme activities
(EEAs), which can intensify nutrient transformations, although such stimulation may also increase
microbial nutrient limitations (Xu et al. 2024). Likewise, integrating fruit trees into tea plantations has
been associated with higher nutrient availability and improved soil aggregate stability, both of which are
commonly linked to enhanced enzymatic activity (Duan et al. 2024). In addition, straw mulching in
Camellia oleifera—cassia intercropping systems has been shown to raise soil carbon and nitrogen levels
and promote key enzymes such as urease, sucrase, alkaline phosphatase, and catalase, particularly in
surface layers (Duanyuan et al. 2023). These improvements are generally attributed to greater organic
inputs from tree litter and crop residues, which enrich soil substrates and support a more diverse and
active microbial community (Tang et al. 2024). Plant species also differ in the quantity and composition
of root exudates, creating heterogeneous microhabitats and resource pools that further shape
belowground biodiversity. Through decomposition and nutrient transformations mediated by
microorganisms, extracellular enzymes act as catalysts that drive organic matter turnover and nutrient
release (Li et al., 2024).

4.3 Gross N mineralization as affected by kapok trees

The incorporation of trees into rice fields, as commonly practiced in agroforestry systems, markedly
alters nitrogen mineralization processes compared to traditional monoculture rice cultivation without
trees (Fig. 2). These changes arise from intricate tree-soil interactions that modify the soil’s physical
structure, chemical composition, and biological activity, ultimately influencing the release and availability
of nitrogen for rice plant uptake (Mahmud et al. 2024). Nitrogen mineralization refers to the microbial
transformation of organic nitrogen compounds in the soil into inorganic, plant-accessible forms mainly
ammonium (NH,*) and nitrate (NO3") a key process that supports soil fertility and enhances crop growth

and yield (Wang et al. 2024). The rate and efficiency of this mineralization are governed by several key
factors, including the C:N ratio of organic residues, the level of soil microbial activity, as well as
environmental conditions such as temperature and soil moisture. Trees in agroforestry systems enhance
soil nitrogen mineralization through multiple synergistic mechanisms (Fig. 7). They supply substantial
organic matter via litter fall, root exudates, and fine root decomposition, providing carbon and nitrogen
substrates that fuel microbial activity, with lower C:N ratios favoring net nitrogen release (Han et al.
2025). This diverse organic input also stimulates a more active and diverse soil microbial community,
particularly in the rhizosphere, accelerating decomposition and nitrogen transformation. Additionally,
trees improve soil structure and porosity, promoting better aeration, water infiltration, and favorable
microclimates for aerobic microbial processes (Rumeau et al. 2024). Their deep root systems act as a
nutrient safety net by scavenging and redistributing mineral nitrogen from deeper layers back to the
surface via litter, reducing leaching losses and enriching the overall nitrogen pool (Erktan et al. 2020).
Finally, trees can influence the ammonium-to-nitrate balance in the soil, modulating nitrogen availability
and potential losses (Guerrieri et al. 2024). These combined effects significantly boost nitrogen
mineralization rates and availability in soils with kapok, compared to monoculture systems without
kapok trees. In summary, integrating kapok trees into rice fields can significantly enhance nitrogen
mineralization by increasing organic matter supply, stimulating soil microbial activity, and improving soil
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physical properties. However, the extent and effectiveness of these benefits vary widely depending on
tree species, tree age, local soil conditions, and prevailing environmental factors (Amare et al. 2024).
Careful evaluation of these interacting variables is essential to maximize nutrient cycling efficiency and
rice yield in agroforestry systems.

4.4 Influence of kapok trees on microbial community

Kapok trees significantly alter the abundance and composition of soil microbial communities in soils
compared to the soils having no kapok tress (Fig. 4). This effect arises from multiple interacting factors,
including organic matter addition, nutrient cycling, changes in soil physical structure, and direct plant-
microbe interactions in the rhizosphere (Li et al., 2024; Wan et al., 2022). Trees supply substantial
organic carbon through leaf litter, root residues, and exudates, which serve as key energy sources fueling
microbial growth and activity (Zhou et al. 2022). Root exudates, in particular, act as a diverse mix of
chemical signals and nutrients that selectively shape microbial populations in the rhizosphere, the
nutrient-rich zone immediately surrounding roots leading to higher microbial density and activity (Zhou et
al. 2022). Previous research indicates that microbial communities vary distinctly along the soil-root
continuum, influenced by root anatomy, soil characteristics, and patterns of root exudation, resulting in
clear shifts in community structure from bulk soil to the root interior (Li et al., 2024; Zhou et al., 2022).

In addition, tree species and overall vegetation type strongly shape distinct soil microbial communities.
Greater tree diversity enhances linkages between microbial communities and ecosystem functions,
boosting microbial biomass and diversity, as also observed in subtropical forests (Beugnon et al. 2021;
Li et al. 2023). Additionally, trees improve soil physical properties; such as structure and moisture
retention creating more favorable conditions for microbial growth (Erktan et al. 2020; Pathan et al. 2021).
Stable soil aggregates physically shield soil organic matter and microbial biomass from oxidative stress,
supporting long-term carbon storage and microbial persistence. These physical changes in soil structure
both influence and result from biological interactions, offering a potential framework for understanding
microbial trophic dynamics at small scales (Pathan et al. 2021). The presence of kapok trees in paddy
soils further shape the functional traits of microbial communities through differences in litter quality,
root exudates, and associations with mycorrhizal fungi (Prescott and Grayston 2013). Arbuscular
mycorrhizal (AM) fungi, which form symbiotic partnerships with plant roots, extend nutrient and water
uptake, particularly for soil P, and significantly boost microbial populations: studies show increases of
6.41% in total microbial biomass, 20.51% in bacterial biomass, and 45.14% in fungal biomass following
AM inoculation (Gou et al. 2024). Overall, the greater microbial abundance and diversity in kapok-
integrated paddy soils compared to soils without kapok, result from increased organic matter supply,
better soil physical and chemical conditions, and the promotion of beneficial plant-microbe symbiotic
relationships, creating a more robust and active soil microbial ecosystem.

5. Conclusions

This study highlights the transformative potential of the traditional kapok-rice agroforestry system with
B. ceiba in western Hainan as a sustainable, nature-based solution for improving soil health and rice
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productivity. Compared to rice-monoculture, the presence of B. ceiba significantly enhanced soil
nutrients (SOM up to 216%, available N by 63%, available P by 133%, available K by 93% at maturity),
increased SMBC (397.17 mg kg™ ') and SMBN (362.40 mg kg~ "), elevated N-acquiring enzyme activities
(NAG up to 88.66 pmol h™ 1 g™, LAP up to 25.21 pmol h™ ' g™ 1), and boosted nitrogen mineralization
potential (N up to 63.42 mg kg™ 1) and cumulative mineralized N (67.46 mg kg~ ' over 90 days). These
results, driven by organic matter inputs, improved soil structure, and favorable shifts in microbial
communities (dominated by Pseudomonadota, Actinomycetota, Ascomycota, and Bacillariophyta) due
to B. cieba, create nutrient-rich hotspots that enhance N retention and availability across rice growth
stages. Consequently, total mineralized N and mineralization potential (N,) were highest at maturity and
highest in soil with kapok trees, while the mineralization rate constant (k) increased across different rice
reproductive stages. Future studies should focus on optimizing tree management, conducting long-term
trials, and assessing economic viability to support wider adoption and maximize ecological and
agronomic benefits.
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Figure 1

(a) Soil microbial biomass C (SMBC) and (b) Soil microbial biomass N (SMBN), extracellular enzymes
assays, (c) N-Acetyl-B-D-glucosaminidase (NAG) and (d) leucine-aminopeptidase (LAP) in kapok and
without kapok soils during rice reproductive stages.

Bars indicate standard error, n = 3. Lowercase letters indicate the interactive effect of stages x kapok
that are significantly (P < 0.05) different from each other.
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Figure 2

The concentrations of (a, b) NO5™N, (c, d) NH,*-N and (e, f) net N mineralization in soil during rice

reproductive stages. The error bars denote the least significant difference values (P < 0.05) using the
LSD comparison test.
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Figure 3

The relative abundance of dominant bacterial phyla (A) and fungal phyla (B) in soil during rice
reproductive stages.
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Figure 4

Circos of bacterial distribution with the top phylum abundance (A), and principal component analysis of

dominant bacterial phyla (B) in soil during rice reproductive stages.
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Figure 6

Venn diagrams showing the proportional contributions based on results from variation partitioning
analysis (VPA), explaining the contribution of biotic factors, abiotic factors and N content to the net N
mineralization in kapok (A) and without kapok soils (B). The effect of biotic factors (brown circle); the
effect of abiotic factors (green circle); the effect of soil N content (gray circle); and their combined
effects and respective variations explained are in areas overlapped in the circles.
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Figure 7

A conceptual diagram illustration of N transformation mechanisms in soil that how SOM, microbial
biomass, extracellular enzymes and microbial community influence N transformation processes under
traditional agroforestry systems.
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