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Abstract

Global warming has intensified water scarcity, while excessive fertilizer use has caused
soil acidification and limited nutrient availability. This study investigated the effects of
biochar and chitosan xerogel on water spinach (Ipomoea aquatica Forsk.) growth under
water- and fertilizer-deficient conditions. Individually, either biochar or chitosan xerogel
provided limited improvement. However, the combined application of 4% biochar and 0.8%
chitosan xerogel significantly restored plant performance. Under water deficiency, fresh,
stem, and leaf weights increased by 1.2-, 1.3-, and 1.7-fold, while plant height and stem
diameter rose by 1.2- and 1.3-fold. Similar improvements were observed under fertilizer
deficiency, with up to 1.3-fold, 2.0-fold, and 1.4-fold increases in fresh, stem and leaf weight.
Chlorophyll and (-carotene contents were also enhanced under both stress conditions.
Additionally, the dual amendment improved uptake of nitrogen (N), phosphorus (P),
potassium (K), magnesium (Mg), and manganese (Mn), achieving growth comparable to
optimal irrigation and fertilization. These findings demonstrate the synergistic potential
of biochar and chitosan xerogel to enhance water and nutrient efficiency, supporting
sustainable agriculture under resource limitations.

Keywords: biochar; chitosan xerogel; Ipomoea aquatica; water deficit; fertilizer deficiency

1. Introduction

Water is one of the most essential resources for sustaining agriculture and human liveli-
hoods. Globally, 97.5% of the Earth’s water is seawater, leaving only 2.5% as freshwater. Of
this limited freshwater supply, approximately 70% is used for agricultural purposes [1,2].
In 2016, approximately 933 million people, representing one-third of the global urban
population, were affected by water scarcity. This number is projected to rise to between
1.7 and 2.4 billion by 2050 [3]. Taiwan has also experienced intermittent water shortages,
particularly in 2015 and 2021, which resulted in irrigation restrictions that impacted agri-
cultural production. Considering the essential role of agriculture in food security and rural
livelihoods, improving water use efficiency is becoming increasingly critical under both
current and anticipated resource constraints.
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Fertilizers are also extensively applied to improve crop yield and quality. Between
1960 and 1995, global use of nitrogen and phosphorus fertilizers increased approximately
7-fold and 3.5-fold, respectively, and these figures are projected to rise by an additional 21
and 10 times by 2050. However, only 30% to 50% of applied nitrogen [4] and 10% to 20%
of applied phosphorus [5] are effectively absorbed by crops. The remainder is often lost
through leaching and surface runoff, leading to issues such as eutrophication and ground-
water contamination. Consequently, improving fertilizer use efficiency, in parallel with
conserving water resources, is essential for advancing sustainable agricultural practices
and safeguarding environmental quality [6]. In this study, both water deficit and nutrient
depletion were considered as key abiotic stress factors that limit crop productivity under
global climate change. Global warming and the overexploitation of natural resources have
exacerbated water scarcity, while excessive and unbalanced fertilizer use has resulted in
soil acidification and nutrient leaching, leading to long-term fertility decline [7,8]. Con-
sequently, enhancing soil water retention and nutrient efficiency has become central to
sustainable agriculture.

Water spinach (Ipomoea aquatica Forsk.), a fast-growing leafy vegetable belonging to
the Convolvulaceae family, is a staple summer crop in Taiwan and a rich source of bioactive
compounds such as flavonoids and (3-carotene [9]. Owing to its sensitivity to soil conditions
and moisture availability, it has been widely used as a model crop for assessing plant uptake
of heavy metals from contaminated soils [10]. In addition, I. aquatica demonstrates higher
uptake efficiency for both ammonium and nitrate nitrogen compared to other species [11],
making it an effective indicator crop for evaluating soil water and nutrient dynamics.

Biochar, a carbon-rich product derived from pyrolysis of biomass under limited oxygen
conditions, is increasingly recognized as a multifunctional soil amendment. It is character-
ized by a high pH and porous structure [12,13]. The physicochemical properties of biochar,
including yield, porosity, pH, and specific surface area, are influenced by the feedstock ma-
terial and pyrolysis temperature [14,15]. Biochar application has been reported to improve
soil water retention and increase bulk density [16,17], while also acting as a slow-release
matrix for organic matter and nutrients [18]. As such, biochar holds significant promise for
enhancing soil productivity and resource use efficiency in sustainable agriculture.

Chitin is a polysaccharide that constitutes a major structural component of the ex-
oskeletons of crustaceans such as shrimp and crabs, as well as the cell walls of fungi and
certain tissues of mollusks. It is recognized as the second most abundant natural polymer
after cellulose [19]. Chitosan, which is derived from chitin through a deacetylation process,
typically has a degree of deacetylation greater than 50%, enabling it to become soluble
in dilute acid solutions [20]. In agricultural applications, chitosan has been employed for
inducing plant defense responses, coating or disinfecting seeds, improving the post-harvest
quality of horticultural products [21], and serving as a soil conditioner [22,23]. Wood vine-
gar, a byproduct of biomass pyrolysis, can act as a natural dilute acid capable of dissolving
chitosan [24]. It also demonstrates potential for enhancing crop yield and quality [25,26]
and exhibits antimicrobial and pesticidal activities [27]. As such, wood vinegar could
serve as an environmentally friendly alternative to conventional chemical agents [28]. The
phenolic compounds present in wood vinegar have been shown to inhibit bacterial growth
at specific concentrations [29]. From previous studies, the combination of chitosan and
wood vinegar may thus offer synergistic benefits for improving crop quality while also
providing antimicrobial protection. Additionally, previous research has demonstrated that
incorporating ammonium hydrogen phosphate into chitosan solutions prepared in acetic
acid can result in the formation of a thermogelling system [30], suggesting potential for
advanced formulations in agricultural applications. The combined effect of biochar and chi-
tosan reported from the previous studies that significant yield gains under biochar—chitosan
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polymer composite amendments due to substantial slow-release properties to overcome
excessive nutrient loss [31]. The nutrient retention behavior observed in our study corrob-
orates previous work, which demonstrated that biochar—chitosan composites improved
nutrient-use efficiency by up to 29% after 30 day under limited fertilizer input [32]. Fruit
yield and quality increased significantly with increasing concentrations of chitosan and
biochar [33]. This combined effect of biochar and chitosan offers a sustainable approach
to improving crop resilience under limited water and nutrient availability, echoing the
conceptual framework of sustainable agro-technologies [34].

Global warming and increasing human demand for resources have led to worsening
water shortages, while excessive fertilizer use has resulted in soil acidification and a gradual
global decline in fertilizer availability. Consequently, improving soil fertility and water
retention has become a key focus for sustainable agricultural practices. Understanding
the effects of different materials on plant growth is essential for optimizing crop yield
and enhancing soil health. We hypothesize that the combined application of biochar and
chitosan-based xerogel can synergistically enhance soil water retention, nutrient availability,
and crop productivity under conditions of water and nutrient stress. The incorporation
of biochar into the soil improves aeration and drainage properties. Concurrently, the ap-
plication of chitosan contributes antimicrobial activity, supporting healthier plant growth.
Furthermore, a key technique has been developed that involves adding ammonium hydro-
gen phosphate to chitosan hydrogel, enabling the formation of a water-retaining agent at
ambient temperature. Phosphorus, a major macronutrient in fertilizers, is thus introduced
in a water-soluble form. This multifunctional material is being evaluated for its ability to
retain water and nutrients while maintaining favorable textural characteristics.

The aim of this study was to evaluate the synergistic effect of combining biochar and
chitosan xerogel on water spinach under water or fertilizer stress. To achieve this, the
research sought to determine the positive impact of this dual amendment on fresh biomass
and yield, while simultaneously assessing the corresponding improvements in nutrient
uptake. By comparing the combined treatment’s efficacy against single amendments and
optimal growth conditions, the study aimed to confirm the synergistic benefit and highlight
its practical importance as a sustainable strategy for enhancing crop performance while
potentially reducing resource inputs. Collectively, this research sought to maximize plant
vigor and nutrient efficiency in challenging agricultural settings.

Water spinach was selected as the experimental material due to its significant eco-
nomic importance and nutritional value across Taiwan and other tropical regions, coupled
with its short growth cycle and pronounced sensitivity to soil water and nutrient condi-
tions. The experimental strategy was designed to systematically evaluate the effects of the
amendments under defined stress levels. Initially, a quantitative number of plants were
grown in a fixed volume of a peat-based substrate. Critical stress thresholds for water and
fertilizer deficiency were established by treating the plants with varying irrigation volumes
or nutrient concentrations to determine the point of impaired growth. Subsequently, the
main experiment involved amending the substrate with biochar and chitosan xerogel, both
individually and in combination, using defined dose ratios. Key plant growth parameters
(PGPs), including fresh weight, stem weight, leaf weight, plant height, and stem diameter,
were measured. Furthermore, plant physiological responses were assessed by quantifying
leaf chlorophyll content and [3-carotene content, while nutrient uptake was determined
through elemental analysis of plant tissues. This framework allowed for a comprehensive
understanding of how the combined amendments impact plant vigor, physiology, and
nutrient acquisition under distinct water- or fertilizer-deficient states.
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2. Materials and Methods
2.1. Plant Material and Growth Conditions

The test plant used in this study was Ipomoea aquatica Forsk. cv. Chungu Daye, a
water spinach cultivar widely grown in Taiwan. Water spinach seeds of a commercial
variety from Yunlin, Taiwan, were cultivated in the greenhouse at National Chung Hsing
University. Square pots (20 x 20 x 10 cm) were filled with 600 g of dry peat-based substrate
composed of peat, vermiculite, and perlite (3:1:1, v/v/v). Sixteen plants were grown per
pot. Each square pot has a volume of approximately 4 L. Plants were watered daily, and
commercial fertilizer (Hakaphos® Blue, Known-You seed Co., Ltd., Kaohsiung, Taiwan;
COMPO Benelux N.V.; 4.0% ammonium nitrogen, 10.0% P,0s, 15.0% K0, 2.0% MgO,
0.02% Zn, and 0.02% Cu) was applied every five days after the emergence of the first
true leaf.

2.2. Preparation of Biochar

Mushroom waste bags were collected in Taichung, Taiwan, and then dispersed, ground
and dried in an oven. Pellets was prepared using a small flat-die pelletizing machine (Fann
chern Industrial Co., Ltd., Taichung, Taiwan), producing samples with a diameter of 0.8 cm
and a length of ca. 3-5 cm. Biochar was produced using a quartz torrefaction reactor under
nitrogen (1 L/min) at atmospheric pressure, with the following steps: (i) drying at 105 °C
for 20 min, (ii) heating to 500 °C at 10 °C/min, and (iii) pyrolysis at 500 °C for 60 min. The
biochar yield was 32.7%. The final product was ground into powder for use.

2.3. Preparation of Chitosan Xerogel

Wood vinegar is obtained by heat-treated the condensed liquid of Taiwan acacia
(Acacia confusa) wood, which is then allowed to settle for 1 year and the supernatant liquid
is collected and was kindly provided by Kunn Yih Wood Corporation Co., Ltd. in Yilan,
Taiwan. Using shrimp shells and crab shells as raw materials, chitosan (Deacetylation >80%,
ash content ca. 2%) were purchased from Charm & Beauty Co., Ltd., Taipei, Taiwan. The
chitosan xerogel preparation, developed by the authors and referred from Nair et al. [30],
involved dissolving chitosan (2.7% w/w) in 17.7% (w/w) wood vinegar at room temperature
under stirring (450 rpm), followed by storage at 4 °C for one day. Diammonium hydrogen
phosphate (1.3% w/v) was added and stirred at 500 rpm, followed by incubation at 4 °C
for 6 h. The gel was dried at 40 °C for 3 days, ground, and sieved through a 1 mm mesh to
obtain the xerogel powder (Supplemental Figure S1).

2.4. Experimental Design

The experiment was designed to evaluate the individual and combined effects of water
management, fertilizer (Hakaphos® Blue), biochar, and chitosan xerogel on the growth and
stress tolerance of water spinach under controlled conditions. The study was structured as
a series of sequential experiments, each conducted under a completely randomized design
(CRD) (Table 1). The first two experiments (Groups T1-T2) established the baseline water
and fertilizer levels to define “control” and “deficit” conditions. Subsequent experiments
(Groups T3-T6) examined the individual dose effects of biochar and chitosan xerogel under
these deficit environments, while the final two experiments (Groups T7-T8) evaluated
their combined (2 x 2) synergistic effects. Each treatment was replicated three times,
with five plants per replicate, to ensure statistical reliability. Water volume and fertilizer
concentration were set based on preliminary field recommendations for leafy vegetables in
subtropical greenhouses. Biochar and chitosan xerogel were applied as soil amendments
(treatments) at different application rates (0-12% w/w for biochar and 0-0.8% w/w for
xerogel), mixed with the substrate prior to planting. T1 and T2 focused on baseline
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optimization of water and fertilizer input. T3 and T4 examined biochar dosage effects
under fixed irrigation levels. T5 and T6 tested different xerogel concentrations under
variable fertilizer levels. T7 and T8 combined biochar and xerogel treatments to assess
potential synergistic effects. Plant height, leaf number, chlorophyll content, and fresh
weight were recorded when the control plants reached 3040 cm. This design allowed the
evaluation of both individual and interactive effects of water, nutrients, and bioinputs,
enabling identification of the most effective combination (notably T7-5 and T8-5, with 4%
biochar and 0.4% xerogel) for improving soil water retention, nutrient efficiency, and plant
growth performance.

Table 1. Treatments and amendment combinations for plant growth.

Treatments Amendments
Group Code -
Water (mL) Hakaphos® Blue (%) Biochar (%) Xerogel (%)
T1-1 100
T1-2 200
T1 T1-3 300 0.13 0 0
T1-4 400
T2-1 0.17
T2-2 0.11
T2 T2-3 300 0.08 0 0
T2-4 0.07
T3-1 300 0
T3-2 100 0
T3 T3-3 100 0.11 4 0
T3-4 100 12
T4-1 0.11 0
T4-2 0.07 0
T4 T43 300 0.07 4 0
T4-4 0.07 12
T5-1 200 0
T5-2 100 0
T5 T5-3 100 0.11 0 0.2
T5-4 100 0.4
T5-5 100 0.8
T6-1 0.11 0
T6-2 0.07 0
T6 T6-3 300 0.07 0 0.2
T6-4 0.07 0.4
T6-5 0.07 0.8
T7-1 300 0 0
T7-2 100 0 0
T7-3 100 4 0
7 T7-4 100 0.11 0 0.4
T7-5 100 4 0.4
T7-6 100 4 0.8
T8-1 0.11 0 0
T8-2 0.07 0 0
T8-3 0.07 4 0
T8 T8-4 300 0.07 0 0.4
T8-5 0.07 4 0.4
T8-6 0.07 4 0.8

Table 1 summarizes the factorial combinations of water, fertilizer, biochar, and xerogel
levels. Each treatment code (e.g., T3-3 or T7-5) represents a unique substrate mixture
replicated three times. The ranges were chosen to simulate typical subtropical vegetable
cultivation scenarios and to identify optimal bioinput rates for sustainable production. Wa-
ter (mL) refers to the volume applied per pot at each daily irrigation event, and Hakaphos®
Blue (%) indicates the v/v dilution concentration of the fertilizer solution applied at each
watering. The percentages of biochar and xerogel are expressed on a weight-per-weight
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(w/w) basis, calculated relative to the dry substrate mass (mass of amendment per mass of
dry substrate).

2.5. Plant Growth Parameters

The experiment was conducted in the greenhouse facilities of National Chung Hs-
ing University (NCHU), located in Taichung City, at geographic coordinates 24°7'13" N
120°40/35"” E, with an elevation of ca. 70 m above sea level. The greenhouse conditions
during the cultivation period (March 2020 to June 2021) were maintained within 20-30 °C
temperature range, with 60-80% relative humidity, and controlled irrigation to simulate
moderate water availability. These environmental parameters ensured consistent growth
conditions for Ipomoea aquatica, minimizing the influence of external climatic variability
while allowing for evaluation of soil amendment effects under semi-controlled subtropical
conditions. PGPs were assessed using standardized methods [35]. Fresh weight was deter-
mined by averaging the total aboveground biomass from five randomly selected plants per
treatment. Stem weight was calculated as the average mass of the stem portion (excluding
leaves) from three plants. Leaf weight was measured by collecting and averaging the mass
of the 2nd, 4th, and 6th newly developed leaves per plant. Plant height was recorded from
the base to the apex of three representative plants. Stem diameter was measured at a posi-
tion 1 cm above the first node using a digital caliper for precision. The Stem diameters were
measure by Vernier caliper. Fresh weight, stem weight, and leaf weight were determined
using an electronic balance. All measurements were performed by a single person. Each
treatment group was replicated three times. For each replicate, samples were collected
from the same cultivation pot and analyzed in triplicate. Total nitrogen (N) content was
determined by the Kjeldahl method [36], which accurately quantifies organic and ammoni-
acal nitrogen, reflecting nitrogen assimilation efficiency. Phosphorus (P) and potassium (K)
concentrations were measured after acid digestion using UV-Vis spectrophotometry (Cary
50, Varian, Mulgrave, Australia) and flame photometry, respectively, following the protocol
of previous study [37]. Chlorophyll a, chlorophyll b, and total chlorophyll were quantified
spectrophotometrically according to Arnon (1949) to assess photosynthetic efficiency [38].
Soluble sugars were analyzed using the anthrone—sulfuric acid method [39], while total
phenolic content was determined by the Folin—Ciocalteu assay [40], which estimates the
antioxidant capacity and oxidative stress tolerance of plant tissues.

2.6. Mineral Element Analysis

Shoots were rinsed with 1% HCI and deionized water, dried at 100 °C (1 h) and
70 °C (3 days), and ground. For inductively coupled plasma optical emission spectroscopy
(ICP-OES, PerkinElmer, Shelton, CT, USA) analysis, 0.25 g of sample was digested with
5 mL HNOj (65%, Merck, Darmstadt, Germany) and 2 mL H,O, (Choneye, Taipei, Taiwan)
using a MarsXpress microwave system. NIST SRM 1573a (tomato leaves) was used as a
standard. Diluted extracts were filtered (0.22 pm) before measurement [41]. For phosphorus,
samples were diluted 400-fold with freshly prepared reagent and quantified using the
molybdenum blue method at 840 nm via UV-Vis spectrophotometry (Cary 50, Varian,
Mulgrave, Australia). R software (v4.1.0) was used for data visualization.

2.7. Statistical Analysis

Statistical analyses were performed within each experiment rather than across all
groups, ensuring valid comparisons under consistent baseline conditions. The experiment
was arranged in a CRD. All experimental data were subjected to one-way analysis of
variance (ANOVA) using SAS software 9.4 at a significance level of & = 0.05. Treatment
means were compared using the least significant difference (LSD) test. Prior to ANOVA,
data variability was examined, and the consistently low standard deviations across treat-
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ments indicated limited dispersion. Data normality and homogeneity of variance were
visually assessed using histograms and residual plot inspections, which showed no obvious
skewness or inconsistent variance patterns. Under these conditions, ANOVA is considered
robust and appropriate for mean comparison in agricultural experiments.

3. Results
3.1. Optimizing Water and Fertilizer Regimes for Control and Deficit Conditions in Water Spinach

To determine the optimal water and fertilizer requirements for water spinach cultiva-
tion and to establish a basis for evaluating the combined effects of biochar and chitosan
xerogel on spinach leaves under fertilizer deficiency, two preliminary experiments were
conducted. In the water requirement experiment (Group T1, Figures 1A-E and 2), water
spinach was irrigated with 100, 200, 300, or 400 mL per pot, and substrate soil water content
and plant growth PGPs, including fresh weight, stem weight, leaf weight, plant height,
and stem diameter, were measured. As shown in Figure 1, water spinach irrigated with
200, 300, or 400 mL displayed similar growth patterns and appearances (T1-1 to T1-4),
whereas plants receiving only 100 mL exhibited significantly lower plant weight, stem
height, plant height, and stem diameter (T1-1). The soil water content measurements at
30 days confirmed a significant difference between the 100 mL group and the other
treatments (Figure 1F). Consequently, subsequent experiments adopted 300 mL per
pot as the control for normal watering, while 100 mL per pot was used to simulate
water-deficient conditions.
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Figure 1. The effects of various water and fertilizer treatments on the fresh weight (A), stem weight
(B), leaf weight (C), plant height (D), stem diameter (E), and soil moisture content (F) of the T1
treatment of water spinach. Lowercase letters (a, b, and c) indicate a significant difference at the
p < 0.05 level, as determined by the ANOVA test.
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10 cm

Figure 2. Appearances of water spinach with varying amounts of water and fertilizer.

In the fertilizer requirement experiment (Group T2, Figures 1A-E and 2), water spinach
was treated with varying concentrations of Hakaphos® Blue (0.17%, 0.11%, 0.08%, and
0.07%). Plants receiving only 0.07% Hakaphos® Blue showed lower stem height, leaf
weight, and plant height (T1-2). Normal growth was achieved with 0.11% Hakaphos® Blue,
which was designated as the control treatment, whereas the 0.07% treatment was identified
as the experimental condition for fertilizer deficiency. This foundation enables subsequent
experiments to investigate the effect of combined biochar and chitosan xerogel treatment
on water spinach under water and fertilizer deficiency.

3.2. Effect of Biochar Supplementation on Water Spinach Growth Under Water and
Fertilizer Deficiency

Under water deficiency, the control group (T3-1) recorded significantly higher fresh
weight, stem weight, leaf weight, plant height, and better appearance than the water-
deficient group (T3-2) (Figure 3A-D). However, the addition of biochar under water-
deficient conditions did not significantly improve these parameters (T3-3 and T3-4) or soil
water content compared to T3-2 (Figure 3F). Moreover, the fresh weight and leaf weight
under fertilizer-deficient treatment (T4-2) were lower than those of the control group
(T4-1), emphasizing the crucial role of adequate fertilizer concentration for water spinach
growth. Biochar-treated groups (T4-3 and T4-4) exhibited slightly reduced fresh weight,
stem weight, and stem diameter compared with those of the fertilizer-deficient group (T4-2).
The findings indicate that elevated biochar levels did not promote growth in conditions
of water or nutrient deficiency. Consequently, the selection of 4% biochar was made for
subsequent combined treatment.

3.3. Chitosan Xerogel Treatment Mitigates Growth Inhibition in Water Spinach Under Water and
Fertilizer Deficit Conditions

The appearance and impact of chitosan xerogel treatment on water spinach growth were
assessed under water deficit (T5) and fertilizer deficit (T6) conditions (Figures 4 and 5). Water
deficit reduced growth, as the non-treated group T5-2 exhibited significantly lower PGPs
than the control group T5-1. The application of 0.4% chitosan xerogel in T5-4 restored
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these PGPs to levels comparable to T5-1, suggesting that 0.4% chitosan xerogel mitigated
the adverse effects of water deficit. Fertilizer deficiency also impaired growth, with the
non-treated group T6-2 recording significantly lower PGPs than the control group T6-1.
Chitosan xerogel treatments at 0.4% (T6-4) and 0.8% (T6-5) enhanced fresh weight, stem
weight, and leaf weight compared to T6-2, indicating an improvement in growth potential
under fertilizer deficit conditions. The investigation revealed that the treatment of soil
with chitosan xerogel had no significant impact on its moisture content, as no substan-
tial variations were observed between the treated and non-treated groups (Figure 5F).
Consequently, 0.4% and 0.8% chitosan xerogel were selected for subsequent combined

treatments (Figure 5).
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Figure 3. Effect of biochar treatment on fresh weight (A), stem weight (B), leaf weight (C), plant
height (D), stem diameter (E), and soil water content (F) of water spinach. Lowercase letters (a, b,
and c) indicate a significant difference at the p < 0.05 level, as determined by the ANOVA test.

Figure 4. Appearances of water spinach with biochar treatment or chitosan xerogel treatment.
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Figure 5. Effect of xerogel treatment on fresh weight (A), stem weight (B), leaf weight (C), plant
height (D), stem diameter (E), and soil water content (F) of water spinach. Lowercase letters (a, b,
and c) indicate a significant difference at the p < 0.05 level, as determined by the ANOVA test.

3.4. Combined Biochar and Chitosan Xerogel Treatment Restores Water Spinach Growth Under
Deficit Conditions

The combined treatment with biochar and chitosan xerogel was investigated for its
effect on water spinach growth under water-deficient (T7) and fertilizer-deficient (T8)
conditions (Figure 6). Under water deficit, the control group (T7-1) exhibited significantly
higher growth potential than the untreated group (T7-2). Biochar alone (T7-3) did not
improve growth compared to T7-2, while the application of 0.4% chitosan xerogel in groups
T7-4 and T7-5 significantly increased PGPs relative to T7-2. Despite its soil moisture content
being significantly lower (Figure 6F), the 0.8% chitosan xerogel combined treatment (T7-6)
produced higher fresh weight and leaf weight than the 0.4% treatment (T7-5). The T7-5 and
T7-6 plants showed better appearance than others (Figure 7). These results suggest that a
higher chitosan xerogel concentration might benefit plant growth under water deficiency.

In the fertilizer-deficient environment, the control group (T8-1) achieved significantly
higher PGPs than those of the untreated group (T8-2) (Figures 6 and 7). Biochar alone (T8-3)
did not alter growth parameters relative to T8-2. However, the application of chitosan
xerogel (T8-4) significantly improved all measured growth parameters compared to T8-2
(Figure 6). The combined treatment (T8-6) resulted in the highest PGPs comparable to
T8-1 (Figure 6). In fertilizer-deficient substrates, the addition of chitosan xerogel was
particularly effective in increasing the stem diameter of water spinach (T8-4, 5, and 6).
Soil moisture content in groups T8-4, T8-5, and T8-6 was similar to fertilizer-sufficient
control (T8-1) (Figure 6F). Nevertheless, the stem diameter exhibited a significant increase
in comparison with that of T8-1, thereby suggesting that the incorporation of a xerogel
composed of chitosan may be an effective solution to counteract the detrimental effects
of fertilizer deficiency and promote plant growth. Additionally, the appearances of water
spinach varied depending on the applied treatment (Figure 6). These results demonstrated
that the combined application of 0.8% chitosan xerogel and 4% biochar restored growth
potential under both water and fertilizer deficit conditions to levels similar to those in
normal growing environments, suggesting that this treatment could improve substrate
culture efficiency while reducing water and fertilizer usage in agricultural production
under climate change conditions (Figures 6 and 7).
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Figure 6. Effect of xerogel/biochar combination treatment on fresh weight (A), stem weight (B),

leaf weight (C), plant height (D), stem diameter (E), and soil water content (F) of water spinach.

Lowercase letters (a, b, ¢, and d) indicate a significant difference at the p < 0.05 level, as determined
by the ANOVA test.

10 cm

Figure 7. Appearances of water spinach with biochar and chitosan xerogel combined treatment.

3.5. Effect of Biochar and Chitosan Xerogel Combined Treatment on Elements of Water Spinach

Substrate pH and conductivity values remained neutral across all treatments, indi-
cating that the addition of biochar and chitosan xerogel did not alter substrate properties
(Figure 8A,B). Chlorophyll and (3-carotene contents in spinach leaves were subsequently
analyzed (Figure 7). Under water-deficient conditions, the composite treatments of 0.4%
chitosan xerogel (T7-5) and 0.8% chitosan xerogel combined with 4% biochar (T7-6) yielded
significantly higher levels of chlorophyll and 3-carotene in comparison to the untreated
hydric-deficient group (T7-2) and the biochar-only treatment (T7-3) (Figure 8C-F).
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Figure 8. The growing medium of pH values (A) and electrical conductivity values (B) of water
spinach. The chlorophyll a (C), chlorophyll b (D), total chlorophyll (E), and 3-carotene (F) of water
spinach planted in xerogel /biochar combination treatment medium. Lowercase letters (a, b, ¢, and d)
indicate a significant difference at the p < 0.05 level, as deter-mined by the ANOVA test.

Under fertilizer-deficient conditions, the composite treatments with 0.4% chitosan
xerogel (T8-5) and 0.8% chitosan xerogel combined with 4% biochar (T8-6) resulted in
chlorophyll and 3-carotene levels comparable to those of the control group (T8-1) and
higher than those observed in the biochar-only treatment (T8-3) (Figure 7). These findings
suggested that the combined treatment enhanced nutrient uptake, improved photosynthetic
efficiency, and increased (3-carotene content in spinach leaves under both water-deficient
and fertilizer-deficient conditions.

The effects of combined biochar and chitosan xerogel treatment on nutrient uptake in
water spinach grown under fertilizer-deficient conditions (T8) were examined (Figure 8). In
the fertilizer-deficient environment, the control group (T8-1) exhibited significantly higher
concentrations of nitrogen, phosphorus, potassium, manganese, ferrum, manganese, and
zinc compared to the fertilizer-deficient group (T8-2), indicating that fertilizer deficiency
adversely affected the uptake of these essential nutrients. The biochar-alone treatment
(T8-3) resulted in a significantly higher P and K concentration compared to T8-2
(Figure 8B,C). In contrast, the chitosan xerogel treatment alone (T8-4) reduced the K concen-
tration relative to T8-2 (Figure 8C). The combined treatments, T8-5 (0.4% chitosan xerogel
with 4% biochar) and T8-6 (0.8% chitosan xerogel with 4% biochar), yielded higher concen-
trations of nitrogen, phosphorus, magnesium, and manganese than T8-2, demonstrating
enhanced nutrient uptake (Figure 8A-C,E). Moreover, the phosphorus concentration in
T8-5 and the manganese concentration in T8-6 were higher than those in the control group
(T8-1), indicating that the combined treatment can enhance the uptake of phosphorus
and manganese by plants under nutrient-deficient conditions compared to normal fertil-
ization (Figure 8C,E). Overall, the combination of 0.8% chitosan xerogel and 4% biochar
significantly increased the contents of nitrogen, phosphorus, potassium, magnesium, and
manganese in water spinach, which could effectively improve fertilizer efficiency and
reduce fertilizer consumption.
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4. Discussion

Previous studies consistently demonstrate that biochar addition can significantly en-
hance water holding capacity in coarse-textured soils, such as sandy or sandy loam [16,42,43].
This effect, however, is often reported to diminish as the clay content of the soil increases,
given the already high moisture-holding capacity of fine-textured substrates [44]. Consis-
tent with this literature, our study, which used peat as the main substrate (exhibiting a
high intrinsic water-holding capacity of 229.4% (Figure S2A), showed that adding biochar
alone, or chitosan xerogel alone, did not immediately or significantly increase substrate
water content during early growth stages (Figures 3F and 4). The beneficial effects on water
retention only became apparent after 120 days by adding both biochar and chitosan xerogel
(Figure S2B), suggesting that the substrate’s intrinsic properties masked the individual
benefits of each amendment initially.

However, the mechanism for drought tolerance appears distinct from simple water
retention in the substrate. Under water-deficient conditions, the application of chitosan
xerogel alone was still able to restore plant vigor (Group T5, Figure 5), while biochar
alone was not effective (Group T3, Figure 3). This aligns with literature suggesting that
chitosan-based materials can benefit drought-stressed plants through physiological re-
sponses beyond external moisture control. For instance, the foliar application of acetic
acid-dissolved chitosan has been shown to enhance proline content (an osmotic regulator),
essential oil accumulation, and dry biomass in drought-stressed plants like Thymus dae-
nensis [45]. Our results suggest that even in a high water-retention substrate, the chitosan
xerogel provides a direct drought mitigation benefit to the plant, potentially by regulating
internal water balance or stress pathways, as observed in other studies.

The literature widely supports that biochar can reduce nitrogen leaching and improve
overall nutrient retention in soil [43,46,47], along with increasing the uptake of phosphorus
(P) and potassium (K) [48,49]. Our findings partially align with this, suggesting a nutrient
stabilization and buffering role for biochar. Specifically, although biochar application alone
did not significantly improve overall plant biomass under nutrient-deficient conditions, it
successfully maintained P and K contents in the plant tissues at levels comparable to the
normal control (T8-3; Figure 7). This indicates that the presence of biochar was critical in
retaining these nutrients in a plant-available form within the rhizosphere, preventing them
from being lost.

Conversely, the application of chitosan xerogel alone (a composite of chitosan and
wood vinegar) under fertilizer-deficient conditions enhanced water spinach fresh weight
and stem weight (Figure 4). However, this growth promotion was not accompanied by a
significant increase in the internal concentrations of mineral nutrients (T8-4; Figure 9). This
result contrasts with the mechanism often reported for mineral amendments and suggests a
growth-promoting effect independent of enhanced nutrient uptake. This could be related to
chitosan’s known role in regulating plant hormone levels, promoting root development, or
improving photosynthetic pigment biosynthesis and antioxidant activity [20,50,51], which
are all physiological mechanisms that can enhance vegetative growth without a proportional
increase in nutrient concentration. Furthermore, wood vinegar, a component of the xerogel,
has been independently shown to increase the productivity of fruit/seeds [25,26] and en-
hance vegetative growth [52,53]. The combined application of biochar and chitosan xerogel
exhibited a strong synergistic effect, significantly restoring plant growth and photosynthetic
function under stress. This dual treatment enhanced nutrient uptake (N, P, K, Mg, Mn)
and enabled comparable yields with reduced fertilizer and water input, highlighting its
potential for sustainable and cost-efficient crop production.
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Figure 9. The plant elements (A) nitrogen, (B) phosphorus, (C) potassium, (D) calcium, (E) manganese,
(F) ferrum, (G) manganese, and (H) zinc of water spinach planted in xerogel/biochar T8 combination
treatment substrate. Lowercase letters (a, b, and c) indicate a significant difference at the p < 0.05
level, as determined by the ANOVA test.

This synergistic outcome can be directly attributed to the complementary roles that
biochar and chitosan xerogel play in optimizing the soil-plant interface, a concept well-



Horticulturae 2025, 11, 1448

15 of 19

supported by scientific literature. The biochar primarily acts on the physical structure
of the substrate; it is well-documented to improve soil structure by increasing porosity
and aeration, thereby enhancing root penetration and overall root access to resources [54].
Simultaneously, the chitosan xerogel primarily addresses moisture and nutrient accessibility
at the micro-level. As a hydrophilic polymer, it retains moisture near the root zone [55,56],
which is absolutely vital for nutrient dissolution and the mass flow of nutrients to the root
surface, particularly in drought-stressed environments. Furthermore, the inherent cationic
properties of chitosan facilitate the adsorption and retention of key anions (such as nitrate
and phosphate) and other cations, effectively stabilizing these nutrients in the rhizosphere
and preventing leaching [57,58].

Together, these two amendments are theorized to function as a sophisticated controlled-
release nutrient matrix. The biochar serves as a stable, high-surface-area sorbent, while the
chitosan xerogel acts as a water-retaining, pH-sensitive polymer. This combination ensures
the sustained availability of essential minerals, even under the low-input conditions of
the deficient treatments. This combined mechanism, which enhances both the physical
environment and the chemical accessibility of nutrients, provides a strong physiological
basis for the observed superior plant performance under stress, ultimately explaining the
robust recovery of growth and nutrient status.

The application of biochar and chitosan xerogel demonstrated distinct properties in
enhancing stress tolerance of water spinach under water and fertilizer deficiency. Biochar
improved soil aeration and structure but showed limited benefit under severe stress, as
excessive biochar (>8%) failed to enhance plant growth or soil moisture retention. Similar
findings have been reported by previous study [59], indicating that biochar’s positive
effect diminishes when water or nutrient availability is critically. In contrast, chitosan
xerogel at concentrations of 0.4-0.8% effectively alleviated growth inhibition, restoring
plant biomass and morphological traits to near-control levels. This improvement can be
attributed to chitosan’s osmotic regulation, nutrient chelation, and biostimulant properties,
which enhance plant resilience under abiotic stress [60]. The study was conducted in Tai-
wan’s subtropical region, where vegetable cultivation frequently faces intermittent drought
and uneven rainfall, leading to water and nutrient stress. The combined use of biochar
and chitosan therefore presents a sustainable soil amendment strategy, improving stress
tolerance and stabilizing yield performance under the climatic variability characteristic of
subtropical agriculture. Based on the findings of this study, the addition of biochar and
chitosan xerogel to the soil can restore the growth vigor of water spinach under conditions
of water or fertilizer deficiency.

These results suggest that the incorporation of appropriate amounts of biochar and chi-
tosan xerogel into the soil during commercial production may achievement of comparable
yields under reduced fertilizer application and water usage, thereby potentially leading to
cost savings. The combination of bioinputs, such as biochar, chitosan, beneficial water and
fertilizers efficiently, plays a vital role in advancing sustainable agriculture by improving
soil health, enhancing nutrient-use efficiency, and reducing dependence on synthetic agro-
chemicals. The integration of bioinputs represents a sustainable agricultural strategy that
simultaneously addresses soil degradation, water scarcity, and nutrient inefficiency while
valorizing biowastes. This holistic approach supports both productivity and environmental
protection, fulfilling the goals of climate-resilient and resource-efficient agriculture.

Future research will extend this study from controlled greenhouse conditions to
open-field environments to validate the long-term agronomic and ecological performance
of the biochar—chitosan system. In field applications, biochar (4%) is expected to en-
hance soil water retention, aeration, and nutrient holding capacity, while chitosan xerogel
(0.4-0.8%) may act as a biodegradable moisture regulator that improves microbial activity
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and mitigates drought-induced stress. These synergistic effects are anticipated to stabilize
vegetable yield and improve soil fertility under subtropical climatic variability. The next
research phase will include multi-season field trials to evaluate productivity, soil health,
and carbon sequestration potential.

5. Conclusions

In conclusion, this study successfully demonstrated the following key findings and
their broader implications: (1) Synergistic Growth Enhancement: The co-application of
biochar and self-formulated chitosan xerogel exhibited synergistic effects on water spinach
growth and physiology, significantly increasing key parameters like fresh weight, stem
diameter, and pigment content (chlorophyll and (3-carotene). This dual-amendment strat-
egy offers a potent method for optimizing crop performance that is superior to the use of
either component alone. (2) Improved Nutrient Use Efficiency: The combined treatment
enhanced the plants” ability to acquire and utilize essential nutrients, leading to elevated
tissue concentrations of N, P, K, Mg, and Mn even under fertilizer-deficient conditions. This
suggests a viable pathway for reducing reliance on synthetic fertilizers, thereby supporting
more sustainable and cost-effective agricultural production. (3) Enhanced Environmental
Resilience: The significant improvements in growth and physiological performance were
maintained under both water-deficient and fertilizer-deficient conditions, even in a high-
water-retention substrate. These results highlight the potential of this integrated amend-
ment to enhance resource use efficiency and plant resilience in suboptimal environments.
(4) Implications for sustainable agriculture: The findings support the integration of chitosan
xerogel and biochar as a sustainable, low-input strategy to enhance crop productivity and
maintain yield stability. This strategy is particularly relevant for mitigating the effects
of climate change and can be tailored for semi-arid regions or controlled-environment
cultivation systems where maintaining optimal soil water and nutrient balance is critical.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /horticulturae11121448 /s1, Figure S1. The process of chitosan
xerogel preparation. Figure S2. The (A) water-holding and (B) water-retention capacities of substrates
with biochar and chitosan xerogel.
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