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Watermelon (Citrullus lanatus L.) is highly susceptible to drought stress, which 
adversely affects its physiological and biochemical performance. This study aimed to 
assess the effectiveness of organic ameliorants—water hyacinth bokashi, manure, and 
rice husk biochar—in mitigating the impacts of drought stress on watermelon. A factorial 
randomized block design (RBD) was employed with two factors: (1) four combinations 
of organic ameliorants—BoM (bokashi + manure), BoBi (bokashi + biochar), MBi 
(manure + biochar), and BoMBi (bokashi + manure + biochar); and (2) four levels of 
drought stress based on field capacity (FC)—100%, 75%, 50%, and 25%. Results 
demonstrated that certain ameliorant combinations, particularly MBi and BoM under 
25% FC (MBi25 and BoM25), significantly sustained higher levels of chlorophyll a 
(127.57 µg/g and 135.84 µg/g, respectively; p < 0.05), chlorophyll b (42.40 µg/g and 
48.29 µg/g; p < 0.05), and total chlorophyll (169.97 µg/g and 184.13 µg/g; p < 0.05), 
indicating improved photosynthetic capacity under severe drought conditions. 
Additionally, BoM25 maintained a relatively high leaf water content (69.70%), despite 
root growth inhibition. In contrast, proline, antioxidant activity, and total phenolic 
content were markedly elevated under extreme drought (25% FC), although the 
ameliorants had limited impact on these stress markers. Overall, the application of 
organic ameliorants partially alleviated the negative effects of drought stress by 
enhancing water retention and preserving chlorophyll content, while biochemical stress 
indicators remained largely unaffected.  
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1. INTRODUCTION

Drought is a major constraint to agricultural productivity
worldwide and is regarded as one of the most severe and 
widespread abiotic stresses affecting crop growth and yield [1-
3]. Climate change has exacerbated the frequency and 
intensity of drought events, posing a significant threat to food 
security, particularly in arid and semi-arid regions. According 
to projections, global freshwater resources are expected to 
decline by up to 30% by the year 2050, and the total land area 
affected by drought may double [4]. This pressing issue has 
made drought adaptation and mitigation strategies a central 
focus in sustainable agricultural development. 

Drought stress negatively affects a range of plant 
morphological, physiological, and biochemical processes, 
ultimately suppressing growth and development. 
Morphologically, drought-stressed plants often display stunted 
growth, reduced leaf area, and decreased stem diameter due to 
impaired cell expansion and limited water and nutrient 
translocation [5-8]. Physiologically, drought interferes with 
water uptake and transport, leading to reduced stomatal 
conductance, lowered transpiration rates, and diminished 

photosynthetic efficiency. Although many crop species have 
evolved tolerance mechanisms—such as stomatal closure and 
root elongation—these adaptations often come with trade-offs 
in biomass accumulation and reproductive output [9-10]. On 
the biochemical level, drought stress triggers the accumulation 
of osmoprotective compounds like proline, an increase in 
antioxidant enzyme activity, and elevated levels of secondary 
metabolites such as phenolics and flavonoids [11-14]. These 
biochemical adjustments help maintain cellular homeostasis 
and mitigate oxidative stress. However, the overall 
effectiveness of these morphological, physiological, and 
biochemical responses depends largely on the severity and 
duration of the stress, as well as the plant genotype. 
Amelioration strategies aimed at enhancing plant resilience to 
abiotic stress have received increasing attention in recent 
years. Among these, the use of organic soil amendments—also 
referred to as organic ameliorants—has been proposed as an 
eco-friendly and sustainable approach to improve soil fertility, 
water retention, and microbial activity [15]. Organic 
ameliorants such as compost, bokashi, animal manure, and 
biochar have been shown to enhance plant performance under 
stress conditions by improving soil structure, increasing 
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nutrient availability, and stimulating beneficial soil 
microbiota. Bokashi may enhance microbial activity and 
nutrient availability, while biochar increases soil porosity and 
water retention, potentially leading to synergistic effects [16]. 
In particular, biochar has been noted for its high surface area 
and porosity, which contribute to its water-holding and cation 
exchange capacities, while bokashi—a fermented organic 
matter—can supply a wide range of nutrients and microbial 
inoculants [15, 16]. 

Despite growing evidence of the benefits of individual 
organic amendments, limited research has been conducted on 
their combined effects, especially under drought stress 
conditions. Furthermore, there is a lack of comparative studies 
that evaluate the synergistic or antagonistic interactions 
between different types of organic ameliorants. It remains 
unclear whether specific combinations of organic inputs may 
provide enhanced benefits for plant stress tolerance compared 
to their individual application. Understanding these 
interactions is crucial for developing integrated soil 
management practices that are both cost-effective and 
environmentally sustainable. 

Watermelon (Citrullus lanatus L.) is a widely cultivated 
fruit crop known for its high water requirement and sensitivity 
to water scarcity. Drought stress during the vegetative or 
reproductive stages of watermelon significantly reduces fruit 
size, sugar content, and overall yield. As a result, effective 
drought mitigation strategies are essential for maintaining 
production in water-limited environments. Given the crop’s 
vulnerability, watermelon provides an ideal model for 
evaluating the role of organic ameliorants in alleviating abiotic 
stress. 

This study aims to investigate the efficacy of different 
combinations of water hyacinth bokashi, manure, and rice 
husk biochar in mitigating the adverse effects of drought stress 
on watermelon. A factorial randomized block design was used 
to examine the interaction between four organic ameliorant 
combinations and four drought stress levels based on field 
capacity (FC). The research focused on assessing key 
biochemical and physiological parameters, including 
chlorophyll content, relative water content, proline 
accumulation, antioxidant activity, and total phenolic content, 
as indicators of plant response to drought. The findings are 
expected to contribute valuable insights into the development 
of sustainable soil amendment practices to enhance crop 
resilience under water-limited conditions. 

2. MATERIALS AND METHODS

2.1 Research location and time 

This research was conducted in a controlled greenhouse 
environment from February to June 2024. The study site is 
located at an altitude of 5.5 meters above sea level (masl), 
positioned at coordinates 6°51′–7°23′ South Latitude and 
112°33′–112°34′ East Longitude. The soil type at the location 
is predominantly clay. The plant material used was 
watermelon (Citrullus lanatus L.) variety Golden Inden-F1. 
Golden Inden-F1 was selected for its commercial relevance 
and sensitivity to water deficit, making it suitable for drought 
stress studies. Organic ameliorants used in this study included 
water hyacinth bokashi, livestock manure, and rice husk 
biochar. Water hyacinth bokashi was prepared through 
anaerobic fermentation for 28 days. Rice husk biochar was 

produced at 550℃ for 9 hours using a limited oxygen kiln. 

2.2 Experimental design 

The experiment was arranged using a Factorial Randomized 
Block Design (FRBD) with two factors and three replications 
to evaluate the combined effects of organic ameliorants and 
drought stress levels on watermelon growth. The first factor 
consisted of four combinations of organic ameliorants: (1) 
water hyacinth bokashi + manure (BoM), (2) water hyacinth 
bokashi + rice husk biochar (BoBi), (3) manure + rice husk 
biochar (MBi), and (4) a complete combination of water 
hyacinth bokashi, manure, and rice husk biochar (BoMBi). 
The second factor involved four levels of drought stress, 
defined by soil moisture availability at 100%, 75%, 50%, and 
25% of field capacity (FC). Each treatment combination was 
replicated three times, with five sample plants per replication. 

2.3 Preliminary study 

A preliminary study was conducted to determine the field 
capacity (FC) threshold for watermelon growth under drought 
stress. Watermelon was planted in polybags (40 cm × 50 cm) 
containing each ameliorant combination, with six replications 
per treatment. Plants were irrigated daily for three weeks to 
establish growth, followed by water withdrawal until visual 
symptoms of temporary wilting appeared. Temperatures 
ranged from 29–35℃ with 65–80% relative humidity. 
Drought was simulated by controlling irrigation based on 
gravimetric soil moisture to reach 100%, 75%, 50%, and 25% 
FC. Soil samples were then collected and analyzed to 
determine the moisture content at the wilting point. Based on 
these observations, 25% FC was identified as the critical 
threshold for drought stress response in watermelon. 

2.4 Preparation of planting media 

Planting media consisted of a 1:1 ratio mixture of clay soil 
and organic ameliorant according to each treatment. The clay 
soil used had a pH of 6.3 and 2.1% organic matter content, 
which may influence water retention and amendment efficacy. 
Media were filled into 40 cm × 50 cm polybags and arranged 
in the greenhouse with 60 cm × 70 cm spacing. All polybags 
were initially irrigated to 100% FC and allowed to stabilize for 
three weeks. Furadan 3G insecticide was applied to the media 
one day before transplanting to prevent soil-borne pests. 

2.5 Planting, watering, and harvesting procedure 

Watermelon seeds were germinated and maintained until 
they reached the transplanting stage. One healthy seedling was 
transplanted into each polybag. Each treatment combination 
included three replicates, with five plants per replicate. 

Irrigation was carried out according to the designated 
drought stress treatments using the gravimetric method. Soil 
samples were taken at a depth of 20 cm to determine moisture 
content by oven-drying. Water was added based on the 
difference between current moisture levels and the target FC, 
with irrigation conducted either in the morning or evening as 
required. 

Harvesting was performed once fruits reached physiological 
maturity, identified by several visual and tactile indicators: 
clean and shiny skin, browning of tendrils at the fruit base, dull 
sound when tapped, and yellowing of the underside of the 
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fruit. In addition, the stalks showed signs of aging and 
detachment readiness. 

 
2.6 Observational parameters and data analysis 

 
Observations were conducted on both agronomic and 

physiological characteristics of watermelon plants. 
Agronomic parameters included root length and root dry 
weight, measured destructively at harvest. Roots were oven-
dried at a temperature of 70–80℃ for 48 hours to determine 
their dry weight. Physiological parameters included 
chlorophyll a, b, and total chlorophyll contents, measured at 4, 
6, and 8 weeks after planting using spectrophotometry. Leaf 
relative water content (RWC) was calculated using the method 
of Barrs and Weatherley, where RWC (%) = [(FW − 
DW)/(SW − DW)] × 100, with FW as fresh weight, DW as dry 
weight, and SW as saturated weight. Proline content was 
estimated through acid ninhydrin extraction, while antioxidant 
activity was determined using the DPPH (2,2-diphenyl-1-
picrylhydrazyl) assay. Total phenolic content (TPC) was 
analyzed using the Folin-Ciocalteu method. In addition, fruit 
sweetness was measured using a hand-held refractometer and 
expressed in degrees Brix (°Brix). All data were subjected to 
analysis of variance (ANOVA) using a one-way factorial 
design. Treatment means were compared using Duncan’s 
Multiple Range Test (DMRT) at a significant level of p < 0.05 
to determine the effect of drought stress and ameliorant 
combinations on measured variables. 

 
 

3. RESULTS AND DISCUSSION 
 

This section presents a comprehensive evaluation of the 
physiological responses of watermelon plants subjected to 
varying levels of drought stress and the mitigating effects of 
different combinations of organic ameliorants. The parameters 
analyzed include root length, proline content, antioxidant 
activity, chlorophyll content, and relative water content 
(RWC) of leaves. 

 
3.1 Root length 
 

Root length was measured destructively at harvest. The 
shortest root length was observed under the BoBi25 treatment 
(water hyacinth bokashi + rice husk biochar under 25% FC 
drought stress), while the BoM treatment (bokashi + manure) 
showed relatively stable root length across drought levels (see 
Figure 1). 

 

 
 

Figure 1. Root length in various treatments 
Treatment key: BoM = bokashi + manure, BoBi = bokashi + biochar, MBi = 

manure + biochar, BoMBi = bokashi + manure + biochar. 

Roots play a pivotal role in plant survival under drought by 
enabling water and nutrient uptake and triggering adaptive 
responses [17]. Plants exposed to drought often respond by 
developing deeper or more extensive root systems to access 
moisture from deeper soil layers [18]. However, the presence 
of high water-retentive ameliorants like biochar and bokashi 
may reduce the plant's need to elongate roots, resulting in 
shorter root systems in high-stress conditions. The ability of 
BoBi to retain water close to the root zone likely minimized 
the necessity for deeper root growth. 

 
3.2 Proline content 
 

Proline is an amino acid that plants produce when 
experiencing abiotic stress such as drought. Several studies 
have stated that proline is reported to confer plant resistance to 
drought stress. Proline accumulation is a common response to 
abiotic stress and serves as an osmoprotectant. The highest 
proline levels, as can be seen in Figure 2, were recorded in the 
MBi25 treatment (manure + biochar under 25% FC stress), 
indicating a significant stress response. 

 

 
 

Figure 2. Proline levels in various treatments 
Treatment key: BoM = bokashi + manure, BoBi = bokashi + biochar, MBi = 

manure + biochar, BoMBi = bokashi + manure + biochar. 
 
In a drought-stress-prone environment, plants may adapt by 

accumulating proline. These results show that the combination 
of manure and biochar is less able to maintain soil moisture 
than other treatments. Therefore, watermelon growth in media 
can be maintained with the addition of an ameliorant by 
producing high proline [19]. Water potential decreases with 
increased proline content, and osmolytes accumulate during 
the osmoregulation process, allowing plants to absorb water 
for growth and metabolic processes [20-22].  

Increased proline accumulation is indicative of plant 
adaptation under stress, as it supports osmotic balance, 
stabilizes proteins and membranes, and scavenges reactive 
oxygen species [19, 20]. The elevated proline content in 
MBi25 suggests that this combination was less effective at 
conserving water compared to others, triggering a stronger 
biochemical response. These findings are consistent with 
studies reporting a positive correlation between drought 
tolerance and proline biosynthesis. Plants survive drought 
stress by using biochemical, structural, and molecular defense 
mechanisms, including the formation of osmolytes such as 
proline, proteins, carbohydrates, and glycine betaine. 
Additionally, the use of salicylic acid increases resistance to 
drought stress by maintaining the redox potential and 
triggering proline biosynthesis [23, 24]. 
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3.3 Antioxidant activity 

Drought stress is known to trigger the excessive production 
of Reactive Oxygen Species (ROS), which can lead to cellular 
damage if not properly managed. To counteract this, plants 
activate antioxidant defense systems comprising both 
enzymatic and non-enzymatic components [24, 25]. These 
mechanisms are crucial for maintaining cellular homeostasis, 
mitigating oxidative stress, and supporting survival under 
adverse environmental conditions. In this study, antioxidant 
activity varied depending on the drought intensity and 
ameliorant treatment (Figure 3). The highest antioxidant levels 
were observed under BoM75 (25.25%), BoBi100 (24.58%), 
and BoMBi75 (22.92%) treatments, indicating that mild to 
moderate drought stress in combination with organic 
amendments can stimulate antioxidant defenses. 

Figure 3. Antioxidant levels in various treatments 
Treatment key: BoM = bokashi + manure, BoBi = bokashi + biochar, MBi = 

manure + biochar, BoMBi = bokashi + manure + biochar. 

Conversely, antioxidant levels declined under severe 
drought stress (25% FC), particularly in BoBi25 and BoMBi25 
treatments, which recorded the lowest values. This suggests a 
physiological trade-off under extreme stress, where the plant 
may divert metabolic energy from antioxidant synthesis 

toward vital survival functions such as osmolyte accumulation 
or stress signaling. Despite this reduction, the plant's resilience 
indicates an efficient adaptive strategy, allowing it to maintain 
essential physiological processes without requiring 
substantially elevated antioxidant levels [26, 27]. 
Furthermore, gene expression of antioxidant-related enzymes 
is often modulated by stress severity, species-specific traits, 
developmental stage, and metabolic status, which could 
explain the treatment-dependent responses observed in this 
study. 

Several plant species have demonstrated increased 
enzymatic antioxidant activity in response to water deficit 
conditions. Notably, enhanced antioxidant responses have 
been observed in barley (Hordeum vulgare L.) [24], beans 
[28], maize [29], wheat [27, 30], and rice [31]. These findings 
underscore the vital role of both enzymatic and non-enzymatic 
antioxidant defense systems in mitigating the adverse effects 
of drought stress. By detoxifying and scavenging excess 
Reactive Oxygen Species (ROS), these mechanisms protect 
cellular structures, maintain metabolic stability, and ultimately 
enhance plant resilience under drought conditions.  

3.4 Chlorophyll content 

Chlorophyll degradation is a typical physiological response 
to drought stress, often resulting in diminished photosynthetic 
efficiency and reduced biomass accumulation. As drought 
severity increases, chlorophyll content and leaf area usually 
decline, thereby affecting photosynthetic activity, organic 
matter accumulation, and overall plant growth [32]. However, 
in this study, a contrasting trend was observed—plants 
subjected to moderate and severe drought conditions (25% and 
50% field capacity), particularly under MBi25, BoM25, and 
BoM50 treatments, maintained or even enhanced their 
chlorophyll content compared to some well-watered controls 
(Figure 4). Specifically, chlorophyll a content reached 127.57 
µg/g (MBi25), 135.84 µg/g (BoM25), and 128.09 µg/g 
(BoM50); chlorophyll b content was 42.40 µg/g, 48.29 µg/g, 
and 39.91 µg/g, respectively. Total chlorophyll content in 
these treatments ranged from 168.00 to 184.13 µg/g. 

Figure 4. Chlorophyll a, chlorophyll b, and total chlorophyll content in various treatments 
Treatment key: BoM = bokashi + manure, BoBi = bokashi + biochar, MBi = manure + biochar, BoMBi = bokashi + manure + biochar. 
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This unexpected increase suggests a potential protective or 
compensatory mechanism facilitated by the organic 
ameliorants, allowing the plants to maintain chlorophyll 
biosynthesis and photosynthetic efficiency even under water-
limited conditions. These findings align with previous studies 
indicating that certain stress-adaptive responses, such as 
osmolyte accumulation and enhanced antioxidant activity, 
may help stabilize chlorophyll levels during drought [33]. The 
results imply that strategic combinations of organic 
ameliorants can play a critical role in mitigating drought-
induced chlorophyll loss and supporting physiological 
resilience in watermelon. 

 
3.5 Leaf relative water content (RWC) 
 

RWC is a widely recognized and reliable indicator of the 
water status within plant tissues, reflecting a plant’s ability to 
maintain hydration and tolerate dehydration under stress 
conditions. It provides an integrative measure of both leaf 
water deficit and the severity of environmental stress caused 
by factors such as drought and heat. RWC is influenced by 
water potential and cellular mechanisms that regulate water 
retention and maintain structural integrity. In addition to its 
role in assessing water balance, RWC also reflects the plant’s 
capacity to absorb and mitigate the effects of harmful 
substances in the soil, such as salts or heavy metals [34]. 
Biochar exerted a direct physical effect by improving water 
retention, while bokashi contributed indirectly via microbial 
activity that enhanced nutrient cycling and stress signaling 
pathways. Plants that can sustain higher RWC under stress 
maintain cell turgor more effectively, giving them a 
physiological advantage for continued growth and function in 
adverse conditions. As such, RWC serves as a key 
physiological parameter in evaluating a plant's drought 
tolerance and overall resilience in extreme environments. 
 

 
 

Figure 5. Leaf RWC in various treatments 
Treatment key: BoM = bokashi + manure, BoBi = bokashi + biochar, MBi = 

manure + biochar, BoMBi = bokashi + manure + biochar 
 

The highest RWC was obtained by BoM25 and BoBi50 
treatments at 69.70% and 46.46%, as shown in Figure 5. In 
this context, bokashi ameliorant combined with biochar and 
manure can store water. The high RWC values in these 
treatments suggest that combinations of bokashi with manure 
or biochar improved water retention and mitigated drought 
stress. These amendments enhance soil porosity, water-
holding capacity, and nutrient availability, thereby supporting 

better water uptake and retention by the plant [34]. Coupled 
with the accumulation of osmolytes such as proline, these 
mechanisms contribute to osmotic adjustment and sustained 
cell turgor under drought conditions. The co-occurrence of 
high chlorophyll and high proline in MBi25 suggests a ‘high-
cost tolerance’ strategy, where physiological functioning is 
preserved under stress through elevated biochemical 
adaptation. 

Watermelon is considered a drought-resilient crop due to its 
ability to activate specific physiological and biochemical 
adaptations that help maintain or enhance RWC under water-
limited conditions. These adaptive mechanisms include 
improved water use efficiency and modifications in root 
architecture that facilitate more effective water uptake from 
deeper or drier soil layers. In this study, treatments such as 
BoM25 and MBi25 exhibited notably high RWC values, 
which correlated with elevated proline accumulation. The 
accumulation of osmolytes—including proline, glycine 
betaine, and soluble sugars—plays a crucial role in 
maintaining cellular osmotic balance. These compounds help 
preserve cell turgor by stabilizing osmotic pressure and 
retaining water within cells, even under conditions of external 
water scarcity. The positive correlation between chlorophyll 
retention and RWC aligns with findings in maize [35]. 
Moreover, elevated proline levels under MBi25 support 
previous reports of osmolyte-driven drought adaptation in 
legumes [36]. 

 
3.6 Correlation between chlorophyll decline, water 
relations, and sweetness accumulation 

 
The correlation analysis revealed that substrate treatments 

exerted significant yet varying influences on plant 
physiological and biochemical parameters (Figure 6). 
Chlorophyll content (Figure 6(a)), particularly chlorophyll a 
(Ca), showed the strongest negative trend, decreasing by 
approximately 1.74 µg/g per treatment change (R² = 0.372). 
This pattern was consistent with chlorophyll b (–0.68 µg/g; R² 
= 0.287) and total chlorophyll (–2.42 µg/g; R² = 0.351), 
suggesting that more complex substrate mixtures diminished 
pigment accumulation. The reduction in chlorophyll content 
was also associated with a decline in root length (Figure 6(c); 
–0.30 units; R² = 0.146), which may reflect impaired 
photosynthetic efficiency leading to reduced carbon allocation 
to root development. 

Stomatal traits (Figure 6(b)) displayed divergent responses, 
with abaxial density increasing slightly (+0.40 units; R² = 
0.157) while adaxial density declined (–0.84 units; R² = 
0.133). The balance between these two traits may represent a 
compensatory mechanism: as adaxial stomata decreased, 
abaxial stomata increased, thereby maintaining gas exchange. 
Interestingly, this adjustment correlated with a modest but 
consistent increase in sweetness (Figure 6(h); +0.033 °Brix per 
treatment; R² = 0.124). The upward trend in sweetness, despite 
declining chlorophyll, suggests that carbohydrate partitioning 
remained stable, possibly supported by enhanced abaxial 
stomatal activity that sustained photosynthetic carbon 
assimilation under suboptimal pigment conditions. 

Water relations further clarified treatment effects. Fresh 
weight water content declined (–0.23 units; R² = 0.272), 
whereas dry weight water content increased (+0.52 units; R² = 
0.235), indicating a shift in tissue hydration and solute 
concentration (Figure 6(d)). These physiological responses 
aligned with soil water parameters (Figure 6(g)), where fresh 
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soil moisture decreased (–0.33 units; R² = 0.443) and dry 
weight soil content showed the strongest association (–0.23 
units; R² = 0.517). The pronounced decline in field capacity (–
2.16 units; R² = 0.498) paralleled reductions in chlorophyll, 
reinforcing the link between substrate water-holding capacity 

and photosynthetic performance. The modest rise in sweetness 
(Figure 6(h)) may also be explained in this context, as lower 
water availability could promote solute concentration, 
resulting in higher °Brix readings. 

 

 
 

Figure 6. Correlation of physiological and biochemical parameters under substrate treatments (BoM = bokashi + manure; BoBi = 
bokashi + biochar; MBi = manure + biochar; BoMBi = bokashi + manure + biochar) (a) Chlorophyll content; (b) Stomatal 

content; (c) Root length; (d, g) Leaf and soil water relations; (e) Proline; (f) antioxidant activity; (h) Sweetness (°Brix) level 

1546



Proline accumulation (Figure 6(e)), commonly a stress 
marker, showed negligible correlation with treatments (R² ≈ 
0.004), indicating that plants did not experience substantial 
osmotic stress despite measurable changes in water balance. 
Similarly, antioxidant activity (Figure 6(f)) exhibited only a 
weak negative association (–0.25 units; R² = 0.071), 
suggesting that oxidative stress was not a dominant factor 
under the tested conditions. Together, the absence of strong 
proline and antioxidant responses suggests that treatment 
effects were mediated primarily through changes in structural 
water relations and resource allocation rather than stress-
induced metabolic pathways. 

In summary, the strongest treatment effects were observed 
in chlorophyll dynamics (Figure 6(a)) and soil water 
parameters (Figure 6(g)), both of which play central roles in 
determining plant productivity. Stomatal compensation 
(Figure 6(b)) and the modest but consistent increase in 
sweetness (Figure 6(h)) indicate adaptive adjustments that 
allowed carbohydrate accumulation to persist, even under 
reduced pigment levels and limited water availability. By 
contrast, stress-related metabolites such as proline (Figure 
6(e)) and antioxidants (Figure 6(f)) remained largely 
unaffected, suggesting that the physiological shifts were 
structural and metabolic rather than stress-driven. This 
contrast provides important context for the present findings. In 
the current study, watermelon grown under bokashi–manure–
biochar amendments exhibited significant declines in 
chlorophyll and water parameters (Figure 6(a, c, d, g)), but 
these declines were not accompanied by strong proline 
accumulation (Figure 6(e)) or antioxidant activation (Figure 
6(f)). Instead, adaptive responses were reflected in stomatal 
compensation and the modest increase in sweetness (Figure 
6(b, h)), indicating that carbohydrate assimilation and solute 
concentration were maintained despite pigment and water loss. 
This aligns with earlier evidence that watermelon’s resilience 
relies more on structural and photosynthetic adjustments than 
on classical stress metabolites such as proline. 

Comparative studies have shown that crops employ diverse 
physiological and biochemical strategies to cope with drought 
stress, and these strategies often differ markedly among 
species. In tobacco, the dominant response involves 
biochemical adjustments such as proline accumulation and the 
activation of antioxidant pathways [37]. Proline serves as a 
critical osmolyte that facilitates osmotic adjustment, stabilizes 
proteins and membranes, and mitigates oxidative stress by 
scavenging reactive oxygen species (ROS) [38, 39]. Similarly, 
enhanced antioxidant activity of crops functions as a front-line 
defense against ROS, enabling these species to withstand 
prolonged periods of water deficit [40, 41]. However, these 
adjustments are often accompanied by degradation of 
chlorophyll pigments, where drought-induced gene expression 
triggers the breakdown of photosynthetic pigments despite the 
application of soil amendments [42, 43]. 

By contrast, watermelon (Citrullus lanatus) demonstrates a 
distinctive response when subjected to water stress in the 
presence of organic amendments such as bokashi–manure 
combinations. Rather than relying primarily on osmolyte 
accumulation or antioxidant pathways, watermelon exhibits a 
capacity to stabilize chlorophyll content under stress [44, 45]. 
This stabilization is likely mediated by amendment-induced 
activation of stress-responsive genes related to photosynthesis 
and antioxidative defense, which collectively preserve 
pigment integrity and sustain photosynthetic activity [46, 47]. 
Such responses highlight the central role of chlorophyll 

maintenance in watermelon’s drought resilience, in contrast to 
the more biochemical-centric strategies observed in peanuts 
and grasses. 

Taken together, these comparisons underscore crop-specific 
strategies in drought adaptation. Watermelon’s strategy 
emphasizes the stabilization of chlorophyll pigments and 
maintenance of carbohydrate metabolism under organic 
amendment regimes. These differences emphasize the need for 
crop-tailored agronomic interventions: organic amendments 
may be especially effective for watermelon, while biochemical 
fortification strategies may be more relevant for other plants 
[48]. 

 
 

4. CONCLUSIONS 
 

This study demonstrated that drought stress significantly 
impacts plant physiological responses and productivity, with 
watermelon plants exhibiting various adaptive mechanisms 
depending on stress severity. Among all treatments, BoM25 
(bokashi + manure at 25% FC) was the most effective in 
maintaining high chlorophyll content (184.13 µg/g), RWC 
(69.70%), and physiological stability under severe drought. 
Therefore, BoM at 25% FC is recommended as the optimal 
combination for enhancing watermelon drought tolerance 
through organic amendment. 
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