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Abstract

Biochar has emerged as a promising soil amendment with the potential to
increase plant growth and improve nutrient availability. Its application not only
increases nutrient retention but also supports rhizosphere activity, further accel-
erating nutrient cycling in the soil. In this study, rice straw biochar was applied at
different doses to evaluate its effects on watermelon growth, yield, and soil quality.
Six treatments were used: T1 (RDF), T2 (RDF + 1 t/ha biochar), T3 (RDF + 2
t/ha biochar), T4 (RDF + 3 t/ha biochar), T5 (RDF + 4 t/ha biochar), and T6
(RDF + 5 t/ha biochar). Compared with the non-biochar treatment, the biochar
treatment significantly improved vine length, leaf number, branch count, and the
chlorophyll index. Moreover, biochar application notably increased fruit diameter
(+ 43.1%), fruit length (+ 72.4%), yield per plant (+ 41.6%), total soluble solids
(TSS) (+ 37.1%), and water content (+ 2.7%) compared to non-biochar treatment
(T1). Biochar improved the availability of both micronutrients and macronutri-
ents in the rhizosphere. These findings highlight the potential of biochar to in-
crease crop productivity while improving soil fertility, although the optimal dose
for maximizing benefits remains an area of ongoing study.
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Introduction

Watermelon (Citrullus lanatus) is a widely cultivated and consumed fruit
crop that is renowned for its refreshing taste and high-water content [1]. It is a
valuable source of vitamin A and vitamin C, antioxidants, and essential minerals,
contributing significantly to human nutrition [2]. However, the cultivation of
watermelon faces numerous challenges, including soil degradation, nutrient de-
pletion, and water scarcity, which can adversely affect plant growth and fruit yield
[3]. As the global demand for watermelon continues to rise, there is an urgent
need to adopt sustainable agricultural practices that increase productivity while
preserving environmental health [4]. One promising approach to improve the
fertility of land and crop yield is the application of biochar; despite promising re-
sults from previous research, the optimal dosage of biochar for specific crops, in-
cluding watermelon, remains underexplored. In an oxygen-limited environment,
the thermal breakdown of feedstocks such as wood, agricultural residue, chicken
manure, and grass generates a solid porous carbon-rich substance known as bio-
char [5]. Biochar application may lower nutrient leaching, promote the health of
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the soil, decrease soil acidity, increase fertilizer utilization efh-
ciency, increase crop production, improve total soil carbon and
trap more CO, from the atmosphere [6]. By adding organic
materials to the soil, biochar application can increase key soil
nutrients, soil bulk characteristics, and crop production. This
positively influences soil biological processes [7, 8]. Both the
chemical and physical characteristics of the biochar formed
are highly dependent on the type of feedstock used and the
temperature at pyrolysis, which impacts the soil [9]. Biochar
often improves the pH of soils because of the limited ability
of carbonate salts to be retained in the biochar ash component
[10]. Alkaline biochar is commonly utilized for soil improve-
ment. The impact of applying biochar on the earliest germi-
nation rate of watermelon seeds [11, 12]. The salts are mostly
carbonate compounds, hydroxides, volatile metal oxides, solu-
ble minerals, and silicates derived from soil particles found in
the feedstock. These mineral salts add to the alkaline proper-
ties of biochar. Biochar improves soil nutrient availability by
providing a home for beneficial microbes [13], which serve a
vital function in nutrient cycling [14]. The high surface area
of biochar also allows for the adsorption of essential nutrients,
such as nitrogen (N) and phosphorus (P), preventing their
leaching and increasing their availability to plants [15]. Ad-
ditionally, biochar contributes to the water-holding capacity
of soil [3], which is particularly beneficial in regions prone to
drought. Biochar can increase soil moisture retention, reduc-
ing irrigation frequency [16] and ensuring that watermelons
receive adequate hydration during critical growth periods. This
increase is attributed to the increased nutrient availability and
improved water retention provided by biochar, which directly
support fruit development. Moreover, biochar has been shown
to positively impact the nutritional content of watermelon,
increasing the levels of important vitamins and antioxidants
[11].'This improvement not only benefits consumer health but
also enhances the market value of the produce. Additionally,
the unique properties of biochar contribute to reducing the
susceptibility of watermelon to pests and diseases. By foster-
ing a healthier soil ecosystem, biochar supports the growth
of beneficial microorganisms that can outcompete harmful
pathogens. The accessibility of nutrients near the root system
is crucial, which means that cations, such as calcium (Ca), po-
tassium (K) and magnesium (IMg), are essential plant nutrients
that must be available near the root for transportation to the
shoot [17]. Direct utilization of nutrients in the root or their
transport via the xylem to active plant tissues is possible [18].
As a result, adding biochar to soil improves the availability
of nutrients and N retention, increasing crop yield [19]. The
ideal depth for incorporating biochar to maximize nutrient
availability remains uncertain [20]. It is essential to balance
biochar with plant nutrients to avoid nutrient imbalances that
can lead to the adsorption and unavailability of applied nutri-
ents [21]. The strength of soil is closely tied to the accessibility
of nutrients, and plants require many soil nutrients, such as
N, P, and K. Therefore, incorporating an adequate amount of
biochar into the soil can improve plant growth and yield by
increasing the availability of essential nutrients while avoid-
ing nutrient imbalances. This study aims to evaluate biochar
application rates effects on watermelon growth and yield and
analyze their impact on soil chemical properties.

Materials and Methods

Biochar preparation

The biochar was produced from rice straw before it was
properly dried. A stainless-steel tub with a height of 48 cm
and a circumference of 142 cm was used for the pyrolysis of
rice straw under open fire conditions. This process is an au-
tothermal process in which part of the residue burns, which
heats the remaining feedstock to turn it into biochar. An open
burn tub was used for pyrolysis. It was filled with rice straw
feedstock and then ignited. This whole assembly creates a py-
rolysis zone, as the carbonization of the feedstocks takes place
beneath the flame in the absence of oxygen. The biomass in the
assembly does not emit fumes or smoke because there is insuf-
ficient oxygen to allow combustion. Rather, it is converted into
gas, oil, and high-carbon charcoal. A heat sensor thermometer
was used to record the temperature during the pyrolysis of the
rice straw, which ranged from 400 °C to 600 °C. Water was
used to quench the feedstocks. The biochar was air-dried and
stored in bags until field application. The biochar yield was
estimated to be between 45% and 50% of the rice straw feed-
stock used in the pyrolysis process.

Experimental design

'The field experiment was carried out in the kharif season
of 2024 at the agriculture research farm of Lovely Professional
University Punjab, India. The coordinates for the location are
latitude 31°14'30.5"N and longitude 75°41'52.1" E. A total
of 6 treatments were executed using a randomized block de-
sign (RBD), with three replications. Including treatments: T'1
(RDF), T2 (RDF + 1 t/ha biochar), T3 (RDF + 2 t/ha bio-
char), T4 (RDF + 3 t/ha biochar), T'5 (RDF + 4 t/ha biochar)
and T6 (RDF + 5 t/ha biochar). The jannat variety of water-

melon was used for the present investigation.
Plant attributes

Vine length was measured with a flexible measuring tape
measure from the starting level to the tip of three randomly
selected plants, and the mean length was calculated. A major
vine was picked from those that began close to the ground
of the plant and extended farthest from the base. Soil plant
analysis development meter (502 plus) was used to analyze the
chlorophyll indices of the leaves at 30, 60, and 90 days after
sowing (DAS). The fruits were harvested at maturity, and juice
was extracted from the section of tissue from the center of the
fruit. The juice from all the fruits was stored at -20 °C for fur-
ther analysis. The pH of the watermelon juice was measured at
room temperature via a digital pH meter. The TSS content was

determined via a T'SS digital refractometer (GI-03S).
Soil analysis

Soils from each plot were sampled to a depth of 15 cm
before transplanting and after harvesting watermelon. The
various features of the soil are examined. The pH and electrical
conductivity (EC) were measured with the Hana HI 9813-
6 portable pH/EC meter, and the organic carbon (OC) was
calculated using Walkley and Black method [22]. Kjeldahl's
technique was used to assess available N [23]. The concen-
trations of P and sulphur (S) were measured calorimetrically
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Results
Plant attributes

'The application of different doses of biochar had a signif-
icant effect on growth attributes, as shown in figure 1. Com-
pared with that in the control treatment (T1), the maximum
vin length in watermelon was recorded at 90 DAS; the max-
imum percentage increase was revealed in T5 (93.5%), fol-
lowed by T6 (78%), T4 (53.2%), T3 (33.1%) and T2 (15.3%).
The same trend was observed for the number of branches,
with the maximum branch percentage increase recorded at
TS (77.8%), followed by T6 (50%), T4 (33.3%), T3 (27.8%),
and T2 (16.7%), compared with T1. The chlorophyll index is
an important metric that provides a clear understanding of
the photosynthesis rate and plant growth, which are signifi-
cantly affected by biochar application. Compared with T1,T5
(14.5%) followed by T6 (12.3%) > T3 (12.2%) > T4 (6.3%)
> T2 (3.8%). The number of leaves per plant provides an es-
timate of plant health, which is also significantly affected by
different biochar doses. Compared with the control (T1), the
highest number of leaves was revealed in T'5 (142%), followed
by T4 (89.4%),T6 (88.6%), T3 (53%) and T2 (22.7%). Biochar
amendment significantly affected the number of days to flow-
ering, with the earliest flowering occurring at T5 (36.7 DAT),
followed by T6 (37 DAT), T4 (43 DAT), T3 (42 DAT), T2
(44.7 DAT), and T'1 (49.7 DAT). The earliest fruit formation
was recorded in T'5 (51.7 DAT), followed by T6 (55.3 DAT),
T4 (58 DAT), T3 (59.7 DAT'), T2 (58.7 DAT'), and T'1 (62.3
DAT). Compared with T1, biochar application significantly
affected the number of flowers per plant, with the maximum
number of flowers revealed at T5 (18.3), followed by T'6 (18),
T4(17.7),T3 (15.7),and T2 (13), and the number of fruits per
plant at T5 (12.1), followed by T6 (10), T4 (8), T3 (7.3), and
T2 (5.7) (Figure 2).

Incorporating biochar at different doses significantly af-
fected watermelon dimensions, such as fruit diameter and fruit
length, as shown in figure 3 (p > 0.05). Compared with the
T1 treatment, biochar application increased the fruit diame-
ter, with the greatest increase in T5 (43.1%), followed by T6
(36%), T4 (28.2%), T3 (21.9%) and T2 (16.4%). Fruit length
increased in T5 (72.4%), followed by T6 (63.1), T4 (46.7), T3
(25%) and T2 (8.3%), compared with that in the T1 treatment.
Rind thickness affects the self-life of watermelon, and biochar
significantly affects rind thickness. The greatest rind thickness
was recorded in T3 (12.2%), followed by T2 (10.8%) and T4
(1%), compared with T1 (the control treatment). Compared
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Figure 1: Impact of biochar application on plant (A) vine length, (B) chlo-
rophyll index, (C) number of branches, and (D) number of leaves. Different
lowercases indicate significant differences between treatments (p < 0.05).

(A)

52 64
= o
E 481 I=
& £ %

3

Pe :
o s %
= 404 P
2 g
0 35 0 s

24. (C) . @

a

o 2 12
@ - b
= 16 S
C L 8 c
% A2 =
g . 2 5 d

44 3

TH Tz T3 T4 15 T8 Tt T2 T3 T4 T5 T6

Figure 2: Impact of biochar application on (A) days to flowering, (B) days
to fruiting, (C) number of flowers, and (D) number of fruits. Different
lowercases indicate significant differences between treatments (p < 0.05).

with T'1, biochar application significantly increased the yield of
watermelon per plant in T5 (41.6%), followed by T'6 (25.9%),
T4 (20.7%), T3 (11.9%), and T2 (3.6%). There was a signifi-
cant increase in the TSS TS5 (37.1%), followed by T4 (24.2%),
T6 (22%), T3 (13.6%), and T2 (6.1%), compared with T1. The
pH in response to varying doses of biochar was as follows: T'5
(6.1)>T6(5.9) >T4(5.8)>T2>(5.7) >T3=T1 (5.6). Com-
pared with that in the T2 treatment, the water content in the
TS treatment increased significantly (2.7%), followed by T6
(1.7%), T3 (1.6%), T4 (1.1%), and T1 (7%) (Figure 4).

Soil attributes
Soil attributes play crucial roles in crop production, as
shown in figure 5 (p > 0.05).The soil pH significantly increased

as the biochar dose increased, with the maximum pH observed

at'T'6, followed by T'5 >'T'4 > T3 > T2 and T'1. Compared with
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Figure 3: Impact of biochar application on (A) fruit diameter, (B) fruit
length, (C) rind thickness, and (D) fruit yield per plant. Different lower-
cases indicate significant differences between treatments (p <0.05).
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Figure 5: Impact of biochar application on soil soil (A) Ph, (B) EC, and
(C) organic carbon. Different lowercases indicate significant differences
between treatments (p < 0.05).

the T1 treatment, the T6 treatment resulted in a significant in-
crease in EC (34.3%), followed by T4 (18.6%),T5 (15.7%), T2
(7.1%), and T3 (2.9%). The maximum percentage of soil OC
increased in 'T'5 (100%), followed by T6 (61.7%), T4 (34.6%),
T3 (29.9%), and T2 (16.8%), compared with T'1. A significant
increase was observed in the N concentration percentage at
Té6, followed by T5 > T4 > T3 > T2 and T1, with 19.3% > 9%
> 3.5% > 2.2% and 0.05%, respectively. Compared with T1,
T6 (48.5%) > TS5 (30.4%) > T4 (22.4%) > T2 (13.4%) > T3
(7.5%). Biochar is a rich source of K, so the concentration of K
significantly increased in the T6 treatment (36.9%), followed
by the T5 treatment (21.6%), T4 treatment (13.8%), T3 treat-
ment (12%), and T2 treatment (6.1%) compared with the T1
treatment (Figure 6).

Biochar application altered the soil properties (Figure 7)
(p > 0.05). Compared with that in the T1 treatment, the con-
centration of S in the soil significantly increased in the fol-
lowing order: T6 (39.1%) > T3 (24.5%) > T5 (24.2%) > T4
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Figure 6: (A) Impact of biochar application on soil N, (B) P, and (C) K. Dif-
ferent lowercases indicate significant differences between treatments (p <0.05).
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Figure 7: Impact of biochar application on soil (A) S, (B) Ca, (C) Mg,
and (D) Fe. Different lowercases indicate significant differences between
treatments (p < 0.05).

(22.3) >'T2 (6.4%). Compared with those in the T'1 treatment,
the Ca and Mg concentrations significantly increased in T6,
followed by T5 > T 4 > T3 >T2,15.6% > 9% > 7% > 4.5% >
2.8 % and 77% > 34.9% > 19.4% > 10.5% > 4.2 %, respectively.
'The Fe concentration in the soil significantly decreased in the
following order: biochar amendments: T1 (28.3) > T2 (25.5)
>T4 (25.2) >'T3 (23.3) > 'T5 (23) and T6 (22.1). Compared
with T1, biochar application significantly reduced the Cu per-
centage: T2 (1.4%) < T3 (6.4%) < T4 (10.5%) < T5 (15.5%)
<T6 (19.6%). Compared with those in the T2 treatment, the
Mn concentration in the soil significantly decreased in the T'1
(4.4%) < T3 (11%) < T4 (12.1%) < T5 (21.9%) < T6 (25.3%)
treatments. Compared with that in T1, the concentration of
Zn in soil significantly increased in T6 (14.6%), followed by
T5 (11.2%), T4 (7.9%), T2 (5.6%) and T3 (3.4%). Compared
with T1 = T2, the boron concentration significantly increased
in T6 (25%), followed by T5 (20.8%), T3 (14.6%) and T4
(12.5%) (Figure 8).

Discussion
Effects on crop attributes

Biochar consists of 70 - 80% carbon and 20 - 30% ash.
Ash contains mineral components such as K, Ca, Na, and
Mg, and when applied to soil, biochar returns nutrients such
as Ca, Mg, K, and P. A meta-analysis indicated that apply-
ing biochar improves soil fertility and agricultural yield. This
approach is anticipated to address the issue of residue burn-
ing and management, which contributes to soil degradation,
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treatments (p <0.05).

GHG emissions, increased heavy metal concentrations, and
decreased soil fertility and crop production. Because of its high
cation exchange capacity (CEC), biochar has a considerable
effect on soil N dynamics [10]. This feature enables biochar
to effectively hold and release vital elements, including N, P,
and K [27]. K is very important for watermelon growth since
it is involved in physiological activities, including photosyn-
thesis, enzyme activity, and osmoregulation [28]. Biochar
application can have a considerable influence on flower and
fruit formation because of the availability of K [29]. Increas-
ing K levels increase chlorophyll production, which increases
the chlorophyll index [28]. A higher chlorophyll index implies
better photosynthetic capability, which supports more leaf and
total plant development. Biochar increases soil structure and
aeration while increasing water retention capacity. The porous
structure of biochar improves root respiration and nutrient ab-
sorption [30]. This combination of better aeration and mois-
ture retention results in healthier root systems that can absorb
nutrients more efficiently. As a result, the vine grows longer,
with more branches and leaves, and the increased vegetative
growth stimulates blooming and fruiting, eventually contrib-
uting to better harvests. Biochar provides a home for beneficial
soil microbes and plays an important role in the movement of
nutrients and organic matter breakdown [31]. This microbial
improvement promotes biomass buildup and enhanced re-
sponse mechanisms in watermelon plants, ultimately resulting
in increased flower and fruit output (Figure 9). The increased
leaf area enabled by biochar enables better light interception,
which is essential for photosynthesis. This increased photosyn-
thetic activity leads to more vigorous development, as shown
by the greater number of fruits and flowers. Furthermore, bio-
char has been proven to increase plant resistance to environ-
mental challenges, including drought and nutrient deprivation
[32]. The ability of biochar to stabilize soil moisture and in-
crease nutrient accessibility helps watermelon plants cope with
harsh circumstances, which promotes blooming and fruiting.
Biochar treatment improved the physicochemical qualities
of watermelon fruits, such as increased water content, TSS,

Figure 9: Variations in watermelon color shades and fruit dimensions.

and pH. Higher T'SS levels are frequently related to improved
fruit sweetness, a desirable characteristic in watermelon. An
increase in pH can also improve the overall flavor and nutri-
tional value of the fruit, making it more desirable to customers

[33].
Alterations in soil properties

Biochar amendment improves the soil pH, EC, and OC
content via its liming impact, proton consumption processes,
high CEC, and capacity to drive microbial activity [34]. This
liming action is mostly due to the presence of basic cations,
such as Ca and Mg, and carbonates in biochar, which react
with soil acids [35]. Furthermore, biochar eliminates soluble
ions from the soil, increasing the ionic strength and EC. Fur-
thermore, biochar is high in stable carbon, which contributes
to increasing the OC content in the soil. The greatest dosage
of biochar increased the OC content in the soil because of its
carbon-rich nature, which contributes carbon directly to the
soil. The recalcitrant nature of biochar allows it to remain for
long periods of time, reducing carbon loss due to breakdown.
Biochar also improves soil structure and porosity, allowing
for better organic matter retention and encouraging micro-
bial activity, which increases OC generation. Biochar may in-
crease soil carbon and organic matter contents and increase
soil microbial activity, which increases soil nutrient availability.
Compared with other organic compounds, carbon is more re-
sistant to degradation, facilitating long-term carbon storage
and increasing soil fertility [14]. Biochar treatment increases
N, P, and K levels in soils. The high CEC and vast surface
area of biochar enable it to absorb and store nutrients, limit-
ing leaching and delivering a slow-release fertilizer effect [36].
Additionally, the high pH of biochar enhances P solubility
and reduces aluminum toxicity in acidic soils [37]. Ca, Mg,
and S. When biochar is added to the soil, it releases these nu-
trients, increasing their accessibility in the soil. The high CEC
of biochar helps it retain and exchange key elements such
as Ca, Mg, and S. Biochar helps increase the soil pH, which
may increase the mobility and availability of Ca and Mg [34].
Biochar limits the availability of Fe, Cu, and Mn in soil by
immobilizing them at relatively high pH values. Biochar can
help maintain an ideal balance and avoid any toxicity concerns
[38]. The presence of organic functional groups on the bio-
char surface can promote the formation of stable complexes
with metal ions, lowering their mobility and availability. The
porous structure of biochar influences the oxidation state of
elements such as Fe and Mn [30]. In acidic soils, Zn and boron
become less accessible due to precipitation and complexation
with other soil components. However, biochar causes the soil
to become more alkaline, which increases the Zn and boron
concentrations.
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Conclusion

In conclusion, the use of biochar at a dose of 4 t/ha has
shown considerable benefits in watermelon cultivation. This
study revealed that biochar not only increases the soil pH,
making important nutrients more readily accessible to plants
but also improves fruit shape, allowing better solar collec-
tion. As a result of greater photosynthesis, yields increase, and
the nutritional conditions of the soil improve. These findings
highlight the potential of biochar as an effective soil additive
for increasing watermelon output while also contributing to
sustainable farming practices. Future studies might investigate
the long-term impacts of biochar on the health of the soil and
crop performance under various environmental circumstances.
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