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INTRODUCTION

Nitrogen use efficiency is a crucial issue in 
modern agricultural practices. The world faces in-
creasingly complex challenges in environmental 
sustainability and food production. Researchers 
have estimated that around 70% of the nitrogen 
used in agriculture are wasted rather than being 
absorbed by plants (Anas et al., 2020). Low ni-
trogen use efficiency economically harms farm-
ers and significantly contributes to pollution. 
Groundwater pollution and greenhouse gas emis-
sions, especially nitrous oxide (N₂O), have a 
global warming potential 300 times greater than 

carbon dioxide. Martínez-Dalmau et al. (2021) 
predict a 150% increase in this pollution by 2050. 
The agricultural sector also accounts for 60% of 
the increase.

The impacts of excessive nitrogen use are be-
coming more extensive, including the risk of soil 
salinization due to salt accumulation (Machado 
and Serralheiro, 2017). Soil salinity can reduce 
land productivity in the long term. of greater con-
cern, nitrate accumulation in drinking water has 
severe health implication for human and livestock 
(Sainju et al., 2019). The research indicates that 
nitrate can contribute to several cancers, such as 
colorectal, ovarian, thyroid, kidney, and bladder. 
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Temkin et al., (2019) estimated 2.300 to 12,594 
cancer cases annually related to nitrate exposure, 
with economic losses of 250 million to 1.5 bil-
lion US dollars. They also projected an additional 
potential impact of US$ 1.3 to US$ 6.5 billion 
due to lost productivity. Improving nitrogen use 
efficiency through better agronomic practices 
and advanced technologies is crucial to reduce 
nitrogen’s negative impacts and help ensure fu-
ture production’s sustainability (Govindasamy et 
al., 2023). Hydroponic melon cultivation with the 
correct nitrogen management is one of the solu-
tions that can be applied.

Melon cultivation is growing as the demand 
for functional fruits increases. The increase 
in production is in line with the increase in the 
amount of fertilizer used, especially nitrogen. In-
creased nitrogen use in melon cultivation is not 
always linearly related to its efficiency. Nitrogen 
overuse can result in over-vegetative growth at 
the expense of fruit yield, reducing biomass and 
fruit quality (Grasso et al., 2022). Nitrogen de-
ficiency leads to low photosynthetic efficiency, 
slowing melon plant growth (Zhu et al., 2024) 
and significantly reducing plant dry weight. Plant 
leaves are more sensitive to nitrogen deficiency 
than plant roots (Nawaz et al., 2017).

Nitrogen is absorbed by plants in the form of 
nitrate and ammonium. Nitrogen uptake occurs 
through efficient transport, even though nitro-
gen availability in the soil fluctuates significantly 
(Muratore et al, 2021). Nitrogen that has been ab-
sorbed changes to ammonia and amino acids. This 
mechanism involves a series of nitrate reduction 
reactions to ammonium and its integration into 
amino acid structures. Then, plants transport am-
monia and amino acids to the plant organs in need 
(Krapp, 2015).

Nitrogen as a major component of amino ac-
ids, proteins, and nucleic acids, plays a crucial 
role in enzymatic activity, cell structure forma-
tion, and biosynthesis of chlorophyll and various 
primary and secondary metabolites. Amino acids 
are raw materials for protein synthesis and other 
important plant metabolites. The role of nitrogen 
in chlorophyll formation is essential for photo-
synthesis process. In photosynthesis, plants con-
vert light energy into chemical energy that can be 
used for growth and development (Kishorekumar 
et al., 2020). Nitrogen also regulates growth hor-
mones such as auxins that affect seed germina-
tion, root and stem elongation, and leaf expansion 
(Fu et al., 2022). 

As an essential element, nitrogen often lim-
its the plant growth due to its vital role in plant 
metabolism and development (Gu et al., 2018). 
Nitrogen affects plant height in the vegetative 
phase, increases leaf area by promoting leaf num-
ber and size (Nascimento et al., 2020), increases 
dry weight and plant biomass (Feng et al., 2023), 
and increases chlorophyll content which is im-
portant for photosynthesis (Wang et al., 2024). 
The yield of melon plants with an optimal dose 
of around 150 kg/ha can increase fruit yield up to 
40.28 t/ha (Moreira et al., 2022). Nitrogen appli-
cation through drip fertigation enhance the yield 
compared to conventional methods (Rolbiecki et 
al., 2021). Given the comprehensive role of nitro-
gen in plant physiology, efficient nitrogen man-
agement is crucial to optimize crop productivity 
and minimize the environmental impacts that can 
result from excessive nitrogen fertilizer use.

Three main models support the optimization 
of nitrogen use in melon cultivation. The De-
mand-Driven Nutrient Supply model focuses on 
nutrient application based on crop demand. Nu-
trients are supplied based on the specific needs 
of the plants (Wen et al., 2022). Critical Nutrient 
Concentration is a concept used to determine the 
minimum nutrient concentration plants need to 
achieve optimal growth (Chang et al., 2021). Pre-
cision Nutrition Management with nutrient deliv-
ery is based on the 4 R principle: the right level, 
source, application method, and time (Nasiro and 
Mohammednur, 2024).

Despite the significant research on the role of 
nitrogen in melon cultivation, research on optimal 
nitrogen application at different growth phases of 
melon remains limited. While the negative im-
pacts of inefficient nitrogen use have been docu-
mented, including groundwater pollution, green-
house gas emissions, risk of soil salinization, and 
reduced fruit quality, a comprehensive approach 
that integrates the optimal dose of nitrogen at dif-
ferent growth phases with nitrogen use efficiency 
is not yet available. Several approaches, such as 
the demand-driven nutrient supply model, criti-
cal nutrient concentration, and precision nutrition 
management, have been promoted, but they have 
not fully considered the specific needs of melon 
plants at each growth phase. Therefore, this study 
aims to analyze the effect of nitrogen application 
on melon plant growth at three critical phases of 
growth (vegetative phase, pollination and fruit 
formation phase, and fruit enlargement and ripen-
ing phase). In addition, it also analyses nitrogen 
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use efficiency in melon yield, which is expected to 
provide important information to optimize nitro-
gen management in sustainable melon cultivation.

MATERIAL AND METHODS

Materials used

The experiment was carried out from Feb-
ruary to April 2023 in a greenhouse at the Ag-
ricultural Development Polytechnic of Malang, 
Indonesia, 609.4 meters above sea level. The 
average daily temperature ranges from 22.40 °C 
to 25.50 °C. The average daily humidity ranges 
from 69.00% to 94.00%. Devina Melon variety 
was planted in polybags with cocopeat planting 
medium. Cocopeat is washed and sterilised every 
melon growing season. The 35 × 17.5 cm poly-
bags were positioned with a spacing of 100 × 30 
cm (Figure 1). Seeding media for melon seeds 
was made of cocopeat. Seeds were transplanted 
after 10 days of age. Water with low EC (< 0.02 
mS/cm) filtered by Pureline 500 gdp RO machine 
was used. Watering was done using drip irriga-
tion while at the same time fertilization was done 
using A B mix fertilizer with nitrogen concentra-
tion according to the treatment. Drip irrigation 
was set automatically, and each irrigation was 
200 ml. Watering intervals increased according 
to the plants’ age. Periodic watering was carried 
out to reduce nitrogen evaporation and leaching, 
maintaining nitrogen use efficiency. The EC of 
nutrient solution at 1–35 days after planting was 2 

mS cm-1 and at 36–63 days after planting was 2.5 
mS cm-1. Total watering for each plant during the 
vegetative phase (1–28 days after transplanting) 
was 19.6 liters, pollination and fruit formation 
phase (29–35 days after transplanting) 8.4 liters, 
and fruit filling and ripening phase (36–63 days 
after transplanting) 33 liters, so that the total wa-
tering for each plant during the production period 
was 61 liters. Then, the pH of the nutrients ranged 
from 5.8–6.4. Fruit was retained at the 10–13th 
internode. After the plants reached 27 internodes, 
the tops of the plants were removed.

Experimental design

The experimental design utilized was a ran-
domized block design with 10 treatments and 
three replications. A 100% nitrogen concentration 
(control) was equal to 168 grams liters-1 following 
previous research based on the opinion of Yam et 
al. (2020). Nitrogen from chemical fertilisers in 
the form of NO3 and NH4 dissolved with water 
EC < 0.02 mS/cm. Nitrogen concentration treat-
ments were given at three different growth phases 
of melon. In the vegetative phase (V), nitrogen 
concentration was given at 75% (V-75%), 50% 
(V-50%), and 25% (V-25%) of the control. The 
same treatment was also applied to the pollination 
and fruit formation phase (PFF), which was 75% 
(PFF-75%), 50% (PFF-50%), 25% (PFF-25%), 
and the fruit enlargement and ripening phase 
(FER) which was 75% (FER-75%), 50% (FER-
50%), and 25% (FER-25%).

Figure 1. Hydroponic melon cultivated in the greenhouse in the present study
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Observation

Observations focused on four main aspects: 
plant growth, chlorophyll index, yield, and nitro-
gen use efficiency. Plant growth variables consist-
ed of plant height, leaf area, and plant dry weight 
observed at three important growth phases: the 
vegetative phase, pollination and fruit formation 
phase, and fruit enlargement and ripening phase. 
Leaf area was measured with Digimizer applica-
tion. The dry weight of the plants was observed 
for 48 hours after drying in an oven at 70 °C.

Relative growth rate (RGR) was observed us-
ing the following formula:

 𝑅𝑅𝑅𝑅𝑅𝑅 = (𝐼𝐼𝐼𝐼𝐼𝐼2 − 𝐼𝐼𝐼𝐼𝐼𝐼1)
(𝑇𝑇2 − 𝑇𝑇1)  (1) 

 
 
𝑁𝑁𝑁𝑁𝑁𝑁 = 𝑌𝑌

𝐹𝐹 (2) 
 

 (1)

where: W – natural logarithm of plant dry weight, 
T – observation time. 

The chlorophyll index was measured at all 
three growth phases using SPAD 502. Yield mea-
surements were taken 63 days after planting by 
weighing the fruit using an analytical balance 
with two-digit accuracy. Nitrogen use efficiency 
was calculated using the following formula (Yue 
et al., 2023):

 

𝑅𝑅𝑅𝑅𝑅𝑅 = (𝐼𝐼𝐼𝐼𝐼𝐼2 − 𝐼𝐼𝐼𝐼𝐼𝐼1)
(𝑇𝑇2 − 𝑇𝑇1)  (1) 

 
 
𝑁𝑁𝑁𝑁𝑁𝑁 = 𝑌𝑌

𝐹𝐹 (2) 
 

 (2)

where: Y – fruit weight, F – total fertilisers nitro-
gen applied.

Statistical analysis

Data were analyzed using analysis of vari-
ance (ANOVA) with DSAASTAT software. Mul-
tiple treatments were compared using the Tukey’s 
Honestly Significant Difference (Tukey) test.

RESULTS

Plant height

Melon plants’ height exhibited significant vari-
ations in response to different nitrogen application 
times and concentrations. Figure 2 shows that the 
FER-50% treatment produced the highest plant 
height (about 210 cm), followed by the V-75% 
treatment (about 200 cm), while the V-25% treat-
ment produced the lowest plant height (about 155 
cm). Plant growth at each growth phase varied be-
tween treatments. The low dose treatment (25%) 
in the vegetative phase showed shorter plants. The 
pollination and fruit formation phases were lon-
ger in the FER-50% treatment, while the fruit en-
largement and ripening phases showed the highest 
growth in the V-75% and FER-50% treatments.

There was an interesting relationship between 
growth phases, with treatments with moderate to 
high nitrogen concentrations (50–75%) showing 
a better balance of growth between phases. In the 
V-75% and FER-50% treatments, a reasonable 
allocation of growth in the vegetative phase was 
the foundation for an optimal reproductive phase. 
In contrast, low nitrogen concentrations (25%) 
tended to suppress vegetative growth, limiting 
growth potential in subsequent phases. The suf-
ficient nitrogen supply in the first stages of melon 
growth had a positive impact on the success of 
the reproductive phase, giving a profitable impact 
along the entire life cycle of the plant.

Leaf area

Nitrogen concentration treatments also sig-
nificantly affected the leaf area of melon plants 

Figure 2. Height of melon plants across different nitrogen application timing and concentration treatments. 
Different letters in the same growth phase indicate significant differences at p < 0.05 according to the Tukey test
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at different growth phases. Figure 3 shows the 
highest total leaf area in the PFF-75% treatment 
(about 77 dm²), followed by the V-75% treatment 
(about 70 dm²), while the V-25% and FER-25% 
treatments showed the lowest leaf area (about 
38 dm² and 50 dm²). All treatments showed rela-
tively same leaf area during the vegetative phase 
and the pollination and fruit formation phase. The 
main differences were seen at fruit enlargement 
and ripening, with the PFF-75% treatment dis-
playing a larger leaf area.

The relationship of nitrogen effect between 
growth phases showed an interesting pattern; ni-
trogen concentration had more effect in the late 
phase than in the early phase. While all treat-
ments showed the same leaf area growth in the 
vegetative phase, the allocation of resources for 
leaf formation in the later phase varied signifi-
cantly based on nitrogen concentration. The PFF-
75% nitrogen concentration treatment indicated 

the best ability to maintain leaf area growth. Op-
timal nitrogen availability was important for leaf 
growth initiation and maintaining efficient pho-
tosynthetic function during reproductive phase. 
In contrast, the low nitrogen treatment (25%), 
while able to support early leaf growth, failed 
to sustain leaf area expansion in the later phase, 
which could ultimately limit the capacity of the 
plant to produce photosynthates needed for fruit 
formation and filling. This relationship confirmed 
the critical role of nitrogen in regulating resource 
allocation between plant organs and between 
growth phases in hydroponic melon cultivation.

Dry weight

Nitrogen concentration had a significant ef-
fect on dry weight in the vegetative phase of 
melon plants (Figure 4). The PFF-50% formula 
produced the highest vegetative biomass (30 g), 

Figure 3. Leaf area of melon plants across different nitrogen application timing and concentration treatments. 
Different letters in the same growth phase indicate significant differences at p < 0.05 according to the Tukey test

Figure 4. Dry weight of melon plants across different nitrogen application timing and concentration treatments. 
Different letters in the same growth phase indicate significant differences at p < 0.05 according to the Tukey test
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followed by FER-50%, FER-25%, PFF-75%, 
PFF-25%, and V-75%. The PFF and FER formu-
las showed an advantage because the plants still 
consuming 100% nitrogen during the vegetative 
phase. The dry weight of plants in the V-25% and 
V-50% treatments was lower than the other treat-
ments. Nitrogen reduction in the vegetative phase 
(25–50%) could have a negative impact on plants, 
while nitrogen reduction in PFF and FER with a 
nitrogen concentration of 25–50% effectively 
supported plant growth.

 There was no significant difference between 
treatments in the pollination and fruit formation 
phase (15–30 g) and fruit enlargement and ripen-
ing phase (45–75 g). The highest total biomass 
was found in PFF-75% (125 g), PFF-25%, and 
FER-75% (120 g). Both PFF and FER treatments 
showed a more balanced biomass distribution, 
with 50–60% of the biomass allocated to the re-
productive phase to produce fruit, unlike the veg-
etative phase treatments which more dominant in 
producing leaves and stems. Nitrogen reduction 
with PFF and FER formulas (25–75%) main-
tained total productivity and increased photosyn-
thate allocation to reproductive organs that con-
tributed directly to the yield.

The distribution of the effect of nitrogen con-
centration on biomass accumulation in various 
organs of melon plants can be seen in Figure 5. 
Total biomass showed a relatively balanced pat-
tern in all treatments with an increasing trend in 

the V-75%, PFF-75%, PFF-50%, PFF-25%, and 
FER-75% FER-50% treatments. The distribution 
of fruit biomass illustrated an almost parallel pat-
tern with the total biomass, meaning that most 
plant biomass was allocated for fruit production. 
Meanwhile, leaf biomass indicated a more lim-
ited, but more even distribution pattern across all 
treatments. Surprisingly, the distribution of stem 
biomass was concentrated at the center of the 
graph with low values, signifying minimal bio-
mass allocation to this structural organ compared 
to other organs.

Nitrogen effect relationships among plant or-
gans in the various treatments showed different 
resource allocation strategies in response to nitro-
gen availability. In the treatments with V-75% and 
PFF-75% nitrogen concentrations, plants could 
optimally allocate biomass to all organs, empha-
sizing high fruit production without compromis-
ing vegetative growth. This signified an efficient 
balance between source and sink functions. Con-
versely, in treatments with low nitrogen concen-
trations, such as V-25%, the plants showed a con-
servative strategy with lower biomass allocation 
to all organs while maintaining similar relative 
proportions between organs. Of particular interest 
was the FER-50% treatment, which demonstrated 
high efficiency in converting biomass to fruit, in-
dicating that this formulation might optimize the 
translocation of assimilates to reproductive or-
gans. This distribution pattern also revealed that 

Figure 5. Dry weight of melon plant organs across different nitrogen application timing 
and concentration treatments
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stem remained the lowest priority in biomass al-
location at all levels of nitrogen availability. This 
highlights a strategy of minimizing investment in 
structural organs to maximize resource allocation 
towards organs directly contributing to plant pro-
ductivity and survival. These findings support the 
understanding of the physiological plasticity of 
melon plants in response to nutrient variation in 
hydroponic systems.

Relative growth rate 

The relative growth rate of melon plants 
showed significant differences at 28–35 days after 
planting (Figure 6). The control treatment did not 
differ from the V-25% and PEF-75% treatments 
(ranging from 95–100 mg day-1). The treatments 
of V-75%, 50%, PFF-75%, PFF-25%, and FER-
50% demonstrated moderate growth rates (rang-
ing from 50–60 mg day-1). At the same time, other 
treatments exhibited lower growth rates. Unlike 
the early period, 35–63 days after transplanting, 
all treatments displayed relatively same growth 
rates (ranging from 30–45 mg day-1) and were not 
significantly different in all treatments.

The relationship between the effect of nitro-
gen on the growth rate of melon plants revealed 
contrasting patterns between growth periods. In 
the pollination and fruit formation (28–35 days), 
nitrogen concentration significantly affected the 
growth rate. The V-25% treatment was given 
100% nitrogen in this phase, while the previous 
phase received only 25% nitrogen. In the active 
vegetative phase, adequate nitrogen availability 

was a critical factor that supported rapid cell di-
vision and expansion. In the later period (36–63 
days), the differential effect of nitrogen was re-
duced, indicating a metabolic transition from the 
dominant vegetative growth to the reproductive 
phase. The plant focused on the development 
and filling of reproductive organs, thus leading 
to uniformity in relative growth rates across all 
treatments. This phenomenon showed the adap-
tive strategy of plants in the face of nitrogen limi-
tation. Nitrogen-deprived plants in the vegeta-
tive phase with slow growth were then adapted 
to physiological mechanisms to achieve growth 
rates comparable to the high nitrogen concen-
tration treatments. This finding strengthens the 
understanding of the flexibility of melon plants 
in regulating resource allocation and growth 
patterns in response to the dynamics of nutrient 
availability in hydroponic systems.

Chlorophyll index

The chlorophyll index in melon plants pre-
sented different responses due to nitrogen con-
centration treatment at various growth phases 
(Figure 7). The chlorophyll index in all treatments 
showed relatively similar values, with an increas-
ing trend in the V-25% treatment. In the vegeta-
tive phase, in the control treatment (100%), PFF-
25%, showed a higher chlorophyll index, while 
V-50% and V-25% treatments showed a lower 
chlorophyll index. However, during the pollina-
tion and fruit formation phase, as well as fruit 
enlargement and ripening phase, all treatments 

Figure 6. Growth rate of melon plants across different nitrogen application timing and concentration treatments. 
Different letters in the same growth phase indicate significant differences at p < 0.05 according to the Tukey test
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displayed chlorophyll levels that were not signifi-
cantly different.

In the physiological adaptation of melon 
plants, the chlorophyll index between growth 
phases exhibited an interesting relationship pat-
tern. In the vegetative phase, plants with opti-
mal nitrogen treatment (100%) and PFF-25% 
treatment showed high efficiency in nitrogen 
utilization for photosynthetic pigment synthesis. 
However, this advantage did not continue in the 
following phases, as all treatments produced the 
same chlorophyll index. Interestingly, the V-25% 
treatment, which showed a low chlorophyll index 
in the vegetative phase, increased its chlorophyll 

index in the next phase to the same level as the 
other treatments. Plants have strong adaptabil-
ity to nitrogen limitation. Additionally, the con-
sistency of a relatively high chlorophyll index 
across all growth phases indicates that melon 
plants prioritize the maintenance of an efficient 
photosynthetic apparatus to support the produc-
tion of assimilates required during fruit develop-
ment, even under conditions of variable nitrogen 
availability. This pattern confirms the strategic 
role of chlorophyll in maintaining the balance of 
plant metabolism during the transition from the 
vegetative to the reproductive phase in hydropon-
ic melon cultivation.

Figure 7. Chlorophyll index across different nitrogen application timing and concentration treatments. Different 
letters in the same growth phase indicate significant differences at p < 0.05 according to the Tukey test

Figure 8. Yield and nitrogen use efficiency across different nitrogen application timing and concentration 
treatments. Different letters in the same growth phase indicate significant differences at p < 0.05 

according to the Tukey test
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Yield and nitrogen use efficiency

Nitrogen concentration had a significant effect 
on melon yield (Figure 8). The control treatment 
(100%) gave a yield of 830 g which was not differ-
ent from V-75% (780 g), PFF-75% (790 g), FER-
25% (794 g), and FER-50% (796 g), PFF-50% 
(733 g), FER-75% (730 g), FER-25% (714 g) and 
V-50% (644 g). Meanwhile, the V-25% treatment 
produced the lowest fruit weight of 547 g, showing 
significant differences from the other treatments. 
Nitrogen use efficiency (NUE) values differed sig-
nificantly between treatments. The trend of NUE 
value did not align with the trend of differences in 
melon yield. The FER-25% treatment presented 
the highest NUE, approximately 90%, followed 
by the FER-50% treatment (83%). Meanwhile, the 
control (100%), V-75%, PFF-75%, and PFF-25% 
treatments that produced the highest fruit weight 
showed lower NUE ranging from 60-71%. More-
over, higher nitrogen use did not always result in 
optimal nitrogen use efficiency.

The relationship between yield and NUE in 
each treatment was rather interesting. Treatments 
with high nitrogen concentrations, such as the 
control (100%) and V-75%, tended to give high 
yields, but relatively lower NUE, resulting in less 
efficient nitrogen use. In contrast, the FER-25% 
treatment showed a better balance between yield 
and NUE. The plants could provide high yields 
with optimal nitrogen use efficiency at lower 
nitrogen concentrations. FER-25% might be a 
more sustainable option from an agronomic and 
environmental perspective, as it could minimize 
nitrogen inputs while maintaining relatively high 
yields. The study showed that a 25% nitrogen 
concentration at the enlargement and fruit rip-
ening phases resulted in optimal plant growth, 
underlining the importance of efficient nitrogen 
management to improve productivity and nitro-
gen use efficiency in melon cultivation.

DISCUSSION

Nitrogen management is vital for the differ-
ent growth phases of melon plants in hydroponic 
systems. Results showed that nitrogen effectivi-
ties varied significantly depending on the plant 
growth phase, with specific nitrogen treatments at 
each phase resulting in different growth and yield 
responses. The FER-50% treatment produced the 
tallest plants (± 210 cm), while the V-75% and 

PFF-75% treatments showed superiority in other 
growth parameters. These findings address the re-
search objectives of analyzing the effect of nitrogen 
on melon plant growth parameters at various criti-
cal phases and investigating nitrogen use efficiency.

The effect of nitrogen on melon plant height 
is in line with the studies of Nascimento et al. 
(2020) and Zhu et al. (2024), which confirmed 
that nitrogen plays an important role in vegetative 
growth. However, the results of this study provide 
new insights by identifying the specific phase at 
which nitrogen application is most effective. The 
FER-50% treatment showed that moderate nitro-
gen concentrations at the fruit enlargement and 
ripening phases were more favorable than high 
concentrations, contradicting the findings of Cai et 
al. (2023) who recommended increasing nitrogen 
doses for optimal growth. These findings highlight 
the importance of phase-specific nitrogen regula-
tion rather than just focusing on the total dose.

The leaf area distribution in this study was 
worth noting, with PFF-75% producing the high-
est total leaf area (±77 dm²), supporting the state-
ment of Nascimento et al. (2020) that nitrogen 
promotes leaf number and size. Nitrogen reduc-
tion at the pollination and fruit formation phases 
and fruit enlargement and ripening phases were 
still able to produce better leaf area. High nitro-
gen application in the vegetative phase supports 
strategic nitrogen allocation in the reproductive 
phase, which can maximize photosynthetic ef-
ficiency when the plant needs it most for fruit 
filling. Plants accumulate sufficient nitrogen re-
serves during vegetative growth, so that when 
entering the reproductive phase, nitrogen real-
location can occur optimally to support efficient 
photosynthesis processes, thereby increasing fruit 
filling productivity and overall yield.

Dry weight variables revealed a complex bio-
mass allocation. The PFF-75% treatment resulted 
in higher total dry weight (± 125 g), but the bio-
mass distribution between phases showed a dif-
ferent pattern from the other parameters. The veg-
etative phase shows significant variation between 
treatments, but the reproductive phase shows no 
significant differences. These results complement 
the understanding (Feng et al., 2023) on the ef-
fect of nitrogen on biomass allocation that melon 
plants have an internal mechanism to allocate 
resources more evenly during the reproductive 
phase regardless of variations in nitrogen inputs.

The results of the analysis of biomass accumu-
lation in different plant organs reinforce the finding 
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(Grasso et al., 2022) that a proper nitrogen balance 
is essential for optimal biomass allocation. The 
biomass distribution pattern in Figure 4 indicates 
different resource allocation strategies in response 
to nitrogen availability. The FER-50% treatment 
showed high efficiency in converting biomass to 
fruit. Nitrogen concentration at the fruit filling and 
enlargement phases has a major influence on final 
productivity, a finding that has not been compre-
hensively discussed in previous literature.

The relative growth rate of melon plants is 
strongly influenced by nitrogen (Wang et al., 
2024). In the period 28–35 days after planting, high 
nitrogen concentrations (75–100%) resulted in su-
perior growth, supporting the findings of Chen et 
al. (2022) on the positive relationship between ni-
trogen concentration and RGR. Under suboptimal 
nitrogen supply conditions, such as in the V-25% 
treatment, the plants showed higher nitrogen uti-
lization efficiency, contributing to increased RGR 
(Negrini et al., 2020). However, in the period 36–
63 days after planting, the relative growth rate of 
plants was the same, indicating a metabolic tran-
sition from vegetative growth to the reproductive 
phase. This phenomenon has not been discussed in 
depth in the literature, but it provides new insights 
into the flexibility of melon plants in regulating 
growth in response to nutrient dynamics.

The results of the chlorophyll index analysis 
showed an interesting pattern of homeostasis. De-
spite variations in the vegetative phase, chloro-
phyll concentrations converged at the same rate in 
subsequent phases, implying a regulatory mecha-
nism that maintains an optimal photosynthetic 
apparatus regardless of variations in nitrogen in-
puts. These findings extend the knowledge from 
Qu et al. (2022) and Zhu et al. (2024) regarding 
the influence of nitrogen on chlorophyll by show-
ing how melon plants prioritize the maintenance 
of photosynthetic capacity during the transition 
from vegetative to reproductive phases.

Yield and nitrogen utilization efficiency 
(NUE) displayed an important inverse relation-
ship. The control treatment (100%) produced the 
highest fruit weight (± 830 g), but the FER-25% 
treatment showed the highest NUE (± 90%). This 
finding supports the studies of Yue et al. (2023) 
and Xue et al. (2017) that nitrogen use efficien-
cy can be improved by reducing nitrogen dosage 
while maintaining relatively high yields. These 
results also enrich the studies of Cai et al. (2023), 
Moreira et al. (2022), and Rolbiecki et al. (2021) 
by providing specific data on the optimal balance 

between productivity and nutrient efficiency. The 
theoretical implication of this study is the develop-
ment of understanding concerning the economics 
of nitrogen in melon crops. The results showed the 
importance of considering nitrogen distribution 
according to the crop’s phase-specific needs. The 
findings assist the evolution of the Demand-Driv-
en Nutrient Supply approach (Wen et al., 2022) 
into a more comprehensive model that integrates 
the dynamics of plant nutrient requirements.

Practically, the results demonstrate that melon 
farmers can optimize nitrogen use by applying 
phase-specific strategies. Nitrogen reduction by 
75% in the enlargement and fruit ripening phas-
es (FER-25%) could maintain competitive yields 
while significantly improving NUE. These impli-
cations are highly relevant to the challenges of 
sustainable agriculture, in line with the findings 
of Sainju et al. (2019) and Martínez-Dalmau et 
al. (2021) on the negative environmental impacts 
of excessive nitrogen use. The results support the 
development of regulations and incentives that 
promote precision nitrogen management practices. 
Reduction of nitrogen use by 75% at specific phas-
es could reduce environmental pollution and the 
carbon footprint of melon production, contributing 
to the mitigation of agriculture’s impact on climate 
change, as discussed by Dimkpa et al. (2020).

An unpredictable finding of this study was 
that chlorophyll index and dry weight in the re-
productive phase were not significantly different 
across all treatments, contrasting with the vegeta-
tive phase. This phenomenon suggests a homeo-
stasis mechanism that is not yet fully understood. 
Melon plants can adjust their physiology to main-
tain essential functions regardless of variations in 
nitrogen inputs. This may reflect prioritization to 
confirm reproductive success even under subopti-
mal conditions.

Farmers can apply the results of this study. 
Hydroponic melon farmers can directly adopt the 
results of this study to reduce production costs and 
environmental pollution. For farmers using soil 
cultivation, it can be used as a reference for nitro-
gen reduction, but the appropriate nitrogen concen-
tration according to soil fertility must be reviewed.

To summarize, this study confirmed that a 
‘one-size-fits-all’ approach is not optimal for 
nitrogen management in melon cultivation. In-
stead, precision strategies adapted to the crop’s 
phase-specific needs can simultaneously improve 
productivity, nutrient use efficiency, and environ-
mental sustainability. These findings provide a 
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scientific foundation for the evolution of farming 
practices from conventional nitrogen manage-
ment towards more sophisticated and sustainable 
approaches that maximize benefits and minimize 
economic and environmental costs.

CONCLUSIONS

The results of this study suggest that optimal 
nitrogen management in melon requires a growth-
phase-based approach rather than focusing solely 
on total dosage. Nitrogen reduction at the right 
growth phase did not reduce melon yield. The 
development of a precision nitrogen management 
model can be done by considering the nitrogen 
needs of plants according to their growth phase. 
Melon plants show remarkable adaptability to 
variable nitrogen availability. Physiological ho-
meostasis mechanisms play an important role 
in maintaining the balance of plant metabolism, 
which is reflected in the stable chlorophyll in-
dex and relative growth rate in the reproductive 
phase. This study also revealed the existence of a 
sophisticated internal regulatory system in melon 
plants. This system consistently prioritizes repro-
ductive function and fruit set despite facing sub-
optimal nitrogen supply conditions. Reduction 
of nitrogen input by 75% in the enlargement and 
fruit ripening phases was possible without signifi-
cantly compromising yield. Nitrogen reduction at 
the appropriate growth phase increases efficiency, 
reducing production costs and minimizing envi-
ronmental impacts such as groundwater pollution 
and greenhouse gas emissions. Nitrogen use ef-
ficiency is highly relevant to the sustainability 
challenges of modern agriculture.
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