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Abstract

Background: Oxisols are highly weathered soils with low fertility and limited nutrient availability, which
restrict crop productivity. Improving nutrient efficiency through biological inputs is an important strategy to
maintain crop yield while reducing dependence on synthetic fertilizers. Aim: This study aimed to evaluate the
effects of different concentrations of liquid biofertilizer on tomato growth, yield, and selected soil chemical
properties under reduced nitrogen fertilization in Oxisols. Methods: The experiment was conducted at the
Experimental Garden of the Faculty of Agriculture, Muhammadiyah University of Jakarta, from December 2023
to March 2024 using a Randomized Block Design. Five treatments were applied, consisting of full nitrogen
fertilization without biofertilizer and 70% nitrogen fertilization combined with liquid biofertilizer at
concentrations of 2, 4, 6, and 8 mL L. Plant growth, yield, and selected soil chemical properties were
evaluated. Results: The application of liquid biofertilizer affected soil chemical properties and tomato
productivity under reduced nitrogen input. The 4 mL L™* treatment produced the highest fruit weight of 354.80
g plant™, equivalent to 22.17 tons ha™, indicating improved nitrogen use efficiency and crop performance.
Conclusion: Optimizing liquid biofertilizer concentration can enhance tomato productivity while reducing
nitrogen fertilizer requirements in Oxisols. This approach provides a potential strategy for sustainable crop
production by improving nutrient efficiency and minimizing environmental impacts associated with excessive
nitrogen application.
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1. Introduction

Tomato (Solanum lycopersicum L.) is one of the economically important horticultural
crops widely cultivated worldwide. According to FAOSTAT (2024), global tomato production
reached approximately 192 million tons in 2023, highlighting its importance as one of the
major vegetable crops in terms of production volume and economic value. The increasing
demand for tomatoes as fresh produce and raw material for food processing industries
highlights the importance of improving tomato productivity through efficient and
sustainable crop management practices. Besides serving as a source of vitamins, minerals,
and antioxidants, tomato has broad market potential for both fresh consumption and
processing industries. The increasing market demand requires continuous improvement in
tomato productivity through appropriate crop management practices, particularly nutrient
management. Among essential plant nutrients, nitrogen (N) plays a crucial role in
determining tomato growth and productivity.

Nitrogen is an essential macronutrient involved in chlorophyll formation, amino acid
and protein synthesis, and the regulation of vegetative growth and photosynthetic activity,
which ultimately determine biomass accumulation and crop yield. Adequate nitrogen
availability enhances chlorophyll content and photosynthetic efficiency, whereas nitrogen
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deficiency can induce chlorosis and reduce photosynthetic capacity (Juhaeti et al., 2024;
Pangaribuan et al, 2022). Nitrogen availability is also positively associated with leaf
development, plant vigor, and biomass production, which contribute to improved fruit
formation and yield in tomato plants (Khairi et al.,, 2023). Therefore, effective nitrogen
management is a key factor in achieving sustainable tomato production.

However, nitrogen management remains a major challenge in low-fertility soils such
as Oxisols. Oxisols are highly weathered tropical soils characterized by low pH, low organic
matter content, limited nutrient retention capacity, and high concentrations of iron (Fe) and
aluminum (Al) oxides. These characteristics restrict nutrient availability and reduce soil
fertility, thereby limiting crop productivity. Nitrogen applied through inorganic fertilizers in
Oxisols is often lost through leaching, volatilization, and microbial immobilization, reducing
fertilizer effectiveness and increasing environmental risks (Sanchez, 2019). Moreover,
excessive nitrogen application does not always result in proportional increases in crop yield
and may contribute to nitrate contamination and greenhouse gas emissions (Rawichandran
et al, 2024). Therefore, developing efficient and environmentally sustainable nutrient
management strategies is essential, particularly for crop production on marginal soils.

One promising approach is the use of liquid biofertilizers containing functional
microorganisms that improve soil biological activity and nutrient availability. Beneficial
microorganisms in biofertilizers can enhance nutrient cycling, accelerate organic matter
decomposition, and facilitate the transformation of nutrients into forms more accessible to
plants (Bhattacharyya & Jha, 2012). Several microbial genera, such as Azotobacter and
Azospirillum, have been reported to contribute to biological nitrogen fixation and to
promote plant growth by improving nutrient availability and producing growth-promoting
substances (Golla, 2019). The use of these microorganisms has the potential to enhance crop
productivity, particularly under nutrient-limited conditions, such as those found in Oxisols.

Although previous studies have demonstrated the beneficial effects of biofertilizers on
horticultural crops, information regarding the effectiveness of liquid biofertilizers in
improving crop productivity under reduced nitrogen input in low-fertility soils remains
limited. In particular, the optimal concentration of liquid biofertilizer combined with
reduced nitrogen fertilization for tomato cultivation in Oxisols has not been widely reported.
Therefore, this study aimed to evaluate the effects of different concentrations of liquid
biofertilizer on soil chemical properties, growth, and productivity of tomato plants under
reduced nitrogen fertilization in Oxisols. The novelty of this research lies in determining the
optimal concentration of liquid biofertilizer that maintains or improves tomato productivity
while reducing inorganic nitrogen inputs. This approach is expected to contribute to the
development of more efficient and sustainable fertilization strategies for horticultural crop
production on marginal soils. Previous studies have mainly focused on the general benefits
of biofertilizers for crop growth and soil improvement. However, limited information is
available regarding the appropriate concentration of liquid biofertilizer that can maintain
tomato productivity while reducing nitrogen fertilizer inputs, particularly in Oxisols with
low nutrient retention capacity.

2. Methods
2.1 Place and Time

The experiment was conducted from December 2023 to March 2024 at the
Experimental Garden of the Faculty of Agriculture, Muhammadiyah University of Jakarta,
Indonesia. The experimental site was located at an altitude of approximately 25 m above sea
level, with Oxisols as the dominant soil type. Soil chemical analyses were conducted at PT.
Bumi Ventila Indonesia, Bogor, Indonesia.
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2.2 Research Design and Data Analysis

The experiment was arranged using a Randomized Block Design (RBD) with five
treatments and five replications, yielding 25 experimental units. Each experimental unit
consisted of three tomato plants, resulting in a total of 75 plants. The experiment was
conducted to evaluate the effects of different concentrations of liquid biofertilizer, combined
with reduced nitrogen input, on tomato growth, soil chemical properties, and productivity
under Oxisol conditions.

The treatments consisted of a full nitrogen fertilizer application as the control and
reduced nitrogen fertilizer combined with different concentrations of liquid biofertilizer.
The control treatment (P0) received the recommended nitrogen fertilizer rate without liquid
biofertilizer application. The P1, P2, P3, and P4 treatments received 70% of the
recommended nitrogen fertilizer dosage (0.94 g urea plant™) combined with liquid
biofertilizer concentrations of 2, 4, 6, and 8 mL L%, respectively. Phosphorus and potassium
fertilizers were applied at the full recommended rates in all treatments to maintain balanced
nutrient availability. The liquid biofertilizer used in this study contained functional
microorganisms that support nutrient cycling and plant growth. The application
concentrations were evaluated to determine the optimal level of liquid biofertilizer to
maintain or improve tomato productivity under reduced nitrogen fertilization.

The collected data were analyzed using analysis of variance (ANOVA) to determine the
effects of treatments. When significant differences were detected among treatments, mean
comparisons were performed using the Honestly Significant Difference (HSD) test at a 5%
significance level.

2.3 Plant Cultivation and Experimental Management

The growing medium consisted of Oxisol soil mixed with goat manure at a 1:1 (v/v)
ratio. The mixture was placed in polybags measuring 40 x 40 cm, each containing 10 kg of
growing medium, and incubated for one week before planting. Tomato seeds of the Servo F1
variety were germinated in seed trays containing a mixture of soil, goat manure, and rice
husk charcoal at a 1:1:1 (v/v/v) ratio. Seedlings aged 14 days, with 4-5 fully expanded
leaves, were transplanted into polybags at a rate of 1 plant per polybag.

Plant maintenance included irrigation twice daily, manual weed removal, installation
of plant supports at one week after transplanting, and mechanical pest and disease control.
When pest and disease incidence increased, deltamethrin insecticide (2 mL L™') and
mancozeb fungicide (2 g L™*) were applied. Fruit harvesting was conducted at 67 days after
transplanting when fruits reached physiological maturity.

2.4 Fertilizer and Liquid Biofertilizer Application

Inorganic fertilizers were applied three times during the growing period, namely at
planting, 3 weeks after transplanting (WAT), and 5 WAT using the placement method around
the plant root zone. The control treatment (P0) received the full recommended fertilizer
dosage consisting of 1.34 g urea plant™, 3 g SP-36 plant™, and 0.66 g KCl plant™ according
to Rokhminarsi etal. (2022). Treatments P1-P4 received 70% nitrogen fertilizer (0.94 g urea
plant™®), while phosphorus and potassium fertilizers were maintained at the full
recommended dosage. Liquid biofertilizer was applied three times at 2, 4, and 6 WAT
through soil drenching around the root zone. The application volumes were 100, 150, and
200 mL plant™, respectively. Biofertilizer application was conducted in the afternoon to
maintain microbial viability and activity.
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2.5 Soil Chemical Analysis

Soil samples were collected before and after the treatment application to evaluate
changes in soil chemical properties. The analyzed soil parameters included soil pH, total
nitrogen (N-total), available phosphorus (P-available), exchangeable potassium (K-
available), and soil organic carbon (C-organic). Soil pH was measured using a pH meter, total
nitrogen was determined using the Kjeldahl method, available phosphorus was analyzed
using the Bray I extraction method, exchangeable potassium was determined using NH,0Ac
extraction, and organic carbon content was analyzed using the Walkley-Black method.

2.6 Plant Growth, Generative Phase, and Yield Measurements

Plant observations were conducted to evaluate the effects of applying liquid
biofertilizer on tomato growth, reproductive development, and productivity under reduced
nitrogen inputs. Vegetative growth parameters included plant height, number of branches,
and number of leaves. Plant height was measured with a ruler, while the number of branches
and leaves was recorded weekly from 2 weeks after transplanting until the flowering stage.
Generative parameters included days to first flowering and days to first harvest. The
flowering period was determined by the number of days from transplanting to the
appearance of the first flower, while the first harvest period was recorded when fruits
reached physiological maturity. In each experimental unit, all three tomato plants were
observed and measured, and the average value was used as the representative value for each
treatment unit.

Yield components were measured during harvesting, including the number of fruits per
plant, fruit diameter, fruit length, and fruit weight per plant. Fruit diameter and length were
measured using a digital caliper, while fruit weight was determined using a digital balance.
Tomato productivity was calculated by converting fruit weight per plant into tons per
hectare based on plant population density. Productivity was calculated using the following
equation:

Productivity (ton ha™) = fruit weight per plant x plant population per hectare.

The plant population was determined based on the planting distance applied during
cultivation.

3. Results and Discussion
3.1 Changes in Soil Chemical Properties of Oxisols

The application of liquid biofertilizer at different concentrations significantly affected
several chemical properties of Oxisols, including soil pH, total nitrogen, available
phosphorus, exchangeable potassium, and organic carbon content (Table 1).

The application of liquid biofertilizer increased soil pH compared with the control
treatment. Soil pH increased from 4.46 in the control treatment to 4.98 at the 6 mL L™*
biofertilizer concentration. This improvement indicates that microbial activity in the liquid
biofertilizer contributed to changes in soil chemical conditions through organic matter
transformation and the production of microbial metabolites. The decomposition of organic
substrates and the formation of humic compounds may increase soil buffering capacity and
reduce the activity of exchangeable H* ions, thereby improving soil acidity (Sobari et al,
2023). However, soil pH slightly decreased at the highest biofertilizer concentration (8 mL
L), reaching 4.81. This response suggests that the effect of microbial application on soil pH
was nonlinear, possibly due to differences in microbial activity, organic acid production, and
nutrient transformation at higher microbial inputs (Hapsoh et al., 2021). Furthermore, the
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high content of Fe and Al oxides characteristic of Oxisols may influence pH dynamics through
interactions with organic compounds and nutrient retention mechanisms (Ganestri et al.,
2021).

Table 1. Response of Oxisols chemical properties to different concentrations of liquid

biofertilizer
Biol}lecll-ltlillciizer Soil pH  Total N (%) Available P Exchangeabl_e K Organic C
Concentration (ppm) (cmol(+) kg?) (%)
OmL L™ 4.46d 0.13 cd 456a 0.11a 1.13d
2mLL™ 4.69 0.12d 3.33b 0.10 b 1.80 ¢
4mLL™ 480D 0.14 bc 2.97 ¢ 0.07 2.29b
6mL L™ 498a  0.15ab 1.96 d 0.09b 3.01a
8 mL L™ 481b 0.16a 2.99 0.09b 2.27b

Note: Values followed by the same letter within the same column are not significantly different according to
the Honestly Significant Difference (HSD) test at a 5% significance level.

Total nitrogen content showed an increasing trend with increasing liquid biofertilizer
concentration. The highest total nitrogen content was observed in the 8 mL L™* treatment
(0.16%), compared with 0.13% in the control treatment. The increase in soil nitrogen
availability may be associated with enhanced microbial activity, including biological
nitrogen fixation and organic matter mineralization processes. Functional microorganisms
in biofertilizers can contribute to nitrogen transformation by converting organic nitrogen
into mineral forms more available for plant uptake (Soumaré et al., 2020; Ramakrishnan et
al,, 2023). Nevertheless, the increase in total nitrogen was relatively limited, which may be
related to the low organic matter content of Oxisols and the strong interactions between
nitrogen compounds and Fe-Al oxide surfaces, which influence nitrogen dynamics in highly
weathered soils (Zuluaga et al., 2024; Aal et al.,, 2023).

In contrast, available phosphorus showed a decreasing trend following liquid
biofertilizer application. The highest available phosphorus content was observed in the
control treatment (4.56 ppm), while the lowest value occurred at 6 mL L™* (1.96 ppm). The
reduction in available phosphorus following biofertilizer application may indicate increased
utilization of phosphorus by microorganisms and plants during biological activity. In highly
weathered soils such as Oxisols, phosphorus availability is also strongly controlled by
adsorption processes involving Fe and Al oxides, which can reduce the amount of soluble
phosphorus available in the soil solution (Firmansyah et al.,, 2016). Therefore, the decrease
in available phosphorus does not necessarily indicate reduced availability of phosphorus for
plants but may reflect increased biological immobilization and nutrient cycling within the
soil system.

Exchangeable potassium content also decreased after biofertilizer application, from
0.11 cmol(+) kg in the control treatment to 0.07 cmol(+) kg1 at the 4 mL L™* concentration.
This reduction may be associated with increased potassium uptake by plants and
microorganisms during growth and nutrient cycling processes. In addition, the low nutrient
retention capacity of Oxisols, due to their low cation exchange capacity, may contribute to
potassium mobility and potential losses through leaching (Ginting, 2020). The changes in
exchangeable potassium indicate that microbial activity influenced nutrient dynamics in the
soil-plant system.

Soil organic carbon showed the most pronounced response to the application of liquid
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biofertilizer. Organic carbon content increased from 1.13% in the control treatment to
3.01% at the 6 mL L™ concentration. This increase indicates that liquid biofertilizer
stimulated microbial processes involved in organic matter decomposition and humification.
Microbial transformation of organic substrates can promote the formation of more stable
humic compounds, thereby increasing soil organic carbon accumulation (Boguta et al,,
2021). The improvement in soil organic carbon is particularly important in Oxisols because
organic matter plays a key role in enhancing soil fertility, nutrient retention capacity, and
microbial activity.

Overall, the application of liquid biofertilizer improved several chemical characteristics
of Oxisols, particularly soil pH, total nitrogen, and organic carbon content. The greatest
improvement in soil chemical properties was generally observed at the 6 mL L™
concentration, although some parameters responded differently depending on nutrient
dynamics and microbial interactions. These findings indicate that liquid biofertilizer has
potential as a complementary input to improve soil quality under reduced nitrogen
fertilization in Oxisols.

3.2 Vegetative Growth of Tomato Plants

The application of liquid biofertilizer at different concentrations significantly affected
tomato vegetative growth, particularly plant height, while the number of branches and
leaves showed no significant differences among treatments (Table 2). The reduced plant
height at higher biofertilizer concentrations may be associated with changes in assimilate
allocation and plant growth regulation. Under certain conditions, increased microbial
activity can modify nutrient availability and rhizosphere interactions, resulting in greater
investmentin leaf development and reproductive potential rather than stem elongation. This
indicates that plant height alone may not represent overall plant performance.

Table 2. Effect of liquid biofertilizer concentrations on tomato vegetative growth

Liquid Biofert.ilizer‘ Plant Height (cm) Number of Branc_hles Number of Lea_\ies
Concentration (branches plant™) (leaves plant™)
OmLL™ 96.13 b 23.73a 92.00a
2mLL™? 87.73 ab 26.60a 104.53a
4mLL™ 87.53 ab 25.33a 102.87a
6 mLL™ 86.13 ab 25.43a 113.83a
8mLL™ 80.73 a 23.93a 110.13a

Note: Values followed by the same letter within the same column are not significantly different according to
the Honestly Significant Difference (HSD) test at a 5% significance level.

The application of liquid biofertilizer at different concentrations significantly affected
tomato vegetative growth, particularly plant height, while the number of branches and
leaves showed no significant differences among treatments (Table 2). The control treatment
(0 mL L") produced the highest plant height (96.13 cm), which was significantly higher than
the 8 mL L™ treatment (80.73 cm). This result indicates that increasing the concentration of
liquid biofertilizer did not directly promote tomato stem elongation under the experimental
conditions. The plant height response showed a non-linear pattern, suggesting that
interactions among microbial activity, nutrient availability, and plant physiological
responses influenced vegetative growth.

The lower plant height observed at higher biofertilizer concentrations may be related
to differences in nutrient allocation patterns. Plant growth is not only determined by
nutrient availability but also by the balance between vegetative organs, environmental
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conditions, and microbial interactions in the rhizosphere. A higher concentration of
microbial inoculants may increase microbial activity in the growing medium; however,
excessive microbial populations may temporarily alter nutrient dynamics through
competition for available nutrients during microbial proliferation (Kumar et al., 2021). In
addition, under Oxisols conditions with low nutrient retention capacity, nutrient availability
may fluctuate depending on microbial transformation processes and plant uptake dynamics.

Although plant height decreased at higher biofertilizer concentrations, the application
of liquid biofertilizer tended to improve other vegetative characteristics, particularly leaf
development. The number of branches ranged from 23.73 to 26.60 branches plant™ and did
not differ significantly among treatments. The highest branch number was recorded in the 2
mL L™ treatment (26.60 branches plant™), indicating that moderate biofertilizer
concentration may provide favorable conditions for lateral growth. Beneficial
microorganisms contained in biofertilizers can contribute to nutrient cycling, organic matter
decomposition, and the production of plant growth-promoting compounds that support
vegetative development (Paturohman etal., 2017).

The number of leaves also showed no significant differences among treatments;
however, numerical improvements were observed in biofertilizer-treated plants. The
highest number of leaves was recorded in the 6 mL L™* treatment (113.83 leaves plant™),
followed by the 8 mL L™ treatment (110.13 leaves plant™), compared with only 92.00 leaves
plant™ in the control treatment. The increased leaf formation at moderate to high
biofertilizer concentrations suggests that liquid biofertilizer may enhance nutrient
availability and rhizosphere activity, particularly through enhanced nitrogen
transformation. Nitrogen availability plays an important role in leaf expansion and
chlorophyll formation, while beneficial microorganisms may also produce growth-
promoting substances such as auxins and cytokinins that stimulate cell division and tissue
development (Akhtar et al, 2020). However, because microbial populations and
phytohormone production were not directly measured in this study, these mechanisms
should be considered as possible explanations for the observed responses.

The contrasting responses of plant height and leaf development indicate that the
application of liquid biofertilizer influenced tomato growth patterns rather than uniformly
increasing all vegetative parameters. The control treatment supported greater vertical
growth, whereas biofertilizer applications, particularly at 6 mL L™, promoted greater leaf
formation. A higher number of leaves may increase photosynthetic surface area and support
assimilate production for reproductive growth and fruit development. Therefore, the
effectiveness of liquid biofertilizer in Oxisols should be evaluated based on overall plant
performance, including yield components, rather than plant height alone.

3.3 Generative Phase and Yield Components of Tomato Plants

The application of liquid biofertilizer at different concentrations (0-8 mL L) did not
significantly affect the generative phase and yield components of tomato plants (Table 3).
Parameters including days to flowering, days to first harvest, number of fruits, fruit diameter,
and fruit length showed relatively similar responses among treatments. These results
indicate that the application of liquid biofertilizer under the experimental conditions did not
directly affect the reproductive development of tomato plants, although it influenced several
vegetative growth parameters.

The flowering time ranged from 32.07 to 33.00 days after transplanting (DAT), while
the first harvest occurred between 69.63 and 70.80 DAT. The absence of significant
differences among treatments suggests that the application of liquid biofertilizer did not
substantially accelerate or delay tomato reproductive development. Flower initiation and
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fruit maturation are complex physiological processes regulated by genetic characteristics,
environmental conditions, and the availability of essential nutrients. Therefore, changes in
soil microbial activity may not immediately translate into differences in flowering and
harvesting time.

Table 3. Effect of liquid biofertilizer concentrations on generative phase and yield
components of tomato plants

Liquid Days to Days to First Number of Fruit Fruit
Biofertilizer Flowering Harvest Fruits (fruit Diameter Length

Concentration (DAT) (DAT) plant™) (cm) (cm)
OmLL™ 32.78a 70.80a 8.20a 4.55a 5.15a
2mLL™ 33.00a 70.33a 8.37a 4.60a 5.05a
4mLL™? 32.07a 69.73a 8.33a 4.47a 5.19a
6mLL™ 32.37a 70.57a 7.77a 4.25a 5.02a
8mLL™ 32.47a 69.63a 8.47a 4.40a 497a

Note: Values followed by the same letter within the same column are not significantly different according to
the Honestly Significant Difference (HSD) test at a 5% significance level.

The yield components also showed similar responses among treatments. The number
of fruits ranged from 7.77 to 8.47 fruits plant™, with the highest numerical value observed
in the 8 mL L™* treatment (8.47 fruits plant™). Fruit diameter ranged from 4.25 to 4.60 cm,
while fruit length ranged from 4.97 to 5.19 cm. Although these differences were not
statistically significant, the observed variation suggests that the application of liquid
biofertilizer may have influenced nutrient dynamics and plant physiological processes to
some extent.

Fruit development is highly dependent on the balance between photosynthetic
assimilation and nutrient availability, particularly nitrogen (N), phosphorus (P), and
potassium (K). Nitrogen supports chlorophyll formation and vegetative development, while
phosphorus and potassium play important roles in flowering, fruit formation, carbohydrate
translocation, and fruit quality. When nutrient availability is not sufficiently increased,
improvements in vegetative growth may not necessarily result in significant increases in
fruit size or yield components (Rahayu et al., 2022). Fruit development is also determined
by the allocation of photosynthates from source organs, mainly leaves, toward reproductive
organs as sink tissues. Therefore, increased vegetative growth does not always correspond
to increased fruit size when assimilate distribution remains limited (Safriansyah et al.,
2022).

The results also suggest that the effect of liquid biofertilizer may depend on the balance
between vegetative and reproductive growth. Biofertilizer microorganisms can enhance
nutrient cycling and improve rhizosphere conditions, thereby supporting leaf development
and plant biomass accumulation. However, converting these improvements into
reproductive yield requires adequate nutrient availability and efficient allocation of
assimilates during the reproductive stage. Similar findings have been reported: biofertilizer
responses are often concentration-dependent and may vary with plant developmental stages
and environmental conditions (Lee & Ryu, 2021).

The characteristics of Oxisols may also explain the limited response of yield
components. Oxisols generally have low nutrient retention capacity, high Fe and Al oxide
content, and strong phosphorus fixation properties, which may restrict nutrient availability
during critical reproductive stages. Under such conditions, microbial activity alone may not
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be sufficient to significantly increase fruit development without additional improvements in
nutrient supply and soil fertility conditions (Farrasati et al., 2021).

Overall, liquid biofertilizer application at concentrations of 0-8 mL L' did not
significantly affect the generative phase or yield components of tomato plants. However, the
numerical increase in fruit number at higher biofertilizer concentrations suggests that
microbial-based fertilization may support plant productivity. The results indicate that liquid
biofertilizer functions primarily as a soil biological enhancer, while maximizing tomato yield
under Oxisols conditions requires integration with balanced nutrient management,
particularly during the reproductive phase.

3.4 Fruit Weight and Tomato Productivity

The application of liquid biofertilizer at different concentrations significantly affected
fruit weight and tomato productivity (Table 4). The 4 mL L™* treatment produced the highest
fruit weight, reaching 354.80 g plant™*, with a productivity of 22.17 tons ha™*. This treatment
was significantly higher than the 6 and 8 mL L™* treatments, while the control (0 mL L™") and
2 mL L™ treatments showed similar responses. These results indicate that tomato plants
responded optimally to a specific concentration of the liquid biofertilizer rather than
showing a linear response to increasing biofertilizer application rates.

Table 4. Effect of liquid biofertilizer concentrations on fruit weight and tomato productivity
Liquid Biofertilizer

Concentration Fruit Weight (g plant™) Productivity (ton ha™)
OmLL™? 334.47ab 20.90ab
2mLL™? 333.27ab 20.82ab
4mLL™? 354.80a 22.17a
6 mLL™? 300.97b 18.81b
8mLL™? 306.47b 19.15b

Note: Values followed by the same letter within the same column are not significantly different according to
the Honestly Significant Difference (HSD) test at a 5% significance level.

The highest fruit weight and ProductivityProductivity observed at 4 mL L™ suggest
that this concentration provided a favorable balance between microbial activity, nutrient
availability, and plant physiological requirements during fruit development. Fruit
production is strongly influenced by the availability of assimilates produced during
photosynthesis and the ability of plants to allocate these assimilates toward reproductive
organs. Adequate nutrient availability, particularly nitrogen (N), phosphorus (P), and
potassium (K), plays an important role in supporting fruit formation, enlargement, and dry
matter accumulation. The productivity obtained in this study (18.81-22.17 tons ha™) is
within the range commonly reported for tomato production under suboptimal soil
conditions, although direct comparisons depend on cultivar, climate, nutrient management,
and cultivation system. The result indicates that liquid biofertilizer application may help
maintain competitive productivity under reduced nitrogen input.

Liquid biofertilizer may improve plant productivity through biological processes that
enhance nutrient cycling, including nitrogen transformation, phosphate solubilization, and
nutrient mobilization by functional microorganisms (Backer et al., 2018; Rahmayuni et al.,
2025). Beneficial microorganisms, including plant growth-promoting bacteria (PGPB), may
also improve rhizosphere conditions and support root development by producing growth-
promoting compounds and enhancing nutrient availability (Anwar et al., 2021). These
processes may increase plant capacity to acquire nutrients and support photosynthetic
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activity, resulting in greater assimilation production for fruit filling.

The improvement in productivity at the 4 mL L™ concentration is also related to the
balance between vegetative and reproductive growth. Although the 6 mL L™ treatment
produced a higher number of leaves during the vegetative stage, this did not translate into
higher fruit yield. In contrast, the 4 mL L™ treatment appeared to provide a more favorable
balance between vegetative development and assimilate allocation toward fruit formation.
This indicates that greater vegetative growth does not always correspond to increased
ProductivityProductivity when nutrient distribution and reproductive sink capacity are
limiting.

Nitrogen contributes to chlorophyll synthesis and photosynthetic capacity;
phosphorus plays an important role in energy transfer and reproductive development; and
potassium regulates enzyme activation, water balance, and the translocation of
carbohydrates toward fruit tissues (Wulansari et al., 2022). The interaction among these
nutrients determines the success of fruit development and filling, as reflected in fruit weight
and overall Productivity.

In contrast, the lower fruit weight and ProductivityProductivity observed at 6 and 8
mL L™! indicate that increasing liquid biofertilizer concentration beyond the optimum level
did not provide additional benefits. This response suggests that excessive biofertilizer
application may not always improve plant performance due to possible changes in microbial
interactions, nutrient dynamics, or competition within the rhizosphere. Therefore, the
effectiveness of biofertilizer depends not only on the presence of beneficial microorganisms
but also on achieving an appropriate concentration that matches plant nutrient
requirements and soil conditions.

The characteristics of Oxisols may also influence tomato plants' response to
biofertilizer application. The low nutrient-retention capacity and strong nutrient-fixation
properties of Oxisols can limit nutrient availability during fruit development. Under these
conditions, liquid biofertilizer serves as a complementary input that supports soil biological
processes, but optimal crop productivity still requires balanced nutrient management.

Overall, the results demonstrate that a liquid biofertilizer concentration of 4 mL L™*
was the most effective treatment for improving tomato fruit weight and
ProductivityProductivity under reduced nitrogen input in Oxisols. This finding highlights the
importance of optimizing biofertilizer concentration, as both insufficient and excessive
applications may reduce its effectiveness in supporting tomato yield production.

4. Limitations and Future Directions

This study was conducted during one growing season and evaluated only one tomato cultivar
under specific Oxisol conditions. Therefore, further validation across different soil types,
climatic conditions, and tomato cultivars is required. Future studies should investigate
microbial dynamics, nitrogen-use efficiency, and the economic feasibility of liquid biofertilizer
application.

5. Conclusion

The application of liquid biofertilizer improved several chemical properties of Oxisols,
particularly soil pH, total nitrogen, and organic carbon content, with the most pronounced
improvement observed at the 6 mL L™* concentration. However, most vegetative growth and
generative parameters of tomato plants were not significantly affected by liquid biofertilizer
application. The 4 mL L™* treatment resulted in the highest fruit weight and productivity,
reaching 354.80 g plant™ and 22.17 tons ha™?, respectively. Under the specific experimental
conditions of this study, including the tested tomato cultivar, growing period, and Oxisol
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conditions, the 4 mL L™ liquid biofertilizer treatment showed the best performance in
maintaining tomato productivity while reducing nitrogen input. Further evaluation across
different soil types, climatic conditions, tomato cultivars, and longer cultivation periods is
required before broader recommendations can be established. These findings indicate that
liquid biofertilizer has potential as a complementary input to support sustainable nutrient
management in low-fertility soils.
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