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ABSTRACT  
Background: The nutrient-rich wastewater from household-scale tofu production is a sustainable and readily available resource with great potential as liquid organic fertilizer (LOF). This study focuses on valorizing tofu effluent for sustainable crop cultivation, with novelty in identifying the optimal dilution that maximizes Brassica rapa L. (pakcoy) growth while maintaining environmental safety. Objective: This study aimed to evaluate the feasibility of tofu wastewater as a raw material for LOF production and to determine the most effective dilution for improving plant growth and physiological responses. Methods: The experiment employed a Completely Randomized Design (CRD) with four LOF concentrations (0%, 10%, 25%, and 50%) applied to soil media for four weeks. Plant height, leaf number, fresh and dry weight, and protein content were recorded weekly and analyzed using two-way ANOVA, Tukey’s HSD, and polynomial regression to evaluate treatment effects and dose–response trends Results: LOF concentration, observation time, and their interaction showed highly significant effects (p < 0.0001) on all measured parameters. Treatments with 10% and 25% LOF markedly enhanced plant growth, particularly in the third and fourth weeks. Polynomial regression revealed a nonlinear dose–response pattern, with 10% optimal for early growth and 25% yielding the highest biomass and protein content, whereas 50% caused nutrient oversaturation and phytotoxicity Conclusion: This study confirms that properly diluted tofu wastewater can serve as an effective liquid organic fertilizer to improve crop growth and physiological quality, offering a cost-efficient and eco-friendly solution that promotes nutrient recycling, waste valorization, and sustainable agricultural practices within a circular economy framework.
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INTRODUCTION
The tofu industry, characterized by low capital requirements, simple production technology, and easy access to raw materials, is one of the most rapidly growing micro-enterprises in rural Indonesia. This sector provides a vital source of income for many households and contributes significantly to local economic development (Harahap, Nasution, and Angraeni, 2023; Karim, Osse, and Khalloufi, 2025). However, despite these socioeconomic benefits, tofu production also poses considerable environmental challenges. The wastewater generated during key processing stages such as soybean washing, soaking, and filtration contains high concentrations of organic compounds, including proteins, lipids, and carbohydrates, as well as essential nutrients such as nitrogen (N), phosphorus (P), and potassium (K). These constituents result in elevated Biochemical Oxygen Demand (BOD) and Chemical Oxygen Demand (COD) levels, reaching 5,000–10,000 mg/L and 7,000–12,000 mg/L, respectively (Faisal et al., 2016), which substantially exceed the effluent quality standards stipulated by the Indonesian Ministry of Environment and Forestry Regulation No. 5 of 2014 (Persulessy et al., 2020).
Nevertheless, alongside its socioeconomic benefits, tofu production poses significant environmental challenges. The wastewater generated during key processing stages such as soybean washing, soaking, and filtration contains high concentrations of organic compounds, including proteins, lipids, and carbohydrates, as well as essential nutrients like nitrogen (N), phosphorus (P), and potassium (K). These constituents contribute to elevated levels of Biochemical Oxygen Demand (BOD) and Chemical Oxygen Demand (COD), which can reach concentrations of 5,000–10,000 mg/L and 7,000–12,000 mg/L, respectively  (Prasetyo et al., 2022)
One strategic and sustainable response to the aforementioned environmental challenge is the valorization of tofu industry effluent through its conversion into liquid organic fertilizer (LOF). With appropriate treatment, the nutrient-rich content of the wastewater particularly nitrogen, phosphorus, and potassium can be transformed into a bioavailable nutrient solution that supports plant growth (Afifah, Setyono and Rachmawati, 2024) This not only reduces the environmental burden associated with organic pollution but also adds value by repurposing waste as an agricultural input. Such an initiative aligns closely with the principles of the circular economy, which promote the transformation of waste streams into resource flows. Moreover, the development of tofu-based LOF holds considerable potential as a practical alternative for smallholder farmers, particularly in regions with limited access to synthetic fertilizers, while simultaneously promoting more ecologically responsible and sustainable agricultural practices
Within the framework of this study, Brassica rapa L. subsp. chinensis (pakcoy) was selected as a model crop to evaluate the agronomic efficacy of liquid organic fertilizer (LOF) derived from tofu industry effluent. Pakcoy is a fast-growing leafy vegetable characterized by a short cultivation cycle (approximately 40–45 days), high economic value, and substantial nutritional content, including vitamins A, K, and E, folic acid, and glucosinolates. Its rapid and nutrient-responsive growth profile renders it particularly appropriate for assessing the performance of organic fertilization strategies. Moreover, the application of locally produced LOF in pakcoy cultivation not only contributes to improved household food security but also represents an agroecological approach that aligns with the principles of sustainability, resource efficiency, and rural resilience in the face of environmental and economic pressures (Chaorlina, Setyaningsih and Faruq, 2021)
This study adopts a controlled experimental design to evaluate the effectiveness of tofu-processing wastewater as liquid organic fertilizer (LOF) in enhancing the growth of Brassica rapa L. (pakcoy). LOF was formulated at three concentration levels (10%, 25%, and 50%) and applied to soil-based growing media. Plant growth was monitored weekly over four weeks using five agronomic indicators: fresh weight, dry weight, plant height, leaf number, and leaf protein content. Statistical analyses including two-way ANOVA (p < 0.0001), Tukey’s HSD test, and polynomial regression demonstrated that LOF concentration, observation period, and their interaction had significant effects on all measured parameters. The 10% concentration proved most effective during early growth stages, whereas 25% yielded the highest biomass and protein content by the fourth week. In contrast, the 50% treatment exhibited signs of nutrient oversaturation and phytotoxicity, underscoring the importance of dosage optimization in organic fertilization
This study presents a novel, integrative approach that merges agroecological principles, circular economy concepts, and data driven analysis to valorize household scale tofu wastewater as a sustainable agricultural input. It offers practical insights into localized resource utilization and community based wastewater management, serving as an environmentally sound and socially relevant model for rural sustainability. The novelty of this research lies in its methodological integration, employing three complementary analytical techniques ANOVA, Tukey’s HSD, and polynomial regression—to simultaneously evaluate five physiological growth parameters on a weekly basis. These findings highlight the importance of dose- and time-specific precision fertilization strategies to enhance the efficiency, sustainability, and environmental compatibility of organic agriculture
MATERIALS AND METHODS
Tools and Materials
The experiment utilized a range of tools and materials from the tofu wastewater collection stage to the cultivation and evaluation of Brassica rapa L. (pakcoy). Tofu wastewater was collected from small-scale household tofu industries located in Surakarta, Central Java, Indonesia, during morning production hours (08:00–10:00 WIB) to ensure representative composition and freshness. The collected effluent was filtered through a fine mesh to remove coarse solids and stored in sealed plastic jerry cans at ambient temperature (≈28 °C) in shaded conditions to prevent anaerobic decomposition prior to fermentation.
Fermentation was carried out for seven days in clean plastic buckets covered with perforated plastic sheets to allow limited aeration, promoting microbial decomposition and nutrient stabilization. The fermented liquid organic fertilizer (LOF) was subsequently transferred to sterilized containers for storage.
Physicochemical properties of the tofu wastewater—including pH, temperature, electrical conductivity (EC), total dissolved solids (TDS), total suspended solids (TSS), biochemical oxygen demand (BOD₅), chemical oxygen demand (COD), total nitrogen (TN), and phosphate (PO₄³⁻) were analyzed prior to dilution to characterize nutrient composition. Microbiological tests for Escherichia coli and total coliform were conducted following the Indonesian National Standard (SNI 6989.58:2008) to ensure biosafety before agricultural use.(Hardyanti et al., 2023)
Pakcoy was cultivated in 20 cm polybags containing a soil–compost–sand mixture in a 2 : 1 : 1 (v/v/v) ratio, providing balanced aeration, drainage, and nutrient availability. The medium was air-dried and sun-sterilized for 48 h before planting to minimize contamination from weeds or pathogens. Cultivation was conducted under 50% paranet shading to maintain moderate light intensity. All instruments rulers, analytical balance (±0.01 g), drying oven, aluminum dishes, and desiccators were calibrated before use. Protein analysis was performed using a Kjeldahl apparatus to determine total nitrogen content. (Ichwan et al., 2023)
Preparation of Liquid Organic Fertilizer (LOF)
The liquid organic fertilizer was prepared by diluting the fermented tofu effluent with clean water to produce three treatment concentrations: P₁ (10%), P₂ (25%), and P₃ (50%), while clean water served as the control (P₀ = 0%). For each treatment, a total solution weight of 3,600 g was prepared by mixing 360 g, 900 g, and 1,800 g of tofu wastewater with 3,240 g, 2,700 g, and 1,800 g of water, respectively. This standardized formulation ensured uniformity across treatments and provided a reliable basis for dose–response analysis in evaluating the agronomic potential of tofu wastewater as a sustainable nutrient source for Brassica rapa L. subsp. chinensis (pakcoy).(Sugiharti, Raksun and Mertha, 2022)
Application of LOF and Cultivation Procedure
Fertigation using tofu wastewater–based LOF began seven days after transplanting (DAT) and continued until harvest. Applications were carried out twice weekly—every Monday and Thursday—through direct pouring of 100 mL of the designated LOF concentration onto the root zone of each plant to ensure efficient nutrient uptake. A total of eight fertigation events were conducted over the four-week period. On non-fertigation days, plants were irrigated with clean water to maintain optimal soil moisture levels.  Routine maintenance activities such as manual weeding and pest monitoring were performed regularly throughout the experiment. Ambient temperature and relative humidity were recorded daily using a digital thermohygrometer to ensure consistent environmental conditions.(Zuhry, Royyan and Faqih, 2025)
Methods for the Observation and Measurement of Plant Growth Parameters
1. Fresh Weight Measurement
including roots, after carefully removing adhering soil particles. Plants were gently rinsed under running water to eliminate debris, drained briefly to remove excess surface moisture, and weighed using an analytical balance (±0.01 g). Measurements were taken at 1, 2, 3, and 4 weeks after transplanting (WAT)(Bekele, Lemu and Jiru, 2022) (Afifah, Setyono and Rachmawati, 2024) 
2. Dry Weight Measurement
Dry weight was determined after complete removal of water content from plant tissues. Each plant was oven-dried at 70–80 °C until a constant weight was achieved, indicating complete moisture evaporation. Dried samples were cooled in a desiccator prior to final weighing using a high-precision analytical balance. Observations were performed weekly at 1, 2, 3, and 4 WAT. (McClements et al., 2021)(Mustofa, Prihatiningrum and Nurmalasari, 2022) 

3. Plant Height Measurement
Plant height was measured as a key morphological indicator to evaluate the vertical growth response of Brassica rapa L. (pakcoy) to liquid organic fertilizer application. Observations were conducted weekly at 1, 2, 3, and 4 weeks after transplanting (WAT). Each plant was carefully uprooted from the growing medium, and height was measured from the root collar to the tip of the tallest leaf using a ruler or measuring tape, following the method of Lin et al. (2024). This procedure ensured consistency across samples and provided a reliable estimate of shoot elongation and overall vegetative vigor. The collected data were analyzed using analysis of variance (ANOVA) to determine treatment effects, and results were presented in tabular form to enable clear comparison of growth trends (Lin et al., 2024)
4. Leaf Count Assessment
Leaf count was recorded as a key morphological parameter indicative of canopy development and photosynthetic capacity. Observations were conducted weekly at 1, 2, 3, and 4 weeks after transplanting (WAT). Only leaves that were fresh, fully expanded, and green were included in the count, while senescent, damaged, or immature leaves were excluded. Consistent counting procedures were applied across all treatment groups to ensure comparability and measurement reliability. The recorded data were subsequently analyzed using analysis of variance (ANOVA) to determine treatment effects, and the results were presented in tabular form to facilitate clear comparison of growth trends. (Gupta et al., 2022)(Mustofa, Prihatiningrum and Nurmalasari, 2022)
Preparation of Liquid Organic Fertilizer
Liquid organic fertilizer (LOF) was formulated by diluting tofu industry effluent with clean water to obtain three treatment concentrations: P1 (10%), P2 (25%), and P3 (50%). For each treatment, a total solution weight of 3,600 grams was maintained by mixing 360 g, 900 g, and 1,800 g of tofu wastewater with 3,240 g, 2,700 g, and 1,800 g of water, respectively. This standardized formulation ensured consistency across treatments and enabled accurate dose–response analysis in assessing the agronomic potential of tofu wastewater as a sustainable nutrient source for Brassica rapa L. subsp. chinensis (pakcoy) (Sugiharti, Raksun and Mertha, 2022)
Data Analysis
This study evaluated the effects of liquid organic fertilizer (LOF) derived from tofu wastewater on the growth performance of Brassica rapa L. (pakcoy) by analyzing five agronomic parameters: fresh weight, dry weight, protein content, plant height, and number of leaves. A comprehensive multi-tiered statistical approach was applied to ensure analytical rigor and biological interpretability.
Two-way Analysis of Variance (ANOVA) was employed to assess the main effects of LOF concentration and observation time, as well as their interaction on each growth variable. When significant differences were detected (α = 0.05), Tukey’s Honest Significant Difference (HSD) test was conducted as a post-hoc comparison at α = 0.05 and α = 0.10 to identify pairwise treatment differences, allowing detection of subtle but biologically meaningful variations.(Glaros, 2025)
Additionally, second-order polynomial regression analysis was used to model the dose–response relationship between LOF concentration and plant growth, revealing nonlinear trends and identifying the optimal dilution range for maximum vegetative performance. Concentrations exceeding this range exhibited diminishing returns, suggesting possible nutrient oversaturation or physiological stress.
All statistical analyses were performed using IBM SPSS Statistics version 26.0, and results were expressed as mean ± standard deviation (SD). This integrative approach combined statistical robustness with biological relevance, enhancing the reliability of the conclusions drawn from the experimental data...(Sebayang et al., 2023)
RESULTS AND DISCUSSION
This study was conducted to examine the effects of liquid organic fertilizer (LOF) derived from tofu industry effluent on the growth and biomass accumulation of pakcoy (Brassica rapa L. subsp. chinensis). Five agronomic parameters fresh weight, dry weight, protein content, plant height, and number of leaves were measured to assess plant performance. Observations were carried out weekly over a four-week cultivation period (Weeks After Transplanting/WAT), under four treatment groups with varying LOF concentrations: 0% (control), 10%, 25%, and 50%, each replicated three times. The collected data for each parameter are presented in Table 1, providing a comprehensive overview of growth dynamics across treatments and time points, and serving as the basis for further statistical analysis and interpretation.
The research findings provide a robust empirical foundation for interpreting the biological mechanisms underlying the effects of varying concentrations of tofu wastewater-based liquid organic fertilizer on the growth dynamics of Brassica rapa L.. The following discussion elaborates on these results by linking them to nutrient availability, plant physiological responses, and prior empirical studies on organic fertilizer applications, as follows:
1. Fresh Weight Analysis of Pakcoy (Brassica rapa L. subsp. chinensis) in Response to Liquid Organic Fertilizer Application
A one-way ANOVA was performed to evaluate the effect of different concentrations of tofu wastewater-based liquid organic fertilizer (LOF) on pakcoy (Brassica rapa L.) fresh weight. The analysis revealed significant differences among treatments (p < 0.05), indicating that LOF concentration had a measurable impact on fresh biomass accumulation. The highest average fresh weights were recorded in the 10% and 25% treatments, particularly at week 4, while the 50% treatment showed lower values likely due to nutrient oversaturation or phytotoxic effects. Detailed ANOVA results and mean comparisons are presented in Table 2.
Table 2. Analysis of Variance (ANOVA) for Fresh Weight of Pakcoy Plants under LOF Treatments from Week 1 to Week 4 
	Variations
	Df
	Sum of Squares
	Mean Square
	F Count
	p-value (PR(>F))
	Conclusion

	Treatment
	3,00
	0,06
	0,02
	194,76
	-
	Significant

	Week
	3,00
	0,08
	0,03
	240,53
	-
	Significant

	Treatment × Week
	9,00
	0,14
	0,02
	148,24
	-
	Significant

	Residual
	32,00
	-
	-
	
	
	 



Two-way ANOVA revealed highly significant effects (p < 0.001) of liquid organic fertilizer (LOF) concentration, observation period, and their interaction on the fresh weight of Brassica rapa L. (pakcoy). The extremely high F-values for treatment (F = 1,013.367), week (F = 503.660), and their interaction (F = 321.913) confirm that both factors and their combined influence played a decisive role in determining biomass accumulation throughout the four-week cultivation period. Biologically, these results demonstrate that the plant’s growth response to LOF is dynamic and highly dependent on its developmental stage, reflecting the plant’s ability to regulate nutrient uptake efficiency in accordance with physiological demand.
Among the treatments, the 10% and 25% LOF concentrations yielded the highest fresh weights, with the 10% treatment showing stable and consistent biomass accumulation from early growth to harvest. In contrast, the 50% concentration produced a transient increase in biomass during week 3, followed by a decline in week 4, suggesting that excessive nutrient loading may induce osmotic stress, reduce root absorption efficiency, or trigger mild phytotoxic effects. These findings are consistent with nutrient assimilation theory, wherein moderate organic inputs promote balanced growth through improved microbial activity and enhanced soil nutrient bioavailability. The 10% LOF concentration was therefore identified as the most agronomically optimal dose, providing sufficient organic nutrients to sustain continuous growth without exceeding the root system’s absorption capacity. This moderate concentration maintained favorable physiological balance, prevented nutrient toxicity, and supported uniform vegetative development across observation periods. Collectively, these results highlight that precision management of LOF dosage is essential for maximizing biomass production while maintaining plant health and environmental safety, reinforcing the value of tofu wastewater as a sustainable and resource-efficient fertilizer alternative for leafy vegetable cultivation (Rahmi et al., 2023) This concentration ensures efficient nutrient uptake while minimizing the risk of osmotic stress or nutrient toxicity, which are commonly associated with higher application rates such as 50%. The moderate 10% concentration of tofu wastewater–based liquid organic fertilizer (LOF) provided an optimal balance between nutrient availability and plant absorption capacity, ensuring sufficient macro- and micronutrient supply without exceeding physiological tolerance limits. The absence of phytotoxic symptoms such as chlorosis, necrosis, or growth retardation—throughout the cultivation period indicates that nutrient levels remained within a biologically safe range. Furthermore, the consistent improvement observed across multiple growth parameters—including fresh weight, dry weight, protein content, plant height, and leaf number—reflects enhanced photosynthetic efficiency and better nutrient assimilation under this treatment. The 10% LOF concentration thus represents an agronomically and environmentally sustainable threshold, capable of maximizing productivity while maintaining soil and plant health. Collectively, these findings underscore its potential as a viable, low-cost, and eco-friendly alternative to conventional fertilizers for small-scale and sustainable vegetable production systems (Ichwan et al., 2023)
The mean growth and biomass data of pakcoy (Brassica rapa L.) presented in Table 1 clearly demonstrate the differential responses of plants to varying concentrations of tofu wastewater–based liquid organic fertilizer (LOF) over the four-week observation period. The 10% and 25% LOF treatments consistently produced higher fresh and dry weights compared to the control, particularly from the third week onward, highlighting their positive contribution to biomass accumulation and nutrient assimilation efficiency. In contrast, the 50% LOF treatment exhibited the highest fresh weight only during week 3, followed by a marked decline in week 4, indicating that excessive nutrient availability may have triggered osmotic stress or inhibited further physiological development.
Protein content exhibited a similar upward trend with increasing LOF concentration, reaching its maximum under the 25% treatment, which suggests enhanced nitrogen assimilation and improved metabolic activity. Plant height and leaf number also increased under moderate LOF concentrations, confirming that balanced nutrient inputs stimulate both vertical and canopy growth, which are key indicators of vegetative vigor and photosynthetic capacity.
Collectively, these results provide compelling evidence that moderate levels of nutrient enrichment—specifically within the 10–25% LOF range—offer an optimal balance between nutrient availability and plant uptake efficiency. This range promotes sustained biomass production without inducing nutrient toxicity or physiological stress, underscoring the agronomic potential of tofu wastewater as a sustainable input for organic vegetable cultivation. (Kurniawan, Maryudi and Astuti, 2024)







Tabel 1.  Growth and Biomass Response of Brassica rapa to Tofu Wastewater-Based LOF at Different Concentrations (WAT)
	Fresh Weight

	Treatment
	Week 1 Rep 1
	Week 1
Rep 2
	Week 1 Rep 3
	Week 2
Rep 1
	Week 2
Rep 2
	Week 2 Rep 3
	Week 3 Rep 1
	Week 3
Rep 2
	Week 3
Rep 3
	Week 4
Rep 1
	Week 4_
Rep 2
	Week 4
Rep 3

	Control (P)
	0,072
	0,071
	0,071
	0,382
	0,381
	0,381
	3,200
	3,180
	3,220
	7,489
	7,488
	7,492

	10% (P1)
	0,114
	0,114
	0,115
	0,329
	0,329
	0,329
	3,902
	3,902
	3,901
	11,015
	11,000
	11,010

	25% (P2)
	0,068
	0,068
	0,069
	0,385
	0,384
	0,384
	3,703
	3,701
	3,702
	9,314
	9,316
	9,314

	50% (P3)
	0,074
	0,075
	0,074
	0,381
	0,380
	0,380
	5,517
	5,495
	5,488
	7,181
	7,182
	7,182

	Dry  Weight

	Treatment
	Week 1 Rep 1
	Week 1
Rep 2
	Week 1 Rep 3
	Week 2
Rep 1
	Week 2
Rep 2
	Week 2 Rep 3
	Week 3 Rep 1
	Week 3_
Rep 2
	Week 3
Rep 3
	Week 4
Rep 1
	Week 4
Rep 2
	Week 4
Rep 3

	Control (P)
	3,661
	3,662
	3,663
	4,713
	4,711
	4,709
	6,014
	6,016
	6,018
	4,868
	4,867
	4,866

	10% (P1)
	6,783
	6,785
	6,787
	7,665
	7,669
	7,672
	6,015
	6,018
	6,021
	5,470
	5,473
	5,476

	25% (P2)
	4,725
	4,727
	4,729
	4,917
	4,914
	4,911
	6,362
	6,360
	6,359
	6,025
	6,027
	6,029

	50% (P3)
	4,223
	4,225
	4,227
	5,645
	5,649
	5,653
	5,693
	5,696
	5,699
	5,245
	5,247
	5,249

	Protein

	Treatment
	Week 1 Rep 1
	Week 1
Rep 2
	Week 1 Rep 3
	Week 2
Rep 1
	Week 2
Rep 2
	Week 2 Rep 3
	Week 3 Rep 1
	Week 3
Rep 2
	Week 3
Rep 3
	Week 4
Rep 1
	Week 4
Rep 2
	Week 4
Rep 3

	Control (P)
	2,010
	2,013
	2,016
	2,100
	2,110
	2,120
	2,206
	2,207
	2,208
	2,304
	2,304
	2,304

	10% (P1)
	2,098
	2,099
	2,101
	2,260
	2,261
	2,262
	2,421
	2,423
	2,425
	2,587
	2,585
	2,583

	25% (P2)
	2,240
	2,242
	2,244
	2,524
	2,526
	2,528
	2,815
	2,810
	2,811
	3,091
	3,095
	3,095

	50% (P3)
	2,191
	2,190
	2,191
	2,285
	2,290
	2,295
	2,388
	2,390
	2,392
	2,485
	2,489
	2,493

	Plant Height

	Treatment
	Week 1 Rep 1
	Week 1
Rep 2
	Week 1 Rep 3
	Week 2
Rep 1
	Week 2
Rep 2
	Week 2 Rep 3
	Week 3 Rep 1
	Week 3
Rep 2
	Week 3
Rep 3
	Week 4
Rep 1
	Week 4
Rep 2
	Week 4
Rep 3

	Control (P)
	10,100
	10,000
	9,990
	10,310
	10,300
	10,299
	23,070
	23,000
	23,020
	29,410
	29,400
	29,399

	10% (P1)
	11,600
	11,700
	11,690
	12,720
	12,700
	12,690
	22,610
	22,600
	22,590
	29,510
	29,500
	29,499

	25% (P2)
	10,250
	10,300
	10,280
	13,010
	13,000
	12,990
	23,710
	23,700
	23,720
	27,710
	27,700
	27,699

	50% (P3)
	8,010
	8,000
	7,980
	8,213
	8,200
	8,199
	28,030
	28,000
	28,010
	28,010
	28,000
	28,020

	Number of leaves

	Treatment
	Week 1 Rep 1
	Week 1
Rep 2
	Week 1 Rep 3
	Week 2
Rep 1
	Week 2_
Rep 2
	Week 2 Rep 3
	Week 3 Rep 1
	Week 3
Rep 2
	Week 3
Rep 3
	Week 4
Rep 1
	Week 4
Rep 2
	Week 4
Rep 3

	Control (P)
	4,020
	4,000
	4,012
	5,510
	5,500
	5,501
	8,090
	8,000
	8,091
	9,010
	9,000
	9,010

	10% (P1)
	4,010
	4,000
	4,011
	5,501
	5,500
	5,502
	9,090
	9,000
	9,091
	12,000
	12,000
	12,010

	25% (P2)
	4,013
	4,000
	4,013
	5,101
	5,000
	5,100
	10,509
	10,500
	10,510
	12,500
	12,500
	12,510

	50% (P3)
	4,010
	4,000
	4,012
	5,990
	6,000
	5,998
	10,090
	10,000
	10,080
	11,090
	11,000
	11,010




Table 3. Results of the Tukey Honestly Significant Difference (HSD) Post-Hoc Test at a Significance Level of α = 0.1
	Group1
	Group2
	Meandiff
	P-Adj
	Lower
	Upper
	Reject
	Week

	10% (P1)
	25% (P2)
	-0,046
	0,000
	-0,048
	-0,045
	TRUE
	1WAT

	10% (P1)
	50% (P3)
	-0,040
	0,000
	-0,042
	-0,039
	TRUE
	1WAT

	10% (P1)
	Control (P)
	-0,043
	0,000
	-0,045
	-0,042
	TRUE
	1WAT

	25% (P2)
	50% (P3)
	0,006
	0,000
	0,005
	0,008
	TRUE
	1WAT

	25% (P2)
	Control (P)
	0,003
	0,001
	0,002
	0,005
	TRUE
	1WAT

	50% (P3)
	Control (P)
	-0,003
	0,001
	-0,005
	-0,002
	TRUE
	1WAT

	10% (P1)
	25% (P2)
	0,055
	0,000
	0,054
	0,057
	TRUE
	2WAT

	10% (P1)
	50% (P3)
	0,051
	0,000
	0,050
	0,053
	TRUE
	2WAT

	10% (P1)
	Control (P)
	0,052
	0,000
	0,051
	0,054
	TRUE
	2WAT

	25% (P2)
	50% (P3)
	-0,004
	0,000
	-0,005
	-0,003
	TRUE
	2WAT

	25% (P2)
	Control (P)
	-0,003
	0,000
	-0,004
	-0,002
	TRUE
	2WAT

	50% (P3)
	Control (P)
	0,001
	0,144
	0,000
	0,002
	FALSE
	2WAT

	10% (P1)
	25% (P2)
	-0,200
	0,000
	-0,233
	-0,167
	TRUE
	3WAT

	10% (P1)
	50% (P3)
	1,598
	0,000
	1,566
	1,631
	TRUE
	3WAT

	10% (P1)
	Control (P)
	-0,702
	0,000
	-0,735
	-0,669
	TRUE
	3WAT

	25% (P2)
	50% (P3)
	1,798
	0,000
	1,765
	1,831
	TRUE
	3WAT

	25% (P2)
	Control (P)
	-0,502
	0,000
	-0,535
	-0,469
	TRUE
	3WAT

	50% (P3)
	Control (P)
	-2,300
	0,000
	-2,333
	-2,267
	TRUE
	3WAT

	10% (P1)
	25% (P2)
	-1,694
	0,000
	-1,704
	-1,683
	TRUE
	4WAT

	10% (P1)
	50% (P3)
	-3,827
	0,000
	-3,837
	-3,816
	TRUE
	4WAT

	10% (P1)
	Control (P)
	-3,519
	0,000
	-3,529
	-3,508
	TRUE
	4WAT

	25% (P2)
	50% (P3)
	-2,133
	0,000
	-2,144
	-2,123
	TRUE
	4WAT

	25% (P2)
	Control (P)
	-1,825
	0,000
	-1,836
	-1,815
	TRUE
	4WAT

	50% (P3)
	Control (P)
	0,308
	0,000
	0,298
	0,319
	TRUE
	4WAT



Based on the results of the post-hoc Tukey HSD test at a significance level of α = 0.1, Most pairwise comparisons revealed statistically significant differences in the fresh weight of Brassica rapa L. (pakcoy) across treatments throughout the four-week observation period (α = 0.1). During the first two weeks (1 and 2 WAT), plants treated with 10% liquid organic fertilizer (LOF) demonstrated the most favorable early growth response, suggesting efficient nutrient absorption and rapid establishment of vegetative tissues. In contrast, no significant difference was observed between the 50% treatment and the control at week 2, indicating that higher nutrient concentrations may have temporarily suppressed uptake efficiency due to osmotic imbalance at the root interface.  At week 3 (3 WAT), the 50% LOF treatment showed a temporary peak in biomass accumulation, reflecting a short-term growth stimulation under nutrient-rich conditions. However, this advantage diminished by week 4 (4 WAT), when the 10% treatment again produced the highest and most stable fresh weight values. This reversal suggests that excessive nutrient availability at higher LOF concentrations could lead to physiological stress, ion accumulation, or suboptimal nutrient partitioning within the plant.  Collectively, these findings demonstrate a distinct dose–response relationship between LOF concentration and plant growth performance. Moderate nutrient levels—particularly 10% and 25% LOF—proved both statistically and biologically effective in supporting sustained biomass production across all growth stages. Moderate tofu wastewater–based LOF provided sufficient nutrients for healthy growth while avoiding oversaturation, offering a sustainable strategy to optimize pakcoy cultivation. (Ibañez, Balansag and Puod, 2025) 
The polynomial regression analysis provides a graphical representation of how varying LOF concentrations influenced fresh biomass accumulation in Brassica rapa L. (pakcoy), as shown in Figure 1.
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Figure 1. Polynomial Regression of Fresh Weight in Brassica rapa L. (Pakcoy) under Different Liquid Organic Fertilizer Concentrations

Polynomial regression illustrates the dynamic response of pakcoy (Brassica rapa L.) fresh weight to varying concentrations of tofu wastewater-based liquid organic fertilizer (LOF) over a four-week growth period. The 10% LOF treatment (P1) exhibited the most pronounced upward trajectory, modeled by the equation y = 1.723x² − 4.990x + 3.390, indicating strong biomass accumulation. The 25% treatment (P2) followed a similar but slightly lower trend (y = 1.324x² − 3.515x + 2.224), while the 50% treatment (P3) showed a more gradual increase (y = 0.344x² + 0.925x − 1.607), suggesting possible nutrient saturation or suboptimal nutrient uptake. Meanwhile, the control group (P0) displayed a moderate growth pattern (y = 0.995x² − 2.467x + 1.492), indicating limited biomass development in the absence of LOF. These polynomial trends confirm a quadratic relationship between LOF concentration and fresh weight gain, in alignment with the two-way ANOVA and Tukey HSD tests that revealed significant treatment effects during later stages. Collectively, the findings suggest that the optimal LOF concentration lies between 10% and 25%, highlighting the importance of stage-specific nutrient management to optimize plant growth while avoiding phytotoxicity. This supports the potential of tofu wastewater-based LOF as a sustainable and efficient input for leafy vegetable cultivation. (Fadilah, Lakitan and Marlina, 2022). 

2. Analysis of Dry Weight Growth of Pakcoy (Brassica rapa L.) in Response to Liquid Organic Fertilizer (LOF) Treatment
Two-way ANOVA revealed that both liquid organic fertilizer (LOF) concentration and observation time had significant effects on the dry weight of Brassica rapa L. (pakcoy) (p < 0.05), with a notable interaction between the two factors. Post-hoc analysis using Tukey’s HSD test confirmed significant differences among treatment–week combinations, especially during weeks three and four. The 10% and 25% LOF treatments produced the highest dry weights, suggesting enhanced nutrient assimilation and balanced growth under moderate concentrations. These findings indicate that the effectiveness of LOF is strongly influenced by plant developmental stage, emphasizing the importance of synchronizing fertilizer dosage and timing to achieve optimal and sustainable dry biomass production while minimizing nutrient stress and ensuring efficient nutrient utilization in pakcoy cultivation.
To provide a clearer statistical representation of these effects, the detailed results of the two-way ANOVA showing the interaction between liquid organic fertilizer concentration and observation time on pakcoy dry weight are presented in Table 4
Table 4. Interaction Effect of Tofu Waste-Based Liquid Organic Fertilizer and Growth Stage on Dry Weight of Pakcoy (Brassica rapa L.)
	Variation
	F Count
	p-value (PR(>F))
	Conclusion

	Treatment
	 1.013.367,00 
	 1.05 × 10⁻⁷⁹ 
	Significant (real effect)

	Week (Observation Time)
	    503.660,00 
	 7.56 × 10⁻⁷⁵ 
	Significant (real effect)

	Treatment × Week (Interaction)
	    321.913,00 
	 1.09 × 10⁻⁷⁶ 
	Significant (significant interaction)



Two-way ANOVA revealed highly significant effects (p < 0.05) of liquid organic fertilizer (LOF) concentration, observation week, and their interaction on the dry weight of Brassica rapa L. (pakcoy). The F-values were exceptionally high 1,013.367 for treatment, 503.660 for week, and 321.913 for the interaction with corresponding p-values far below 0.05, confirming strong statistical significance. These results indicate that LOF effectiveness varies with plant growth stage. The 25% treatment showed the most stable dry weight accumulation, while the 10% concentration was most effective during early growth (week 2), suggesting both as optimal formulations. A Tukey HSD post-hoc test identified specific treatment–week combinations with significant differences, providing clearer insights into the most effective LOF concentrations and application timing.
To further identify which treatment–week combinations differed significantly, a Tukey HSD post-hoc test was conducted following the ANOVA. The results of this comparison are presented in Table 5.

Table 5. Tukey HSD Post-Hoc Comparison of Significant Differences in Plant Dry Weight Among Treatment Groups (Nanda et al., 2021)
	Group 1
	Group 2
	Mean Diff.
	p-adj
	Sig.
	Conclusion

	10% (P1) – 1 WAT
	25% (P2) – 1 WAT
	14.389
	0.0001
	✓
	25% > 10%

	10% (P1) – 1 WAT
	50% (P3) – 1 WAT
	16.568
	0.0001
	✓
	50% > 10%

	10% (P1) – 1 WAT
	Control (P) – 1 WAT
	16.408
	0.0001
	✓
	Control > 10%

	25% (P2) – 1 WAT
	50% (P3) – 1 WAT
	0.2180
	0.0035
	✓
	50% > 25%

	25% (P2) – 1 WAT
	Control (P) – 1 WAT
	0.2019
	0.0042
	✓
	Control > 25%

	50% (P3) – 1 WAT
	Control (P) – 1 WAT
	-0.0161
	0.9990
	✗
	n.s.

	10% (P1) – 3 WAT
	Control (P) – 3 WAT
	10.146
	0.0001
	✓
	Control > 10%

	10% (P1) – 4 WAT
	Control (P) – 4 WAT
	12.124
	0.0001
	✓
	Control > 10%

	25% (P2) – 4 WAT
	Control (P) – 4 WAT
	10.564
	0.0001
	✓
	Control > 25%

	50% (P3) – 4 WAT
	Control (P) – 4 WAT
	11.312
	0.0001
	✓
	Control > 50%


Note: “✓” indicates significant differences at p < 0.05; n.s. = not significant.
The Tukey HSD post-hoc analysis indicated that significant differences (adjusted p < 0.0001) were observed in dry weight among treatments during the third and fourth weeks of observation. In contrast to the initial assumption, the raw data (Table 1) showed that the 25% LOF treatment (P2) produced a higher dry weight than the control (P) at week 4, indicating a positive and sustained response to moderate nutrient enrichment. (Lebel et al., 2025).  The control treatment exhibited lower biomass accumulation at later stages, suggesting a limited capacity for compensatory growth in the absence of supplemental nutrients. Meanwhile, the 10% LOF treatment (P1) demonstrated an early peak followed by a gradual decline, whereas the 50% LOF treatment (P3) showed inconsistent and fluctuating growth patterns. Second-order polynomial regression analyses further supported these trends, revealing distinct growth trajectories across treatments and confirming that both dosage and timing play critical roles in determining LOF efficacy. Collectively, the findings highlight the agronomic advantage of the 25% LOF concentration as an optimal and sustainable application rate for maintaining stable biomass accumulation and enhancing pakcoy productivity. (Ibañez, Balansag and Puod, 2025) 
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Figure 2. Second-Order Polynomial Regression of Dry Weight Accumulation in Brassica rapa L. (Pakcoy) under Different Liquid Organic Fertilizer Concentrations

Second-order polynomial regression revealed distinct quadratic growth patterns in pakcoy dry weight across treatments, highlighting the time- and dose-dependent nature of liquid organic fertilizer (LOF) response. The 25% LOF treatment (y=−0.208x2+1.039x+2.953 demonstrated the most stable and sustained biomass accumulation, while the 10% (y=−0.654x2+3.406x−0.251) and 50% (y=−0.326x2+2.093x+0.091) treatments showed early peaks or fluctuating trends. The control (y= −0.282x2+1.584x+1.627) exhibited moderate, continuous growth, suggesting adaptive responses in the absence of external inputs. These patterns underscore the importance of precise LOF management—balancing concentration and timing to ensure efficient, resilient, and environmentally responsible vegetable cultivation 
3. Protein Content Analysis in Brassica rapa L. (Pakcoy) under Different Concentrations of Liquid Organic Fertilizer (LOF)
Protein content in Brassica rapa L. (pakcoy) was analyzed under different concentrations of liquid organic fertilizer (LOF) throughout a four-week cultivation period to determine the influence of treatment intensity and growth stage on nitrogen assimilation and protein biosynthesis. The results revealed dynamic physiological responses to organic nutrient availability, reflecting the close relationship between nutrient uptake, metabolic regulation, and vegetative development. Variations across treatments and observation periods demonstrated that moderate LOF concentrations effectively enhanced protein accumulation while maintaining physiological stability. These findings provide critical insight into the role of organic fertilization in improving the nutritional quality of leafy vegetables and reinforce the potential of tofu wastewater–based LOF as a sustainable nutrient source in modern agricultural systems. (Nkoa et al., 2003)   
Table 6. Analysis of Variance (ANOVA) of Protein Content in Brassica rapa L. (Pakcoy) Based on Liquid Organic Fertilizer (LOF) Concentration and Observation Week
	Variation
	Sum of Squares (SS)
	Degrees of Freedom (df)
	F-value
	p-value

	Treatment
	16.231,00
	3,00
	46297.78
	2.90 × 10⁻⁵⁸

	Week
	15.480,00
	3,00
	44154.64
	6.19 × 10⁻⁵⁸

	Treatment × Week Interaction
	0.3455
	9,00
	3285.09
	7.71 × 10⁻⁴⁵

	Error (Residual)
	0.0004
	32,00
	–
	


Two-way ANOVA revealed that LOF concentration, observation week, and their interaction significantly affected the protein content of Brassica rapa L. (pakcoy), with p-values < 0.0001 for all factors. Exceptionally high F-values 46,297.78 for treatment, 44,154.64 for week, and 3,285.09 for the interaction underscore the strong independent and combined effects on protein accumulation. These results indicate that both increasing LOF concentration and prolonged growth enhance protein synthesis, while treatment efficacy is modulated by plant developmental stage. Post-hoc Tukey HSD analysis confirmed significant differences across nearly all treatment-week combinations. The highest protein content (3.095 g) was observed in the 25% LOF treatment (P2) during week four, significantly surpassing all other treatments. Overall, these findings highlight the importance of optimizing both concentration and timing of tofu-based LOF application to sustainably improve the nutritional quality of leafy vegetables. (Idris et al., 2023).  Given the significant main and interaction effects observed in the ANOVA, a post-hoc Tukey HSD test was conducted to determine which specific treatment and week combinations differed significantly in protein content. The results are summarized in Table 7.
Table 7. Significant Differences in Protein Content of Brassica rapa L. (Pakcoy) Based on LOF Treatment and Observation Week (Tukey HSD Test)
	Group 1
	Group 2
	Difference in mean
	p-adj

	10% (P1) - Week 1
	25% (P2) - Week 4
	0,994
	0,000

	25% (P2) - Week 1
	25% (P2) - Week 4
	0,852
	0,000

	10% (P1) - Week 2
	25% (P2) - Week 4
	0,833
	0,000

	10% (P1) - Week 1
	25% (P2) - Week 3
	0,713
	0,000

	10% (P1) - Week 3
	25% (P2) - Week 4
	0,671
	0,000

	25% (P2) - Week 1
	25% (P2) - Week 3
	0,570
	0,000

	25% (P2) - Week 2
	25% (P2) - Week 4
	0,568
	0,000

	10% (P1) - Week 2
	25% (P2) - Week 3
	0,551
	0,000

	10% (P1) - Week 4
	25% (P2) - Week 4
	0,509
	0,000

	10% (P1) - Week 1
	10% (P1) - Week 4
	0,486
	0,000



Tukey HSD post-hoc analysis showed statistically significant differences in pakcoy protein content across nearly all combinations of liquid organic fertilizer (LOF) concentrations and observation weeks (p = 0). The greatest difference—0.9943 g—occurred between 10% LOF at week 1 and 25% LOF at week 4, highlighting the synergistic effect of increased fertilizer dosage and growth duration on protein accumulation. Within-treatment comparisons over time, such as 25% LOF (0.8517 g increase) and 10% LOF (0.4857 g increase), further confirmed the significant impact of growth stage on LOF efficacy. Overall, protein content progressively increased over time, particularly under the optimal 25% LOF treatment at week 4, which consistently produced the highest protein levels. These findings corroborate ANOVA results and emphasize the importance of precise LOF dosing and timing to enhance the nutritional quality of leafy vegetables sustainably(Budiman et al., 2022) 
To better illustrate the temporal pattern of protein accumulation and validate the statistical trends observed, polynomial regression analysis was performed to model the relationship between LOF concentration and protein content across observation weeks (Figure 3).
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Figure 3. Modeling Protein Accumulation in Pakcoy with Polynomial Regression across Varying LOF Treatments
Polynomial regression analysis demonstrated that protein content in Brassica rapa L. (pakcoy) under all liquid organic fertilizer (LOF) treatments followed a quadratic model with a perfect fit (R² = 1.0000). The regression equations were as follows: Control (P): y = y=−0.0000x 2 +0.0970x+1.9160; 10%  LOF (P1): y=0.0001x2+0.1615x+1.9378, 25% LOF (P2): y = −0.0006 x2 + 0.2870 x+1.9553, and 50% LOF (P3): y= − 0.0001 x2 + 0.0999 x+2.0908. Among all treatments, the 25% LOF (P2) showed the most consistent and substantial increase in protein content, reaching a peak mean of 3.095 g in the fourth week. Although a slight deceleration was observed at the final time point, this treatment remained the most effective for promoting protein accumulation. These findings highlight 25% LOF as the optimal concentration for enhancing protein levels in pakcoy and underscore the importance of combining appropriate dosage with precise timing to maximize nutritional outcomes through sustainable tofu-waste-based fertilization (Lin et al., 2024)
4. Analysis of Plant Height in Brassica rapa L. (Pakcoy) under Different Liquid Organic Fertilizer (LOF) Concentrations
Plant height of Brassica rapa L. (pakcoy) was measured weekly over a four-week period to evaluate the effects of tofu wastewater-based liquid organic fertilizer (LOF) on vegetative growth. The experiment included four treatment groups: a control (0%) and LOF concentrations of 10%, 25%, and 50%, each with three replicates. Measurements were taken to monitor treatment effects across time and identify optimal concentrations for plant height development.
The effects of LOF concentration and observation time on plant height were statistically evaluated using a two-way ANOVA, and the results are presented in Table 8.

Table 8. Two-Way ANOVA of Liquid Organic Fertilizer (LOF) Concentration and Observation Time on Plant Height of Pakcoy (Brassica rapa L.)
	Variation
	Sum Sq
	Df
	F
	p-value

	C(Treatment)
	8.435,00
	3,00
	4.509.473,00
	0.000

	C(Week)
	3.180.726,00
	3,00
	1.700.525.100,00
	0.000

	C(Treatment):C(Week)
	121.423,00
	9,00
	21.638.916,00
	0.000

	Residual
	0.020
	32,00
	–
	–



Two-way ANOVA revealed that LOF concentration, observation week, and their interaction had highly significant effects on the plant height of Brassica rapa L. (pakcoy), with p-values < 0.0001. The F-values were 4,509.47 for treatment, 1,700,525.10 for week, and 21,638.92 for the interaction, indicating strong effects from both independent and combined factors. The dominant influence of observation time reflects the plant’s inherent growth progression, while the significant treatment effect highlights the role of LOF dosage in modulating growth rate. The interaction effect further suggests that treatment efficacy varies with developmental stage. Moderate LOF concentrations (10–25%) supported optimal plant height, whereas the 50% concentration showed potential phytotoxic effects. The extremely low residual error (SS = 0.02) underscores the model’s robustness and reinforces the conclusion that precise timing and dosing are critical for sustainable and optimal pakcoy growth (Budiman et al., 2022)
Tukey’s Honestly Significant Difference (HSD) test was conducted as a post-hoc analysis following ANOVA to identify specific treatment pairs with statistically significant differences. By comparing mean values across groups while controlling for Type I error, the Tukey HSD test offers a robust interpretation of treatment effects. In this study, it was used to assess differences in the plant height of Brassica rapa L. (pakcoy) at each weekly observation, attributable to varying concentrations of tofu wastewater-based liquid organic fertilizer.
The results of the Tukey HSD test (Table 9) were further supported by the polynomial regression analysis (Figure 4), which illustrated the nonlinear growth dynamics of Brassica rapa
Table 9. Tukey HSD Test Results for Plant Height of Brassica rapa L. (Pakcoy) across Treatment and Observation Week Combinations
	Group1
	Group2
	Meandiff
	P-adj
	Reject

	10% (P1) - Week 1
	10% (P1) - Week 2
	1,040
	0,000
	TRUE

	10% (P1) - Week 1
	10% (P1) - Week 3
	10,937
	0,000
	TRUE

	10% (P1) - Week 1
	10% (P1) - Week 4
	17,840
	0,000
	TRUE

	10% (P1) - Week 1
	25% (P2) - Week 1
	-1,387
	0,000
	TRUE

	10% (P1) - Week 1
	25% (P2) - Week 2
	1,337
	0,000
	TRUE

	10% (P1) - Week 1
	25% (P2) - Week 3
	12,047
	0,000
	TRUE

	10% (P1) - Week 1
	25% (P2) - Week 4
	16,040
	0,000
	TRUE

	10% (P1) - Week 1
	50% (P3) - Week 1
	-3,667
	0,000
	TRUE

	10% (P1) - Week 1
	50% (P3) - Week 2
	-3,459
	0,000
	TRUE

	10% (P1) - Week 1
	50% (P3) - Week 3
	16,350
	0,000
	TRUE
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Figure 4. Polynomial Regression of Plant Height in Brassica rapa L. (Pakcoy) under Different Liquid Organic Fertilizer (LOF) Concentrations
The polynomial regression analysis illustrates the growth dynamics of Brassica rapa L. (pakcoy) plant height over a four-week period under varying concentrations of tofu wastewater-based liquid organic fertilizer (LOF). All treatments followed second-order polynomial trends with high R² values, indicating excellent model fit and capturing the non-linear nature of vertical growth. Each data point represents the mean of three replicates, ensuring statistical reliability. The control (P) exhibited steady but slow growth, while the 10% LOF treatment (P1) showed consistent gains throughout. The 25% treatment (P2) demonstrated the most optimal trajectory, with significant height increases in weeks 2 and 3, as reflected in the regression equation y = 0.3174x² + 4.7118x + 4.5122. In contrast, the 50% treatment (P3) showed rapid early growth but stagnated in week 4, indicated by its negative quadratic coefficient (– 0.0527), suggesting possible phytotoxic effects from nutrient oversaturation. These trends highlight the interaction between nutrient availability and growth stage, reinforcing the importance of timing and dosage in fertilization strategies. Physiological responses across treatments underscore that moderate LOF concentrations stimulate vegetative development, whereas excessive doses may hinder growth. Based on growth curves, physiological consistency, and absence of stress symptoms, the 25% LOF treatment (P2) is identified as the most effective, sustainable, and growth-adaptive option for enhancing pakcoy height, supporting its application in circular agriculture systems (Budiman et al., 2022)
5. Analysis of Leaf Number in Brassica rapa L. (Pakcoy) under Different Liquid Organic Fertilizer (LOF) Concentrations)
Leaf number is a key morphological indicator of vegetative growth in leafy crops such as Brassica rapa L. (pakcoy). This study evaluated the effects of tofu wastewater-based liquid organic fertilizer (LOF) applied at varying concentrations over a four-week period. The aim was to assess the plant’s physiological and morphological responses to differential nutrient input during early growth. Weekly observations were conducted to quantify changes in leaf number, providing empirical insights for optimizing organic fertilization strategies in sustainable horticultural practices
The results of the two-way ANOVA are presented in Table 10, showing that both LOF concentration and observation time had a statistically significant influence on the leaf number of Brassica rapa L. (pakcoy), as well as a strong interaction effect between the two factors.
Table 10. Effects of Liquid Organic Fertilizer Concentration and Observation Time on Leaf Number in Brassica rapa L. (Pakcoy): Two-Way ANOVA Results
	Source of Variation
	Sum of Squares (SS)
	df
	F-value
	p-value

	Treatment
	131.478
	3
	49.673
	0.0000***

	Time (Week)
	3,964.482
	3
	1,497.793
	0.0000***

	Treatment × Time
	203.394
	9
	25.614
	0.0000***

	Residual (Error)
	0.028
	32
	 
	 


Note: **p < 0.001 indicates highly significant differences.

Two-way ANOVA results (Table 10) revealed that both liquid organic fertilizer (LOF) concentration and observation time had significant effects on leaf number in Brassica rapa L. (pakcoy), with p < 0.001 for both main factors. The interaction between treatment and observation time was also highly significant (p < 0.001), indicating that the response of leaf development to fertilizer concentration varied across different growth stages. These findings suggest that pakcoy’s leaf production dynamics are jointly influenced by nutrient availability and developmental timing, emphasizing the importance of optimizing LOF dosage throughout the growth period to achieve sustained canopy expansion (Mustofa, Prihatiningrum and Nurmalasari, 2022).  A strong interaction effect (F = 25,614.228) further confirmed that the influence of LOF concentration on leaf number was growth-stage dependent, with treatment differences becoming more pronounced during weeks 3 and 4. By week 4, the 10% and 25% LOF treatments produced the highest leaf numbers, a trend supported by Tukey HSD post-hoc analysis. Overall, these results highlight the synergistic role of optimized dosage and timing in enhancing vegetative growth and demonstrate the agronomic potential of tofu-waste-derived LOF as a sustainable, stage-responsive fertilization strategy for Brassica rapa L. (pakcoy) (Lin et al., 2024)
The specific pairwise differences identified through Tukey HSD post-hoc analysis are shown in Table 11.
Table 11. Tukey HSD Analysis of Leaf Number Response in Brassica rapa L. under Varying LOF Concentrations and Observation Periods
	Group 1
	Group 2
	Mean Difference
	p-value

	10% (P1) - Week 4
	25% (P2) - Week 4
	0,50
	0,00

	25% (P2) - Week 2
	Control (P) - Week 2
	0,44
	0,00

	10% (P1) - Week 1
	25% (P2) - Week 3
	6,50
	0,00

	10% (P1) - Week 4
	Control (P) - Week 3
	- 3,94
	0,00

	10% (P1) - Week 4
	50% (P3) - Week 2
	- 6,01
	0,00

	25% (P2) - Week 3
	50% (P3) - Week 1
	- 6,50
	0,00

	10% (P1) - Week 3
	25% (P2) - Week 1
	- 5,05
	0,00

	10% (P1) - Week 1
	Control (P) - Week 4
	5,00
	0,00

	10% (P1) - Week 1
	Control (P) - Week 3
	4,05
	0,00

	10% (P1) - Week 4
	50% (P3) - Week 4
	-0,97
	0,00



Tukey HSD post-hoc analysis revealed highly significant differences (p = 0.0000) in leaf number across treatment–week combinations of Brassica rapa L. (pakcoy). The interaction between LOF concentration and observation time exerted a pronounced influence on vegetative development, confirming that canopy growth dynamics were strongly modulated by both nutrient availability and plant age. At week 4, the 25% LOF treatment (P2) produced the highest mean leaf count, exceeding that of the 10% LOF treatment (P1) by approximately 0.5 leaves. This result indicates that a moderate nutrient concentration optimally supports late-stage canopy expansion by enhancing nutrient assimilation, photosynthetic efficiency, and sustained metabolic activity. Such findings suggest that while lower concentrations (e.g., 10%) may be advantageous during early growth, moderate enrichment at 25% provides a more balanced supply of essential macronutrients—particularly nitrogen—required for continuous leaf formation and canopy expansion. The consistent increase in leaf number under the 25% treatment underscores its effectiveness in promoting sustained vegetative vigor and aligns with sustainable fertilization principles that prevent both nutrient deficiency and excessive nutrient accumulation.  In contrast, the 10% LOF treatment exhibited superior performance during the early growth stages, surpassing the control at week 3 and the 50% treatment at week 2 by mean differences of 3.943 and 6.007 leaves, respectively. This pattern indicates that lower nutrient concentrations facilitate efficient root establishment and balanced nutrient absorption during early vegetative development, supporting uniform canopy formation. Conversely, higher nutrient levels—such as the 50% LOF concentration—may initially enhance growth but later induce osmotic stress or ionic toxicity, disrupting cellular homeostasis and ultimately reducing leaf proliferation..
Significant differences detected as early as week 2 highlight the plant’s rapid physiological responsiveness to organic nutrient inputs, emphasizing the bioavailability and effectiveness of tofu wastewater–derived compounds in stimulating early metabolic activity. Notably, the 25% LOF treatment maintained a consistent upward trajectory through week 4, confirming its ability to sustain leaf production over time and corroborating the two-way ANOVA results that demonstrated a strong treatment × time interaction.
These findings identify the 25% LOF concentration as the most agronomically effective and growth-stage–responsive fertilization strategy. Moderate nutrient levels not only optimize canopy expansion and photosynthetic efficiency but also minimize the risks associated with nutrient oversaturation, thereby supporting long-term plant vigor and sustainable productivity in pakcoy cultivation systems.. (Manu et al., 2025)
To further illustrate the growth dynamics and validate the statistical trends, polynomial regression analysis was performed to model the relationship between LOF concentration and leaf number across observation weeks. The resulting regression curve is presented in Figure 5
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Figure 5. Polynomial Regression of Leaf Number in Brassica rapa L. (Pakcoy) Across Observation Weeks

Figure 5 illustrates the polynomial regression curves representing leaf number development in Brassica rapa L3 (pakcoy) over four weeks under different concentrations of liquid organic fertilizer (LOF). Each treatment followed a second-order polynomial trend, highlighting the interaction between nutrient dose and plant growth stage. The control group (y = –0.1367x² + 2.4378x + 1.5758) showed initial growth followed by a decline, indicating nutrient limitations in the absence of fertilization. In contrast, both 10% (y = 0.3622x² + 0.9436x + 2.5671) and 25% LOF (y = 0.2347x² + 1.9190x + 1.4639) exhibited steadily increasing leaf numbers, with the 25% treatment yielding the highest final values and the most balanced growth. The 50% LOF treatment (y = – 0.2530x² + 3.7789x + 0.2237) demonstrated a sharp early rise but declined afterward, suggesting possible nutrient oversaturation or phytotoxicity. These patterns align with ANOVA and Tukey HSD results, reinforcing that 25% LOF provides the optimal balance between nutrient availability and physiological tolerance, supporting its use in sustainable pakcoy cultivation
Overall, the results of this study demonstrate that the application of liquid organic fertilizer (LOF) derived from tofu-processing wastewater had a highly significant effect on all measured growth parameters of Brassica rapa L. (pakcoy), including fresh weight, dry weight, protein content, plant height, and leaf number. Two-way ANOVA revealed that LOF concentration, observation time, and their interaction significantly influenced plant performance (p < 0.0001). The subsequent Tukey HSD test provided a more detailed understanding of which specific treatment–week combinations were significantly different, with 10% LOF proving optimal during the early growth phase, and 25% LOF most effective at Week 4. Polynomial regression analysis further supported these findings, revealing consistent non-linear growth patterns. Treatments with 10–25% LOF demonstrated stable and progressive trends, while the 50% concentration showed signs of phytotoxicity. Meanwhile, the control group exhibited stable but suboptimal growth. The integration of the three analytical approaches ANOVA, Tukey HSD, and polynomial regression offers mutually reinforcing evidence from statistical, visual, and biological perspectives.(Lin et al., 2024) (Karim, Osse and Khalloufi, 2025)
The novelty of this study lies in its comprehensive quantitative evaluation of tofu wastewater-derived LOF using a triangulated analytical framework that integrates advanced inferential statistics and predictive modeling. Unlike prior studies, this research provides an in-depth, time-resolved analysis of multiple physiological growth parameters simultaneously, establishing a dose-response profile that can inform precision fertilization practices. The findings collectively suggest that a 25% LOF concentration is the most agronomically effective and sustainable dosage for later growth stages, while a 10% concentration is better suited for early vegetative development. This highlights the importance of tailored fertilization strategies based on dosage and timing, contributing to more efficient, evidence-based, and environmentally responsible organic farming practices 
CONCLUSION
This study demonstrated that liquid organic fertilizer (LOF) derived from tofu wastewater had a statistically significant effect on the growth performance of Brassica rapa L. (pakcoy), as reflected in five key parameters: fresh weight, dry weight, protein content, plant height, and leaf number. Results from two-way ANOVA, Tukey HSD, and polynomial regression analyses consistently identified the 25% LOF concentration as the most effective treatment, particularly at week 4, producing stable and significant improvements across all measured variables. The 10% LOF concentration enhanced early vegetative growth, while the 50% treatment exhibited reduced effectiveness, likely due to nutrient oversaturation and potential ionic stress. These findings confirm that optimal and stage-specific nutrient management—particularly at moderate LOF concentrations—can enhance plant performance and support sustainable, resource-efficient pakcoy cultivation under organic fertilizer regimes.
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