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Morphophysiological Responses of Pakchoi in Variations of Watering and 1 

Growing Media in Vertical Fertigation System 2 

 3 

 4 
Abstract. Pakchoi productivity in dryland areas is often constrained by water availability and suboptimal nutrient 5 
management strategies. However, the combined role of organic growing media with boron supply and controlled 6 
irrigation in a vertical wick fertigation system under dryland conditions remains underexplored. This study aimed 7 
to assess the presence of boron in compost and biochar-modified growing media under water stress, which affects 8 
the morphophysiology of pakchoi in dryland through vertical system with wick fertigation. The study was arranged 9 
in a split-plot design consisting of two watering frequencies and a growing media formulation based on soil, 10 
compost, and biochar with added boron. The results showed that watering frequency and boron based growing 11 
media significantly affected the number of leaves, shoot and root biomass, root characteristics, and chlorophyll 12 
content. Consistent daily watering resulted in better growth and yield compared to watering every other day. 13 
Optimized combinations of regular irrigations and appropriate boron application enhanced biomass accumulation 14 
and chlorophyll content, indicating improved plant performance. These findings indicate that regular water 15 
management through a wick fertigation system, combined organic growing media formulation and appropriate 16 
boron dosage, can significantly enhance pakchoi growth and productivity in dryland conditions. Importantly, this 17 
study provides a practical and scalable strategy for improving vegetable production under water-limited conditions. 18 
Keywords: biochar; boron; compost; dry land; water 19 
 20 
1. Introduction 21 

The agroecosystem on Timor Island, East Nusa Tenggara has low soil quality as a growing 22 
medium for plants, shallow solum, lots of rocks, low rainfall (<2,000 mm year-1) and a dry 23 
season of 7-8 months (Matheus et al., 2017). Management must be oriented toward adopting 24 
production technologies, improving soil quality and productivity, and providing appropriate 25 
nutrients. Vertical farming techniques using the fertigation system are one such production 26 
technology that aims to increase crop production. This system utilizes vegetable crops such as 27 
pakchoi as its target. Pakchoi plants have shallow root systems, making them sensitive to 28 
fluctuations in water availability. The fertigation system functions to distribute water and 29 
nutrients directly to the plant roots along the vertical culture pipe. The fertigation system 30 
provides nutrients and their uptake by the roots (Lestari et al., 2020; Lukmanul, 2021). This 31 
technology has shown significant growth and uptake increases in the growth of vertically 32 
cultivated pakchoi (Neonbeni et al., 2022; Tobing et al., 2022). Using this technology, growing 33 
media can be modified using compost and biochar. Using both together is more effective than 34 
applying them separately (Kammann et al., 2016; Schmidt et al., 2015). Both applications are 35 
able to improve the chemical and microbiological quality of the soil (Trupiano et al., 2017). 36 
The use of both is also able to improve the quality of the growing media and the 37 
morphophysiology and yield of pakchoi cultivated vertically with wick fertigation (Tobing et 38 
al., 2024a, 2024b). However, a study of the exact composition percentage of compost and 39 
biochar needs to be carried out. 40 

The use of fertigation in vertical culture requires consideration of proper plant nutrition. 41 
Nutrient requirements and their provision are crucial because they can impact plant life, 42 
particularly roots, which play a crucial role in absorbing nutrients and water from the soil, which 43 
are used in plant metabolism. Providing one nutrient through fertilization requires consideration 44 
of the growing medium's conditions, as the nutrient provided will influence the availability of 45 
other nutrients in the plant. Boron (B) is an essential micronutrient for plants. B plays a role in 46 
plant metabolism, including cell wall and plasma membrane synthesis, phosphorus, phenol, and 47 
nitrogen compound metabolism, protein and sugar synthesis, hormonal regulation, and 48 
ribonucleic acid (RNA) formation (García-Sánchez et al., 2020; Vera-Maldonado et al., 2024). 49 
B deficiency shows changes in root morphology resulting in an increase in the shoot/root ratio, 50 
thickening of the root cell wall mass which inhibits total nutrient absorption and transport 51 
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(García-Sánchez et al., 2020). In addition, a decrease in antioxidant enzyme levels, ROS 52 
accumulation, photosynthesis rate values, negative effects on photosystem II efficiency, 53 
transpiration rate, stomatal conductance, leaf gas exchange, and intercellular CO2 were found  54 
(García-Sánchez et al., 2020; Wimmer & Eichert, 2013). Toxicity B in plants is the presence of 55 
burns, the appearance of chlorotic and necrotic spots on the edges and tips of leaves, reduced 56 
proton extrusion in the roots, deposition of suberin and lignin, and nutritional imbalance 57 
(García-Sánchez et al., 2020; Simón-Grao et al., 2018). 58 

The availability of B to plants is closely related to soil water status and its effects on plants. 59 
Water limitations in drylands are often a problem in agriculture. The use of organic materials 60 
such as compost and biochar can be an alternative to increase water availability in growing 61 
media using soil from drylands. The use of both can increase soil water content, total soil 62 
organic carbon, nutrients, and plant growth (Agegnehu et al., 2016). Regarding differences in 63 
growing mwdia, coil compositions amended with compost and biochar significantly increased 64 
the fruit weight of cayenne pepper  (Azzahra et al., 2023). Application of compost and biochar 65 
can also increase water retention and water use efficiency in sandy soils (Al-Omran et al., 2021). 66 
However, the interaction between B avaibility and water stress remains insufficiently 67 
understood, particularly in dryland systems. Under water deficit conditions, reduced microbial 68 
activity and mineral solubilization may limit B availability to plants. Previous studies reported 69 
that combined B deficiency and drough stress significantly reduced biomass and B 70 
concentration in rapeseed (Brassica napa L.) (Hajiboland & Farhanghi, 2011; Simón et al., 71 
2013). In other findings, B toxicity often occurs in arid and semi-arid areas with groundwater 72 
with high B content (Simón-Grao et al., 2018). Drought can affect the toxicity effects of B when 73 
plants are exposed to these stresses simultaneously (Liu et al., 2018). Plants treated with the 74 
highest concentration of B, under water stress, had greater glutathione reductase activity. 75 
Inhibition of B and Na+ uptake and increased transport of Ca2+ and Mg2+ from roots to shoots 76 
were also found when the two stresses were combined (García-Sánchez et al., 2020). Other 77 
research shows that the inclusion of B can increase plant adaptation to drought by stimulating 78 
early stress responses (Aydin et al., 2019). Although previous studies have explored boron 79 
nutrition and drought stress separately, limited research has evaluated their combined effects 80 
within modified growing media under vertical fertigation system in dryland conditions. 81 
Therefore, the interaction between boron availability, water stress, and organic amendments in 82 
vertically cultivated pakchoi remains insufficiently understood, particularly in dryland regions 83 
such as Eat Nusa Tenggara. This study differs from previous work by investigating how boron 84 
supply interacts with modified growing media (compost and biochar) and watering regimes 85 
within a vertical wick fertigation system. This study aims to evaluate the effects of these 86 
interactions on the morphophysiological responses of pakchoi under dryland conditions. The 87 
findings contribute important insights for dryland agriculture, where sustainable nutrient 88 
management under limited water conditions remains a critical challenge, and where adaptive 89 
cultivation strategies are increasingly required to sustain vegetable production under 90 
intensifying climate variability. 91 

 92 

2. Materials and Methods  93 
This research was conducted in an agricultural garden on Jalan Km 07, Sasi Village, 94 

Kefamenanu in July-December 2025. Chlorophyll analysis was conducted in the Laboratory of 95 
the Faculty of Agriculture, Science, and Health, University of Timor. 96 

The research materials were 4 and 0.5 inch PVC pipes, solder, crowbar, bamboo, 25 L 97 
bucket, shovel, soil sieve, analytical balance, spectrophotometer, centrifuge, centrifuge tube, 98 
porcelain mortar, jar bottle, measuring cup, cuvette, dropper, oven, stationery, pakchoi 99 
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vegetable, EM4, paranet, bran, soil, rice husk, boron fertilizer, molasses, green fodder, flannel 100 
cloth, tarpaulin, sacks, used mineral water bottles, analytical balance, oven, aluminum foil, 101 
distilled water, and acetone. 102 

This study used an experimental method with a 2-factor Split Plot Design (SPD). The main 103 
plot was the watering variation consisting of: P1 = watering every day and P2 = watering every 104 
2 days. The subplot was boron in the growing media composition consisting of: B1 = 50% soil: 105 
compost + 50% biochar with boron 0.5 g.L-1; B2 = 50% soil: compost + 50% biochar with 106 
boron 1 g.L-1; B3 = 25% soil: compost + 75% biochar with boron 0.5 g.L-1; B4 = 50% soil: 107 
compost + 50% biochar with boron 1 g.L-1; B5 = 75% soil: compost + 25% biochar with boron 108 
0.5 g.L-1; and B6 = 25%: compost + 75% biochar with boron 1 g.L-1. Based on these two factors, 109 
12 experimental combinations were obtained which were repeated 3 (three) times, resulting in 110 
a total of 36 experimental treatments. 111 

The research began with land preparation, designing vertical pipes with a fertigation 112 
system, and making biochar and compost. Vertical pipes were made from 4 inch PVC pipes 113 
with a height of 1.33 m. Each pipe had 3 planting holes, with 5 planting holes per row spaced 114 
15 cm apart. The planting holes were formed using a grinder and a heat gun. A wick fertigation 115 
system was made from 0.5 inch PVC pipes with a height of 1.5 m and holes were made on the 116 
sides of the pipe using a soldering iron. Then, a flannel cloth was inserted as a wick and a plastic 117 
bottle was installed at the bottom of the pipe. The biochar was made using rice husks that were 118 
burned with minimal oxygen. The combustion used zinc that had been perforated and formed 119 
into a roll. A fire was made inside the zinc roll in a standing position. The rice husks were 120 
placed on the outside of the zinc following the roll until the husks turned black for 3-4 hours. 121 
Water was sprinkled if the rice husks had turned black evenly into charcoal and the fire was 122 
extinguished. The compost was made from green fodder. Chop 10 kg of green fodder, mix with 123 
2 kg of bran and 2 kg of molasses, then sprinkle evenly with 15 mL of EM4 solution diluted 124 
with water. Turn the compost twice a week until harvest, 3-4 weeks after composting. 125 

The research began with pakchoi seedling cultivation for two weeks. Wick fertigation was 126 
performed by inserting the seedlings into vertical culture pipes, and a plastic bottle was placed 127 
on top of the fertigation pipe. The growing media was prepared using ameliorants according to 128 
the treatment formulation with a total content of 15 kg per pipe, which was then compacted. 129 
The seedlings were transferred to each planting hole in the vertical culture pipe. Each pipe 130 
contained 15 plants. The transplanted seedlings had 2-3 leaves and were in healthy condition, 131 
free from disease or pest attacks. Plant care was carried out, including watering, fertilization, 132 
and pest and disease control if any attacks occurred. Watering was adjusted according to the 133 
watering treatment. Fertilization was carried out according to the treatment concentration. The 134 
boron source was borate fertilizer containing approximately 20% water-soluble boron and 135 
applied twice in the vertical wick fertigation system at 20 and 26 days after transplanting 136 
(DAT).  The solution was distributed to 15 plants through irrigation channels in each vertical 137 
pipe. Harvesting was carried out at 35 days after transplanting (DAT), and observations were 138 
made according to the research parameters. 139 

The parameters observed in this study were plant height and number of leaves at 21 and 35 140 
DAT, root length, root volume, fresh weight of the shoot and root, dry weight of the shoot and 141 
roots, and root were measured at the end of the study. Root length was measured at the end of 142 
the study by measuring from the base to the lowest root. Root volume was calculated at the end 143 
of the study by putting it into a 10 mL measuring cup with the formula: Volume2 (mL) - 144 
Volume1 (mL). Fresh weight was measured at the end of the study by separating the shoot and 145 
root and then weighing them with an analytical balance. Dry weight was measured at the end 146 
of the study by drying the shoot and root in an oven at 60°C for ± 48 hours and then weighing 147 
them with an analytical balance. Chlorophyll content was measured every week using a 148 
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spectrophotometer. Method: Weigh 0.1 g of fresh leaves. Store using aluminum foil. The leaves 149 
were then chopped into small pieces and extracted with 10 mL of 80% acetone by grinding 150 
them in a mortar. The grinding was carried out until all the chlorophyll dissolved in 80% 151 
acetone, characterized by the pulp turning white. The extract was placed in a centrifuge tube 152 
for 15 minutes at 3,500 rpm. Using a cuvette, the optical density (OD) of the extract was 153 
measured using a spectrophotometer at wavelengths of 645 and 663 nm. The content was 154 
calculated by comparing the OD at wavelengths of 645 and 663 nm according to the equation: 155 

Total chlorophyll = [20.2 (D645) + 8.02 (D663)]x 
V

1000 x W
 156 

Chlorophyll a = [12.7 (D663) − 2.69 (D645)]x 
V

1000 x W
 157 

Chlorophyll b = [22.9 (D645) −  4.68 (D663)]x 
V

1000 x W
 158 

 159 
The research data were analyzed using analysis of variance. To determine differences in 160 

responses between treatments, a mean comparison test using the Duncan Multiple Range Test 161 
(DMRT) method at a 5% level was used using SAS software. 162 

3. Results and Discussion  163 

The results of the analysis of variance of the effect of variations in watering and growing 164 
media on plant height and number of leaves of pakchoi can be seen in Table 1. The interaction 165 
of watering (P) and boron in the growing media (B) did not significantly affect the height of 166 
pakchoi plants (P>0.05) but significantly affected the observation of the number of leaves 167 
(P<0.05). Watering variations significantly affected plant height at 21 DAT and the number of 168 
leaves at 21 and 35 DAT (P<0.05) but did not significantly affect plant height at 35 DAT. 169 
Growing media using boron significantly affected the number of leaves at 21 DAT (P<0.05) 170 
but did not significantly affect plant height and number of leaves at 35 DAT (P>0.05). 171 
Table 1. Variance analysis data of pakchoi growth observations 172 

Parameters 
Interaction between watering 

variations and growing media (PxB) 
Watering (P) Growing media 

(B) 
Plant Height 21 

DAT 
0.4988ns 0.0113* 0.1223NS 

Plant Height 35 
DAT 

0.4988ns 0.1237NS 0.1858NS 

Number of 
Leaves 21 DAT 

0.0218* <.0001* 0.0351* 

Number of 
Leaves 35 DAT 

0.0015* <.0001* 0.1332NS 

Remarks: ns= Not Significant; *=significant at the 0.05 level 173 
 174 

The significant differences in the influence of each treatment, both interactions and single 175 
effects on pakchoi growth can be seen in Table 2. Based on observations of the number of 176 
leaves at 21 DAT, the interaction of P1B5 was not significantly different from P2B5, P1B2, 177 
and P2B2, while at 35 DAT, P1B5 was not significantly different from P1B2 (Table 2). 178 
Observations of plant height at 21 DAT and the number of leaves at 21-35 DAT showed that 179 
treatment P1 was significantly different from P2. In the growing media, observations of the 180 
number of leaves at 21 DAT, B1 was not significantly different from all treatments except B4. 181 
Table 2. Effect of watering and growing media on pakchoi growth 182 
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Treatments Plant height (cm) Number of leaves (leaves) 
Interaction of PxB 21 DAT 35 DAT 21 DAT 35 DAT 

P1B1 18.75±0.10 21.70±0.63 8.67±0.16bcd 13.17±0.12c 
P1B2 18.58±0.05 23.65±0.06 9.67±0.13ab 14.50±0.26ab 
P1B3 16.65±0.50 23.03±0.24 9.00±0.06bc 12.67±0.26cd 
P1B4 17.62±0.23 24.62±0.22 8.67±0.16bcd 12.83±0.22cd 
P1B5 19.47±0.31 24.88±0.29 10.33±0.32a 15.00±0.41a 
P1B6 19.32±0.27 25.33±0.42 9.00±0.06bc 13.33±0.07bc 
P2B1 17.73±0.16 22.35±0.02 8.67±0.32bcd 12.67±0.20cd 
P2B2 15.92±0.36 22.88±0.00 9.67±0.08ab 11.67±0.09d 
P2B3 17.25±0.02 22.20±0.04 9.00±0.11bc 12.33±0.10cd 
P2B4 16.58±0.17 24.85±0.57 8.67±0.30bcd 11.50±0.14d 
P2B5 17.73±0.16 23.02±0.04 10.33±0.06a 11.50±0.14d 
P2B6 17.85±0.19 22.00±0.25 9.00±0.08bc 12.17±0.06cd 

Watering     
P1 18.40±0.17a 23.87±0.14 9.22±0.19a 13.58±0.23a 
P2 17.18±0.17b 22.88±0.14 7.89±0.19b 11.97±0.23b 

Growing media     
B1 18.24±0.13 22.03±0.39 8.83±0.08a 12.92±0.04 
B2 17.25±0.15 23.27±0.03 8.92±0.10a 13.08±0.09 
B3 16.95±0.24 22.62±0.22 8.25±0.09ab 12.50±0.08 
B4 17.10±0.20 24.73±0.39 7.75±0.23b 12.17±0.18 
B5 18.60±0.23 23.95±0.17 9.00±0.13a 13.25±0.14 
B6 18.58±0.23 23.67±0.08 8.58±0.01ab 12.75±0.01 

Remarks : Numbers followed by the same letter indicate no significant difference at the 5% α  183 
level according to the DMRT test. 184 

 185 
Watering and boron in the growing media have been shown to significantly influence 186 

pakchoi of leaf number compared to plant height. This phenomenon is due to the physiological 187 
nature of leaf cell initiation and division in the apical meristem, which is highly sensitive to 188 
turgor pressure and the availability of essential microelements such as boron. Stable humidity 189 
conditions in the daily watering treatment (P1) increase tissue water potential and facilitate 190 
mass flow, thus increasing boron absorption efficiency (Alonso-Serra et al., 2024). Boron has 191 
an important role in the formation of the borate–rhamnogalacturonan II (RG-II) complex which 192 
strengthens the primary cell wall and supports cell division and differentiation in young tissues 193 
(Funakawa & Miwa, 2015; Vera-Maldonado et al., 2024). The combination of optimal water 194 
availability and sufficient boron will accelerate leaf meristem activity and increase new leaf 195 
initiation. Conversely, under conditions of watering every two days (P2), fluctuations in media 196 
humidity reduce cell turgor and inhibit boron transport to meristematic tissue, so that the rate 197 
of new leaf formation decreases faster than the rate of stem elongation (Rékási et al., 2021). 198 
The process of plant height increase is more dependent on cell expansion regulated by growth 199 
hormones such as auxin and gibberellin, which require accumulative time to show a real 200 
response to variations in water and micro elements (Varner et al., 2024). In addition, studies 201 
show that boron plays a role not only in cell division but also in regulating the transport of 202 
photosynthates to young organs, which directly contributes to the formation of new leaves. 203 
(Shireen et al., 2018). Thus, the synergistic effect between stable media moisture and boron 204 
availability is more quickly reflected in increased leaf number than in plant height growth. 205 
These results are consistent with recent reports on the relationship between soil water status, 206 
boron uptake efficiency, and shoot morphogenesis activity in plants (Huntenburg et al., 2025). 207 

The interaction between watering and growing media + boron (P × B) at the age of 21 and 208 
35 DAT, the roots have matured more and the media has begun to reach hydraulic equilibrium, 209 
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indicating that daily watering (P1) allows for continuous water mass flow and more efficient 210 
boron absorption (Vera-Maldonado et al., 2024; Chu et al., 2025). Boron plays an important 211 
role in the regulation of shoot meristems and cell division (structural function of the walls and 212 
regulation of leaf development) (Chu et al., 2025; Pereira et al., 2021). The combination of 213 
stable humidity and optimal boron dosage increases leaf initiation activity. This causes the 214 
P1B5 consistently produced the highest number of leaves at both observation times. This 215 
suggests that daily watering combined with a growing medium containing 75% soil: compost 216 
+ 25% biochar with boron 0.5 g.L-1 provided more favorable conditions for leaf initiation and 217 
expansion. Conditions that increase moisture retention and stability and improve root 218 
conditions can improve root access to B and strengthen leaf formation (Premalatha et al., 2023). 219 
However, compost and biochar can also retain or adsorb B so that the effect depends on the 220 
interaction between watering and the media modification given boron.  221 

The significant effect of watering at 21 days after planting indicates that the active 222 
vegetative growth phase of pakchoi is highly responsive to soil water status. At this stage, plants 223 
undergo intensive cell division and expansion, particularly in young leaf and stem tissues. 224 
Adequate water availability (P1) maintains cell turgor, thus supporting new tissue division and 225 
differentiation, resulting in a significant increase in height and leaf number (Gong et al., 2020; 226 
Taiz et al., 2023). However, at 35 days after planting, plant height growth begins to slow as it 227 
enters the final vegetative maturation phase. Growth is more focused on leaf expansion and 228 
thickening than stem elongation. This results in the effect of watering on plant height being less 229 
significant, while leaf number remains affected because new leaf formation is still occurring 230 
and dependent on water supply and photosynthetic activity (Li et al., 2023). In addition, more 231 
frequent watering increases the efficiency of micronutrient absorption, including boron, which 232 
plays an important role in the formation of leaf meristematic tissue (Patel et al., 2023). In 233 
contrast, height growth is more dependent on hormonal regulation such as auxin and 234 
gibberellin, which tend to stabilize after the initial growth phase (Taiz et al., 2023). Therefore, 235 
at later ages, the effect of watering appears to be stronger on morphogenetic aspects (number 236 
of leaves) than on morphometric aspects (plant height). 237 

The compost + biochar with boron growing media did not significantly affect pakchoi 238 
height, but did affect leaf number, particularly at 21 days after planting. Plant height 239 
(elongation) was insensitive to variations in B availability or changes in the growing medium 240 
properties. Leaf number (meristem initiation/division) was more sensitive to micro-rhizosphere 241 
conditions (local humidity, availability of absorbable B), so the effect of B on leaf number 242 
emerged at 21 days after planting when the roots/medium were more stable. Stem elongation is 243 
influenced by hormone-mediated cell expansion (auxin, gibberellin) and the general availability 244 
of metabolic resources; small changes in micro-availability (0.5 - 1 g.L-1) or in the physical 245 
properties of the medium (variation in biochar 25–75%) may not be sufficient to alter 246 
hormonal/cell expansion pathways and thus produce significant differences in height. 247 
Elongation is often more resistant to micro-nutrient fluctuations than are new organ formation 248 
parameters in horticultural crops (Yang et al., 2024). Leaf initiation in the meristem is highly 249 
dependent on cell turgor and the supply of assimilates and microelements necessary for cell 250 
division. Boron plays a role in cell wall integrity (cross-linking RG-II pectin) and carbohydrate 251 
transfer, a direct function that rapidly influences the formation of young leaves (Chu et al., 252 
2025). Once the roots are more established (21 DAT), mass flow becomes more consistent, 253 
increasing B uptake and its effects on leaf division/initiation become apparent (Lou et al., 2001). 254 
Compost and biochar in the growing medium play a role in increasing water retention and 255 
modifying the adsorption and desorption properties of micronutrients, including boron. The 256 
biochar-compost combination significantly improves water retention capacity and soil fertility 257 
and enhances micronutrient uptake (Manirakiza & Şeker, 2020). With more frequent watering 258 
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to maintain stable media moisture, boron uptake becomes more efficient, and its effects on 259 
young leaf formation are clearly visible. This indicates that the interaction between watering 260 
and boron in the growing medium is more significant than the effect of boron in the growing 261 
medium alone. 262 

 263 
The significant differences in the effects of each treatment, both interactions and single 264 

effects, on pakchoi yield can be seen in Table 3. Overall, yields parameters of pakchoi were 265 
influenced by the interaction between watering variation and boron in the growing media 266 
composition treatments. Daily watering generally resulted in higher shoot biomass and 267 
improved root development compared to watering every two days, indicating that stable 268 
moisture conditions supported better plant growth under the vertical cultivation system. The 269 
interaction effects revealed that certain combinations under daily watering enhanced yield 270 
components more consistently than others. Observations of the fresh weight of the shoots 271 
showed that the interaction of P1B2 was not significantly different from P1B5 and P1B6. This 272 
also occurred for root length. However, observations of dry weight of shoots showed that P1B5 273 
was significantly different from the other interactions. In terms of fresh root weight, P1B2 was 274 
not significantly different from P1B5, P1B6, P2B3, and P2B1. Observations of dry weight of 275 
shoots showed that P2B1 was significantly different from the other interactions. In terms of 276 
root volume, P1B5 was not significantly different from P2B2. 277 

Table 3. Effect of watering and growing media on pakchoi yield 278 
Treatments Shoot Root 

Interaction of 
PxB 

Fresh weight 
(g) 

Dry weight 
(g) 

Fresh 
weight (g) 

Dry weight 
(g) 

Length (cm) Volume (mL) 

P1B1 57.90±7.31d 3.16±0.32e 2.25±0.20cd 0.34±0.03ef 9.62±0.52f 2.33±0.00cd 
P1B2 95.02±3.40a 4.98±0.20b 3.52±0.16a 0.57±0.04ab 12.40±0.29ab 1.63±0.20e 
P1B3 69.77±3.89bc 3.28±0.29e 2.40±0.16cd 0.37±0.02de 11.18±0.06cd 1.60±0.21e 
P1B4 77.58±1.63b 4.14±0.04c 2.78±0.05bc 0.41±0.01d 9.90±0.44ef 2.73±0.12bc 
P1B5 97.70±4.18a 5.37±0.31a 3.43±0.14a 0.50±0.02c 12.97±0.45a 3.58±0.36a 
P1B6 101.43±5.25a 4.76±0.14b 3.35±0.11a 0.41±0.01d 12.38±0.28ab 2.09±0.07d 
P2B1 62.35±0.15cd 3.47±0.02de 3.12±0.12ab 0.61±0.06a 10.90±0.11cd 1.54±0.27e 
P2B2 69.72±1.98bc 3.77±0.06d 2.40±0.08cd 0.38±0.01de 10.85±0.13cd 3.33±0.25a 
P2B3 65.18±0.67cd 3.75±0.06d 3.48±0.23a 0.55±0.04b 11.70±0.12bc 2.48±0.00bcd 
P2B4 62.97±0.03cd 3.51±0.01de 2.27±0.12cd 0.31±0.03fg 10.58±0.20de 2.85±0.11b 
P2B5 59.75±0.90d 3.36±0.06e 2.17±0.15d 0.28±0.04g 11.60±0.09bc 2.27±0.06d 
P2B6 57.22±1.63d 3.45±0.03de 2.73±0.01bc 0.38±0.01de 12.08±0.23b 2.33±0.04cd 

Watering       
P1 83.23±2.94a 4.28±0.11a 2.96±0.04a 0.43±0.00 11.41±0.02 2.33±0.02 
P2 62.86±2.94b 3.55±0.11b 2.69±0.04b 0.42±0.00 11.29±0.02 2.47±0.02 

Growing media       
B1 60.13±3.73c 3.32±0.17d 2.68±0.04ab 0.47±0.01a 10.26±0.31c 1.94±0.13c 
B2 82.37±2.69a 4.38±0.13a 2.96±0.04a 0.48±0.01a 11.63±0.08b 2.48±0.02b 
B3 67.48±1.61b 3.52±0.12d 2.94±0.03a 0.46±0.01a 11.44±0.03b 2.04±0.10c 
B4 70.28±0.80b 3.83±0.03c 2.53±0.09b 0.36±0.02b 10.24±0.32c 2.79±0.11a 
B5 78.73±1.64a 4.36±0.13a 2.80±0.01ab 0.39±0.01b 12.28±0.27a 2.93±0.15a 
B6 79.33±1.81a 4.11±0.05b 3.04±0.06a 0.39±0.01b 12.23±0.26a 2.21±0.05c 

Remarks : Numbers followed by the same letter indicate no significant difference at the 5% α  279 
level according to the DMRT test. 280 

 281 
Watering treatment in the observation of fresh and dry weight of the shoot and fresh weight 282 

of the root showed that P1 was significantly different from P2. For the growing media treatment 283 
in each observation showed different significant results. In the fresh weight of the shoot, B2 284 
was significantly different compared to B5 and B6. However, in the dry weight of the shoot, 285 
B2 and B5 had the same and significant performance compared to other growing media 286 
treatments. In the observation of root weight, it was seen that B2 was not significantly different 287 
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from other growing media treatments except B4, but in the dry weight of the root, it was known 288 
that B1 was not significantly different from B2 and B3. Observations of root length showed 289 
that B5 was not significantly different from B5, but in the root volume, it was known that B5 290 
was not significantly different from B4. 291 

Treatments P1B6, P1B2, and P1B5 showed optimal shoot and root biomass accumulation. 292 
This pattern suggests that daily watering (P1) increases leaf biomass accumulation because a 293 
stable water supply maintains turgor and photosynthetic activity, while watering every other 294 
day (P2) causes mild water stress that suppresses cell expansion and photosynthetic product 295 
translocation (Hussain et al., 2019). Stable water availability supports the process of 296 
photosynthesis, cell turgor, and assimilate transport to the canopy organs, which are essential 297 
for overall plant growth and development (Xiong & Nadal, 2020). Maintaining soil moisture 298 
through regular watering also increases the efficiency of absorption of microelements, 299 
including boron, which plays an important role in cell division and the formation of young 300 
tissue (Wimmer & Eichert, 2013). Meanwhile, in terms of root fresh weight, the combination 301 
of P1B2 and P1B5 showed high results but was not significantly different from P2B1 and P2B3, 302 
indicating that less frequent watering (P2) can trigger an adaptive response in the form of 303 
increased root biomass. This condition is a physiological adaptation mechanism to expand 304 
water exploration under conditions of humidity fluctuations (Yang et al., 2021; Kou et al., 305 
2022). Thus, more frequent water treatments focused on shoot formation, while mild water 306 
stress in P2 shifted biomass allocation to the root system. In addition to boron content, the 307 
percentage of organic media influenced the distribution of plant biomass. For example, P1B5 308 
and P1B6 with high organic content increased shoot weight because the media was able to 309 
retain water and support optimal photosynthesis, while P1B2, with a more balanced media 310 
composition (50% soil: 50% compost + biochar), showed a balance between shoot and root 311 
growth. This suggests that high percentages of compost and biochar (B5 and B6) exhibited 312 
better water retention capacity, increased micro-humidity stability around the roots, and 313 
improved aeration and cation exchange capacity (Safitri et al., 2018). This allows the roots to 314 
utilize nutrients more efficiently, increasing root and shoot weight (Wang et al., 2023). The 315 
combination of biochar and compost also modifies boron adsorption, allowing for more 316 
controlled release of micronutrients and their availability to plants when needed. Overall, the 317 
interaction between watering frequency (P), boron, and growing media composition (soil, 318 
compost, biochar) results in a complex yet coordinated growth pattern: regular watering 319 
supports canopy formation, optimal boron content promotes cell division, and a medium high 320 
in compost and biochar stabilizes moisture and nutrient availability. This pattern is consistent 321 
with previous research emphasizing the importance of a combination of abiotic factors and 322 
growing medium in enhancing vegetable plant biomass accumulation (Vera et al., 2023). 323 

A similar pattern was also observed in shoot and root dry weights (Table 3). Treatments 324 
P1B2, P1B5, and P1B6 produced the highest shoot dry weights, indicating that boron plays an 325 
active role in strengthening cell wall structures and the formation of new photosynthetic tissue. 326 
Boron facilitates the formation of borate complexes with rhamnogalacturonan-II (RG-II) in the 327 
cell wall, increasing tissue stiffness and photosynthetic efficiency (Begum & Fry, 2023). 328 
Meanwhile, watering every two days (P2) significantly reduced the dry weight of the shoots, 329 
presumably due to decreased turgor and enzymatic activity during carbon transport. Root dry 330 
weight showed smaller variations between treatments, with no significant differences between 331 
P1 and P2. These results indicate that the root system has high morphological plasticity to 332 
variations in water and boron availability, where plants maintain a balance between root tissue 333 
expansion and density for efficient water and nutrient uptake (Jia et al., 2022). This confirms 334 
that the role of boron in roots is indirect and more limited due to its slow movement in the 335 
phloem tissue (Lewis, 2019). Treatments P1B5 and P1B2 produced the highest root lengths, 336 
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followed by P1B6, indicating that the optimal combination of boron with a media containing 337 
high levels of compost and biochar supports root cell proliferation and elongation. Root length 338 
increased in media with a high percentage of compost-biochar (B5 = 25% soil : 75% compost 339 
+ biochar; B6 = 25% soil : 75% compost + biochar) because the medium increased water 340 
retention, aeration, and the availability of absorbable boron. Boron supports root cell division 341 
and differentiation through the formation of strong cell walls and the regulation of root growth 342 
hormones such as auxin (Chen et al., 2023). Daily watering (P1) helps maintain optimal 343 
humidity so that root elongation can occur without being hampered by cell turgor fluctuations. 344 
In contrast, in P2 watering, despite less frequent watering, roots show adaptation by maintaining 345 
their length at certain boron doses (B2, B5), which indicates a compensatory mechanism to 346 
increase water exploration in deeper layers of the medium (Riaz et al., 2018). This pattern 347 
confirms that high organic media (compost + biochar) works synergistically with boron to 348 
maximize root growth.  349 

Root volume observations followed a similar pattern to root length (Table 3). The 350 
interaction between P × B and boron dose was significant, while single irrigation was not. 351 
Treatments P1B5 and P1B2 produced the highest root volume. This is due to the high compost-352 
biochar medium, which increases porosity and water retention capacity, allowing roots to 353 
optimally absorb water and boron for proliferation and lateral tissue development. Higher root 354 
volume supports water and nutrient absorption capacity, which further enhances shoot growth. 355 
Boron increases root meristem cell division and cell wall integrity, resulting in thicker and more 356 
branched roots (Mei et al., 2016; Riaz et al., 2018). Regular watering (P1) stabilized turgor and 357 
supported boron and assimilates transport to the roots, enhancing the effect of the compost-358 
biochar-rich growing medium. Data on root length and root volume showed no significant 359 
differences between waterings (P1 and P2), although the combination of treatments with 360 
moderate boron (B5 and B6) produced the highest values. These results demonstrate that the 361 
pakchoi root system is capable of maintaining growth under moderate water fluctuations, 362 
utilizing boron's role in stabilizing the plasma membrane and regulating root cell 363 
elongation (Riaz et al., 2018; Shireen et al., 2018). The combination of compost and biochar in 364 
the growing media is also thought to play an important role in maintaining moisture and 365 
increasing boron retention and the availability of micronutrients in a sustainable manner 366 
(Elkhlifi et al., 2023; Mikajlo et al., 2024). 367 

The significant differences in the influence of each treatment, both interactions and single 368 
effects on the chlorophyll content of pakchoi are shown in Table 4. Observations on chlorophyll 369 
a, the interaction of P1B1 was not significantly different from P1B2 and P1B6. However, in 370 
chlorophyll b, P1B1 was significantly different compared to other interactions. The interaction 371 
of P1B1 was significantly different from P1B2, P1B6, P2B5 and P2B6 in total chlorophyll 372 
observations. Observations of all chlorophyll levels, the watering treatment P1 was significantly 373 
different from P2. For the effect of the growing media on chlorophyll an observation, it was 374 
known that B6 was significantly different from other interactions. In chlorophyll b levels, B6 375 
was not significantly different from B1, B2, and B5. Meanwhile, in total chlorophyll, B6 was 376 
significantly different from B1 and B5. 377 
Table 4. Effect of watering and growing media on chlorophyll levels in pakchoi 378 

Interaction of PxB Chlorophyll a Chlorophyll b Total chlorophyll 
P1B1 1.42±0.08a 0.48±0.04a 1.89±0.12a 
P1B2 1.28±0.04ab 0.38±0.01b 1.65±0.06abc 
P1B3 1.01±0.04de 0.27±0.02cd 1.28±0.05cde 
P1B4 0.67±0.13f 0.17±0.04e 0.84±0.18fg 
P1B5 1.07±0.02cd 0.32±0.00bc 1.39±0.02bcd 
P1B6 1.35±0.06ab 0.36±0.01b 1.71±0.07ab 
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Interaction of PxB Chlorophyll a Chlorophyll b Total chlorophyll 
P2B1 0.85±0.01ef 0.24±0.00cde 1.09±0.01def 
P2B2 0.81±0.02f 0.22±0.01de 1.03±0.03defg 
P2B3 0.74±0.04f 0.18±0.02de 0.92±0.06efg 
P2B4 0.48±0.12g 0.19±0.02de 0.67±0.13g 
P2B5 1.21±0.10cd 0.31±0.02bc 1.52±0.11abc 
P2B6 1.18±0.09bcd 0.35±0.03b 1.54±0.12abc 

Watering    
P1 1.13±0.04a 0.33±0.01a 1.46±0.05a 
P2 0.88±0.04b 0.25±0.01b 1.13±0.05b 

Growing media    
B1 1.13±0.04b 0.36±0.02a 1.49±0.06ab 
B2 1.04±0.01b 0.30±0.00a 1.34±0.01bc 
B3 0.88±0.04c 0.22±0.02b 1.10±0.06c 
B4 0.57±0.12d 0.18±0.03b 0.76±0.15d 
B5 1.14±0.04b 0.31±0.01a 1.45±0.05ab 
B6 1.27±0.08a 0.35±0.02a 1.62±0.09a 

Remarks : Numbers followed by the same letter indicate no significant difference at the 5% α  379 
level according to the DMRT test. 380 

 381 

Chlorophyll A acts as the primary reaction pigment in photosystems II and I, capturing 382 
light energy for key photochemical reactions. Data show that the highest chlorophyll A levels 383 
are found in the combination of P1B1, P1B2, P1B6, and P2B5. Daily watering (P1) provides 384 
stable humidity for optimal cell turgor, supporting chlorophyll A synthesis and increasing the 385 
efficiency of electron transfer in the thylakoid (Dalal, 2021; Rawat et al., 2017). The 386 
combination of growing media with optimal boron and a high proportion of compost and 387 
biochar (B6) increases water retention, boron availability, and thylakoid membrane stability, so 388 
that chlorophyll A biosynthesis is more efficient and the photosystem is able to function 389 
optimally  (Abideen et al., 2024; Bai et al., 2023). Chlorophyll B functions as an antenna 390 
pigment, capturing additional light and channeling it to chlorophyll A to increase the light 391 
spectrum used in photosynthesis. The highest chlorophyll B levels were observed in P1B1, 392 
P1B2, and P2B6. The effect of daily watering (P1) increased water supply and photosynthetic 393 
activity, while the medium with a high organic content helped maintain micro-humidity around 394 
the roots, supporting boron absorption which is essential for chlorophyll B stability (Song et 395 
al., 2023). It should be noted that P2B6 showed that high organic media can somewhat 396 
compensate for the effects of less frequent watering, as the maintained micro-humidity allows 397 
chlorophyll B synthesis to remain optimal (Nadeem et al., 2017). Total chlorophyll is the 398 
accumulation of chlorophyll A and B, reflecting the overall photosynthetic capacity of the leaf. 399 
The highest value was observed in P1B1, significantly different from the other treatments. The 400 
dominant effect of daily watering indicates that water availability is the primary factor in 401 
determining total chlorophyll content. A growing medium rich in compost and biochar supports 402 
water retention and boron availability, increasing overall photosynthetic efficiency, expanding 403 
the leaf's ability to capture light, and maximizing the rate of carbon assimilation  (Abideen et 404 
al., 2024). Thus, the interaction effect of watering and boron in the growing media increases 405 
the accumulation of chlorophyll A and B, so that the total chlorophyll content becomes optimal. 406 

4. Limitations and Future Directions 407 

This research has several limitations. It was conducted during a single planting period, so 408 
the response was contextual to specific dryland agroecosystem conditions, and plant stress was 409 
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controlled through irrigation due to the use of a vertical culture system with wick fertigation. 410 
Long term field validation across multiple planting seasons and different dryland environments 411 
was also not conducted, limiting the broader generalization of the findings.  Future research 412 
should assess physiological parameters such as stomatal conductance, photosynthetic rate, and 413 
boron uptake dynamics to better understand plant adaption mechanisms under water limited 414 
conditions. Furthermore, long term multi-season trials and quality-based yield evaluations are 415 
necessary to validate the stability and practical scalability of vertical wick fertigation systems 416 
for real word of dryland vegetable production. 417 

5. Conclusion 418 

This study shows that the frequency of watering and boron application in a growing media 419 
modified with compost and biochar play an important role in determining the 420 
morphophysiological response of pakchoi in a vertical culture system with wick fertigation. 421 
Daily watering with 1 g.L-1 boron in a medium of 50% soil : 50% compost + biochar or the use 422 
of 0.5 g.L-1 boron in a medium of 25% soil : 75% compost + biochar produces the same 423 
performance in leaf formation, accumulation of shoot and root biomass, root architecture, and 424 
leaf chlorophyll content. Watering frequency is the main controlling factor where consistent 425 
daily watering increases leaf growth, yield and chlorophyll content of pakchoi. These findings 426 
support the adoption of vertical wick fertigation systems with optimized nutrient and watering 427 
management as a scalable technological approach for improving vegetable productivity and 428 
water-use in dryland agriculture, thereby contributing to sustainable intensification strategies. 429 

Declaration of Generative AI and AI-Assisted Technologies in the Writing Process 430 

During the preparation of this manuscript, the author utilized artificial intelligence (AI) 431 
technology to assist with language editing. After using this tool, the author reviewed and edited 432 
the entire manuscript as needed and takes full responsibility for the scientific substance, data 433 
interpretation, and conclusions presented in this manuscript. 434 

Authorship Contribution Statement 435 

Wilda Lumban Tobing: Conceptualization, Methodology, Investigation, Format Analysis, 436 
Data Curation, Writing (Original Draft, Review, and Editing), Visualization, and Conclusion 437 
Formulation. Azor Yulianus Tefa: Investigation (Boron Fertilizer Treatments), Methodology, 438 
Chlorophyll Measurement, Data Collection, and Writing (Review and Editing). Natalia Desy 439 
Djata Ndua: Investigation (Soal Sampling and Growing Media Modification), Methodology, 440 
Data Collection, and Writing (Review and Editing). 441 

Data Availability 442 

The data supporting the findings of this study are available from the corresponding author 443 
upon reasonable request. 444 

 445 

Declaration of Competing Interest 446 

The authors declare that they have no known competing financial interests or personal 447 
relationships that could have influenced the work reported in this paper. 448 

Acknowledgements 449 

The author would like to thank the Institute for Research and Community Service of Timor 450 
University as the provider of research grants under the 2025 Basic Laboratory Research scheme 451 

4

9

11

15

20

57

63

68

Page 19 of 24 - Integrity Submission Submission ID trn:oid:::1:3528787277

Page 19 of 24 - Integrity Submission Submission ID trn:oid:::1:3528787277



as stated in Decree number 11/UN60/PPK/PD/2025 with contract number 452 
060/UN60.6/PP/2026. 453 

References 454 

Abideen, Z., Koyro, H. W., Hasnain, M., Hussain, M. I., El-Keblawy, A., El-Sheikh, M. A., & 455 
Hasanuzzaman, M. (2024). Biochar Outperforms Biochar-Compost Mix in Stimulating 456 
Ecophysiological Responses and Enhancing Soil Fertility under Drought Conditions. In 457 
Journal of Soil Science and Plant Nutrition (Vol. 24, Number 4, pp. 7771–7785). 458 
https://doi.org/https://doi.org/10.1007/s42729-024-02073-5 459 

Agegnehu, G., Bass, A. M., Nelson, P. N., & Bird, M. I. (2016). Benefits of biochar, compost 460 
and biochar-compost for soil quality, maize yield and greenhouse gas emissions in a 461 
tropical agricultural soil. Science of the Total Environment, 543. 462 
https://doi.org/10.1016/j.scitotenv.2015.11.054 463 

Al-Omran, A., Ibrahim, A., & Alharbi, A. (2021). Effects of Biochar and Compost on Soil 464 
Physical Quality Indices. Communications in Soil Science and Plant Analysis, 52(20). 465 
https://doi.org/10.1080/00103624.2021.1949461 466 

Alonso-Serra, J., Cerutti, G., Godin, C., Cheddadi, I., Kiss, A., Lang, M., Dieudonné, S., 467 
Lionnet, C., & Hamant, O. (2024). Water fluxes pattern growth and identity in shoot 468 
meristems. Nature Communications, 15(1), 6944. 469 
https://doi.org/https://doi.org/10.1038/s41467-024-51099-x 470 

Aydin, M., Tombuloglu, G., Sakcali, M. S., Hakeem, K. R., & Tombuloglu, H. (2019). Boron 471 
Alleviates Drought Stress by Enhancing Gene Expression and Antioxidant Enzyme 472 
Activity. Journal of Soil Science and Plant Nutrition, 19(3). 473 
https://doi.org/10.1007/s42729-019-00053-8 474 

Azzahra, A., Guniarti, G., & Dewanti, F. D. (2023). Pengaruh Komposisi Media Tanam dan 475 
Konsentrasi Pupuk Organik Cair Kulit Pisang Kepok terhadap Produksi Cabai Rawit 476 
(Capsicum frutescens L.). Agro Bali : Agricultural Journal, 6(1). 477 
https://doi.org/10.37637/ab.v6i1.1076 478 

Bai, Y., Yan, R., Dai, J., Wei, Z., Xia, J., Yang, H., & Schellenberg, M. P. (2023). Soil Moisture 479 
Impact on Biomass Partitioning and Relative Chlorophyll Content for Legume Grass 480 
Mixtures in A Controlled Environment. Applied Ecology and Environmental Research, 481 
21(1). https://doi.org/10.15666/aeer/2101_439450 482 

Begum, R. A., & Fry, S. C. (2023). Arabinogalactan-Proteins as Boron-Acting Enzymes, Cross-483 
Linking the Rhamnogalacturonan-II Domains of Pectin. In Plants (Vol. 12, Number 23). 484 
https://doi.org/10.3390/plants12233921 485 

Chen, X., Smith, S. M., Shabala, S., & Yu, M. (2023). Phytohormones in plant responses to 486 
boron deficiency and toxicity. In Journal of Experimental Botany (Vol. 74, Number 3). 487 
https://doi.org/10.1093/jxb/erac443 488 

Chu, L., Schäfer, C. C., & Matthes, M. S. (2025). Molecular mechanisms affected by boron 489 
deficiency in root and shoot meristems of plants. Journal of Experimental Botany, 76, 490 
1866–1868. https://doi.org/https://doi.org/10.1093/jxb/eraf036 491 

Dalal, V. K. (2021). Modulation of photosynthesis and other proteins during water–stress. In 492 
Molecular Biology Reports (Vol. 48, Number 4). https://doi.org/10.1007/s11033-021-493 
06329-6 494 

Elkhlifi, Z., Iftikhar, J., Sarraf, M., Ali, B., Saleem, M. H., Ibranshahib, I., Bispo, M. D., Meili, 495 
L., Ercisli, S., Torun Kayabasi, E., Alemzadeh Ansari, N., Hegedűsová, A., & Chen, Z. 496 

Page 20 of 24 - Integrity Submission Submission ID trn:oid:::1:3528787277

Page 20 of 24 - Integrity Submission Submission ID trn:oid:::1:3528787277



(2023). Potential Role of Biochar on Capturing Soil Nutrients, Carbon Sequestration and 497 
Managing Environmental Challenges: A Review. In Sustainability (Switzerland) (Vol. 15, 498 
Number 3). https://doi.org/10.3390/su15032527 499 

Funakawa, H., & Miwa, K. (2015). Synthesis of borate cross-linked rhamnogalacturonan II. 500 
Frontiers in Plant Science, 6(APR). https://doi.org/10.3389/fpls.2015.00223 501 

García-Sánchez, F., Simón-Grao, S., Martínez-Nicolás, J. J., Alfosea-Simón, M., Liu, C., 502 
Chatzissavvidis, C., Pérez-Pérez, J. G., & Cámara-Zapata, J. M. (2020). Multiple stresses 503 
occurring with boron toxicity and deficiency in plants. Journal of Hazardous Materials, 504 
397. https://doi.org/10.1016/j.jhazmat.2020.122713 505 

Gong, X., Zhang, H., Ren, C., Sun, D., & Yang, J. (2020). Optimization allocation of irrigation 506 
water resources based on crop water requirement under considering effective precipitation 507 
and uncertainty. Agricultural Water Management, 239. 508 
https://doi.org/10.1016/j.agwat.2020.106264 509 

Hajiboland, R., & Farhanghi, F. (2011). Effect of low boron supply in turnip plants under 510 
drought stress. Biologia Plantarum, 55(4). https://doi.org/10.1007/s10535-011-0186-4 511 

Huntenburg, K., Pflugfelder, D., Koller, R., Dodd, I. C., & van Dusschoten, D. (2025). Diurnal 512 
water fluxes and growth patterns in potato tubers under drought stress. Plant Soil, 507. 513 
https://doi.org/https://doi.org/10.1007/s11104-023-06108-1 514 

Hussain, S., Hussain, S., Qadir, T., Khaliq, A., Ashraf, U., Parveen, A., Saqib, M., & Rafiq, M. 515 
(2019). Drought stress in plants: An overview on implications, tolerance mechanisms and 516 
agronomic mitigation strategies. In Plant Science Today (Vol. 6, Number 4). 517 
https://doi.org/10.14719/pst.2019.6.4.578 518 

Jia, Z., Giehl, R. F. H., & von Wirén, N. (2022). Nutrient–hormone relations: Driving root 519 
plasticity in plants. In Molecular Plant (Vol. 15, Number 1). 520 
https://doi.org/10.1016/j.molp.2021.12.004 521 

Kammann, C., Glaser, B., & Schmidt, H. P. (2016). Combining biochar and organic 522 
amendments. In Biochar in European Soils and Agriculture: Science and Practice. 523 
https://doi.org/10.4324/9781315884462 524 

Kou, X., Han, W., & Kang, J. (2022). Responses of root system architecture to water stress at 525 
multiple levels: A meta-analysis of trials under controlled conditions. In Frontiers in Plant 526 
Science (Vol. 13). https://doi.org/10.3389/fpls.2022.1085409 527 

Lestari, D., Armaini, & Gusmawartati. (2020). Pengaruh Konsentrasi Nutrisi dan Beberapa 528 
Media Tanam terhadap Pertumbuhan dan Hasil Tanaman Seledri (Apium graveolens L.) 529 
dengan Sistem Wick secara Hidroponik. Jurnal Hortikultura Indonesia, 11(3). 530 
https://doi.org/http://dx.doi.org/10.29244/jhi.11.3.183-191 531 

Lewis, D. H. (2019). Boron: the essential element for vascular plants that never was. In New 532 
Phytologist (Vol. 221, Number 4). https://doi.org/10.1111/nph.15519 533 

Li, J., Abbas, K., Wang, W., Gong, B., Wang, L., Hou, S., Xia, H., Wu, X., Chen, L., & Gao, 534 
H. (2023). Drought Tolerance Evaluation and Verification of Fifty Pakchoi (Brassica rapa 535 
ssp. chinensis) Varieties under Water Deficit Condition. Agronomy, 13(8). 536 
https://doi.org/10.3390/agronomy13082087 537 

Liu, C., Dai, Z., Xia, J., Chang, C., & Sun, H. (2018). Combined effect of salt and drought on 538 
boron toxicity in Puccinellia tenuiflora. Ecotoxicology and Environmental Safety, 157. 539 
https://doi.org/10.1016/j.ecoenv.2018.03.061 540 

Page 21 of 24 - Integrity Submission Submission ID trn:oid:::1:3528787277

Page 21 of 24 - Integrity Submission Submission ID trn:oid:::1:3528787277



Lukmanul, A. (2021). Urban Farming Metode Teknologi dan Inovasi Baru pada Pertanian 541 
Perkotaan (Urban Farming Technology and Methods New Innovations in Urban 542 
Agriculture). SSRN Electronic Journal. https://doi.org/10.2139/ssrn.3782290 543 

Manirakiza, N., & Şeker, C. (2020). Effects of compost and biochar amendments on soil fertility 544 
and crop growth in a calcareous soil. Journal of Plant Nutrition, 43(20). 545 
https://doi.org/10.1080/01904167.2020.1806307 546 

Matheus, R., Basri, M., Rompon, M. S., & Neonufa, N. (2017). Strategi Pengelolaan Pertanian 547 
Lahan Kering Dalam Meningkatkan Ketahanan Pangan di Nusa Tenggara Timur. Partner, 548 
22(2). https://doi.org/10.35726/jp.v22i2.246 549 

Mei, L., Li, Q., Wang, H., Sheng, O., & Peng, S. ang. (2016). Boron deficiency affects root 550 
vessel anatomy and mineral nutrient allocation of Poncirus trifoliata (L.) Raf. Acta 551 
Physiologiae Plantarum, 38(4). https://doi.org/10.1007/s11738-016-2099-5 552 

Mikajlo, I., Lerch, T. Z., Louvel, B., Hynšt, J., Záhora, J., & Pourrut, B. (2024). Composted 553 
Biochar Versus Compost with Biochar: Effects on Soil Properties and Plant Growth. 554 
Biochar, 6(1). https://doi.org/https://doi.org/10.1007/s42773-024-00379-2 555 

Nadeem, S. M., Imran, M., Naveed, M., Khan, M. Y., Ahmad, M., Zahir, Z. A., & Crowley, D. 556 
E. (2017). Synergistic use of biochar, compost and plant growth-promoting rhizobacteria 557 
for enhancing cucumber growth under water deficit conditions. Journal of the Science of 558 
Food and Agriculture, 97(15). https://doi.org/10.1002/jsfa.8393 559 

Neonbeni, E. Y., Tobing, W. L., Gumelar, A. I., Tuas, M. A., & Sabuna, R. (2022). 560 
Pertumbuhan tanaman pakcoy (Brassica rapa subsp. chinensis) sistem vertikultur dengan 561 
fertigasi di lahan kering. Agromix, 13, 159–167. 562 
https://doi.org/https://doi.org/10.35891/agx.v13i2.2961 563 

Patel, A., Kumar, S., Singh, A., Pal, S., Singh, S., & Sachan, D. S. (2023). Effect of Irrigation 564 
Frequencies and Foliar Application of Zinc and Boron on Growth and Yield of Yellow 565 
Sarson (Brassica rapa). International Journal of Plant & Soil Science, 35(20). 566 
https://doi.org/10.9734/ijpss/2023/v35i203935 567 

Pereira, G. L., Siqueira, J. A., Batista-Silva, W., Cardoso, F. B., Nunes-Nesi, A., & Araújo, W. 568 
L. (2021). Boron: More Than an Essential Element for Land Plants? In Frontiers in Plant 569 
Science (Vol. 11). https://doi.org/10.3389/fpls.2020.610307 570 

Premalatha, R. P., Poorna Bindu, J., Nivetha, E., Malarvizhi, P., Manorama, K., Parameswari, 571 
E., & Davamani, V. (2023). A review on biochar’s effect on soil properties and crop 572 
growth. In Frontiers in Energy Research (Vol. 11). 573 
https://doi.org/10.3389/fenrg.2023.1092637 574 

Rawat, J. M., Rawat, B., Tewari, A., Joshi, S. C., Nandi, S. K., Palni, L. M. S., & Prakash, A. 575 
(2017). Alterations in growth, photosynthetic activity and tissue-water relations of tea 576 
clones in response to different soil moisture content. Trees - Structure and Function, 31(3). 577 
https://doi.org/10.1007/s00468-016-1519-x 578 

Rékási, M., Ragályi, P., Füzy, A., Uzinger, N., Dobosy, P., Záray, G., Szűcs-Vásárhelyi, N., 579 
Makó, A., & Takács, T. (2021). Effect of the Boron Concentration in Irrigation Water on 580 
the Elemental Composition of Edible Parts of Tomato, Green Bean, Potato, and Cabbage 581 
Grown on Soils With Different Textures. Frontiers in Plant Science, 12. 582 
https://doi.org/10.3389/fpls.2021.658892 583 

Riaz, M., Yan, L., Wu, X., Hussain, S., Aziz, O., & Jiang, C. (2018). Boron deprivation induced 584 
inhibition of root elongation is provoked by oxidative damage, root injuries and changes 585 
in cell wall structure. Environmental and Experimental Botany, 156. 586 
https://doi.org/10.1016/j.envexpbot.2018.08.032 587 

Page 22 of 24 - Integrity Submission Submission ID trn:oid:::1:3528787277

Page 22 of 24 - Integrity Submission Submission ID trn:oid:::1:3528787277



Safitri, I. N., Setiawati, T. C., & Bowo, C. (2018). BIOCHAR DAN KOMPOS UNTUK 588 
PENINGKATAN SIFAT FISIKA TANAH DAN EFISIENSI PENGGUNAAN AIR. 589 
TECHNO: JURNAL PENELITIAN, 7(01). https://doi.org/10.33387/tk.v7i01.611 590 

Schmidt, H. P., Pandit, B. H., Martinsen, V., Cornelissen, G., Conte, P., & Kammann, C. I. 591 
(2015). Fourfold Increase in Pumpkin Yield in Response to Low-Dosage Root Zone 592 
Application of Urine-Enhanced Biochar to a Fertile Tropical Soil. Agriculture 593 
(Switzerland), 5(3). https://doi.org/10.3390/agriculture5030723 594 

Shireen, F., Nawaz, M. A., Chen, C., Zhang, Q., Zheng, Z., Sohail, H., Sun, J., Cao, H., Huang, 595 
Y., & Bie, Z. (2018). Boron: Functions and approaches to enhance its availability in plants 596 
for sustainable agriculture. In International Journal of Molecular Sciences (Vol. 19, 597 
Number 7). https://doi.org/10.3390/ijms19071856 598 

Simón, I., Díaz-López, L., Gimeno, V., Nieves, M., Pereira, W. E., Martínez, V., Lidon, V., & 599 
García-Sánchez, F. (2013). Effects of boron excess in nutrient solution on growth, mineral 600 
nutrition, and physiological parameters of Jatropha curcas seedlings. Journal of Plant 601 
Nutrition and Soil Science, 176(2). https://doi.org/10.1002/jpln.201100394 602 

Simón-Grao, S., Nieves, M., Martínez-Nicolás, J. J., Cámara-Zapata, J. M., Alfosea-Simón, M., 603 
& García-Sánchez, F. (2018). Response of three citrus genotypes used as rootstocks grown 604 
under boron excess conditions. Ecotoxicology and Environmental Safety, 159. 605 
https://doi.org/10.1016/j.ecoenv.2018.04.042 606 

Song, X., Song, B., Huo, J., Liu, H., Adil, M. F., Jia, Q., Wu, W., Kuerban, A., Wang, Y., & 607 
Huang, W. (2023). Effect of boron deficiency on the photosynthetic performance of sugar 608 
beet cultivars with contrasting boron efficiencies. Frontiers in Plant Science, 13. 609 
https://doi.org/10.3389/fpls.2022.1101171 610 

Taiz, L., Møller, I. M., Murphy, A., & Zeiger, E. (2023). Plant Physiology and Development 611 
(International Seventh Edition). In Plant Physiology and Development. Oxford University 612 
Press. https://doi.org/10.1093/hesc/9780197614204.001.0001 613 

Tobing, W. L., Ndua, D. D., & Hanas, D. F. (2024a). Utilization of organic ameliorants and 614 
fertilizers to increase Entisol total N through axis system fertigation in vertical cultivation. 615 
In IOP Conf. Series: Earth and Environmental Science (Vol. 1302). 616 
https://doi.org/10.1088/1755-1315/1302/1/012023 617 

Tobing, W. L., Ndua, N. D. D. N., & Hanas, D. F. (2024b). Verticulture Cultivation Fertigation 618 
System through Wick: Study of Growth and Yield of Pakchoi in Dry Land. Universal 619 
Journal of Agricultural Research, 12(1), 133–147. 620 
https://doi.org/10.13189/ujar.2024.120113 621 

Tobing, W. L., Neonbeni, E. Y., Gumelar, A. I., Tuas, M. A., & Sabuna, R. (2022). Serapan 622 
dan Efisiensi Penyerapan Hara N dan P Pada Pakcoy (Brassica rapa L.) Sistem Vertikultur 623 
di Lahan Kering. Agrosains : Jurnal Penelitian Agronomi, 24(1), 50. 624 
https://doi.org/10.20961/agsjpa.v24i1.59912 625 

Trupiano, D., Cocozza, C., Baronti, S., Amendola, C., Vaccari, F. P., Lustrato, G., Di Lonardo, 626 
S., Fantasma, F., Tognetti, R., & Scippa, G. S. (2017). The effects of biochar and its 627 
combination with compost on lettuce (Lactuca sativa L.) growth, soil properties, and soil 628 
microbial activity and abundance. International Journal of Agronomy, 2017. 629 
https://doi.org/10.1155/2017/3158207 630 

Varner, H., Myhre, L., Schacht, B., Pupo, J., Spawton, K. A., du Toit, L. J., & LaHue, G. T. 631 
(2024). Irrigation Scheduling Impacts Vegetative Growth, Seed Yield, and Fungal 632 
Diseases of Spinach Seed Crops in a Maritime Mediterranean Climate. HortScience, 59, 633 
820–830. https://doi.org/10.21273/HORTSCI17661-23 634 

Page 23 of 24 - Integrity Submission Submission ID trn:oid:::1:3528787277

Page 23 of 24 - Integrity Submission Submission ID trn:oid:::1:3528787277



Vera, A., Bastida, F., Patiño-García, M., & Moreno, J. L. (2023). The effects of boron-enriched 635 
water irrigation on soil microbial community are dependent on crop species. Applied Soil 636 
Ecology, 181. https://doi.org/10.1016/j.apsoil.2022.104677 637 

Vera-Maldonado, P., Aquea, F., Reyes-Díaz, M., Cárcamo-Fincheira, P., Soto-Cerda, B., 638 
Nunes-Nesi, A., & Inostroza-Blancheteau, C. (2024). Role of boron and its interaction 639 
with other elements in plants. In Frontiers in Plant Science (Vol. 15). 640 
https://doi.org/10.3389/fpls.2024.1332459 641 

Wang, L., Chen, X., Yan, X., Wang, C., Guan, P., & Tang, Z. (2023). A response of biomass 642 
and nutrient allocation to the combined effects of soil nutrient, arbuscular mycorrhizal, 643 
and root-knot nematode in cherry tomato. Frontiers in Ecology and Evolution, 11. 644 
https://doi.org/10.3389/fevo.2023.1106122 645 

Wimmer, M. A., & Eichert, T. (2013). Review: Mechanisms for boron deficiency-mediated 646 
changes in plant water relations. In Plant Science (Vols. 203–204). 647 
https://doi.org/10.1016/j.plantsci.2012.12.012 648 

Xiong, D., & Nadal, M. (2020). Linking water relations and hydraulics with photosynthesis. In 649 
Plant Journal (Vol. 101, Number 4). https://doi.org/10.1111/tpj.14595 650 

Yang, X., Lu, M., Wang, Y., Wang, Y., Liu, Z., & Chen, S. (2021). Response mechanism of 651 
plants to drought stress. In Horticulturae (Vol. 7, Number 3). 652 
https://doi.org/10.3390/horticulturae7030050 653 

Yang, Y., Ahmed, W., Ye, C., Yang, L., Wu, L., Dai, Z., Khan, K. A., Hu, X., Zhu, X., & Zhao, 654 
Z. (2024). Exploring the effect of different application rates of biochar on the accumulation 655 
of nutrients and growth of flue-cured tobacco (Nicotiana tabacum). Frontiers in Plant 656 
Science, 15. https://doi.org/10.3389/fpls.2024.1225031 657 

  658 
 659 

 660 

Page 24 of 24 - Integrity Submission Submission ID trn:oid:::1:3528787277

Page 24 of 24 - Integrity Submission Submission ID trn:oid:::1:3528787277


