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ABSTRACT

In Bangladesh, sole dependence on inorganic fertilizers has led to declining soil organic matter,
nutrient imbalance, and progressive soil health degradation; therefore, nutrient management
involving organic manures and biofertilizers is essential for restoring soil fertility and
sustaining long-term crop productivity under intensive agricultural systems. In this context, a
field experiment was conducted from February to June 2022 to evaluate the effects of organic
manures and biofertilizers on growth, physiological attributes, and yield performance of black
gram (Vigna mungo L.). The experiment was laid out in a two-factor randomized complete
block design with three replications. Factor A consisted of three varieties (BARI mash-1, BARI
mash-3, and BARI mash-4), while Factor B included five nutrient management treatments:
recommended dose of fertilizers (RDF), poultry litter-based compost (PLBC) 7.5 t ha™', BARI
biofertilizer, BINA biofertilizer, and biochar 5 t ha™'. Significant effects of variety, nutrient
management, and their interaction were observed for most measured parameters, although the
significance varied among traits and growth stages.. PLBC application markedly improved
growth and yield attributes, including plant height, branching, root development, pod number,
grain yield, straw yield, SPAD value, and thousand-seed weight, in some treatments. Among
varieties, BARI mash-1 recorded superior performance with the highest grain yield, whereas
BARI mash-4 showed the lowest. The interaction effect revealed the highest yield in BARI
mash-1 under PLBC, while the lowest was observed in BARI mash-4 with biochar. Overall,
PLBC 7.5 t ha™ demonstrated the most effective nutrient management strategy for enhancing

black gram productivity under field conditions.

Keywords: Vigna mungo; organic manure; poultry litter compost; sustainable agriculture; soil

fertility

INTRODUCTION

Black gram (Vigna mungo L.) is a short-duration pulse crop belonging to the family
Leguminosae and is widely recognized as an important source of plant-based protein and
essential nutrients (Vishwakarma, 2021; Nasir et al., 2022). It contains approximately 26-28%
protein along with significant amounts of carbohydrates, minerals, and vitamins (Pande et al.,
2012). The crop is primarily cultivated for human consumption, while it also contributes to

livestock feed and green manuring. Moreover, black gram enhances soil fertility through
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biological nitrogen fixation via symbiosis with Rhizobium, thereby improving nutrient

availability for subsequent crops (Khatana et al., 2021; Veer et al., 2022).

In developing countries such as Bangladesh, pulses serve as an affordable and major protein
source for low-income populations (Siddiq et al., 2022). However, the current per capita
availability of pulses (20-22 g day ™) is far below the FAO recommendation (Bokhtiar et al.,
2023). National production remains insufficient due to limited cultivation area and low
productivity, highlighting the urgent need to enhance pulse yield to meet increasing demand

(Emran et al., 2022; Prioty et al., 2023)

Sustainable crop production requires efficient nutrient management that maintains soil fertility
while minimizing environmental degradation. Excessive and imbalanced use of chemical
fertilizers has led to declining soil health, reduced productivity, and environmental concerns
(Krasilnikov et al., 2022). In Bangladesh, soil organic matter content is generally low (1.5%),
whereas at least 3-5% is considered optimal for high crop yields (Uddin et al., 2022). Therefore,
the utilization of organic and biological nutrient sources is essential for improving soil quality

and ensuring long-term agricultural sustainability.

Organic manures such as poultry litter-based compost are valuable sources of macro and
micronutrients and contribute to improved soil structure, water-holding capacity, and microbial
activity (Aboutayeb et al., 2025; Islam et al., 2025). Composting poultry litter mitigates its
negative environmental impacts while enhancing nutrient availability and crop productivity
(Kyakuwaire et al., 2019). Biofertilizers, particularly Rhizobium inoculants, play a crucial role
in sustainable agriculture by enhancing biological nitrogen fixation, improving soil fertility,
and increasing crop yields (Bhardwaj et al., 2014; Kumar et al., 2018). Similarly, biochar, a
carbon-rich product derived from biomass, improves soil physicochemical properties, enhances
nutrient retention, and reduces nutrient losses, thereby contributing to increased crop

productivity (Kapoor et al., 2022; Khan et al., 2024).

Considering the importance of the application of organic manures, biofertilizers, and biochar
offers a promising approach to improve soil health and crop productivity. Therefore, the present
study was undertaken to evaluate the effects of organic manure and biofertilizers on the growth

and yield of blackgram.
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92 MATERIALS AND METHODS

93  Location

94  The experiment was conducted at the research field of the Department of Crop Physiology and
95 Ecology, Hajee Mohammad Danesh Science and Technology University, Dinajpur,
96  Bangladesh, during the period from February to June 2022. The experimental site is located in
97  Sadar Upazila, Dinajpur, at 25.39° N latitude and 88.41° E longitude, with an elevation of 37.58

98  m above mean sea level (Fig. 1).

99  Soil and climate
100  The experimental field was classified as medium-high land under Agro-Ecological Zone 1
101 (AEZ-1), corresponding to the Old Himalayan Piedmont Plain. The soil of the site was sandy
102 loam in texture. The region experiences mild to moderate rainfall during the cropping period
103  from March to June 2022. Detailed information on soil properties and meteorological
104  parameters, including temperature, precipitation, and relative humidity during the crop growth

105  period are presented in Table 1 and Fig. 2, respectively.

106  Physicochemical characterization of organic amendments

107  Prior to application, representative samples of the poultry litter-based compost and biochar were
108  collected, air-dried, crushed, and filtered through a 2-mm sieve for physicochemical analysis.
109  The pH and electrical conductivity (EC) of a 1:5 (w/v) amendment-to-distilled water suspension
110  were measured with a calibrated pH meter and an EC meter, respectively. The wet oxidation
111 method developed by Walkley and Black was employed to determine organic carbon. The total
112 nitrogen (N) was measured using the Kjeldahl digestion and distillation method. Following acid
113 digestion, available phosphorus (P) was quantified colorimetrically using the molybdenum blue
114  method, and available potassium (K) was measured using flame photometry. Moisture content
115  was determined by oven drying at 105°C to constant weight, and ash content was measured by
116  combustion in a muffle furnace at 550°C. The carbon-to-nitrogen (C:N) ratio was estimated

117  using the measured organic carbon and total nitrogen content.

118  Experimental design and layout

119  The experiment was conducted as a two-factor factorial experiment in a Randomized Complete
120  Block Design (RCBD) with three replications. The experimental unit was defined as an
121 individual plot measuring 3 m x 1 m. A total of 45 experimental plots were established. The

122 spacing between blocks and plots was maintained at 50 cm and 25 cm, respectively. The
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123 treatments consisted of two factors. Factor A comprised five fertilization treatments: Fi =
124  recommended dose of fertilizer (RDF), consisting of urea, triple superphosphate (TSP), and
125  muriate of potash (MOP) applied at rates of 40, 90, and 40 kg ha™', respectively; F2 = poultry
126 litter-based compost at 7.5 t ha™'; Fs = BARI biofertilizer at 85 g kg™ seed; F» = BINA
127  biofertilizer at 85 g kg™’ seed; and Fs = biochar at 5 t ha™'. Factor B included three blackgram
128  varieties: Vi = BARI Mash-1, V> = BARI Mash-3, and Vs = BARI Mash-4.

129  The physicochemical characteristics of the poultry litter-based compost and biochar used in this
130  study are presented in Table 2. Poultry litter-based compost exhibited higher nutrient contents
131 (N, P, and K) and a lower C:N ratio, whereas biochar was characterized by higher pH, organic

132 carbon content, and C:N ratio, indicating their complementary roles as soil amendments.

133 Additionally, BARI and BINA biofertilizers were peat-based Rhizobium inoculants obtained
134  from the Soil Microbiology Laboratory of BARI and BINA, respectively. The inoculants
135  contained viable Rhizobium populations of approximately 10® CFU g™ carrier material and

136 were applied as seed inoculants according to the recommended procedure.

137 Fertilization

138  During final land preparation, the fertilizers were applied as a basal dose, where urea, TSP,
139  MOP are applied at 40 kg ha™, 90 kg ha™', and 40 kg ha™', respectively, in recommended
140  fertilizer dose replicated plots. The poultry litter-based compost and biochar were applied
141 during final land preparation at 7.5 ton ha™ and 5 ton ha™! in respective plots. All the fertilizers
142 were applied by broadcasting and mixed thoroughly with soil.

143 Seed inoculations and sowing of seeds

144  For each plot, 9 g of blackgram seed was required, based on the recommended seed rate of 30
145 kg ha™'. Seeds were weighed and packed into 45 individual polythene bags. Eighteen packets
146 were designated for inoculation with BARI and BINA biofertilizers (six packets per variety:
147  BARI Mash-1, BARI Mash-3, and BARI Mash-4).

148  The seeds were first soaked in molasses, after which 0.77 g of biofertilizer was thoroughly
149  mixed with the seeds to form a uniform, thick coating. The inoculated seeds were then air-dried
150  in a cool, dry place before sowing. Sowing was performed on 3 March 2022 in furrows, which
151  were subsequently covered with soil. The sowing depth was maintained at 2-2.5 cm from the

152  soil surface.
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153  Crop management

154  Weeding and thinning were performed to ensure proper plant growth and reduce competition.
155  The first weeding and thinning were carried out at 20 days after sowing (DAS), followed by a
156  second weeding at 40 DAS. These practices improved soil aeration, reduced weed competition,
157  and helped conserve soil moisture.

158  Irrigation was applied three times during the crop growth period: at 7, 20, and 35 DAS. During
159  the early growth stage, some plants were affected by hairy caterpillar infestation and root rot.
160  Infected leaves were removed and destroyed manually, and chemical control was applied using
161  Malathion 57 EC at 1.5 L ha™ and Indofil M45 at 2 g L™ at 35 and 50 DAS, respectively.

162

163 Data collection

164  Plant samples were first collected at 30 days after sowing (DAS) and subsequently at 15-day
165 intervals. From each plot, three plants were randomly selected and carefully uprooted using a
166  khurpi. Roots were gently washed with water to remove adhering soil, and nodules on each
167  plant were counted. Plant height was measured from the ground level to the tip of the uppermost
168 leaf, while root length was measured from the base of the stem to the root tip. Plants were
169  separated into leaves, shoots, and roots, and the number of leaves and branches plant™ was
170  recorded for each sampled plant. Fresh weights of shoots and roots were measured immediately
171  using an electronic balance, and samples were then oven-dried at 72°C for 72 hours to determine
172 dry biomass. For each sampling date, the measurements obtained from the three plants within
173 each plot were averaged to generate a single plot-level value, which was used as the
174  experimental unit in all statistical analyses. Thus, individual plants were not considered
175  independent replicates. Second and third plant samplings were conducted at 45 and 60 DAS,

176  respectively, following the same procedures.

177  Various growth, yield, and physiological parameters were recorded during the experiment.
178  Growth measurements at 30, 45, and 60 DAS were obtained through independent destructive
179  sampling, in which different plants were sampled at each observation date. Consequently,
180  separate statistical analyses were performed for each sampling date. Chlorophyll content was
181  estimated using a SPAD meter on fully expanded leaves. At maturity, the number of pods
182  plant™! was counted, and pod length was measured on ten randomly selected pods plant™, with
183  the average value calculated. Thousand-grain weight was determined by weighing 1000 grains

184  using an electronic balance. Grain and straw yields were recorded from each plot and expressed
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185  in tons ha'. All measurements were performed following standard agronomic procedures to

186  ensure accuracy and consistency.

187  Statistical analysis

188  The collected data were analyzed using Statistix 10 software. Because independent destructive
189  sampling was performed at 30, 45, and 60 DAS, data from each sampling date were analyzed
190  separately. A two-factor factorial analysis of variance (ANOVA) based on a Randomized

191  Complete Block Design (RCBD) was performed using the model:
192 Yijk = u + Bi + Vj + Fk + (VF)jk + &ijk

193  Where B represents the block (replication) effect, /' the fixed effect of variety, F the fixed effect
194  of fertilizer treatment, (VF) their interaction, and ¢ the random error. Blocks were included to
195  account for field variability. Before ANOVA, the assumptions of normality of residuals and
196  homogeneity of variances were assessed, and the data satisfied these assumptions; therefore, no
197  data transformation was required. When treatment effects were significant, mean separation
198  was performed using Tukey’s Honest Significant Difference (HSD) test at the 5% significance
199  level (p < 0.05). Pearson’s correlation analysis, Principal Component Analysis (PCA), and
200  hierarchical cluster analysis were performed using OriginPro 2026 (OriginLab Corporation,
201 Northampton, MA, USA). PCA was performed using treatment means for all treatment
202  combinations. PCA was conducted using the correlation matrix. The variables included plant
203  height, straw yield, leaf number, grain yield, branch number, pod number, root length, dry
204  matter, pod length, SPAD value, nodule number, root fresh weight, shoot fresh weight, and
205  1000-seed weight.

206

207 RESULTS

208 Growth attributes

209  Plant height

210  Plant height was significantly (p <0.05) influenced by variety, fertilization, and their interaction
211 at all growth stages. Among the varieties, V3 produced the tallest plants at 30 DAS (14.40 cm)
212 and at harvest (42.07 cm), whereas V> recorded the greatest plant height at 45 DAS (23.56 cm)
213 and 60 DAS (36.07 cm). Fertilization treatments also showed significant variation, where F»

214  resulted in greater plant height at early stages (14.24 cm at 30 DAS and 24.22 cm at 45 DAS),
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215  while F3 exhibited higher values at later stages (37.62 cm at 60 DAS and 41.56 cm at final
216 harvest), and the lowest plant height at final harvest was recorded under Fs (37.55 cm). The
217  interaction effect showed pronounced differences among treatment combinations, with the
218  tallest plants observed in V3F; (46.43 cm) and V2F» (43.45 cm), followed by V3F3 (43.29 cm)
219  and V3F4 (42.85 cm), whereas the lowest plant height was recorded in V2F4 (35.00 cm) (Table
220 3).

221 Leaf number

222 Leaf number was also significantly influenced by variety and interaction effects at all growth
223 stages, while fertilization showed non-significant variation at 45 DAS but was significant at
224  other stages. Among the varieties, Vi consistently produced the highest number of leaves,
225  recording 49.88 leaves at final harvest, followed by V3 (47.39 leaves), whereas V> showed the
226 lowest leaf number (46.13). Fertilization treatments indicated that F> produced the highest leaf
227  number at final harvest (50.21), followed by Fi (48.74), while comparatively lower values were
228  recorded under F4 (48.03) and Fs (46.90). The interaction effect revealed that VF4 (53.67) and
229  ViF2 (51.71) produced the highest leaf numbers, followed by V1iF: (50.58) and V3F2 (50.24),
230  whereas the lowest leaf number was observed in V2F4 (40.97). Additionally, the highest number
231 ofleaves at harvest (53.67) was recorded in VF4, whereas the lowest (40.97) was observed in

232 VoF4 (Table 3).

233 Number of branches plant’

234 Branches plant”! was significantly influenced (p < 0.05) by variety, fertilization, and their
235  interaction, except for the non-significant varietal effect at final harvest. Among the varieties,
236 Vi produced the highest number of branches at 30 DAS (2.79) and 60 DAS (7.18), whereas V>
237  recorded the highest values at 45 DAS (4.52) and V3 got the maximum at final harvest (7.52),
238  although the varietal effect at final harvest was not significant. Fertilization F; produced the
239  highest number of branches at 30 DAS (2.85), F3 at 45 DAS (4.74), F» at 60 DAS (8.67) and
240  final harvest (9.00). The interaction effect showed that VF3; produced the highest number of
241  branches at 30 DAS (3.56), V2F; and V;3F3 at 45 DAS (5.22), V3F2 (9.45) at 60 DAS, and V:F»
242 (9.78) at final harvest, whereas the lowest values were recorded in V1F4 (2.22) and VFs (2.22)
243  at 30 DAS, V3Fs (3.11) at 45 DAS, V2F; (5.55) at 60 DAS, and V,F3 (6.56) at final harvest
244  (Table 4).

245
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246 Root length

247  Root length was notably affected by fertilization and interaction effects at all stages, while
248  varietal differences were mostly non-significant except at 45 DAS, where V3 showed higher
249  root length (13.11 cm). Fertilization F2 produced longer roots at 30 DAS (11.71 cm) and 45
250  DAS (13.66 cm), whereas Fi was superior at 60 DAS (22.17 cm); the lowest value was observed
251  under F3 at 60 DAS (17.99 cm). Interaction effects revealed that V3F; and V3F, produced
252  maximum root length (up to 23.68 cm), while V2F; recorded the minimum (17.19 cm) (Table
253 4).

254 Nodule number

255  Nodule number plant™! was significantly (p < 0.05) affected by variety, fertilization, and their
256  interaction at all growth stages, as represented in Fig. 3. Nodulation increased with plant age,
257  reaching maximum at 60 DAS. Among varieties, V3 produced the highest nodule number at 30
258  DAS (17.14), whereas V| was superior at 45 and 60 DAS (13.71 and 15.17); V2 consistently
259  recorded lower values (11.13-14.13). Fertilization markedly influenced nodulation, with Fs and
260  F> producing higher nodule numbers (up to 17.09 and 15.93 at 60 DAS, respectively), while F
261  and F; resulted in lower values (=11.00-11.11). Interaction effects further confirmed that VFs,
262 ViF», and V3F» produced the highest nodulation, with a maximum of 20.78 nodules plant™
263 (ViFs at 60 DAS), whereas V2F3 showed the lowest value (7.44). Overall, both varietal

264  differences and fertilization regimes markedly influenced nodulation dynamics in blackgram.

265  Physiological trait
266  SPAD Value

267  The graphical analysis of SPAD values at 30, 45, and 60 DAS (Fig. 4) revealed notable (p <
268  0.05) variation among varieties, fertilization treatments, and their interactions, indicating strong
269  temporal and treatment-dependent responses across growth stages. Among varieties, V3 (BARI
270  mash-4) consistently exhibited the highest SPAD values (41.38 at 30 DAS, 35.22 at 45 DAS,
271 and 38.33 at 60 DAS), followed by V2, whereas Vi recorded the lowest values (38.19-35.81).
272 Fertilization also significantly influenced chlorophyll content, with higher SPAD values
273 observed under F3 and F4 at 30 DAS (41.41 and 41.13), F» at 45 DAS (36.16), and F; as well
274  as F3 at 60 DAS (38.38-38.40), while Fs consistently produced the lowest readings (36.87-
275  33.69-37.15). Interaction effects were pronounced, with the highest SPAD values recorded in
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276 V3F3 at 30 DAS (46.97), V2F»2 at 30 DAS (43.93), and V3F> at 45 DAS (37.50), whereas the
277  lowest values were observed in V,F3 at 45 DAS (31.67) and V1F4 at 60 DAS (33.83), indicating
278  strong variety x fertilization interactions affecting chlorophyll accumulation and leaf

279  physiological status.

280 Biomass accumulation
281  Root fresh weight

282  Root fresh weight was markedly influenced (p < 0.05) by variety, fertilization, and their
283  interaction at all growth stages (Table 5). Among varieties, V3 recorded the highest root fresh
284  weight at 30 DAS (0.33 g) and 60 DAS (2.31 g), whereas V> showed the lowest values (0.25-
285  1.88 g). Fertilization treatments F» and F3 produced higher root fresh weight at 30 DAS (0.34-
286  0.35 g), while Fi, F», and Fs recorded comparatively higher values at 60 DAS (2.21-2.23 g),
287  with F4 showing the lowest (1.74 g). Interaction effects indicated that V2F2 (0.47 g) and V3F3
288  (0.47 g) produced the highest root fresh weight at 30 DAS, while V3Fs (2.86 g) showed the
289  maximum at 60 DAS; in contrast, V,Fs recorded the lowest values (0.16 g at 30 DAS and 1.42
290 gat 60 DAS).

291  Shoot fresh weight

292 Shoot fresh weight varied substantially (p < 0.05) among treatments. V3 produced the highest
293  shoot biomass at 60 DAS (52.23 g), whereas V> recorded the lowest (47.54 g). Fertilization F
294  resulted in the highest shoot fresh weight across stages, particularly at 60 DAS (53.53 g), while
295  F4showed the lowest values (47.24 g). Interaction effects revealed that V3F3 (59.72 g) and V3Fi
296  (56.39 g) produced the maximum shoot biomass, whereas VoF4 (41.13 g) and V2Fs (42.71 g)
297  exhibited the lowest performance (Table 5).

298  Total Dry Matter

299  The graphical analysis of total dry matter accumulation at 30, 45, and 60 DAS (Fig. 5) revealed
300 significant (p < 0.05) variation among varieties, fertilization treatments, and their interactions.
301  Total dry matter increased progressively with crop growth, although the rate of accumulation
302  differed across treatments. Among varieties, V3 produced the highest dry matter at 30 DAS
303  (0.47 g), while Vi recorded the maximum biomass at 45 and 60 DAS (2.29 and 11.97 g), closely
304 followed by V3 at 60 DAS (11.82 g); V2 consistently showed lower values across stages (0.40-

305  10.50 g). Fertilization significantly affected biomass production, where F; and F3 resulted in
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306  higher dry matter at 30 DAS (0.47 and 0.46 g), Fs showed the highest accumulation at 45 DAS
307 (2.46 g), and F3 recorded the maximum at 60 DAS (12.33 g), whereas F2, Fa, and Fs generally
308 remained lower at later stages (10.63-10.98 g). Interaction effects indicated marked variability,
309  with the highest total dry matter recorded in V3F; at 30 DAS (0.56 g) and 60 DAS (14.44 g),
310  while V2F> showed superior performance at 45 DAS (2.73 g); in contrast, the lowest values
311  were observed in VFs at 60 DAS (9.28 g) and V3F; at 45 DAS (1.60 g), indicating strong

312 genotype X fertilization interactions in biomass accumulation.

313  Yield and yield-contributing characters

314  All yield and yield-related traits were influenced (p < 0.05) by variety, fertilization, and their

315 interaction, as demonstrated in Table 6.

316  Pod number and pod length

317  Pod number and pod length showed clear variation among treatments. V| produced the highest
318  pod number (46.33 pods plant™), whereas V3 recorded the lowest (37.45). In contrast, V3
319  exhibited the longest pods (5.35 cm), followed by V2 (4.95 cm), while V| had the shortest pods
320  (4.84 cm). Among fertilization treatments, F2 resulted in the highest pod number (45.56), while
321 Fsshowed the lowest (33.04). Pod length was the greatest under F; (5.25 cm). Interaction effects
322  indicated that ViF, produced the maximum pod number (57.30), whereas V3F; recorded the
323 longest pods (5.53 cm) (Table 6).

324  1000-seed weight

325  1000-seed weight differed across treatments. V3 recorded the highest value (46.69 g), followed
326 by V2 (43.26 g), while V| showed the lowest (41.07 g). Among fertilization treatments, Fi
327  produced the highest seed weight (45.68 g), whereas Fs recorded the lowest (41.64 g). The
328 interaction effect revealed that V3Fs4 produced the maximum 1000-seed weight (50.27 g),
329  followed by V3Fi (48.66 g) (Table 6).

330  Grain yield

331  Grain yield was influenced by all factors. Vi produced the highest grain yield (2.00 t ha™),
332 followed by V2 (1.77 t ha™), whereas V3 recorded the lowest (1.53 t ha™). Among fertilization
333 treatments, F> resulted in the highest grain yield (2.11 t ha™), while F4 showed the lowest (1.41
334  tha™). Interaction effects indicated that VF; produced the maximum grain yield (2.56 t ha™),
335  whereas V3Fs recorded the lowest (1.12 t ha™') (Table 6).
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336 Straw yield

337  Straw yield was also affected by all treatments. Vi recorded the highest straw yield (4.21 tha™),
338  followed by V3 (3.61 t ha™'), while V, showed the lowest (3.42 t ha™'). Among fertilization
339  treatments, F2 produced the highest straw yield (4.31 tha™"), whereas F4 recorded comparatively
340 lower values (3.61 t ha™). Interaction effects revealed that VF> produced the maximum straw

341  yield (5.03 t ha™!), while V2F4 showed the minimum (2.37 t ha™') (Table 6).

342  Multivariate analysis

343  The correlation matrix demonstrated considerable interrelationships among growth,
344  physiological, and yield-contributing traits of black gram under different treatment
345  combinations (TC) in Fig. 6. Plant height (PH) showed positive associations with dry matter
346 accumulation (DM; r = 0.50), shoot fresh weight (SFW; r = 0.53), pod length (PL; r = 0.48),
347 and 1000-seed weight (1000 SW; r = 0.46), indicating that vigorous vegetative growth
348  contributed positively to reproductive performance. Leaf number (LN) exhibited strong positive
349  correlations with pod number (PN; r = 0.64) and straw yield (SY; r = 0.69), suggesting the
350 importance of leaf development in biomass production and yield enhancement. SPAD value
351  was positively correlated with pod length (PL; r=10.61) and 1000 _SW (r = 0.59), reflecting the
352 role of chlorophyll content in seed development and assimilate accumulation. Pod number (PN)
353  showed strong positive relationships with grain yield (GY; r = 0.50) and straw yield (SY; r =
354  0.77), identifying it as a key determinant of productivity. Additionally, pod length (PL) had the
355  highest positive correlation with 1000 SW (r = 0.84), indicating that longer pods contributed
356  to better seed weight. Grain yield (GY) was strongly associated with straw yield (SY; r=0.77),
357 implying that treatments promoting vegetative biomass also enhanced economic yield. In
358  contrast, nodule number (NN) showed negative correlations with shoot fresh weight (SFW; r=
359  -0.61), pod length (PL; r =-0.36), and 1000_SW (r = -0.37). Overall, the findings suggest that
360  pod number, shoot biomass, and vegetative growth traits were the major contributors to yield

361  improvement in black gram under integrated nutrient management practices.

362  Principal component analysis (PCA) was conducted using treatment mean values of the
363  measured traits. The first two principal components (PC1 and PC2) accounted for 51.16% of
364 the total variance, with PC1 explaining 27.55% and PC2 explaining 23.61% (Fig. 7). The
365  variable loadings for the retained principal components are presented in Supplementary Table

366  S1. Based on the loading values, PC1 was mainly associated with grain yield (GY), straw yield
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367  (SY), leaf number (LN), pod number (PN), plant height (PH), dry matter (DM), and shoot fresh
368  weight (SFW), whereas PC2 was primarily associated with pod length (PL), SPAD value, and
369  1000-seed weight (1000 SW). Nodule number (NN) and branch number (BN) exhibited
370  negative loadings relative to the major yield-related traits. The treatment combinations were
371  distributed across the ordination space according to their multivariate trait values. ViF2, ViFj,
372 and V,F; were located in the direction of the GY, SY, LN, and PN vectors, indicating positive
373  associations with these traits, whereas V2F4 and V3Fs were positioned in the opposite region of
374  the biplot (Fig. 7). Overall, the PCA summarized the multivariate relationships among the

375  measured traits and treatment combinations.

376  The cluster dendrogram classified the treatment combinations into two major clusters,
377  reflecting considerable variability among the treatments based on the studied traits (Fig. 8).
378  V1F2 was grouped within the principal cluster and showed close association with VFi and VFa,
379  indicating a similar and comparatively favorable response pattern. The close clustering of V1F
380 with these treatments suggests its consistency with the major high-performing group. In
381  contrast, V2F4 and V3Fs formed a distinct separate cluster, indicating comparatively divergent

382  trait performance from the remaining treatment combinations.

383  DISCUSSION

384  Growth attributes

385  The observed variation in plant height, leaf number, branch formation, and root length among
386  varieties and fertilization treatments reflects differential genetic potential and nutrient-use
387 efficiency under varying soil nutrient regimes. Poultry litter-based compost (PLBC)
388  significantly enhanced early plant height, likely due to improved nutrient mineralization
389  dynamics, particularly nitrogen release, which stimulates meristematic activity and cell
390 elongation. Similar findings have been reported in previous studies (Lindquist, 2024; El-
391  Mahrouky et al., 2025). In later growth stages, biofertilizer further promoted plant height,
392  indicating enhanced rhizospheric microbial activity and improved nutrient acquisition
393 efficiency, as previously reported by Fasusi et al. (2021). Increased leaf production under PLBC
394  suggests a sustained nutrient supply that supports continuous leaf initiation and delayed
395  senescence, whereas varietal differences indicate strong genetic control over vegetative growth
396  patterns, consistent with Roberts (1999). Enhanced branching under PLBC may be attributed
397  to improved nitrogen availability and optimized assimilate partitioning, thereby increasing sink
398  sites for reproductive development, similar to results reported by Liu et al. (2025). Root length
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399  was predominantly influenced by fertilization, where PLBC and RDF treatments improved soil
400  physical conditions and nutrient availability, facilitating deeper root penetration and efficient
401  resource uptake (Masmoudi et al., 2020). In contrast, nodulation was markedly enhanced by
402  biochar application (Glodowska et al., 2017), which may be attributed to improved soil
403  structure, increased cation exchange capacity, and a more favorable microbial habitat,

404  collectively enhancing biological nitrogen fixation (Chang et al., 2025; Tian et al., 2025).

405  Physiological trait

406  The significant increase in SPAD values under biofertilizer application indicates improved
407  chlorophyll synthesis and nitrogen assimilation efficiency (Mthiyane et al., 2024; Pérez-
408  Alvarez et al., 2024). This response is likely driven by enhanced symbiotic microbial activity,
409  which improves nitrogen availability and uptake, thereby strengthening photosynthetic capacity

410  and overall physiological performance of the crop compared with other nutrient sources.

411  Biomass accumulation

412 Root fresh weight was generally higher under PLBC and RDF treatments, suggesting improved
413  rhizosphere conditions and enhanced nutrient uptake efficiency, which promote greater carbon
414  allocation to belowground biomass. Shoot fresh weight was maximized under the
415  recommended fertilizer dose, likely due to a rapid and readily available nitrogen supply that
416  stimulates early vegetative growth and biomass accumulation. However, organic treatments
417  exhibited more balanced growth patterns, reflecting gradual nutrient release and sustained
418  physiological activity. Total dry matter accumulation was highest under biofertilizer treatments,
419  indicating improved nutrient use efficiency and prolonged photosynthetic activity, potentially

420  mediated through enhanced microbial nutrient cycling (Schiitz et al., 2018; Ikan et al., 2024).

421  Yield and yield-contributing characters

422  Significant improvements in pod number under PLBC are likely associated with enhanced
423  vegetative vigor and branching intensity, which increases the number of reproductive sinks. In
424  contrast, pod length was largely genetically regulated, indicating limited responsiveness to
425  nutrient management, consistent with Banerjee et al. (2021). Thousand-seed weight exhibited
426  significant variability across treatments, reflecting both genetic influence and nutrient
427  availability during grain filling; comparatively higher values under control conditions may be
428  due to immediate nutrient accessibility during reproductive development (Szemerits et al.,

429  2025). Grain yield was maximized under PLBC, driven by improved growth attributes, higher
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430  pod formation, and enhanced assimilate partitioning efficiency (Islam et al., 2024). The superior
431  performance of BARI mash-1 under PLBC further highlights a strong genotype X nutrient
432  interaction, indicating better nutrient responsiveness and yield potential under organic
433  amendment. Similarly, straw yield followed a comparable trend to grain yield, reflecting
434  enhanced total biomass accumulation and improved overall plant productivity under PLBC-

435  based nutrient management.

436  Multivariate Analysis

437  Correlation analysis revealed strong positive relationships among growth, physiological, and
438  yield traits. Plant height, leaf number, and SPAD value were positively associated with key
439  yield traits such as pod number, pod length, and seed weight (Panda et al., 2015; Panwar et al.,
440  2018). Pod number emerged as a major determinant of both grain and straw yield, while grain
441  yield closely followed straw yield. In contrast, nodule number showed negative associations

442  with several yield traits.

443  The PCA explained 51.16% of the total variation, with PC1 (27.55%) and PC2 (23.61%)
444  accounting for the largest proportions of variance. The strong positive loadings of grain yield,
445  straw yield, leaf number, pod number, plant height, dry matter, and shoot fresh weight on PC1
446  indicate that these traits were the primary contributors to variation along this axis, whereas pod
447  length, SPAD value, and 1000 seed weight contributed more strongly to PC2. The score pattern
448  showed that treatment combinations ViF2, ViF1, and V1F4 were positioned in the direction of
449  the positive PC1 loadings, indicating their association with the yield-related trait group, while
450  V2F4 and V3Fs were located in a different region of the ordination space, reflecting contrasting
451  multivariate trait profiles. These score patterns are consistent with the trait loadings identified

452 for the first two principal components.

453  Cluster analysis confirmed similar grouping patterns. Overall, pod number, biomass
454  accumulation, and chlorophyll content were the main contributors to yield improvement under

455  optimum nutrient management in black gram.

456

457
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458  CONCLUSION

459  The study indicates that organic nutrient management can contribute to improved growth and
460  yield performance of black gram under the experimental conditions. Among the nutrient
461  management options evaluated, poultry litter-based compost at 7.5 t ha™ combined with BARI
462  mash-1 produced favorable growth and yield responses, suggesting its potential as an effective
463  nutrient management option. The observed varietal differences further indicate that crop
464  response to nutrient management practices may vary depending on genotype. However, because
465  the experiment was conducted at a single location during one growing season, additional multi-
466  location and multi-year studies are required to validate these findings under diverse

467  agroecological conditions before broader recommendations can be made.
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600  Table 1. Physicochemical properties of the soil at the experimental site.

General characters Description Interpretation
Location Crop Physiology and Ecology Field -
AEZ Old Himalayan Piedmont Plain (AEZ-1) -
General soil type Non-Calcareous Brown Floodplain Soil -
Parent material Piedmont alluvium -
Soil series Ranishankail -
Drainage Moderately well-drained -
Flood level Above flood level -
Topography High land -
Physical characteristics Value Interpretation
Bulk density (g cm”-3) 0.86-1.07 -
Sand (2-0.02 mm) 60.0 -
Silt (0.02-.002 mm) 27.0 -
Clay (< 0.002) 13.0 -
Textural class Sandy loam -
Chemical characteristics  Value Interpretation
PH 5.40-5.50 Moderately acidic
Organic carbon (%) 0.69 Low
Organic matter (%) 1.19 Low
CEC(meq/ 100g soil) 5.60 Low
Total N (%) 0.07 Very low
Available P (ppm) 16.75 Medium
Exchangeable K (meq/100g 0.17 Medium low
soil)

601

602

603
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604  Table 2. Physicochemical characteristics of poultry litter-based compost and biochar

Parameter Poultry litter-based Biochar
compost

pH 7.10-8.51 8.4-10.5
EC (dS m™) 3.10-8.10 0.51-2.15
Organic carbon (%) 24.0-33.5 60.5-80
Total N (%) 2.15-4.35 0.25-1.5
Available P (%) 1.0-2.62 0.01-0.55
Available K (%) 1.55-3.51 0.10-1.00
C:N ratio 10.2-18.2 50-200
Moisture (%) 19.5-35.2 2.0-10
Ash (%) - 5.5-20

605

606

607

© 2026 The Authors. Agriculturae Conspectus Scientificus by the University of Zagreb Faculty of Agriculture. This is an open access article
distributed under the terms of the Creative Commons Attribution 4.0 International License (CC BY 4.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.

23



608

609

610
611
612
613

614

Accepted manuscript / Uncorrected proof Agriculturae Conspectus Scientificus, 2026, 91, 009
https://doi.org/10.5513/SUTS4224 Hasan et al.: Organic inputs improve black gram growth and yield

Table 3. Effect of varieties and fertilizations on Plant height and Leaf number of blackgram at

different days after sowing (DAS)

Treatment Plant height (cm) at Leaf number at
Variety 30DAS 45DAS  60DAS Final 30DAS 45DAS 60DAS Final
Harvest Harvest
Vi 12.35¢ 22.52b 33.89¢ 39.17b 6.24a 16.24a 40.89a 49 .88a
Vs 12.74b 23.56a 36.07a 39.09b 5.51¢c 13.79b 36.58b 46.13¢c
V3 14.40a 22.56b 35.44b 42.07a 5.91b 14.16b 36.45b 47.39b
LeVel Of * % % * * * % *
significance
Fertilizations
Fi 13.42b 23.85b 34.72b 40.88b 6.17a 16.11a 39.07b 48.74b
F 14.24a 24.22a 34.39¢ 40.53¢ 5.43b 15.15a 42.18a 50.21a
F;5 13.01c 22.13d 37.62a 41.56a 6.18a 14.18a 34.92¢ 45.11e
F4 13.46b 21.71e 34.68b 40.04d 6.07a 13.87a 35.01c 48.03¢
Fs 11.69d 22.48¢ 34.24¢ 37.55¢e 5.57b 14.33a 38.67b 46.90d
Level of * * * * * NS * *
significance
Interactions between Variety and Fertilizations
ViF; 12.87¢c-¢ 23.95¢ 32.63j 38.68h 6.43b-d 15.00a-d  39.56¢ 50.58bc
ViF,; 13.31b-d  22.68ef  31.49k 36.48k 5.67b-g 16.11a-d  42.76ab 51.71b
ViF; 12.79de 21.78h 34.25¢g 40.23g 8.22a 20.64a 37.41d 44.11i
ViF4 11.72gh  22.49fg 34.71f 42.27d 5.56¢-g 13.00b-d 43.6a 53.67a
ViFs 11.08h 21.67h 36.35d 38.19i 5.32e-g 16.44a-d  41.11bc 49.31de
V.F; 12.10fg 24.69b 33.351 37.52j 5.76b-f 17.33a-c  41.98ab 48.04fg
VoF, 13.89b 26.19a 39.09b 43.45b S.11fg 15.11a-d  41.18bc 48.67¢ef
V2F3 12.7d-f 23.31d 38.17¢ 41.16f 5.56¢c-g 11.11cd  36.66de 45.64h
V2aF4 13.49bc 21.32i 3594e  35.00m 6.22b-¢ 11.06¢cd 27.99h 40.97j
V,Fs 11.53gh 22.29¢ 33.78h 38.31i 4.89fg 14.33a-d  35.08ef 4731g
VsF; 15.30a 2291e 38.16¢ 46.43a 6.33b-d 16.00a-d  35.68de 47.59fg
ViF, 15.52a 23.77¢ 32.59j 41.65¢ 5.50d-g 14.22b-d  42.61ab 50.24cd
ViF; 13.54bc 21.28i 40.45a 43.29b 4.78¢g 10.78d 30.69¢g 45.59h
ViF4 15.16a 21.33i 33.3%h  42.85¢ 6.44bc 17.56ab 33.44f 49 45¢-¢
VsFs 12.48ef 23.48d 32.59j 36.141 6.5b 12.22b-d  39.83c¢ 44.091
LeVel Of * % % * * * % *
significance
CV (%) 1.70 0.34 0.38 0.28 5.25 14.39 1.83 0.80

Note: Means followed by the same letter(s) within a column are not significantly different at the 5% probability
level according to Tukey’s HSD test. * indicates significance at p <0.05. F; = Recommended Dose (RDF); F, =
Poultry Litter-Based Compost (PLBC) 7.5 t ha™'; F3 = BARI biofertilizer; F4 = BINA biofertilizer; Fs = Biochar
5tha™'. Vi = BARI Mash-1; V, = BARI Mash-3; V; = BARI Mash-4.
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615  Table 4. Effect of varieties and fertilizations on number of branches plant™ and Root length

616  (cm) of black gram at different days after sowing (DAS)

Treatment Number of branches per plant at Root length (cm) at
Variety 30DAS 45DAS 60DAS Final 30DAS 45DAS 60DAS
Harvest
Vi 2.79a 4.27b 7.18a 7.45a 11.38a 12.02b 20.02a
V, 2.47b 4.52a 6.82b 7.50a 11.04a 12.69a 20.16a
V; 2.62ab 4.04c 7.07a 7.52a 11.43a 13.11a 20.35a
Level of * * * NS NS * NS
significance
Fertilizations
Fi 2.85a 4.56ab 6.37c 6.88c 11.21ab 12.59b 22.17a
F 2.70ab 4.26bc 8.67a 9.00a 11.71a 13.66a 20.20bc
F3 2.74ab 4.74a 6.78b 7.04bc 11.44ab 12.39%b 17.99d
F4 2.52ab 3.96¢cd 6.68b 7.15bc 11.03b 12.00b 19.84c
Fs 2.33b 3.87d 6.63bc 7.37b 11.04b 12.41b 20.68b
LCVC] Of * % * * % % %
significance
Interactions between Variety and Fertilizations
ViF; 2.56bc 3.89d-f 7.1b-d 7.25b-¢ 10.92b-d 11.43d 21.55b
ViF, 3.22ab 4.44b-¢ 7.44bc 7.55bc 11.50a-c 12.50b-d 19.23d-f
ViF3 3.56a 5.11ab 7.56b 7.78b 11.31a-d 12.03cd 18.21fg
Vi F4 2.22¢ 4.22c-f 7.25bc 7.56bc 11.56a-c 12.15b-d 19.61c-¢
ViFs 2.43bc 3.67fg 6.56de 7.11b-e 11.62a-c 11.99cd 21.52b
V,F, 2.78a-c 5.22a 5.55¢ 6.77c-e 12.09ab 13.70a-c 21.29b
VoF, 2.33bc 4.56a-d 9.11a 9.78a 12.16ab 13.87ab 20.35b-d
V2Fs 2.33bc 3.89d-f 6.56de 6.56¢ 10.43cd 12.64b-d 17.19¢g
VaF, 2.67a-c 4.11d-f 6.33¢ 6.78c-¢ 10.59cd 11.73d 20.83bc
V2Fs 2.22¢ 4.83a-c 6.56de 7.62b 9.90d 11.54d 21.13b
VsFi 3.22ab 4.55a-d 6.44de 6.63de 10.62cd 12.65b-d 23.68a
Vsk, 2.56bc 3.78e-g 9.45a 9.68a 11.46a-c 14.60a 21.03b
ViF; 2.33bc 5.22a 6.22¢ 6.78c-¢ 12.57a 12.49b-d 18.56ef
VsF, 2.67a-c 3.56fg 6.44de 7.11b-e 10.93b-d 12.12b-d 19.09d-f
V3Fs 2.32bc 3.11g 6.78c-¢ 7.39b-d 11.59a-c 13.69a-c 19.40d-f
LCVC] Of * % sk % % % %
significance
CV (%) 12.10 5.40 3.13 3.60 4.15 4.64 2.24

617 Note: Means followed by the same letter(s) within a column are not significantly different at the 5% probability
618 level according to Tukey’s HSD test. * indicates significance at p < 0.05. F; = Recommended Dose (RDF); F, =
619 Poultry Litter-Based Compost (PLBC) 7.5 t ha™; F3 = BARI biofertilizer; F4 = BINA biofertilizer; Fs = Biochar
620 5tha’'. Vi = BARI Mash-1; V, = BARI Mash-3; V3 = BARI Mash-4

621

622
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623  Table 5. Effect of varieties and fertilizations and their interactions on root fresh weight and

624  shoot fresh weight (g) of black gram at different days after sowing (DAS)

Treatment Root fresh weight (g) at Shoot fresh weight (g) at
Variety 30 DAS 45 DAS 60 DAS 30 DAS 45DAS 60 DAS
Vi 0.26b 0.62a 2.06b 1.94a 7.83a 51.00b
Va 0.25b 0.54b 1.88c 1.62b 7.76a 47.54c
V3 0.33a 0.55b 231a 1.86a 6.93b 52.23a
Level of * * * * * *
significance

Fertilizations

Fi 0.22¢ 0.61a 2.23a 2.15a 8.87a 53.53a
F» 0.35a 0.62a 2.21a 1.78b 7.23b 52.20b
Fs 0.34a 0.58b 2.01b 1.75b 7.34b 53.39ab
F4 0.24b 0.52c 1.74c 1.69b 6.21c 47.24¢
Fs 0.26b 0.51c 2.22a 1.65b 7.88b 44.90d
Level of * * * * * *
significance

Interactions between Variety and Fertilizations

ViF; 0.22d 0.66bc 2.44c 1.87cd 9.6la 52.78cd
ViF; 0.22d 0.52fg 2.21d 1.88cd 6.16¢ 55.53b
ViF; 0.37b 0.65bc 1.62¢g 2.46b 8.39a-d 48.34ef
ViF4 0.29¢ 0.68ab 1.63g 1.43¢ 5.85¢ 53.89bc
ViFs 0.22d 0.58de 2.38c 2.08¢c 9.15ab 44.46gh
VoF; 0.21de 0.61cd 2.15de 1.82cd 8.53a-c 51.42cd
VaF, 0.47a 0.72a 2.26d 1.63de 9.59a 50.32de
VaF; 0.19de 0.55ef 1.82f 1.40e 6.68de 52.11cd
VaF4 0.24d 0.39h 1.77f 1.78d 6.54¢ 41.131
V,Fs 0.16e 0.41h 1.42h 1.44e 7.45b-¢ 42.71hi
ViF; 0.23d 0.55ef 2.10e 2.75a 8.45a-d 56.39b
Vsk; 0.36b 0.61cd 2.15de 1.82cd 5.96¢ 50.75de
V3F3 0.47a 0.55ef 2.61b 1.38e 6.96¢c-¢ 59.72a
ViF4 0.20de 0.49¢ 1.82f 1.88cd 6.24¢ 46.73fg
VsFs 0.4b 0.54e-g 2.86a 1.45¢ 7.04c-e 47.53f
Level of * * * * * *
significance

CV (%) 5.71 2.95 1.75 5.31 7.98 1.78

625 Note: Means followed by the same letter(s) within a column are not significantly different at the 5% probability
626 level according to Tukey’s HSD test. * indicates significance at p < 0.05. F; = Recommended Dose (RDF); F, =
627 Poultry Litter-Based Compost (PLBC) 7.5 t ha™; F3 = BARI biofertilizer; F4 = BINA biofertilizer; Fs = Biochar
628 5tha™'. Vi = BARI Mash-1; V, = BARI Mash-3; V3 = BARI Mash-4

629

630
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631  Table 6. Effect of variety, fertilization, and their interaction on pod number, pod length, 1000-
632  seed weight, grain yield, and straw yield of black gram.

Variety Pod number Pod length 1000 seed Grain yield Straw yield
(cm) (cm) weight (g) (t/ha) (t/ha)
Vi 46.33a 4.84c 41.07c 2.00a 421a
Va 37.77b 4.95b 43.26b 1.77b 3.42c
V3 37.45b 5.35a 46.69a 1.53¢ 3.61b
Level of significance * * * * *
Fertilizations
Fi 44.16a 5.25a 45.68a 1.74c 3.76b
F, 45.56a 4.99bc 43.19¢ 2.11a 431a
F; 41.42b 4.99bc 42.87d 1.65d 3.52¢
F4 38.39¢ 4.97c 45.01b l4le 3.6lc
Fs 33.04d 5.03b 41.64e 1.93b 3.55d
Level of significance * * * * *

Interactions between Variety and Fertilizations

ViF, 46.33bc 4.96fg 42.30g 2.03e 4.34d
ViF» 57.30a 4.84i 42.22¢g 2.56a 5.03a
ViF3 45.87bc 4.74j 38.42j 1.70g 3.65h
ViF4 47.87b 4.82i 41.32h 1.26j 3.87f
ViFs 34.27f 4.86hi 41.10h 2.46b 4.17e
VoF; 43.00b-d 5.26d 46.08d 1.64gh 3.76g
V2F, 45.50bc 5.02f 44.68¢ 2.35¢ 4.49¢
V2F3 36.63ef 4.801ij 42.58g 1.33j 2.78k
V2F4 25.83g 4.74j 43.46f 1.30j 2.371
V:Fs 37.87d-f 4.93gh 39.53i 2.22d 3.72g
VsF, 43.13b-d 5.53a 48.66b 1.55h 3.197j
V3F, 33.87f 5.12¢ 42.67g 1.43i 3.391
V3Fs3 41.77c-e 5.44b 47.60c 1.913f 4.12¢
V3F,4 41.47c-e 5.34c 50.27a 1.66g 4.59%
V3Fs 27.00g 5.30cd 44.29¢ 1.12k 2.76k
Level of significance * * * * *
CV (%) 4.39 0.51 0.49 1.77 0.61

633 Note: Means followed by the same letter(s) within a column are not significantly different at the 5% probability
634 level according to Tukey’s HSD test. * indicates significance at p < 0.05. F; = Recommended Dose (RDF); F, =
635 Poultry Litter-Based Compost (PLBC) 7.5 t ha™'; F; = BARI biofertilizer; F4 = BINA biofertilizer; Fs = Biochar 5
636 tha'. Vi = BARI Mash-1; V, = BARI Mash-3; V; = BARI Mash-4
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656  Figure 3. Effect of variety (3a), fertilization (3b), and their interaction (3c) on nodule number
657  of blackgram at different growth stages (30, 45, and 60 DAS). Bars represent mean values for
658 Vi (BARI Mash-1), V> (BARI Mash-3), and V3 (BARI Mash-4), and fertilization treatments
659  Fi1-Fs (recommended fertilizer dose, poultry litter-based compost, biofertilizer treatments, and
660  biochar). Different letters indicate significant differences among treatments at p < 0.05
661  according to Tukey’s test.
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671  Figure 4. Effect of variety (4a), fertilization (4b), and their interaction (4c) on SPAD value of
672  blackgram at different growth stages (30, 45, and 60 DAS). Bar charts represent mean SPAD
673  values of three varieties (Vi-V3), five fertilization levels (Fi-Fs), and their combined
674  interactions (V X F) across 30, 45, and 60 days after sowing (DAS). Different letters on bars
675  indicate statistically significant differences among treatments at p < 0.05 according to Tukey’s

676 test.
677
678
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685  Figure 5. Effect of variety (5a), fertilization (5b), and their interaction (5¢) on total dry matter
686  accumulation of black gram at different growth stages (30, 45, and 60 DAS). Bar charts
687  represent mean total dry matter (g plant™) of three varieties (V1-V3), five fertilization treatments
688  (Fi-Fs), and their combined interactions (V x F) across 30, 45, and 60 days after sowing (DAS).
689  Different letters on the bars indicate statistically significant differences among treatments at p
690 < 0.05 according to Tukey’s test.
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Figure 6. Correlation matrix showing the relationships among agronomic, physiological, and

yield-related traits. Here, PH = plant height, SY = straw yield, LN = leaf number, GY = grain

yield, BN = branch number, PN = pod number, RL = root length, DM = dry matter, PL = pod
length, SPAD = SPAD value, NN = nodule number, RFW = root fresh weight, SFW = shoot

fresh weight, and 1000_SW = 1000-seed weight.
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711 Figure 7. Principal component analysis (PCA) biplot showing the relationships among
712 treatment combinations (TCs) and agronomic, physiological, and yield-related traits. Each point
713 represents the mean value of a treatment combination (TC), while the vectors represent the
714  measured variables and indicate their direction and magnitude of contribution to the principal

715  components, as well as their correlations with each other.
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723 Figure 8. Cluster dendrogram showing the grouping pattern and similarity among treatment

724  combinations based on agronomic, physiological, and yield-related traits.
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Supplementary Table S1. Mean values of the measured traits for the 15 treatment combinations used in the multivariate analyses.

TC PH LN BN RL DM SPAD NN RFW SFW PN PL 1000_SW GY sY

ViFi 38.68  50.58 7.25 21.55 12.56 35.33 10 2.44 52.78 46.33 4.96 423 2.03 4.34
ViF2 3648  51.71 7.55 19.23 12.02 33.9 14.33 2.21 55.53 57.3 4.84 42.22 2.56 5.03
ViFs 4023  44.11 7.78 18.21 11.58 38.93 16.56 1.62 48.34 45.87 4.74 38.42 1.7 3.65
ViF4 4227  53.67 7.56 19.61 10.29 33.83 14.18 1.63 53.89 47.87 4.82 41.32 1.26 3.87
ViFs 38.19 4931 7.11 21.52 13.38 37.07 20.78 2.38 44.46 34.27 4.86 41.1 2.46 4.17
VaF 3752  48.04 6.77 21.29 9.71 40.17 13.33 2.15 51.42 43 5.26 46.08 1.64 3.76
VaoF, 4345  48.67 9.78 20.35 10.68 38.83 18.89 2.26 50.32 45.5 5.02 44.68 2.35 4.49
VaF; 41.16  45.64 6.56 17.19 12.63 37.23 7.44 1.82 52.11 36.63 4.8 42.58 1.33 2.78
V2oF, 35 40.97 6.78 20.83 10.2 36.3 16.79 1.77 41.13 25.83 4.74 43.46 1.30 2.37
V2Fs 3831 4731 7.62 21.13 9.28 35.87 14.18 1.42 42.71 37.87 4.93 39.53 2.22 3.72
VsF 4643  47.59 6.63 23.68 14.44 39.63 9.67 2.1 56.39 43.13 5.53 48.66 1.55 3.197
VsF; 41.65  50.24 9.68 21.03 10.19 35 14.56 2.15 50.75 33.87 5.12 42.67 1.43 3.39
VsF3 4329 4559 6.78 18.56 12.8 39.03 9.33 2.61 59.72 41.77 5.44 47.6 1.913 4.12
ViFy 42.85 4945 7.11 19.09 12.46 3947 13 1.82 46.73 41.47 5.34 50.27 1.66 4.59
VsFs 36.14  44.09 7.39 19.4 9.21 38.51 16.33 2.86 47.53 27 5.3 44.29 1.12 2.76

Abbreviations: TC = treatment combination; PH = plant height (cm); SY = straw yield (t ha™); LN = leaf number; GY = grain yield (t ha™); BN = number of
branches; PN = pod number; RL = root length (cm); DM = dry matter (g); PL = pod length (cm); SPAD = SPAD value; NN = nodule number; RFW = root fresh
weight (g); SFW = shoot fresh weight (g); 1000_SW = 1000-seed weight (g).
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