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This study in Mataya, Central Ethiopia, identified optimal nitrogen, phosphorus, sulfur, and boron (NPSB) fertilizer strategies for
enhancing mung bean production and soil health. A 2-year field experiment evaluated three varieties (N-26, NVL-1, and Arkebe)
under five NPSB rates (0, 25, 50, 75, and 100 kgha™"). Results demonstrated that NPSB application significantly improved key soil
properties postharvest, including pH, organic carbon (OC), total nitrogen (TN), and available phosphorus (AP), sulfur, and boron.
Agronomic performance was strongly influenced by fertilizer rate and variety. The N-26 variety achieved the highest grain yield
(1.95tha™") at 100 kg NPSB ha™". However, nutrient use efficiency (UE) indices were generally optimized at moderate application
rates of 50-75kgha™". Strong positive correlations were found between grain yield and efficiency parameters like physiological
efficiency (PE; r=0.94), underscoring the importance of efficient nutrient utilization. The study concludes that applying 75 kg
NPSB ha™" to the N-26 variety provides the most effective strategy for boosting mung bean productivity, improving nutrient UE,

and enhancing soil fertility in the study region, offering a sustainable pathway for smallholder farmers.
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1. Introduction

Mung bean (Vigna radiata L.) is gaining prominence in Ethio-
pia’s legume-based cropping systems due to its short maturity
cycle [1], nitrogen-fixing capacity, and adaptability to marginal
soils [2]. As a protein-rich pulse crop, it plays a vital role in
enhancing household nutrition, diversifying income sources
[2], and improving soil fertility in smallholder farming systems.
However, its productivity remains constrained by poor soil
nutrient status, limited varietal improvement, and suboptimal
tertilizer management practices [3].

Recent agronomic research has emphasized the importance
of balanced nutrient application, particularly through blended
fertilizers such as nitrogen, phosphorus, sulfur, and boron
(NPSB) [4], which address multiple macro- and micronutrient

deficiencies common in Ethiopian soils. For example, Meharie
[5] demonstrated that tailored NPSB applications in Cheha
District significantly improved grain yield and biomass accu-
mulation across multiple mung bean varieties. Similarly,
Choudhary et al. [6] reported that optimizing NPSB rates
enhanced both agronomic efficiency (AE) and varietal respon-
siveness under field conditions, underscoring the need for site-
specific recommendations.

Despite the growing importance of mung bean in Ethio-
pia’s crop diversification and food security strategies, its pro-
ductivity remains limited by suboptimal fertilizer management
and declining soil fertility particularly in regions like Mataya,
Central Ethiopia. The introduction of NPSB blended fertilizer
(containing NPSB) offers promising potential to enhance both
crop performance and soil health. However, there is a lack of
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FiGure 1: Geographical location of the study area.

localized evidence on optimal NPSB application strategies tai-
lored to specific mung bean varieties, as well as on the efficiency
with which these nutrients are utilized under field conditions.
Furthermore, the residual effects of NPSB fertilization on key
soil chemical properties postharvest remain poorly understood,
posing challenges for sustainable nutrient management. This
study therefore aims to: (i) to determine the residual impact of
NPSB fertilization on some soil chemical properties, (ii) to
study the nutrient use efficiencies of mung bean varieties in
the study, and (iii) evaluate the agronomic response of selected
mung bean varieties to varying NPSB fertilizer rates.

2. Materials and Method

2.1. Description of the Study Area. Mataya Dange is situated in
the Dalocha district of the Silte Zone, as illustrated in Figure 1.
The area is characterized by a tropical savanna climate, with
distinct wet and dry seasons. It lies approximately 132km
southwest of Addis Ababa, positioned between the towns of
Hosanna and Butejira.

2.2. Rainfall and Temperature. The district is characterized by
a mild agricultural climate, with an average annual temperature
of 21.85°C. It receives approximately 161.3 mm (6.35 in.) of
rainfall each year, as illustrated in Figure 2. This rainfall regime

is vital for sustaining local livelihoods, as it directly affects
agricultural productivity and the availability of water resources.

2.3. Experimental Materials Description. The NPSB fertilizer
applied in this study contained 18.9% nitrogen, 37.75% P,0s,
6.95% sulfur, and 0.1% trace elements, selected based on site-
specific soil fertility status and recommendations from the
Ethiopian Soil Fertility Atlas [7]. Three released mung bean
varieties with small seed size were evaluated: N-26 [3], Arkebe
[8], and NVL-1 [3]. These varieties were chosen for their
genetic diversity, agronomic relevance, and adaptability to
Ethiopian conditions, providing a suitable basis for assessing
varietal response to NPSB fertilization and nutrient use effi-
ciency (UE) under the agroecological context of Mataya.

2.4. Treatments and Experimental Design. The experiment
assessed three mung bean varieties in combination with five
NPSB fertilizer rates (0, 25, 50, 75, and 100 kgha™"), resulting
in a total of 15 treatment combinations. The study was con-
ducted over two consecutive cropping seasons (2021/22 and
2022/23) using a factorial randomized complete block design
(RCBD) with three replications. Each plot measured 4 m*
(2mx2m) and contained six rows, with 0.5m spacing
between plots and 1 m between blocks. The total experimental
area was 296 m” (8 m x 37 m). Seeds were sown at 30 cm
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FIGURE 2: Weather data of cropping years at Dalocha.

interrow and 10 cm intrarow spacing, with a planting depth of
3 cm. Two seeds were placed per hole, and NPSB fertilizer was
applied at sowing using the drill method, positioned 5 cm deep
and covered with soil. Uniform agronomic practices including
weeding, spacing, and disease management—were consistently
applied across all plots to ensure experimental integrity.

2.5. Soil Chemical Properties. Prior to sowing, soil samples
were collected from 45 plots at a depth of 0-30 cm. Following
crop harvest in both study years, samples were again taken
from each treatment plot to assess changes in soil properties.
Analyses were conducted at Wachamo University’s soil and
plant tissue laboratory, focusing on texture, pH, organic carbon
(OC), total nitrogen (TN), available phosphorus (AP), cation
exchange capacity (CEC), available sulfur (AS), and available
boron (AB). Soil pH was measured potentiometrically ina 1:2.5
soil-water suspension [9]; OC was determined using the
Walkley—Black method [10]; TN via the Kjeldahl method
[11]; AP using the Olsen method; AS turbidimetrically [12].
These comprehensive assessments, conducted both before
planting and after harvest, enabled evaluation of soil property
dynamics and provided valuable insights into the effects of
agricultural practices on soil health.

2.6. Nodulation Data Collection Methods. Nodulation traits
were evaluated at the flowering stage, when nodule develop-
ment and nitrogen fixation are at their peak [13]. Five plants
were randomly selected per plot, carefully uprooted, and gently
washed to remove soil without disturbing the nodules. For each
plant, visible nodules were counted to determine nodule num-
ber, then weighed fresh after blotting. The same nodules were
oven-dried at 70°C for 48h and reweighed to obtain dry
weight. All measurements were recorded in milligrams per
plant.

2.7. Grain Yield and Efficiency Indices Collection. Grain yield
was determined by harvesting the central net plot area of each
treatment at physiological maturity. Harvested plants were
sun-dried, threshed manually, and cleaned to remove impuri-
ties. The grain weight was recorded using a digital balance and

adjusted to 12% moisture content [13]. Yield was then extrap-
olated to kilograms per hectare (kg ha™") [14].

To evaluate the effectiveness of NPSB fertilizer application
in mung bean, four key efficiency indices are commonly mea-
sured: UE [15], AE [16], recovery efficiency (RE) [17], and
physiological efficiency (PE) [18]. These indices are calculated
using grain yield and nutrient uptake data collected from both
tertilized and control plots.

The concentration of NPSB in grain was calculated using
the following formula:

Grainyield (kg/ha) (1)
NPSB rate(kg/ha) -

Use efficiency =

Agronomic efficiency, AE
__Grainyield at NPSB rate — grain yield at control
N NPSB rate(kg/ha) '

Recovery efficiency, RE
_ Uptake at NPSB rate — uptake at control
B NPSB rate (kg/ha)

X 100%.
(3)

Physiological efficiency, PE
__ Grainyield at NPSB rate — grain yield at control
~ Uptake at at NPSB rate — uptake at control

(4)

2.8. Data Analysis. Before conducting the data analyses, we
evaluated the assumptions related to data distribution and per-
formed tests for multivariate normality, homogeneity of covari-
ance matrices, and linearity. The multivariate analysis of
variance (MANOVA) analysis was carried out using SAS
version 9.34 following the procedures described by Gomez
and Gomez (1984). Interpretations were then derived from
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TasLe 1: Effects of cropping year, variety, and NPSB fertilizer rate on selected soil chemical properties.
Parameters
pH Total P N B
Factor Level 258,00 %P N@  ppm)  @em)  (ppm)
2022 before planting 5.63¢ 2.80° 0.06 27.25¢ 18.25° 0.57
Cropping year 2022 after planting 5.80° 3.50° 0.14 29.92° 20.49° 0.66
2023 after planting 6.00% 3.64% 0.17 30.70% 20.60° 0.8
LSD (5%) — 0.011 0.018 ns 0.28 1.2 ns
CV (%) — 2.9 5.3 2.9 7.5 4.2 4.4
NVL-1 5.85° 3.40° 0.13% 30.10° 20.10% 0.70%
Varieties N-26 5.95° 3.55° 0.14° 30.60° 21.00° 0.72°
Arkebe 6.05% 3.65% 0.15% 31.20° 21.50% 0.74*
LSD (5%) — 0.012 0.014 0.54 0.34 1.2 ns
CV (%) — 2.5 3.9 2.4 5.8 3.8 6.3
0 5.80° 3.20° 0.10° 28.50°¢ 19.00¢ 0.60°
25 5.85¢ 3.30¢ 0.12¢ 29.50¢ 20.00¢ 0.65
NPSB rate (kg hafl) 50 5.90¢ 3.40° 0.14° 30.50° 21.00° 0.70°
75 5.95° 3.50° 0.16" 31.50° 22.00° 0.75"
100 6.00% 3.60% 0.18% 32.50% 23.00° 0.80%
LSD (5%) — 0.002 0.003 0.006 0.33 1 0.5
CV (%) — 3.2 2.3 2.8 8.3 4.5 6.3
P statics
Years — * * * * * ns
Variety (V) — * e ns * * —
NPSB rate — * i * * * ns
CRXV — ns ns ns ns ns ns
CR x Fertilizer — ns ns ns ns ns ns
V X Fertilizer — ns ns ns ns ns ns
CR XV x NPSB — ns ns ns ns ns ns

« »

Note: Significance levels are represented by *5%, **1%, and ***0.1%. Letters were assigned according to mean separation, with “a” indicating the highest mean
value, followed by “b,” “c,” “d,” and “e” in descending order, based on the LSD at the 5% significance level.

Abbreviation: NS, nonsignificant.

the results. To compare the means of significant treatments, we
applied a 5% probability level and used Tukey’s HSD.

2.8.1. Correlation and Regression. We conducted analyses to
assess relationships between yield and its components in mung
bean varieties.

3. Results

3.1. Soil Analysis Results. The data presented in Table 1 high-
light the significant influence of year, variety, and NPSB fertil-
izer rate on key soil chemical properties before sowing and after
mung bean harvest across the 2022 and 2023 cropping seasons.

3.2. Nodulation Parameters. Table 2 illustrates the main effects
of year, mung bean variety, and NPSB fertilizer rate on key
nodulation parameters, including nodule number, nodule dry
weight, and nodule effectiveness. Significant variation across
years suggests that seasonal factors such as rainfall distribution,
temperature, and soil moisture may have influenced rhizobial
activity and root development. Varietal differences in nodula-
tion likely reflect genetic variation in root architecture, symbi-
otic efficiency, and responsiveness to nutrient inputs.

Increasing NPSB rates generally enhanced nodulation perfor-
mance, particularly in terms of nodule biomass and effective-
ness, indicating improved nutrient availability especially
phosphorus and sulfur, which are critical for nodule formation
and function.

3.3. Grain Yield and Efficiency Indices. Table 3 presents the
effects of year, variety, and NPSB fertilizer rate on mung bean
grain yield and associated efficiency indices, including UE, AE,
PE, and nutrient uptake efficiency. Grain yield varied signifi-
cantly across years, likely due to seasonal differences in rainfall,
temperature, and soil nutrient dynamics. Varietal performance
also differed, reflecting genetic variation in yield potential and
nutrient UE.

3.3.1. Treatment Interaction Efficiency Indices. Table 4 reveals
significant interaction effects among year, variety, and NPSB
fertilizer rate on mung bean efficiency indices, including AE
and nutrient uptake efficiency. These interactions suggest that
the response of efficiency metrics is not solely dependent on
individual factors but rather on their combined influence.
Notably, specific variety X NPSB rate combinations yielded
superior AE and PFP values, indicating that certain genotypes
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TasLE 2: Effects of cropping year, variety, and NPSB fertilizer rate on mung bean.
Parameters
Treatment group Treatment level Nodule number/plant I:Iv(;?gudte (f::;I gg;ﬁ: e(:lrgy) volll\:r(r)l(:eu(lrenL)
2022 8.8 27.4° 10.5" 15.8°
Cropping year (CR) 2023 8.4 32.0° 12.4° 18.5°
LSD (5%) — ns 45 0.12 1.4
CV (%) — 2.6 13 5.2 3.1
NVL-1 8.38" 27.3° 13.3° 17.5°
Varieties (V) N-26 8.45° 29.0° 14.8° 19.2°
Arkebe 9.6° 30.0° 12.5 18.0°
LSD (5%) — 0.9 2.1 0.97 1.1
CV (%) — 6.3 3.8 11 22
0 8.38¢ 24.5° 12.63" 14.5°
25 9.6° 26.3° 12.5° 15.8°
NPSB rate (kg ha™") 50 14.7° 29.0° 14.5% 20.1°
75 21.4* 31.4* 14.5% 24.5%
100 20.77% 30.0% 14.2% 23.8%
LSD (5%) — 2.1 2.7 1.2 1.4
CV (%) — 8.7 4.8 13 3.8
P statistics
Cropping year (CR) — ns * * *
Variety (V) — * e ns *
NPSB rate — * o * *
CRxV — ns ns ns ns
CR X fertilizer — ns ns ns ns
V X fertilizer — ns ns ns ns
CR XV x NPSB — ns ns ns ns

Note: Significance levels are represented by *5%, **1%, and ***0.1%. Superscript letters were assigned based on mean separation, with “a” indicating the highest
mean value, followed by “b,” “c,” “d,” and “e” in descending order, according to the LSD test at the 5% significance level.

Abbreviation: NS, nonsignificant.

are more responsive to nutrient inputs under given environ-
mental conditions.

3.4. Pearson Correlation Matrix. Table 5 presents the correla-
tion matrix between grain yield and key agronomic parameters,
including nutrient use efficiencies (UE, AE, RE, and PE) and
nodulation traits, under NPSB fertilizer application.

4. Discussions

4.1. Effects on the Soil Chemical Properties

4.1.1. Effects on the Soil pH Dynamics. Soil pH plays a vital
role in nutrient availability and crop performance. In this study,
pH increased steadily across cropping years (CRs), mung bean
varieties, and NPSB fertilizer rates. Initial pH in 2022 before
planting was 5.63, rising to 5.80 after harvest, and reaching 6.00
in 2023 (Table 1). This shift suggests that mung bean cultiva-
tion helps neutralize soil acidity, likely due to biological nitro-
gen fixation and organic matter contribution [19]. Among
varieties, Arkebe recorded the highest pH (6.05), followed by
N-26 and NVL-1. This indicates varietal influence on soil
chemistry, possibly through differences in root activity and
biomass return. Similarly, increasing NPSB rates from 0 to

100 kgha™" led to a consistent pH rise from 5.80 to 6.00, show-
ing the fertilizer’s buffering effect. Recent findings by Ayele
[20], support this trend, noting that NPSB application in
mung bean fields improved soil pH and nutrient balance in
acidic soils of Central Ethiopia. The study emphasized that
balanced fertilization enhances microbial activity and organic
matter decomposition, contributing to better pH regula-
tion [21].

4.1.2. Effects on the OC (%). Before planting in 2022, OC was
2.80%, rising to 3.50% after harvest, and reaching 3.64% in
2023. This upward trend reflects the contribution of mung
bean biomass and root residues to soil organic matter [19].
Among the tested varieties, Arkebe showed the highest OC
(3.65%), followed by N-26 (3.55%) and NVL-1 (3.40%). These
differences suggest that varietal traits such as root volume and
residue quality play a role in organic matter accumulation.
Similarly, increasing NPSB rates from 0 to 100 kgha™" led to
a steady rise in OC from 3.20% to 3.60%, indicating that nutri-
ent enrichment supports microbial activity and organic matter
stabilization. A recent study by Maruthi et al. [22], found that
applying blended NPSB fertilizer in mung bean fields signifi-
cantly enhanced soil OC levels in Central Ethiopia.
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TasLE 3: Main effects of cropping year, variety, and NPSB fertilizer rate on grain yield, nutrient uptake, and use efficiencies in mung bean crop
production.

Parameters
Factor Grain yield (t ha™") NPSB uptake (kg ha™") UE (kg/kg) AE (kg/kg) RE (%) PE (kg/kg)
Cropping year (CR)
2022 1.58° 11.4° 35.8° 7.6° 31.0° 24.5°
2023 1.70* 13.2° 37.0° 8.2° 33.5° 24.6*
LSD (5%) 0.45 0.45 0.6 0.45 1.2 0.2
CV (%) 0.8 42 12 3.2 2.1 3.1
Varieties (V)
NVL-1 1.76° 13.8° 47.6° 8.9" 34.5° 25.8°
N-26 1.95% 14.9° 49.5° 10.2° 36.8° 27.7%
Arkebe 1.74° 13.5° 57.4° 8.7 33.2° 26.2°
LSD (5%) 0.48 2.3 16 0.23 0.8 12
CV (%) 0.83 5.3 7.3 2.3 2.3 5.1
NPSB rate (kg ha™)
0 1.20¢ 6.2 — — — —
25 1.28¢ 8.44 51.2% 8.2° 8.8° 36.4°
50 1.48° 10.6° 39.6° 7.6° 29.0° 25.5°
75 1.62° 12.8° 21.6° 7.0° 28.0° 25.0°
100 1.94° 14.9° 19.4° 4.4° 24.5° 27.7°
LSD (5%) 0.51 1.6 2.7 2.6 3.2 24
CV (%) 0.78 2.9 12 5.3 21 113
P statistics
CRXV ns ns ns ns ns ns
CR X fertilizer ns ns ns ns ns ns
V x fertilizer ns ns * * * *
CR XV X NPSB ns ns ns ns ns ns

Note: Significance levels are represented by *5%, **1%, and ***0.1%. Superscript letters were assigned based on mean separation, with “a” indicating the highest
mean value, followed by “b,” “c,” “d,” and “e” in descending order, according to the LSD test at the 5% significance level.
Abbreviation: NS, nonsignificant.

TaBLE 4: Interactions effect of variety and NPSB fertilizer rate on nutrient use efficiencies on mung bean.

Treatment combination Parameters
Variety NPSB rate (kg ha™") UE (kg/kg) AE (kg/kg) RE (%) PE (kg/kg)
0 35.84 — — —
25 37.04 8.2° 33.5° 24.6°
NVL-1 50 48.6° 9.9° 33.5° 25.8°
75 49.8° 13.2% 36.8° 23.7b<d
100 57.4% 8.7% 34.2% 25.2°
0 476" — — —
25 49.5° 10.2% 36.8° 27.7%
N-26 50 57.4% 8.7 33.2° 26.2°
75 37.04 8.2° 33.5° 24.6°
100 37.0¢ 8.2° 33.5° 24.6°
0 35.8¢ — — —
25 476" 8.9° 34.5° 25.8°
Arkebe 50 51.2° 8.2° 8.8¢ 36.4%
75 39.6%4 7.6% 29.0° 25.5°
100 21.6° 7.0° 28.0° 25.0°d
LSD (5%) — 1.7 2.6 3.2 24
CV (%) — 9.4 5.8 12 8.4

Note: Significance levels are represented by *5%. Superscript letters were assigned based on mean separation, with “a” indicating the highest mean value,

followed by “b,” “c,” “d,” and “e” in descending order, according to the LSD test at the 5% significance level.
Abbreviation: NS, nonsignificant.
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4.1.3. Effects on the TN (%). In this study, soil total N increased
markedly across CRs, mung bean varieties, and NPSB fertilizer
rates. Before planting in 2022, TN was 0.06%, rising to 0.14%
after harvest, and reaching 0.17% in 2023 (Table 1). This steady
increase reflects the nitrogen-fixing ability of mung bean and
the contribution of organic residues to soil nitrogen pools.
Among the varieties, Arkebe recorded the highest total N
(0.15%), followed closely by N-26 (0.14%) and NVL-1
(0.13%). These differences suggest varietal influence on nitro-
gen fixation efficiency and biomass return [22]. Similarly,
increasing NPSB rates from 0 to 100 kgha™" led to a consistent
rise in total N from 0.10% to 0.18%, indicating that nutrient
supplementation enhances nitrogen accumulation in the soil. A
recent study by Tirfessa et al. [23], supports these findings,
showing that blended NPSB fertilizer significantly improved
TN levels in mung bean fields in Ethiopia.

4.1.4. Effects on the Available Phosphorous (ppm). In this
study, soil phosphorus levels increased significantly across
CRs, mung bean varieties, and NPSB fertilizer rates. Before
planting in 2022, P was 27.25 ppm, rising to 29.92 ppm after
harvest, and reaching 30.70 ppm in 2023. This upward trend
reflects the combined effect of mung bean cultivation and
nutrient enrichment [24]. Among the varieties, Arkebe
recorded the highest P level (31.20 ppm), followed by N-26
(30.60 ppm) and NVL-1 (30.10 ppm). These differences sug-
gest varietal influence on phosphorus uptake and root exuda-
tion. Similarly, increasing NPSB rates from 0 to 100 kgha™" led
to a steady rise in P from 28.50 to 32.50 ppm, confirming the
fertilizer’s role in boosting phosphorus availability [25].

4.1.5. Effects on the Sulfur (ppm). Sulfur is vital for plant
metabolism and soil health. In this study, soil S levels rose
from 18.25ppm before planting in 2022 to 20.60 ppm in
2023, showing a steady increase across years, varieties, and
fertilizer rates. Arkebe variety led with 21.50 ppm, and higher
NPSB rates (up to 100 kgha™") boosted S from 19.00 to 23.00
ppm. Supporting this, Gebeyehu [26] reported that NPSB fer-
tilization in common bean fields improved sulfur availability
and enhanced microbial activity, contributing to better nutrient
cycling and soil fertility.

4.1.6. Effects on the Boron (ppm). In this study, soil B increased
from 0.57 ppm before planting in 2022 to 0.80 ppm in 2023,
showing steady improvement across years, varieties, and fertil-
izer rates. Arkebe had the highest B level (0.74 ppm), and NPSB
application from 0 to 100kgha™" raised B from 0.60 to 0.80
ppm. According to Sahilemariam [16], blended NPSB fertilizer
enhances boron availability and root function in mung bean
systems, contributing to better soil micronutrient balance and
crop performance.

4.2. Effects on the Nodulation Parameters

4.2.1. Effects on the Nodule Numbers. Mung bean nodulation
responded positively to increasing NPSB fertilizer rates, with
nodule counts rising from 8.38 at Okgha™' to over 21 at
75kgha™" (Table 2). This trend highlights the role of phospho-
rus, sulfur, and boron in enhancing root development and
rhizobial activity [27]. Arkebe consistently showed higher
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nodule numbers than NVL-1 and N-26, suggesting varietal
differences in nodulation potential. These findings align with
Tirfessa et al. [23], who reported optimal nodulation at 75-100
kghal_1 NPSB, and Yoseph Ganta et al. [28], who identified
Arkebe as a responsive genotype under East Shawa conditions.
The results underscore the importance of integrated nutrient
and varietal management in boosting biological nitrogen
fixation.

4.2.2. Effects on the Nodule Fresh Weight. Nodule fresh weight
in mung bean was influenced by cropping season, genotype,
and NPSB fertilizer application. Higher values were recorded in
2023 compared to 2022, suggesting that favorable seasonal
conditions may have enhanced rhizobial activity and root vigor
[29]. Among the varieties, N-26 and Arkebe consistently pro-
duced greater nodule biomass than NVL-1, reflecting geno-
typic differences in nutrient responsiveness and symbiotic
efficiency. Notably, nodule fresh weight increased steadily
with rising NPSB rates, peaking at 31.4 mg at 75 kgha™". This
trend highlights the synergistic role of phosphorus, sulfur, and
boron in promoting active nodule development. These findings
are consistent with Bonilla and Bolanos [30], who reported
enhanced nodulation and biomass accumulation under
50-100 kg ha™! NPSB, and with Kumar et al. [31], who identi-
fied N-26 as a high-performing genotype under nutrient-
enriched conditions. The results underscore the importance
of integrating seasonally adaptive varieties with balanced nutri-
ent strategies to optimize biological nitrogen fixation in
mung bean.

4.2.3. Effects on the Nodule Dry Weight. Nodule dry weight
was significantly affected by CR, variety, and NPSB fertilizer
rate (Table 2). In 2023, plants produced higher nodule dry
weight (12.4mg) than in 2022 (10.5mg), likely due to more
tavorable growing conditions. This seasonal improvement
aligns with Tadewos et al. [32], who reported enhanced nodu-
lation under optimal field environments. Among varieties,
N-26 showed superior performance (14.8 mg), significantly
exceeding NVL-1 (13.3 mg) and Arkebe (12.5mg). This sup-
ports findings by Nahusenay et al. [33], highlighting genotype
influence on nodulation efficiency. Nodule dry weight
increased with NPSB application, peaking at 14.5mg under
50-75kgha™".

4.2.4. Effects on the Nodule Volume. Plants grown in 2023
produced larger nodules (18.5mL) than those in 2022
(15.8 mL), suggesting improved environmental conditions for
root development. This seasonal effect is consistent with Tade-
wos et al. [32], who reported enhanced nodule volume and
biomass in mung bean under favorable field conditions in
Southern Ethiopia. Among varieties, N-26 recorded the highest
nodule volume (19.2mL), followed by Arkebe (18.0mL) and
NVL-1 (17.5mL), indicating superior symbiotic efficiency in
N-26. This aligns with findings by Manore and Wolde-Meskel
[34], who observed varietal differences in nodulation traits and
yield performance under organic and biofertilizer treatments.
Nodule volume also increased with NPSB application, peaking
at 24.5mL under 75kgha™", with no significant gain beyond
this rate.
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4.3. Effects on the Grain Yield and Efficiency Indices

4.3.1. Effects on the Grain Yield. Grain yield of mung bean was
significantly influenced by CR, variety, and NPSB fertilizer rate.
The 2023 season recorded a higher mean yield (1.70tha™")
compared to 2022 (1.58 tha™"; Table 3), likely due to favorable
climatic conditions enhancing nutrient uptake and PE, as simi-
larly observed by Wang et al. [35], in drought-adaptive geno-
types under variable rainfall regimes. Among varieties, N-26
outperformed NVL-1 and Arkebe, achieving the highest grain
yield (1.95t ha™"). Fertilizer rate had a pronounced effect, with
grain yield increasing progressively from 1.20 tha™" (control)
to 1.94 tha™" at 100 kg NPSB ha™". This suggests that moderate
NPSB application optimizes nutrient use without compromis-
ing efficiency, echoing the nutrient optimization strategies pro-
posed by Meena et al. [36] in blended fertilizer trials.

4.3.2. Effects on the Nutrient Uptake. Nutrient uptake of
blended NPSB, was significantly influenced by CR, variety,
and fertilizer rate. The 2023 season recorded a higher mean
NPSB uptake (13.2 kgha™") than 2022 (11.4 kgha™"), likely due
to improved soil moisture and favorable weather conditions
enhancing nutrient solubility and root absorption [37]. Among
the tested varieties, N-26 exhibited the highest uptake
(14.9kg ha™"), followed by NVL-1 (13.8kg ha™') and Arkebe
(13.5kgha™"), indicating genotypic differences in nutrient
acquisition efficiency. These findings align with Decouard et al.
[38], who reported significant varietal variation in nutrient
uptake and translocation efficiency under similar agroecologi-
cal conditions.

The application of NPSB fertilizer markedly increased
nutrient uptake, with values rising from 6.2 kgha™" in the con-
trol to 149kgha™" at 100 kg NPSB ha™". This linear response
suggests that nutrient availability was a limiting factor in the
unfertilized plots. However, the marginal gain in uptake
between 75 and 100kgha™" was relatively small (12.8-14.9
kgha™"), indicating a potential plateauing effect at higher rates.
This trend is consistent with the findings of Baijukya et al. [39],
who observed diminishing nutrient uptake efficiency beyond
optimal application thresholds in legume systems.

4.3.3. Effects on the Utilization Efficiency. UE varied widely
across treatment combinations, with N-26 and NVL-1 showing
superior performance at moderate to high fertilizer rates. The
highest UE (57.4kg/kg) was recorded for N-26 at
50 kg NPSB ha™' and NVL-1 at 100 kgha™" (Table 4), indicat-
ing strong internal nutrient conversion capacity. In contrast,
Arkebe showed a sharp decline in UE at 100 kgha™" (21.6 kg/kg),
suggesting possible nutrient saturation or physiological lim-
itations [40]. These findings align with Demie et al. [41], who
reported genotype-specific nutrient uptake thresholds in
legumes.

4.3.4. Effects on the AE. AE values were consistently high across
varieties and rates, with no significant differences among treat-
ments. NVL-1 at 75 kgha™" recorded the highest AE (13.2 kg/kg),
followed closely by N-26 at 25 kgha™" (10.2 kg/kg). This suggests
that moderate NPSB rates enhance yield per unit nutrient
applied, especially in responsive genotypes. Similar trends were

observed by Singh et al. [42], who emphasized the role of bal-
anced fertilization in maximizing AE under rain fed conditions.

4.3.5. Effects on the RE. RE was highest for NVL-1 at
75kg ha™! (36.8%) and N-26 at 25 kg ha™! (36.8%), indicating
efficient nutrient uptake from the applied fertilizer. Arkebe
showed poor RE at 50-100 kgha™", with a notable drop to
8.8% at 50 kgha™', suggesting limited root uptake or leaching
losses. These results support the genotype X fertilizer interac-
tion findings of Vemulakonda et al. [43], who highlighted vari-
etal differences in root architecture and nutrient acquisition.

4.3.6. Effects on the PE. PE peaked at 36.4 kg/kg for Arkebe at
50kgha™", despite its low RE, indicating strong internal nutri-
ent utilization once absorbed. N-26 also showed high PE
(27.7kg/kg) at 25kgha™", reinforcing the efficiency of low-
to-moderate NPSB rates. The decline in PE at higher rates
across all varieties suggests diminishing returns and possible
nutrient dilution effects, as noted by Relyea [44], in blended
fertilizer trials.

4.4. Effects on the Correlations. Grain yield showed strong
positive correlations with PE (r=0.94""), AE (r=0.91*%),
and RE (r=0.88""), indicating that efficient nutrient uptake
and conversion are key drivers of productivity. Utilization effi-
ciency (r=0.86"") also contributed significantly, reflecting
internal nutrient use capacity. Nodulation traits especially nod-
ule volume (r=0.81**) and dry weight (r =0.67"*) were mod-
erately correlated with yield and efficiency metrics, suggesting
that biological nitrogen fixation complements applied nutrient
use [32, 44]. These relationships highlight the synergistic role of
genotype, fertilizer, and rhizobial activity in enhancing mung
bean performance.

5. Conclusions

The optimal application rate of 50~75 kg NPSB ha~", particu-

larly for the high-performing N-26 variety, delivers a powerful
triple benefit: it significantly boosts grain yields, maximizes
nutrient UE, and concurrently enhances soil fertility by
improving key properties like OC and pH. The strong link
between yield and PE underscores that it is not just about
adding more fertilizer, but about smarter nutrient manage-
ment. Therefore, adopting these tailored fertilizer and variety
recommendations provides a sustainable and profitable path-
way for smallholder farmers, transforming mung bean into a
reliable crop for both food security and soil health in the region.
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