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INTRODUCTION

Edamame or vegetable soybean (Glycine max 
L. Merr.) is usually harvested at the R6-R7 stage
when pods are still green but the seeds have fully
developed. Good nutritional values of edamame
that have been identified are isoflavones (Zeipina
et al., 2017), dietary fiber (Johnson et al., 1999;
Xu et al., 2012), polyunsaturated fatty acids, such

as linoleic acid and linolenic acid (Kumar et al., 
2006a). Rich in sugar contents is one of the things 
that makes edamame popular (Carneiro et al., 
2021; Zeipina et al., 2017).

Edamame can be grown with poultry ma-
nure as an external source of nutrients. Poultry 
manure application can be comparable to that of 
urea in several crops’ yields (Lin et al., 2016). 
The positive influences of poultry manure on 
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ABSTRACT
Nutrient use efficiency (NUE), as one of the agriculture ecological efficiency measures, is an important concept 
to evaluate the production systems of the crop. NUE in organic farming is less studied. Large quantities of poul-
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of fertilizer use. The research was aimed at investigating the effects of poultry manure rates and biofertilizer on 
edamame yield and the NUE from two experiments at different times. The experiments were done in 2023 and 
2024. Each experiment was arranged in a split plot block design with biofertilizer as the main plot (without and 
with) and poultry manure rates as subplot (0, 8, 16, and 24 ton·ha-1), replicated 3 times. A combined analysis of 
variance from two experiments was done. The study investigated the edamame pod yield, agronomic efficiency 
based on manure rates and based on N, P, K supplied by manure (AE, AEN, AEP, AEK), and partial factor productiv-
ity (PFPN, PFPP, PFPK). The results revealed that filled pod number and weight of aboveground biomass increased 
with higher manure rates. The effect of interaction between biofertilizer, manure rates, and year was significant on 
pod weight per plant and edamame pod yield. The increases in pod weight and pod yield following manure rates 
showed different trends according to the presence or absence of biofertilizer and differences in experimental time. 
Higher increases in pod weight (141.5–293.3%) and pod yield (125.5–174%), following manure rates, occurred in 
the first experiment with biofertilizer. In Experiment 2, pod yield was not affected by manure rates either with or 
without biofertilizer. AE, AEN, AEP, and AEK were significantly affected by the interaction of biofertilizer, manure 
rates, and year of the experiment; they decreased with increasing manure rates in the first experiment. Positive 
values of AE, AEN, AEP, and AEK were found in the first experiment with biofertilizer. In contrast, in the 2nd experi-
ment, positive values of AE, AEN, AEP, and AEK were found without biofertilizer. PFPN, PFPP, and PFPK decreased 
with higher poultry manure rates. Different soil characteristics and methods of biofertilizer application between 
two experiments may affect the NUE.
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crop production through improving soil proper-
ties, namely increasing soil organic carbon, pH, 
available P, K, and Zn. The improvement of soil 
properties was also found in biological charac-
teristics (Kobierski et al., 2017) and physical 
characteristics such as reduced soil bulk density, 
temperature, and increased porosity and mois-
ture content (Adeyemo et al., 2019; Agbede et 
al., 2017; Rasool et al., 2023). Poultry manure as 
the only external source of nutrients in organic 
farming has been studied for the production of 
Sonchus arvensis with 14 ton manure·ha-1 (Mel-
ati et al., 2021), okra with 18 ton manure·ha-1 
(Fhonna et al., 2023), and bitter gourd with 30 
ton manure·ha-1 (Jabary et al., 2023). To obtain 
the optimum yield of those crops, high dosages 
of poultry manure had been determined. 

Continuous efforts are made to increase fertil-
izer use efficiency so the doses of fertilizer can 
be reduced. One way to increase fertilization ef-
ficiency is by providing biofertilizers. Biofertil-
izers are microbial inoculants, derived from plant 
roots and root zones, that can be applied to seeds, 
plant surfaces, or soil. The roles of biofertilizers 
in plant production are to improve soil fertil-
ity, increase nutrient availability, improve plant 
growth, and increase plant productivity. Another 
important role of biofertilizer is its ability to pro-
tect plants from pests and diseases and ameliorate 
biotic and abiotic stresses (Kumar et al., 2022; 
Nosheen et al., 2021). Biofertilizers can increase 
the availability of N, P, and K (Mitter et al., 2021; 
Ortega Pérez et al., 2023). The role of biofertil-
izers in plant growth promoting can contribute 
to the development of root hairs which in turn 
can improve water uptake (Magana et al., 2020; 
Singh et al., 2020; Weber et al., 2018). 

Nutrient use efficiency (NUE) or fertilizer use 
efficiency is an important concept to evaluate the 
production systems of the crop (Gajanand et al., 
2020). Several indices can be used to measure the 
nutrient use efficiency from the applied fertilizer 
to assess the response of a crop to a nutrient, they 
are recovery efficiency (RE), physiological effi-
ciency (PE), internal utilization (IE), agronomic 
efficiency (AE), and partial factor productivity 
(PFP) (Dobermann, 2007). Various nutrient use 
efficiency (NUE) indices can also be grouped 
into fertilizer-based, plant-based, soil-based, 
isotope-based, ecology-based, and system-based. 
Each of the indexes has strengths and limitations 
to use in determining the nutrient use efficiency 
of the crops (Congreves et al., 2021). A similar 

calculation of nitrogen use efficiency (NUE) can 
be used to determine different nutrients, for ex-
ample, phosphorus use efficiency (PUE) and 
other nutrients. The nutrient use efficiency is not 
only for calculating the efficiency due to fertilizer 
application (Mandic et al., 2015; Schütz et al., 
2018) but can also as a result of crop cultivation 
arrangement (intercropping) (Suntari et al., 2023; 
Zhang et al., 2015). Improvement of NUE is also 
aimed at reducing the potential for excess fertil-
izer to pollute the environment.

Because of its nutritional value and poten-
tial health benefits, the consumption of edama-
me has increased not only in Asia but also in 
the US (Yu et al., 2021). To meet the needs for 
edamame, the production needs to be increased, 
including through organic cultivation by using 
organic fertilizer. It is important to pay attention 
to the efficiency of inputs both for economic rea-
son and concern for the environment. In organic 
farming practices, that apply large amounts of 
organic fertilizer, the effects of biofertilizer on 
nutrient efficiency have not been revealed yet. 
Therefore, the current study was aimed at in-
vestigating the effects of four levels of poultry 
manure and the application of biofertilizer on 
edamame soybean yield traits and the nutrient 
use efficiency from two experiments at different 
times. Nutrient use efficiencies were determined 
based on agronomic efficiency (AE) and partial 
factor productivity (PFP).

MATERIALS AND METHODS

Two experiments at different times have been 
conducted. The first experiment was carried out 
from January to April 2023, while the second ex-
periment was in November 2023-March 2024 at 
IPB Experimental station in Cikarawang, Darma-
ga, Bogor, Indonesia (-6.5497175o S, 106.7287026o 
E). The region has a tropical climate with annual 
precipitation of 2000–3000 mm. The experimental 
site had Tropical Latosol soil (Alfisol). The chemi-
cal properties of the soil were analyzed before the 
application of manure (Table 1).

The experiment used edamame soybean seed 
from Biomax 1 variety, dolomite, laying hen ma-
nure, and commercial biological fertilizer (con-
sortium of Bacillus polymyxa, Pseudomonas 
flurescens, Rhizobium sp). The chemical traits of 
poultry manure in presented in Table 2.
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Experimental design

Experiments 1 and 2 applied a split-plot de-
sign with biological fertilizer (bio-fertilizer) as 
the main plot (with and without biofertilizer) 
and manure rates as sub-plot (0, 8, 16, dan 24 
ton·ha-1). Each treatment was replicated 3 times. 
The difference between Experiment 1 and 2 was 
the method of biofertilizer application. 

Land preparation

Following the land preparation, dolomite 
lime and laying hen manure were spread over the 
soil surface and then mixed. Each plot size was 
3×1.25 m (first experiment) and 3×1.5 m (2nd ex-
periment). Each plot was separated by a distance 
of 50 cm.

Seed planting, application of bio-fertilizer, 
and harvest

Soybean seeds were planted with a 25×20 cm 
distance, 2 seeds per planting hole. In Experiment 
1, seeds were soaked for 15 minutes in a biofer-
tilizer solution with a concentration of 10 g·L-1 

water, following the instructions of the product. 
In Experiment 2, seeds were soaked in a biofer-
tilizer solution with a concentration of 10 g·L-1 
water before planting. Additional application of 
biofertilizer was done twice. The first application 
was after planting, then at the V3 plant growth 
phase, with the concentration of 5 g·L-1 water as 
much as 100 mL per plant. Soybean pods were 
harvested immature between the R6 and R7 re-
productive stages. At this stage, the pods are still 
green but the seeds have fully developed. At har-
vest, soybean plants were uprooted and then sepa-
rated into pods and biomass. 

Sample collection, measurements, and 
calculations

Ten plants were sampled to determine the 
pod number per plant, pod weight per plant, and 
fresh weight of plant biomass at harvest 70–72 
days after planting (R6 stage). The Harvest index 
represents the ratio between the plant product and 
biomass (Eq. 1). To measure the nutrient efficien-
cy, agronomic efficiency was calculated with Eq. 
2–5, while the partial factor productivity was de-
termined by Eq. 6–8 (Dobermann, 2007).

Table 1. Chemical properties of soil before manure application
Soil properties 2023 2024

pH H2O 6.19 6.28

C-organic (%) 1.86 1.66

N-total (%) 0.25 0.22
P-available (ppm P205) 30.87 49.54

CEC (cmol/kg) 17.42 15.71

K-exc (cmol K/kg) 0.22 0.28
P-potential (mg P2O5/100g) 107.26 174.54
K-potential (mg K2O/100g) 29.77 36.09

Table 2. Chemical properties of poultry manure applied in 2023 and 2024 and potential supply of nutrients for 
each dose of manure application

Manure properties 2023

Potential supply of nutrients 
from manure

2024

Potential supply of nutrient
from manure

8 tons 16 tons 24 tons 8 tons 16 tons 24 tons

(kg·ha-1) (kg·ha-1)

pH 7.31 8.09

Moisture content 22.53 % 18.76 %

C-organic 17.48 % 23.14 %

N-total 1.43 % 88.6 177.3 265.9 2.14 % 139.1 278.2 417.2
P2O5 total 5.26 % 325.9 651.9 977.9 3.84 % 249.6 499.1 748.7
K2O total 3.70 % 229.3 458.6 687.9 3.41 % 266.5 532.9 799.4
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1 
 

𝐻𝐻𝐻𝐻 = 𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 (𝑔𝑔)
𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 + 𝑃𝑃𝑃𝑃 (𝑔𝑔) (1) 

 
 
𝐴𝐴𝐴𝐴 = 𝑌𝑌𝑌𝑌 − 𝑌𝑌𝑌𝑌 (𝑡𝑡𝑡𝑡𝑡𝑡)

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 (𝑡𝑡𝑡𝑡𝑡𝑡) (2) 
 
(𝐴𝐴𝐴𝐴𝑁𝑁) = 𝑌𝑌𝑌𝑌−𝑌𝑌𝑌𝑌 (𝑘𝑘𝑘𝑘)

𝑁𝑁 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑏𝑏𝑏𝑏 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 (𝑘𝑘𝑘𝑘) (3) 
 
 (𝐴𝐴𝐴𝐴𝑃𝑃) = 𝑌𝑌𝑌𝑌−𝑌𝑌𝑌𝑌 (𝑘𝑘𝑘𝑘)

𝑃𝑃 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑏𝑏𝑏𝑏 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 (𝑘𝑘𝑘𝑘)     (4) 
 
(𝐴𝐴𝐴𝐴𝐾𝐾) = 𝑌𝑌𝑌𝑌−𝑌𝑌𝑌𝑌 (𝑘𝑘𝑘𝑘)

𝐾𝐾 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑏𝑏𝑏𝑏 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 (𝑘𝑘𝑘𝑘)    (5) 
 
(𝑃𝑃𝑃𝑃𝑃𝑃𝑁𝑁) = 𝑃𝑃𝑃𝑃𝑃𝑃 𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 (𝑘𝑘𝑘𝑘·ℎ𝑎𝑎−1) 

𝑁𝑁 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 (𝑘𝑘𝑘𝑘·ℎ𝑎𝑎−1)  (6) 
 
(𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃) = 𝑃𝑃𝑃𝑃𝑃𝑃 𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 (𝑘𝑘𝑘𝑘·ℎ𝑎𝑎−1) 

𝑃𝑃 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 (𝑘𝑘𝑘𝑘·ℎ𝑎𝑎−1)  (7) 
 
(𝑃𝑃𝑃𝑃𝑃𝑃𝐾𝐾) = 𝑃𝑃𝑃𝑃𝑃𝑃 𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 (𝑘𝑘𝑘𝑘·ℎ𝑎𝑎−1) 

𝐾𝐾 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 (𝑘𝑘𝑘𝑘·ℎ𝑎𝑎−1)  (8) 
 

	 (1)

where:	HI – harvest index, WFPP – weight of 
filled  pod  per  plant, FWABH – fresh 
weight of aboveground biomass at har-
vest, PW – pod weight.
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where: 	(PFPK) – K – based partial factor productivity.

The concentrations of N, P, and K in leaf tissues 
were determined from samples collected at the V3 
growth stage. Leaves from two plants of each plot 
were oven-dried at 60 °C. Leaf N was determined 
with Kjeldahl, P with Spectrophotometer UV-VIS, 
and K with Atomic Adsorption Spectrophotometer 
(AAS). Analysis of N, P, and K in leaves, was done 
on treatment with biofertilizer.

Statistical analysis

The data were processed with analysis of 
variance using the statistical tool for agricultural 

research (STAR). A combined analysis of vari-
ance from two experiments was done with a Split 
Plot in Randomized Block Design. Three factors 
were used as sources of variance namely year 
(2023 and 2024), biofertilizer (without and with), 
and manure rates (0, 8, 16, 24 ton·ha-1). The sta-
tistically significant differences between means 
were determined by the LSD test and the signifi-
cance level was set at p < 0.05.

Data with concentrations of N, P, and K in 
leaves were analyzed by combined analysis of 
variance from two experiments in Randomized 
Block Design. Two factors were used as sources 
of variance namely year (2023 and 2024) and ma-
nure rates (0, 8, 16, 24 ton·ha-1).

RESULTS 

Plant biomass

Based on the result of the combined analysis 
of variance from the two experiments, attention 
was given to sources of variability that refer to 
the pooled error with a degree of freedom that 
is more than 6. The effects of manure rates were 
significant at p < 0.01 on the variables of plant 
biomass at 5 weeks after planting (5 WAP) and at 
harvest (9 WAP). Compared to control, the appli-
cation of poultry manure increased pooled means 
of fresh and dry weight of aboveground biomass 
by 43.5–94.9% but there was no significant dif-
ference among manure rates. Poultry manure as 
much as 8, 16, and 24 ton ha-1 had increased the 
fresh weight of aboveground biomass at harvest 
by 24.4, 63.1, and 80.6% compared to control. 
The biomass weights were different among ma-
nure rates (Table 3).

Production components

For yield attributes, the significant effects 
of manure rates were found on filled pod num-
ber (p<0.01) and harvest index (p<0.05) (Table 
4). The application of poultry manure with the 
rate of 16 and 24 ton·ha-1 increased the filled pod 
number by 64.2% compared to the control (with-
out manure). The highest manure rate resulted in 
a decrease in harvest index by 6.8% compared to 
control (Table 4).

The significant effect of the interaction of 
year-biofertilizer-manure rates was found in pod 
weight per plant (p<0.01) and pod yield (p<0.05) 
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(Fig. 1a and 1b). There are different trends of pod 
weight in response to the treatments. Without 
poultry manure but added with biofertilizer, pod 
weight per plant was 15.15 g (Experiment 2023) 
and 56.36 g (Experiment 2024). When poultry 
manure was added with biofertilizer, pod weight 
per plant from Experiment 1 (2023) increased be-
tween 141.5–293.3%, while from Experiment 2 
(2024) pod weight increased between 16.4–25.4% 
as a result of manure application 8-24 ton·ha-1, 
compared to without manure (Fig. 1a). 

In contrast, without biofertilizer and poultry 
manure, pod weight per plant was 28.31 g (Ex-
periment 2023) and 43.82 g (Experiment 2024). 
In the application of poultry manure without the 
addition of biofertilizer, the pod weight of edama-
me increased between 4.59–87.6% (Experiment 

2023) and 15.5–52.83% (Experiment 2024) com-
pared to the control without manure (Fig. 1a). 

The interaction of year-biofertilizer-manure 
rates affects the pod yield of edamame. Different 
trends of pod yield in response to the treatments 
were found. Without manure but applied with bio-
fertilizer, pod yield was 4.27 ton·ha-1 (Experiment 
2023) and 10.69 ton·ha-1 (Experiment 2024). With 
the addition of poultry manure 8–24 ton·ha-1, eda-
mame pod yield increased between 125.5–174% 
(Experiment 2023) but decreased by 1.03–8.04% 
in Experiment 2024 compared to without manure 
(Fig. 1b). However, pod yields were not different 
among manure rates in Experiment 2024. With-
out biofertilizer and poultry manure, pod yield 
was 7.65 ton·ha-1 (Experiment 2023) and 9.49 
ton·ha-1 (Experiment 2024). The application of 

Table 3. The means of fresh weight and dry weight of aboveground biomass with different manure rates and 
biofertilizer treatments from the two experiments

Treatments
Fresh weight of aboveground biomass at 

5 WAP (g)
Dry weight of aboveground biomass at 

5 WAP (g)

Fresh weight of 
aboveground biomass at 

harvest 9 WAP (g)
2023 2024 pooled 2023 2024 pooled 2023 2024 pooled

Biofertilizer
+ 

biofertilizer 34.61 27.64 31.02 9.05 5.61 7.23 18.58 59.10 38.84

- 
biofertilizer 38.23 26.99 32.37 9.46 5.67 7.45 18.42 50.00 34.21

Manure 
rates 

(ton·ha-1)
0 20.72 20.42 20.57 b 5.18 4.30 4.73 b 9.23 42.22 25.72 d

8 31.69 27.45 29.53 ab 8.40 6.11 7.21 a 13.62 50.37 31.99 c

16 51.21 28.98 39.32 a 13.23 5.91 9.23 a 24.21 59.67 41.94 b

24 46.10 33.18 39.37 a 11.19 6.34 8.61 a 26.94 65.94 46.44 a

Note: Numbers in the same column followed by different letters indicate significant differences based on LSD test 
at p < 0.05.

Table 4. The means of filled pod number and harvest index with different manure rates and biofertilizer treatments 
from the two experiments

Treatments
Filled pod number per plant Harvest index

2023 2024 pooled 2023 2024 pooled

Biofertilizer

+ biofertilizer 18.7 24.0 21.4 0.66 0.52 0.59

- biofertilizer 17.4 20.9 19.2 0.68 0.54 0.61

Manure rates (ton·ha-1)

0 11.4 18.2 14.8 b 0.68 0.55 0.61 a

8 14.7 20.8 17.8 b 0.71 0.54 0.62 a

16 22.1 26.4 24.3 a 0.66 0.54 0.60 ab

24 23.9 24.7 24.3 a 0.64 0.50 0.57 b

Note: Numbers in the same column followed by different letters indicate significant differences based on LSD test 
at p < 0.05.
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poultry manure 8–24 ton·ha-1 increased pod yield 
by 4.97–44.97 % (Exp. 2023) and 15.6–22.13% 
(Exp. 2024) compared to control without manure 
(Fig. 1b). However, pod yields were not different 
among manure rates in Experiment 2024.

Agronomic efficiency

The effect of the interaction of year-biofertiliz-
er-manure rates was significant on agronomic effi-
ciency (AE) (p<0.01), AE based on N supplied by 
manure (AEN) (p<0.01), AE based on P supplied by 
manure (AEP) (p<0.01), and AE based on K sup-
plied by manure (AEK) (p<0.05). In Experiment 
2023, with biofertilizer, the application of 8 ton of 
manure·ha-1 resulted in agronomic efficiency of as 
much as 0.623 ton of pod yield/ton manure (Fig. 
2a). Increasing manure rates had increased pod 
yield (Fig. 1b) but the AE became lower. Given the 
24 ton of manure·ha-1, the AE decreased by 94% 
compared to AE from 8 ton·ha-1 (Fig. 2a). In Ex-
periment 2024, with biofertilizer, the application of 
8 ton·manure·ha-1 caused an agronomic efficiency 
of as much as -0.085 ton pod yield/ton manure 
(Fig. 2a) or there was a decrease in AE due to the 
slight reduction of yield (Fig. 1b). The reduction of 
AE became smaller with increasing manure rates. 
The AE was not different among 8, 16, and 24 ton 
of manure·ha-1.

Without biofertilizer, the AE was 0.047 (Exp. 
2023) and 0.238 (Exp. 2024) ton pod yield/ton 
manure. In 2023, the AE was not different among 
8, 16, and 24 ton of manure·ha-1, but in 2024, 
the AE with 24 ton of manure decreased by 41% 
compared to AE from 8 ton·ha-1 (Fig. 2a).Based 
on the amount of N, P, and K potentially supplied 

by poultry manure, the agronomic efficiency was 
determined for each nutrient. In Experiment 2023, 
positive values of AEN (0.060 kg pod yield/kg N 
supplied), AEP (0.017 kg·pod yield/kg·P supplied), 
and AEK (0.023 kg·pod yield/kg·K supplied) were 
found from the application of 8 ton·manure·ha-1 
with biofertilizer. Lower AEN, AEP, and AEK were 
found with increasing manure rates (Fig. 2b, 2c, 
2d). The values of AEN, AEP, and AEK decreased 
by 9.2, 2.57, and 4.32% respectively.

Still in Experiment 2023, without biofertilizer, 
positive values of AEN (0.004 kg·pod yield/kg·N 
supplied), AEP (0.001 kg·pod yield/kg·P supplied), 
and AEK (0.002 kg·pod yield/kg K supplied) were 
found from the application of 8 ton·manure·ha-1 
(Fig. 2b, 2c, 2d), but they were smaller than those 
with biofertilizer. The AEN, AEP, and AEK with-
out biofertilizer were not different among 8, 16, 
and 24 ton of manure·ha-1. Different trends were 
shown by Experiment 2024. Negative values of 
AEN (-0.003 kg pod yield/kg·N supplied), AEP 
(-0.002 kg·pod yield/kg·P supplied), and AEK 
(-0.002 kg·pod yield/kg·K supplied) were found 
from the application of 8 ton·manure·ha-1 with 
biofertilizer. On the contrary, without biofertil-
izer, positive values were found for AEN (0.010 
kg·pod yield/kg·N supplied), AEP (0.007 kg pod 
yield/kg·P supplied), and AEK (0.007 kg·pod 
yield/kg·K supplied). These AEN, AEP, and AEK 
were not different among manure rates.

Partial factor productivity

Manure rates significantly affect the partial 
factor productivity of N (PFPN) (p<0.001) and of 
K (PFPK) (p<0.01), while P (PFPP) was influenced 

Figure 1. Interaction effects of manure rates, biofertilizer, and time of experiment on means of pod weight per 
plant (a) and pod yield (b). Different letters indicate significant differences based on LSD test at p < 0.05
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by an interaction between year and manure 
rates (Table 5). PFPN, PFPP, and PFPK decreased 
with increasing manure rates. Given 24 ton of 
manure·ha-1, PFPN, PFPP, and PFPK decreased by 
61.2, 57, 66.6, and 61.9%, respectively, compared 
to 8 ton of manure ha-1. PFPP from Experiment 
2024 was higher than in 2023.

Leaf nutrient content

Combined analysis of variance from two experi-
ments for data of concentration of N, P, and K in 
leaves resulted in significant effects of manure rate 
on leaf K (p<0.05) (Table 5). Nitrogen and phos-
phorus contents in soybean leaves were not different 
among manure rates, while the potassium content 

Figure 2. Interaction effects of manure rates, biofertilizer, and time of experiment on Agronomic Efficiency 
(AE) based on manure dose (a), AE based on N- (b), AE based on P- (c), and AE based on K- (d) supplied from 

manure. Different letters indicate significantly different based on LSD test at p < 0.05

Table 5. Effects of manure rates on partial factor productivity (PFP) based on N, P, K applied from manure

Treatments
PFP-N PFP-P PFP-K

2023 2024 Pooled 2023 2024 Pooled 2023 2024 Pooled

Biofertilizer

+ biofertilizer 72.23 44.49 58.36 19.64 24.79 22.22 27.92 23.22 25.57

Biofertilizer 64.59 49.96 57.28 17.56 27.84 22.70 24.96 26.08 25.52
Manure rates 

(ton·ha-1)
8 99.6 77.3 88.5 a 27.1 a 43.1 a 35.1 38.5 40.4 39.4 a

16 62.7 38.5 50.6 b 17.1 b 21.5 b 19.3 24.3 20.1 22.2 b

24 42.9 25.8 34.3 c 11.7 c 14.4 c 13.0 16.6 13.5 15.0 c

Note: Numbers in the same column followed by different letters indicate significant differences based on LSD test 
at p < 0.05.
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was significantly affected by manure rates (Table 6). 
The application of 16 ton of manure·ha-1 increases K 
by 42% compared to control.

Correlation among variables

The correlation matrix revealed that pod yield 
positively correlated with weight of aboveground 
biomass at 5 weeks after planting (V3 growth phase) 
(p<0.001). This correlation shows that the plant 
performance at V3 growth phase can determine the 
edamame pod production. This correlation matrix 
also shows that the agronomic efficiency AE, AE-N, 
and AE-P, positively correlated to pod yield which 
means that the higher the agronomic efficiency, the 
higher the yield of edamame (Fig. 3).

DISCUSSION

The impact of poultry manure application 

The current study showed that the use of 
poultry manure as a source of nutrients in organic 
farming can support the production of edamame 
soybeans. The increase in manure rates increases 
the potential supply of nutrients to the soybean 
plants (Table 2) and results in the increase of N 
and P (not significant) and K in leaf tissues (sig-
nificantly increases by 42%) (Table 6). Nitrogen, 
phosphorus, and potassium are the three major 
nutrients required by plants. Nitrogen is the main 
essential nutrient for plants, a component of the 
protein. The important role of nitrogen in plant 

Figure 3. Correlation matrix depicting relationships between edamame pod yield and different variables. FW_5: 
fresh weight of aboveground biomass at 5 weeks after planting; DW_5: dry weight of aboveground biomass at 5 
weeks after planting, FW_9: fresh weight of aboveground biomass at harvest (9 WAP); PN: filled pod number; 

PW: pod weight per plant; PY: pod yield; HI: harvest index; AE: agronomic efficiency based on manure; AE_N: 
AE based on N supplied from manure; AE_P: AE based on P supplied from manure; AE_K: AE based on K 

supplied from manure; PFP_N: nitrogen use efficiency; PFP_P: phosphorus use efficiency; PFP_K: potassium 
use efficiency
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physiology is because N is the major component 
of chlorophyll, so it determines the photosynthetic 
rate of the plant which in turn the plant productiv-
ity (Fathi, 2022). In the process of plant growth, 
nitrogen controls cell division and cell elongation 
(Luo et al., 2020; Roggatz et al., 1999). Phospho-
rus is a structural component of nucleic acid, as a 
component of ADP, and functions in carbohydrate 
transfer (Hawkesford et al., 2012). Unlike nitro-
gen and phosphorus, potassium is a free cation 
and not a component of molecular structure, but 
K also plays a key role in plant growth and photo-
synthetic (Sardans & Peñuelas, 2021), especially 
as osmoregulation which is important for stomata 
movement and cell extension (Hawkesford et al., 
2012). In the current experiment, the supply of N, 
P, and K may have improved the photosynthetic 
of the plants, therefore increasing the aboveg-
round biomass at 5 weeks after planting (Table 3). 
The aboveground biomass at Vn stage positively 
correlated to the pod yield and indicates that the 
increase in plant biomass has increased pod yield.

Poultry manure contains N, P, and K and the po-
tential supply of nutrients (Table 2) from each ma-
nure dose may have improved the soil properties. 
The organic carbon from poultry manure, which is 
in good values (18–22 %) (Table 2) can increase 
the soil organic carbon. The soil organic carbon 
accumulation can accelerate the formation of soil 
aggregation (Zhao et al., 2023). Improvements in 
soil nutrient availability as a result of organic fer-
tilizer application, are caused by improvements in 
the biological, physical, and chemical properties of 
the soil (De Sousa Lima et al., 2021). Poultry ma-
nure affects soil properties by increasing soil pH, 
soil organic carbon, and available P, exchangeable 
Ca, Mg, and K. It has been reported earlier that in-
creasing poultry manure doses increased the con-
centration of N, P, and K in leaf tissues of soybean 
(Soremi et al., 2017), and increased grain yield of 
soybean (Ahmadi & Arien, 2022). The application 

of poultry manure can be considered environmen-
tally friendly because the organic fertilizers release 
nutrients slowly (Asadu et al., 2024).

Edamame productivity 

The interaction effect of year-biofertilizer-ma-
nure rates affects filled pod weight per plant and 
pod yield (Fig. 1). Different times of experiment 
showed different responses of pod weight and pod 
yield to manure rate treatments with or without 
biofertilizer. In Experiment 2023, the increase of 
pod weight per plant and pod yield were higher 
when combined with biofertilizer than without 
biofertilizer (Fig. 1). On the contrary in 2024, the 
higher increase of pod weight and pod yield with 
the absence of biofertilizer. Figure 1 shows that 
all values of pod weight are higher in 2024 than 
in 2023. The results may relate to the soil proper-
ties of these two experiments (Table 1). There are 
some improvements in soil characteristics in 2024, 
namely slightly higher soil pH, higher total P and 
available P, and higher total K and exchangeable K. 
Better soil characteristics before the initial experi-
ment in 2024 may have contributed to the better 
response of the plants to the application of poultry 
manure which resulted in higher biomass then pod 
weight per plant in 2024 than 2023. It was reported 
earlier that the influence of residue from previous 
manure increased wheat productivity (Dhaliwal et 
al., 2023), while residual compost increased radish 
yield especially in the area with high soil fertility 
(Lanna et al., 2018).

In Experiment 2023, pod weight per plant and 
pod yield increased significantly with the addi-
tion of poultry manure combined with biofertil-
izer. The effect of biofertilizer, which is a consor-
tium of Bacillus polymyxa (Paenibacillus poly-
myxa), Pseudomonas flurescens, Rhizobium sp, 
may have contributed to promoting plant growth 
due to the increase of soil nutrient availability 

Table 6. Means of concentration of N, P, and K in soybean leaves with different manure rates 

Manure rates 
(ton·ha-1)

Leaf N (%) Leaf P (%) Leaf K (%)

2023 2024 Pooled 2023 2024 Pooled 2023 2024 Pooled

0 4.30 4.04 4.17 0.32 0.38 0.35 0.90 1.73 1.31 b

8 4.35 3.85 4.10 0.33 0.37 0.35 1.37 1.72 1.54 ab

16 4.43 4.15 4.29 0.32 0.38 0.35 1.74 1.98 1.86 a

24 4.65 4.29 4.47 0.32 0.40 0.36 1.73 1.94 1.84 a

Notes: numbers in the same column followed by different letters indicate significant differences based on LSD 
test at p < 0.05.
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and phytohormone. Paenibacillus polymyxa, is 
a gram-positive bacterium, that has a broad host 
range so it is a potential PGPR that can promote 
plant growth (Jeong et al., 2019; Timmusk et al., 
2005). Pseudomonas fluorescens is a gram-nega-
tive bacteria and one of the genera that are capable 
of solubilizing insoluble soil P (Anand et al., 2016) 
into available form (Mitter et al., 2021) and it can 
promote plant growth (Sahu et al., 2018). Rhizo-
bium is a symbiotic N2-fixing organism that can 
convert N2 from the atmosphere into NH3 (Yang et 
al., 2022), promote nodulation, nitrogen fixation, 
nutrient uptake, plant growth, and seed yield of 
soybean (Htwe et al., 2019). The positive effect of 
the combination of poultry manure and biofertiliz-
er has been reported to increase the yield of Stevia 
rebaudiana (Lozano-Contreras et al., 2021).

The effect of biofertilizers on edamame pro-
duction may be more prominent in the experiment 
in 2023 than in 2024. The current study showed 
that the soil properties before the initial experi-
ment in 2023 had slightly lower soil pH, lower 
total P, available P, total K, and exchangeable K 
than in 2024. This soil status may cause plants 
to get better benefits from the presence of bio-
fertilizers. Several factors determine the efficacy 
of biofertilizers that can be grouped into edaphic 
and environmental, inoculant-related, and plant-
related factors (Malusà et al., 2016). In edaphic/
environmental factors, usually under low nutrient 
availability, plant growth and yield respond better 
to biofertilization (Da Costa et al., 2014) indicat-
ing that the plant gets the maximum benefit from 
the added microbes (Mitter et al., 2021). Previ-
ous studies reported that high soil N inhibits the 
nodulation of rhizobia (Thilakarathna & Raizada, 
2017), while high soil P limits the success of 
AMF colonization (Jansa et al., 2009).

The different trends of plant’s response to the 
manure rates in 2023 and 2024 can relate to several 
possibilities. First, there is a residual effect of poul-
try manure from experiment 2023. Secondly, dif-
ferent methods of microbe inoculation may deter-
mine the efficacy of biofertilizers. From inoculant-
related factors, there are several critical points for 
the success of inoculation. The types of microbe, 
the concentration and formulation of biofertiliz-
er, and the method of delivery of the biofertilizer 
(Mitter et al., 2021). The application method of 
biofertilizer (on seed or into the soil) and the time 
and frequency of application determine the success 
of microbe inoculation (Parnell et al., 2016). In the 
current study in experiment 2023, biofertilizer was 

inoculated on the seed, while in experiment 2024, 
biofertilizer was delivered on the seed and into the 
soil (twice).  The application of biofertilizer as seed 
coating may have resulted in better root colonizing 
and facilitated better nutrient supplies to the plants 
(Mujeeb et al., 2022), but the combination of ap-
plication methods can also improve plant growth 
(Abdiani et al., 2019; Mujeeb et al., 2022). How-
ever, it is not yet known whether the application 
of biofertilizers 3 times in experiment 2024 has 
an impact on the indigenous microorganisms. The 
impact of biofertilizers on soil microbial diversity 
is generally positive (Samantaray et al., 2024) but 
the possible antagonistic interaction is also being 
concern (Mitter et al., 2021).

Nutrient use efficiency

In the present study, nutrient use efficiency is 
presented as agronomic efficiency based on ma-
nure rates (AE) and based on the amount of N 
(AEN), P (AEP), and K (AEK) potentially supplied 
by the added poultry manure (Fig. 3). Different 
times of experiment show different trends of AE, 
AEN, AEP, and AEK. 

The nutrient use efficiency, measured as agro-
nomic efficiency (AE, AEN, AEP, and AEK), was 
found higher in Experiment 2023 where biofertil-
izer was combined with the application of poultry 
manure, compared without biofertilizer. Without 
biofertilizer, the with 16 and 24 ton of manure 
were not significantly different over 8 ton (Fig. 
3). This shows that there is a positive effect of 
a combination of poultry manure and biofertil-
izer on the productivity of edamame soybeans. 
Generally, organic fertilizers have a positive ef-
fect on rhizosphere microorganisms (Malusà et 
al., 2016). The consortium of Bacillus polymyxa 
(Paenibacillus polymyxa), Pseudomonas flures-
cens, Rhizobium sp, may have contributed to pro-
moting plant growth due to the increase of soil 
nutrient availability and phytohormone.

In Experiment 2023, combined with the ap-
plication of biofertilizer, the AE decreased sig-
nificantly at 24 ton of manure ha-1, while the AEN, 
AEP, and AEK decreased significantly at 16 ton of 
manure ha-1 over 8 ton ha-1.  The effect of biofertil-
izer, which is a consortium of Bacillus polymyxa 
(Paenibacillus polymyxa), Pseudomonas flures-
cens, Rhizobium sp, may have contributed to the 
increase of soil nutrient availability. Therefore, a 
further increase in manure rates does not increase 
production as much as the difference between low 
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rate of manure and no fertilizer. Several factors can 
cause low nutrient use efficiency, they are leaching 
loss, gaseous losses, immobilization of fertilizer 
nutrients, the interaction between different fertil-
izers, physical and chemical characteristics of soil, 
soil temperature that influence uptake of N, P, and 
K, soil moisture, and the fertilizer characteristic it-
self (Mishra et al., 2023). In line with the current 
study, it has been previously reported that higher 
fertilizer rates resulted in lower nutrient (N) use 
efficiency in common beans (Argaw et al., 2015), 
and wheat (Sharma et al., 2022). In the current 
study, the nutrient use efficiency values decreased 
with higher manure rates because they measured 
the increase in edamame production between fer-
tilizer and control. However, it can be seen that 
edamame yield increases more with biofertilizers 
(Fig. 1) which indicates biofertilizers increase the 
efficiency of manure application. The positive role 
of biofertilizer has also been reported previously 
that the application of plant growth-promoting 
bacteria (PGPB) can reduce the poultry manure 
dose from 18 to 12 ton ha-1 for okra fruit produc-
tion (Magana, 2020).

Several approaches can be considered to im-
prove nutrient use efficiency in organic farming in-
cluding to improve plant morphological dan physi-
ological characteristics and cultivation techniques. 
The agronomical approach is essential to improve 
the nutrient use efficiency in plants to make them 
economically more feasible as well as to prevent 
environmental damage due to excess fertilizer. Im-
provement in cultivation technique including the 
use of different types of fertilizer (e.g. bio-fertil-
izers, granule organic fertilizer), nutrient manage-
ment improvement, modern technology (e.g. pre-
cision farming by determining the fertilizer recom-
mendation based on soil testing), and agronomic 
practices (e.g. cropping pattern) (He et al., 2009; 
Javed et al., 2022; Mishra et al., 2023). 

Different trends of AE, AEN, AEP, and AEK 
were shown in Experiment 2024. Only AE sig-
nificantly decreased with higher manure rates. In 
contrast to Experiment 2023, the combination of 
poultry manure and biofertilizer did not have a 
positive effect on AE, AEN, AEP, and AEK of Ex-
periment 2024. The efficacy of biofertilizers is de-
termined by, among others, the plant physiological 
traits and soil characteristics (Malusà et al., 2016). 
Plants can modify the compound released from 
the roots and select the specific bacterial commu-
nities (Marschner et al., 2004). Root exudates are 
important to initiate the effect of the rhizosphere 

in seedling and lateral root emergence. Therefore, 
to increase the efficacy of biofertilizer, biofertil-
izer should be delivered on seeds and seedlings 
(Malusà et al., 2016). In Experiment 2023, biofer-
tilizer was applied to seeds, while in 2024, biofer-
tilizer was delivered to the seed and into the soil 
(twice). The difference in delivering biofertilizer 
may have impacted the different efficacy of bio-
fertilizer when combined with poultry manure in 
2024 although repeated applications of biofertil-
izer during the growing season of the plant have 
been recommended (Malusà et al., 2016). 

Partial factor productivity PFPN, PFPP, and 
PFPK decreased with higher manure rates (Table 
7). The PFP can be used to provide an idea of 
how production can be increased or maintained 
with minimal input of nutrients (Congreves et al., 
2021). The present study showed that to increase 
edamame productivity, the nutrient supply from 
poultry manure cannot be minimized yet.

CONCLUSIONS

The study revealed that poultry manure, as a 
source of nutrients, can support organic edama-
me soybean production in the two experiments. 
A combination of poultry manure and biofertil-
izer determines the different responses of soybean 
plants from different times of experiment. Higher 
rates of manure increased pod yield with biofertil-
izer than without biofertilizer in the first experi-
ment but not in the subsequent experiment. Ag-
ronomic efficiency was higher with biofertilizer 
than without biofertilizer in the first experiment 
but vice versa in the 2nd experiment. In general, 
AE decreased with higher manure rates. Partial 
factor productivity decreased with increasing rates 
of poultry manure. It is important to increase nu-
trient use efficiency in organic farming including 
by looking for more suitable types of microbes or 
by combining various nutrient sources. The study 
shows that the application of poultry manure in 
organic farming needs to be combined with bio-
fertilizer, especially on land that has not accumu-
lated high levels of organic matter. However, in 
the next planting season, the application method 
of biofertilizer, in combination with poultry ma-
nure, needs to be carefully reviewed. The current 
study showed that 16 ton·ha-1 of poultry manure is 
sufficient for edamame production with the addi-
tion of biofertilizer.



261

Journal of Ecological Engineering 2025, 26(4), 250–263

REFERENCES

1.	 Abdiani, S., Kakar, K., Gulab, G., & Aryan, S. 
(2019). Influence of biofertilizer application meth-
ods on growth and yield performances of green pep-
per. International Journal of Innovative Research 
and Scientific Studies, 2(4), 45–49. https://doi.
org/10.53894/ijirss.v2i4.23

2.	 Adeyemo, A. J., Akingbola, O. O., & Ojeniyi, S. O. 
(2019). Effects of poultry manure on soil infiltration, 
organic matter contents and maize performance on 
two contrasting degraded alfisols in southwestern 
Nigeria. International Journal of Recycling of Or-
ganic Waste in Agriculture, 8(Suppl1), S73–S80. 
https://doi.org/10.1007/s40093-019-0273-7

3.	 Agbede, T. M., Adekiya, A. O., & Eifediyi, E. K. 
(2017). Impact of poultry manure and NPK fertil-
izer on soil physical properties and growth and yield 
of carrot. Journal of Horticultural Research, 25(1), 
81–88. https://doi.org/10.1515/johr-2017-0009

4.	 Ahmadi, A. Y., & Arien, M. (2022). Poultry manure 
effects on yield and some agronomic components of 
Soybean (Glycine max L.) under Khost agro-eco-
logical conditions, Afghanistan. International Jour-
nal of Agriculture Environment and Food Sciences, 
6(1), 1–6. https://doi.org/10.31015/jaefs.2022.1.1

5.	 Anand, K., Kumari, B., & Mallick, M. A. (2016). Phos-
phate solubilizing microbes: An effective and alterna-
tive approach as biofertilizers. International Journal of 
Pharmacy and Pharmaceutical Sciences, 8(2), 37–40.

6.	 Argaw, A., Mekonnen, E., & Muleta, D. (2015). Ag-
ronomic efficiency of N of common bean (Phaseolus 
vulgaris L.) in some representative soils of East-
ern Ethiopia. Cogent Food and Agriculture, 1(1). 
https://doi.org/10.1080/23311932.2015.1074790

7.	 Asadu, C. O., Ezema, C. A., Ekwueme, B. N., Onu, 
C. E., Onoh, I. M., Adejoh, T., Ezeorba, T. P. C., 
Ogbonna, C. C., Otuh, P. I., Okoye, J. O., & Emman-
uel, U. O. (2024). Enhanced efficiency fertilizers: 
Overview of production methods, materials used, 
nutrients release mechanisms, benefits and consid-
erations. Environmental Pollution and Manage-
ment, 1(March), 32–48. https://doi.org/10.1016/j.
epm.2024.07.002

8.	 Carneiro, R., Duncan, S., O’Keefe, S., Yu, D., 
Huang, H., Yin, Y., Neill, C., Zhang, B., Kuhar, T., 
Rideout, S., Reiter, M., Ross, J., Chen, P., & Gil-
len, A. (2021). Utilizing consumer perception of 
edamame to guide new variety development. Fron-
tiers in Sustainable Food Systems, 4(January), 1–14. 
https://doi.org/10.3389/fsufs.2020.556580

9.	 Congreves, K. A., Otchere, O., Ferland, D., Far-
zadfar, S., Williams, S., & Arcand, M. M. (2021). 
Nitrogen use efficiency definitions of today and to-
morrow. Frontiers in Plant Science, 12(June), 1–10. 
https://doi.org/10.3389/fpls.2021.637108

10.	Da Costa, P. B., Granada, C. E., Ambrosini, A., 
Moreira, F., De Souza, R., Dos Passos, J. F. M., 
Arruda, L., & Passaglia, L. M. P. (2014). A model 
to explain plant growth promotion traits: A multi-
variate analysis of 2,211 bacterial isolates. PLoS 
ONE, 9(12), 1–25. https://doi.org/10.1371/journal.
pone.0116020

11.	De Sousa Lima, J. R., De Goes, M. da C. C., Ham-
mecker, C., Antonino, A. C. D., De Medeiros, É. 
V., De Sá Barretto Sampaio, E. V., De Barros Silva 
Leite, M. C., Da Silva, V. P., De Souza, E. S., & 
Souza, R. (2021). Effects of poultry manure and bio-
char on acrisol soil properties and yield of common 
bean. a short-term field experiment. Agriculture 
(Switzerland), 11(4), 1–11. https://doi.org/10.3390/
agriculture11040290

12.	Dhaliwal, S. S., Sharma, V., Shukla, A. K., Gupta, R. 
K., Verma, V., Kaur, M., Behera, S. K., & Singh, P. 
(2023). Residual effect of organic and inorganic fer-
tilizers on growth, yield and nutrient uptake in wheat 
under a Basmati Rice–Wheat cropping system in 
North-Western India. Agriculture (Switzerland), 
13(3). https://doi.org/10.3390/agriculture13030556

13.	Dobermann, A. (2007). Fertilizer Best Manage-
ment Practices General Principles. In Fertilizer 
Best Management Practices: General Principles, 
Strategy for Their Adoption and Voluntary Initia-
tives Versus Regulations. https://digitalcommons.
unl.edu/agronomyfacpub/1442

14.	Fathi, A. (2022). Role of nitrogen (N) in plant 
growth, photosynthesis pigments, and N use effi-
ciency: A review. Agrisost\, 28(October). https://
doi.org/10.5281/zenodo.7143588

15.	Fhonna, T. N., Melati, M., & Aziz, S. A. (2023). 
Twice applications of laying hens manure produced 
the highest yield of organic okra pods (Abelmoschus 
esculentus L. Moench.). Journal of Tropical Crop 
Science, 10(03), 176–185. https://doi.org/10.29244/
jtcs.10.03.176-185

16.	Gajanand, Kumar, P., & Deelip, B. S. (2020). Nutri-
ent use efficiency: An overview. Just Agriculture, 
1(3), 1–4.

17.	Hawkesford, M., Horst, W., Kichey, T., Lambers, 
H., Schjoerring, J., Moller, I. S., & White, P. (2012). 
Functions of macronutrients. In P. Marschner (Ed.), 
Mineral Nutrition of Higher Plants. (3rd ed., p. 
135190). Academic Press.

18.	He, P., Li, S., Jin, J., Wang, H., Li, C., Wang, Y., 
& Cui, R. (2009). Performance of an optimized 
nutrient management system for double-cropped 
wheat-maize rotations in North-Central China. 
Agronomy Journal, 101(6), 1489–1496. https://doi.
org/10.2134/agronj2009.0099

19.	Htwe, A. Z., Moh, S. M., Moe, K., & Yamaka-
wa, T. (2019). Biofertilizer production for agro-
nomic application and evaluation of its symbiotic 



262

Journal of Ecological Engineering 2025, 26(4), 250–263

effectiveness in soybeans. Agronomy, 9(4), 1–16. 
https://doi.org/10.3390/agronomy9040162

20.	Jabary, M., Melati, M., & Aziz, S. A. (2023). Penen-
tuan dosis dupuk kandang ayam untuk produksi 
paria secara organik. Determination of chicken ma-
nure dosage for bitter gourd production organically. 
Prosiding Seminar Nasional PERHORTI, 37–46.

21.	Jansa, J., Oberholzer, H.-R., & Egli, S. (2009). 
Environmental determinants of the arbuscular my-
corrhizal fungal infectivity of Swiss agricultural 
soils. European Journal of Soil Biology, 45(5–6), 
400–408. https://doi.org/https://doi.org/10.1016/j.
ejsobi.2009.07.004

22.	Javed, T., Indu, I., Singhal, R. K., Shabbir, R., Shah, 
A. N., Kumar, P., Jinger, D., Dharmappa, P. M., 
Shad, M. A., Saha, D., Anuragi, H., Adamski, R., & 
Siuta, D. (2022). Recent advances in agronomic and 
physio-molecular approaches for improving nitro-
gen use efficiency in crop plants. Frontiers in Plant 
Science, 13(April), 1–21. https://doi.org/10.3389/
fpls.2022.877544

23.	Jeong, H., Choi, S. K., Ryu, C. M., & Park, S. H. 
(2019). Chronicle of a soil bacterium: Paenibacil-
lus polymyxa E681 as a tiny guardian of plant and 
human health. Frontiers in Microbiology, 10, 1–16. 
https://doi.org/10.3389/fmicb.2019.00467

24.	Kobierski, M., Bartkowiak, A., Lemanowicz, J., & 
Piekarczyk, M. (2017). Impact of poultry manure 
fertilization on chemical and biochemical proper-
ties of soils. Plant, Soil and Environment, 63(12), 
558–563. https://doi.org/10.17221/668/2017-PSE

25.	Kumar, S., Diksha, Sindhu, S. S., & Kumar, R. 
(2022). Biofertilizers: An ecofriendly technology 
for nutrient recycling and environmental sustain-
ability. Current Research in Microbial Sciences, 
3(July 2021), 100094. https://doi.org/10.1016/j.
crmicr.2021.100094

26.	Lanna, N. B. L., Silva, P. N. L., Colombari, L. F., 
Corrêa, C. V., & Cardoso, A. I. I. (2018). Residual 
effect of organic fertilization on radish production. 
Horticultura Brasileira, 36(1), 47–53. https://doi.
org/10.1590/S0102-053620180108

27.	Lin, Y., van Santen, E., & Watts, D. (2016). The 
effect of poultry litter application on agricul-
tural production: a meta-analysis of crop yield, 
nutrient uptake and soil fertility. Conference 
on Applied Statistics in Agriculture. https://doi.
org/10.4148/2475-7772.1494

28.	Lozano-Contreras, M. G., Ramírez-Jaramillo, G., 
& Ramírez-Silva, J. H. (2021). Interaction effects 
between organic fertilizers and biofertilizers on the 
growth of Stevia rebaudiana Bertoni. OALib, 08(11), 
1–13. https://doi.org/10.4236/oalib.1108065

29.	Luo, L., Zhang, Y., & Xu, G. (2020). How does 
nitrogen shape plant architecture? Journal of Ex-
perimental Botany, 71(15), 4415–4427. https://doi.

org/10.1093/jxb/eraa187
30.	Magana, R. E. (2020). Enrichment of Organic Fer-

tilizer with Plant Growth-Promoting Bacteria: The 
Effect on Yield and Quality of Okra Fruit. Master 
Thesis. Bogor Agricultural University, Indonesia.

31.	Magana, R. E., Melati, M., Purnamawati, H., & 
Pratiwi, E. (2020). Enrichment of organic manure 
with plant growth promoting rhizobacteria improved 
the root and shoot growth of okra (Abelmoschus 
esculentus L. Moench.). Journal of Tropical Crop 
Science, 7(03), 137–147. https://doi.org/10.29244/
jtcs.7.03.137-147

32.	Malusà, E., Pinzari, F., & Canfora, L. (2016). Ef-
ficacy of biofertilizers: challenges to improve 
crop production. In D. Singh, H. Singh, & R. 
Prabha (Eds.), Microbial Inoculants in Sustain-
able Agricultural Productivity (pp. 17–40). 
Springer, New Delhi. https://doi.org/https://doi.
org/10.1007/978-81-322-2644-4_2

33.	Mandic, V., Krnjaja, V., Tomic, Z., Bijelic, Z., 
Simic, A., Muslic, D. R., & Gogic, M. (2015). 
Nitrogen fertilizer influence on wheat yield and 
use efficiency under different environmental 
conditions. Chilean Journal of Agricultural Re-
search, 75(1), 92–97. https://doi.org/10.4067/
S0718-58392015000100013

34.	Marschner, P., Crowley, D., & Yang, C. H. (2004). 
Development of specific rhizosphere bacterial com-
munities in relation to plant species, nutrition and 
soil type. Plant and Soil, 261(1–2), 199–208. https://
doi.org/10.1023/B:PLSO.0000035569.80747.c5

35.	Melati, M., Ari, A. N. H. G., & Aziz, S. A. (2021). 
Plant growth and morphological characters of Son-
chus arvensis L. from different chicken manure rates 
and harvest intervals with ratooning practices. Jour-
nal of Tropical Crop Science, 8(02), 60–70. https://
doi.org/10.29244/jtcs.8.02.60-70

36.	Mishra, N., Singh, A., Kumar, P., & Singh, U. 
(2023). Fertilizer use efficiency. In K. Baboo, S. T. 
Zaidi, M. M. Kumar, & P. K. Shukla (Eds.), Impe-
tus Agriculture (1st ed., Issue June, pp. 114–122). 
Weser Books.

37.	Mitter, E. K., Tosi, M., Obregón, D., Dunfield, K. 
E., & Germida, J. J. (2021). Rethinking crop nutri-
tion in times of modern microbiology: Innovative 
biofertilizer technologies. Frontiers in Sustain-
able Food Systems, 5(February), 1–23. https://doi.
org/10.3389/fsufs.2021.606815

38.	Mujeeb, F., Ali, A., Qureshi, M. A., Sarwar, G., Ali, 
M. A., Javed, H., Rafique, M., Ijaz, F., & Ehsan, S. 
(2022). Comparative study of application methods 
of biofertilizer for growth enhancement of cereals. 
7, 45–53.

39.	Nosheen, S., Ajmal, I., & Song, Y. (2021). Microbes 
as biofertilizers, a potential approach for sustain-
able crop production. Sustainability (Switzerland), 



263

Journal of Ecological Engineering 2025, 26(4), 250–263

13(4), 1–20. https://doi.org/10.3390/su13041868
40.	Ortega Pérez, R., Nieto García, J. C., Gallegos-Ce-

dillo, V. M., Domene Ruiz, M. Á., Santos Hernán-
dez, M., Nájera, C., Miralles Mellado, I., & Diánez 
Martínez, F. (2023). Biofertilizers enriched with 
PGPB improve soil fertility and the productivity of 
an intensive tomato crop. Agronomy, 13(9), 1–13. 
https://doi.org/10.3390/agronomy13092286

41.	Parnell, J. J., Berka, R., Young, H. A., Sturino, J. M., 
Kang, Y., Barnhart, D. M., & Dileo, M. V. (2016). 
From the lab to the farm: An industrial perspec-
tive of plant beneficial microorganisms. Frontiers 
in Plant Science, 7(AUG2016), 1–12. https://doi.
org/10.3389/fpls.2016.01110

42.	Rasool, A., Ghani, A., Nawaz, R., Ahmad, S., 
Shahzad, K., Rebi, A., Ali, B., Zhou, J., Ahmad, M. 
I., Tahir, M. F., Alwahibi, M. S., Elshikh, M. S., & 
Ercisli, S. (2023). Effects of poultry manure on the 
growth, physiology, yield, and yield-related traits of 
maize varieties. ACS Omega, 8(29), 25766–25779. 
https://doi.org/10.1021/acsomega.3c00880

43.	Roggatz, U., McDonald, A. J. S., Stadenberg, I., & 
Schurr, U. (1999). Effects of nitrogen deprivation on 
cell division and expansion in leaves of Ricinus com-
munis L. Plant, Cell and Environment, 22(1), 81–89. 
https://doi.org/10.1046/j.1365-3040.1999.00383.x

44.	Sahu, B., Singh, J., Shankar, G., & Pradhan, A. 
(2018). Pseudomonas fluorescens PGPR bacteria 
as well as biocontrol agent: A review. International 
Journal of Chemical Studies, 6(2), 1–7.

45.	Samantaray, A., Chattaraj, S., Mitra, D., Ganguly, A., 
Kumar, R., Gaur, A., Mohapatra, P. K. D., Santos-
Villalobos, S. de los, Rani, A., & Thatoi, H. (2024). 
Advances in microbial based bio-inoculum for ame-
lioration of soil health and sustainable crop produc-
tion. Current Research in Microbial Sciences, 7(June), 
100251. https://doi.org/10.1016/j.crmicr.2024.100251

46.	Sardans, J., & Peñuelas, J. (2021). Potassium con-
trol of plant functions: Ecological and agricultural 
implications. In Plants (Vol. 10, Issue 2). https://doi.
org/10.3390/plants10020419

47.	Schütz, L., Gattinger, A., Meier, M., Müller, A., Boller, 
T., Mäder, P., & Mathimaran, N. (2018). Improving crop 
yield and nutrient use efficiency via biofertilization—
A global meta-analysis. Frontiers in Plant Science, 
8(January). https://doi.org/10.3389/fpls.2017.02204

48.	Sharma, S., Kaur, G., Singh, P., Alamri, S., Kumar, 
R., & Siddiqui, M. H. (2022). Nitrogen and potassi-
um application effects on productivity, profitability 
and nutrient use efficiency of irrigated wheat (Triti-
cum aestivum L.). PLoS ONE, 17(5 May), 1–29. 
https://doi.org/10.1371/journal.pone.0264210

49.	Singh, S. P., Singh, S., Dubey, A. N., & Rajput, R. 
K. (2020). Biofertilizers and plant growth regula-
tors as key player in sustainability. In Three Major 
Dimensions of Life: Environment, Agriculture and 

Health (pp. 12–18).
50.	Soremi, A., Adetunji, M., Adejuyigbe, C., Bodunde, 

J., & Azeez, J. (2017). Effects of poultry manure on 
some soil chemical properties and nutrient bioavail-
ability to soybean. Journal of Agriculture and Ecol-
ogy Research International, 11(3), 1–10. https://doi.
org/10.9734/jaeri/2017/32419

51.	Suntari, Ghulamahdi, M., & Melati, M. (2023). 
Relay-cropping soybean-maize in saturated soil 
culture increases efficiency of land use and nitrogen 
fertilizer. Indonesian Journal of Agronomy, 51(1), 
91–100. https://doi.org/10.24831/ija.v51i1.44905

52.	Thilakarathna, M. S., & Raizada, M. N. (2017). 
A meta-analysis of the effectiveness of diverse 
rhizobia inoculants on soybean traits under field 
conditions. Soil Biology and Biochemistry, 105, 
177–196. https://doi.org/https://doi.org/10.1016/j.
soilbio.2016.11.022

53.	Timmusk, S., Grantcharova, N., & Wagner, E. G. 
H. (2005). Paenibacillus polymyxa invades plant 
roots and forms biofilms. Applied and Environmen-
tal Microbiology, 71(11), 7292–7300. https://doi.
org/10.1128/AEM.71.11.7292-7300.2005

54.	Weber, N. F., Herrmann, I., Hochholdinger, F., 
Ludewig, U., & Neumann, G. (2018). PGPR-in-
duced growth stimulation and nutrient acquisition in 
maize: Do root hairs matter? Scientia Agriculturae 
Bohemica, 49(3), 164–172. https://doi.org/10.2478/
sab-2018-0022

55.	Yang, J., Lan, L., Jin, Y., Yu, N., Wang, D., & Wang, 
E. (2022). Mechanisms underlying legume–rhizobi-
um symbioses. Journal of Integrative Plant Biology, 
64(2), 244–267. https://doi.org/10.1111/jipb.13207

56.	Yu, D., Lin, T., Sutton, K., Lord, N., Carneiro, R., 
Jin, Q., Zhang, B., Kuhar, T., Rideout, S., Ross, J., 
Duncan, S., Yin, Y., Wang, H., & Huang, H. (2021). 
Chemical compositions of edamame genotypes 
grown in different locations in the US. Frontiers 
in Sustainable Food Systems, 5(February), 1–14. 
https://doi.org/10.3389/fsufs.2021.620426

57.	Zeipina, S., Alsina, I., & Lepse, L. (2017). Insight 
in edamame yield and quality parameters: A review. 
Research for Rural Development, 2, 40–44. https://
doi.org/10.22616/rrd.23.2017.047

58.	Zhang, Y., Liu, J., Zhang, J., Liu, H., Liu, S., Zhai, 
L., Wang, H., Lei, Q., Ren, T., & Yin, C. (2015). 
Row ratios of intercropping maize and soybean can 
affect agronomic efficiency of the system and sub-
sequent wheat. PLoS ONE, 10(6), 1–16. https://doi.
org/10.1371/journal.pone.0129245

59.	Zhao, Z., Mao, Y., Gao, S., Lu, C., Pan, C., & Li, X. 
(2023). Organic carbon accumulation and aggregate 
formation in soils under organic and inorganic fertil-
izer management practices in a rice–wheat cropping 
system. Scientific Reports, 13(1), 1–12. https://doi.
org/10.1038/s41598-023-30541-y


