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Abstract: Water scarcity challenges in agriculture are prompting the exploration of alter-
native irrigation sources, including treated effluents. This study investigates the effects
of irrigation with treated slaughterhouse effluent on soybean productivity and develop-
ment, with and without inoculation, over two cropping cycles. Plant performance was
significantly influenced by environmental factors and the interaction between effluent
and inoculation. Plant height and leaf area were greater in the second cycle, with effluent
enhancing growth and foliar development. Fresh and dry shoot biomass showed significant
interactions among cycle, inoculation, and effluent, with higher effluent concentrations com-
bined with inoculation being most effective in the first cycle. Foliar nitrogen concentrations
were higher in the first cycle, particularly at elevated effluent doses, while foliar sodium
showed a positive correlation with nitrogen and a negative correlation with magnesium.
Chlorophyll indices varied across developmental stages, with maximum chlorophyll b esti-
mated at 85.35% effluent irrigation. Soybean yield did not vary significantly with effluent
dilutions, suggesting environmental factors had a greater influence. In conclusion, treated
effluent irrigation represents a sustainable strategy for soybean production, optimizing
water and nutrient use while reducing reliance on chemical fertilizers.

Keywords: Glycine max; legumes; agricultural reuse; wastewater; nodulation; symbiotic bacteria

1. Introduction

Water scarcity is an increasing global challenge exacerbated by population growth and
climate change. Currently, about 40% of the world’s population faces some degree of water
stress, and this situation is expected to worsen by 2050 [1,2]. In Brazil, agriculture accounts
for over 50% of total water consumption, while industrial sectors such as meat processing
and slaughterhouses also make substantial withdrawals, further intensifying pressure on
water resources [3]. In this context, water reuse has become a vital strategy for promoting
sustainability and water security. It aligns with the principles of a circular economy by
reducing the consumption of higher-quality water, minimizing effluent discharge, and
decreasing the reliance on mineral fertilizers [4]. However, the application of treated
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effluents in agriculture requires careful management to prevent soil salinization and adverse
environmental impacts [5,6].

Soybean (Glycine max), one of the most important crops for Brazilian agribusiness,
is especially relevant in this scenario. Brazil is the largest global producer of soybeans,
contributing approximately 33% of the world’s production [7,8]. In addition to its economic
value, soybeans possess advantageous agronomic characteristics, such as the ability to fix
atmospheric nitrogen biologically through symbiosis with bacteria of the genus Bradyrhizo-
bium spp., which reduces the need for nitrogen fertilization and enhances the sustainability
of production systems [9,10]. However, the interaction between effluent irrigation and
biological nitrogen fixation (BNF) can be complex, as high concentrations of nutrients
and salts in the effluent may negatively influence nodulation and the nitrogen fixation
process [11].

Recent studies suggest that while irrigation with treated effluents can increase agricul-
tural productivity, excessive nitrogen doses and soil salinity can reduce BNF efficacy and
limit legume growth [12,13]. Conversely, moderate nitrogen doses may complement BNF
and improve soybean development [14,15]. These findings highlight the need to explore
management practices that maximize the benefits of effluent reuse while preserving soil
health and symbiotic performance.

This study, therefore, investigates the effects of irrigation with treated slaughterhouse
effluent on soybean productivity, with and without Bradyrhizobium spp. inoculation. The
hypothesis is that treated effluent when applied at appropriate doses and combined with
Bradyrhizobium spp. inoculation can meet the plant’s nitrogen demand independently of
BNE, promoting a viable and sustainable alternative for soybean crop irrigation. This study
aims to contribute to the advancement of sustainable agricultural management practices,
particularly in water-scarce regions, by providing an in-depth analysis of the interaction
between effluent irrigation and biological nitrogen fixation.

2. Materials and Methods
2.1. Experimental Conditions

The experiment was conducted in the experimental area of the School of Animal Sci-
ence and Food Engineering, University of Sao Paulo (FZEA /USP), located in Pirassununga,
Sao Paulo, Brazil (latitude: 21°59’ S, longitude: 47°23’ W). The regional climate is classified
as Cwa, a humid subtropical climate with dry winters. During the two experimental cycles
(2020/2021 and 2021/2022), the average recorded temperatures from October to February
over the past 10 years were 30 °C maximum and 19 °C minimum, with an accumulated
rainfall of 772 mm. Figure 1 shows the 10-year temperature and rainfall patterns compared
to the climate conditions for the 2020-2021 and 2021-2022 seasons.

The experiment followed a split-plot design arranged in randomized complete blocks.
The main plots consisted of five dilutions of treated slaughterhouse effluent (0%, 25%,
50%, 75%, and 100%), while the subplots comprised two Bradyrhizobium spp. inoculation
treatments, with inoculation (WI) and without inoculation (NI). Each treatment combination
was replicated across four blocks in a randomized way, totaling 40 experimental units.
Each experimental subplot comprised a useful area of 21 m?, with border rows to minimize
edge effects.

The effluent used was sourced from the Scholar Slaughterhouse of the University of
Sao Paulo, School of Animal Science and Food Engineering, “Fernando Costa” (Pirassu-
nunga, SP), and was treated through a system consisting of a solid separation tank, an
Upflow Anaerobic Sludge Blanket (UASB) reactor, and a polishing pond. The UASB reactor
had a total volume of 13 m® and a working volume of 8.7 m?, with an application rate
varying from 2 to 4 kg of COD/m3 and a detention time ranging from 24 to 48 h. Effluent



Agronomy 2025, 15, 167

30f21

Temperature (°C)

40

30

e
5

20

10

ul

0

= i

samples were collected and analyzed biweekly following the methodology proposed by
APHA/AWWA /WEEF [16].
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Figure 1. Average monthly temperatures (Avg. Temp.), maximum (Max. Temp.) and minimum
temperatures (Min. Temp.), and precipitation during the experimental period (cycle 1, 20 October to
21 February; and cycle 2, 21 November to 22 March) compared to the historical averages (10Y) over
the past ten years for the experimental area location. Source: Author’s work, created with data from
the Power Project (NASA, 2023).

2.2. Soybean Cultivation

In both cycles, soybean cultivation was preceded by black oat cultivation during
winter. In the first cycle, the soybean seeds used were of the Agroeste® AS 3590 (Bayer S.A.,
Santo Ant6nio da Platina, Brazil) variety, sown at a density of 30 seeds per linear meter.
The inoculated treatment (WI) received inoculation with Bradyrhizobium japonicum from
Biosphera (Nitrosphera High Soja TS liquid and Nitrosphera Ultra peat—Agrocete Ind. De
Fertilizantes LDTA, Ponta Grossa, Brazil). In both cycles, the inoculant was applied directly
to the seeds right before sowing, following the manufacturer’s recommended concentration
per kilogram of seed to ensure uniform coverage. Soybeans were sown on 14 October 2020
and harvested 127 days later.

In the second cycle, the soybean seeds used were of the Intacta RR2 PRO® (KWS
Sementes LDTA, Patos de Minas, Brazil) variety, sown at a density of 35 seeds per linear
meter. Inoculation was performed with Bradyrhizobium elkanii from Biomax® Premium
(liquid plus peat—Vittia Fertilizantes e Biologicos S.A., Sdo Joaquim da Barra, Brazil).
Soybeans were sown on 29 October 2021 and harvested 133 days later. Both soybean seeds
used were varieties widely accepted and used by local rural producers in respective years.

In both cycles, weed control was performed using glyphosate. In the 2020-2021 cycle,
glyphosate was applied at a rate of 1 kg ha™! five days after sowing, while in the 2021-2022
cycle, the application was increased to 2 kg ha~! in the second week after sowing. No
additional herbicide applications were necessary during the cultivation cycles. Brachiaria
grass around the plots was managed with a backpack mower.

Phosphorus and potassium fertilization were performed consistently across both
cycles, following the recommendations of the Soybean Crop Fertilization Guide [17]. Simple
superphosphate and potassium chloride were used as fertilizers. A total of 40 kg ha~! of
P,05 was applied immediately after sowing, while 80 kg ha~! of K,O was applied in five
split doses throughout the cultivation cycle, both delivered via fertigation.

Micronutrient applications were also performed via fertigation using the Agrucon
Green Italia foliar micronutrient blend. This provided, per hectare, 350 g manganese,
1050 g zinc, 23 g iron, 58 g boron, 992 g sulfur, 175 g magnesium, and 1867 g nitrogen.
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Micronutrients were applied twice in the 20202021 cycle (at 23 and 37 DAS) and once in
the 20212022 cycle (at 42 DAS).

The soybean growth stages referenced in this study were defined according to the
widely recognized and accepted scale developed by Embrapa (Brazilian Agricultural
Research Corporation, Brasilia, Brazil), which operates under the Ministry of Agriculture,
Livestock, and Food Supply [18].

2.3. Irrigation Management

Irrigation was managed based on the soil water retention curve, established from soil
samples collected at depths of 0-20 cm and 2040 cm and determined using a Richards
chamber, with adjustments made according to the Van Genuchten model (1980). Soil
moisture was monitored every 48 h by frequency domain reflectometry (FDR) using the
Sentek Diviner 2000 probe, with readings taken in the experimental plots of three of the
four blocks. The average moisture content was used to calculate the irrigation depth
needed to bring soil moisture to field capacity. The irrigation system consisted of separate
tanks for water and effluent, connected to centrifugal pumps for precise control of effluent
dilutions (0, 25, 50, 75, and 100%) through solenoid valves programmed for each treatment.
Application was carried out via adjustable sector sprinklers set to operate at 90°, with two
sprinklers per plot installed at opposite ends to ensure uniform distribution.

2.4. Biometric Analyses

The biometric parameters evaluated included plant height, plant stand, fresh and dry
shoot biomass, fresh root biomass, and leaf area. Plant height was measured at three points
(V7 seventh node, R1 beginning bloom, and R5 beginning seed) throughout the cycle, while
the other variables were analyzed at stages R5 beginning seed (2020-2021) and R2 full
bloom (2021-2022). Destructive sampling was conducted in three areas of 0.0625 m? per
subplot to minimize impact on plant stand. Plants were washed, separated into shoots and
roots, and weighed to obtain fresh biomass. Leaf area was measured with an area integrator
(LI-3100, LI-COR®, Inc., Lincoln, NE, USA) and extrapolated per square meter. Leaves
were then dried at 65 °C to obtain dry mass. Roots were photographed and analyzed using
Safira® software, version 1.1, to calculate volume and surface area per square meter.

2.4.1. Foliar Diagnosis

Foliar diagnosis sampling took place about 50 days after sowing (DAS) at the R2
full bloom stage. Fifteen newly mature leaves with petioles were collected per subplot.
After drying in a forced-air oven at 65 °C to a constant weight, samples were ground
and sent to the Laboratory of Agricultural Sciences (FZEA /USP) for macronutrient and
sodium analysis.

2.4.2. Instrumentation: Chlorophyll Index and Normalized Difference Vegetation Index

Chlorophyll content was determined indirectly using a chlorophyll meter (Clorofilog®,
Falker, Porto Alegre, Brazil) to measure relative chlorophyll index (RCI) for chlorophyll
a, b, and total. Readings were taken from 15 plants per subplot, always on the first fully
expanded leaf of each plant, at phenological stages V3 third node, R1 beginning bloom, R2
full bloom, and R4 full pod in both cycles. Normalized Difference Vegetation Index (NDVI)
was collected using the GreenSeeker® (Trimble Agriculture, Sunnyvale, CA, USA) device.
NDVI measurements were taken along the five central rows of the subplot, positioning the
device about 1 m above the canopy at stages V7 seventh node, R1 beginning bloom, R2 full
bloom, and R4 full pod in the 2020-2021 cycle and at R2 full bloom, R4 full pod, and R5
beginning seed in the 2021-2022 cycle. Differences in collection dates were due to technical
issues and challenges during rainy periods.
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2.4.3. Yield and Bromatological Analysis of Grains

Sample collection to determine yield was conducted manually when the soybeans
reached physiological maturity (R8 full maturity stage), occurring at 127 DAS (days after
sowing) in the 2020-2021 cycle and at 133 DAS in the 2021-2022 cycle in a 3 m? area at the
center of the subplot. The plants were bagged whole and processed in a plot thresher (TP
SB01, SB Méquinas Agricolas, Cambé, Brazil). The grains were dried in an oven at 45 °C,
with moisture adjusted to 13% using a moisture meter (G600, Gehaka Agri, Sao Paulo,
Brazil) before weighing to calculate yield per subplot. Due to the low physiological quality
of the grains in the 20202021 cycle, only samples from the 2021-2022 cycle were analyzed
at the Nutrition Laboratory (FZEA /USP) to determine bromatological parameters: dry
matter, mineral matter, crude protein, crude fiber, ether extract, nitrogen-free extract, acid
detergent fiber, and ash-free neutral detergent fiber.

2.5. Statistical Analysis

The variance analyses were conducted using the Sisvar statistical software, version
5.8, [19] following a split-plot block design and considering the repetition across two
growing seasons and, where applicable, in time (phenological stages). For factors with
significant differences (p < 0.05), the comparisons for the effluent factor were performed
using Tukey’s test and regression analysis, while comparisons for inoculation and cycle
factors were carried out using the t-test. Comparisons over time or depth, with statistical
significance, were also conducted using Tukey’s test and regression analysis.

2.6. Generative Al Assistance

During the preparation of this manuscript, a generative artificial intelligence tool, Chat-
GPT, GPT-4-turbo (from OpenAl), was utilized to assist with the refinement of academic
language, the structuring of the manuscript, and ensuring adherence to the submission
guidelines of the journal. The tool provided suggestions for text revisions, scientific phras-
ing, and formatting in line with high-impact publication standards in agronomy. The
authors reviewed and edited all Al-generated content to ensure its accuracy and relevance
to this study.

3. Results
3.1. Irrigation Management and Nitrogen Incoming

Soil moisture varied similarly between the experimental plots in both cropping cycles,
with greater uniformity from the onset of the reproductive phase when soybean water
demand reached its peak. In cycle 1, both rainfall and effluent were more evenly distributed
throughout the cycle, with higher effluent volumes applied at the beginning to meet initial
water demand. In cycle 2, most of the effluent was applied up to 48 DAS (days after sowing)
before the increase in rainfall, which had more intense and heterogeneous volumes. Effluent
characterization showed a higher nutrient concentration in cycle 2, including nitrogen,
phosphorus, and calcium, possibly due to variations in the abattoir processing and climatic
conditions (Table 1).

The average nitrogen concentration in the effluent was similar to values reported in the
literature, and electrical conductivity remained below the limit of 3.30 dS m~?, posing no
risk to soybean productivity. Due to the higher nitrogen concentration in cycle 2, nutrient
input was higher, although the irrigated volume was similar in both cycles (Table 2). The
total applied volume exceeded the crop’s maximum demand (800 mm), especially in cycle
2, where rainfall exceeded the crop’s requirement by 240 mm.
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Table 1. Characterization of the effluent from Scholar Slaughterhouse of the University of Sao Paulo, “Fernando Costa” campus, collected after the polishing pond
stage, during the first and second experimental cycles in comparison with previous studies.

This Stud

Parameter y Oliveira et al. [20] Aragjo et al. [21] Emerick et al. [22] Kanafin et al. [23] Madeira et al. [24]

2020-2021 2021-2022 Average
Slaughterhouse Type General NP Poultry Swine Poultry General
Treatment Type Anaerobic Physical Aerobic Physical Chemist Photochemical Physical Chemist
pH 8.12 £ 0.75 7.45 £ 0.12 7.79 £0.63 7.70 £0.30 7.00 £0.10 8.20 £0.71 7.53 £0.22 7.50 £0.10
EC (dSm™1) 0.4 £0.07 0.77 £ 0.09 0.58 £ 0.20 1.20 +£0.10 0.01 £ 0.00 2.82 £ 0.53 - 3.00 £ 0.10
COD (mg L71) 96.04 & 42.25 178.46 + 80.67 279.62 + 243.00 5.81 £ 3007.00 80.90 £ 14.70 405.00 + 8.20 155.00 + 15.00 226.00 + 41.00
TKN (mg L) 34.03 £9.27 7749 £7.74 53.34 &+ 23.25 157.50 & 27.00 48.70 £ 11.50 9.20 £+ 2.52 - 58.00 + 0.00
N-NHy* (mg L) 22.19 + 8.88 59.71+£9 40.95 £+ 20.79 - - - 0.84 52.00 + 0.00
Nitrate (mg L™1) 0.32 £ 0.18 ND 0.32 £0.18 - - - 2.98 -
Nitrite (mg L) ND ND ND - - - - -
Soluble Phosphoru (mg L~1) 357 +04 5.46 + 0.99 4.62+1.22 - - - - -
Total Phosphorus (mg L) 716 £2.9 7.98 £ 0.87 7.61 £2.08 11.90 £ 9.60 20.20 £ 5.50 0.26 £ 0.06 - -
Potassium (mg L™1) 14.88 +3.31 NA 14.88 £3.31 12.60 + 5.00 - - 14.86 -
Calcium (mg L) 17.97 £ 0.95 23.25 £1.45 17.97 £ 0.95 65.00 £ 38.10 - - 132.43 190.50 £+ 0.00
Magnesium (mg L) 1.58 £0.29 2.44 +0.19 1.58 £0.29 89.00 £+ 52.20 - - 67.27 60.20 + 4.20
Sulfur (mg L) 212 £2.35 NA 2124235 - - - - -
Iron (mg L) 2.61 294 NA 2.61 £294 - - - - -
Manganese (mg L 0.06 £ 0.02 0.12 £ 0.02 0.06 = 0.02 - - - - -
Sodium (mg L~1) 35.7 £9.59 NA 35.70 £ 9.59 21.50 £ 3.60 - - 141.87 -
SAR (mmol L=1)=05 3.34 4+ 0.89 - - - - - - -

EC: electrical conductivity; COD: chemical oxygen demand; TKN: total Kjeldahl nitrogen; SAR: Sodium adsorption ratio; ND: not detectable; NA: not analyzed; NP: not provided.
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Table 2. Water input (via precipitation and irrigation) and nitrogen input during the two soybean
growing cycles.

Tap Water Effluent

Treatment Precipitation Irrigation Irrigation Total Irrigation Total Depth Nitrogen Input
2020-2021 (mm) (kgha™1)
0% 468.54 395.79 0.00 395.79 864.33 0.00
25% 468.54 338.91 76.37 41528 883.82 25.96
50% 468.54 277.82 161.82 439.64 908.18 55.02
75% 468.54 181.89 223.65 405.54 874.08 76.04
100% 468.54 107.34 298.20 405.54 874.08 101.39
2021-2022 (mm) (kg ha™1)
0% 756.85 287.93 0.00 287.93 1044.78 0.00
25% 756.85 248.43 54.40 302.84 1059.69 41.89
50% 756.85 205.94 115.54 321.47 1078.32 88.96
75% 756.85 136.21 159.18 295.38 1052.23 122.56
100% 756.85 83.15 212.23 295.38 1052.23 163.42

3.2. Biometric Analyses
3.2.1. Plant Height and Stand

The average plant height varied according to the interaction between the growing
cycle and the effluent concentrations (Figure 2). In the first cycle, the plants showed a linear
response to the increase in effluent doses, suggesting that the nutrient input, especially
nitrogen, was crucial for initial growth. In the second cycle, the highest plant heights
were observed in plots with 50%, 75%, and 100% effluent, indicating that intermediate and
high effluent doses promote an optimal height for soybean development. The difference
between cycles can be attributed to better water and nutrient availability in the second
cycle, as well as a higher nitrogen concentration in the applied effluent or even to higher
plant stand, which was bigger for the second cycle (Figure 3b) and also presented difference
for the effluent factor, fitting a second-degree polynomial equation (Figure 3a).

Plant Height (cm)

0 25 50 75 100
m— st cycle m— Ond cycle y=0.0693x+52.487  y=-0.001x*+0.208x+54.807
......... Linear (Istcycle) +++++++ Poly. (2) R2=0.7902 R2=0.922

Figure 2. Result of the statistical analysis for plant height in the effluent-cycle interaction. Uppercase
letters indicate differences for the effluent factor, and lowercase letters indicate differences for the
cycle factor (p < 0.05).
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(a) Plant Stand (m"?) (b) Plant Stand (m)

70 70 i
y=-0.0003x2 -0.0262x+50.337
60 R2=0.8853

8 5 3
I—
8 5 3

20 20

0 25 50 75 100 1st cycle 2nd cycle

Figure 3. Result of the statistical analysis for plant stand in response to (a) effluent and (b) growing
cycle. Different numbers indicate differences in the cycle factor (p < 0.05).

3.2.2. Fresh and Dry Shoot Mass

The results for fresh shoot biomass showed a significant interaction among effluent con-
centration, inoculation, and cultivation cycle (Figure 4a). A significant effect of inoculation
was observed only at the 100% effluent dose. In cycle 1, the rhizobium-inoculated subplots
had greater fresh biomass, whereas in cycle 2, the non-inoculated subplots performed
better. No differences were observed in either cycle for the effluent levels in inoculated
subplots. During cycle 1, the non-inoculated subplots did not show differences across
effluent doses but fit a second-degree polynomial equation, indicating that the highest fresh
biomass accumulation would occur at 64% effluent in the absence of inoculation. In cycle
2, the 50% and 100% effluent doses yielded the best results. At these same concentrations
and with inoculation, plants accumulated more fresh biomass in cycle 1 than in cycle 2,
suggesting that the impact of effluent on fresh biomass in inoculated soybeans depends on
environmental conditions during cultivation.

(a) Fresh shoot mass (kg m™?)

Aal

Aal 1
2 Aal Aal
1 Aal Aal .Aal Y - SSRAL JORNRIRRY L Lo ] Abt
IAa Aa’ ’ I I| i I‘i1 A()II 1 Abz
II V i II i I
0 25 5 7! 100

Aal

O R N WK U O N ®

o
W1 - 1st cycle mmmm WI-2nd cycle v =-0.0003x2 +0.033x +4.5692

NI - 1st cycle NI - 2nd cycle R2=0.7468

v =0.0004x2-0.0184x +4.1341
»»»»»»» Poly. (NI - 1st cycle) «+sseeeee Poly. (NI - 2nd cycle) R2=0.7862

(b) Dry shootmass (kg m2)
Aal

Aal ABal AblAal

Aal
Bat saaaEE TR -
Ii if AbzI
75 101

0

12 ABa! ABa!

Aa)

Lo At . e | B Bal
0.8 gk Bal a‘ Az

0.6

0.4

0.2

0.0

0 25

W] - 1st cycle W1 - 2nd cycle

NI-2nd cycle y =-0.00005x2 +0.0071x+0.8401

NI - Ist cycle R2=0.8415

Poly. (NI - 1st cycle)

Figure 4. Result of the statistical analysis for fresh shoot biomass (a) and dry shoot biomass (b) in
the interaction between effluent, inoculum, and cycle. Uppercase letters differ for the effluent factor,
lowercase letters differ for the inoculum factor, and numbers differ for the cycle factor (p < 0.05). WI:
with inoculation; NI: without inoculation.
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Dry shoot biomass results mirrored the fresh biomass findings, as expected (Figure 4b).
However, in the 25% and 75% effluent treatments, the absence of inoculant resulted in
lower dry biomass accumulation in cycle 2 compared to cycle 1. This may indicate that,
without inoculation, these effluent doses were less effective in optimizing conversion to
structural biomass. Effluent doses did not show differences in dry biomass accumulation
in non-inoculated subplots in cycle 1 or in inoculated subplots in cycle 2.

3.2.3. Leaf Area and Normalized Difference Vegetation Index

Leaf area measurements using the integrator showed differences only between cultiva-
tion cycles, with higher values observed in cycle 2 (Figure 5a). Considering that sampling
for this analysis was conducted at stage R5 in cycle 1 and at stage R2 in cycle 2, the increased
leaf area observed in the second cycle indicates favorable plant development during that
year (2021-2022). Normalized Difference Vegetation Index (NDVI) values obtained showed
statistical differences in response to interactions between cycle and inoculation (Figure 5b),
cycle and phenological stage (Figure 5c), and effluent and phenological stage (Figure 5d).
In the latter case, the data fit a second-degree polynomial equation, allowing us to estimate
that the effluent dose maximizing NDVI at stage R2 is 86%.

(a) Leaf area (m2m) (b)NDVI

1.2
1.0

al al
0.6
0.4
0.2

1.2
1.0
0.8
0.6
0.4
0.2
0.0

Istcycde 2ndcycde Istcycle  2nd cycle

2 - 6 8 10 WI NI

(c)NDVI (d) NDVI

1.2

L0 AT ARAT AmAT AAT ATAT

o 1* 1* 1* .
OS .......................
0.6
0.4
0.2
0.0

1st cycle 2nd cycle
_ R2
ER2 mR4 R4 y =-0.000009x2 +0.0016x +0.8192
......... Poly. (R2) R2=0.8527

Figure 5. Result of the statistical analysis for (a) leaf area in response to the cycle factor and Normal-
ized Difference Vegetation Index (NDVI) in response to (b) interaction between inoculum and cycle,
as well as (c) phenological stage and cycle and (d) effluent and phenological stage. Uppercase letters
differ for effluent, lowercase letters differ for inoculum, numbers differ for cycle, and asterisks differ
for phenological stage (p < 0.05). WI: with inoculation; NI: without inoculation.

3.2.4. Root Parameters

The difference between cultivation cycles was significant for both root fresh biomass
and root surface area (Figure 6a,d). However, the greater root biomass observed in cycle 1
did not correspond to an increase in root surface area or volume (Figure 6d,f). This result
suggests a higher accumulation of structural biomass in cycle 1, whereas in cycle 2, the root
architecture likely shifted toward a denser, more branched structure. Root surface area was
highest with the 100% effluent dose, comparable with 25% and 50% dosages, while the 0%
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effluent treatment showed a lower response (Figure 6b). Root volume varied significantly
with both effluent and inoculation treatments (Figure 6e,f); the optimal effluent doses for
volume were 25% and 100%, and the absence of inoculation further increased both root
volume and surface area (Figure 6¢).

a) Fresh root mass (kg m™2) (b) Root surface area (m2ha')

AB -
400 ABC
300 e BC
200
100
0
Ist cycle 2nd cycle 0 25 50 75 100

(c) Root surface area (m2ha) (d) Root surface area (m2ha!)

400

a 1
b 5
300
200
100
0
WI NI

1st cycle 2nd cycle

(e) Root volume (kg? ha'!) (f) Root volume (kg3 ha'!)
A AB 0.4
ABC 2
BC 03 b
0.2
0.1
0.0
25 50 75 100 WI NI

Figure 6. Result of the statistical analysis for (a) fresh root mass in response to the cycle factor; root
surface area in response to (b) effluent, (c) inoculation, and (d) cycle; and root volume in response
to (e) effluent and (f) inoculation. Uppercase letters differ for effluent, lowercase letters differ for
inoculum, and numbers differ for cycle (p < 0.05). WI: with inoculation; NI: without inoculation.

3.2.5. Foliar Diagnosis

The statistical analysis results for foliar concentrations of nitrogen, potassium, phos-
phorus, sodium, calcium, magnesium, and sulfur are presented in Table 3. All analyzed
nutrients showed significant differences for the effluent factor, either alone or within in-
teractions. The mean values obtained from the statistical analysis are shown in the table
alongside reference values for legumes [25], except for sodium. The averages for magne-
sium and calcium fell within the recommended range, while phosphorus and potassium
were slightly below, and nitrogen and sulfur varied according to the treatments.
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Table 3. Leaf diagnosis analysis result for macronutrients and sodium.
N P Ca Mg S Na P K Ca Mg Na
(gkg 1)
Min. 40.00 2.50 4.00 3.00 2.10 ] 2.50 17.00 4.00 3.00 -
Max. 54.00 5.00 20.00 10.00 400 ; 5.00 25.00 20.00 10.00 -
2020-2021 19.04 2.171 8.952 6.32 126 0.68
0 4637B! 2.10 8.40 6.52 A2 1.03 0.19
Wi 4616 2.09 793 638 104 Aa? 0.00 0 208 16154 12698 691 029
2
NI 4657 2.11 8.87 6.66 1.03 Aa 0.38 - 209 A 1583 137 o 017Ba
25 46.64B' 2.19 8.49 684A 132 0.45
WI 47.26 2.08 8.67 6.88 133 Aa 0.47
N oo %0 it e Lo a2 o2 NI 1.97Ba 16.46 13.02 6.99 0.40 BCa
50 4690 B! 2.17 8.66 6.63 A2 121 0.58
WI 45.48 2.15 8.77 6.68 1.13 Aa? 0.35 2 2.06 14.82AB 13.67 AB 751 0.40
2
NI 48.32 220 855 658 128 Aa 080 WI 1.96 Ab 14.39 13.81 7.46 0.41Ba
75 51.11 AB! 2.10 8.77 6.00 AB? 134 0.53
WI 52.69 2.04 9.00 5.87 1.31 Aa? 0.48
NI 4953 217 8.54 6.14 1.37 Aa? 057 NI 217 ABa 15.24 13.53 7.57 0.39Ca
100 5419 A! 226 10.45 5.61 B 1.39 1.65
WI 5410 217 10.31 544 137 Aa? 172 50 21 1559 AB 13.61AB 7:39 051
2
NI 54.28 2.35 10.59 5.78 141 Aa 1.58 Wi 11 A 1573 1565 > 0205
2021-2022 39.10 2,012 19.812 8.18 3.68 031
0 38.71 A2 194 18.42 7.43 B! 3.29 0.42
WI 3754 2.09 18.29 7.43 438 Aal 0.40 NI 210 ABa 15.44 13.58 7.36 0.81 ABa
1
NI 3988 180 18.55 744 2.19Bb 043 75 2.10 14.33B 13.69 AB 7.10 0.37
25 38.01 A2 1.89 20,57 840 A! 429 0.33
WI 38.86 1.80 20.66 8.22 455 Aa! 0.33
NI 37.16 1.99 20.48 8.58 403 Aal 0.33 WI 200 Ab 14.29 1375 6.89 0.31Ba
50 39.95 A2 2.02 2021 841A! 331 0.42
WI 4145 2.06 20.14 8.43 4.10 ABa! 0.00 NI 219 Aa 14.37 13.63 731 043 BCa
1
NI 3844 198 20.28 839 2:52Bb 083 100 2.20 14.70 AB 1436 A 6.68 1.04
75 38.30 A2 2.08 2024 8.55 Al 404 0.17
WI 36.86 1.94 20.07 8.24 3.56 ABb! 0.10
NI 39.74 2.23 20.41 8.86 453 Aa! 0.23 WI 213 Aa 14.76 13.86 6.38 1.07 Aa
100 4052 A2 2.11 19.58 8.09 AB! 3.49 0.23 NI 227 Aa 14.64 14.86 6.97 1.01 Aa
WI 39.83 2.08 18.61 7.63 3.19Ba! 0.20 WI 2.06 15.00 13.49 7.00a 0.43
NI 4122 2.15 20.56 8.56 3.79 Aal 0.27 NI 2.14 15.23 13.72 724b 0.61

Uppercase letters differ for effluent, lowercase letters differ for inoculum, and numbers differ for cycle (p < 0.05). WI: with inoculation; NI: without inoculation.
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No interaction was observed between the higher nitrogen and phosphorus concen-
trations in the effluent during cycle 2 and foliar levels of these nutrients in the same cycle,
as their leaf concentrations were lower in cycle 2. This suggests that the cycle-related
differences are associated with other factors, such as nitrogen translocation within the
plant and phosphorus’s low soil mobility. In contrast, calcium, magnesium, and sulfur
levels were higher in cycle 2, likely due to the increased application of these nutrients via
effluent. Sodium concentrations showed significant differences between cycles under 75%
and 100% effluent irrigation, with higher levels in cycle 1. Sodium content also differed
for the inoculation factor at the 50% concentration, with significantly higher means in
non-inoculated treatments.

Foliar nitrogen concentrations were higher in cycle 1 and at the 75% and 100% effluent
doses. Despite the higher nitrogen application rate in cycle 2, increased precipitation in the
second cycle and nitrogen’s high soil mobility led to lower leaf concentrations in the second
year of cultivation. Nitrogen averages in cycle 1 were within reference values, except for
the 100% dose, which was slightly above (54.19 g kg!). In cycle 2, only the 100% dose fell
within the recommended range, while the other doses ranged from 38.01 to 39.95 g kg~ !.
Despite significant differences, foliar nitrogen levels in the effluent-cycle interaction were
close to recommended values.

Foliar potassium content responded significantly to the effluent doses applied. The
highest potassium average was observed in the 0% dose, while the lowest was observed
at the 75% dose. This response may be linked to the competitive relationship between
potassium and sodium, with effluent application and subsequent sodium accumulation
possibly influencing K uptake. The potassium means ranged from 14.29 to 16.15 g kg 1.
Phosphorus content averaged between 1.94 and 2.25 g kg ! and increased with effluent
dose in the absence of inoculation.

Foliar calcium levels were higher in the second cycle and varied according to the
effluent concentration, with averages between 8.95 and 19.81 g kg~!, remaining within
recommended values. Magnesium levels also fell within the recommended range, ranging
from 5.61 to 8.55 g kg !, with the highest means at intermediate effluent doses in the second
cycle. Sulfur levels in the first cycle were all below the recommended range (average of
126 ¢ kg’l), while in cycle 2, some treatments met the recommended range, and others
exceeded it. In cycle 2, the sulfur content in inoculated plants decreased with increasing
effluent doses, while in non-inoculated plants, sulfur concentrations were lowest at 25%
and 50% effluent doses.

3.2.6. Chlorophyll Index

The relative chlorophyll index is directly related to chlorophyll content in the leaf and,
consequently, to its photosynthetic capacity, serving as an indicator of plant health. The
results obtained in this study show that the chlorophyll 4 index responded significantly
to the interaction among inoculation, cycle, and vegetative stage (Figure 7a), while the
chlorophyll b index responded to the effluent dose applied (Figure 7b) to the interaction
between inoculation and phenological stage (Figure 7c), and to the interaction between
cycle and phenological stage (Figure 7d).

For chlorophyll g, the highest means were observed at stage V3 in cycle 1 and at stages
R1 and R2 in cycle 2 in both inoculated and non-inoculated plants. For chlorophyll b,
the effluent dose that maximizes the response is approximately 85.35%, with the highest
values observed in reproductive stages when inoculation was present and in R4 without
inoculation. When comparing cycles, the best chlorophyll b results were obtained at V3 in
cycle 1 and at R2 and R4 in cycle 2.
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Figure 7. Result of the statistical analysis for (a) chlorophyll 2 in response to the inoculation and cycle
factor; chlorophyll b in response to (b) effluent, (c) inoculation and phenological stage, and (d) cycle
and phenological state; and total chlorophyll in response to (e) cycle and phenological state. Lower-
case letters differ for inoculum, numbers differ for cycle, and asterisks differ for phenological stage
(p < 0.05). WI: with inoculation; NI: without inoculation.
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Ist cycle
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3.2.7. Yield and Grain Quality

The physiological quality of grains in the first cultivation cycle was lower than in
the second, resulting in a reduced yield that fell below the national average of 3202 kg
ha~—! (CONAB, 2024) [8]. Higher temperatures during the first cycle likely contributed
to this outcome, as did the increased rainfall during the late developmental stages in
the first cycle, beginning around 110 days after sowing (DAS), corresponding to stages
R7 and R8 (beginning of maturity and full maturity). In response to the rainfall, plants
started producing new shoots at the nodes, which likely redirected photoassimilates and
compromised both plant maturation and grain quality.

Soybean yield did not respond significantly to different doses of treated slaughter-
house effluent used for irrigation. The primary factors influencing yield in this study
were inoculation and cultivation cycle, with their interaction showing significant effects
(Figure 8a). Non-inoculated soybeans in cycle 1 were the only group with a significantly
lower mean yield compared to the others.

(a) Yield (kg ha') (b) Grain dry matter (%)
100
al al
. 0 A AB A AB B
b? 80
70
60
2ndcycle Istcycle 2nd cycle 0
NI 0 25 50 75 100

Figure 8. Result of the statistical analysis for (a) yield in the interaction for the factors inoculum and
cycle and (b) grain dry matter in response to the effluent factor. Uppercase letters differ for effluent,
lowercase letters differ for inoculum, and numbers differ for cycle (p < 0.05). WI: with inoculation;
NI: without inoculation.

The bromatological analysis results for soybeans harvested in the second cycle are
presented in Table 4 in comparison with other studies and reference values from the
Organization for Economic Co-operation and Development (OECD). Most parameters
evaluated did not show significant differences for the factors studied, except for the dry
matter percentage, which showed a significant response to the effluent factor (Figure 8b),
with the lowest value observed in the 100% effluent treatment. However, all treatments
remained within the recommended range. This variation is likely associated with the
sodium applied to the soil, affecting the dynamics of photoassimilate accumulation in
the plants.
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Table 4. Average result of the bromatological analysis of soybean grains in the present study compared

with other studies and references.

This Study Etiosa et al. [26] Qin et al. [27] Alghamdi et al. [28] OECD [29]
Average Average cv Poongsan Average Average Min. Max.
Dry Matter 88.52 91.93 - 95.1 89.9 65.6 95.3
Mineral Matter 4.62 4.29 5.01 5.44 5.3 3.9 7
Crude Protein 45.03 37.69 35.05 39.02 39.5 332 45.5
Crude Fiber 11.8 5.44 4.75 - 7.8 - -
Ether Extract 22.55 282 17.27 21.16 16.7 8.1 23.6
Nitrogen-Free Extract 15.97 - - - - - -
Acid Detergent Fiber 10.5 - - - 12 7.8 18.6
Neutral Detergent Fiber 17.19 - - - 12.3 8.5 213

4. Discussion
4.1. Plant Height and Stand

The results align with findings from other studies, indicating that plant height var-
ied significantly by soybean genotype but not by the presence or absence of rhizobium
inoculation [30]. Kakabouki et al. [31] observed an increase in soybean plant height with
higher nitrogen doses, with 120 kg ha~! providing the best results compared to lower
doses and unfertilized soybeans. The higher plant stand in cycle 2 is consistent with the
increased plant height observed, as denser plantings tend to promote etiolation due to
light competition, though this response is also influenced by each cultivar’s intrinsic char-
acteristics [32]. Serafin-Andrzejewska et al. (2024) [14] reported that nitrogen application
combined with inoculation optimized germination and survival rates, resulting in higher
plant density, especially with moderate nitrogen dosages (30 kg ha~!). However, the results
of this study differed from these findings, as the nitrogen dose-response curve peaked
near 0%. Tukey’s test showed no significant differences in plant stand across effluent
doses, indicating minimal variation, which was also reflected in the low absolute values of
coefficients in the dose-response equation. The limited effect of effluent on plant stand was
expected, as stand establishment occurs within the first weeks after sowing when salt and
nutrient accumulation from effluent is still low.

4.2. Fresh and Dry Shoot Mass

As previously mentioned, higher temperatures and lower precipitation in cycle 1 (see
Materials and Methods) created conditions that negatively affected soybean and rhizo-
bium fitness [33]. Under these conditions, high nitrogen doses combined with inoculation
allowed the plants to accumulate more fresh shoot biomass. In more favorable environ-
mental conditions, high effluent doses may have impaired symbiosis. Kakabouki et al. [31]
reported that applying 120 kg ha™! of nitrogen increased dry shoot biomass. However,
environmental factors are known to have a significant impact on soybean yield, accounting
for 68% of variability, with nitrogen management practices contributing less than 1% [34].
Therefore, the more stressful environmental conditions in cycle 1 likely influenced soybean
response more than nitrogen supplied via effluent. In cycle 2, under more favorable con-
ditions for soybean development, the 100% effluent dose effectively increased dry shoot
biomass in the absence of inoculation.

4.3. Leaf Area and Normalized Difference Vegetation Index

Similar to the plant height response, leaf area may have been positively influenced
by denser planting in the second cycle, consistent with findings by Jariczak-Pieniazek [35].
These results also align with those of Szpunar-Krok et al. [10], who reported higher leaf
area index (LAI) in inoculated treatments; however, they found maximum LAI at stage
R3, whereas Montoya et al. [36] observed a peak between stages R4 and R5. Other studies
report positive leaf area index responses to nitrogen application. Gai et al. [12] found that
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LAI was higher in soybeans fertilized with 50 kg ha™! nitrogen compared to 0, 25, and 75
kg ha~! doses. Basal and Szab6 [37] also reported LAI increases with nitrogen application,
especially under water-stress conditions.

4.4. Root Parameters

Conversely, Da Silva [38] observed higher soybean yields associated with lower root
dry mass, suggesting that conditions that discourage root growth, such as higher soil mois-
ture and water availability, may positively influence grain yield. In line with our findings,
Gai et al. [12] reported negative root parameter responses to high nitrogen concentrations.
While the 50 kg ha~! dose had positive effects on root parameters, a 75 kg ha~! nitrogen
dose inhibited root activity and reduced root dry mass. McCoy et al. [39] corroborated this,
reporting a 19% reduction in belowground biomass, with shorter root length and smaller
root area in plants receiving 135 kg ha ! nitrogen. Samudin and Kuswantoro [30] observed
that inoculants increased root dry matter while reducing root length in soybeans. In the
presence of Bradyrhizobium spp. inoculation, no difference was found in foliar phosphorus
levels, possibly due to phosphorus retention in the roots to support nitrogen fixation [33].

4.5. Foliar Diagnosis

The foliar nutrient diagnosis revealed significant variations in macronutrient and
sodium concentrations in response to treated effluent application, inoculation, and cultiva-
tion cycle. The observed nitrogen concentrations were higher in the first cycle compared to
the second, aligning with nitrogen translocation within plants and the high mobility of this
nutrient in soil. Although nitrogen application rates were increased in the second cycle,
precipitation may have diluted its soil availability, resulting in lower leaf concentrations.
Despite these variations, nitrogen levels in most treatments fell within or near the reference
range for legumes, demonstrating the feasibility of effluent irrigation as an alternative
nitrogen source.

Potassium concentrations were highest in the absence of effluent application and
decreased with increased sodium accumulation from effluent treatments, supporting evi-
dence of competitive absorption between these cations. This interaction has been widely
documented as a limiting factor in potassium uptake under saline conditions. Similarly,
phosphorus concentrations showed treatment-specific variations, with the absence of
Bradyrhizobium spp. inoculation enhancing phosphorus uptake at higher effluent doses.
This pattern is likely due to reduced phosphorus retention in roots under non-symbiotic
conditions, as previously reported in soybean studies [33].

Conversely, calcium, magnesium, and sulfur concentrations were elevated in the
second cycle, potentially due to the increased application of these nutrients via effluent.
Calcium and magnesium levels consistently met the recommended ranges, highlighting
the effluent’s role in supplementing essential secondary macronutrients. In contrast, sulfur
concentrations varied by treatment, with inoculated plants demonstrating lower sulfur
content under higher effluent doses, potentially due to the metabolic demands of nitrogen
fixation on sulfur assimilation pathways.

Sodium accumulation showed a notable interaction with the effluent and inoculation
factors. Higher sodium levels were detected in non-inoculated treatments, suggesting
that Bradyrhizobium spp. may mitigate sodium uptake, potentially by enhancing plant
resilience to osmotic stress through improved nitrogen assimilation. Additionally, sodium
concentrations were higher in the first cycle under 75% and 100% effluent treatments,
correlating with lower rainfall and reduced leaching.
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4.6. Chlorophyll Index

The highest total chlorophyll levels were observed at V3 in cycle 1 and at R2 in cycle
2, followed by treatments at R1 in cycle 2, R4 in both cycles, and, lastly, the lowest values
were seen in R1 and R2 in cycle 1 and V3 in cycle 2. The chlorophyll index is positively
influenced by nitrogen and sulfur application, rhizobium inoculation, and higher plant
water content [12,37,38,40]. Accordingly, chlorophyll index results from this study indicate
that, generally, plants were healthier at V3 than at reproductive stages during cycle 1, while
in cycle 2, plant health peaked near stage R2. In interaction with the inoculation factor,
inoculation improved chlorophyll b levels during reproductive stages but did not positively
affect chlorophyll a when interacting with the cycle, instead showing a reduction at R4 in
the second cycle.

4.7. Yield and Grain Quality

Higher maximum temperatures in the first cycle likely contributed to the difference in
grain quality, as reported by other authors; elevated temperatures negatively affect soybean
fitness and yield [33,41]. This result suggests that under more limiting environmental
conditions, rhizobium inoculation supports soybean response, whereas inoculation has
no significant effect in favorable conditions. The positive effect of inoculation on soybean
yield has been documented in several studies [10,14], as well as its beneficial effects on
physiological responses [30]. This positive effect can occur due to various factors reported
in the literature, including improved nutrient availability and uptake, enhanced plant
growth, increased pathogen resistance, greater biomass accumulation [42], and increased
salt stress tolerance [43]. The latter effect is particularly relevant to this study, as sodium
concentrations in leaves correlated positively with effluent application in cycle 1.

The average yields in this study are compared with those from other scientific studies
in Table 5. Other authors also found no significant yield difference in response to nitrogen
application [10,11,44]. Kakabouki et al. [31], however, noted a significant yield increase
with higher nitrogen doses. La Menza et al. [45] compared soybean production under
limited versus abundant nitrogen supply across 13 environments, concluding that nitrogen
limitation affects yield in high-productivity environments, with the extent of this limitation
modulated by pre-existing soil nitrogen.

Table 5. Comparison of soybean yield values in the present study with average soybean yields found
in the literature. Uppercase letters differ for effluent, lowercase letters differ for inoculum (p < 0.05)
in this study, while different letters within each study denote specific treatment differences. WI: with
inoculation; NI: without inoculation.

This Study Santachiara et al. [11] Flajsman et al. [44] Kakabouki et al. [31] Szpunar-Krok et al. [10]
SP-Brasil Argentina Slovenia Greece Poland
Treatment kg ha-1 Treatment kg ha-1 Treatment kg ha-1 Treatment kg ha-1 Treatment kg ha-1
WICycle 1 2782 Aa OkgNha™! 4968 WI 3093 OkgNha™! 40664095 ¢ OkgNha™! 3740
NICycle1 1823 Bb 600kg N ha! 5081 NI 3162 80kgNha™! 4208-4225bc 30kgNha! 3860
WICycle 2 3180 Aa Control 3044 100 kg Nha™! 4327-4343ab  60kgNha! 3950
NICycle2 3190 Aa Zeolite 600 kgha ! + 3161 120kgNha! 44414462 a NI 3610b

30kgNha~! +72-90 cCpi 1 ®
kgN ha-1 3174 WI HiStick 4010 a
Zeolite 600 kgha ! +
30kgNha'+72-90 3132 WI Nitragina 3940 a
kgNha!

Mourtzinis et al. [34] assessed nitrogen application in soybeans under different man-
agement practices, noting that split applications, surface applications, and applications
distributed across vegetative and reproductive stages (rather than solely reproductive)
yielded better results. However, only 1% of environmental variation was attributed to
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nitrogen fertilization. Hoffaman et al. [46] supported this, showing that soybeans are more
sensitive to water deficiency than nitrogen deficiency, a finding mirrored by Montoya
et al. [36] in their yield responses to irrigation. Recent studies in Brazil found significant
soybean yield differences when grown after sorghum fertilized with increasing nitrogen
doses (0, 50, and 100 kg ha~'), with higher yields when nitrogen application was combined
with no-till soybean planting after sorghum [15]. Yield averages in this study also varied by
production year, with estimated yields ranging from 2250 to 3250 kg ha~! in the 2019-2020
season and 2500 to 3500 kg ha~! in the 20212022 season.

While numerous studies report that biological nitrogen fixation (BNF) is inhibited by
nitrogen fertilization [11,47,48], this process is also strongly modulated by other factors.
According to Santachiara, Salvagiotti, and Rotundo [33], phosphorus and potassium are
major BNF promoters, while sulfur and other micronutrients also have positive impacts.
It is also important to note that reduced BNF due to nitrogen application is not directly
related to decreased yield, as soils with adequate mineral nitrogen supply can balance
nitrogen sources [49].

The lack of significant yield response to effluent suggests that nitrogen sources com-
pensated sufficiently to meet soybean needs, even if some biometric parameters were
affected, as seen earlier. However, the importance of Bradyrhizobium spp. inoculation in
mitigating adverse effects on soybean performance is evident.

The quality of grains from the second cycle was satisfactory, not only meeting estab-
lished nutrient levels but also exhibiting high crude protein content compared to other
studies. Since nitrogen application can increase seed protein content [37,50], the high
crude protein values and lack of significant differences in this variable support the earlier
discussion that nitrogen deficiency was not a concern in the second cycle due to the balance
between nitrogen sources.

5. Conclusions

This study evaluated the impact of irrigation with treated slaughterhouse effluent on
soybean growth, development, and yield under different effluent concentrations, with and
without Bradyrhizobium spp. inoculation. Effluent application enhanced plant height, leaf
area, and biomass, with the most significant effects observed at higher effluent concentra-
tions combined with inoculation in the first cycle. Foliar nitrogen increased with elevated
effluent doses in the first cycle, while chlorophyll b index peaked at 85.35% effluent irriga-
tion. Yield was not significantly affected by effluent dilutions, highlighting the dominant
influence of environmental factors.

Cycle-dependent variations in environmental factors, particularly rainfall and nitrogen
concentrations in the effluent, influenced crop responses, underlining the importance of
adjusting effluent application to the specific climatic conditions of each growing season.
Inoculation with Bradyrhizobium spp. proved beneficial in promoting plant health and
yield, particularly under suboptimal conditions, reinforcing the importance of microbial
symbiosis for sustainable crop management.

Overall, this study supports the viability of using treated effluent as an alternative
irrigation source in soybean production, with potential benefits for reducing reliance on
chemical fertilizers and conserving freshwater resources. Careful management of effluent
dosage is essential to maximize yield and ensure the compatibility of effluent irrigation
with sustainable agricultural practices. Further research is recommended to explore the
long-term agronomic impacts and the economic feasibility of large-scale effluent reuse in
soybean and other legume crops, contributing to more sustainable agriculture in water-
scarce regions.
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