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ABSTRACT

Temporary water deficits during the rainy season adversely affect surface soil, limiting the
solubilization of granular fertilizers applied in surface bands. The objective of this study was to
evaluate the effectiveness of liquid and granular fertilization in combination with biochar on the
yield and profitability of peanut (Arachis hypogaea L.) in rainfed agroecosystems. The study was
carried out during the January-June period of both the 2023 and 2024 seasons. Four treatments
were evaluated: liquid fertilization + biochar (LFB); conventional fertilization + biochar (CFB);
conventional fertilization (CF); and a control treatment (no fertilization). The main variables
recorded were seed yield, the partial factor productivity of NPK (PFP,,), and net economic benefit
(NEB) of fertilization. The results showed that fertilization treatments significantly influenced (p
< 0.05) seed yield and partial factor productivity of NPK (PFP ). LFB produced the highest yield
values with 2007 kg ha?, exceeding CFB, CF, and the control by 182, 396, and 637 kg, respectively.
LFB also achieved the highest increases in PFP,, compared with CFB and CF, indicating greater
nutrient use efficiency. The highest NEB of fertilization was obtained with LFB, with USD 518 ha”,
compared with USD 377 and 186 ha™ for CFB and CF, respectively. It is concluded that the combined
application of liquid fertilizer and biochar is an economically viable and sustainable strategy for
rainfed peanut production, particularly under surface soil water deficit.
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INTRODUCTION

Peanut (Arachis hypogaea L.) is one of the
most widely consumed oilseeds worldwide
and is commercially valued for the production
of bioactive compounds. It is an energy-dense
food containing a high amount of fats, proteins,
carbohydrates, as well as fat- and water-soluble
vitamins and minerals that are important for
human health (Ciftci and Suna, 2022; Bonku and
Ju, 2023). In Ecuador, peanut cultivation occupies
15,000-20,000 hectares annually, mainly in the
drylands of the provinces of Loja, Manabi, El Oro
and Guayas (Guaman et al., 2014).

The implementation of more efficient and
resilient agricultural practices can increase
productivity per hectare, thereby reducing
costs, minimizing impacts on natural resources,
improving access to competitive markets, and
promoting more sustainable production (Betiol
et al., 2023; Taylor et al., 2024). Enhancing crop
productivity under the current climate crisis is
essential to improving farmers’ profitability,
ensuring food security, and strengthening local
economies (Puppala et al., 2023; Gelaye and Luo,
2024).

Rainfed agriculture relies on annual rainfall
cycles and is highly vulnerable to climate change.
Extreme weather events, such as sudden and
intense droughts during the rainy season, can
lead to water deficits and have severe social and
economic impacts on dryland production systems
(Salmoral et al., 2018; Ahmed et al., 2022; Speer et
al., 2024; Chen et al., 2025). In Ecuador, 76% of
agriculture is rainfed; in the coastal area, 83%
of annual rainfall is concentrated within a short
period, typically between January and April,
while short droughts during the rainy season
have become increasingly frequent in recent
years, adversely affecting the productivity of
rainfed peanut crops. (Pérez et al., 2018; Matailo-
Ramirez et al., 2023; INEC, 2023). Another factor
affecting peanut production is the low water-
holding capacity of the soils, which have lost
approximately 50% of their organic carbon
reserves due to the annual intensive burning of
crop residue, a practice carried out on more than
87% of agricultural soils in Manabi, Ecuador,
the province with the largest area under peanut
cultivation (Mesias et al., 2018; INEC, 2023).

Temporary water deficits caused by sudden
droughts during the rainy season reduce
surface soil moisture, negatively affecting
crop fertilization and nutrition by limiting the
solubilization of granular fertilizers applied in
surface bands, which in turn increases the loss
of essential nutrients, such as nitrogen, through
volatilization due to insufficient moisture and

runoff when intense rains return (Siman et al.,
2020; Lisboa et al., 2020; Yao et al., 2021; Furtak
and Wolinska, 2023). When surface soil moisture
is insufficient, fertilizers such as urea cannot
dissolve and move effectively to deeper soil layers,
leading to hydrolysis that produces ammonia
(NH,), which is easily lost as a gas, particularly
under high temperatures that accelerate NHj
volatilization (Motasim et al., 2024; dos Santos et
al., 2025). After periods of sudden drought, intense
rainfall often occurs in short periods, contributing
to nitrogen loss through leaching. Excess water
carries nitrates (NOj") into deeper soil layers,
beyond the reach of plant roots, because unlike
ammonium ((NH,"), nitrate does not readily
adhere to soil particles. This loss not only reduces
the effectiveness of applied fertilizers but can also
lead to groundwater contamination (Dong et al.,
2022; Hina, 2024).

It has been well documented that nutrient
availability and uptake by roots are closely
linked to soil moisture and, consequently, plants
can be simultaneously limited by both water and
mineral nutrients during sudden drought events
(Plett et al., 2020; Furtak and Woliniska, 2023).
This is particularly serious in peanut cultivation,
as a decrease in surface soil moisture increases
resistance to penetration by gynophores,
affecting their viability and the formation of pods
and seeds (Haro et al., 2011). Furthermore, the
mineral nutrition of peanuts can also be reduced
when gynophores fail to penetrate the soil, since
they are involved in the absorption of water and
nutrients (Kumar et al., 2019).

Liquid fertilization applied near the roots
using specialized equipment for injection and
dosing emerges as an advantageous technology
for dryland production systems, as nutrients
are delivered in a diluted form that facilitates
their movement toward the root zone, thereby
improving nutrient uptake, particularly during
periods of surface soil water deficit (Weeks and
Hettiarachchi, 2019; Bogusz et al., 2021; Motasim
et al., 2022). Moreover, biochar is widely
recommended as a soil amendment to improve
properties such as water and nutrient retention,
particularly in drylands prone to sudden water
deficits (Acharya et al.,, 2024). Previous studies
have shown that biochar application significantly
increases soil moisture as well as the availability
of N, P, and K (Razzaghi et al., 2020; Bekchanova
et al., 2024). Among the properties of biochar
that contribute to improved soil moisture and
nutrient retention is its highly porous structure,
with micro- and mesopores that store water and
nutrients. In addition, biochar has a high specific
surface area, which facilitates greater interaction
with soil water and nutrients (Qi et al., 2024;
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Zhang et al., 2024). It also exhibits a high cation
exchange capacity, as it develops negative charges
that help retain cationic nutrients such as Ca*,
Mg, K and NH/", thereby reducing leaching.
Biochar produced at low temperatures (<500 °C)
is generally more hydrophilic, enhancing water
retention in dry soils (Qi et al., 2024; Zhang et al.,
2024).

The positive effects of combining liquid
fertilization with biochar have not been evaluated
in rainfed peanut systems in Ecuador, where
temporary rainfall deficits can reduce surface
soil moisture and negatively affect crop nutrition
when granular fertilizers are applied. Applying
liquid fertilization in combination with biochar
to the root zone may enhance peanut yield.
Therefore, the main objective of this study was to
evaluate the effectiveness of liquid and granular
fertilization combined with biochar on peanut
yield and profitability in rainfed agroecosystems.

MATERIALS AND METHODS

Study site

The study was conducted during the 2023 and
2024 rainy seasons at the El Viento site, Tosagua,
Manabi Province, Ecuador. The experimental site
was located at 0°49'10.55”S and 80°18'01.2"W
(Fig. 1), at an altitude of 61 meters above sea level.

Edaphoclimatic characteristics

The experimental site has an average annual
temperature of 25.81°C, annual precipitation
of 500.80 mm, 1,038 hours of sunshine per year,
and a relative humidity of 77%. Fig. 2 shows the
ombrothermic diagram of the experimental site
from January to June, which corresponds to the
rainfed cropping season in Ecuador.

Initial soil analysis at the experimental site
indicated a silty-loam texture (22% sand, 54% silt,
and 24% clay), a pH of 7.1, and an organic matter
content of 2.1%. Nutrient concentrations were
as follows: N-NH, (19 mg kg'), P (21 mg kg"),
K (0,38 emol , kg"), Ca (9,1 cmol , kg™), Mg (2,2
cmol ,, kg"), S (26 mg kg), Zn (3,2 mg kg™), Cu
(6,6 mg kg'), Fe (26 mg kg'), Mn (9,4 mg kg?),
and B (0,58 mg kg™?).

N, P, K, Ca, Mg, Cu, Fe, Mn, and Zn were
measured using the modified Olsen method,
while B and S were extracted using monobasic
calcium phosphate. Nutrient determination
was performed using colorimetry for N, P, and
B; atomic absorption spectrophotometry for K,
Ca, Mg, Cu, Fe, Mn, and Zn; and turbidimetry
for S. Soil pH was measured in a 1:2.5 soil:water
suspension, and organic matter content was
determined by the Welkley-Black method
(Shamrikova et al., 2022).
Treatments,  experimental and
experimental units

The planting material used was the INIAP —
380, Valencia-type peanut variety, characterized
by semi-erect growth, flower production on the
main stem, and a productive cycle of 100-105
days. The treatments evaluated were as follows:
Liquid Fertilization + Biochar (LFB); Conventional
Fertilization + Biochar (CFB); Conventional
Fertilization (CF); and a control treatment.

A randomized complete block design was used
with four treatments and five replicates, totaling
20 experimental units. Each experimental unit
consisted of 25 m? plots. Planting spacing was
0.50 m between rows and 0.20 m between plants,
with two plants per hole, and a planting density
of 200,000 plants ha™.
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Fig. 1. Geographical location of the experimental site.
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Fig. 2. Ombrothermic diagram for the January—June period of 2023 and 2024 in Tosagua, Ecuador.

Variables and data analysis

Yield components were recorded, including
the number of pods and kernels per plant, as
well as the weight of 100 pods and kernels. At
harvest, ten plants were randomly sampled from
the center of each experimental unit. From these
samples, the number of pods and kernels per
plant was counted, considering only fully formed
pods of commercial quality. To determine 100-
pod and 100-seed weights, random samples of
100 pods and 100 seeds were taken, and their
weight (g) was measured using a Hanna precision
analytical balance. Both pod and seed yields were
determined 15 days after harvest, as the freshly
pulled pods were still humid and had wet soil
(mud) adhering to them. To facilitate drying, the
plants were pulled and turned over to expose the
pods to natural air-drying. After this period, the
pods were threshed and then shelled.

From each experimental unit, plants were
collected from a 2 m? area in the center of the
plot. Commercial pods were harvested, and their
weight (g) was recorded and then converted to kg
ha™. For seed yield, pods from the same 2 m? area
were shelled, and seed weight (kg) and moisture
content were recorded. Moisture content was
standardized at 14% using Equation [1], and seed
yield was expressed as kg ha™.

W (100—M) [1]

SW (14 %) = 100-Md

Where:

SW = standardized weight, W = current weight
(kg), M = current seed moisture (%), Md = desired
seed moisture (14%).

The harvest index (HI%) was determined
following the methodology proposed by Mukhtar
etal. (2013). First, the total dry matter of the plants
was estimated by collecting a sample of five
plants per experimental unit, which were oven-
dried at 70°C for 48 hours. The harvest index was
then calculated using Equation [2]:

seed yield per plant (g)
Total dry matter per plant (g)

HI (%) = x100 [2]

The partial factor productivity (PFP) of NPK
was estimated using the methodology proposed
by Jain et al. (2021a), using Equation [3].

Seed yield (kg ha™1) 3
Applied dose of NPK (kg ha™1)

PFPypi(kg kg™) =

Agronomic data were analyzed using one-
way ANOVA, and means comparisons were
performed using Tukey’s test (o = 0.05). All
statistical analyses were conducted using the
InfoStat statistical package, version 2020.

The net economic benefit of the fertilization
treatments was obtained using the methodology
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proposed by Duicela and Ponce (2015). First, the
variable costs associated with each fertilization
treatment (VCF) were estimated, including the
cost of fertilizers, biochar, application labor,
and harvesting labor. For the control treatment,
variable costs related to fertilization and biochar
were considered zero (VCF = 0). Total revenue
(USD ha') was calculated based on seed yields
(kg ha') and the unit sale price (USD kg*). The
increase in revenue (USD kg') was determined
as the difference between the yields of the
fertilization treatments and the control treatment.
The increases in costs and revenue were then
used to estimate the specific net benefits of the
fertilization treatments.

Experimental management

Prior to sowing, the seeds were treated with
Imidacloprid + Thiodicarb at a dose of 25 mL
kg! of seed. During the fourth quadruple leaf
stage and at full bloom, the crop was attacked by
fall armyworm (Stegasta bosqueella), which was
controlled with an application of Spinetoram at
0.1 L ha", followed by a co-formulated insecticide
based on Thiamethoxam + Lambda-cyhalothrin at
0.3 L ha'. Additionally, leathopper (Phyllophaga
sp,) damage occurred at crop emergence and
was controlled with a drench application of
Chlorpyrifos 1 L ha™.

Pre-emergence weed control was carried out
with the herbicides Pendimethalin + Linuron
at doses of 2.5 and 1.0 L ha’ of each product,
respectively. Post-emergence weed control
was carried out with the selective herbicides
Imazetapyr + Haloxyfop, at doses of 1 L ha™ of
each product.

Fertilization was carried out with 75, 23, and
50 kg ha' of N, P,0,, and K,O, respectively. In the
conventional granular fertilization treatment, the
following fertilizers were applied: urea (46 % N),
di-ammonium phosphate (12% N and 46% P,O,),
and potassium chloride (60% K,O). Granular
fertilization was applied in a surface band.

For the liquid fertilizer treatment, urea (46%
N), soluble monopotassium phosphate (52% P,O,
and 34% K O), and soluble potassium chloride
(60% K,O) were used, with solubilities of 1,080,
225, and 200 g L of water, respectively. In both
treatments, fertilization was divided into two
applications: the first at crop emergence and the
second at the beginning of flowering, with 100%
of the phosphorus applied in the first fraction.

For liquid fertilization, stock solutions were
prepared in separate tanks, taking into account
the solubility and compatibility of the fertilizers.
For the first liquid fertilization, urea was dissolved
in tank A and mono-potassium phosphate in tank
B; the solutions were then mixed and brought to

a final volume of 2,500 L of water (equivalent to
12.5 tanks of 200 L ha'). From this solution, 25
mL was applied per planting spot (two plants
per hole) using a drench method with manual
pressure-dosing pump (Guarany SP-0405.11). For
the second liquid fertilization, a stock solution of
urea + soluble potassium chloride was prepared
in a single tank and brought to the same final
volume of 2,500 L ha, in order to apply the same
solution volume per planting spot as in the first
fertilization (25 mL).

Biochar was applied to the planting row at
the time of planting at a dose of 50 g per linear
meter, equivalent to 1 t ha'. The biochar used in
this study was produced by pyrolysis of wood
residues from the carob tree (Prosopis pallida).
It was manufactured on a small scale using
artisanal equipment based on the Anila stove
design. Maximum temperatures during pyrolysis
ranged from 350 to 550 °C, with process times at
temperatures > 300 °C lasting up to 3 hours, due
to the density of carob wood. Once produced,
the biochar was ground in a stainless-steel mill
(Sk100, Retsch, Germany) to a mesh size <2 mm.
Table 1 shows the physicochemical characteristics
of the evaluated biochar.

RESULTS

Yield components were significantly affected
(p < 0.05) by the fertilization treatments during
the 2023 and 2024 seasons (Table 2). In 2023, pod
production per plant was significantly higher
under LFB, with increases of 11.76%, 17.24%, and
26.86% with respect to CFB, CF, and the control,
respectively. A similar trend was observed in
2024, since LFB increased pod production by
11.83%, 19.50%, and 34.64% compared with CFB,
CF, and the control, respectively (Table 2).

A similar effect was observed for seed
production, where LFB achieved the highest mean
values. In 2023, LFB increased seed production by
11.35%, 16.52%, and 26.65% compared with CFB,
CF, and the control, respectively. This trend was
also observed in 2024, with increases of 11.55%,
20.84%, and 33.06% with respect to the same
treatments, respectively (Table 2).

For the 100-pod weight, the LFB treatment also
produced the greatest gains, surpassing CFB, CF,
and the control by 3.50, 6.43, and 13.40 g in 2023,
and by 5.51,10.09, and 19.77 g in 2024, respectively
(Table 2). Similarly, 100-seed weight was highest
under LFB, exceeding CFB, CF, and the control by
3.15, 4.61, and 12.77 g in 2023, and by 2.83, 5.21,
and 10.80 g in 2024, respectively (Table 2).

Pod yield, seed yield, and harvest index
were significantly influenced by the evaluated
treatments (p < 0.05). All fertilization treatments
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Table 1. Chemical characterization of the biochar used in the experiment.

Parameter Unit Carob wood
Dry Matter % 92,9
Moisture % 7,1
Bulk density gL! 260
pH - 7.5
EC mS cm! 1,1
Organic matter % 66,8
Carbon % 38,8
Carbon-nitrogen ratio (C:N) % 42/1
Total Nitrogen (N) % 1,0
Phosphorus (P) % 0,06
Potasium (K) % 0,22
Calcium (Ca) % 1,01
Magnesium (Mg) % 0,08
Sodium (Na) % 0,03
Iron (Fe) mg kg™ 194
Manganese (Mn) mg kg™ 12,6
Copper (Cu) mg kg™ 4,9
Zinc (Zn) mg kg™ 6,1
Boron (B) mg kg™ 33,4

Table 2. Effect of fertilization and biochar treatments on yield components in rainfed peanut

production.
Seeds per Weight of 100 Weight of 100
Treatments Pods per plant plant pods (g) seeds (g)
Year 2023
LFB 24.65 aV 85.75a 143.00 a 68.12 a
CFB 21.75b 76.02 b 139.50 ab 64.97 a
CF 20.40b 71.58 b 136.57 b 63.51 a
CT 18.03 ¢ 62.90 ¢ 129.60 ¢ 55.35b
p-value ANOVA 0.0001 0.0001 0.0001 0.0007
CV. % 5.72 5.07 1.79 5.62
Year 2024
LFB 25.03 a 84.44 a 142.16 a 67.79 a
CFB 22.07 ab 74.69 b 136.65 b 64.96 ab
CF 20.15b 66.84 b 131.26 ¢ 62.58 b
CT 16.36 ¢ 56.52 ¢ 122.39 d 56.99 ¢
p-value ANOVA 0.0001 0.0001 0.0001 0.0001
CV. % 8.06 7.08 1.78 3.12

V Different letters within the same column indicate significant differences according to Tukey’s test (ct
=0.05). LFB: Liquid fertilization + biochar; CFB: Conventional fertilization + biochar; CF: Conventional

fertilization; CT: Control treatment.

(LFB, CFB, and CF) resulted in higher mean
values compared to the non-fertilized control.
Moreover, fertilization combined with biochar
(LFB and CFB) further enhanced yields and
harvest index, with the liquid fertilization
producing the highest significant values. LFB

recorded the highest pod yield, with a significant
additional increase of 214.75, 380.00, and 686.67
kg ha' in the 2023 season, and 195.55, 602.22 and
917.77 kg ha in the 2024 season, with respect to
CFB, CF, and the control, respectively (Table 3).
A similar trend was observed for seed yield, as
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Table 3. Effect of fertilization and biochar treatments on pod yield, seed yield, and harvest index in

rainfed peanut production.

Treatments Pod yield (kg ha') Seed yield (kg ha?) Harvest index (%)

Year 2023
LFB 2748.89 aV 1983.71 a 23.30 a
CFB 2534.14 ab 1794.81 b 20.65b
CF 2368.89 be 1610.38 b 19.58 b
CT 2062.22 ¢ 1395.45 ¢ 16.71 ¢
p-value ANOVA 0.0004 0.0001 0.0001
CV., % 7.30 4.49 6.04

Year 2024
LFB 2884.44 a 2031.05 a 23.62 a
CFB 2688.89 ab 1854.98 a 21.88 ab
CF 2282.22 b 1613.55 b 20.31b
CT 1966.67 ¢ 1345.91 ¢ 17.90 ¢
p-value ANOVA 0.0002 0.0001 0.0001
CV., % 9.64 6.89 5.68

Y Different letters within the same column indicate significant differences according to Tukey’s test (a
=0.05). LFB: Liquid fertilization + biochar; CFB: Conventional fertilization + biochar; CF: Conventional

fertilization; CT: Control treatment.

LFB recorded the highest values, with significant
increases of 188.90, 373.33, and 588.26 kg ha' in
the 2023 season, and 176.07, 417.70, and 685 kg
ha in the 2024 season, compared with the same
treatments (Table 3). Regarding the harvest index,
the same trends were observed as for pod and
seed yield, with LFB achieving increases of 11.37,
15.97, and 28.28% in the 2023 season and 7.37,
14.01, and 24.22% in the 2024 season with respect
to CFB, CF, and the control, respectively (Table 3).

Partial factor productivity (PFP,) is an
important indicator of fertilization efficiency. The
results showed that it was significantly influenced
(p<0.05) by the fertilization treatments evaluated,
where the greatest responses observed under the
LFB treatment (Table 4). In the 2023 season, LFB
produced an additional FPP of 2.52 and 4.18
kg of seed per kg of applied N, compared with
CFB and CF, respectively. Additionally, LFB
achieved significant increases of 8.21 and 13.63
kg of seed per kg of applied P,O, for FPP,; and
3.77 and 6.26 kg of seed per kg of applied K,O
for FPP,, compared with CFB and CF treatments,
respectively (Table 4). In the 2024 season, LFB
achieved the highest average values of FPP,,
FPP, and FPP,, although there were statistically
similar to those of CFB. For FPP, LFB recorded
increases of 1.01 and 5.57 kg of seed per kg
of N applied, compared with CFB and CF,
respectively. For FPP, LFB recorded increases
0f3.31 and 18.16 kg of seed per kg of P,0,applied
relative to the same treatments, respectively. The
FPP,_ was also statistically higher in LFB, with

increases of 1.52 and 8.35 kg of seed per kg of K,O
applied, compared with CFB and CF treatments,
respectively.

Table 5 presents the total economic benefits of
the crop and the net benefits of the fertilization
treatments. In the 2023 season, LFB achieved a net
economic benefit of USD 441 ha’!, which resulted
in a net increase of USD 152 and 297 ha over CFB
and CF, respectively. For the 2024 season, LFB
reached a net economic benefit of USD 596 ha’l,
corresponding to net gains of USD 131 and 368 ha™!
with respect to CFB and CF, respectively (Table
5). The greater economic benefits observed in
the fertilization treatments that included biochar
(LFB and CFB) compared with conventional
fertilization (CF) are due to greater increases in
yield and revenues, indicating that the use of
biochar is an economically viable technology
for enhancing fertilization effects. Likewise, the
higher economic benefit of liquid fertilization
(LFB) compared with conventional fertilization
(CFB and CF) indicates that, in rainfed peanut
production where surface soil moisture may be
reduced by temporary rainfall deficits, the use of
liquid formulations can be a more economically
effective alternative than the application of
granular fertilizers (Table 5).

DISCUSSION
The results for the yield components are

consistent with those reported by Jain and Meena
(2015) and Jain et al. (2021a), who reported
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Table 4. Effect of fertilization and biochar treatments on the partial factor productivity (PFP) of N, P,

and K in rainfed peanut production.

PFP
(kg of seeds kg* NPK)
Treatments N PO, K,O
Year 2023
LFB 26.45 aV 86.25 a 39.67 a
CFB 23.93b 78.04 b 35.90b
CF 2227 ¢ 72.62 ¢ 33.41 ¢
p-value ANOVA 0.0003 0.0024 0.0001
CV. % 3.71 3.96 4.07
Year 2024
LFB 27.08 a 88.31 a 40.62 a
CFB 26.07 a 85.00 a 39.10 a
CF 21.51b 70.15b 32.27b
p-value ANOVA 0.0005 0.0002 0.0014
CV. % 5.72 5.44 5.68

V Different letters within the same column indicate significant differences according
to Tukey’s test (a« = 0.05). LFB: Liquid fertilization + biochar; CFB: Conventional
fertilization + biochar; CF: Conventional fertilization

Table 5. Net economic benefit of the fertilization treatments on rainfed peanut production.

Treatments TC NVCF VCF IVCF YLD IYLD USP RIF TR TEB NEB
Year 2023
LFB 1,800 1,000 800 500 1,984 588 1.6 941 3,174 1,374 441
CFB 1,650 1,000 650 350 1,795 399 1.6 638 2,872 1,222 289
CF 1,500 1,000 500 200 1,610 215 1.6 344 2,576 1,077 144
CT 1,300 1,000 300 - 1,395 - 1.6 - 2,233 933 -
Year 2024
LFB 1,800 1,000 800 500 2,031 685 1.6 1,09 3,250 1,450 596
CFB 1,650 1,000 650 350 1,855 509 1.6 814 2,968 1,318 465
CF 1,500 1,000 500 200 1,614 268 1.6 429 2,582 1,082 228
CT 1,300 1,000 300 - 1,346 - 1.6 - 2,153 853 -

TC: Total costs (USD ha'), NVCF: Costs that do not vary with fertilization — USD ha™ (seed, land preparation,
sowing, phytosanitary control), VCF: Costs that vary with fertilization — USD ha™! (fertilizers, biochar, applications,
and harvest costs), IVCF: Increase in costs that vary with fertilization — USD ha™ (IVCF = VCF treatments — VCF
control), YLD: Yield (kg ha'), IYLD: Increase in yield of fertilization treatments in relation to the control (IYLD
= YLD treatments — YLD control), USP: Unit sale price (USD ha™), RIF: Revenue increase from fertilization in
relation to the control — USD ha' (RIF = IYLD * USP), TR: Total revenue USD ha' (TR = YLD * USP), TEB: Total
economic benefit — USD ha (TEB = TR — TC), NEB: Net economic benefit of fertilization — USD ha (NEB = RIF

~IVCF).

higher pod and seed production per plant, as
well as higher seed and pod weights, when
liquid fertilization was applied via drip irrigation
compared with surface application of granular
fertilizers, which resulted in significantly lower
values.

Regarding the effect of biochar application,
the results of the present study agree with those

of Zheng et al. (2021), who reported higher pod
and seed production and increased seed weight
per plant in biochar + fertilization treatments
compared with the control without biochar.
Biochar improved yield components even
under varying levels of water stress. Similarly,
Shikha et al. (2023) observed higher 100-
pod and 100-seed weights when biochar was
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combined with biofertilizers, compared with
treatments without biochar. Furthermore, the
productivity levels observed in this study are
similar to those described by Jain and Meena
(2015), who reported yields of pod and seed
yields of 2.67 and 1.82 t ha’, respectively, when
fertilization was applied through fertigation,
compared with significantly lower yields under
conventional fertilization. AJain et al. (2021a)
reported pod and seeds yields of 3,791 and 2,657
kg ha with fertigation, compared with 3,161 and
2,100 kg ha' under conventional fertilization,
which shows the greater effectiveness of liquid
fertilization. Similarly, the yields achieved with
the combination of fertilizer and biochar (LFB
and CFB) are consistent with those reported
by Agegnehu et al. (2015), who observed yield
increases of 18-24% with combined fertilizer
and biochar applications in peanuts, compared
with the 12-20% increases obtained in the
present study. Additionally, Gao et al. (2017)
reported yield increases of up to 16.8% in peanut
production when biochar-based fertilizers were
applied, compared with treatments without
biochar. Comparable results were also reported
by Shikha et al. (2023), who reported an average
yield of 2.30 t ha™ with biochar and fertilization,
in contrast to 1.74 t ha obtained with fertilization
alone.

Regarding the harvest index, our results align
with those described by Jain and Meena (2015)
and Samanhudi et al. (2023), who observed a
higher harvest index in peanuts when liquid
fertilization was combined with biochar.

Regarding fertilizer use efficiency, the results
of the present study highlight the superior
performance of the combined use of liquid
fertilization and biochar in rainfed peanut
production. These findings are consistent
with those reported by Jain et al. (2021a), who
observed increases in FPP, ranging from 3.6
to 24.4 kg of seeds per kg of fertilizer applied
under fertigation, compared with conventional
fertilization. Similarly, the results align with Jain
et al. (2021b), who reported increases in N, P, and
K uptake in peanut biomass production of up
to 17.5, 4.4, and 10.6 kg ha’, respectively, under
fertigation relative to conventional granular
fertilizer.

In the present study, the results indicate that
liquid fertilization can be an agronomically and
economically efficient technology to improve
the nutrition and productivity of rainfed peanut
crops. When rainfall is lacking for several days
and the soil surface retains only limited moisture,
as occurred during weeks 1-5 of 2023 and weeks
6-10 of 2024 (Fig. 2), liquid fertilization applied
near the roots enhances nutrient mobility to

deeper soil layers, where residual moisture
remains, facilitating easier nutrient uptake by
the roots. In this context, a study conducted by
Aakash et al. (2022) on rainfed corn revealed that
when surface soil moisture evaporates, nitrogen
fertilizer cannot penetrate and is easily lost by
volatilization, while at depths below 35 - 40 mm,
the soil retains sufficient moisture for nutrients
remain available to the roots. The authors
concluded that fertilization should be scheduled
when 14 - 15 mm of rainfall is expected, ensuring
that the surface soil is adequately moistened and
that nutrients can be effectively transported to the
moisture-retaining soil layers.

Given that water is essential for mobilizing,
dissolving, and releasing nutrients provided from
fertilizers, several authors have described that
liquid formulations enhance nutrient availability,
particularly during drought periods, and thus
their use is economically justified. Reduced
soil moisture limits mass flow and diffusion,
reducing the amount of nutrients reaching the
root surfaces (Bogusz et al., 2021; Alaoui et al.,
2022; Barlog et al., 2022). Furthermore, liquid
fertilization has been documented to increase
nitrogen uptake by plants and decrease losses
due to volatilization and leaching (Motasim et al.,
2021 a and b). Moreover, as it facilitates nutrient
uptake and allows for uniform application,
recent research has focused on developing field
equipment capable of accurately dosing and
injecting fertilizers into the soil (da Silva and
Magalhaes, 2017, 2019; Stamate et al., 2024).

Regarding the use of biochar, the results
of the present study show a significant
improvement in productivity, profitability, and
fertilization efficiency, indicating that biochar
enhances nutrition of peanut cultivated in
dryland conditions. This improvement is likely
attributable to the ability of biochar to retain soil
moisture during periods of water scarcity and to
conserve nutrients applied through fertilizers,
particularly when intense rainfall follows a dry
period, increasing the risk of nutrient loss due
to runoff and leaching. In this context, previous
studies have shown that different types of biochar
mitigate the effects of soil drying through physical
and biological mechanisms associated with
greater sorption capacity due to their porosity
and surface charge, which also helps reduce
nutrient losses through leaching (Hossain et al.,
2020; Thao et al., 2024). This is consistent with
Razzaghi et al. (2020), who reported that biochar
application increased available soil moisture by
14%, 21%, and 45% in fine-, medium-, and coarse-
textured soils, respectively.

A meta-analysis by Hosseini et al. (2022)
indicated that biochar application can increase
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crop yield by up to 25.3%, with an additional
10% increase in yield when combined with
fertilizers. Furthermore, Bekchanova et al. (2024)
reported that the biochar application increased
the availability of N, P, and K by 36%. When
incorporated into the soil, biochar helps improve
soil physical structure, increasing porosity and
moisture retention, thereby facilitating aeration
and promoting root growth. Its high cation
exchange further enhances the availability
of essential nutrients, while its activity on
soil microbiota fosters beneficial microbial
communities that enhance the rhizosphere.
Together, these factors create a more favorable
environment for root development and pod
formation, leading to higher pod and seed yields
(Rassem and Elzobair, 2023; Yang et al., 2023; Luo
et al., 2024). By improving the soil environment
for root development and microbial activity,
biochar can enhance plant metabolism through
greater water and nutrient availability, thereby
supporting enzymatic activities, metabolite
biosynthesis, photosynthetic activity, nitrogen
fixation, and stress tolerance, which all promote
plant development and productivity (Zhang et
al,, 2023; Wang et al., 2024; Barbosa et al., 2024;
Zaheer et al., 2024).

Overall, the results of the present study, in
line with those of previous research, demonstrate
that the combined use of liquid fertilization and
biochar can be an effective, sustainable, and
economically viable technology for fertilizing
peanut crops under the short-term drought
conditions of dryland agricultural systems.
However, during normal rainy seasons where
soil moisture is not limited, conventional granular
fertilization remains an effective practice that
can continue to be adopted by rainfed farmers.
Furthermore, given the positive effects observed
in the present research and those documented
in the literature, biochar should be incorporated
into integrated crop management, regardless
of whether fertilization is applied in liquid
or granular form. The findings of this study
contribute to the expanding knowledge of peanut
production under rainfed conditions, where
increasingly frequent climatic events such as
sudden droughts directly threaten the livelihoods
of small farmers who depend on this production
system.

CONCLUSIONS

Locally applied liquid fertilization was more
effective than granular fertilization in increasing
yield and profitability of peanuts under rainfed
conditions, especially during periods of several
consecutive days without rainfall.

The use of biochar enhances the effectiveness
of fertilization, irrespective of whether liquid
or granular fertilizers are applied. However,
during periods of water deficit in the rainy
season, the combination of liquid fertilization
and biochar more effectively increases yield and
productivity components of peanuts, while also
achieving greater economic benefits. Conversely,
under consistently wet conditions that maintain
sufficient surface soil moisture, granular
fertilization in a surface band may be more
appropriate due to its lower cost.

Future long-term studies are recommended to
evaluate the persistence of biochar effects or to
optimize biochar dosages and types for different
soils and other rainfed crops.
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