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Introduction: Corn (Zea mays L.) ranks alongside wheat and rice as a major staple crop, essential for its
nutritional role and as a primary feed source for livestock. In Iran, forage corn production is pivotal to the
livestock sector, with annual silage demand reaching approximately 15 million tons (Bazri et al., 2021).
Domestic production covers this requirement, but the system faces persistent sustainability challenges.
Nitrogen use efficiency is low, around 29%, compared with a global mean of 33%, and this inefficiency
drives both economic loss and environmental damage through nitrate leaching and water contamination
(Kazemi et al., 2018). Heavy reliance on chemical fertilizers, particularly urea, exacerbates these issues by
endangering groundwater and raising health concerns, including methemoglobinemia and certain cancers
(World Health Organization, 2017; Sidana et al., 2023). Consequently, a transition toward sustainable
practices has been proposed, involving the partial replacement of chemical inputs with organic amendments
such as biochar and manure. These materials have been shown to enhance soil properties and reduce
ecological risks (Gliessman, 2014; Kizilkaya, 2008). Biochar, produced by pyrolyzing plant residues under
oxygen-limited conditions, is highly stable in soil, enhances fertility, and contributes to carbon sequestration
(Darby et al., 2024; Feng et al., 2012). The present study examined forage yield and quality responses when

biochar was combined with fertilizers and amendments, including cattle manure, slurry, and their mixtures.

Materials and Methods: The field experiment was conducted at the experimental station of Ferdowsi
University of Mashhad during the 2021 and 2022 growing seasons. The study site is located in a semi-arid
zone, with a mean annual temperature of 15.7°C and a mean yearly rainfall of 256 mm. A split-plot layout
based on a randomized Complete Block Desigh (RCBD) with three replications was used. Main plots were
biochar (applied or not), and subplots included seven fertilizer treatments: control (C), urea fertilizer (U),
cattle manure (M), slurry (S), and three mixtures (UM, US, MS). Biochar was applied only in the first season
at 20 t/ha, following earlier recommendations (Kabir et al., 2023; Qiu et al., 2024). Fertilizer rates were
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adjusted to nitrogen equivalence: 340 kg/ha urea fertilizer, 50 ton/ha cattle manure, 60.15 mdha slurry.
Slurry was prepared from cattle waste, fermented aerobically with Bacillus, and then sterilized with ozone.
Before sowing, soil, biochar, and slurry samples were analyzed for their physicochemical properties. Corn
was planted with pneumatic seeders at 143,000 plants/ha. Irrigation was applied via a drip tape to maintain a
60% depletion of field capacity. Urea treatments were split into equal applications at the 4-leaf, 6-leaf, and
tasseling stages. Weeds were removed manually, and no pest or disease incidence was recorded. The
indicators studied included corn forage yield and quality characteristics, such as neutral detergent insoluble
fiber (NDF) and acidic detergent insoluble fiber (ADF), which measure the amount of cell wall and
hemicellulose-free cell wall in the forage. Analysis of variance (ANOVA) was performed using SAS v9.1
software, and MS Excel 2019 was used for mathematical calculations and preparing figures. Mean
comparisons were performed using the least significant difference (LSD) test at P < 0.05. An initial

examination of the homogeneity of the error variances between the two years' data was performed using the
Bartlett test. It was found that many traits did not exhibit homogeneity, so the data for each year were
analyzed separately for variance.

Results and Discussion: Biochar combined with fertilizers significantly affected forage yield and quality.
Biochar-amended plots showed improved soil structure and nutrient retention, consistent with earlier
findings of enhanced water-holding capacity and microbial activity (Zhang et al., 2009; Yuniwati, 2018; Liu
et al., 2024). Mixtures of manure and chemical fertilizers, particularly UM and MS, produced higher yields
and improved forage quality traits: acid detergent fiber (ADF), neutral detergent fiber (NDF), total digestible
nutrients (TDN), dry matter intake (DMI), and net energy for lactation (NEL), all critical for livestock
feeding efficiency (Pedersen et al., 2017). Evidence also indicates that manure—slurry combinations support
microbial diversity and nutrient cycling (Zhang et al., 2024; Wang et al., 2024). Biochar’s role in carbon
stabilization and nitrogen retention is highly relevant in Iranian soils with low organic matter. Slurry
provided readily available nitrogen, complementing the slower release from manure, ensuring a steady
nutrient supply. Results indicated that biochar mitigated excess nitrogen, reducing the risk of nitrate
contamination and related health issues (World Health Organization, 2017; Sidana et al., 2023). Some
reports (Darby et al., 2024) noted limited yield effects from biochar alone, but in this experiment, its
integration with amendments clearly enhanced both yield and forage quality. Mixing biochar with fertilizers
thus improves forage corn output, decreases dependence on chemical inputs, and strengthens soil condition.

Conclusion: Integrating biochar with manure and chemical fertilizers improved forage yield and quality
parameters, including ADF, NDF, TDN, DMI, and NEL. Biochar combined with manure and slurry mixtures
reduced dependence on chemical fertilizers while enhancing soil properties. Therefore, integrated biochar
and fertilizer management can be recommended as a sustainable strategy for forage corn production in semi-
arid regions.
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TDN = (—1.29 x ADF) + 101.35 ()
— 120

DMI = ( H'I%ND.F' d*.r‘}-‘:rnatte:r‘basis} (v)

NEL = (1.044 — (0119 x %ADF)) x 2.205 (¥)
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1- Neutral detergent fiber
2- Acid detergent fiber

3- Total digestible nutrients
4- Dry matter intake

5- Net energy for lactation
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Table 3- ANOVA of corn forage yield under different treatments during the experiment years

Olaye (155ke

Oy gt olil s Mean of squares
Source of variation df (1400) agle 5,Slas (1401) agle 5,Slas

Forage yield (2021) Forage yield (2022)
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)l’?” 1 #4881119327 #122427724
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el @5 sl 2 551736 56484151
BxA
¥ 6 +1761849703 *203727153
Fertilizing amendment (F)
395 % s 6 373771721 83099837
FxA
oo oF bt 24 44893855 44502970
Error
(1) s o 4.9 6.3
CV (%) ' '

ol doyd iy 9 S Jloin ] s )0 I5 gixe g ) iyt 0D Ui (F 54y s g 3 NS
ns, *and **: indicate nonsignificant and significant at the one and five percent probability levels, respectively
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Figure 2- Main effects of biochar (top row) and fertilizer type on corn forage yield in 2021 and 2022
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The letters shown on the horizontal axis are the levels of fertilizer treatments, which include C: for control, M: for Cattle
manure, MS: for dual combination of cattle manure and slurry, S: for slurry, U: for urea chemical fertilizer, UM: for dual
combination of urea and cattle manure, and US: for dual combination of urea and slurry.
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Table 4- ANOVA of corn forage quality characteristics under different treatments during the experiment years

2021 2022
Slaye (1:ke

o Mean of squares
UI)“""’ [acasd b)b’ ] Total Net A Total
Sogrcgof wl Acid Neutral Digestible Dry Energy Acid Neutral Digestible Dry  Net Energy
variation df Dete:rge Det(_ergent Nutrients  Matter for Det(_ergent Dete_rgen Nutrients  Matter for_

nt Fiber  Fiber Intake L . Fiber t Fiber Intake  Lactation

actation

Sk 2 4.6™  99.54" 4.6™ 99.5M™ 4.6™ 3.83™ 0.93™ 3.83™ 4.6™ 99.54"
Block (B)
Soe
Biochar 1 503"  135.25" 501" 135M 504" *412 *200 *412 503"  135.25™
(A)
Q)f 6“95
bl 2 154 42.02 151 42 155 5.48 3.31 5.48 154 42.02
BxA
555
tFertilizer 6 220  ¢106.4  *219 *108  *221 +148 »78.2 =148 <220  *106.4
ype
F)
SR 484 g2110 48T 82% 483" 345 <54 345 4g4¢  8211%
X
@S slas
e 24 739 43.11 73.83 43.01 73.9 6.13 3.08 6.13 73.9 43.11
Error
Oyt g o
) - 24.2 16.6 24.4 16.9 2.24 6.8 4.3 6.8 24.2 16.6
CV (%)

ol doyd gy 9 SO Jloin] o 50 )b pixe g I gime yuE onind L i ey i g % NS ol
ns, * and **: superscripts indicate nonsignificant and significant at the one and five percent probability levels, respectively
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Figure 3- ADF in treatments in 2021and biochar x fertilizer interaction in 2022
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The letters shown on the horizontal axis are the levels of fertilizer treatments, which include C: for control, M: for Cattle
manure, MS: for dual combination of cattle manure and slurry, S: for slurry, U: for urea chemical fertilizer, UM: for dual
combination of urea and cattle manure, and US: for dual combination of urea and slurry.
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2006, Liu et al., 2024)
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Figure 4- NDF in treatments in 2021and biochar x fertilizer interaction in 2022
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The letters shown on the horizontal axis are the levels of fertilizer treatments, which include C for control, M for Cattle
manure, MS for dual combination of cattle manure and slurry, S for slurry, U for urea chemical fertilizer, UM for dual
combination of urea and cattle manure, and US for dual combination of urea and slurry.
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Figure 5- NDF in treatments in 2021and biochar x fertilizer interaction in 2022
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The letters shown on the horizontal axis are the levels of fertilizer treatments, which include C: for control, M: for Cattle manure,
MS: for dual combination of cattle manure and slurry, S: for slurry, U: for urea chemical fertilizer, UM: for dual combination of urea
and cattle manure, and US: for dual combination of urea and slurry.
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