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Abstract
Soil fertility decline and climate change threaten sustainable crop production, creating a need for residue-based strategies 
that enhance nutrient cycling and soil carbon stabilization. This study investigated how feedstock and biochar produced 
from different maize and sorghum cultivars influence CO2 emissions, nitrogen (N) and phosphorus (P) mineralization, 
and soil pH.  An incubation experiment was conducted using feedstock (raw residues) and biochar derived from two 
maize (R201, SC701) and two sorghum (AS8, PAN8816) cultivars pyrolyzed at 350 °C and 650 °C. Amendments were 
applied to 100 g soil at 10 t C ha− 1, with a soil-only control. CO2 emissions were trapped in NaOH and quantified over 
120 days. A parallel destructive sampling experiment was set up to assess NH4

+-N, NO3
−-N, extractable P, and soil pH 

at multiple time intervals.  CO2-C emissions increased rapidly at the beginning of the incubation, peaking between 21 
and 42 days and declined thereafter. Feedstocks produced higher CO2-C emissions than biochars for all cultivars, with 
PAN8816 feedstock showing the greatest increase (205% above the control). Biochar emissions decreased with increasing 
pyrolysis temperature. Nitrogen and phosphorus mineralization, as well as soil pH, also varied significantly among culti-
vars and pyrolysis temperatures. Relative to the unamended control, SC701-B650 increased soil NO3

−-N by 17%, while 
PAN8816-B350 increased both NH4

+-N and NO3
−-N concentrations. Extractable P was highest in R201-B650 (maize) 

and AS8-B650 (sorghum). Soil pH generally increased in the order feedstock< B350 < B650. Cultivar-specific differences 
and pyrolysis temperature had stronger effects on CO2-C emissions, nutrient mineralization, and soil pH than crop type. 
Biochars, particularly those produced at 650  °C, showed greater stability and lower CO2-C emissions while enhancing 
nutrient availability. These findings demonstrate that selecting suitable cultivars and pyrolysis temperatures can improve 
soil fertility, support carbon sequestration, and contribute to sustainable residue management.
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enhance nutrient availability and maintain or increase SOC 
stocks are therefore essential. Organic inputs such as crop resi-
dues, manures, and organic wastes are widely recognized for 
improving soil fertility (Powlson et al. 2012). Globally, crop 
residues represent the most abundant organic resource, with 
cereal residues alone contributing approximately 74% of the 
6 billion tons produced annually (Lal 2005). These residues 
contain essential nutrients including C, N, P, K and micronutri-
ents, yet their agronomic value depends strongly on biochemi-
cal composition particularly C, N, P, lignin content, and C: N 
ratio (Kaleem Abbasi et al., 2015; Schmatz et al. 2017). Resi-
dues with relatively low C: N ratios (< 25:1), typically charac-
terised by higher nitrogen content and lower concentrations of 
lignin and polyphenols, are more likely to decompose readily 
and result in net nitrogen mineralization. In contrast, residues 
with wider C: N ratios (> 25:1), lower nitrogen concentration, 

1  Introduction

Soil fertility decline remains a major constraint to crop produc-
tivity, particularly in agricultural systems affected by mono-
cropping, excessive fertilizer use, intensive tillage and other 
anthropogenic activities (Heerink 2005; Nord et al. 2022). 
These practices accelerate soil organic carbon (SOC) mineral-
ization, increase CO2 emissions, and contribute to SOC deple-
tion and erosion. Sustainable soil management practices that 
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and higher proportions of recalcitrant biochemical compounds 
tend to decompose more slowly and may lead to temporary 
nitrogen immobilization (Aher et al. 2017; Partey et al. 2019). 
Although C: N ratio is a key determinant of residue decompo-
sition, it does not operate in isolation, residue decomposition 
and nutrient release are also regulated by other biochemical 
quality parameters, including lignin, polyphenols, cellulose 
fractions, and associated stoichiometric ratios such as lignin: 
N, polyphenol: N, lignin: P, and (lignin + polyphenol): N, 
which collectively govern decomposition rates and nutrient 
release dynamics (Kaleeem Abbasi et al. 2015; Adhikari et al. 
2024).

Crop residues exhibit substantial variability among spe-
cies, cultivars within the same species, and in the relative 
biochemical composition of different plant components, 
which together determine the overall quality of whole-
plant residues incorporated into soil (Redin et al. 2014; 
Coulibaly et al. 2020). Under field conditions, residues are 
typically incorporated as whole-plant biomass, and their 
decomposition behaviour reflects the integrated effects of 
these biochemical traits. However, existing findings remain 
inconsistent, with some studies reporting increased soil 
organic carbon (SOC) and improved nutrient availability 
following residue incorporation (Zhang et al. 2016; Liu et 
al. 2022), while others report nitrogen immobilization and 
reduced nutrient release (Meng et al. 2017; Kaleem Abbasi 
et al. 2015). These contrasting outcomes highlight the need 
for a deeper understanding of how cultivar-level biochemi-
cal differences in whole-plant residues influence decom-
position processes, CO2 emissions, and nutrient cycling. 
Given the widespread cultivation of maize and sorghum and 
the large quantities of residues they generate, understand-
ing how cultivar-specific traits regulate residue behaviour in 
soil remains an important research priority.

To increase residue stability and prolong their benefits 
in soil, converting biomass into biochar through pyrolysis 
has received increasing attention. Biochar is a carbon-rich 
material produced under limited oxygen conditions and is 
widely reported to improve soil pH, cation exchange capac-
ity, water-holding capacity, and microbial activity (Askeland 
et al. 2019; Purakayastha et al. 2019; Nguyen et al. 2020). 
In addition to these agronomic benefits, biochar has been 
proposed as a climate change mitigation strategy due to its 
potential to stabilize carbon in soil and alter greenhouse gas 
emissions (Lehmann 2007). Importantly, biochar properties 
vary strongly with feedstock type and pyrolysis tempera-
ture, which in turn regulate the balance between labile and 
recalcitrant carbon fractions and influence microbial activ-
ity, nutrient availability, and carbon mineralization processes 
(Biederman and Harpole 2013). Consequently, the effects 
of biochar application on soil CO2 emissions remain highly 
variable across studies, with some reporting no statistically 

significant differences relative to unamended controls (Liu et 
al. 2016; He et al. 2016), others observing statistically sig-
nificant increases in CO2 emissions following biochar appli-
cation (Thomazini et al. 2015; Wang et al. 2022), and other 
studies reporting statistically significant reductions in CO2 
emissions, often attributed to enhanced carbon stabilization 
and altered microbial activity (Zhao et al. 2020; Xiaoping et 
al. 2019; Wang et al. 2020; Duan et al. 2020).

Recent breeding efforts have developed maize and sor-
ghum cultivars with improved stress tolerance and yield 
potential (Badu-Apraku et al. 2023; Kaliamoorthy et al. 
2024). However, limited research has examined how these 
cultivar differences influence the biochemical quality of 
residues and the resulting effects on soil carbon and nutri-
ent dynamics, particularly when residues are converted to 
biochar. Evidence from an earlier study on wheat residues 
showed significant cultivar-dependent differences in C, N, 
and P mineralization (Mbava et al. 2025), but that work 
focused only on raw feedstocks and did not include biochar. 
Thus, the influence of cultivar-specific biochemical traits on 
both feedstock and biochar-mediated soil processes remains 
an important and unresolved gap.

Maize and sorghum are primary staple crops for millions 
of people and serve as key components of cereal-based 
farming systems in sub-Saharan Africa (McMillen et al. 
2022; Prasad et al. 2021). Their residues are abundant, yet 
generally underutilized, and represent a valuable resource 
for improving soil fertility and carbon storage. Understand-
ing how cultivar-specific feedstocks and biochars influence 
CO2 emissions and nutrient cycling is essential for develop-
ing residue management strategies that enhance soil health 
while contributing to climate resilience.

Therefore, this study investigated the effects of feedstock 
and biochar amendments produced from different maize 
and sorghum cultivars at two pyrolysis temperatures on soil 
CO2-C emissions, soil pH, and the mineralization of nitrogen 
(NH4

+-N and NO3
−-N) and phosphorus. It was hypothesised 

that (i) cultivar-specific differences in feedstock biochemi-
cal composition would result in contrasting CO2-C emis-
sion patterns and nutrient mineralization responses, and (ii) 
biochars produced at higher pyrolysis temperatures would 
reduce CO2-C emissions while enhancing soil pH and mod-
erating nitrogen and phosphorus mineralization compared 
with feedstock amendments and lower-temperature biochars.

2  Materials and Methods

2.1  Biomass Collection and Feedstock Preparation

Two maize cultivars (R201 and SC701) and two sorghum 
cultivars (AS8 and PAN8816) were grown at Ukulinga 
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Research Farm, University of KwaZulu-Natal (29.667oS, 
30.406oE; 811  m a.s.l.). The site has a long-term mean 
temperature of 18 °C and annual rainfall of 738 mm. The 
soil is classified as Westleigh (Soil Classification Working 
Group 1991), equivalent to a Luvisol (IUSS Working Group 
WRB, 2014), with a loamy texture (40.0% sand, 34.9% silt, 
and 24.4% clay), total C (1.9%), total N (0.17%), available 
P (8.87  mg kg− 1), exchangeable Ca (1043  mg kg− 1), Mg 
(313.7 mg kg− 1), K (91.94 mg kg− 1), and pHKCl 4.73.

Each cultivar was planted on a 436 m2 plot during the 
2020–2021 season and fertilized with NPK (2:3:4) at rec-
ommended rates. At maturity, above-ground biomass was 
harvested, chopped, oven-dried, and milled to < 2 mm prior 
to pyrolysis to ensure homogeneity of the feedstock and uni-
form incorporation of both feedstock and biochar during the 
laboratory incubation experiment. Milling was conducted 
before pyrolysis to minimize post-pyrolysis fragmenta-
tion and material loss associated with the brittle, powdery 
nature of biochar. This pre-processing step was adopted 
for experimental control under laboratory conditions and is 
not intended to represent a practical residue management 
approach at farm scale.

2.2  Biochar Production

Feedstocks were pyrolyzed at 350 °C and 650 °C in a lab-
oratory muffle furnace under oxygen-limited conditions 
using ceramic crucibles sealed with fitted lids, following a 
slow-pyrolysis protocol (heating rate of 10 °C min− 1; resi-
dence time of 2 h) as described by Vilakazi et al. (2023). 
Oxygen limitation was achieved by sealing the crucibles 
to restrict air ingress during heating. After cooling to room 
temperature, biochars were weighed and stored in airtight 
containers. Treatments were labelled according to cultivar 
and pyrolysis temperature (e.g., R201-B350, AS8-B650), 
with a full description provided in Table 1.

2.3  Feedstock and Biochar Characterization

Initial chemical and physical properties of feedstocks and 
biochars were determined before incubation (Table  2). 
Proximate analysis (moisture, volatile matter, ash, fixed C) 
followed ASTM 1762-84 procedures (Vilakazi et al. 2023). 
Total C and N were measured using a LECO TruMac CNS 
analyzer, and total H using a LECO CHS analyzer (Leco 
Corporation 2012). Total O was calculated by difference as 
described by Vilakazi et al. (2023). Feedstock and biochar 
pH were measured in 1 M KCl (1:10 w/v) following Enders 
et al. (2012). Total P was quantified after sulphuric acid-
hydrogen peroxide digestion and colorimetric determination 
using the ascorbic acid method (Okalebo et al. 2002). Lignin 
content (feedstock only) was determined using the Van Soest 

detergent method (Van Soest et al. 1991). Exchangeable 
bases and CEC were measured using 1 M ammonium acetate 
at pH 7 (Okalebo et al. 2002; Anderson and Ingram 1994). 
Surface functional groups were identified using FTIR spec-
troscopy following Vilakazi et al. (2023), using spectra in 
the 4000–400 cm− 1 range and band assignments according 
to Coates (2000). Surface morphology was examined using a 
Carl Zeiss EVO LS15 SEM; samples were gold-coated using 
a Quorum Q150R ES sputter coater prior to imaging.

2.4  Soil Collection and Preparation

Soil for the incubation was collected from the same site 
before planting biomass (0–20  cm depth), air-dried, and 
sieved to < 2 mm. A subsample was analysed for baseline 
properties (texture, total C and N, available P, exchangeable 
cations, and pH).

2.5  Incubation Experiment for CO2 Emissions

Soil (100 g dry-weight equivalent) was amended with feed-
stock or biochar at a rate equivalent to 10 t C ha− 1. This 
rate was calculated assuming a soil depth of 0–20 cm and 
a bulk density of 1.24 g cm− 3, corresponding to a soil mass 
of 2.48 × 106  kg ha− 1. Accordingly, an application rate 

Table 1  Description of different treatments used in the study
Treatment Description
AS8-R Sorghum experimental hybrid 

cultivar AS8 feedstock/residues
PAN8816-R Sorghum commercial cultivar 

PAN8816 feedstock/residues
R201-R Maize commercial cultivar R201 

feedstock/residues
SC701-R Maize commercial cultivar SC701 

feedstock/residues
AS8-B350 Sorghum experimental hybrid cul-

tivar AS8 biochar produced 350 °C
PAN8816-B350 Sorghum commercial cultivar 

PAN8816 biochar produced 350 °C
R201-B350 Maize commercial cultivar R201 

biochar produced 350 °C
SC701-B350 Maize commercial cultivar SC701 

biochar produced 350 °C
AS8-B650 Sorghum experimental hybrid cul-

tivar AS8 biochar produced 650 °C
PAN8816-B650 Sorghum commercial cultivar 

PAN8816 biochar produced 650 °C
R201-B650 Maize commercial cultivar R201 

biochar produced 650 °C
SC701-B650 Maize commercial cultivar SC701 

biochar produced 650 °C
Treatment codes consist of the cultivar identifier (AS8, PAN8816, 
R201, SC701), followed by the amendment type (R = residue/feed-
stock; B = biochar) and, where applicable, the pyrolysis temperature 
(350–650 °C)
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of 10 t C ha− 1 is equivalent to 0.403 g C per 100 g soil. 
The mass of feedstock or biochar added to each incuba-
tion unit was adjusted based on the total carbon concen-
tration of each material to ensure equivalent carbon inputs 
across treatments. An unamended soil served as the control. 
The experiment was arranged in a completely randomized 
design with 13 treatments (Table  1) and three replicates. 
Amended soils were thoroughly mixed and placed into 100 
mL plastic containers, which were slowly wetted to 50% 
water-filled pore space. These containers were then placed 
inside 500 mL airtight plastic incubation jars to allow head-
space for gas accumulation. A vial containing 25 mL of 1 M 
NaOH was placed inside each jar to trap CO2 emitted dur-
ing incubation. The jars were tightly sealed and incubated 
aerobically in the dark at a constant temperature of 25 °C 
for 120 days. Soil moisture was maintained at 50% water-
filled pore space throughout the incubation period by regu-
lar gravimetric monitoring and adjustment based on weight 
loss. The NaOH traps were replaced at each sampling inter-
val to prevent saturation and ensure continuous CO2 cap-
ture. Sampling was conducted at 0, 3, 7, 14, 21, 28, 42, 56, 
84, 112, and 120 days after incubation initiation. Trapped 
CO2 was quantified by precipitating carbonates with BaCl₂, 
followed by back-titration of the residual NaOH with stan-
dardized 0.5 M HCl using phenolphthalein as an indicator 
(Franzluebbers et al. 2000). Cumulative CO2-C was calcu-
lated by summing emissions across sampling intervals and 
expressed on a soil dry-weight basis.

2.6  Destructive Sampling for N and P 
Mineralization and Soil pH

A parallel incubation experiment was established for the 
determination of NH4

+-N, NO3
−-N, extractable P, and soil pH 

using identical treatments to the CO2 incubation. Destructive 
sampling was performed, with separate incubation contain-
ers prepared for each sampling date to avoid disturbance of 
remaining soil. For each treatment and sampling date, 100 g of 
soil (dry-weight equivalent) was thoroughly mixed with feed-
stock or biochar at a rate equivalent to 10 t C ha− 1 and placed 
into 500 mL plastic containers. The containers were drilled 4 
holes near the top rim to facilitate gas exchange and incubated 
aerobically in the dark at a constant temperature of 25 °C for 
120 days. Soils were slowly wetted to field capacity and main-
tained at this moisture level throughout the incubation period 
by regular gravimetric adjustment based on weight loss.

Destructive sampling was conducted at 0, 7, 14, 21, 28, 
42, 56, 84, 112, and 120 days of incubation. At each sampling 
time, the entire soil contents of each container were removed 
and homogenized prior to analysis. Mineral nitrogen (NH4

+-
N and NO3

−-N) was extracted using 2 M KCl and quantified 
calorimetrically using a Thermo Scientific Gallery Discrete 
Autoanalyser (Rayment and Lyons 2011). Extractable phos-
phorus was determined using the AMBIC-2 extraction method 
(Non-Affiliated Soil Analysis Work and Soil Science Society 
of South Africa, 1990). Soil pH was measured in 1 M KCl at 
a soil-to-solution ratio of 1:2.5 using a calibrated pH meter.

Table 2  Biochemical composition of feedstock and biochars of different cultivars of maize and sorghum
Crop type Treatment Total C Total N Total P Fixed C Ash Lignin pH C:N C:P

%
Maize R201-R 38.89a 0.32a 0.47c 17.24c 6.50a 38.57d 5.09b 153.30b 82.76abc

SC701-R 33.29a 1.07c 0.38b 12.23a 16.73d 4.18a 6.75d 31.08a 88.42abcd

R201B-350 55.37bcd 0.97c 0.84h 38.03b 11.44b 9.46f 57.02a 66.19a

SC701-B350 50.30bc 1.57d 0.73g 32.59e 28.59h 9.75h 32.11a 69.23a

R201-B650 60.66d 0.66b 0.82h 47.13h 18.34e 10.62k 92.25ab 74.00ab

SC701-B650 57.78cd 0.99c 0.69f 26.59d 46.13k 11.4l 58.42a 83.74abc

Sorghum AS8-R 33.09a 0.48a 0.34a 14.10b 11.48b 24.79c 4.26a 68.87a 96.34bcd

PAN8816-R 37.62a 1.46d 0.33a 13.17ab 14.32c 10.21b 5.82c 25.78a 113.05d

AS8-B350 52.51bcd 1.11c 0.62e 36.47f 20.19f 9.57g 47.49a 84.69abc

PAN8816-B350 49.74bc 2.84e 0.62e 32.81e 26.88g 9.09e 17.50a 79.81ab

AS8-B650 59.59d 0.69b 0.56d 32.48e 36.00i 10.58j 86.00ab 107.06cd

PAN8816-B650 49.33d 1.61d 0.54d 27.51d 41.82j 10.44i 30.72a 91.37abcd

SE 1.64 0.033 5.31 0.223 0.176 0.545 4.81 15.92 4.91
Total C = total carbon content of the feedstock or biochar; Total N = total nitrogen content of the feedstock or biochar; Total P = total phosphorus 
content of the feedstock or biochar; Fixed C = fixed carbon content of the feedstock or biochar; Ash = ash content of the feedstock or biochar; 
Lignin = lignin content of the feedstock; pH = pH of the feedstock or biochar; C:N = carbon to nitrogen ratio of the feedstock or biochar; C:P 
= carbon to phosphorus ratio of the feedstock or biochar. Values are means. The standard error (SE) is shown for each variable. Different low-
ercase letters within the same column indicate significant differences among treatments according to the Tukey–Kramer multiple comparison 
test at p< 0.05
NB: The feedstock and biochar properties presented in Table 2 are provided to characterize the initial material composition used in the incuba-
tion experiment and to contextualize subsequent CO2emissions and nutrient mineralization responses, recognizing that variations in elemental 
ratios, pH, and nutrient concentrations reflect inherent residue properties and concentration effects associated with pyrolysis rather than net 
nutrient gains
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2.7  Statistical Analysis

Data were analysed using a two-way analysis of variance 
(ANOVA) in GenStat (20th Edition; Payne et al. 2011) to 
test the main effects of cultivar and amendment type, as well 
as their interaction, on CO2-C emissions, NH4

+-N, NO3
−-N, 

extractable P, and soil pH. Where significant effects were 
detected (p < 0.05), treatment means were compared using 
Tukey-Kramer multiple comparison tests. Statistical sig-
nificance is indicated in tables and figures using lowercase 
letters. Pearson’s correlation analysis was conducted using 
OriginPro 2024 (OriginLab Corporation, Northampton, 
USA) to examine relationships among cumulative CO2-C 
emissions, mineral N, extractable P, soil pH, and selected 
biochemical properties of the amendments.

3  Results

3.1  CO2-C Emissions as Influenced by Feedstock and 
Biochar from Maize and Sorghum Cultivars

CO2-C emissions differed significantly among treatments 
throughout the incubation period (p < 0.001). Cultivar-spe-
cific differences and pyrolysis temperature exerted stron-
ger effects on CO₂-C emissions than crop type. Emissions 

increased rapidly from day 0, peaking between 21 and 
42 days across all treatments before declining thereafter 
(Fig. 1). The control consistently showed the lowest emis-
sions early in the incubation but exceeded all biochar treat-
ments after day 84. Feedstocks produced substantially 
higher CO2-C emissions than their corresponding biochars 
for both crops (Table  3). Among maize cultivars, SC701 
feedstock recorded the highest CO2-C emission (308  mg 
CO2-C kg− 1 soil), an 89% increase relative to the control 
(162.8  mg CO2-C kg− 1 soil). Emissions from R201 treat-
ments did not differ significantly across feedstock and 
biochar. For sorghum, PAN8816 feedstock exhibited the 
highest CO2-C emissions (496.8 mg CO2-C kg− 1 soil), rep-
resenting a 205% increase compared to the control. Biochar 
emissions generally decreased with increasing pyrolysis 
temperature, with B650 consistently producing the lowest 
CO2-C among most cultivars.

3.2  Cumulative CO2-C Emissions

Cumulative CO2-C emissions varied significantly among 
treatments (p < 0.001), steadily increasing over the 120 
days of incubation (Fig.  2). The control showed the low-
est cumulative CO2-C throughout. For all cultivars except 
R201, cumulative emissions followed the order; feed-
stock > B350 > B650. Among maize-derived treatments, 

Fig. 1  Trends in CO2-C emissions during the 120-day incubation 
period for soils amended with feedstock (R) and biochar pyrolyzed 
at 350 °C (B350) and at 650 °C (B650) from different maize (R201 & 

SC701) and sorghum (AS8 & PAN8816) cultivars along with the con-
trol treatment. Vertical error bars represent the standard error (± SE) of 
treatment means at each sampling time
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SC701 feedstock produced the highest cumulative CO₂-C 
emission (1777 mg CO₂-C kg⁻¹ soil). The SC701-B350 bio-
char also exhibited significantly higher cumulative CO₂-C 
emissions (1623  mg CO₂-C kg⁻¹ soil) than the remaining 

maize treatments, which did not differ significantly from 
one another. For sorghum, PAN8816 feedstock recorded the 
highest cumulative emissions (2655.4 mg CO2-C kg− 1 soil), 
and AS8-B650 recorded the lowest (1544 mg CO2-C kg− 1 

Table 3  Average CO2-C emissions, cumulative CO2-C (mg CO2-C kg− 1 soil), nitrate-N (mg N kg− 1 soil), ammonium-N (mg N kg− 1 soil) pH and 
extractable phosphorus (mg P kg− 1 soil) in soils amended with feedstock and biochar of different cultivars of maize and sorghum during a 120 
days incubation
Crop type Treatment CO2-C Emission Cum. CO2-C Emission NH4

+-N NO3
−-N Extractable P pH

mg kg− 1 soil
Maize R201-R 222.60bc 1426.00b 6.72a 8.10a 7.34e 4.99b

SC701-R 308.00e 1777.00g 12.57c 11.35bc 6.58d 5.03bc

R201-B350 212.40bc 1453.00bc 7.87a 10.23b 10.10g 5.24d

SC701-B350 240.20cd 1623.00de 12.66c 13.40d 8.08f 5.26d

R201-B650 203.20b 1404.00b 7.20a 13.78d 10.96h 5.40f

SC701-B650 218.20bc 1484.00bc 11.37bc 19.29f 7.99f 5.36ef

Sorghum AS8-R 304.00e 1803.00g 12.02bc 12.40cd 6.11c 5.12c

PAN8816-R 496.80f 2655.00i 16.82e 24.92g 5.07b 4.82a

AS8-B350 257.20d 1727.00fg 12.36c 16.40e 7.46e 5.29de

PAN8816-B350 308.00e 2141.00h 17.14e 27.00h 6.82d 5.36ef

AS8-B650 226.40bcd 1544.00cd 10.52b 17.37e 7.36e 5.43f

PAN8816-B650 237.60cd 1644.00ef 12.04bc 18.91f 6.79d 5.43f

Control 162.80a 939.00a 15.17d 16.44e 2.67a 4.84a

SE 6.83 20.51 0.33 0.32 0.07 0.02
Different lowercase letters within the same column indicate significant differences among treatments (p < 0.05)

Fig. 2  Trends in cumulative CO2-C emissions during the 120-day 
incubation period for soils amended with feedstock (R) and biochar 
pyrolyzed at 350 °C (B350) and at 650 °C (B650) from different maize 

(R201 & SC701) and sorghum (AS8 & PAN8816) cultivars along with 
the control treatment. Vertical error bars represent the standard error 
(± SE) of treatment means at each sampling time
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soil) (Table 3). These trends confirm that cumulative CO2-C 
emissions were strongly influenced by cultivar and pyroly-
sis temperature.

3.3  Effects of Feedstock and Biochar from Different 
Cultivars of Maize and Sorghum on Ammonium-N 
Mineralization

Ammonium-N (NH4
+-N) concentrations differed sig-

nificantly among treatments during the incubation period 
(p < 0.001). Across all treatments, NH4

+-N increased rapidly 
from the start of the incubation, peaked within 14 days, and 
then declined sharply thereafter (Fig.  3). R201 feedstock 
and its biochars consistently recorded the lowest NH4

+-N 
concentrations during the first 21 days compared to other 
treatments. Ammonium-N was influenced more by cultivar-
specific differences and pyrolysis temperature than by crop 
type (Table  3). Among maize cultivars, SC701 treatments 
generally showed higher NH4

+-N concentrations than R201, 
although NH4

+-N for both cultivars remained lower than the 
control (15.17 mg N kg− 1 soil). For sorghum, PAN8816 feed-
stock (16.82 mg N kg− 1 soil) and PAN8816-B350 (17.14 mg 
N kg− 1 soil) had the highest NH4

+-N concentrations, whereas 
all AS8 treatments were lower than the control (Table 3).

3.4  Nitrate-N (NO3
−-N) Mineralization

Nitrate-N concentrations differed significantly among treat-
ments during incubation (p < 0.001). Cultivar-specific dif-
ferences and pyrolysis temperature strongly influenced 
NO₃⁻-N mineralization (Fig. 4). NO3

−-N increased slowly 
during the first 21 days, followed by a steady rise until day 
84, after which concentrations stabilised for most treatments 
(Fig. 4). Among maize cultivars, R201 feedstock recorded 
the lowest NO3

−-N release (8.1 mg N kg− 1 soil), which was 
103% lower than the control (16.44 mg N kg− 1 soil). The 
highest maize NO3

−-N concentration occurred in SC701-
B650 (19.29  mg N kg− 1 soil). Among sorghum cultivars, 
AS8 feedstock had the lowest NO3

−-N (12.4  mg N kg− 1 
soil), while PAN8816-B350 recorded the highest (27 mg N 
kg− 1 soil), a 64% increase relative to the control (Table 3).

3.5  Extractable P Mineralization

Extractable P differed significantly across all treatments 
and sampling days (p < 0.001). Extractable-P concentra-
tion increased rapidly from day 0, reaching peak values 
around day 28 for most treatments (Fig.  5). The control 
consistently released the lowest extractable P. Across all 

Fig. 3  Trends in NH4
+-N release during the 120-day incubation period 

for soils amended with feedstock (R) and biochar pyrolyzed at 350 °C 
(B350) and at 650 °C (B650) from different maize (R201 & SC701) 

and sorghum (AS8 & PAN8816) cultivars along with the control treat-
ment. Vertical error bars represent the standard error (± SE) of treat-
ment means at each sampling time
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Fig. 4  Trends in NO3
−-N release during the 120-day incubation period 

for soils amended with feedstock (R) and biochar pyrolyzed at 350 °C 
(B350) and at 650 °C (B650) from different maize (R201 & SC701) 

and sorghum (AS8 & PAN8816) cultivars along with the control treat-
ment. Vertical error bars represent the standard error (± SE) of treat-
ment means at each sampling time

 

Fig. 5  Trends in extractable P release during the 120-day incubation 
period for soils amended with feedstock (R) and biochar pyrolyzed at 
350 °C (B350) and at 650 °C (B650) from different maize (R201 & 

SC701) and sorghum (AS8 & PAN8816) cultivars along with the con-
trol treatment. Vertical error bars represent the standard error (± SE) of 
treatment means at each sampling time
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cultivars, feedstocks produced lower extractable P than 
their respective biochars across all cultivars. Among maize 
cultivars, SC701 feedstock produced the lowest extract-
able P (6.58 mg P kg− 1 soil), whereas R201-B650 had the 
highest (10.96  mg P kg− 1 soil). For sorghum, PAN8816 
feedstock recorded the lowest extractable P (5.07  mg 
P kg− 1 soil), while AS8-B350 (7.46 mg P kg− 1 soil) and 
AS8-B650 (7.36 mg P kg− 1 soil) produced the highest con-
centrations. Differences in extractable P were primarily 
driven by cultivar, while the effect of pyrolysis tempera-
ture was cultivar-specific and significant only for R201-
derived biochars (Table 3).

3.6  Soil pH

Soil pH differed significantly among treatments during 
incubation (p < 0.001), increasing from day 0 and stabiliz-
ing after day 84 (Fig. 6). The lowest pH was recorded in 
the control (4.84), which did not differ significantly from 
PAN8816 feedstock (4.82). Across all cultivars, soil pH 
generally increased in the order; feedstock < B350 < B650. 
Biochars, especially B650, markedly increased soil pH 
relative to feedstocks, with cultivar-specific differences also 
contributing to pH variability (Table 3).

3.7  Relationships among CO2-C Emissions, Nutrient 
Mineralization, Soil pH, and Residue Biochemical 
Properties

Pearson correlations (Table 4) showed significant negative 
relationships between CO2-C emissions and residue total P 
(r= −0.67), total C (r= −0.60), fixed C (r= −0.60), soil pH 
(r= −0.71), and extractable P (r= −0.72). CO2-C emissions 
were positively correlated with C: P ratio (r = 0.64), NH4

+-
N (r = 0.75), and cumulative CO2-C (r = 0.96). Cumulative 
CO2-C was positively correlated with NO3

−-N (r = 0.70) and 
NH4

+-N (r = 0.86) and negatively correlated with residue 
total P (r= −0.56). Extractable P was positively correlated 
with residue total P (r = 0.89), total C (r = 0.70), and fixed 
C (r = 0.81), and negatively correlated with C: P ratio (r= 
−0.75) and NH4

+-N (r= −0.71).
NH4

+-N showed positive correlations with residue total 
N (r = 0.76) and NO3

−-N (r = 0.81), and negative correlation 
with C: N ratio (r= −0.80). NO3

−-N correlated positively 
with residue total N (r = 0.75) and negatively with C: N ratio 
(r= −0.60). Soil pH correlated positively with residue total P 
(r = 0.67), total C (r = 0.82), fixed C (r = 0.77), and residue pH 
(r = 0.85). Additional correlations among residue properties 
are presented in Table 4.

Fig. 6  Trends in soil pH during the 120-day incubation period in soils 
amended with feedstock (R) and biochar pyrolyzed at 350 °C (B350) 
and at 650 °C (B650) from different maize (R201 & SC701) and sor-

ghum (AS8 & PAN8816) cultivars along with the control treatment. 
Vertical error bars represent the standard error (± SE) of treatment 
means at each sampling time
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4  Discussion

The results of this incubation study demonstrate that CO2-C 
emissions and nutrient mineralization were primarily gov-
erned by cultivar-specific biochemical properties rather 
than broad crop type. Within both maize and sorghum, one 
cultivar consistently exhibited higher CO2-C emissions, 
NH4

+-N, NO3
−-N, and extractable P, while the correspond-

ing cultivar showed lower values for these variables. This 
pattern reflects differences in residue biochemical compo-
sition among cultivars, especially in total C, total N, total 
P, and their C: N and C: P ratios, which control microbial 
decomposition processes (Mbava et al. 2025; Ntonta et al. 
2024). In this study, cultivars with higher nutrient concen-
trations and narrower C: N and C: P ratios (Table 2) pro-
moted greater microbial activity, as evidenced by increased 
CO2-C emissions and enhanced N and P mineralization. 
These relationships are supported by significant correla-
tions between CO2-C emissions and residue C: N and C: P 
ratios, as well as positive associations with residue total N 
and total P (Table 4), indicating strong stoichiometric con-
trol over decomposition dynamics. This pattern aligns with 
You et al. (2020), who attributed residue decomposition 
differences primarily to chemical composition. The present 
findings therefore challenge the assumption that crop type 
alone determines residue behavior in soil and instead show 
the importance of cultivar level biochemical traits when 
selecting residues for soil fertility enhancement and carbon 
management.

The influence of pyrolysis temperature on soil responses 
was not uniform across cultivars but instead depended 
strongly on cultivar-specific feedstock properties. Biochars 
derived from the maize cultivar R201 exhibited clear tem-
perature dependent effects, particularly for extractable P 
whereas biochars produced from SC701 and the sorghum 
cultivars AS8 and PAN8816 showed comparatively smaller 
or non-significant differences between 350 °C and 650 °C. 
This indicates that the impact of pyrolysis temperature 
depends on the biochemical composition of the original 
feedstock, rather than temperature acting as an independent 
driver (Conz et al. 2017). Differences in total P concentra-
tion, ash content, fixed carbon, and elemental stoichiometry 
among cultivars (Table 2) determined how increasing pyrol-
ysis temperature altered nutrient availability and carbon 
stability. Such feedstock-temperature interactions support 
the findings of Khan et al. (2024), who reported that bio-
char performance is strongly influenced by the biochemical 
properties of the original feedstock. Across treatments, the 
pronounced increase in CO2-C emissions during the early 
incubation period reflects rapid microbial activation fol-
lowing amendment addition. This initial pulse is consistent 
with the stimulation of heterotrophic respiration driven by 

readily available carbon substrates, as previously reported 
by Dumale Jr et al. (2009). Feedstock amended soils pro-
duced higher early CO2-C emissions than biochar amended 
soils, indicating a greater proportion of labile carbon that 
was readily decomposed by soil microorganisms (Watanabe 
and Sato 2015). On the other hand, biochar amended soils 
exhibited lower CO2-C emissions, reflecting the greater 
structural stability and aromaticity of biochar carbon, which 
limits microbial accessibility (Case et al. 2014). These find-
ings align with earlier studies showing that biochar reduces 
CO2-C release relative to unpyrolyzed residues due to its 
reduced labile carbon fraction and increased carbon recal-
citrance (Zavalloni et al. 2011; Zhao et al. 2020; Duan et 
al. 2020).

The relatively similar CO2-C emissions observed across 
biochar treatments, irrespective of pyrolysis temperature or 
cultivar, can be attributed to the shared biochemical char-
acteristics of the biochars produced in this study. Although 
biochars were produced from different cultivars and tem-
peratures, the feedstocks had similar total carbon concentra-
tions and were subjected to the same pyrolysis conditions. 
This may explain the relatively small differences observed 
in carbon mineralization and CO₂-C emissions among bio-
char treatments. This interpretation is supported by the sig-
nificant negative correlations between CO₂-C emissions and 
residue total C, fixed C, and pH (Table 4), suggesting that 
greater carbon stability and alkalinity suppress microbial 
decomposition. Therefore, the higher total C, fixed C con-
tent, and pH of biochars compared to feedstocks (Table 2) 
likely contributed to reduced microbial respiration and 
lower CO₂-C emissions. In contrast, feedstocks generally 
contained lower total C and fixed C and exhibited lower 
pH, providing more labile and readily decomposable carbon 
substrates that stimulated microbial activity and enhanced 
CO₂-C emission. These patterns are consistent with the find-
ings of Hailegnaw et al. (2019), who reported that biochar 
contains chemically stabilized carbon that is less accessible 
to soil microorganisms, resulting in slower organic matter 
decomposition and reduced CO2 emissions. This indicates 
that the stability of biochar carbon helps reduce microbial 
respiration and supports long-term soil carbon retention.

Differences among cultivars and pyrolysis tempera-
tures became more pronounced when examining cumula-
tive CO2-C (Fig.  2). Among the treatments, cumulative 
CO2-C emissions were generally higher for feedstocks and 
for biochars produced at 350 °C. This can be explained by 
the higher proportion of labile carbon fractions and volatile 
compounds retained at lower pyrolysis temperatures, which 
remain accessible to microbial metabolism and promote 
sustained carbon mineralization (Whitman et al. 2012). In 
contrast, biochars produced at 650 °C consistently resulted 
in lower cumulative CO2-C emissions, as higher pyrolysis 
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temperatures produce more aromatic and chemically stable 
carbon structures that are less accessible to microbial deg-
radation (Peng et al. 2011). These temperature-driven dif-
ferences are further supported by the significant negative 
correlations between cumulative CO2-C emissions and fixed 
C content as well as biochar pH (Table 4), indicating that 
increased carbon stabilization and alkalinity suppress long-
term microbial respiration. Similar reductions in cumula-
tive CO2-C emissions with increasing pyrolysis temperature 
have been reported by Deng et al. (2020), who attributed this 
effect to the enhanced stability and persistence of high-tem-
perature biochars in soil. Clear cultivar specific differences 
were observed within both maize and sorghum, with some 
cultivars consistently producing higher cumulative CO2-C 
emissions than others (SC701 and PAN8816 feedstocks), 
while others exhibited lower emissions (R201 treatments 
and AS8-B650). These differences were closely associated 
with differences in feedstock biochemical composition and 
their response to pyrolysis temperature, particularly in terms 
of fixed C formation and nutrient stoichiometry (Table 2). 
Cultivars that generated biochars with higher fixed C and 
more stable carbon fractions showed reduced cumulative 
CO2-C emissions, whereas those retaining more labile car-
bon supported faster mineralization. These findings show 
that both cultivar choice and higher pyrolysis temperature 
influence cumulative carbon losses, highlighting the need 
to consider feedstock characteristics and processing condi-
tions when aiming to retain carbon in soil.

Nitrogen mineralization patterns were strongly influ-
enced by cultivar and pyrolysis temperature, reflecting the 
interaction between residue biochemical composition and 
microbial processes. Previous research has documented 
both increases and decreases in mineral N following residue 
or biochar application, depending on the balance between 
mineralization, immobilization, adsorption and nitrification 
processes (Yao et al. 2012; Zheng et al. 2013). The rapid ini-
tial increase in NH4

+-N across treatments indicates ammo-
nification, whereby microbial decomposition of organic 
nitrogen compounds including proteins and amino acids 
in residues and native soil organic matter released NH4

+-
N (van Midden et al. 2024). Similar early NH₄⁺-N peaks 
have been reported following amendment addition or soil 
rewetting (Liyanage et al. 2022; Marouani et al. 2021). 
The subsequent decline in NH4

+-N is consistent with nitri-
fication, during which autotrophic microorganisms oxidize 
NH4

+-N to NO3
−-N under aerobic conditions (Baskaran et 

al. 2020). The aerobic incubation setup used in this study, 
including perforated containers and controlled moisture 
conditions, favoured oxygen diffusion and nitrifier activity. 
Furthermore, the increase in NH4

+-N observed in the con-
trol reflects mineralization of native soil organic nitrogen 
and microbial biomass turnover stimulated by favourable 

incubation conditions (Liyanage et al. 2022; Marouani et 
al. 2021).

Although this general sequence was consistent, the mag-
nitude of NH4

+-N and NO3
−-N responses differed among 

cultivars and pyrolysis temperatures. In the present study, 
several treatments (R201, SC701, AS8 and PAN8816-
B650) reduced NH4

+-N compared to the control, whereas 
PAN8816 feedstock and PAN8816-B350 increased NH4

+-N. 
These contrasting responses indicate that nitrogen dynam-
ics were influenced more by cultivar-specific residue bio-
chemical composition than by whether the amendment was 
a feedstock or a biochar. Nitrogen mineralization is strongly 
regulated by residue C: N ratio, total N content and labile N 
fractions (Zavalloni et al. 2011). Residues with wide C: N 
ratios tend to promote temporary N immobilization because 
microorganisms require additional nitrogen to decompose 
carbon-rich substrates (Mbava et al. 2025). This mecha-
nism is supported by the significant negative correlations 
between residue C: N ratio and both NH4

+-N and NO3
−-N 

(Table 4). Treatments such as R201-R, R201-B650 and AS8-
B650, characterized by wide C: N ratios, exhibited reduced 
mineral N availability. In contrast PAN8816 amendments 
consistently produced higher NH4

+-N and NO3
−-N concen-

trations, corresponding with their higher total N content. 
The significant positive correlations between residue total 
N and mineral N fractions (Table 4) confirm that nitrogen 
supply can offset immobilization effects driven by wide C: 
N ratios and low total N.

Nitrate-N patterns further reflected these interactions. 
The gradual increase in NO3

−-N following the decline in 
NH₄⁺-N indicates active nitrification under aerobic condi-
tions (Mbava et al.2025). Cultivar PAN8816-based amend-
ments resulted in higher NO3

−-N concentrations. In contrast, 
treatments associated with stronger immobilization and 
lower NH4

+-N supply, such as R201-based amendments, 
exhibited reduced NO3

−-N. Similar reductions in mineral N 
following residue or biochar application have been reported 
for wheat residues and wood biochar (Zavalloni et al. 2011), 
switchgrass residues and pecan shell biochar (Novak et al. 
2010), and maize biochar produced at moderate tempera-
tures (ODUGBENRO et al. 2018). Reductions in mineral N 
do not always persist, for example Hossain Bai et al. (2014) 
reported minimal short-term effects of pinewood biochar 
(550  °C) on mineral N, followed by later changes linked 
to decomposition and microbial turnover. Therefore, nitro-
gen availability in amended soils reflects a balance between 
microbial demand driven by carbon quality and the total 
nitrogen supplied by the amendment, shaped by cultivar-
specific biochemical composition and pyrolysis-induced 
changes in nutrient availability.

Similar to mineral N, extractable P mineralization was 
strongly influenced by cultivar-specific differences, with the 
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effect of pyrolysis temperature varying depending on the 
feedstock. Extractable P increased rapidly from the begin-
ning of the incubation period, indicating the presence of 
readily mineralizable or weakly bound P fractions in both 
feedstocks and biochars. Previous studies have shown that 
the impact of residue and biochar amendments on soil P 
availability can be either positive or negative, depending on 
feedstock chemistry and pyrolysis conditions (Amendola 
et al. 2017; Li et al. 2017; Liu et al. 2017). In the present 
study, however, all amendments increased soil extractable 
P compared to the control, indicating improved P availabil-
ity. Phosphorus release following amendment addition is 
closely linked to the initial P content of the organic material. 
Mafongoya et al. (2000) reported that residues with total P 
contents exceeding 0.2% generally promote P mineraliza-
tion rather than immobilization. All feedstocks and biochars 
used in this study exceeded this threshold (Table 2), and res-
idue total P showed a significant positive correlation with 
extractable P (Table  4), directly explaining the increased 
extractable P concentrations observed across amended 
treatments. The highest extractable P concentrations were 
observed in R201 and AS8 derived amendments, particu-
larly in their biochar treatments for maize and sorghum, 
respectively. These responses correspond with the higher 
total P contents of these residues and indicate that cultivar-
level differences in P concentration played a dominant role 
in regulating P mineralization.

The enhanced extractable P observed in biochar amended 
soils reflects changes in P availability rather than net P pro-
duction. During pyrolysis, organic matter is volatilized, 
resulting in the concentration of inorganic P within the 
biochar ash fraction, which can become readily extract-
able upon soil incorporation. In addition, increases in soil 
pH associated with biochar application reduce P sorption to 
Fe and Al oxides, thereby increasing P availability in acidic 
soils (Glaser and Lehr 2019). These mechanisms account 
for the increased extractable P measured in biochar treat-
ments and are consistent with previous studies reporting 
increased soil available P following the application of crop 
residue and woody biochars (Zhai et al. 2015; Gupta et al. 
2024). These findings indicate that cultivar-specific P con-
tent, coupled with pyrolysis induced concentration and soil 
chemical modification, governs extractable P dynamics in 
amended soils.

Application of feedstocks and biochars generally 
increased soil pH compared to the control, with pyroly-
sis temperature exerting a stronger influence than cultivar 
or crop type. Soil pH was consistently lower under feed-
stock treatments than under biochar treatments, reflecting 
the acidic nature of unpyrolyzed residues and the release 
of organic acids during early decomposition (Jin-Hua et 
al. 2011). In contrast, biochar-amended soils exhibited 

significantly higher pH values due to the alkaline nature of 
biochars formed during pyrolysis, particularly as a result 
of increased ash content and the formation of basic min-
eral compounds (Rizwan et al. 2023). These findings are 
consistent with previous reports of biochar’s liming effect 
arising from its ash fraction and alkaline surface functional 
groups (Chintala et al. 2014; Silva et al. 2017). The positive 
correlations between soil pH, residue ash content, and resi-
due pH further confirm that amendment chemical properties 
governed pH responses. Pyrolysis concentrates mineral ash 
and enhances alkalinity, thereby increasing biochar’s buffer-
ing capacity against soil acidification (Nelissen et al. 2012). 
This explains the higher soil pH observed in 650  °C bio-
chars compared with 350 °C biochars for maize cultivars. 
However, for sorghum cultivars, differences in residue ash 
content and pH between 350 °C and 650 °C biochars did not 
result in significant differences in soil pH. This suggests a 
buffering saturation effect, whereby both sorghum biochars 
supplied sufficient alkalinity to neutralize soil acidity, limit-
ing further pH increases despite compositional differences. 
Similar saturation responses have been reported when bio-
char additions exceed the soil’s buffering requirement (Cou-
maravel et al. 2011; Shetty et al. 2020).

The initial increase of pH in the control following incu-
bation reflects ammonification of native soil organic nitro-
gen, a process that consumes protons and can temporarily 
increase soil pH after rewetting (Jin-Hua et al. 2011). As 
incubation progressed, the subsequent decline in pH corre-
sponds to nitrification, during which oxidation of NH4

+-N 
to NO3

−-N releases H+ ions and promotes soil acidification 
(Butterly et al. 2013). In contrast, amended soils exhibited 
relatively stable pH throughout incubation, indicating that 
feedstocks and particularly biochars buffered biologically 
induced pH fluctuations through the supply of base cations 
and alkaline ash components. A short-term anomaly was 
observed at day 0, where soils amended with R201 and 
PAN8816 feedstocks exhibited lower pH than the control 
despite their intrinsic residue pH being higher than the ini-
tial soil pH. This transient decrease likely resulted from the 
rapid release of organic acids, phenolic compounds, and 
dissolved CO₂ during residue wetting and early microbial 
activation, temporarily acidifying the soil immediately 
after amendment incorporation (Anderson et al. 2018). As 
decomposition progressed, these effects diminished and soil 
pH increased and stabilized, especially in biochar amended 
treatments due to their greater buffering capacity. These 
results demonstrate that while feedstocks can induce short-
term acidification during decomposition, biochar amend-
ments exert a stronger and more sustained liming effect. 
The relative stability of pH in biochar-amended soils show 
biochar’s capacity to regulate soil chemical conditions and 
mitigate pH fluctuations during nutrient cycling.
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5  Conclusion

This study demonstrates that biochemical differences 
among the selected maize and sorghum cultivars exerted 
stronger control over carbon dioxide emissions, nitrogen 
and phosphorus mineralization, and soil pH than crop type 
alone. Within maize, SC701 feedstock produced the high-
est cumulative carbon dioxide emissions, whereas R201 
feedstock and its biochars resulted in consistently lower 
emissions. For sorghum, PAN8816 feedstock generated the 
highest cumulative emissions, while AS8 biochar produced 
at 650 °C exhibited the lowest. These patterns reflect cul-
tivar level differences in carbon content, nitrogen content, 
elemental ratios, and ash composition that regulated micro-
bial decomposition and nutrient transformations. Pyrolysis 
temperature further modified these responses. Biochars 
produced at 650  °C generally reduced cumulative carbon 
dioxide emissions compared with feedstocks and 350  °C 
biochars, reflecting more carbon stabilization and resistance 
to microbial degradation. Higher temperature biochars also 
exerted stronger liming effects,, due to increased ash con-
centration and alkalinity. In contrast, biochars produced at 
350 °C retained more labile fractions and in some cases pro-
moted greater mineral nitrogen availability.

Nitrogen dynamics were governed by the balance 
between residue carbon quality and total nitrogen supply. 
Treatments with wide C: N ratios, including R201 feedstock 
and certain high-temperature biochars, were associated with 
reduced mineral nitrogen concentrations, consistent with 
enhanced microbial immobilization. In contrast, PAN8816 
feedstock and its 350  °C biochar, characterized by higher 
total nitrogen content, increased both ammonium and nitrate 
concentrations. Phosphorus availability was strongly linked 
to initial residue phosphorus content and ash concentra-
tion, with R201 biochar produced at 650 °C and AS8 bio-
chars generating the highest extractable phosphorus levels. 
These results show that carbon stabilization, nitrogen trans-
formations, phosphorus availability, and soil acidity were 
controlled by cultivar-specific biochemical composition 
and pyrolysis temperature. Importantly, the dominance of 
cultivar-level effects observed reflects the specific maize 
and sorghum cultivars evaluated under controlled incuba-
tion conditions and should not be generalized to all geno-
types. Therefore, residue management outcomes depend on 
feedstock biochemical composition and thermal pyrolysis 
temperature rather than broad crop type alone. Future field 
research is needed to verify these outcomes under variable 
environmental conditions and assess long-term impacts on 
soil fertility and crop performance.
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