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Sustainable crop production in tropical regions is challenged by poor soil fertility, necessitating 
effective soil amendment strategies. This study evaluated the temporal effects of five soil 
amendments—compost (CMP), biochar (BCH), co-composted biochar (C-BCH), a mixture of compost 
and biochar (CMP + BCH), and NPK fertilizer—on NPK release patterns, soil quality, and maize 
performance in the Alfisols of Zaria, Nigeria. The experiment followed a randomized complete block 
design with six treatments (including control) and three replications, applied at 15 t ha− 1 for organic 
treatments and recommended rate for NPK. Key soil quality indicators measured were organic carbon 
(OC), cation exchange capacity (CEC), pH, bulk density (ρb), and mean weight diameter (MWD). 
Nutrient release was monitored at bi-weekly intervals over 12 weeks, while maize growth and yield 
parameters were also evaluated. Statistical analysis (ANOVA, p < 0.05) showed that CMP initially 
released the most N, P, and K, but CMP + BCH significantly improved OC (1.89%), CEC (9.13 cmol kg− 1), 
and MWD (1.36 mm), while maintaining near-neutral pH. These improvements translated into superior 
plant height (212.4 cm), leaf area (536.2 cm2), and grain yield (3.45 t ha− 1). Among the Soil Quality 
Index (SQI) methods used, threshold and weighting methods aligned more with crop productivity, 
while the AHP method reflected long-term soil sustainability trends. CMP + BCH emerged as the most 
sustainable amendment under tropical conditions. Future research should investigate the long-term 
carbon sequestration potential of these amendments.

Keywords  Alfisols, Maize, NPK temporal dynamics, Soil organic amendments, Soil quality indicators, SQI 
methods

 In the tropics, where most soils exhibit low nutrient status and limited buffering capacity, a variety of organic 
and inorganic amendments have been utilized to enhance soil fertility and agricultural productivity1 Soil health 
is a critical factor in ensuring sustainable agricultural productivity and environmental quality2. It encompasses 
the physical, chemical, and biological properties of soil that influence its ability to support plant growth through 
adequate nutrient, air, and water supply while maintaining environmental quality and improving biodiversity3,4.

The overall effect of these amendments on nutrient availability for crop uptake and sustainable land 
management has been a point of discussion for several decades, especially by proponents of soil health5. 
Evaluation of agricultural soil quality has become a mainstay in the field of agricultural research, and several 
components have been employed for its measurement6,7. Among these, nutrient availability, especially for 
nitrogen, phosphorus, and potassium plays a vital role in crop efficiency and soil fertility. These macronutrients 
are essential for plant productivity, influencing key physiological processes and overall vigour8. However, their 
availability in tropical soils is limited, necessitating supplementation with various amendment sources that 
impose both spatial and temporal limitations5,9.

Recent studies such as Sadra et al.10 and Nyabami et al.11 have demonstrated that nutrient release dynamics 
and their synchrony with plant demand are critical to reducing losses and maximizing efficiency. Therefore, an 
in-depth understanding of temporal nutrient dynamics of specific organic amendment materials is necessary 
to develop targeted management practices that ensure efficient nutrient utilization and long-term soil fertility.
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Over the years, several researchers have investigated the effects of various amendments on soil properties12. 
Studies have shown that compost application enhances nitrogen mineralization and phosphorus availability 
over time, while biochar improves soil cation exchange capacity (CEC) and moderates nitrogen release by 
adsorbing ammonium ions13,14. Co-composted biochar has been reported to combine these benefits, leading 
to more synchronized nutrient supply with crop demand21. Conversely, NPK fertilizers, although effective for 
immediate nutrient supplementation, are prone to rapid nutrient loss through leaching and volatilization, which 
can negatively affect soil structure and biological functions over repeated applications15,16. These findings have 
led to a wide-spread adoption of these amendment sources for improving soil nutrition.

However, despite their widespread use, recent literature such as16 and17 suggests a knowledge gap exists 
in terms of how these amendments influence soil health indicators over time, particularly in tropical Alfisols. 
Additionally, many earlier studies focused on static properties without linking temporal changes in nutrient 
availability to plant demand, making this study particularly relevant. As a result of its close link to soil fertility 
and plant growth, the temporal release pattern of NPK from various soil amendments is of particular interest 
to farmers, since nutrient requirements vary across different stages of plant development18,19. Understanding 
these release patterns enables land users to align agricultural operations with nutrient availability to enhance 
nutrient use efficiency9. According to20, the availability of NPK from soil amendments depends on amendment 
type, inherent soil properties, and environmental conditions. For instance, organic materials may release N 
slowly over time, providing a steady supply to crops, while inorganic fertilizers may lead to rapid N availability 
followed by fixation, leaching, and potential environmental contamination. This difference affords land users the 
opportunity to select amendments tailored to their land’s specific needs.

Moreover, with rising interest in integrated nutrient management and carbon-smart agriculture, there is a 
growing focus on combining organic materials such as compost and biochar—individually or co-composted 
to maximize benefits21. Given this growing interest, it is essential to evaluate their short-term nutrient release 
patterns in conjunction with soil health indicators, particularly in the Alfisols of Samaru, Zaria.

The current study is novel in that it concurrently compares multiple organic amendment types (compost, 
biochar, co-composted biochar, and compost-biochar mixture) and inorganic fertilizer (NPK), using three Soil 
Quality Index (SQI) calculation methods (threshold, additive, and AHP) to evaluate their performance. It also 
links these changes to maize (Zea mays L.) productivity under tropical conditions; a crop widely cultivated 
for food and fodder in sub-Saharan Africa22. This integrated approach provides a broader understanding 
of amendment impacts, thereby filling a major gap in previous research which often focused on crop yield 
responses to isolated parameters.

Therefore, the objective of this study is to determine the temporal release patterns of NPK from selected 
organic amendments, evaluate their effects on soil quality using indicators such as organic carbon (OC), pH, 
cation exchange capacity (CEC), bulk density, and aggregate stability, and assess their combined impact on 
maize growth and yield in tropical Alfisols. The overarching aim is to provide insights that will assist land users 
in developing effective soil management strategies to enhance nutrient use efficiency, improve soil quality, and 
mitigate environmental hazards and soil degradation.

Materials and methods
Study location
The experiment was carried out at the Institute for Agricultural Research (IAR) Farm in Samaru, Zaria, Nigeria, 
situated at an altitude of approximately 686 meters above sea level, with geographical coordinates 11° 11’ N and 
7° 38’ E. The study site falls within the Northern Guinea Savanna agro-ecological zone, which experiences a 
tropical climate characterized by a distinct wet season from May to September and a dry season from October 
to April. Annual rainfall in the area averages around 1000 mm, and temperatures range from 21 °C to 30 °C23. 
Soils in this location are predominantly Alfisols, which are inherently low in organic matter and essential plant 
nutrients (Table 1). These soils are commonly cultivated for crops such as maize, cowpea, and pepper, although 
sustained productivity often relies heavily on synthetic fertilizers.

Prior to application of soil amendments, the soil was strongly acidic (pH 5.29), consistent with typical Alfisols 
of Zaria24,25. Further analysis showed low levels of nitrogen (0.80 g kg− 1), phosphorus (9.80 mg kg− 1), potassium 
(1.1 cmol kg− 1), organic carbon (5.20 g kg− 1), and cation exchange capacity (5.52 cmol kg− 1), aligning with 
values reported by26. The soil had a moderate bulk density (1.44 Mg m− 3), suggesting average conditions for 
infiltration, root penetration, microbial activity, and nutrient exchange27. However, the mean weight diameter 

Parameters Measured Value

pH 5.29

Organic carbon (g kg− 1) 5.20

Total nitrogen (g kg− 1) 0.80

Available phosphorus (mg kg− 1) 9.80

Exchangeable potasium (cmol kg− 1) 1.1

Cation exchange capacity (cmol kg− 1) 5.52

Bulk density (ρb, Mg m− 3) 1.44

Mean weight diameter (mm) 2.01

Table 1.  Initial properties of experimental soil.
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(MWD) of soil aggregates (2.01 mm) was below the 2.5 mm threshold, indicating potential susceptibility to wind 
erosion28. Collectively, these indices reflect low inherent fertility and a vulnerability to both chemical and physical 
degradation, emphasizing the need for amendment interventions to support sustainable crop production.

Experimental Design, treatment Materials, and application rates
A randomized complete block design was employed to evaluate six soil amendment treatments: compost 
(CMP), biochar (BCH), co-composted biochar (C-BCH), a 1:1 mixture of compost and biochar (CMP + BCH), 
NPK fertilizer, and a control with no amendments. Each treatment was replicated five times, and plots were 
arranged in blocks to account for spatial variability across the field. Plot dimensions were 3 m by 4 m with 
1 m spacing between plots. The compost used in the study was produced following the method outlined by29, 
using a combination of rice straw, dry gmelina leaves, fresh mango and eucalyptus leaves, and cow dung, which 
were composted under aerobic conditions for six weeks with periodic turning. The biochar was obtained from 
maize cobs through slow pyrolysis in a muffle furnace at 600 °C for four hours, in line with the protocol of30. 
For the co-composted biochar, maize cob biochar was incorporated during the composting process using the 
same feedstock and proportions as in the compost treatment. All organic amendments were applied once, two 
weeks before planting, at a uniform rate of 15 t ha− 1 and incorporated into the soil to a depth of 15 cm. The NPK 
treatment consisted of a compound fertilizer applied at the recommended rate of 120 kg N, 60 kg P₂O₅, and 
60 kg K₂O per hectare.

Soil sample collection
Soil samples were collected at two-week intervals after planting until the twelfth week, maintaining a consistent 
depth of 0–30 cm to monitor nutrient release dynamics. Each sampling involved taking five soil cores per plot, 
which were thoroughly mixed to form a composite sample before air-drying and analysis. Baseline soil properties 
were determined prior to amendment application to serve as reference points for assessing treatment effects.

Plant sample collection
Maize (Zea mays) served as the test crop, planted manually at a spacing of 75 cm by 25 cm, with two seeds per 
hill thinned to one. Plant growth data including height, leaf area, and chlorophyll content were collected bi-
weekly from five randomly selected plants per plot. Leaf area was estimated using the non-destructive formula 
as described by31, while chlorophyll content was measured using a SPAD-502  m. At physiological maturity, 
maize plants were harvested from the central rows of each plot to avoid edge effects. Grain yield per hectare was 
calculated by extrapolating weights from harvested grains, while cob diameter and length were measured using 
a Vernier calliper and a rule, respectively.

Laboratory analysis
Soil pH was measured in a 1:2.5 soil-to-water suspension using a glass electrode pH meter. Organic carbon 
(OC) was quantified using the Walkley-Black dichromate oxidation method, while total nitrogen (TN) was 
analysed through the Kjeldahl digestion technique. Available phosphorus (Av. P) was determined using the 
Bray-1 method, and exchangeable potassium (Ex. K) was extracted with neutral 1 N ammonium acetate and 
measured by flame photometry. Cation exchange capacity (CEC) was estimated from the same ammonium 
acetate extract by distillation following replacement with sodium. Bulk density (ρb) was calculated using the 
core method, where undisturbed soil cores were oven-dried and weighed. Aggregate stability was assessed 
via the Mean Weight Diameter (MWD), obtained by dry sieving air-dried aggregates through a nest of sieves 
of decreasing mesh sizes. All procedures adhered strictly to the methods described by32, with quality control 
ensured through repeated standard samples and calibration runs.

Soil quality index (SQI) determination
To evaluate the integrated effects of soil amendment treatments on soil health, a Soil Quality Index (SQI) was 
computed using three different approaches: threshold-based scoring, expert-assigned weights, and the Analytic 
Hierarchy Process (AHP). The threshold-based scoring method utilized in this research is a proposed method 
that uses a threshold-based system where each soil indicator is scored on a scale from 0 (least suitable) to 1 (most 
suitable), depending on its proximity to optimal values for maize cultivation. Thresholds were adapted from33, 
with scoring anchored on established suitability classes (S1 to N2). Indicators such as OC, CEC, and MWD 
followed a “more is better” paradigm, while ρb followed a “less is better” criterion34. Soil pH was assessed based 
on its optimal range. Each indicator’s score was normalized by dividing it by the total score across all indicators, 
producing derived weights that summed to 1. This method accounts for both the agronomic relevance of 
indicators and the degree of deviation from optimum soil conditions.

In the second method, weights were assigned based on the functional relevance of each indicator to soil health 
and crop performance. Organic carbon, given its central role in nutrient retention and microbial dynamics, was 
assigned the highest weight (0.30). Soil pH, CEC, and ρb each received a weight of 0.20, while MWD was given 
a weight of 0.10 due to its secondary, though still important, role in maintaining soil structure and minimizing 
erosion35.

The third method employed the AHP for deriving indicator weights based on pairwise comparisons. The 
comparison matrix was developed and assessed for consistency using the criteria proposed by36. The matrix 
(Table 2) yielded a maximum eigenvalue (λmax) of 5.14, a consistency index of 0.035 and a consistency ratio (CR) 
of 0.031. Since the CR was below the acceptable threshold of 0.1, the matrix was considered consistent. The final 
weights from AHP were then used in the SQI computation.

For all three methods, the final SQI was calculated as the weighted sum of normalized indicator values7:
 

Scientific Reports |        (2025) 15:41856 3| https://doi.org/10.1038/s41598-025-25873-w

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


	
Soil Quality Index (SQI) =

∑5

i=1
(wi × Ni)� (1)

Where wi is the assigned weight and Ni is the normalized score of the ith indicator.

Statistical analysis
All collected data were first subjected to descriptive statistics to understand general trends and variation among 
treatments. One-way analysis of variance (ANOVA) was used to test for significant differences in soil properties, 
growth parameters, and yield across the six treatments. Where significant effects were observed, treatment 
means were separated using Duncan’s Multiple Range Test (DMRT) at a 5% significance level to perform 
pairwise comparisons among treatments. In addition to statistical significance, effect sizes were calculated using 
Cohen’s d to quantify the practical importance of treatment effects. The three computed SQI values were also 
regressed against key productivity indicators such as grain yield and chlorophyll content to identify the SQI 
method that best captured soil performance. All statistical analyses were conducted using Minitab version 17.0 
and R software (version 4.3.3), ensuring reproducibility and robustness in result interpretation.

Results
Characterization of amendment materials
After production, the amendment materials were tested in the laboratory for nutrient characterization as shown 
in Table 3. CMP had significantly higher (P < 0.05) N contents than C-BCH (5.60ab g kg− 1) and CMP + BCH 
(6.00ab g kg− 1), which were statistically at par. The BCH amendments had relatively lower N content (3.20c g 
kg− 1), likely due to the volatilization of N during BCH production37,38. Similarly, OC content was higher in CMP 
(167.60a g kg− 1) and CMP + BCH (103.20b g kg− 1) than in BCH and C-BCH. This was also attributed to the 
conversion of OC into its stable form at high pyrolysis temperature39.

Amendment pH values ranged from 8.16 in CMP to 10.81 in BCH, categorizing them as strongly to very 
strongly alkaline40. BCH’s high pH stems from its abundance of alkaline salts, including K and Na carbonates, 
as confirmed by its elevated exchangeable K content (6.15a cmol kg− 1). This makes BCH particularly suitable 
for ameliorating acidic soils as reported by41. The CEC was highest in CMP (89.23a cmol kg− 1) and CMP + 
BCH (71.23a cmol kg− 1), likely due to high organic matter content. Humic substances in organic matter possess 
functional groups such as carboxyls, enhancing CEC by adsorbing cations42. Across treatments, high CEC values 
indicate strong potential to improve soil fertility, as SOM can increase nutrient retention by 30–70%14.

Temporal nutrient release patterns
The nutrient release patterns for N, P and K were plotted for the 12-week duration of this research in Fig. 1(a-
c). During the first four weeks, CMP released the highest amount of total nitrogen (2.75 g kg− 1), indicative of 
its rapid mineralization. This is consistent with reports by43 who noted an initial N surge in NPK and CMP 
treatments, followed by slowed release due to microbial immobilization. Conversely, BCH-containing treatments 
exhibited a gradual and consistent N release pattern throughout the study. This sustained release is attributed to 
biochar’s porous and stable matrix that retains nitrogen compounds and moderates mineralization rates44. The 

Parameters CMP BCH C-BCH CMP + BCH P-Value

TN (g kg− 1) 7.80 ± 1.1a 3.20 ± 0.65c 5.60 ± 1.1ab 6.00 ± 1.2ab 0.023

Av. P (mg kg− 1) 22.45 ± 4.3a 19.00 ± 4.2b 21.70 ± 4.3ab 19.83 ± 2.5b 0.048

Ex. K (cmol kg− 1) 4.21 ± 0.9b 6.15 ± 1.2a 5.21 ± 1.2ab 4.92 ± 0.5ab 0.021

OC (g kg− 1) 167.60 ± 19.2a 99.80 ± 12.1bc 95.70 ± 9.3bc 103.20 ± 10.7b 0.001

pH 8.16 ± 1.3b 10.81 ± 1.9a 8.70 ± 1.2b 9.71 ± 1.7ab 0.009

CEC (cmol kg− 1) 89.23 ± 9.5a 49.54 ± 6.1b 54.32 ± 6.5b 71.23 ± 8.4a 0.001

Table 3.  Chemical properties of CMP, BCH, C-BCH and CMP + BCH. Note: the data are expressed as the 
means ± standard deviation, and the different letters indicate a significant difference among the different 
treatments at p < 0.05 level. CMP – compost, BCH – biochar, N – total nitrogen, OC – organic carbon, CEC – 
cation exchange capacity.

 

OC CEC pH ρb MWD Weights

OC 1 2 3 4 4 0.35

CEC 0.5 1 2 3 3 0.26

pH 0.33 0.5 1 2 2 0.17

ρb 0.25 0.33 0.5 1 2 0.12

MWD 0.25 0.33 0.5 0.5 1 0.10

Table 2.  Pairwise comparison matrix (Saaty’s scale) the and derived AHP weights.
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Fig. 1.  (a) Temporal Dynamics of TN Release under Different Soil Amendment Treatments. (b): Temporal 
Dynamics of Av. P Release under Different Soil Amendment Treatments. (c): Temporal Dynamics of 
Ex. K Availability under Different Soil Amendment Treatments. Note: Data points and bars represent 
mean ± standard deviation (SD). Treatments include compost (CMP), biochar (BCH), co-composted biochar 
(C-BCH), compost mixed with biochar (CMP + BCH), inorganic fertilizer (NPK), and a control without 
amendment.
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observed N decline in CMP, NPK, and control within the early weeks is likely due to volatilization, nitrification, 
and plant uptake43, all of which influence N use efficiency.

A similar pattern was observed for av. P (Fig. 1b). Its content peaked at around 6 weeks in CMP-treated 
soils before experiencing a sharp decline. This trend aligns with findings from45, who discussed phosphorus 
bioavailability dynamics under organic amendment treatments. Phosphorus availability generally decreased 
across all treatments after the eighth week, with the exception of BCH. This sustained phosphorus availability in 
BCH-treated soils is attributed to biochar’s unique CEC (Table 3) and high surface area, which retain phosphorus 
in the soil solution and release it gradually as a buffer against rapid P depletion46.

Potassium availability demonstrated a more complex temporal release pattern, with most treatments showing 
a marked decrease between weeks 6 and 8. A pronounced decline in potassium was observed after the fourth 
week in soils amended with NPK, likely due to potassium fixation reducing K bioavailability, as suggested by30. 
Treatments with C-BCH also enhanced K availability; however, a degree of K fixation was noted, likely due to 
organic matter interactions, as humic substances may form complexes with potassium ions and reduce their 
immediate availability47.

Amendment effects on soil quality indicators
Organic carbon
Application of organic amendments showed marked potential in enriching soil OC content as shown in Table 
4. Compared to the control (3.1 ± 0.4 g kg− 1), soils treated with CMP showed an effect size (Cohen’s d) of −6.21 
(Table 5), which demonstrates compost’s potential to elevate soil carbon content substantially. Other treatments 
such as CMP + BCH (6.6 ± 2.6 g kg− 1) also showed significant improvement. The slower mineralization rates 
observed with BCH further stabilize carbon, mitigating OC loss over time48. This carbon stabilization under 
biochar and CMP leads to sustained nutrient release to plants, thereby improving long-term fertility14. Soil OC 
plays a direct role in enhancing nutrient retention by providing more exchange sites for nutrient cations, which 
in turn drives organic matter decomposition, nutrient cycling and overall soil quality30.

Soil pH
BCH and CMP treatments increased soil pH from 5.1 ± 1.1 in the control to 6.0 ± 0.6 and 7.4 ± 1.2, respectively, 
with BCH showing a Cohen’s d of −5.75 relative to the control. The release of organic acids, mainly carboxylic, 
phenolic and amino acids during organic matter decomposition contribute to soil buffering, particularly in soils 
prone to acidification8. In their study, Wang et al49. also found that biochar’s alkaline nature counteracted soil 
acidity, thereby buffering pH and optimizing nutrient availability for pH-sensitive elements like phosphorus 
which are required by crops in macro quantities.

Cation exchange capacity (CEC)
Organic amendments significantly improved soil CEC, with CMP and CMP + BCH exhibiting higher mean CEC 
values of 8.0 ± 3.6 and 8.1 ± 3.6 cmol kg− 1 respectively, compared to 5.2 ± 2.1 cmol kg− 1 in the control (Table 
4). The effect size of −7.93 for CMP relative to the control buttresses the strong effect of compost in increasing 
soil nutrient-holding capacity. This is influenced by the high content of OC in the amendment materials, which 
provides negatively charged sites for cation adsorption. Biochar contributes further with its high surface area 
and pH-buffering properties that promotes the creation of stable organic-inorganic complexes that reinforce soil 
CEC over time50. This synergistic effect between compost and biochar can thus sustain nutrient retention, reduce 
leaching, and enhance plant nutrient uptake51.

Bulk density (ρb)
The ρb of plots treated with CMP and CMP + BCH, which averaged 1.33 ± 0.2 and 1.31 ± 0.6 Mg m− 3 respectively 
shows the potential of organic amendment to improve soil physical tilth. This is emphasised by the large positive 
effect between organic amendment treatments and the control (Table 5). The incorporation of organic matter 
reduces soil compaction by promoting aggregate formation, which increases porosity and decreases particle 
density49. This process facilitates root penetration and enhances water infiltration, creating favourable conditions 
for plant growth52,53.

Mean weight diameter (MWD)
The increase in MWD with CMP (2.10 ± 0.3 mm) and CMP + BCH (2.38 ± 0.2 mm) treatments, marked by the 
significant Cohen’s value against the control (−7.70 and − 8.03) further reveals the role of organic amendments 

Indicators Control CMP BCH C-BCH CMP + BCH NPK P-Value

OC 3.1 ± 0.4c 8.1 ± 2.3a 7.2 ± 3.2a 7.6 ± 1.6a 6.6 ± 2.6b 2.9 ± 1.2c 0.001

pH 5.1 ± 1.1bc 6.0 ± 0.6b 7.4 ± 1.2a 7.3 ± 1.4a 6.7 ± 1.2ab 4.9 ± 2.3c 0.021

CEC 5.2 ± 2.1b 8.0 ± 3.6a 8.4 ± 2.2a 8.3 ± 3.2a 8.1 ± 3.6a 5.1 ± 1.2b 0.036

ρb 1.41 ± 0.2a 1.33 ± 0.2a 1.37 ± 0.5a 1.36 ± 0.3a 1.31 ± 0.6a 1.40 ± 0.3a 0.078

MWD 1.90 ± 0.2a 2.10 ± 0.3a 2.3 ± 0.3a 2.33 ± 0.3a 2.38 ± 0.2a 1.83 ± 0.3a 0.082

Table 4.  Mean, SE and P-values for treatment effect on key indicators. Note: the data are expressed as the 
means ± standard deviation, and the different letters indicate a significant difference among the different 
treatments at p < 0.05 level.
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in strengthening soil aggregates (Table 4). Higher MWD values correspond with better soil structure stability, 
which is essential for preventing erosion and maintaining soil resilience54. Similar stabilization effects were 
reported by55, who attributed the phenomena to microbial exudates and root biomass which aid in reinforcing 
soil structure by binding particles. In contrast, NPK treatments had limited effect on these properties, with 
majority of the post-experiment soil characteristics falling within small to medium effect ranges as compared to 
the control (Table 5).

Growth and yield performance of maize
Growth parameters
CMP + BCH treatment resulted in the highest average plant height (77.5 cm) and leaf area (464.6 cm²), followed 
by CMP alone (Fig. 2a and b). Improved nutrient availability and soil physical condition under these treatments 
facilitated enhanced vegetative growth56. The synergy between compost and biochar stabilized OC and supported 
nutrient mineralization44. CMP + BCH also recorded the highest chlorophyll content (67.3 SPAD) (Fig. 2c), 
suggesting superior nitrogen retention and utilization57. Biochar’s liming effect likely further enhanced nutrient 
uptake efficiency.

Yield parameters
Grain weight per plant and cob length were highest in CMP + BCH (155.6 g, 15.8 cm), surpassing both NPK and 
control treatments (Fig. 2d and e). The slow nutrient release from organic amendments ensured sustained supply 
during reproductive stages, optimizing seed filling44. Total yield followed a similar trend, with CMP + BCH and 
CMP recording the highest values (304.2 and 296.7 kg ha− 1) (Fig. 2f), highlighting the superior performance of 
organic-based amendments over single-dose application of mineral fertilizers58.

Effects of treatments on soil quality index (SQI)
To assess treatment effects on soil quality, the SQI was computed using different methods (Table 6) and a linear 
regression (Fig. 3a-d) was fitted to relate SQI values to maize productivity. The threshold method, which scores 
indicators based on their nearness to optimal crop nutrient requirements, as suggested by33 yielded high SQI 

Indicators CMP BCH C-BCH CMP + BCH NPK

OC (g kg− 1)

Control −6.21 −5.90 −6.36 −3.87 −0.12

CMP 0.24 −0.15 1.42 −5.96

BCH −0.39 1.25 −5.76

C-BCH 1.64 −4.78

CMP + BCH −3.22

pH

Control −3.33 −5.75 −4.67 −2.90 −0.33

CMP −2.05 −1.34 0.49 −7.55

BCH 0.67 2.38 −8.63

C-BCH 1.66 −7.90

CMP + BCH −7.44

CEC (cmol kg− 1)

Control −7.93 −7.79 −8.06 −4.17 0.44

CMP 0.23 −0.18 1.78 5.93

BCH −0.40 1.62 −5.86

C-BCH 2.00 −7.34

CMP + BCH −3.97

ρb(Mg m− 3)

Control 1.72 −0.30 −0.15 0.81 −0.12

CMP −1.87 −1.72 −0.78 −1.64

BCH 0.15 1.13 −0.23

C-BCH 0.98 −0.13

CMP + BCH −0.77

MWD

Control −7.70 −7.79 −7.84 −8.03 −0.55

CMP −0.20 −0.32 −0.50 −7.20

BCH −0.11 −0.31 −6.79

C-BCH −0.20 −6.48

CMP + BCH −7.23

Table 5.  Cohen’s d matrix for soil indicator differences.
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scores for CMP (0.75), while rating the other organic amendment treatments (0.50 each) above NPK and control 
(0.25 each). The method achieved a high R2 of 69.5% and 64.5% for explaining variability in leaf area and plant 
height. Additionally, a significant correlation was observed for this method with grain yield in kg ha− 1 (r = 0.82*), 
and grain weight per plant (r = 0.82*) (Table 7). This suggested that the threshold method of SQI determination 
captures improvements in soil properties that drive yield potential with comparative accuracy.

The AHP weighting method employed a structured hierarchy and scoring system that yielded values 
generally lower than those obtained through threshold method. The Consistency Index of 0.04 and Consistency 
Ratio of 0.045 were within acceptable limits, confirming the matrix’s reliability in prioritizing soil parameters59. 
The normalized priority matrix derived through AHP placed high weights on OC (0.35) and CEC (0.30), 
acknowledging their importance in supporting soil quality34. However, due to its holistic weighting approach, 
the AHP method’s SQI values yielded lower correlations with immediate crop indicators such as grain weight 
per plant (r = 0.73) and total maize yield (r = 0.72) (Table 7). This suggested its conservative alignment with soil 
quality as a function of both productivity and sustainability, as further evidenced by the comparatively lower R2 
values for SQI – AHP with productivity parameters (Table 8). This is consistent with Saaty’s AHP framework, 
which values consistency and reliability59.

The weighting method attributed weights to indicators based on their relative importance for soil productivity 
solely based on literature6. This method was rather adaptive since it featured a balanced correlation while 
attributing higher SQI values to biochar-inclusive treatments (CMP + BCH = 0.91 and C-BCH = 0.88). This 
is corroborated by regression parameters, which exhibited strong predictive relationships with leaf area (R² = 
60.0%) and plant height (R² = 62.5%). Robust correlations to chlorophyll content (r = 0.80) and strong Cohen’s 
d values across OC, CEC, and ρb for biochar treatments were observed, suggesting that this method reflect 
biochar’s stability and slow release of nutrients, as well as highlighting other extended benefits to soil structure 
and plant growth. Each SQI determination method emphasizes different dimensions of soil quality, with the 
Threshold method aligning closely with productivity, weighting method capturing longer-term benefits, and 
the AHP method offering a balanced soil assessment. However, all three methods support the conclusion that 
organic and biochar-amended treatments significantly enhance soil quality in ways that directly benefit crop 
growth.

Treatments SQI (threshold) SQI (AHP) SQI (weighting)

CMP 0.75 0.36 0.57

BCH 0.50 0.29 0.84

C-BCH 0.50 0.29 0.88

CMP + BCH 0.50 0.29 0.91

NPK 0.25 0.26 0.15

Control 0.25 0.26 0.12

Table 6.  SQI values for each treatment computed by different methods.

 

Fig. 2.  Box plot of some growth and yield parameters of maize for the treatments.
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Conclusion
The use of soil amendments generally improved soil quality and maize productivity. The rate of nutrient release 
in chemical fertilizers is rapid, resulting in minimal contributions to soil quality, and often requiring split 
applications to maintain plant vigour and productivity. In contrast, organic-based amendments exhibited a more 

Parameters

SQI - Threshold SQI - AHP SQI - Weighting

Slope Intercept R² (%) Slope Intercept R² (%) Slope Intercept R² (%)

Leaf Area 0.0021 −0.3195 69.5 0.0004 0.1630 56.2 0.0038 −0.8205 60

Plt. Height 0.0183 −0.7636 64.5 0.0030 0.0913 50.5 0.0349 −1.75 62.5

Cob L. 0.0916 −0.8096 63.5 0.0155 0.0798 51.5 0.1652 −1.709 55.1

GW/Plt. 0.0081 −0.6268 67.3 0.0014 0.1121 53.8 0.0149 −1.418 60.8

Table 8.  Regression parameters between SQI methods and crop growth/yield parameter.

 

GW/Plt. Cob L. GY/Ha Plt. Height LeafA ChloroC

SQI - Threshold 0.82* 0.80 0.82* 0.80 0.83* 0.81

SQI - AHP 0.73 0.72 0.74 0.71 0.75 0.71

SQI - Weighting 0.78 0.74 0.74 0.79 0.77 0.80*

Table 7.  Correlation matrix between different SQI methods and crop yield. GW/Plt. – grain weight per plant 
(g/plant), cob L. – cob length (cm), GY/Ha – total grain yield per hectare, Plt. Height – plant height (cm), 
ChloroC – Content of chlorophyll (SPAD).

 

Fig. 3.  Linear regression fitting between SQI methods and selected plant growth/yield parameters.
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gradual nutrient release, promoting sustained nutrient availability throughout the growing period of crops like 
maize. Additionally, improvement in OC, pH balance, and CEC observed with organic amendment application 
contributed to a more stable soil environment conducive to plant health and productivity. Application of 
CMP + BCH at 15 t ha− 1 is particularly identified among other treatments as a sustainable soil amendment 
strategy in tropical Alfisols, especially for addressing nutrient limitations and improving soil quality. To optimize 
nutrient use efficiency and synchronize nutrient availability with maize demand, it is recommended that soil 
amendments be applied 2–4 weeks prior to planting for maize varieties whose maturity does not exceed 120 
days. This ensures that peak nutrient release, notably phosphorus and potassium around week 10 coincides 
with the crop’s critical growth stages. Furthermore, the different methods of SQI computation highlight varying 
aspects of soil functionality; hence, the threshold and weighting methods are recommended when targeting soil 
productivity. This assessment was conducted over a single cropping season under field conditions. Although 
multiple replications were used to improve reliability, environmental fluctuations and cumulative amendment 
impacts over several seasons were not evaluated. Future studies should therefore incorporate multi-seasonal field 
evaluations, include broader soil health indicators such as the effects of amendments on microbial dynamics, 
and conduct long-term monitoring of soil carbon sequestration potential.

Data availability
The datasets generated and/or analyzed during this study are included in this article and its supplementary 
information files.

Received: 4 December 2024; Accepted: 24 October 2025

References
	 1.	  Srivastava, P. et al. Organic amendment impact on SOC dynamics in dry tropics: a possible role or relative availability of 

inorganic-N pools. Agric. Ecosyst. Environ. 235, 38–50 (2016).
	 2.	 Deeks, L. & Rickson, J. Review and Evaluation of Existing Soil Health Indicators Being Used in the UK and internationally. JNCC 

Report 737 (Towards Indicators of Soil Health, 2023).
	 3.	 Hatten, J. & Liles, G. A ‘healthy’ balance – the role of physical and chemical properties in maintaining forest soil function in a 

changing world. Dev. Soil Sci. 36, 373–396 (2019).
	 4.	 Sujaina, M., Gowthamchand, N. J., Sreshma, C. K. & Sowjanya, T. V. Chapter – 17: soil health assessment: Indicators, monitoring 

and evaluation. Adv. Soil Sci. 1, 391–425 (2023).
	 5.	 Sahoo, S. I., Hnialum, M., Ikram, M. & Rout, K. S. Chapter – 8: Application of Soil Organic Amendments to Improve Soil Health. 

In book: Recent Trends in Agriculture. 149–163Integrated Publications, (2023).
	 6.	 Vasu, D. et al. Soil quality index (SQI) as a tool to evaluate crop productivity in semi-arid Deccan plateau, India. Geoderma 282, 

70–79. https://doi.org/10.1016/j.geoderma.2016.07.010 (2016).
	 7.	 Chaudhry, H. et al. Evaluating the soil quality index using three methods to assess soil fertility. Sensors (Basel). 24 (3), 864. ​h​t​t​p​s​:​/​

/​d​o​i​.​o​r​g​/​1​0​.​3​3​9​0​/​s​2​4​0​3​0​8​6​4​​​​ (2024).
	 8.	 Weil, R. R. & Brady, N. C. The Nature and Properties of Soils. 15th EditionPearson Education Publisher, (2017).
	 9.	 Abdou, G. et al. Nutrient release patterns of compost and its implication on crop yield under Sahelian conditions of Niger. Nutrient 

Cycl. Agroecosystem. 105, 117–128 (2016).
	10.	 Sadra, S., Mohammadi, G. & Mondani, F. Nitrogen release dynamics and carbon sequestration by legume and non-legume cover 

crops under pure and mixed planting conditions. Agriculture (Pol’nohospodárstvo). Sciendo 69(1), 13–26. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​2​4​7​8​
/​a​g​r​i​-​2​0​2​3​-​0​0​0​2​​​​ (2023).

	11.	 Nyabami, P., Maltais-Landry, G. & Lin, Y. Nitrogen release dynamics of cover crop mixtures in a subtropical agroecosystem were 
rapid and species-specific. Plant. Soil. 492, 399–412. https://doi.org/10.1007/s11104-023-06183-4 (2023).

	12.	 Paradelo, R. et al. Potential and constraints of use of organic amendments from agricultural residues for improvement of soil 
properties. Sustainability 16 (1), 158. https://doi.org/10.3390/su16010158 (2024).

	13.	 Widowati, S., Karamina, H. & Fikrinda, W. Soil amendment impact to soil organic matter and physical properties on the three soil 
types after second corn cultivation. AIMS Agric. Food. 5 (1), 150–168. https://doi.org/10.3934/agrfood.2020.1.150 (2020).

	14.	 Garbowski, T. et al. An overview of natural soil amendments in agriculture. Soil Tillage. Res. 225, 105462. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​1​6​/​
j​.​s​t​i​l​l​.​2​0​2​2​.​1​0​5​4​6​2​​​​ (2023).

	15.	 Allam, M. et al. Influence of organic and mineral fertilizers on soil organic carbon and crop productivity under different tillage 
systems: a meta-analysis. Agriculture 12 (4), 464. https://doi.org/10.3390/agriculture12040464 (2022).

	16.	 Hu, W. et al. Biochar and organic fertilizer applications enhance soil functional microbial abundance and agroecosystem 
multifunctionality. Biochar 6, 3. https://doi.org/10.1007/s42773-023-00296-w (2024).

	17.	 Cai, M. et al. Temporal dynamics of nutrient release from mulching of legume roots and shoots litter driven by microbial 
community during decomposition in organic orchards. BMC Plant. Biol. 25, 374. https://doi.org/10.1186/s12870-025-06392-2 
(2025).

	18.	 Zhang, W. et al. Temporal dynamics of nutrient uptake by neighbouring plant species: evidence from intercropping. Funct. Ecol. 
31, 469–479. https://doi.org/10.1111/1365-2435.12732 (2017).

	19.	 Wang, Y. et al. Interspecies interactions in relation to root distribution across the rooting profile in wheat-maize intercropping 
under different plant densities. Front. Plant Sci. 9 https://doi.org/10.3389/fpls.2018.00483 (2018).

	20.	 Agegnehu, G., Srivastava, A. K. & Bird, M. I. Co-composting and soil fertility: A case study from Ethiopia. Soil Use Manag. 33 (2), 
360–367 (2017).

	21.	 Bai, S. H. et al. Combined effects of Biochar and fertilizer applications on yield: a review and meta-analysis. Sci. Total Environ. 808, 
152073. https://doi.org/10.1016/j.scitotenv.2021.152073 (2022).

	22.	 Mani, J. R., Issah, F. O., Abdussalam, Z. & Damisa, M. A. Factors influencing farmer participation in maize production in Kaduna 
State, Nigeria. J. Agric. Environ. 18 (1), 1–11 (2022).

	23.	 IAR Meteorological Station. Institute of Agricultural Research, Samaru, Zaria, Kaduna state. (2022).
	24.	 Awwal, Y. A. Influence of toposequence on soil properties, genesis, suitability and degradation at Hayin Gada, Zaria Nigeria. MSc. 

Thesis. Ahmadu Bello University, Zaria, Nigeria. (2021).
	25.	 Awwal, Y. A. & Maniyunda, L. M. Toposequence effect on soil properties and suitability rating for selected crops in Northern 

Guinea savanna, Nigeria. J. Agric. Environ. 19 (2), 215–235 (2023).
	26.	 Awwal, Y. A., Maniyunda, L. M. & Sadiq, F. K. Distribution and characteristics of soils along a toposequence in Northern Guinea 

savanna of Nigeria. Nigerian J. Soil. Environ. Res. 21, 110–121 (2022).

Scientific Reports |        (2025) 15:41856 10| https://doi.org/10.1038/s41598-025-25873-w

www.nature.com/scientificreports/

https://doi.org/10.1016/j.geoderma.2016.07.010
https://doi.org/10.3390/s24030864
https://doi.org/10.3390/s24030864
https://doi.org/10.2478/agri-2023-0002
https://doi.org/10.2478/agri-2023-0002
https://doi.org/10.1007/s11104-023-06183-4
https://doi.org/10.3390/su16010158
https://doi.org/10.3934/agrfood.2020.1.150
https://doi.org/10.1016/j.still.2022.105462
https://doi.org/10.1016/j.still.2022.105462
https://doi.org/10.3390/agriculture12040464
https://doi.org/10.1007/s42773-023-00296-w
https://doi.org/10.1186/s12870-025-06392-2
https://doi.org/10.1111/1365-2435.12732
https://doi.org/10.3389/fpls.2018.00483
https://doi.org/10.1016/j.scitotenv.2021.152073
http://www.nature.com/scientificreports


	27.	 Indoria, A. K., Sharma, K. L. & Reddy, K. S. Climate Change and Soil Interactions. ICAR-Central Research Institute for Dryland 
Agriculture, 473–508 (Hyderabad, 2020).

	28.	 Rabbi, S. M. F. et al. Aggregate stability of Ganges tidal floodplain soils and its relationship with soil physical and chemical 
properties. Bangladesh J. Soil. Sci. 30, 61–69 (2004).

	29.	 Bello, H., Ajao, J. O. & Sadiku, N. A. Co-composting of sawdust with food waste: effects of physical properties on composting 
process and products quality. Detritus 23, 3–15. https://doi.org/10.31025/2611-4135/2023.17276 (2023).

	30.	 Abdu, N., Ado, A. Y., Bello, M. & Rejoice, I. S. Kinetics and thermodynamics of nitrate adsorption by Biochar. Int. J. Environ. Qual. 
41, 17–32 (2021).

	31.	 Mananze, S. E., PÃ´Ã§as, I. & Cunha, M. Maize leaf area Estimation in different growth stages based on allometric descriptors. Afr. 
J. Agric. Res. 13 (4), 202–209. https://doi.org/10.5897/AJAR2017.12916 (2018).

	32.	 Uyovbisere, E. O., Ogunwole, J. O., Odigie, V. O. & Abdu, N. Laboratory Manual of Routine soil, water, Plant and Fertilizer Analyses 
(A compilation of the Department of Soil Science, Faculty of Agriculture, Ahmadu Bello University, Zaria, 2013).

	33.	 Sys, C., Van Ranst, E., Debaveye, J. & Beerneaert, F. Land evaluation: Part III: Crop requirements (Development Cooperation, 
1993).

	34.	 Aliyu, J. Evaluation of the Impact of Continuous Cultivation on Soil Development and Quality at the Institute for Agricultural Research 
Farm, Samaru, Nigeria. PhD. Research (Ahmadu Bello University, Zaria, 2023).

	35.	 Dai, W., Feng, G., Huang, Y., Adeli, A. & Jenkins, J. N. Influence of cover crops on soil aggregate stability, size distribution and 
related factors in a no-till field. Soil Tillage. Res. 244, 106197. https://doi.org/10.1016/j.still.2024.106197 (2024).

	36.	 Saaty, T. L. Decision making the analytic hierarchy and network processes (AHP/ANP). J. Syst. Sci. Syst. Eng. 13 (1), 1–35 (2004).
	37.	 Glab, T. et al. Effect of co-composted maize, sewage sludge, and Biochar mixtures on hydrological and physical qualities of sandy 

soil. Geoderma 315, 27–35 (2018).
	38.	 Mensah, A. B. & Frimpong, K. A. Biochar and/or compost applications improve soil properties, growth and yield of maize grown 

in acidic rainforest and coastal Savannah soils in Ghana. Int. J. Agron. 8, 123–129 (2018).
	39.	 Angy, M. D. Influence of biochar and co-composted biochar on soil hydro-physical properties, carbon sequestration and maize 

(Zea mays l.) performance in Samaru Alfisols, Northern Nigeria. MSc thesis submitted to the Department of Soil Science, Ahmadu 
Bello University, Zaria (2024).

	40.	 Soil Science Division Staff. Soil Survey Manual 18 (United States Department of Agriculture. Agriculture Handbook, 2017).
	41.	 Oyeyiola, Y. B. & Ogunlaran, L. A. Soil acidity ameliorative potentials of Biochar from sawdust and tithonia diversifolia feedstock. 

Trends Agricultural Sci. 2 (3), 298–309. https://doi.org/10.17311/tas.2023.298.309 (2023).
	42.	 Adeleke, R., Nwangburuka, C. & Oboirien, B. Origins, roles and fate of organic acids in soils: A review. South. Afr. J. Bot. 108, 

393–406. https://doi.org/10.1016/j.sajb.2016.09.002 (2017).
	43.	 Hafez, M., Popov, A. I. & Rashad, M. Evaluation of the effects of new environmental additives compared to mineral fertilizers on 

the leaching characteristics of some anions and cations under greenhouse plant growth of saline-sodic soils. Open. Agric. J. 14, 
246–256. https://doi.org/10.2174/1874331502014010246 (2020).

	44.	 Lehmann, J. & Joseph, S. Biochar for environmental management: Science, technology and implementation. Routledge 22, 23414 
(2015).

	45.	 Bünemann, E., Oberson, A. & Frossard, E. Phosphorus in Action: Biological Processes in Soil Phosphorus Cycling (Springer Berlin 
Heidelberg Springer e-books, Springer, 2011).

	46.	 Liu, Y., Li, Z., Li, F., Li, X. & Han, X. Effects of straw incorporation on soil bulk density and soil organic carbon in a semiarid area 
of Northern China. Agron. J. 111 (5), 2302–2312 (2019).

	47.	 Sparks, D. L. Environmental Soil Chemistry (Elsevier Science, Academic Press, 2003).
	48.	 Angst, T. E., Six, J., Reay, D. S. & Sohi, S. P. Impact of pine chip biochar on trace greenhouse gas emissions and soil nutrient dynamics 

in an annual ryegrass system in California. Agric. Ecosyst. Environ. 191, 17–26. https://doi.org/10.1016/j.agee.2014.03.009 (2014).
	49.	 Wang, X. et al. Biochar amendment increases pH and reduces aluminum toxicity in acidic soils. Sci. Tot Env. 708, 134600 (2020).
	50.	 Sohi, S. P., Krull, E., Lopez-Capel, E. & Bol, R. Chapter 2 - A review of Biochar and its use and function in soil. Adv. Agron. 105, 

47–82 (2010).
	51.	 Blanco-Canqui, H. & Lal, R. Mechanisms of soil carbon sequestration on agricultural land. Carbon Manag. 8 (5), 441–455 (2017).
	52.	 Zheng, K., Cheng, J., Xia, J., Liu, G. & Xu, L. Effects of soil bulk density and moisture content on the physico-mechanical properties 

of paddy soil in plough layer. Water 13 (16), 2290. https://doi.org/10.3390/w13162290 (2021).
	53.	 Wang, X. et al. The impact of Traffic-Induced compaction on soil bulk Density, soil stress distribution and key growth indicators 

of maize in North China plain. Agriculture 12 (8), 1220. https://doi.org/10.3390/agriculture12081220 (2022).
	54.	 Wu, F. et al. Biochar, compost and biochar-compost blend in maize cultivation: effects on plant growth and yield. Plant. Soil. 

Environ. 65 (5), 251–258 (2019).
	55.	 Gao, L., Yu, X., Wu, J. & Tian, J. Effects of Biochar amendment on soil aggregate stability and carbon and nitrogen sequestration in 

a heavy metal-contaminated soil. Ecotoxicol. Environ. Saf. 174, 381–389 (2019).
	56.	 Liu, Q., Tan, Z., Gong, H. & Huang, Q. How does Biochar influence soil N cycle? A meta-analysis. Plant. Soil. 426 (1), 211–225 

(2018).
	57.	 Minello, L. V. P. et al. Rice plants treated with Biochar derived from spirulina (Arthrospira platensis) optimize resource allocation 

towards seed production. Front. Plant. Sci. 15, 1422935. https://doi.org/10.3389/fpls.2024.1422935 (2024).
	58.	 Hallam, J. et al. Effect of earthworms on soil physico-hydraulic and chemical properties, herbage production, and wheat growth on 

arable land converted to Ley. Sci. Total Environ. 713, 136491 (2020).
	59.	 Saaty, T. L. Decision making with the analytic hierarchy process. Int. J. Serv. Sci. 1 (1), 83–98. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​5​0​4​/​I​J​S​S​C​I​.​2​0​0​8​

.​0​1​7​5​9​0​​​​ (2008).

Author contributions
Y.A.: wrote the main manuscript and produced the figures; M.D.: conceptualized the work and partly carried out 
the field world; R.J.: carried out the field measurements and data collection.

Declarations

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​
0​.​1​0​3​8​/​s​4​1​5​9​8​-​0​2​5​-​2​5​8​7​3​-​w​​​​​.​​

Correspondence and requests for materials should be addressed to Y.A.A.

Scientific Reports |        (2025) 15:41856 11| https://doi.org/10.1038/s41598-025-25873-w

www.nature.com/scientificreports/

https://doi.org/10.31025/2611-4135/2023.17276
https://doi.org/10.5897/AJAR2017.12916
https://doi.org/10.1016/j.still.2024.106197
https://doi.org/10.17311/tas.2023.298.309
https://doi.org/10.1016/j.sajb.2016.09.002
https://doi.org/10.2174/1874331502014010246
https://doi.org/10.1016/j.agee.2014.03.009
https://doi.org/10.3390/w13162290
https://doi.org/10.3390/agriculture12081220
https://doi.org/10.3389/fpls.2024.1422935
https://doi.org/10.1504/IJSSCI.2008.017590
https://doi.org/10.1504/IJSSCI.2008.017590
https://doi.org/10.1038/s41598-025-25873-w
https://doi.org/10.1038/s41598-025-25873-w
http://www.nature.com/scientificreports


Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 
4.0 International License, which permits any non-commercial use, sharing, distribution and reproduction in 
any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide 
a link to the Creative Commons licence, and indicate if you modified the licensed material. You do not have 
permission under this licence to share adapted material derived from this article or parts of it. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence 
and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to 
obtain permission directly from the copyright holder. To view a copy of this licence, visit ​h​t​t​p​:​/​/​c​r​e​a​t​i​v​e​c​o​m​m​o​
n​s​.​o​r​g​/​l​i​c​e​n​s​e​s​/​b​y​-​n​c​-​n​d​/​4​.​0​/​​​​​.​​

© The Author(s) 2025 

Scientific Reports |        (2025) 15:41856 12| https://doi.org/10.1038/s41598-025-25873-w

www.nature.com/scientificreports/

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.nature.com/scientificreports

	﻿Impact of various soil amendments on temporal NPK release, soil quality and maize yield in tropical Alfisols of Zaria, Nigeria
	﻿Materials and methods
	﻿Study location
	﻿Experimental Design, treatment Materials, and application rates
	﻿Soil sample collection
	﻿Plant sample collection
	﻿Laboratory analysis
	﻿Soil quality index (SQI) determination
	﻿Statistical analysis

	﻿Results
	﻿Characterization of amendment materials
	﻿Temporal nutrient release patterns

	﻿Amendment effects on soil quality indicators
	﻿Organic carbon
	﻿Soil pH
	﻿Cation exchange capacity (CEC)
	﻿Bulk density (ρ﻿b﻿)
	﻿Mean weight diameter (MWD)

	﻿Growth and yield performance of maize
	﻿Growth parameters
	﻿Yield parameters
	﻿Effects of treatments on soil quality index (SQI)

	﻿Conclusion
	﻿References


