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 INTRODUCTION 

Soil fertility is a key determinant of agricultural productivity 

and ecosystem sustainability because it regulates nutrient 

availability, soil biological activity, moisture retention and 

plant growth. However, maintaining soil fertility remains a 

major challenge in the semi-arid regions of sub-Saharan Africa 

due to low and erratic rainfall, continuous cultivation, 

deforestation, overgrazing and unsustainable land-use 

practices. These factors accelerate soil degradation, reduce soil 

organic matter, and diminish nutrient availability, resulting in 

declining crop yields and increasing food insecurity (Lal, 2020; 

FAO, 2021; Mpongwana et al, 2024; Ayeni et al., 2025; 

Onokebhagbe et al., 2025; Mogale et al., 2026). 

Agroforestry has been widely recognized as a sustainable land-

use system that enhances soil fertility while improving 

biodiversity conservation, carbon sequestration and climate 

resilience (Sekhar et al., 2023; Kugedera et al., 2025). The 

integration of trees with crops promotes nutrient cycling 

through litter decomposition, root turnover, biological nitrogen 

fixation, and the redistribution of nutrients from deeper soil 

layers to the surface. Consequently, agroforestry systems 

generally maintain higher levels of soil organic carbon, total 

nitrogen, available phosphorus, exchangeable potassium and 
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 A B S T R A C T  

 Agroforestry is widely recognized as a sustainable land-use system that 

improves soil fertility and ecosystem resilience, particularly in semi-arid 

environments. This study evaluated the influence of parkland agroforestry on 

selected soil fertility indicators in Northern Katsina State, Nigeria. Twenty-four 

composite soil samples (0–20 cm) were collected from parkland agroforestry 

systems and adjacent open farmlands in Dutsi, Daura, Baure and Kankia Local 

Government Areas. Soil pH, organic carbon, organic matter, total nitrogen, 

available phosphorus and exchangeable potassium were analyzed using 

standard procedures. A Soil Fertility Index (SFI) was computed from 

standardized soil variables. Data were analyzed using descriptive statistics, 

Analysis of Variance and Tukey–Kramer post hoc tests, with statistical 

significance assessed at α = 0.05. Significant differences were observed among 

the location × land-use groups for all measured soil fertility indicators (p < 

0.0001), with parkland systems generally recording higher values than 

adjacent open farmlands. The mean SFI was higher under parkland systems 

(0.57 ± 0.74) than open farmlands (−0.57 ± 0.43). These findings demonstrated 

that parkland agroforestry was associated with higher soil fertility, based on 

the measured soil fertility indicators and Soil Fertility Index. Promoting the 

retention and integration of indigenous trees in farmlands may therefore 

contribute to sustainable soil management in semi-arid northern Nigeria. 
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overall soil quality than conventional treeless farming systems 

(Ngaba et al., 2024; Kugedera et al., 2025). 

Among the various agroforestry systems practiced in West 

Africa, parkland agroforestry is one of the most common 

traditional farming systems. It is characterized by the deliberate 

retention of scattered indigenous trees within cultivated fields, 

where they provide multiple ecological and socioeconomic 

benefits, including improved soil fertility, erosion control, 

microclimate regulation and the provision of fuelwood, fodder, 

fruits, and medicinal products (Bayala et al., 2020). These 

ecological functions contribute to sustainable crop production, 

particularly under the fragile environmental conditions of the 

Sudan and Sahel savanna zones. 

Previous studies in Nigeria have reported improved soil 

physicochemical properties under agroforestry systems 

(Abdulrashid et al., 2017; Ahmed et al., 2022; Inuwa et al., 

2024). Similarly, recent global studies have confirmed that 

agroforestry significantly improves soil physicochemical 

properties, including organic carbon, nutrient availability and 

overall soil quality across diverse ecological regions (Ngaba et 

al., 2024; Wolde & Desalegn, 2025; Mesele et al., 2025). 

Although several studies have investigated the influence of 

agroforestry on soil fertility in Nigeria (Abdulrashid et al., 

2017; Ahmed et al., 2022; Inuwa et al., 2024) most were 

conducted at single locations or focused on individual tree 

species. Comparative assessments across multiple Local 

Government Areas within the semi-arid parkland systems of 

Northern Katsina State are scarce. Furthermore, few studies 

have integrated several soil fertility indicators into a single Soil 

Fertility Index (SFI) for evaluating overall soil quality. This 

study therefore provides regional evidence by comparing 

parkland agroforestry and adjacent open farmlands across four 

LGAs using both individual soil properties and an integrated 

Soil Fertility Index. 

MATERIALS AND METHOD 

Study Area 

The study was conducted in Katsina State, northwestern 

Nigeria, located between latitudes 11°00′N and 13°20′N and 

longitudes 6°45′E and 9°10′E. The state covers approximately 

23,938 km² and lies within the Sudan and Sahel savanna 

ecological zones. It experiences a semi-arid climate 

characterized by a distinct rainy season (May–September) and 

a prolonged dry season (October–April). Mean annual rainfall 

ranges from 500 to 800 mm, while temperatures range from 22 

to 42°C (NiMet, 2020). The study was conducted in four Local 

Government Areas (LGAs) within Katsina North Senatorial 

District, namely Dutsi, Daura, Baure and Kankia (Figure 1). 

Representative photographs of the two land-use systems 

investigated are presented in plate 1a and 1b. 

 
Figure 1: Map of Katsina State, Nigeria, showing the study locations 

https://www.doi.org/10.5281/zenodo.22976228
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Plate 1a: Parkland agroforestry           

Plate 1b: Open farmland  

Sampling Design and Site Selection 

A comparative field study was conducted to evaluate selected 

soil fertility indicators under two land-use systems: parkland 

agroforestry and adjacent open farmlands. Purposive sampling 

was used to select eligible farms in the study area. In each Local 

Government Area, three parkland farms and three adjacent 

open farmland sites were selected, giving a total of twenty-four 

sampling sites comprising twelve parkland and twelve open 

farmland sites. Parkland farms had matured indigenous trees 

retained within cultivated fields, while adjacent open farmlands 

had little or no tree cover. The selected farms were comparable 

in topography, soil conditions, cropping history, and 

management practices. Purposive sampling was adopted 

because the study required established parkland agroforestry 

farms and comparable adjacent open farmlands for direct 

comparison. 

Soil Sample Collection 

Soil samples were collected from the topsoil (0–20 cm depth) 

using a stainless-steel soil auger. At each sampling site, four 

soil cores were collected randomly and thoroughly mixed to 

produce one representative composite sample. This resulted in 

a total of twenty-four composite soil samples (twelve from 

parkland agroforestry systems and twelve from adjacent open 

farmlands). The geographic coordinates of each sampling site 

were recorded using the global positioning system (GPS) 

function of a smart phone to ensure accurate site identification. 

Samples were placed in labelled polyethylene bags and 

transported to the Soil Science Laboratory, Umaru Musa 

Yar'adua University, Katsina State, Nigeria, for analysis. 

Laboratory Analysis 

Composite soil samples were air-dried, gently crushed and 

passed through a 2-mm sieve before analysis for soil pH, 

organic carbon (OC), organic matter (OM), total nitrogen (TN), 

available phosphorus (Av. P), and exchangeable potassium (K) 

using standard procedures. Soil pH was measured in a 1:2.5 

soil–water suspension. Organic carbon was determined by the 

Walkley and Black method (Walkley & Black, 1934), OM was 

estimated as OC × 1.724, TN by the Kjeldahl method (Bremner, 

1996), available phosphorus by the Bray I method (Bray & 

Kurtz, 1945) and exchangeable potassium by ammonium 

acetate extraction followed by flame photometry (Thomas, 

1982). 

Soil Fertility Index (SFI) 

A Soil Fertility Index (SFI) was computed to provide an 

integrated measure of soil fertility. Measured soil properties 

were standardized using the Z-score transformation: 

𝑍 =
(𝑋−𝜇)

𝜎
   (1) 

Where X is the observed value, μ is the overall mean, and σ is 

the standard deviation. 

The SFI for each sampling site was calculated as the average of 

the standardized values of soil pH, organic matter, total 

nitrogen, available phosphorus and exchangeable potassium: 

𝑆𝐹𝐼 =
(𝑍𝑝𝐻+𝑍𝑂𝑀+𝑍𝑇𝑁+𝑍𝐴𝑣.𝑃+𝑍𝐾)

5
 (2) 

Where: Z= standardized value, OM = organic matter, TN= 

total nitrogen, Av.P= available phosphorus and K= 

exchangeable potassium. Higher SFI values indicate better 

overall soil fertility. 

Statistical Analysis 

Data were analyzed using descriptive statistics (mean ± 

standard deviation) and one-way analysis of variance 

https://www.doi.org/10.5281/zenodo.22976228
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(ANOVA) to evaluate differences among location × land-use 

groups. Where significant differences were detected, Tukey–

Kramer post hoc tests were performed for mean separation. 

Statistical significance was determined at p < 0.05. 

RESULTS 

Soil fertility indicators under parkland and open farmland 

systems 

Parkland agroforestry generally recorded higher mean values 

of soil pH, organic carbon, organic matter, total nitrogen, 

available phosphorus and exchangeable potassium than 

adjacent open farmlands across the study locations (Table 1). 

Kankia parkland recorded the highest mean values for organic 

carbon (2.16 ± 0.03%), organic matter (3.72 ± 0.05%), 

exchangeable potassium (4.09 ± 0.07 cmol kg⁻¹), total nitrogen 

(0.87 ± 0.06%) and available phosphorus (16.18 ± 1.39 mg 

kg⁻¹) while Kankia open farmland recorded the lowest mean pH 

(5.57 ± 0.06). The lowest mean organic carbon (1.18 ± 0.06%) 

and organic matter (1.88 ± 0.48%) were recorded in Dutsi and 

Baure open farmlands, respectively, whereas Daura open 

farmland recorded the lowest mean values of exchangeable 

potassium (1.70 ± 0.31 cmol kg⁻¹), total nitrogen (0.24 ± 

0.06%) and available phosphorus (6.20 ± 0.29 mg kg⁻¹). 

Table 1: Mean (± SD) values of selected soil fertility indicators under parkland and open farmland systems across the study 

locations 

Location Land-Use 

System 

pH OC(%) OM (%) K (cmol kg¹) TN (%) Av. P (mg kg¹) 

Dutsi Parkland 6.73 ± 0.05a 1.34 ± 0.07b 2.32 ± 0.12b 3.50 ± 0.10b 0.36 ± 0.04c 12.79 ± 1.49b 

Dutsi Open Farmland 6.13 ± 0.31b 1.18 ± 0.06b 2.04 ± 0.12b 2.88 ± 0.23c 0.28 ± 0.02c 9.17 ± 0.24c 

Daura Parkland 6.87 ± 0.06a 1.33 ± 0.19b 2.29 ± 0.31b 2.78 ± 0.17c 0.27 ± 0.03c 9.47 ± 0.30c 

Daura Open Farmland 6.03 ± 0.37b 1.24 ± 0.04b 2.15 ± 0.15b 1.70 ± 0.31d 0.24 ± 0.06c 6.20 ± 0.29d 

Baure Parkland 6.77 ± 0.06a 1.50 ± 0.08b 2.59 ± 0.14b 3.68 ± 0.13b 0.55 ± 0.12b 11.84 ± 0.84b 

Baure  Open Farmland 6.27 ± 0.15ab 1.28 ± 0.06b 1.88 ± 0.48b 3.10 ± 0.14bc 0.33 ± 0.02c 6.90 ± 0.55d 

Kankia Parkland 6.83 ± 0.06a 2.16 ± 0.03a 3.72 ± 0.05a 4.09 ± 0.07a 0.87 ± 0.06a 16.18 ± 1.39a 

Kankia  Open Farmland 5.57 ± 0.06c 1.87 ± 0.18a 3.39 ± 0.06a 3.41 ± 0.15b 0.56 ± 0.05b 7.69 ± 0.62d 

Values are presented as mean ± SD; n=3 composite soil samples per location × land-use system. Means within the same column 

sharing the same superscript letter are not significantly different at p < 0.05 according to Tukey-Kramer post hoc test. OC = 

Organic carbon, OM = Organic matter, TN = Total nitrogen, Av. P = Available phosphorus, K = Exchangeable potassium. 

One-way analysis of variance (ANOVA) of selected soil 

fertility indicators across land-use systems and study locations 

One-way ANOVA revealed significant differences among the 

location × land-use groups for all measured soil properties (p < 

0.001). Soil pH (F = 20.171), organic carbon (F = 32.758), organic 

matter (F = 28.722), total nitrogen (F = 39.550), available 

phosphorus (F = 42.863) and exchangeable potassium (F = 46.469) 

all varied significantly among the groups. 

Table 2: One-way ANOVA of selected soil fertility indicators 

across the eight location–land-use systems 

Para 

meter 

Sum of 

Squares 

(Between) 

Sum of 

Squares 

(Within) 

f-

value 

df p-value 

pH 4.707 0.5333 20.171 7,16 <0.0001 

OC 2.500 0.1745 32.758 7,16 <0.0001 

OM 9.205 0.7325 28.722 7,16 <0.0001 

TN 0.9851 0.05693 39.550 7,16 <0.0001 

K 239.12 12.751 46.469 7,16 <0.0001 

Av.P 10.967 0.5395 42.863 7,16 <0.0001 

ANOVA = Analysis of variance, df= Degrees of freedom, OC = 

Organic carbon, OM = Organic matter, TN = Total nitrogen, Av. 

P = Available phosphorus, K = Exchangeable potassium. 

 

 

Soil Fertility Index (SFI) across locations and land-use systems 

The Soil Fertility Index (SFI) varied among locations and land-use 

systems (Table 3). Parkland agroforestry systems consistently 

recorded higher SFI values than adjacent open farmlands in all four 

study locations. The highest SFI was recorded in Kankia parkland 

(1.63 ± 0.06), whereas the lowest value occurred in Daura open 

farmland (−1.11 ± 0.33). Overall, parkland agroforestry systems 

recorded a higher mean Soil Fertility Index (0.57 ± 0.74) than 

adjacent open farmlands (−0.57 ± 0.43). The boxplot (figure 2) 

illustrates higher distribution and variability of SFI values under 

parklands compared with open farmlands. 

Table 2: Mean (± SD) Soil Fertility Index (SFI) across 

Parkland and Open Farmland Systems  

Location Land-Use System Mean SFI ± SD 

Dutsi Parkland  0.27 ± 0.15 

Dutsi  Open farmland  -0.55 ± 0.17 

Daura  Parkland  -0.18 ± 0.13 

Daura  Open farmland  -1.11 ± 0.33 

Baure  Parkland  0.54 ± 0.12 

Baure  Open farmland  -0.57 ± 0.16 

Kankia  Parkland  1.63 ± 0.06 

Kankia  

Overall 

Overall 

Open farmland  

Parkland 

Open farmland 

-0.04 ± 0.04 

0.57 ± 0.74 

-0.57 ± 0.43 

Values are presented as mean ± SD; n=3 composite soil samples 

per location × land-use system. Overall values are presented as 

mean ± SD; parkland (n = 12) and open farmland (n = 12). 

https://www.doi.org/10.5281/zenodo.22976228
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Figure 2: Distribution of Soil Fertility Index (SFI) in the 

study area 

DISCUSSION 

This study demonstrated that parkland agroforestry systems 

significantly improved soil fertility compared with adjacent 

open farmlands across the four study locations in Northern 

Katsina State. The consistently higher values of soil pH, 

organic carbon (OC), organic matter (OM), total nitrogen (TN), 

available phosphorus (Av. P), exchangeable potassium (K) and 

Soil Fertility Index (SFI) indicated that integrating indigenous 

trees into croplands enhances nutrient cycling and improves 

soil quality under semi-arid conditions. These findings support 

previous studies reporting that agroforestry promotes 

sustainable soil management through improved nutrient 

availability, carbon storage and ecosystem functioning (Ngaba 

et al., 2024; Kugedera et al., 2025). More importantly, the 

present findings demonstrated that these ecological benefits are 

consistently expressed across different locations in Northern 

Katsina State, highlighting the resilience of parkland 

agroforestry under varying environmental conditions. 

The higher soil pH observed under parkland agroforestry 

systems suggests that retained trees improve soil chemical 

conditions by moderating soil acidification. Continuous 

decomposition of litter and fine roots releases base-forming 

cations such as calcium, magnesium and potassium, which 

neutralize soil acidity and improve nutrient availability. Tree 

canopies also reduce direct solar radiation, lower soil 

temperature and minimize moisture loss through evaporation, 

thereby creating favourable conditions for microbial activity 

and nutrient mineralization. These interacting processes 

explain the significantly higher soil pH recorded beneath 

parkland systems and agree with previous findings reported in 

Katsina State (Abdulrashid et al., 2017; Ahmed et al., 2022) 

and other agroforestry ecosystems (Ngaba et al., 2024). 

The significantly greater concentrations of organic carbon and 

organic matter beneath parkland systems reflect continuous 

additions of leaf litter, twigs, fine roots and other plant residues. 

These organic materials improve soil aggregation, increase 

water-holding capacity, stimulate microbial activity and 

enhance the soil's capacity to retain nutrients. In semi-arid 

environments where organic matter is rapidly depleted under 

continuous cultivation, the accumulation of organic residues 

beneath trees plays a critical role in maintaining long-term soil 

fertility. Similar improvements in soil organic carbon and 

organic matter have been reported by Onyegbule et al. (2023), 

Inuwa et al. (2024) and Kugedera et al. (2025). 

Higher total nitrogen under parkland agroforestry systems 

further demonstrates the important contribution of trees to soil 

nutrient dynamics. Nitrogen enrichment may result from 

decomposition of nitrogen-rich litter, increased microbial 

mineralization, efficient nutrient recycling and biological 

nitrogen fixation by leguminous tree species where present. 

Deep-rooted trees also reduce nutrient losses by capturing 

nutrients that would otherwise be leached below the rooting 

zone of crops. Consequently, agroforestry systems maintain a 

more stable nitrogen supply that supports crop productivity and 

improves soil fertility over time. Similar observations have 

been reported by Ahmed et al. (2022), Ngaba et al. (2024) and 

Wolde and Desalegn (2025). 

Available phosphorus and exchangeable potassium were also 

significantly higher beneath parkland agroforestry systems than 

in adjacent open farmlands. This improvement can be 

explained by the nutrient uplift mechanism; whereby deep-

rooted trees absorb nutrients from deeper soil layers and 

subsequently return them to the surface through litterfall and 

root turnover. Enhanced microbial activity associated with 

increased organic matter also accelerates nutrient 

mineralization and improves phosphorus availability. These 

processes reduce nutrient depletion commonly associated with 

continuous cultivation in treeless fields and contribute to long-

term soil productivity. Similar mechanisms have been reported 

by Bayala et al. (2020), Ahmed et al. (2022), and Ngaba et al. 

(2024). 

The Soil Fertility Index (SFI) provided an integrated 

assessment of overall soil quality by combining several key 

fertility indicators into a single measure. The consistently 

higher SFI values under parkland agroforestry demonstrate the 

cumulative positive effects of tree–crop interactions on soil 

functioning. In contrast, the lower SFI values recorded in 

adjacent open farmlands may reflect nutrient depletion 

associated with continuous cultivation, limited organic matter 

inputs and greater exposure to soil degradation processes. The 

particularly high SFI recorded in Kankia parkland and the 

comparatively low value recorded in Daura open farmland 

indicate spatial variation in soil fertility across the study area. 

Such variation may be associated with differences in local soil 

characteristics, land use history, farm management practices 

and environmental conditions among the sampled locations. 

Although tree density and parkland tree-species composition 

were not quantitatively assessed in the present soil study, 

differences in vegetation structure and management may also 

contribute to variation in litter inputs, root activity, soil 

moisture and nutrient cycling. Thus, although parkland 

https://www.doi.org/10.5281/zenodo.22976228
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agroforestry consistently improved soil fertility relative to open 

farmland, the magnitude of improvement varied among 

locations.  

The box plot (Figure 2) shows a clear separation in SFI 

distributions between the two land-use systems. Parkland 

agroforestry exhibited generally higher SFI values with the 

median positioned above that of open farmlands, indicating 

better overall soil fertility under tree-based systems. The wider 

spread of SFI values under parkland agroforestry reflects 

variation among the sampled locations and sites, particularly 

the high values recorded in Kankia whereas open farmlands 

generally showed lower and narrower SFI distributions.  

CONCLUSION AND RECOMMENDATIONS 

This study provides strong empirical evidence that parkland 

agroforestry is associated with improved soil fertility in 

Northern Katsina State, as indicated by higher soil pH, organic 

carbon, organic matter, total nitrogen, available phosphorus, 

exchangeable potassium and the overall Soil Fertility Index 

compared with open farmlands. The findings demonstrated that 

the integration of indigenous trees into croplands is associated 

with improved soil fertility conditions and may contribute to 

enhanced nutrient cycling and ecosystem functioning under 

semi-arid conditions. 

Beyond the measured soil fertility outcomes, parkland 

agroforestry has potential as a nature-based approach for 

supporting the restoration of degraded lands, strengthening 

climate resilience and promoting sustainable agricultural 

production in northern Nigeria. However, these potential 

benefits were not directly measured in this study and should 

therefore be considered as implications rather than direct 

outcomes of the experiment. Conservation and deliberate 

integration of indigenous multipurpose tree species into 

farmlands should therefore be strengthened through supportive 

government policies, farmer awareness programmes and 

agricultural extension services. 
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