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A B S T R A C T   

Low levels of secondary and micronutrients, and soil acidity strongly challenge the attainment of two critical 
pillars of Climate Smart Agriculture (CSA); 1) secured food through increased productivity and (2) increased 
resilience to adapt to climate change. Despite this soil fertility trend, empirical and review studies on secondary 
and micronutrients, and soil acidity remain scanty few. This review is thus timely and imperative as it aims to; 1) 
piece together different strategic empirical research in the domain of secondary nutrients, micro nutrients, liming 
and 4R stewardship, and 2) give a snapshot of challenges in soil fertility research in sub-Saharan Africa. The 
review adopted multi-engine search including; Science Direct, Google Scholar, and Research Gate. Key findings 
of the review are; i) response of yield to application of secondary and micro-nutrients denotes hidden hunger of 
these nutrients; ii) Combination of lime and fertilizers has a better effect on yield than sole applications; iii) 
scarce lime markets in areas with profound acidic soils, iv) developing lime supply chain in areas with no 
assisting supply chains is expensive, and v) lack of robust policy, legal framework and political goodwill on 
fertility input markets. We propose a responsive soil-specific balanced nutrition framework supported by robust 
policy and legal frameworks in fertilizer and lime markets to address soil acidity, macro, micro and secondary 
nutrients. Next generation soil fertility management researchers and other stakeholders, supported by high-end 
assessment technologies, should conduct more secondary and micro-nutrient-specific empirical studies that 
involve different forms and rates to validate the framework on different soil types.   

1. Introduction 

Soil fertility status for most major nutrients at regional and national 
levels are negative and vary considerably even within fields of the same 
farm leading to low agricultural productivity (Chianu et al., 2012; 
Vanlauwe et al., 2006). The widespread negative nutrient imbalances 
which are common in sub-Saharan Africa (SSA) are as a result of 
traditional farming practices that either under- or fail to replenish soil 
fertility (Otieno et al., 2021, 2023). This is because the uptake of soil 
fertility amendments like mineral fertilizers, lime and organic inputs are 
hindered by socio-economic attributes of the farming population and 
technology characteristics (Mugwe et al., 2009). The problem is further 
compounded by; high cost and physical inaccessibility of soil fertility 
amendments, farmers’ risk averseness and less attention to status of soil 
micro- and secondary nutrients (Mucheru-Muna et al., 2021). 

Soil micronutrients are essentially required by plants in relatively 
small amounts and include; boron (B), chloride (Cl), copper (Cu), iron 
(Fe), manganese (Mn), molybdenum (Mo), nickel (Ni) and zinc (Zn) 
(Shukla et al., 2015). Secondary nutrients are crucial elements needed 
by plants in comparatively larger amounts than micro but lesser than 
macro-nutrients and include; Magnesium (Mg), calcium (Ca), and sulfur 
(S) (Grzebisz et al., 2023). Mineral rocks are the natural sources of both 
micro and secondary nutrients, which are involved in critical 
biochemical functions in plants (Table 1). 

Empirical soil fertility management studies are macro nutrient-based 
with little to no attention on micro- and secondary nutrients and liming 
(Kihara et al., 2017, 2020). Few studies that involved commonly 
limiting micro and secondary nutrients in SSA are shown in Table 2. 
Resultantly, deficiencies of these nutrients are widespread in SSA (Geng 
et al., 2021; Vanlauwe et al., 2015). The deficiency symptoms are often 
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less visible and harder to reliably evaluate compared to their counter
parts, macronutrients, thus, their omission in most soil fertilization 
programs (Singh et al., 2018). There is need for on-site trials that 
replenish the nutrients through application of fertilizers to evaluate their 
deficiencies. Improving and sustaining micronutrient concentrations in 
feed and food is critical in livestock and human health yet few studies 
have assessed their improvement in soils (Miner et al., 2018). 

Low soil micronutrients like Cu, Zn, and Mn, and secondary nutri
ents; Mg, Ca and S have been reported in agricultural fields under low 
input cropping systems (Kihara et al., 2020; Kopittke et al., 2017; 
Shambhavi et al., 2018). Zinc has been described as the fourth most 
yield-limiting crop nutrient after N, P and K, because it is a constituent 
element of chlorophyll and its deficiency impairs photosynthesis hence 
lowering crop yields. Shukla and Anshumali (2018) found low mobility 
of Cu, Zn and Fe in rainfed rice farming in semi-arid ecosystem. Addi
tionally, Doncato and Costa (2021) intimated that micronutrient de
mand by plants in salt-affected soils remain a gray area. Micronutrient 
contents also tend to decrease with increasing depth, and vary according 
to land use, soil type, site, and element (Sátiro et al., 2021). On the other 
hand, a combination of complex factors are contributing to the 
increasing secondary nutrients deficiencies in various agricultural farms 
in SSA; i) use of inorganic fertilizers with little or on secondary nutrients, 
ii) continues mining by high yielding crops, and iii) cultivating soils that 
inherently contain low secondary nutrient reserves (Shambhavi et al., 
2018). 

Soil acidity affects over 30% of the dry land and a crucial limiting 
factor in agricultural productivity around the world (Gurmessa, 2021). 
Soil acidity is the most significant source of low yield for a lot of crops 
and it limits crop growth, yield as well as soil productivity in highly 

weathered soils due to deficiency of essential nutrient elements. Acidity 
contributes immensely to the over 65% of degraded land in Africa and 
reduces annual agricultural gross domestic product by 3% (Agegnehu 
et al., 2021). Agegnehu et al. (2021), report that soil acidity is still 
expanding both in area and severity in SSA affecting majority of East, 
Central, West, and southern Africa. Acidity in most of the agricultural 
land in SSA are classified as ‘strongly acidic’ (Scandinavica et al., 2017). 
The current soil acidity levels partially explain the low yield of leading 
staple crops like maize at less than 2 t ha-1 relative to 5.5 and 8.0 t ha-1 in 
Asia and America, respectively (FAO, 2019). Management of soil acidity 
is becoming one of the major strategies of addressing food security in 
SSA (Agegnehu et al., 2021). 

The available literature is short of comprehensive strategies to 
improve soil micro-and secondary nutrients despite their prominence in 
increasing agricultural production and deficiency symptoms being 
recorded in agricultural fields globally (Kumar and Babel, 2011). The 
problem of micronutrient deficiency was manifested in the rice yield 
response to micronutrient application in Tanzania (Senthilkumar et al., 
2021). It is estimated that 49, 31, 15, 14, 10 and 3% of agricultural soils 
worldwide are deficient in Zn, B, Mo, Cu, Mn and Fe, respectively 
(Alloway, 2008). Lack of Zn alone is estimated to be responsible for 
almost 50% of cultivated land producing suboptimal crop growth uni
versally (Singh et al., 2018). This therefore, strongly underscored the 
need for this manuscript that aimed to piece together different strategic 
empirical research in the domain of secondary nutrients, micro nutri
ents, liming and ‘4R’ stewardship. We strongly believe that balanced 
plant nutrition (BPN) is the most viable strategy to curb the declining 
soil fertility and raise agricultural productivity to its optimal potential. 
Christened ‘4R’ the approach is at the core of BPN and entails; i) right 

Table 1 
Secondary and micronutrients, major roles in plant nutrition and some mineral sources of the nutrients.  

Nutrient Major roles in plants Mineral source Reference 

Magnesium Synthesis, production and transportation of chlorophyll, 
protein synthesis, photo-assimilates utilization, and enzyme 
activation. 

Magnesite (MgCO3), dolomite (MgCO.CaCO3) and carnallite 
(KMgCl3⋅6(H2O)) 

Cai et al. (2021), Scipin 
et al. (2019), and Štofejová 
et al. (2021) 

Calcium a counter-cation for anions also required for structural roles in 
the cell wall and membranes (White and Broadley, 2003). 

Anhydrite (calcium sulfate; CaSO4), gypsum (hydrated calcium 
sulfate; CaSO4⋅2H2O), aragonite or calcite (calcium carbonate; 
CaCO3), and dolomite (MgCO.CaCO3) 

Griffith et al. (2020) and  
Kang et al. (2019) 

Sulfur Formation of chlorophyll, nodulation, amino acids, proteins, 
and oils and activates some enzymes (Kopriva et al., 2019). 

Anhydrite (calcium sulfate; CaSO4), barite (barium sulfate; 
BaSO4), chalcocite (copper sulfide; Cu2S), chalcopyrite (CuFeS2), 
cinnabar (mercury sulfide; HgS), galena (lead sulfide; PbS), 
kieserite (magnesium sulfate; MgSO4⋅H2O), gypsum 
(CaSO4⋅2H2O), sphalerite (zinc sulfide; (Zn,Fe)S), and stibnite 
(antimony sulfide; Sb2S3) 

Ding et al. (2021) and Sun 
et al. (2020) 

Boron Development of fruits, seeds, cell wall, and hormones. Also 
transports sugars (Ali et al., 2020). 

Colemanite (Ca2B6O11⋅5H2O), ulexite (NaCaB5O6(ΟH)6⋅5H2O), 
tincal (− 10H2O), and kernite (Na2B4O7⋅4H2O) 

Kistler and Helvaci (1994) 
and Trumbull and Slack 
(2018) 

Chloride Promotes cell osmoregulation, turgor-driven processes, 
elongation of leaf cell, and reduce stomatal conductance ( 
Rosales et al., 2020). 

Sodalite (Na[AlSiO]Cl) and apatite (Ca(PO)(Cl,F,OH)) Jassim and Al-Badri (2019) 

Copper Important in several enzymatic activities in plants. Also crucial 
in chlorophyll and seed production (Yruela, 2005). 

Azurite (Cu3(CO3)2), malachite (Cu₂CO₃(OH)₂), chalcocite (Cu2S), 
chalcopyrite (CuFeS2) and bornite (Cu5FeS4). 

Tabelin et al. (2018) and  
Wilson et al. (2016) 

Iron Synthesizes chlorophyll, and important in the maintenance of 
chloroplast structure and its function (Lucena and 
Hernandez-Apaolaza, 2017). 

Goethite ((Fe(OH)O)), hematite (ferric oxide; Fe2O3), 
lepidocrocite (FeO(OH)), magnetite (iron oxide; Fe3O4) and 
siderite (iron carbonate; FeCO₃). 

Schwertmann and 
Fitzpatrick (1992) 

Manganese Plays crucial roles in N assimilation, photosynthesis, and 
respiration. It is also involved in germination and growth of 
pollen and pollen tubes in addition to promoting elongation of 
root cells. The nutrient helps plants to resist root pathogens and 
catalyzes hydrolysis in photosystem II (Alejandro et al., 2020). 

Pyrolusite (alpha-manganese dioxide; MnO₂) and romanechite 
((Ba,H2O)2(Mn4+,Mn3+)5O10)). 

Roy (1968) 

Molybdenum Important in the symbiotic nitrogen fixation. It also transforms 
nitrogen into amino acids (Muhammad et al., 2020). 

Biotite (K(Mg,Fe)3AlSi3O10(F,OH)2), amphibole (X7Si8O22(OH)2), 
pyroxene (XYSi2O6), magnetite (Fe2+Fe3+2O4) and ilmenite ((Fe, 
Ti)2O3). 

Greaney et al. (2018) 

Nickel A cofactor that enables urease to catalyze conversion of urea 
into ammonium (Muhammad et al., 2020). 

Garnierite ((NiMg)6Si4O10(OH)8) and nickeliferous limonite ((Fe, 
Ni)O(OH)⋅nH2O) 

(British Geoloogical  
Survey (2008) 

Zinc A crucial structural, enzymatic, and regulatory component of 
enzymes and proteins. It promotes formation of carbohydrates 
and chlorophyll, auxins (aids in the stem elongation and growth 
regulation). It also converts starches to sugars and makes the 
plant withstand cold temperatures (Stanton et al., 2022). 

Sphalerite (zinc sulfide; (Zn,Fe)S), smithsonite (zinc carbonate; 
ZnCO3), hemimorphite (zinc silicate; Zn4(Si2O7)(OH)2⋅H2O), 
zincite (zinc oxide; (Zn,Mn)O), willemite (Zn2SiO4) and 
hydrozincite (Zn5(CO3)2(OH)6). 

Mudd et al. (2017)  
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fertilizer type, ii) right application time, iii) right application rate, and 
iv) right fertilizer placement. Consolidating findings of the previous 
studies that involved the 4R’s will showcase and improve the under
standing of this novel approach. 

2. Literature search and management 

We conducted in-depth and systematic literature search through; 
ScienceDirect (https://www.sciencedirect.com), Google Scholar 
(https://scholar.google.com), and ResearchGate (https://www.research 
gate.net). The research involved literature published from 2010 to 2022. 
Soil acidity, secondary and micro-nutrient challenges have been prom
inent in the past decade spanning from the year 2010 (Agegnehu et al., 
2021; Popkin et al., 2011). The scope of the review was to capture the 
most recent studies in the realm of soil acidity, secondary and 
micro-nutrient, and 4Rs. 

The literature search was conducted using key words like agricul
tural productivity, soil micro-nutrient, soil secondary nutrients, lime, 
liming, liming materials, fertilizer placement, fertilizer application 
rates, fertilizer application timing, types of fertilizers, modern soil 
fertility management technologies, soil acidity, and balanced soil/plant 
nutrition (Fig. 1). The literature materials obtained and involved in this 
study were empirical trials carried out in SSA. A total of 1247, 1757, 
631, and 196 articles relating to soil micronutrients, secondary nutri
ents, soil acidity, and 4R stewardship were recovered in the initial 
search. However, 74, 30, 21, and 20 published articles that provided 
empirical evidence of state-of-the-art management of soil micro and 
secondary nutrients, acidity and 4R stewardship were retained and 
reviewed. The authors critically assessed the objectives of the journal 
articles, their methodology, key findings and recommendations. The 
main aim of the assessment was to evaluate the relevance of the litera
ture materials in addressing objectives of the current study. The data and 
information obtained were synthesized and used to discuss key aspects 
of in this study. 

3. Literature synthesis and discussion 

3.1. Strategic research in the domain of micronutrients 

Micro nutrients deficiencies in agricultural soils are fast becoming 
the primary constraints to soil efficiency, stability, sustainability and a 
major contributor to widespread human malnutrition (Popkin et al., 
2011). The effect of deficiencies of these nutrients also spills over to the 
livestock production (Singh et al., 2018). These nutrients were available 
and adequate in the past in tropical soils as a function of chronosequence 

Table 2 
Sources of secondary and micronutrients and proposed application rates in 
empirical studies.  

Micro/ 
secondary 
nutrient 

Form/source Crop(s) Rate Reference 

Zn Foliar (water 
soluble Zn 8.0% 
w/w) 

Beans 200 g ha-1 Yeboah et al. 
(2021). 

Magnesium magnesium 
sulfate 
monohydrate 
(MgSO4⋅H2O, 
16.0% Mg) 

Rapeseed 
plants 

45 kgm Mg 
ha-1 

Cole et al. (2016) 
and Geng et al. 
(2021). 

magnesium 
chloride 
(MgCl26H2O) 

Radish 0.10 g Mg 
kg-1 soil 

Yousaf et al. 
(2021). 

Magnesium 
ammonium 
phosphate 

tomato * Cole et al. (2016). 

Foliar (MgO 
water soluble 
5.0% 
w/w) 

Beans 224 g ha-1 Yeboah et al. 
(2021). 

Calcium Calcium 
peroxide (CaO2) 

Rice 0, 5, 10, 
and 20 g 
CaO2 kg-1 

Syu et al. (2020).  

• Calcium- 
chloride  

• Calcium- 
based fluid 
mixture with 
a bio- 
stimulant 

Tomato  • 10.050 
g l-1  

• 5 mL l-1 

Bertoldo et al. 
(2023). 

Calcium nitrate 
tetrahydrate (Ca 
(NO3)2 4H2O) 

Runner 
bean 

1000 mg l- 
1 

Skórzyńska-Polit 
et al. (1998). 

Calcium oxide 
nanoparticles 
(CaONPs) 

Canola 25, 50, 75, 
and 100 
ppm 

Mazhar et al. 
(2022).  

Fig. 1. Literature search process involving number of published articles recovered and retained.  
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rather than external supplementation (Kamarudin et al., 2020). How
ever, their deficiency symptoms are becoming more pronounced due to 
continuous cultivation and mining of micronutrients through crop har
vesting without equivalent replenishment, coupled with effect of climate 
change (Shukla et al., 2018). It was until recently that symptoms of 
micronutrients were observed in crops (Kihara et al., 2020). This has 
been a game changer in fertilizer formulation and fertilization programs. 
The urgency of including these nutrients in fertilization programs cannot 
be overemphasized in the era of climate change and development of 
high yielding cultivars. These nutrients play crucial role in enhancing 
crops resilience to climate change and sustain enhanced food production 
(Fig. 2). Some state-of-the-art strategic empirical studies in the man
agement of micronutrients are discussed here. 

3.1.1. Use of biosurfactant 
Microbial metabolite is becoming an area of soil fertility interest as it 

offers a sustainable pathway to improving agricultural productivity. 
Biosurfactant is multifunctional microbial metabolite with ability to 
sustainably increase nutrient availability (Baccile, 2023; Kleinen, 2023). 
It is a surfactant produced extracellularly by numerous microbes in 
relatively larger quantities (Thirumurugan et al., 2023). Studies have 
considered the potentials of biosurfactants from different isolates to 
improve soil fertility and promote crop growth (Das et al., 2021). 

The application of bacterial strains with ability to produce bio
surfactants is a relatively modern approach to increasing micronutrients 
availability to plants through dissolution of micro-nutrients and metals 
(Olorunfemi and Lolodi, 2011; Płociniczak et al., 2011). Whether the 
micro nutrients become available to plants from the soil depends on 
solubility and mobilization. Micro-nutrients from various sources have 
to be solubilized to allow uptake. Sources of the micro-nutrients can be 
categorized as; i) natural sources (e.g., geologic parent material, vol
canoes, forest and prairie fires), ii) agricultural sources, usually of 
manure origin (e.g., green manure, compost, spent mushroom media, 
crop residues, wash water, silage juice, farmyard manure, biomass 
transfer and spent supplement solutions), iii) industrial sources like 
sewage wastes, and iv) domestic effluents. 

Biosurfactants can improve nutrient status, promote soil wettability, 
and obtain a relatively even distribution of complex nutrients. Scholars 
have recently assessed effect of biosurfactants on soil flushing efficiency, 
bioremediation and antimicrobial activities (Ahmad et al., 2018; Singh 

and Rathore, 2019; Singh et al., 2018; Vaishnavi et al., 2021; Zohra 
et al., 2014). It has been shown that the metabolite has great potential of 
mobilizing and solubilizing soil nutrients and making them available for 
plant uptake by forming metal-biosurfactant complexes and releasing 
the micro-nutrients (Singh et al., 2020). 

A review by Singh et al. (2018) gives more insights on the applica
bility of biosurfactants on specificity for Zn, Mn and Cu and bioreme
diation of heavy metals from soils (Mishra et al., 2021). Improvement in 
microbial population dynamics under crude biosurfactants has been 
reported (Das et al., 2021). Low concentrations of textile effluent are 
alternative source of soil micro-nutrients. Soils treated with low con
centrations of textile and biosurfactant (lipopeptide) showed increased 
micronutrients, higher microbial population and enzymatic activities 
(Singh et al., 2020). 

3.1.2. Use of microalgae and cyanobacteria 
Microalgae and cyanobacteria have shown great potential to be used 

in modern agriculture not only to improve soil fertility but also to 
enhance utilization of the nutrients, promote crop growth and yield. 
These organisms stimulate soil microbial activities associated with 
conversions and mobilization of nutrients in the soil (Alvarez et al., 
2021; Renuka et al., 2018). Microalgae are widespread organisms that 
consist of prokaryotic blue algae, eukaryotic green algae, and 
gram-negative prokaryotic cyanobacteria. Wastewater provides perfect 
source of organo-mineral fertilizers of microalgae origin (de Paula Per
eira et al., 2021). Biotechnological potential of microalgae and cyano
bacteria to maintain soil quality and health is well described by 
Abinandan et al. (2019). 

Microalgae and cyanobacteria contribute to increased soil micro
nutrients through different ways. They increase soil enzymatic activities 
(Barone et al., 2018; Kusvuran, 2021; Tang et al., 2020), nutrient cycling 
and recovery (Ali et al., 2021; Li et al., 2019; Nagarajan et al., 2020), 
biodegradation, bioaccumulation, and biosorption of nutrients (Mustafa 
et al., 2021), and improve C balance (Jacob-lopes et al., 2020). Wuang 
et al. (2016) reported increased Zn, Mn, Ca, Fe, and selenium (Se) when 
microalgae were used as a biofertilizer. A study by Dubey and Dubey 
(2016) provides evidence of the use of Blue Green Algae (Chlorella 
pyrenoidosa and Nostoc muscorum) as soil conditioner in improving soil 
fertility in a sandy soil. It has also been reported that microalgae and 
cyanobacteria improve crops metabolic activities and development 

Fig. 2. Approaches to improve soil micro-nutrients and their mechanisms.  
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(Grzesik and Romanowska-duda, 2015) which translates to higher crop 
yields. Microalgae increased tomato growth by 49.5% (Munaro et al., 
2024) while cyanobacteria increased maize yield by 20.46% to 21.11% 
(Zambrano et al., 2023). 

The organisms can improve crop growth by producing growth hor
mones, polysaccharides, enzymes, vitamins and antimicrobial com
pounds, detoxifies harmful substances and controls crop pathogens 
(Abinandan et al., 2019) leading to increased crop yields. Trejo et al. 
(2012) reported increased sorghum yield, microbial carbon (C), organic 
matter and organic C in eroded desert soil treated with a combination of 
growth promoting bacterium (Azospirillum brasilense) and alginate beads 
with microalgae (Chlorella sorokiniana). Rice-associated probiotic bac
teria (strains; Pseudochrobactrum sp. (BRRh-1), Burkholderia sp. 
(BRRh-2), Burkholderia sp. (BRRh-3), Burkholderia sp. (BRRh-4), and 
Pseudomonas aeruginosa (BRRh-5 and BRRh-6)) increased rice growth 
and yield in nutrient-limiting soils (Han et al., 2017). Renuka et al. 
(2017) found that combining microalgae (Spirogyra, Phormidium, 
Fischerella, Westielopsis and Anabaena) with full dose PK, and 75% N 
caused 35–51% and 37- 48% increase in soil organic carbon (SOC) and 
wheat grain yield, respectively coupled with significantly higher Zn, Fe, 
Cu and Mn by 20.8, 61.3, 36.9, and 25.9%, respectively. Increased to
mato and broccoli yields have also be reported when they were grown 
under microalgae and/or their extracts (Barone et al., 2018; Kusvuran, 
2021). 

3.1.3. Compost, farmyard and green manure application 
Compost, farmyard (FYM) and green manure are cheaper options of 

soil fertilization common in most SSA countries and often been used as 
source of NPK (Batabyal et al., 2016; Hadi et al., 2021; Mugwe et al., 
2009), with little to no attention being used as a major source of 
micronutrients. However, these organic-based fertilizers are promising 
micronutrient management strategies. The efficiency of these inputs to 
improve soil micronutrients depend largely on the quality and the cor
rect rate of application (Baldi et al., 2021; Batabyal et al., 2016). The 
importance of organic-based fertilization is evidenced in the long-term 
study conducted over a period of 14 years where application of the in
puts at 5–10 t annually significantly improved cadmium (Cd), Zn and 
copper (Cu) by 5.9, 13.7, and 15.7% to permissible levels without posing 
environmental risks (Baldi et al., 2021). Organic inputs contain benefi
cial organisms that can solubilize and enhance bioavailability of 
micronutrients (Ongeng et al., 2011). A review by Corato (2020) has 
established beneficial effects of combining compost with a wide range of 
microbes like bacteria, yeast, protists, actinomycetes, fungi and oomy
cetes on yield and soil micro-nutrients. Bedada et al. (2016) reported 
that application of half rates of compost (13.5 t ha-1 fresh weight or 1.4 t 
ha-1 dry weight organic matter) and mineral fertilizer (50 kg 
di-ammonium phosphate ha-1 + 25 kg urea ha-1) increased boron (B), 
Mn, Cu, and Zn by 20.9, 6.2, 6.9, 8.9% with a resultant mean maize yield 
benefit of 0.7 t ha-1. 

Green manure (GM) increased microbial biomass C by 28%, and 
improved soil enzymatic activities approximately by 14 to 39% (Ma 
et al., 2021). The type of green manure affects soil nutrients differently. 
Green manure improves soil organic carbon (SOC), especially when 
combined with NPK fertilizer (Kamran et al., 2021; Mucheru-Muna 
et al., 2007) which in turn has positive significant effect on micro
nutrients (Romaniuk et al., 2018; Sharma et al., 2013). Effect of green 
manure on aggregate stability has been widely investigated (Garcia-
Franco et al., 2015; Guo et al., 2019; Kamran et al., 2021). The net effect 
of improved aggregate stability on micronutrients are indirect through 
improved SOC sequestration within aggregates (Kamran et al., 2021) 
and directly through protection against leaching and runoffs. Green 
manure promotes chelation of micronutrients and improve their 
bioavailability to both plants and soil microorganisms. Chelating agents 
(diethylenetriaminepentaacetic acid) are increasingly gaining impor
tance in replenishing and measuring chelated micronutrients from 
various non-recalcitrant pools (Kopittke et al., 2017). 

3.1.4. Mediating factors that indirectly enhance micronutrients in the soil 
Micronutrients concentration in the soil can also be improved by 

mediating factors, acting independently, or interacting with sources of 
the nutrients. For instance, it has been reported that crop intensification 
sequence, measured by intensification sequence index (ISI), improved 
micronutrients like Zn, Fe, and Cu (Romaniuk et al., 2018). Elsewhere, 
Sharma and Dhaliwal (2021) found increased levels of crystalline-bound 
Zn, Fe and Mn under zero tillage with residue retention. Wang et al. 
(2017) reported increased extractable Fe, Mn and Cu concentrations by 
262, 150, and 55% under N addition. 

Agronomic approaches such as mineral fertilizer application and 
water management regulate soil micronutrient availability for enhanced 
plant uptake (Rengel et al., 1999). Masunaga and Marques (2018) while 
working with paddy system found that the establishment of flooded 
water conditions increased Fe and Mn availability by over 200 mg kg-1 

while Zn and availability increased by between 9.10 and 49.23 mg kg-1. 
Copper availability in the soil ranged between 2.34 and 10.50 mg kg-1 

when farm yard manure was combined with water management in the 
paddy field (Masunaga and Marques, 2018). Masunaga and Marques 
(2018) also reported that farmyard manure application significantly 
increased grain Fe concentration under any water condition compared 
to control and chemical fertilizer treatments. Masunaga and Marques 
(2018) also found that concentration of Zn and Cu in grain produced the 
best results under field capacity water conditions while Mn concentra
tion did not correspond to soil Mn availability. These findings demon
strate the need for innovative practices and/or strategies that can 
supplement or complement the available direct sources of micro
nutrients. Furthermore, practices that encourage organic matter 
build-up are sustainable sources of Zn, Cu, Fe, Mn, B and Mo (Dhaliwal 
et al., 2019). 

3.2. Strategic research in the domain of secondary nutrients 

Weathering of primary and secondary minerals is the main source of 
secondary nutrients in soils (Hillel, 2004; Wilson, 2004). However, this 
nature-driven phenomenon cannot sustain the current and projected 
crop production levels. Mineral fertilizers containing Mg, S and Ca is the 
conventional approach to replenishing these nutrients in the contem
porary practices (Ding et al., 2021; Skórzyńska-Polit et al., 1998; 
Trumbull and Slack, 2018). Dolomitic lime (CaMg(CO3)2) stands as one 
of the most important sources of Ca and Mg (Cai et al., 2021). The other 
sources of Mg included magnesium oxide (MgO) and magnesium chlo
ride (Yousaf et al., 2021). On the other hand, S supplements include K 
and Mg sulfate, gypsum (calcium sulfate; CaSO4) and elemental sulfur 
(Bhaduri et al., 2014). 

Previous studies have demonstrated the effect of varying approaches 
to improving soil secondary nutrients for enhanced agricultural pro
ductivity. For instance, Shambhavi et al. (2018) observed that a com
bination of NPK and farmyard manure increased S, Mg and Ca only when 
lime was added. Shambhavi et al. (2018) point out the importance of 
supplementing NPK fertilizers with Mg and Ca to sustain crop produc
tion while maintaining soil fertility. Polysulphate® is being proposed as 
a source of both macro- and secondary nutrients. The product is avail
able in its natural state and contains 19.2% S, 3.6% Mg, and 12.2% Ca. 
The impact of application of polysulphate at the rate of 125% of the soil 
test was manifested on superior secondary nutrients concentrations and 
increased tomato yield by 39.3% (Pandian, 2019). 

Sulfur polymer composites have been taunted as a more sustainable 
and an emergent option to increasing soil fertility and release of both 
macro- and secondary nutrients in a controlled pattern which reduces 
cases of nutrients wastage (Mann et al., 2019). The most common 
polymers used with mineral fertilizers include chitosan, starch, and 
alginate. For instance, Chiaregato et al. (2022) demonstrated better Mg, 
Ca and S release when NKP and potassium nitrate were combined with 
cross-linked polymers. Moreover, coating urea and NPK fertilizers with S 
has been proposed, tested, and recommended for sustained provision of 
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both macro and secondary nutrients (Chagas et al., 2020; Liu et al., 
2008). A study has also demonstrated the potential of polyhalite, hy
drated sulfates of K, Ca and Mg, a source of Mg and Ca in addition to 
other soil nutrients (Yermiyahu et al., 2017). 

There exist conventional approaches to managing soil micro- and 
secondary nutrients and soil acidity. These include but not limited to; 
strategic integrated soil fertility management (ISFM), biochar, and foliar 
application. For instance, integrating NPK fertilizers with organic inputs 
improve the nutrients under varying cropping systems and soil types 
(Kang et al., 2022). Whereas organic manure increases utilization effi
ciency of NPK fertilizer, the fertilizer enhances decom
position/mineralization of the litter to release the nutrients into the soil 
solution. Previous studies have reported higher micro and secondary 
nutrients from diverse types of manure (Agbede, 2021; Somers et al., 
2020). Biochar application show great potential to improving secondary 
and micronutrients both in acidic (Yan et al., 2021) and alkaline agri
cultural soils. Foliar fertilization is the quickest way of providing plants 
with readily available nutrients, especially secondary and 
micro-nutrients. Khodaparast et al. (2021) found that foliar application 
of zinc sulfate and zinc nanoparticles at 10 mg/L significantly improved 
yield performance of coffee. 

3.3. Soil acidity and amelioration strategies 

Soil acidity is possibly the single most important cause of hidden 
hunger at plot and farm levels in sub- and tropic soils where leaching of 
base cations and anthropogenic-induced acidity are rampant (Kihara 
et al., 2017). This is because the effects of low soil pH are often masked 
by deficiency symptoms of other nutrients (Nduwumuremyi et al., 
2013). Adverse effects of high soil acidity and aluminum (Al) toxicity on 
enzyme activities and soil macro- (e,g. K and P), secondary- (Mg and Ca) 
and micronutrients (Cu, Zn and Mo) have been documented (Nduwu
muremyi et al., 2013; Zhou et al., 2019). Factors that contribute to 
increased soil acidity include; application of acidifying inorganic fer
tilizers, continuous cropping, leaching of nutrients and inherent nature 
of acidic parent rocks among others. 

Many strategies, including use of organic inputs, optimum use of 
inorganic fertilizer, application of liming materials, and integration of 
these measures. Lime application remains the most widely known con
ventional strategy in the management of acidity in varying soil types and 
crops (Harun et al., 2015; Serafim et al., 2013; Toksöz and Yılmaz, 2021; 
Yin et al., 2021). For instance, lime application increased yield of major 
crops such as; soybeans, maize, barley, tef, faba beans, wheat potato and 
maize by 28–182% across Eastern Africa. Despite the importance of lime 
being a key acidity management practice, its adoption is still low even in 
regions with strongly high soil acidity. Factors leading to the low 
adoption of lime application in such instances is less comprehensive and 
not strongly expressed in the available literature. 

Liming is a widespread agricultural practice in acidic soils used to 
primarily improve crop productivity. Lime application may change 
array of soil physical, chemical and biological properties (Bölscher et al., 
2021). For instance, modern empirical studies have reported multifac
eted functions of lime; improving soil structure (Bölscher et al., 2021; 
Das et al., 2021; Khodaparast et al., 2021), enhancing microbial di
versity (Li et al., 2021), promoting biological N fixation (Alves et al., 
2021), and stabilization of clay soils (Baldovino et al., 2021; Kumar, 
2021; Toksöz and Yılmaz, 2021). Lime application also protects against 
phosphorus (P) leaching from clay soils where its transport predomi
nantly occurs attached on soil colloids through preferential flow paths 
(Svanbäck et al., 2014; Taylor et al., 2014). Recently, a study conducted 
in Western Kenya revealed that lime increased maize yield by 2 t ha-1 for 
soil with pH range of 4.0 – 5.7, which was even made better when 
combined with N and P fertilizer and that investment in liming paid off 
at least after 2 years (Hijbeek et al., 2021). Nevertheless, there is concern 
that the knowledge on liming effect on other important properties, like 
soil microbiome, is still limited (Yin et al., 2021). 

Type, timing and placement of lime are important management and 
handling information that can enhance lime use efficiency. Yin et al. 
(2021) found a reducing soil acidity with the increasing lime application 
rates while its application at the rate of 9% of the soil dry weight had 
superior improvement of Indian black cotton relative to 3%, 6%, and 
12% rates (Singh et al., 2021). Lack of assessment of lime use efficiency 
is the biggest limitation in lime studies which needs consideration in the 
subsequent experiments. 

There are several liming materials that vary on the influence they 
exert on soil properties. The conventional materials include; quicklime 
(CaO), hydrated quicklime (Ca(OH)2), calcium carbonate (CaCO3), 
mixture of Ca(OH)2 and CaCO3 (Peters et al., 1996). However, the need 
to reduce pressure on naturally-occurring and non-renewable materials, 
more sustainable liming materials have been discovered. For instance, 
Life Cycle Assessment have shown that eggshell lime is a sustainable and 
more efficient soil stabilization liming material than the 
commercially-available limes (Saldanha et al., 2021). Emergent liming 
materials in Kenya include Dolo, Calcipril, and Ag lime, among others. 
Nevertheless, lime material markets are greatly limited or non-existent 
in several regions, even in areas that have prevalent soil acidity prob
lems (Oumer et al., 2023). 

3.4. Research in the domain of 4Rs stewardship 

Developed by the International Plant Nutrition Institute (IPNI) after 
many years of research, the 4Rs stewardship is the realm of the balanced 
plant nutrition which is key for sustainable crop production and soil 
fertility maintenance (Fig. 3). The approach provides a science-based 
framework that champions the best utilization of fertilizers. The 4Rs 
stewardship ensures provision of all the 17 essential nutrients, i.e., 
macro, micro and secondary nutrients in the; i) right source, ii) right 
rate, iii) right time, and iv) right placement, to sustain crop production 
without depleting soil nutrient reserves (Oumer et al., 2023). This 
novelty takes into account the; society, environment and economics 
dynamics in agricultural production (Vollmer-Sanders et al., 2016). An 
example of the functionality of the 4Rs is demonstrated by Syers et al. 
(2010) providing instances of improved grain yield, nutrient use effi
ciency and profitability. 

With the increasing need for fertilizer best management practices, 
the 4Rs provides a strong foundation that supports improved nutrient 
use efficiency, and environmental integrity while enhancing farmer’s 
profitability (Johnston and Bruulsema, 2014). Using fruit crops, Bryla 
(2020) gives detailed view of the four factors; right sources; right time, 
right source and right place that substantially enhanced the yield and 
growth parameters of primocanes, floricanes, blueberry, and pineapple. 
Mattson and Iersel (2011), Mikkelsen (2011), and Scandinavica et al. 
(2017) amplified the importance of the ‘right time’ and ‘right place’ of 
the 4Rs Stewardship on horticultural crops. On the other hand, Bruul
sema et al. (2019) showcased the application of the 4R Stewardship in P 
management across different latitudes with different temperature re
gimes and soil types. 

The importance of the 4Rs is underlined by the increasing number of 
contemporary studies that assess the four factors of the Stewardship. 
However, the majority of the studies rarely consider the factors holis
tically but evaluates only one or two at a time. For example, Spinelli 
et al. (2013) did an environmental analysis of sunflower produced under 
different fertilizer forms. On their part, Song et al. (2022) confirmed the 
biophysical advantage of using the right source and right rate on a paddy 
soil. Generally, the right fertilizer rate positively affect crop rooting 
systems, yield, and soil physicochemical properties that not only secures 
environmental health but also offers the best economical returns to the 
farmers (Adebayo and Sebetha, 2020; Li et al., 2015; Song and Lin, 
2014). Other studies have also outlined the importance and nutrient use 
efficiency of the right timing of fertilization in several crops like maize, 
wheat, orchards, peanuts (Hussain et al., 2015; Liu et al., 2018; 
Momesso et al., 2022; Wu et al., 2019). Him et al. (2019) evaluated the 
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effect of fertilizer N application rate and timing while Gildow et al. 
(2016) assessed timing and placement as means to reducing P loading 
into Lake Erie. 

From the above highlights, it is apparent that the current literature, 
though appreciative of the four factors of the 4Rs, the contemporary 
research has dodged incorporating all the four factors into a single study. 
With this shortfall, the need for 4R Nutrient Stewardship Certification 
Program in croplands is pertinent. 

4. Challenges in modern and future outlook in soil fertility 
research in SSA 

Next generation soil fertility management studies will be robust and 
supported by high-end assessment technologies. The use of bio
surfactants, industrial and domestic effluents will not only provide 
irrigation water but also be crucial sources of micro- and secondary 
nutrients in SSA. Future fertilization programs will be more effective if 
they will combine conventional (mineral and organic fertilizers) and/or 
non-conventional methods like biosurfactants, textiles effluents and 
microalgae. This should be accompanied by supportive policy and legal 
frameworks to regulate fertilizer use and market for the produce. The 
need for soil testing to understand its status coupled with investments in 
awareness will grow to be key in all fertilization programs. Further, 
robust extension service providers and stockists capacity building will be 
critical in taking the next bold step to holistic improvement of soil 
fertility for the more demanding population. 

5. Conclusion and recommendation 

Low soil secondary and micro-nutrients and acidity problems are 
indicated by the response of yields of various crops to the application of 
secondary, micro-nutrients and liming. Combination of lime and fertil
izers has better effect on soil and yield than sole applications. Lime 
adoption by smallholder farmers is restricted by lime markets which are 
scarce in areas with profound acidic soils. Developing lime supply chain 
in areas with no assisting supply chains is expensive. Moreover, fertilizer 
and lime markets development are affected by lack of robust policy, 

legal framework and political goodwill. Addressing these challenges 
require formulation of robust policy and legal frameworks in fertilizer 
and lime markets dynamics. More secondary and micro-nutrient-specific 
empirical studies should be promoted. Furthermore, mineral fertilizer 
blends should include micro and secondary nutrients. Though extent of 
micronutrients deficiencies per land basis has been estimated, there is 
need for objective assessment of the extent of deficiencies in quantity 
basis. 
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