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Abstract Soil health constitutes a foundational pil-
lar of agroecosystem functionality, directly governing
plant nutrient acquisition, crop productivity, and the
nutritional composition of food. This review elucidates
the complex interplay among soil physical, chemical,
and biological parameters that modulate root archi-
tecture, rhizosphere dynamics, and nutrient uptake
efficiency, with a particular emphasis on implications
for global food security. Soil organic matter (SOM),
a widely recognized proxy for soil health, has been
empirically demonstrated to augment cation exchange
capacity (CEC), enhance soil water retention, and fos-
ter microbial biodiversity collectively facilitating nutri-
ent bioavailability and uptake. Quantitative analyses
indicate that a 1% increase in SOM can elevate soil
water holding capacity by approximately 1.5-2.0 mm
per cm of soil depth, thereby promoting root prolifera-
tion and physiological nutrient absorption. Crucially,
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soil microbial consortia including arbuscular mycorrhi-
zal fungi (AMF) and rhizosphere-associated bacteria
exert substantial influence over nitrogen mineraliza-
tion and phosphorus solubilization, thereby modulating
nutrient fluxes within the soil-plant continuum. For
example, AMF have been reported to enhance phos-
phorus uptake by 30-50% in Triticum aestivum
(wheat) under low-input agroecological systems. How-
ever, the persistent degradation of soil health, driven
by intensive monoculture practices, synthetic nitrogen
overapplication, and widespread erosion, has precipi-
tated significant declines in the micronutrient density
of staple crops. Longitudinal studies reveal a 5-40%
reduction in critical micronutrients such as Fe and Zn
in cereal grains over the past five decades, underscor-
ing the unsustainability of conventional agricultural
paradigms. Furthermore, conservation-oriented prac-
tices such as no-tillage farming have demonstrated a
capacity to enhance soil aggregate stability by 2040%,
thereby intensifying microbial metabolic activity and
optimizing root-soil interface dynamics. This review
offers a novel perspective by explicitly linking soil
health decline with micronutrient depletion and global
security risks, framing soil degradation as both an
agronomic and geopolitical challenge. In doing so, it
integrates soil process research with broader implica-
tions for food system resilience and policy, an angle
seldom emphasized in prior reviews. As global popu-
lation projections approach 9.7 billion by 2050, safe-
guarding soil health emerges as a strategic imperative
for sustaining agricultural resilience and ensuring food
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system stability. This review further contextualizes the
degradation of soil resources within the framework of
national and global security, highlighting the cascad-
ing effects of food system fragility, malnutrition, and
geopolitical tensions stemming from resource scarcity.
Through a comprehensive synthesis of recent empiri-
cal advancements, this work underscores the exigency
of adopting sustainable soil management strategies
aimed at mitigating nutrient depletion, preserving eco-
system services, and fortifying the resilience of global
food systems.

Keywords Soil health - Root-soil interactions -
Nutrient uptake - Plant nutrition - Soil microbial
activity - Food security

Introduction

Soil health is a critical aspect of agricultural sustain-
ability and ecosystem functioning, integrating bio-
logical, chemical, and physical properties (Kibble-
white et al. 2008). Healthy soils support plant growth
by fostering microbial activity, nutrient cycling, and
soil structure maintenance, all of which contribute
to long-term agricultural productivity. Thus, an inte-
grative approach that considers physical, chemical,
and biological properties is necessary for accurately
assessing and maintaining soil health (Cardoso et al.
2013; Frac et al. 2018). There are numerous indica-
tors used to assess soil health, among which soil
biological activity is one of the most critical. Soil
microorganisms, including bacteria, fungi, and micro-
arthropods, play fundamental roles in the decom-
position of organic matter, nutrient cycling, and the
enhancement of soil structure through aggregation
(Neher & Barbercheck 2019). These organisms are
particularly important in nutrient deficient ecosys-
tems, where they can enhance plant productivity and
biodiversity (Van Der Heijden et al. 2008). Among
the most widely used biological indicators for assess-
ing soil quality and function are soil enzyme activi-
ties, including B-glucosidase, phosphatase, and urease
(Adetunji et al. 2017). Sustainable agricultural prac-
tices, including organic farming and conservation
tillage, can enhance soil microbial abundance and
diversity, thereby improving nutrient availability and
soil structure (Tahat et al. 2020). However, intensive

@ Springer

farming practices and excessive agrochemical use
can reduce microbial biodiversity, disrupt nutrient
cycling, and degrade soil health (Bhattacharyya &
Furtak 2022; Meena et al. 2020).

Soil chemical properties, such as nutrient content,
pH, and cation exchange capacity (CEC), directly
influence plant nutrient availability (Li et al. 2020a,
b). Soil pH, often referred to as the "master soil vari-
able," regulates nutrient solubility and mobility, affect-
ing plant uptake and microbial activity (Neina 2019).
Macronutrients like nitrogen, phosphorus, and potas-
sium, along with essential micronutrients such as zinc
and iron, are critical for plant growth and metabolic
functions (Elias, 2019). The CEC of soil determines its
nutrient retention capacity and overall fertility potential
(Ballabio et al. 2019). However, spatial variability in
soil properties impacts nutrient distribution and avail-
ability, necessitating precision management strategies
to optimize soil fertility (Navidi & Seyedmohammadi,
2022). The rhizosphere, is the dynamic zone surround-
ing plant roots, plays a crucial role in modifying soil
chemistry through root exudates and microbial inter-
actions, further influencing nutrient availability and
uptake (Briat et al. 2020; Rengel 2015). Along with
the biological and chemical properties, soil physical
properties, including texture, structure, porosity, and
bulk density, also significantly affect plant growth and
ecosystem functioning (Chapman et al. 2012). These
properties influence water retention, aeration, root pen-
etration, and microbial habitat suitability (Forster et al.
2020; Kolb et al. 2017). Plant diversity and root traits
contribute to soil structure by improving aggregate
stability and hydraulic properties, which are essential
for water and nutrient uptake. Conservation agriculture
practices, such as minimum tillage and crop residue
retention, help maintain soil physical health by enhanc-
ing infiltration, reducing erosion, and preventing com-
paction (Indoria et al. 2016).

Plant roots exhibit remarkable plasticity in
response to soil conditions, adapting their architecture
to optimize resource acquisition (El Amrani 2023;
Giehl & von Wirén, 2014). Root traits, including
length, branching patterns, and surface area, are influ-
enced by soil nutrient availability and moisture con-
tent (Gruber et al. 2013). This plasticity enables roots
to efficiently forage for nutrients, particularly in heter-
ogeneous soils, by altering growth patterns to exploit
nutrient-rich patches (Wang et al. 2013). Root exu-
dates, consisting of sugars, amino acids, and organic
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acids, play a vital role in modifying the rhizosphere
by altering pH, solubilizing nutrients, and stimulating
beneficial microbial activity (Vives-Peris et al. 2020).
These exudates also chelate essential micronutrients
like zinc and iron, enhancing their bioavailability to
plants (Rengel 2015). The rhizosphere is a hotspot
for plant—microbe interactions, with plants selectively
promoting beneficial microbes through exudation to
enhance nutrient uptake and disease resistance (Hart-
mann et al. 2009; Lemanceau et al. 2009). Efficient
nutrient uptake by roots occurs through passive mech-
anisms like mass flow and diffusion, as well as active
transport via specialized protein channels (Chapman
et al. 2012). Targeted breeding for specific root traits
offers promising strategies to improve crop resilience
and soil health in challenging environments (Jin et al.
2017).

Besides its role and importance, one of the pri-
mary challenges affecting soil health is soil degra-
dation. Soil degradation significantly threatens crop
productivity, soil fertility, and global food security
by impairing nutrient cycling and soil structure (Lal
2010; White et al. 2012). Unsustainable land use
practices, such as excessive tillage and agrochemical
application, accelerate soil degradation, leading to
declining yields and poor nutritional quality of crops
(Lal 2015). Sustainable soil management practices,
including conservation tillage, organic amendments,
and crop rotation, can restore soil health by enhanc-
ing biological activity, improving nutrient availabil-
ity, and maintaining soil physical properties. Climate
change further complicates soil fertility by altering
precipitation patterns, temperature regimes, and nutri-
ent cycles, thereby affecting plant nutrition ( Elba-
siouny et al. 2022; Raman et al. 2025). Soil carbon
sequestration is an essential strategy for mitigating
climate change while simultaneously improving soil
structure and fertility. However, the indiscriminate
use of agrochemicals can disrupt microbial commu-
nities and undermine soil sustainability (Meena et al.
2020). Therefore, adopting integrated soil manage-
ment approaches is critical for sustaining soil health,
enhancing agricultural productivity, and ensur-
ing food security while minimizing environmental
impacts (Tahat et al. 2020). This review explores the
mechanisms through which soil health impacts nutri-
ent acquisition by plants, emphasizing the role of soil
microbial communities, organic matter dynamics, and
nutrient cycling processes. Furthermore, we discuss

how improving soil health through sustainable man-
agement practices can enhance food nutritional
security, ensuring that agricultural systems remain
resilient in the face of environmental stressors. By
integrating recent advances in soil science, plant
physiology, and agroecology, this paper aims to pro-
vide a comprehensive understanding of the soil-root
nexus and its implications for global food systems.

Components of soil health influencing nutrient
uptake

Biological components

Soil microbiomes are integral for plant nutri-
ent acquisition and cycling, playing a pivotal role
in sustaining ecosystem productivity. Among the
soil microbiomes the most important contributors
is AMF, which form symbiotic relationships with
plants. These fungi enhance the uptake of immo-
bile nutrients like phosphorus, zinc, and copper by
extending the effective root system through fungal
hyphae (Azcon-Aguilar & Barea 2015). AMF are
particularly effective at accessing insoluble phos-
phorus sources and enhancing nitrogen uptake,
particularly under stress conditions (Javaid 2009).
Studies have demonstrated that AMF can improve
phosphorus absorption in wheat by approximately
30-50% in low-input agricultural systems (Hou
et al. 2021; Li et al. 2016). Additionally, rhizos-
phere bacteria, including nitrogen-fixing and phos-
phorus-solubilizing species, contribute significantly
to nutrient availability and plant growth (Jacoby
et al. 2017; Singh et al. 2022). The mycorrhizo-
sphere, established through AMF colonization,
further alters soil properties and bacterial commu-
nities, enhancing nutrient cycling and plant per-
formance (Williams et al. 2024). Transition metal
transport in plants involves complex interactions
with endosymbiotic microorganisms, highlight-
ing the essential role of these organisms in nutrient
dynamics (Gonzalez-Guerrero et al. 2016). Nitro-
gen-fixing cyanobacteria also hold immense poten-
tial as sustainable bio-resources for enhancing soil
fertility and crop productivity (Nawaz et al. 2024).
These plant—microbe interactions offer promis-
ing sustainable alternatives to chemical fertilizers,
improving crop nutrient efficiency and fostering
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environmentally friendly agricultural practices
(Kafle et al. 2019; Lu et al.2023). Furthermore, soil
fauna, such as earthworms and nematodes, are also
critical contributors to nutrient cycling and plant
growth. Earthworms improve nutrient availability
by fragmenting organic matter, enhancing soil struc-
ture, and stimulating microbial activity (Bhadauria
& Saxena 2010; Medina-Sauza et al. 2019). Nema-
todes regulate microbial populations and increase
nitrogen mineralization, indirectly enhancing plant
nutrient uptake (Gebremikael et al. 2016; Zheng
et al. 2022). Both organisms interact closely with
plant roots and mycorrhizal fungi, influencing soil
structure, nutrient concentrations, and plant bio-
mass (Larsen et al. 2015; Milleret et al. 2009). Soil
microarthropods contribute to decomposition and
pest suppression, supporting agroecosystem health
(Neher & Barbercheck 2019). However, emerging
contaminants like microplastics pose threats to soil
fauna, impairing their ecological functions (Wang
et al. 2022). Since soil fauna mediate key rhizos-
phere processes that influence plant development
and nutrient dynamics, understanding these intricate
relationships is essential for preserving soil health
and advancing sustainable agriculture. In addition
to soil fauna and microbiota, soil enzymes are vital
in regulating nutrient cycling and maintaining soil
health. Enzymes produced by microorganisms and
plant roots, such as p-glucosidase, phosphatase, and
urease catalyze the decomposition of organic matter
and the release of nutrients (Adetunji et al. 2017).
These enzymatic activities are highly sensitive to
management practices like tillage, crop rotation,
and fertilization, making them reliable indicators
of soil quality (Samuel et al. 2008). Management
practices that incorporate organic amendments and
minimize tillage typically improve enzyme-driven
nutrient mineralization (Francioli et al. 2016).
Enzyme activities also vary across ecosystems and
are influenced by climate change (Daunoras et al.
2024). The rhizosphere generally demonstrates
greater enzymatic activity compared to bulk soil,
primarily due to the abundance of organic carbon
substrates (Gianfreda 2015). Extracellular enzymes
play a crucial role in regulating carbon storage and
nutrient cycling, with their relative ratios offering
insights into ecosystem biogeochemistry (Luo et al.
2017). However, plant invasions can significantly
alter soil enzyme activities, potentially accelerating
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nutrient cycling and disrupting soil processes (Zhou
& Staver 2019) (Fig. 1).

Chemical components

Chemical components are fundamental to soil
health, as they influence nutrient availability, pH
balance, CEC, and overall soil fertility (Lal, 2016).
For instance, soil pH significantly influences nutri-
ent availability and plant uptake, affecting overall
soil health . Acidic soils (pH <5.5) can increase the
availability of elements such as aluminum (Al) and
manganese (Mn), while alkaline soils (pH>8) may
limit the availability of essential micronutrients like
iron (Fe), zinc (Zn), and manganese (Mn) (L&uchli
& Grattan 2012). The effect of pH on nutrient avail-
ability is complex, involving interactions between soil
reactions and plant uptake rates. For example, phos-
phate uptake decreases with increasing pH, while
molybdate availability increases (Barrow & Harte-
mink 2023). SOM in the soil plays an important role
in nutrient availability, particularly for heavy metals
(Zeng et al. 2011). Research suggests that a 1% rise
in SOM can improve soil water retention by approxi-
mately 1.5-2.0 mm per centimeter of soil, which
in turn promotes root growth and enhances nutri-
ent uptake efficiency (Hudson 1994; Rawls et al.
2003). Organic matter can bind with metals such as
copper (Cu) and lead (Pb), reducing their bioavail-
ability and toxicity to plants. Conversely, it can also
form complexes with micronutrients like zinc (Zn)
and iron (Fe), enhancing their solubility and uptake
by plants. Plants can modify rhizosphere pH through
root exudates, affecting micronutrient solubility and
mobilization (Rengel 2015). Cation exchange capac-
ity (CEC) is also a crucial soil property that reflects
its ability to retain and supply nutrients for plant
growth. Soils with higher CEC typically have better
nutrient retention, as they possess a greater capacity
to adsorb and exchange essential cations such as cal-
cium, magnesium, and potassium, reducing nutrient
leaching and enhancing plant availability (Yang et al.
2024). Organic matter content significantly influences
cation exchange capacity (CEC) due to its high den-
sity of negatively charged functional groups, such as
carboxyl (-COO") and phenolic (-OH) groups, which
facilitate cation adsorption and exchange (Tan 2010;
Brady & Weil 2017). Black carbon, a highly aromatic
and chemically stable component of organic matter,
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Arbuscular mycorrhizal fungi (AMF) and rhizosphere bacteria \

enhance nutrient uptake, particularly phosphorus, zinc, copper, and _
nitrogen, by extending root systems and solubilizing nutrients,
especially under stress.

Fig. 1 This figure illustrates the critical roles of soil microbi-
omes and fauna in nutrient cycling and plant growth. Arbus-
cular mycorrhizal fungi (AMF) enhance nutrient uptake, espe-
cially immobile nutrients like phosphorus, zinc, and copper,
by extending the root system. Rhizosphere bacteria, includ-
ing nitrogen-fixing and phosphorus-solubilizing species, fur-

enhances CEC by providing additional surface area
and charge density, thereby increasing soil nutrient
retention and buffering capacity (Liang et al. 2006;
Lehmann & Joseph 2015). This effect is particularly
important in weathered and low-clay soils, where
black carbon can compensate for the limited CEC
of mineral components (Glaser et al. 2001). Further-
more, amendments like biochar can alter soil CEC,
but its effects depend on the feedstock and ash con-
tent (Antonangelo et al. 2024; Adhikari et al. 2024).
A strong correlation has been observed between CEC
and SOC content, especially in subsoils with a pH
greater than 5.5 (Solly et al. 2020). CEC can be esti-
mated from agronomic soil tests, with Mehlich-3 and
ammonium acetate methods being common (Mattila
& Rajala, 2022). Balancing exchangeable cations

Soil fauna, including earthworms and
nematodes, enhance nutrient cycling,
plant growth, and microbial activity by
improving soil structure, regulating
microbes, and increasing nitrogen
mineralization.

Soil enzymes like B-glucosidase,
phosphatase, and urease,
produced by microorganisms and
plant roots, regulate nutrient
cycling and serve as indicators of
soil health, sensitive to
management practices.

ther contribute to nutrient availability. Soil fauna, such as
earthworms and nematodes, improve soil structure, enhance
microbial activity, and regulate nitrogen mineralization. Soil
enzymes, produced by microorganisms and plant roots, medi-
ate nutrient cycling and serve as indicators of soil health

based on increased CEC can improve soil nutrient
availability and plant growth. Innovative approaches
to modifying soil CEC include using plant extracts
and microbial products (Shah et al. 2024). Soil
microorganisms, including mycorrhizal fungi and
nitrogen-fixing bacteria, play a crucial role in shap-
ing soil chemical properties by facilitating nutrient
uptake and cycling, thereby enhancing plant mineral
nutrition (Jacoby et al. 2017). Soil enzymes catalyze
nutrient release from organic matter, regulating nutri-
ent availability, particularly for nitrogen and phos-
phorus (Hamel et al. 2004). In turn, plants actively
influence this process by shaping their rhizosphere
microbiome through root exudates, which modulate
microbial activity and nutrient dynamics (Oldroyd &
Leyser 2020). This interaction between soil enzymes,
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microbes, and plant roots could be further enhanced
by adding biochar, a sustainable soil amendment that
improves nutrient retention and reduces leaching
losses (Hossain et al. 2020). Furthermore, integrat-
ing microbial resources, such as beneficial bacteria
and fungi, with mineral fertilizers can improve nutri-
ent cycling and uptake efficiency (Bargaz et al. 2018)
(Table 1).

Physical components

Soil physical structure plays a critical role in root
growth and nutrient uptake. Stable soil aggregates
create pore spaces essential for root elongation, water
retention, and nutrient availability (Dorner et al.
2010). According to recent studies, no-tillage systems
have been found to improve soil aggregate stability by
20-40%, promoting microbial activity and enhancing
root-soil interactions (Blanco-Canqui & Lal 2007,
Mordhorst et al. 2012).

However, high soil strength and bulk density can
severely restrict root elongation, with most field soils
reducing root growth to less than half of the unim-
peded rate (Valentine et al. 2012). Soil compaction, a
significant challenge in agricultural soils, alters physi-
cal properties by increasing bulk density and decreas-
ing porosity, thereby limiting water and nutrient avail-
ability and exacerbating greenhouse gas emissions
(Nawaz et al. 2013). The impact of soil compaction
on root growth depends on soil texture and moisture
content (Yu et al. 2024). For instance, fine-textured
soils, such as clay, hold more nutrients but can impede
root penetration due to their high cohesion, while
sandy soils, although well-aerated, are prone to nutri-
ent leaching (Huang & Hartemink 2020). Soil texture
also impacts osmotic potential gradients between bulk
soil and the rhizosphere, influencing water availability
for plants (Vetterlein et al. 2007). Heterogeneous soil
structures can benefit certain plant species by creating
macropores that enhance root growth (Giuliani et al.
2024). Advanced imaging techniques, such as X-ray
Computed tomography, have revealed that the hetero-
geneity of soil texture and structure governs changes
in bulk density around roots (Phalempin et al. 2021).
Another important factor is organic matter, which
plays a crucial role in soil fertility by enhancing soil
structure, improving water retention, and promot-
ing microbial diversity (Schroder et al. 2016). Root
activity further influences rhizosphere soil structure,
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often increasing the number of large pores compared
to bulk soil (Whalley et al. 2005). Root-soil interac-
tions play a crucial role in shaping soil properties, as
roots adapt to prevailing soil conditions and modify
the surrounding structure (Jin et al. 2017). For exam-
ple, root systems can mitigate compaction effects by
altering soil structure, thereby improving conditions
for subsequent root growth (Forster et al. 2020). Root
traits, including stiffness, tip shape, and growth angle,
significantly affect a plant’s ability to penetrate struc-
tured soils (Jin et al. 2017). Notably, smaller root tip
radius-to-length ratios are associated with enhanced
elongation rates in mechanically challenging soils
(Colombi et al. 2017). Soil compaction’s adverse
effects on root growth and plant performance have
long been recognized. Penetrometer resistances above
0.8-2 MPa or matric potentials drier than —0.5 MPa
are particularly detrimental, halving root elongation
rates (Bengough et al. 2011). Similarly, critical soil
strength levels between 1-3 MPa can significantly
limit water and nutrient uptake, ultimately affecting
crop yields (Passioura 1991; Unger & Kaspar 1994;
Valentine et al. 2012). By improving root traits and
mitigating compaction effects, we can optimize soil
health and ensure better plant growth, even under
challenging soil conditions (Table 2).

The soil-root interface: mechanisms of nutrient
uptake

Root morphology and architecture

Root architecture and morphology are essential for
plant nutrient uptake and adaptation to environmental
challenges. Plants exhibit remarkable plasticity in root
development, altering traits like root length, branching
patterns, and surface area in response to nutrient avail-
ability and soil conditions (Giehl & von Wirén, 2014;
Yetgin, 2024). This plasticity enables efficient explora-
tion of soil resources and adaptation to heterogeneous
environments (El Amrani 2023). Root system archi-
tecture significantly influences nutrient uptake, water
acquisition, and overall plant productivity (Wang et al.
2006). Auxin has been identified as a central regulator
in shaping root architectural traits in response to nutri-
ent and water availability (Leftley et al. 2021). Auxin
plays a central role in root development, mediating
responses to environmental cues and shaping root
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Table 1 Influence of key chemical components on soil health and plant growth, highlighting their role in nutrient cycling and uptake

efficiency

Chemical Component

Influence on Soil Health and Plant growth

Key References

Soil pH

Electrical Conductivity (EC)

Nitrogen (N)

Phosphorus (P)

Potassium (K)

Calcium (Ca)

Magnesium (Mg)

Zinc (Zn)

Iron (Fe)

Boron (B)

Chlorine (CI)

Sodium (Na)

Manganese (Mn)

Sulfur (S)

Molybdenum (Mo)

Regulates nutrient solubility and microbial
activity; acidic soils (<5.5) enhance toxic
metal bioavailability, whereas alkaline soils
(> 8) induce micronutrient deficiencies

Indicator of soil salinity; excessive EC disrupts
osmotic potential, reducing plant water
uptake and microbial function, leading to
physiological drought stress

Fundamental macronutrient for plant growth;
forms amino acids, nucleic acids, and chloro-
phyll. Nitrogen cycling influences microbial
community structure

Crucial for ATP synthesis, root development,
and energy transfer; P availability declines
under high pH due to fixation with calcium
and magnesium

Regulates stomatal function, osmotic balance,
and enzyme activation; enhances drought
and disease resistance in plants

Structural component of cell walls; essential
for root elongation, membrane permeability,
and soil aggregate stability

Central element in chlorophyll; plays a vital
role in enzyme activation and cation balance
in soil-plant systems

Cofactor in enzymatic reactions, protein syn-
thesis, and hormone regulation; deficiency
leads to reduced plant growth and productiv-
ity

Integral for redox reactions, electron transport
chains, and chlorophyll biosynthesis; defi-
ciency results in interveinal chlorosis

Involved in cell wall development, reproduc-
tive growth, and carbohydrate metabolism;
excess can be toxic to plants

Essential for photosystem II activity, osmoreg-
ulation, and disease resistance; imbalances
affect stomatal conductance

Low concentrations can enhance osmotic
regulation, but excessive accumulation leads
to ion toxicity and soil structure degradation

Activates enzymes involved in photosynthesis,
nitrogen metabolism, and lignin synthesis;
deficiency impairs root and shoot growth

Essential for amino acid and coenzyme syn-
thesis; influences nitrogen use efficiency and
root development

Key component of nitrogenase and nitrate

reductase enzymes; deficiency restricts nitro-
gen assimilation

(Friedrichsen et al. 2018; Léduchli and Grattan
2012)

(Rengasamy 2010)

(Koch & Sessitsch 2024; Ward & Jensen 2014)

(da Silva Cerozi & Fitzsimmons 2016; Péret
etal. 2011)

(Ahmad et al. 2018; Hasanuzzaman et al. 2018;
Wang et al. 2013)

(White & Broadley 2003; Thor 2019)

(Ishfaq et al. 2022; Senbayram et al. 2015)

(Hacisalihoglu 2020; Hamzah Saleem et al.
2022)

(Pushnik et al. 1984; Rodriguez-Celma et al.
2013)

(Behera et al. 2023; Vera-Maldonado et al.
2024)

(Raven 2017)

(Briat et al. 2020; Kronzucker et al. 2013)

(Ivanov et al. 2022; Schmidt & Husted 2019)

(Becana et al. 2018; Carciochi et al. 2017;

)

(Glass et al. 2012; Ide et al. 2011)
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Table 1 (continued)

Chemical Component

Influence on Soil Health and Plant growth

Key References

Cation Exchange Capacity (CEC) Governs soil nutrient retention and exchange

(Curtin & Roastad, 1997; Ng et al. 2022)

processes; high CEC soils provide greater
buffering capacity against nutrient leaching

Soil Organic Matter (SOM)

Enhances soil fertility, aggregate stability,

(Fageria 2012; Lal 2020; Murphy 2015)

microbial habitat, and water retention; criti-
cal for sustaining nutrient cycling

Soil Salinity

Elevated salt concentrations impede plant

(Muhammad et al. 2024; Zhang et al. 2024)

water uptake, disrupt ionic balance, and
alter microbial diversity; saline soils require

amelioration strategies

system architecture. It regulates primary root growth,
lateral root formation, and root hair development
through complex signaling networks (Cavallari et al.
2021; Roychoudhry & Kepinski, 2022). Auxin inter-
acts with other phytohormones, particularly ethylene
and abscisic acid, to fine-tune root responses to vari-
ous stresses (Jan et al. 2024; Qin & Huang 2018). The
generation and maintenance of auxin gradients are
crucial for root development, with auxin biosynthe-
sis, transport, and signaling orchestrating cellular pro-
cesses from division to differentiation (Lavenus et al.
2013; Overvoorde et al. 2010). Furthermore, root-soil
interactions and symbiotic associations with microor-
ganisms contribute to enhanced nutrient acquisition
and plant adaptation to challenging soil conditions (Jin
et al. 2017). Recent advances in genetic and molecular
tools have enhanced our understanding of these regu-
latory mechanisms, providing insights into strategies
for improving crop nutrient-use efficiency and stress
tolerance (Leftley et al. 2021). Root-soil interactions
in the rhizosphere are fundamental in plant nutri-
ent acquisition through symbiotic associations with
microorganisms like mycorrhizal fungi and nitrogen-
fixing bacteria (Jacoby et al. 2017; Larsen et al. 2015).
These interactions enhance nutrient solubilization,
uptake, and plant resilience to suboptimal soil condi-
tions (Balestrini et al. 2024). Arbuscular mycorrhi-
zal fungi improve phosphorus acquisition and overall
nutrient uptake (Azcén-Aguilar & Barea 2015), while
rhizobia bacteria facilitate nitrogen fixation (Arturs-
son et al. 2006). Plants actively shape their rhizos-
phere microbiome through root exudates, recruiting
beneficial microbes to enhance nutrient acquisition
(Pantigoso et al. 2022). Root architecture modifica-
tions also play a significant role in improving nutrient
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efficiency (Li et al. 2006; Li et al. 2016). Furthermore,
plants employ small mobile molecules such as pep-
tides and microRNAs to regulate nutrient homeostasis
and symbiotic relationships (Valmas et al. 2023).

Root exudates and rhizosphere interactions

Root exudates are integral in shaping the rhizosphere
environment and mediating plant-microbe interac-
tions. These exudates, comprising organic acids,
amino acids, sugars, and secondary metabolites,
influence nutrient cycling, soil pH, and microbial
community composition (Huang et al. 2014; Vives-
Peris et al. 2020). They enhance nutrient availability
by solubilizing minerals and chelating toxic com-
pounds (Chai & Schachtman, 2022). Root exudates
also facilitate beneficial plant—microbe associations,
such as mycorrhizal fungi and plant growth-pro-
moting rhizobacteria, which improve plant nutrient
uptake and stress tolerance (Bais et al. 2006; Narula
et al. 2012). The composition and quantity of root
exudates are influenced by plant species, growth
stage, and environmental factors. Under abiotic and
biotic stresses, plants modulate their root exudation
to enhance resource-use efficiency and recruit ben-
eficial microbes (Chai & Schachtman, 2022; Parasar
et al. 2024). The ’cry-for-help’ hypothesis suggests
that stressed plants alter their exudation chemistry to
assemble protective microbiomes (Rolfe et al. 2019;
Rizaludin et al. 2021). These exudates, comprising
low and high molecular weight compounds, influence
soil properties, nutrient availability, and microbial
community composition (Afridi et al. 2024). While
root exudates are important, their direct influence
may be limited to small spatiotemporal windows near
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Table 2 This table summarizes key soil physical properties
and their impact on soil health, including water retention, aera-

tion, moisture content etc. Each parameter plays a crucial role

in determining soil health and overall functionality, affecting
plant growth and ecosystem sustainability

Soil Physical Component Influence on Soil Health

Key References

Soil Texture

Soil Structure

Soil Porosity

Bulk Density

Soil Compaction

Water Holding Capacity

Infiltration Rate

Aggregate Stability

Soil Aeration

Erosion Susceptibility

Temperature Regulation

Moisture Content

Permeability

Surface Crusting

Governs water retention, aeration, and nutrient dynamics.
Sandy soils facilitate drainage but have low nutrient reten-
tion, while clayey soils retain moisture but may impede
root growth

Regulates root penetration, water infiltration, and microbial
habitat. Stable aggregates enhance soil porosity, reducing
erosion and compaction risks

Determines air and water movement in soil matrices. Higher
porosity enhances microbial activity, gas exchange, and
root proliferation, while low porosity can lead to anaero-
bic conditions

High bulk density (> 1.6 g/cm™) restricts root expansion,
limits oxygen diffusion, and impairs water movement,
whereas low bulk density enhances aeration and root
penetration

Induces mechanical resistance to roots, impairs infiltration,
and increases susceptibility to surface runoff, reducing
plant-available water and aeration

Defines the soil’s ability to retain and supply water for plant
uptake. Governed by texture, organic matter, and pore size
distribution, influencing drought resilience

Determines the speed at which water percolates through the
soil. Compacted soils exhibit reduced infiltration, while
organic matter enhances it by improving aggregation

Essential for resistance to erosion, compaction, and water
stress. Well-aggregated soils provide microbial niches and
improve nutrient availability

Ensures adequate oxygen diffusion for root respiration and
microbial processes such as nitrification. Poor aeration
can lead to hypoxia and root suffocation

Dictated by soil texture, organic matter content, and vegeta-
tive cover. Erosion depletes topsoil, reduces fertility, and
disrupts microbial communities

Influences enzymatic reactions, microbial activity, and plant
growth cycles. Soil temperature extremes can inhibit seed
germination and nutrient mineralization

Affects microbial metabolism, root hydraulic conductance,
and soil strength. Excess moisture can lead to anoxic con-
ditions, while drought inhibits biological activity

Controls the movement of water and gases in the soil pro-
file. High permeability prevents waterlogging, while low
permeability increases the risk of anaerobic zones

Forms impermeable layers that hinder seedling emergence,
water infiltration, and gas exchange, often exacerbated by
high sodium levels or intense rainfall

(Tahir & Marschner 2017; Zhao et al. 2015)

(Yudina & Kuzyakov 2023)

(Schjgnning et al. 2003)

(He et al. 2022; Tracy et al. 2012)

(Nawaz et al. 2013)

(Abdallah et al. 2021; Saha et al. 2020)

(Fueki et al. 2012)

(Harvey et al. 2020)

(Ben-Noah & Friedman 2018)

(Hao et al. 2022)

(Koch et al. 2007, Steinauer et al. 2015)

(Manzoni et al. 2012; Yan et al. 2016)

(Benavente et al. 2019)

(Nciizah & Wakindiki 2015)

root apices, with other rhizodeposits also contribut-
ing to rhizosphere carbon pools (Dennis et al. 2010).
Despite their localized influence near root apices, root
exudates play a pivotal role in shaping rhizosphere

dynamics and

driving plant-microbe interactions.

However, other rhizodeposits, including mucilage
and sloughed-off root cells, also contribute signifi-
cantly to the rhizosphere carbon pool and microbial
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activity. Emerging meta-omics approaches are pro-
viding deeper insights into the functional potential of
rhizosphere microbial communities, enabling a more
comprehensive understanding of plant-soil-microbe
interactions and their implications for sustainable soil
management (Ma et al. 2022).

Nutrient transport mechanisms

The movement of nutrients at the soil-root interface
is governed by intricate interactions among soil char-
acteristics, plant physiological processes, and envi-
ronmental conditions. Passive uptake mechanisms
such as diffusion and mass flow rely on concentra-
tion gradients and water movement (Chapman et al.
2012), while active uptake involves energy-dependent
transport proteins in root cell membranes (Luan et al.
2017; Lyzenga et al. 2023). Plants acquire essential
nutrients from the soil through intricate transport
mechanisms that involve the movement of nutrients
toward the root surface and their subsequent uptake
into root cells. Nutrient availability in the rhizosphere
and the plant’s ability to absorb and translocate these
nutrients are crucial factors influencing plant health
and productivity (Karthika et al. 2018). Nutrient
movement to the root surface occurs through three
primary processes: root interception, mass flow, and
diffusion. Root interception occurs when growing
roots physically encounter and absorb nutrients in the
soil matrix, a mechanism limited by root proliferation
and nutrient distribution (Jungk 2002). Mass flow
is driven by the transpiration stream, where nutri-
ents dissolved in soil water move toward the roots
as water is absorbed, significantly affecting mobile
nutrients such as calcium (Caz*), nitrate (NOs"),
and magnesium (Mg?"). Diffusion is crucial for less
mobile nutrients like phosphorus (P) and potassium
(K), as these nutrients move from regions of higher
concentration in the soil to lower concentration near
the root surface due to plant uptake. The relative
contribution of these mechanisms varies depending
on nutrient properties, soil moisture, and root activ-
ity (Marschner & Rengel 2023). In addition to direct
uptake, many plants establish symbiotic associations
with mycorrhizal fungi, particularly AMF, to enhance
nutrient acquisition. AMF colonize root cortical cells
and extend their hyphae into the surrounding soil, sig-
nificantly increasing the root’s effective surface area
for nutrient uptake (Neumann & George 2010). This

@ Springer

symbiosis is particularly important for phosphorus
acquisition, as fungal hyphae can access and transport
phosphorus from soil microsites beyond the depletion
zone around the roots. Moreover, mycorrhizal associ-
ations contribute to the uptake of other nutrients, such
as nitrogen and micronutrients, while also improving
plant resilience to abiotic stresses (Fig. 2).

Soil health management and its impact on food
nutritional security

Soil fertility practices

Organic amendments and biofertilizers are essential
for advancing sustainable agriculture by enhancing
soil fertility and boosting crop productivity. Organic
amendments, such as compost and manure, improve
soil structure, increase organic matter content, and
enhance nutrient availability (Diacono & Monte-
murro 2011). Biofertilizers, including plant growth-
promoting rhizobacteria and mycorrhizal fungi, facili-
tate nutrient uptake, increase crop yields, and enhance
plant tolerance to stress (Bhardwaj et al. 2014; Daniel
et al. 2022). These biological inputs contribute to soil
microbial diversity and foster symbiotic relationships
with plant roots (Rashid et al. 2016). The integration
of organic, inorganic, and biofertilizers has proven
effective in optimizing crop yields and maintaining
soil health across diverse cropping systems. Long-
term application of organic amendments can increase
soil organic nitrogen content by up to 90% and crop
yields by as much as 250% (Watson et al. 2002).
Integrated soil fertility management (ISFM), which
combines organic amendments and biofertilizers with
judicious use of inorganic fertilizers, offers a sustain-
able framework for agriculture. Organic amendments,
such as compost and manure, improve soil physi-
cal properties, increase organic carbon content, and
enhance crop yields (Diacono & Montemurro, 2011).
Biofertilizers, including beneficial bacteria and fungi,
promote nutrient availability, plant growth, and stress
tolerance (Bhardwaj et al. 2014; Rashid et al. 2016).
This integrated approach enhances nutrient use effi-
ciency, especially nitrogen (Adesemoye & Kloepper
2009) and contributes to climate change mitigation by
reducing greenhouse gas emissions and sequestering
carbon (Bayu 2020; Singh & Strong 2016). Microbial
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Uptake mechanisms, such as diffusion and
mass flow, depend on concentration gradients
and water movement to transport nutrients and
other substances.

Root architecture adapts to nutrient
availability by adjusting length, branching,
and distribution for better foraging.

Mycorrhizal associations
further enhance nutrient
uptake, particularly in nutrient-
poor soil

Root and Plant active uptake
involves energy-dependent
transport proteins in root cell
membranes

Root system architecture demonstrates
plasticity in response to nutrient availability,
adjusting root length, branching, and
distribution to optimize foraging efficiency.

Fig. 2 This figure illustrates plasticity in root system architec-
ture as a response to varying nutrient availability, highlighting
how roots adjust in length, branching, and spatial distribu-
tion. In nutrient-poor soils, these modifications optimize for-
aging efficiency, allowing the plant to access more nutrients.

inoculants, when combined with organic carriers such
as biochar, show promise in improving soil health and
plant productivity (Bamdad et al. 2022). However,
careful management of these inputs is essential to
avoid any negative impacts on soil health, requiring
an integrated pest and nutrient management strategy
(Bitew & Alemayehu 2017). This holistic approach to
soil fertility management supports sustainable agri-
culture and enhances food security (Fig. 3).

Sustainable practices

Sustainable agricultural practices play a crucial role in
enhancing soil health, plant nutrient uptake, and food
security. Conservation agriculture, including reduced
tillage and crop residue retention, improves soil
physical properties, microbial activity, and nutrient

The figure illustrates how these adaptive changes enable roots
to explore a larger volume of soil, improving overall nutrient
uptake and enhancing plant growth in resource-limited envi-
ronments

cycling (Carceles Rodriguez et al. 2022; Raman et al.
(Rahman 2025); Singh et al. 2021). Cover cropping
and crop rotation diversify root exudates, enhance
microbial communities, and promote balanced nutri-
ent utilization (Huang et al. 2014). Organic amend-
ments and proper nutrient management contribute
to soil organic matter, fertility, and water retention
(Al-Shammary et al. 2024). These practices collec-
tively promote a strong soil-root nexus, supporting
optimal plant growth and nutrient-rich food produc-
tion (White et al. 2012). Additionally, they enhance
soil microbial diversity and activity, which are key
components of soil health and agricultural sustaina-
bility (Larkin 2015). Ecological nutrient management
(ENM) principles emphasize building soil organic
matter, minimizing nutrient losses, and maximizing
agroecosystem capacity (Drinkwater & Snapp 2022).

@ Springer
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— Organic amendments

Improve soil structure

Compost

Improve organic carbon

Manure

Enhance Nutrient Availability

Integratecll soil fertility
management (ISFM)

Soil Fertility Practices

Reduce Greenhouse gas emissions

Enhance Carbon sequestration

Increase ecological sustainability

Facilitate nutrient uptake

Rhizobacteria

Increase crop yields

— Biofertilizers

Mycorrhizal fungi

Enhance plant stress

Fig. 3 The flowchart illustrates the contributions of organic
amendments (e.g., compost, manure) and biofertilizers (e.g.,
plant growth-promoting rhizobacteria, mycorrhizal fungi) in
enhancing soil fertility, nutrient availability, and crop produc-
tivity. Organic amendments improve soil structure, increase
organic carbon content, and support microbial diversity, while

Integrating soil health assessments with ecological
resilience theory can provide a framework for under-
standing management impacts on soil function (Davis
et al. 2023). Various soil and crop management strat-
egies, such as integrated nutrient management and
conservation agriculture, can optimize crop yields
while maintaining environmental sustainability (Shah
& Wu 2019; Shahane & Shivay 2021). Practices like
agroforestry and cover crops consistently reduce run-
off, erosion, and improve carbon sequestration (Tully
& Ryals 2017). Soil health depends on maintaining
carbon transformations, nutrient cycles, soil struc-
ture, and pest regulation (Kibblewhite et al. 2008).
Agroforestry systems and biochar application show
promise for long-term carbon sequestration (Stavi &
Lal 2013). Restoring soil organic carbon can enhance
agronomic production and ecosystem services (Lal
2010). Implementing these integrated approaches
can be beneficial for maintaining productivity while
ensuring environmental sustainability and long-term
soil stewardship (Fig. 4).

@ Springer

tolerance

biofertilizers facilitate nutrient uptake, promote plant growth,
and enhance stress tolerance. The integration of organic, inor-
ganic, and biofertilizers within an Integrated Soil Fertility
Management (ISFM) framework optimizes nutrient use effi-
ciency, mitigates climate change through carbon sequestration,
and ensures sustainable agricultural productivity

Precision agriculture

Precision agriculture integrates advanced technologies
to optimize nutrient management and crop produc-
tion. Soil sensors provide real-time data on moisture,
pH, and nutrient levels, enabling targeted fertilization
(Kashyap & Kumar 2021; Yin et al. 2021). Remote
sensing techniques, including multispectral and
hyperspectral imaging, allow for large-scale monitor-
ing of crop health and nutrient deficiencies (Agrahari
et al. 2021; Zilberman et al. 2016). Machine learn-
ing and predictive modeling refine nutrient manage-
ment strategies, ensuring optimal supply aligned with
crop demands (Ennaji et al. 2023; Zhang et al. 2021).
This technology-driven approach improves efficiency
of nutrient use, reduces environmental impacts, and
enhances soil health (Gebbers & Adamchuk 2010).
By combining soil sensors, remote sensing, and data
analytics, precision agriculture enables site-specific
management of resources, leading to improved crop
yields, reduced input costs, and more sustainable
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Fig. 4 This figure illustrates the role of sustainable agricul-
tural practices in enhancing soil health, nutrient uptake, and
food security. By improving soil structure, microbial activity,
and nutrient cycling, these practices contribute to long-term

farming practices (Hedley 2015). Soil sensors play a
critical role in precision agriculture, providing real-
time data on moisture, pH, and nutrient levels, ena-
bling targeted fertilization (Sharma 2023). Remote
sensing techniques, including multispectral and hyper-
spectral imaging, allow for large-scale monitoring of
crop health and nutrient deficiencies (Singh 2024).
Machine learning and predictive modeling refine nutri-
ent management strategies, ensuring optimal supply
aligned with crop demands (Naresh et al. 2024). This
technology-driven approach improves nutrient use effi-
ciency, reduces environmental impacts, and enhances
soil health (Hedley 2015). However, challenges related
to cost, accessibility, and data management need to be
addressed for widespread adoption.

Linking soil-root dynamics to food nutritional
quality
Nutritional quality parameters

The soil-root interface plays a critical role in plant
nutrition and human health. Soil properties and

wf

'Ev

PG

00ver Crops can enhance
carbon sequestration

soil sustainability. Strategies such as conservation agriculture,
cover cropping, organic amendments, and agroforestry pro-
mote resilience, carbon sequestration, and overall ecosystem
stability

microbial interactions influence the availability and
uptake of essential macro- and micronutrients (Oli-
ver & Gregory 2015). Agronomic biofortification,
through targeted soil management and fertilization
techniques, emerges as a vital strategy for address-
ing global micronutrient deficiencies, particularly in
resource-limited regions (Kiran et al. 2022; Szere-
ment et al. 2022). By enhancing micronutrient con-
centrations in edible plant parts, this approach con-
tributes to improved dietary nutrient intake (Schiavon
et al. 2020). It is cost-effective and sustainable, capa-
ble of delivering nutrient-dense crops to large popu-
lations (Ko¢ & Karayigit, 2022). Agronomic bio-
fortification has shown promise in enriching crops
with essential elements like zinc, selenium, and iron,
which not only improve nutritional quality but also
enhance crop stress defense (Praharaj et al. 2021).
The effectiveness of this strategy depends on factors
such as crop type, genotype, climate, and soil condi-
tions (Teklu et al. 2023). The cultivation of micro-
nutrient-efficient genotypes, combined with proper
agronomic practices, offers a sustainable solution for
improving crop yield and nutritional quality. Integrat-
ing agronomic and genetic approaches can further
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optimize biofortification efforts, addressing nutri-
tional security challenges in developing countries
(Dhaliwal et al. 2022) (Table 3).

Soil health and micronutrient biofortification

Biofortification of crops with essential micronutri-
ents, particularly zinc (Zn), is a promising strategy
to combat global malnutrition (Younas et al. 2023).
Healthy soils are pivotal in enhancing biofortifica-
tion by promoting nutrient cycling and beneficial
microbial interactions (Mishra et al. 2023). Agro-
nomic approaches, such as soil and foliar applica-
tion of micronutrient fertilizers, have proven effec-
tive in increasing Zn concentrations in staple crops
like wheat (Dhaliwal et al. 2022). Genetic biofor-
tification through breeding and biotechnology pro-
vides long-term solutions (Praharaj et al. 2021).
Micronutrient-efficient crop genotypes play a crucial
role in sustainable agriculture by improving yields
and nutritional quality while reducing fertilizer use.
These genotypes thrive in nutrient-deficient soils
due to enhanced root traits, such as increased surface
area and chelating agent exudation (Rengel 2001;
Rose et al. 2013). Modifications in root architec-
ture significantly enhance nutrient acquisition effi-
ciency (Li et al. 2016; Shen et al. 2013). Efficient
genotypes alter rhizosphere chemistry and biology,
increasing nutrient availability through mechanisms
like soil acidification and organic compound exuda-
tion (Rengel 2015). Breeding for nutrient efficiency
traits offers a promising avenue for developing crops
with superior nutrient uptake and utilization (Fageria
et al. 2008). However, practical implementation of
these traits in breeding programs is limited, requir-
ing more field studies to identify genes and traits that
enhance nutrient acquisition under real-world condi-
tions (Chen & Liao 2017; Rose et al. 2013). Recent
research emphasizes enhancing micronutrient content
in staple crops to address malnutrition, especially in
developing countries (Mayer et al. 2008). Studies on
molecular mechanisms of nutrient acquisition, trans-
port, and storage highlight the importance of genetic
variation for breeding nutrient-dense crops (Roorki-
wal et al. 2021; Sperotto et al. 2014). Efforts focus
on increasing iron, zinc, provitamin A and folate in
major food staples through conventional breeding and
genetic engineering (La Frano et al. 2014). Addition-
ally, researchers explore the effects of abiotic and
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biotic stresses on nutrient uptake and utilization to
develop stress-resilient crops (Hu & Schmidhalter
2005; Kissoudis et al. 2014). The bioavailability of
micronutrients in biofortified crops is higher than in
non-biofortified varieties, demonstrating the efficacy
of biofortification strategies in addressing hidden
hunger (Dwivedi et al. 2023). Studies show bioforti-
fication’s success in improving nutritional quality and
addressing health issues, particularly in developing
regions (Kihara et al. 2020). Selenium biofortifica-
tion has also garnered attention for its potential health
benefits (Schiavon et al. 2020). Integrating soil health
management with biofortification techniques is essen-
tial for sustainable agriculture and improving global
food and nutritional security. These strategies aim to
address the dual challenges of feeding a growing pop-
ulation and ensuring nutritional adequacy. Enhancing
soil health, promoting sustainable nutrient manage-
ment, and developing nutrient-rich crops provide a
pathway to improved food security and environmental
sustainability. Achieving these goals demands inter-
disciplinary research, policy support, and innovative
farming technologies.

Degraded soils and nutritional deficits

Poor soil health significantly impairs nutrient density
in staple crops, posing a major challenge to global food
security and human nutrition (Kihara et al. 2020). Pre-
vious studies indicate that the concentration of essential
micronutrients, including iron and zinc, in cereal grains
has decreased by 5-40% over the past 50 years (Deb-
nath et al. 2023). Micronutrient deficiencies, particu-
larly zinc, iron, and selenium, are widespread in soils
across Sub-Saharan Africa and South Asia, leading to
nutrient-deficient crops and malnutrition in local popu-
lations (Bevis & Kim 2022; Waters & Sankaran 2011).
The connection between soil nutrient availability and
human health is well-established. Micronutrient defi-
ciencies in soils often translate to insufficient nutrient
concentrations in crops, impacting human health (Bevis
& Kim 2022; Morton et al. 2023). Zinc, iron, selenium,
and iodine deficiencies in soils are particularly linked
to human health issues (Nubé & Voortman 2011; Oli-
ver & Gregory 2015). For instance, soil zinc availabil-
ity is associated with children’s linear growth, while
soil iron availability correlates with hemoglobin lev-
els (Morton et al. 2023). Selenium deficiency in soils
can lead to selenium-deficient diets, affecting human
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selenium status (Bevis & Kim 2022). These deficien-
cies can result in stunted growth, anemia, compromised
immune function, and increased susceptibility to dis-
eases (Bhaskaram 2002; Knez & Graham 2012). While
agronomic fortification shows promise in addressing
some deficiencies, its effectiveness varies by region
and is influenced by factors such as malaria pres-
sure (Berkhout et al. 2019). Biofortification strategies,
including agronomic approaches and genetic improve-
ments, have shown promise in enhancing crop nutri-
ent content and addressing human mineral deficiencies
(White & Broadley 2009). Studies have demonstrated
links between soil nutrient availability and human
health outcomes, such as child mortality, stunting, and
anemia (Berkhout et al. 2019; Morton et al. 2023).
Improving soil health and implementing biofortification
techniques are crucial for enhancing nutrient bioavail-
ability and ensuring food systems can support adequate
human nutrition globally (Kiran et al. 2022). The global
implications of these issues are profound. Micronutri-
ent malnutrition affects over two billion people world-
wide, with severe economic and health consequences.
Addressing these challenges requires a multifaceted
approach that combines soil health restoration, bioforti-
fication technologies, and targeted nutritional interven-
tions. By improving the nutrient density of staple crops,
these strategies not only enhance food security but
also contribute to the broader goals of reducing health
disparities and improving quality of life in vulnerable
populations. Enhanced collaboration among agrono-
mists, nutritionists, soil scientists, and policymakers is
crucial to advancing these solutions and ensuring their
long-term success in mitigating nutrient deficiencies on
a global scale (Table 4).

Challenges and knowledge gaps
Complex soil—plant interactions

The rhizosphere, the interface between plant roots
and soil, is a hub of complex interactions critical
for plant nutrient uptake and growth (Lemanceau
et al. 2009). Soil microorganisms play a vital role
in enhancing plant mineral nutrition by improving
nutrient availability and acquisition (Jacoby et al.
2017; Pantigoso et al. 2022). These interactions are
mediated by root exudates, which shape microbial
communities and influence nutrient dynamics (Bais
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et al. 2006). The rhizosphere microbiome, encom-
passing bacteria, fungi, and soil fauna, drives essen-
tial biogeochemical processes and nutrient cycling,
playing a pivotal role in soil fertility and ecosystem
functioning (Finzi et al. 2015; Larsen et al. 2015).
Microbial activities in the rhizosphere facilitate
nutrient cycling, organic matter decomposition,
and soil structure formation (Bhattacharyya & Fur-
tak 2022; Mueller et al. 2024). Plant species and
soil type collaboratively shape microbial commu-
nity structure and function within the rhizosphere
(Berg & Smalla 2009). Biophysical processes, such
as water organization in soil pores and microbial
dispersion, significantly influence microbial life in
soils (Tecon & Or 2017). Similarly, abiotic factors,
including pH, temperature, and soil type, modulate
soil and rhizosphere microbiome diversity (Pizano
et al. 2017). The intimate connection between soil
biology, physics, and chemistry generates spatially
and temporally heterogeneous microenvironments
in the rhizosphere (Hinsinger et al. 2009). The spa-
tially heterogeneous distribution of soil nutrients
impacts plant performance and ecosystem function-
ing, with soil microorganisms potentially regulat-
ing these effects (Adomako et al. 2022). Combi-
natorial nutrient stress reveal emergent properties
in plant responses, highlighting the complexity of
nutrient interactions (Bouain et al. 2019). Under-
standing these intricate plant-soil-microbe interac-
tions is essential for developing sustainable agri-
cultural practices and improving crop productivity
(Das et al. 2022). Emerging research emphasizes
integrating rhizosphere studies with advanced tech-
nologies such as metagenomics, isotopic tracing,
and in situ imaging to unravel these complexities.
These insights can inform precision agriculture sys-
tems and microbial inoculants tailored to specific
crop and soil conditions. Ultimately, advancing
our knowledge of rhizosphere ecology holds prom-
ise for achieving food security, mitigating climate
change impacts, and restoring degraded ecosystems.

Soil degradation and food security

Soil degradation is a significant challenge that
threatens both global food security and environmen-
tal sustainability. Key issues include erosion, salini-
zation, nutrient depletion, and loss of soil organic
matter (SOM) (Gomiero 2016). These processes
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impair soil fertility, structure, and water retention,
leading to reduced crop yields and nutritional qual-
ity (Kopittke et al. 2019; White et al. 2012). The
intensification of agriculture to meet growing food
demands has exacerbated soil degradation, creating
unsustainable systems (Jones et al. 2013; Lal 2015).
Salinity, particularly in arid regions, disrupts soil
properties and plant growth, necessitating targeted
management strategies. Addressing these challenges
requires adopting sustainable practices such as con-
servation agriculture, integrated nutrient manage-
ment, and erosion control measures (Lal 2009).
Additionally, recognizing soil’s role in ecosystem
services and incorporating its value into economic
frameworks is crucial for long-term food security
and environmental protection (Amundson et al.
2015) (Table 5).

Research gaps in soil health indicators

Recent research highlights the complex relationship
between soil health, plant nutrition, and food secu-
rity. While soil health frameworks typically focus on
physical, chemical, and biological parameters (Zhang
& Zhang 2020), there’s a growing recognition of the

need for integrative approaches that link soil proper-
ties directly to crop nutritional outcomes (Herforth
et al. 2014). Researchers propose various indicators
and assessment methods, including the "Soil Health
Gap" concept (Maharjan et al. 2020) and multi-domain
evaluations incorporating nutritional quality, economic
viability, and environmental sustainability (Herforth
et al. 2014). Despite advances in understanding soil
processes and their effects on human health (Oliver &
Gregory 2015), challenges persist in developing uni-
versally accepted indicators that connect soil health to
food nutritional security (Wood & Blankinship 2022).
Future research should focus on quantitative, empiri-
cal approaches to soil health assessment (Wade et al.
2022) and explore the intricate soil-plant-microbiota
interactions influencing crop performance and nutri-
tional quality (Giovannetti et al. 2023).

Future perspectives

Innovations in soil health monitoring

Recent advances in soil health monitoring have sig-
nificantly enhanced our understanding of the soil-root

Table 5 Soil health priorities across major agroecosystems and their implications for global food security

Region/Climate Zone

Dominant Agricultural System  Key Soil Health Focus

Key Findings/Implications for
Food Security

North America (Temperate)

South Asia (Sub-tropical)

Sub-Saharan Africa (Semi-arid) Low-input maize-based small-
holder farms

Europe (Temperate) Diversified cereal-legume

systems

Latin America (Tropical) Soybean and pasture systems

No-till maize—soybean rotations Soil aggregation, SOM, micro-

Rice—wheat systems (intensive)

Nutrient depletion, micronutri-

Soil fertility, SOM depletion

SOM and microbial consortia

No-till enhances aggregate
stability by 20-40% and
increases microbial meta-
bolic activity (Lehman et al.
2019)

Continuous monocropping
linked to 30-40% decline
in Zn and Fe in cereals over
decades (Nadeem & Farooq
2019)

Low fertilizer use and erosion
drive SOM decline, limiting
yields and micronutrient
density (Lelei et al. 2025)

Crop diversification improves
SOM retention and AMF-

mediated phosphorus uptake
(Reckling et al. 2022)

bial activity

ent trends

Soil compaction, erosion, nutri- Expansion of soybean cultiva-

tion contributes to soil com-
paction and reduced nutrient
cycling (Pariz et al. 2017)

ent cycling
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nexus and its implications for sustainable agriculture.
Molecular tools like metagenomics provide unprece-
dented insights into soil microbiomes, revealing micro-
bial diversity and functional genes linked to nutrient
cycling and plant health (Bertola et al. 2021; Djemiel
et al. 2022). Concurrently, advanced soil sensors have
emerged as transformative tools for real-time monitor-
ing of soil nutrient dynamics, utilizing technologies
such as ion-selective electrodes and spectroscopic tech-
niques (Burton et al. 2020; Xu et al. 2024).

Advancements in soil health monitoring are piv-
otal for sustainable agricultural management, enabling
precise assessment of soil quality parameters and bio-
geochemical processes. Emerging technologies, such
as proximal soil sensing, remote sensing, and artificial
intelligence-driven analytics, are revolutionizing how
soil health is evaluated at spatial and temporal scales
(Dor et al. 2023). Spectroscopic techniques, including
mid-infrared (MIR) and near-infrared (NIR) spectros-
copy, provide rapid, non-destructive quantification of
soil organic carbon, nutrient composition, and micro-
bial activity (Viscarra Rossel et al. 2017). Coupled
with machine learning algorithms, these methodolo-
gies enhance predictive capabilities, facilitating data-
driven soil management strategies (Ramirez-Lopez
et al. 2019). High-resolution X-ray computed tomogra-
phy (X-ray CT) further enables structural assessments
of soil aggregates and pore networks, elucidating the
dynamics of water retention and soil physical proper-
ties in diverse soil matrices (Katuwal et al. 2015). The
integration of Internet of Things (IoT)-enabled soil
sensors and wireless networks allows real-time moni-
toring of soil moisture, temperature, and electrical
conductivity, optimizing precision agriculture inter-
ventions (Bhakta et al. 2023). Moreover, the increasing
application of isotopic and spectrometric techniques,
such as laser-induced breakdown spectroscopy (LIBS)
and stable isotope probing (SIP), offers deeper insights
into nutrient cycling and organic matter decomposition
pathways (Reeves et al. 2024). Future research should
focus on the synergistic integration of these technolo-
gies to develop holistic soil health assessment frame-
works, enhancing the resilience of agroecosystems
under changing climatic conditions.

Breeding nutrient-efficient crops

Current advancements reveals the critical role
of root system architecture (RSA) in enhancing

nutrient acquisition efficiency for sustainable agri-
culture. Studies have identified key root traits such as
increased root length, lateral root proliferation, and
deep rooting that improve uptake of nutrients like
phosphorus and zinc (Rose et al. 2013; White 2019).
Advanced phenotyping techniques, including shov-
elomics and digital imaging, are enabling better char-
acterization of these traits (Mathew & Shimelis 2022;
Paez-Garcia et al. 2015). Genetic variation in root
traits offers opportunities for breeding more nutrient-
efficient crops (Chen & Liao 2017; Li et al. 2016).
Plants can adapt their RSA in response to nutrient
availability through specific molecular mechanisms
(Giehl & von Wirén, 2014). Integration of root traits
in breeding programs, supported by genomic tools,
is seen as a promising strategy for developing crops
with improved nutrient acquisition, particularly for
low-input agricultural systems (Kong et al. 2014;
Mathew & Shimelis 2022).

Policy and outreach

Bridging the gap between scientific innovation in
root system architecture (RSA) and soil health and
their practical application in improving nutrient
uptake and food nutritional security requires cohesive
policy support and effective outreach mechanisms.
Policymaking must prioritize sustained investments
in root and soil health research, the development of
nutrient-efficient crop varieties, and the equitable dis-
tribution of high-quality, regionally adapted seeds.
Strengthened extension and advisory services are
essential for translating research findings into action-
able knowledge for farmers, particularly concerning
soil-root interactions, nutrient acquisition strategies,
and regenerative soil management practices. Col-
laborative efforts among researchers, policymakers,
extension professionals, and farming communities
are critical for tailoring innovations to local agroeco-
logical and socioeconomic contexts. Initiatives such
as the European Union Soil Mission, which aims to
establish 100 living labs and lighthouses by 2030 to
improve soil health, provide a model for integrating
research, innovation, monitoring, and policy to accel-
erate sustainable transitions. Incorporating participa-
tory approaches and continuous feedback mechanisms
into outreach programs enhances the relevance, adop-
tion, and long-term success of these technologies.
Such integrated frameworks are vital for advancing

@ Springer
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sustainable agricultural systems that simultaneously
improve soil health, optimize plant nutrient uptake,
and contribute to food and nutritional security.

Conclusion

The soil-root nexus represents a critical interface where
biophysical, biochemical, and microbial processes con-
verge to regulate plant nutrient acquisition, with pro-
found implications for crop productivity, nutrient den-
sity, and ultimately, global food and nutritional security.
Soil health defined by optimal structure, nutrient availa-
bility, organic matter content, and a functionally diverse
microbiome directly governs root system architecture
(RSA) and function. In turn, the root system modulates
rhizosphere processes, mediates nutrient mobilization,
and shapes microbial associations essential for nutri-
ent uptake efficiency. Disruptions to this nexus, often
driven by anthropogenic stressors such as intensive till-
age, chemical overuse, erosion, and pollution, lead to
declines in soil functional capacity, impaired root per-
formance, and reduced translocation of essential nutri-
ents to edible plant tissues thereby exacerbating micro-
nutrient deficiencies and malnutrition on a global scale.
Addressing these challenges necessitates a paradigm
shift toward integrated soil-root management frame-
works rooted in ecological principles. Practices such as
conservation tillage, organic amendments, cover crop-
ping, and site-specific nutrient management enhance
soil biophysical properties, stimulate beneficial micro-
bial consortia, and optimize RSA traits, thereby rein-
forcing nutrient acquisition pathways. Furthermore, lev-
eraging advances in root phenotyping, soil microbiome
profiling, and systems-based nutrient modeling offers
new opportunities to mechanistically link soil func-
tion, root biology, and nutritional outcomes. Prioritizing
the soil-root continuum in both research and policy is
essential to designing resilient agroecosystems capable
of withstanding climatic variability and securing equi-
table access to nutritious food. As such, the soil-root
nexus should be recognized not merely as a biological
interaction but as a strategic foundation for sustainable
agriculture and global nutritional resilience.

Acknowledgements The authors would like to acknowl-
edge the support of South Dakota State University, Brooking,
SD 57007, USA, for providing the academic environment and
resources that facilitated this work.

@ Springer

Author contributions Conceptualization: N.J. and T.N.,,
Writing — Original Draft: N.J. and R.K.; Writing — Review &
Editing: N.J., T.N., and R.K.

Funding Not applicable.

Data Availability No datasets were generated or analyzed
during the current study.

Declarations

Ethics approval and consent to participate Not applicable.

Consent of publication Not applicable.

Competing interests The authors declare that they have no
competing interests.

Open Access This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits
use, sharing, adaptation, 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 Crea-
tive Commons licence, and indicate if changes were made. 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
http://creativecommons.org/licenses/by/4.0/.

References

Abdallah AM, Jat HS, Choudhary M, Abdelaty EF, Sharma
PC, Jat ML (2021) Conservation agriculture effects on
soil water holding capacity and water-saving varied with
management practices and agroecological conditions: a
review. Agronomy 11:1681

Adesemoye AO, Kloepper JW (2009) Plant-microbes interac-
tions in enhanced fertilizer-use efficiency. Appl Micro-
biol Biotechnol 85:1-12

Adetunji AT, Lewu FB, Mulidzi R, Ncube B (2017) The bio-
logical activities of p-glucosidase, phosphatase and ure-
ase as soil quality indicators: a review. J Soil Sci Plant
Nutr 17:794-807

Adhikari S, Moon E, Timms W (2024) Identifying biochar
production variables to maximise exchangeable cations
and increase nutrient availability in soils. J Clean Prod
446:141454

Adomako MO, Roiloa S, Yu FH (2022) Potential roles of soil
microorganisms in regulating the effect of soil nutrient het-
erogeneity on plant performance. Microorganisms 10:2399


http://creativecommons.org/licenses/by/4.0/

Plant Soil (2026) 521:1145-1173

1165

Afridi MS, Kumar A, Javed MA, Dubey A, de Medeiros FHV,
Santoyo G (2024) Harnessing root exudates for plant
microbiome engineering and stress resistance in plants.
Microbiol Res 279:127564

Agrahari RK, Kobayashi Y, Tanaka TST, Panda SK, Koyama
H (2021) Smart fertilizer management: the progress
of imaging technologies and possible implementation
of plant biomarkers in agriculture. Soil Sci Plant Nutr
67:248-258

Ahmad Z, Anjum S, Waraich EA, Ayub MA, Ahmad T, Tariq
RMS, Igbal MA (2018) Growth, physiology, and bio-
chemical activities of plant responses with foliar potas-
sium application under drought stress—a review. J Plant
Nutr 41:1734-1743

Alloway BJ (2008) Zinc in soils and crop nutrition, 2nd edn.
International zinc association International fertilizer
industry association, Belgium, France, pp 24-30

Al-Shammary AAG, Al-Shihmani LSS, Fernindez-Gélvez J,
Caballero-Calvo A (2024) Optimizing sustainable agri-
culture: a comprehensive review of agronomic practices
and their impacts on soil attributes. J Environ Manag
364:121487

Amundson R, Berhe AA, Hopmans JW, Olson C, Sztein AE,
Sparks DL (2015) Soil and human security in the 21st
century. Science 348:1261071

Antonangelo JA, Culman S, Zhang H (2024) Comparative
analysis and prediction of cation exchange capacity via
summation: influence of biochar type and nutrient ratios.
Front Soil Sci 4:1371777

Artursson V, Finlay RD, Jansson JK (2006) Interactions
between arbuscular mycorrhizal fungi and bacteria and
their potential for stimulating plant growth. Environ
Microbiol 8:1-10

Aschner M, Aschner JL (2005) Nutritional aspects of manga-
nese homeostasis. Mol Aspects Med 26:353-362

Azcon-Aguilar C, Barea JM (2015) Nutrient cycling in the
mycorrhizosphere. J Soil Sci Plant Nutr 15:372-396

Bais HP, Weir TL, Perry LG, Gilroy S, Vivanco JM (2006)
The role of root exudates in rhizosphere interactions
with plants and other organisms. Annu Rev Plant Biol
57:233-266

Balestrini R, Sillo F, Boussageon R, Wipf D, Courty PE (2024)
The hidden side of interaction: microbes and roots get
together to improve plant resilience. J Plant Interact
19:2323991

Ballabio C, Lugato E, Ferndndez-Ugalde O, Orgiazzi A, Jones
A, Borrelli P, Panagos P (2019) Mapping LUCAS topsoil
chemical properties at European scale using Gaussian
process regression. Geoderma 355:113912

Bamdad H, Papari S, Lazarovits G, Berruti F (2022) Soil
amendments for sustainable agriculture: microbial
organic fertilizers. Soil Use Manage 38:94—120

Bargaz A, Lyamlouli K, Chtouki M, Zeroual Y, Dhiba D
(2018) Soil microbial resources for improving fertiliz-
ers efficiency in an integrated plant nutrient management
system. Front Microbiol 9:1606

Barrow NJ, Hartemink AE (2023) The effects of pH on nutri-
ent availability depend on both soils and plants. Plant
Soil 487:21-37

Bayu T (2020) Review on contribution of integrated soil fertil-
ity management for climate change mitigation and agri-
cultural sustainability. Cogent Environ Sci 6:1823631

Becana M, Wienkoop S, Matamoros MA (2018) Sulfur trans-
port and metabolism in legume root nodules. Front Plant
Sci 9:1434

Behera B, Kancheti M, Raza MB, Shiv A, Mangal V, Rathod
G, Singh B (2023) Mechanistic insight on boron-medi-
ated toxicity in plant vis-a-vis its mitigation strategies: a
review. Int J Phytoremediat 25:9-26

Benavente D, Valdes-Abellan J, Pla C, Sanz-Rubio E (2019)
Estimation of soil gas permeability for assessing
radon risk using Rosetta pedotransfer function based
on soil texture and water content. J Environ Radioact
208:105992

Bengough AG, McKenzie BM, Hallett PD, Valentine TA
(2011) Root elongation, water stress, and mechanical
impedance: a review of limiting stresses and beneficial
root tip traits. J Exp Bot 62:59-68

Ben-Noah I, Friedman SP (2018) Review and evaluation of
root respiration and of natural and agricultural processes
of soil aeration. Vadose Zone J 17:1-47

Berg G, Smalla K (2009) Plant species and soil type coopera-
tively shape the structure and function of microbial com-
munities in the rhizosphere. FEMS Microbiol Ecol 68:1-13

Berkhout ED, Malan M, Kram T (2019) Better soils for health-
ier lives? An econometric assessment of the link between
soil nutrients and malnutrition in Sub-Saharan Africa.
PLoS One 14:0210642

Bertola M, Ferrarini A, Visioli G (2021) Improvement of soil
microbial diversity through sustainable agricultural prac-
tices and its evaluation by -omics approaches: a perspec-
tive for the environment, food quality and human safety.
Microorganisms 9:1400

Bevis LE, Kim K (2022) Soil mineral availability and human
mineral status: a review and evidence from Malawi. Appl
Econ Perspect Policy 44:822-847

Bhadauria T, Saxena KG (2010) Role of earthworms in soil
fertility maintenance through the production of biogenic
structures. Appl Environ Soil Sci 2010:816073

Bhakta I, Phadikar S, Majumder K, Mukherjee H, Sau A
(2023) A novel plant disease prediction model based on
thermal images using modified deep convolutional neural
network. Precis Agric 24:23-39

Bhardwaj D, Ansari MW, Sahoo RK, Tuteja N (2014) Bioferti-
lizers function as key player in sustainable agriculture by
improving soil fertility, plant tolerance and crop produc-
tivity. Microb Cell Fact 13:1-10

Bhaskaram P (2002) Micronutrient malnutrition, infection, and
immunity: an overview. Nutr Rev 60:S40-S45

Bhattacharyya SS, Furtak K (2022) Soil-plant-microbe inter-
actions determine soil biological fertility by altering
rhizospheric nutrient cycling and biocrust formation.
Sustainability 15:625

Bitew Y, Alemayehu M (2017) Impact of crop production inputs
on soil health: a review. Asian J Plant Sci 16:109-131

Blanco-Canqui H, Lal R (2007) Soil structure and organic car-
bon relationships following 10 years of wheat straw man-
agement in no-till. Soil Tillage Res 95:240-254

Bouain N, Krouk G, Lacombe B, Rouached H (2019) Get-
ting to the root of plant mineral nutrition: combinatorial

@ Springer



1166

Plant Soil (2026) 521:1145-1173

nutrient stresses reveal emergent properties. Trends Plant
Sci 24:542-552

Bouis HE, Saltzman A (2017) Improving nutrition through
biofortification: a review of evidence from HarvestPlus,
2003 through 2016. Glob Food Secur 12:49-58

Bouis HE, Welch RM (2010) Biofortification—a sustainable
agricultural strategy for reducing micronutrient malnutri-
tion in the global south. Crop Sci 50:520

Bouis HE, Hotz C, McClafferty B, Meenakshi JV, Pfeiffer WH
(2011) Biofortification: a new tool to reduce micronutri-
ent malnutrition. Food Nutr Bull 32:S31-S40

Brady NC, Weil RR (2017) The nature and properties of soils,
15th edn. Pearson, Columbus

Briat JF, Gojon A, Plassard C, Rouached H, Lemaire G (2020)
Reappraisal of the central role of soil nutrient availabil-
ity in nutrient management in light of recent advances in
plant nutrition at crop and molecular levels. Eur J Agron
116:126069

Broadley M, Brown P, Cakmak I, Rengel Z, Zhao F (2012)
Function of nutrients: Micronutrients. In: Marschner P
(ed) Marschner’s mineral nutrition of higher plants, 3rd
edn. Academic Press, pp 191-248

Burton L, Jayachandran K, Bhansali S (2020) The “real-time”
revolution for in situ soil nutrient sensing. J Electrochem
Soc 167:037569

Cakmak I (2008) Enrichment of cereal grains with zinc: agro-
nomic or genetic biofortification? Plant Soil 302:1-17

Carceles Rodriguez B, Durdn-Zuazo VH, Soriano Rodriguez
M, Garcia-Tejero IF, Galvez Ruiz B, Cuadros Tavira S
(2022) Conservation agriculture as a sustainable system
for soil health: a review. Soil Syst 6:87

Carciochi WD, Divito GA, Fernandez LA, Echeverria HE
(2017) Sulfur affects root growth and improves nitrogen
recovery and internal efficiency in wheat. J Plant Nutr
40:1231-1242

Cardoso EJBN, Vasconcellos RLF, Bini D, Miyauchi MYH,
Santos CAD, Alves PRL, Nogueira MA (2013) Soil
health: looking for suitable indicators. What should be
considered to assess the effects of use and management
on soil health? Sci Agric 70:274-289

Cavallari N, Artner C, Benkova E (2021) Auxin-regulated lat-
eral root organogenesis. Cold Spring Harb Perspect Biol
13:a039941

Ceylan Y, Kutman UB, Mengutay M, Cakmak I (2016) Magne-
sium deficiency and its effects on plant growth, nutrition,
and photosynthesis. Plant Physiol 172:2012-2026

Chai YN, Schachtman DP (2022) Root exudates impact plant
performance under abiotic stress. Trends Plant Sci
27:80-91

Chapman N, Miller AJ, Lindsey K, Whalley WR (2012) Roots,
water, and nutrient acquisition: let’s get physical. Trends
Plant Sci 17:701-710

Chen L, Liao H (2017) Engineering crop nutrient efficiency for
sustainable agriculture. J Integr Plant Biol 59:710-735

Chen X, Zhao F, Ma J, Shen J (2018) Magnesium bioavailabil-
ity and improvement strategies in agricultural crops. Soil
Sci Plant Nutr 64:698-709

Colombi T, Kirchgessner N, Walter A, Keller T (2017) Root tip
shape governs root elongation rate under increased soil
strength. Plant Physiol 174:2289-2301

@ Springer

Curtin D, Rostad HPW (1997) Cation exchange and buffer
potential of Saskatchewan soils estimated from texture,
organic matter and pH. Can J Soil Sci 77:621-626

da Silva Cerozi B, Fitzsimmons K (2016) The effect of pH on
phosphorus availability and speciation in an aquaponics
nutrient solution. Bioresour Technol 219:778-781

Daniel Al, Fadaka AO, Gokul A, Bakare OO, Aina O, Fisher
S, Klein A (2022) Biofertilizer: the future of food secu-
rity and food safety. Microorganisms 10:1220

Das PP, Singh KR, Nagpure G, Mansoori A, Singh RP, Ghazi
IA, Singh J (2022) Plant-soil-microbes: a tripartite inter-
action for nutrient acquisition and better plant growth
for sustainable agricultural practices. Environ Res
214:113821

Daunoras J, Kacergius A, Gudiukait¢ R (2024) Role of soil
microbiota enzymes in soil health and activity changes
depending on climate change and the type of soil ecosys-
tem. Biology 13:85

Davis AG, Huggins DR, Reganold JP (2023) Linking soil
health and ecological resilience to achieve agricultural
sustainability. Front Ecol Environ 21:131-139

Debnath S, Dey A, Khanam R, Saha S, Sarkar D, Saha JK,
Mandal B (2023) Historical shifting in grain mineral
density of landmark rice and wheat cultivars released
over the past 50 years in India. Sci Rep 13:21164

Dennis PG, Miller AJ, Hirsch PR (2010) Are root exudates
more important than other sources of rhizodeposits in
structuring rhizosphere bacterial communities? FEMS
Microbiol Ecol 72:313-327

Dhaliwal SS, Naresh RK, Mandal A, Singh R, Dhaliwal MK
(2019) Dynamics and transformations of micronutri-
ents in agricultural soils as influenced by organic mat-
ter build-up: a review. Environ Sustain Indic 1:100007

Dhaliwal SS, Sharma V, Shukla AK, Verma V, Kaur M,
Shivay YS, Hossain A (2022) Biofortification—a fron-
tier novel approach to enrich micronutrients in field
crops to encounter the nutritional security. Molecules
27:1340

Diacono M, Montemurro F (2011) Long-term effects of
organic amendments on soil fertility. Sustain Agric
2:761-786

Djemiel C, Dequiedt S, Karimi B, Cottin A, Horrigue W,
Bailly A, Terrat S (2022) Potential of meta-omics to
provide modern microbial indicators for monitoring
soil quality and securing food production. Front Micro-
biol 13:889788

Dor EB, Granot A, Wallach R, Francos N, Pearlstein DH, Efrati
B, Schmid T (2023) Exploitation of the SoilPRO®(SP)
apparatus to measure soil surface reflectance in the field:
five case studies. Geoderma 438:116636

Dorner J, Sandoval P, Dec D (2010) The role of soil structure
on the pore functionality of an Ultisol. J Soil Sci Plant
Nutr 10:495-508

Drinkwater LE, Snapp SS (2022) Advancing the science and
practice of ecological nutrient management for small-
holder farmers. Front Sustain Food Syst 6:921216

Dwivedi SL, Garcia-Oliveira AL, Govindaraj M, Ortiz R
(2023) Biofortification to avoid malnutrition in humans
in a changing climate: enhancing micronutrient bioavail-
ability in seed, tuber, and storage roots. Front Plant Sci
14:1119148



Plant Soil (2026) 521:1145-1173

1167

El Amrani B (2023) Exploring the importance of root architec-
ture plasticity in plant adaptation to environmental con-
straints. Plant Species Biol 38:234-244

Elbasiouny H, El-Ramady H, Elbehiry F, Rajput VD, Minkina
T, Mandzhieva S (2022) Plant nutrition under climate
change and soil carbon sequestration. Sustainability
14:914

Elias, E. (2019). Selected chemical properties of agricultural
soils in the Ethiopian highlands: a rapid assessment.
South African Journal of Plant and Soil, 36(2), 153-156.

Ennaji O, Vergiitz L, El Allali A (2023) Machine learning in
nutrient management: a review. Artif Intell Agric 9:1-11

Fageria NK (2001) Nutrient interactions in crop plants. J Plant
Nutr 24:1269-1290

Fageria NK (2012) Role of soil organic matter in maintaining
sustainability of cropping systems. Commun Soil Sci
Plant Anal 43:2063-2113

Fageria NK, Baligar VC, Li YC (2008) The role of nutrient
efficient plants in improving crop yields in the twenty
first century. J Plant Nutr 31:1121-1157

Finzi AC, Abramoff RZ, Spiller KS, Brzostek ER, Darby
BA, Kramer MA, Phillips RP (2015) Rhizosphere pro-
cesses are quantitatively important components of ter-
restrial carbon and nutrient cycles. Glob Change Biol
21:2082-2094

Forster M, Ugarte C, Lamandé M, Faucon MP (2020) Rela-
tionships between root traits and soil physical properties
after field traffic from the perspective of soil compaction
mitigation. Agronomy 10:1697

Frac M, Hannula SE, Betka M, Jedryczka M (2018) Fungal
biodiversity and their role in soil health. Front Microbiol
9:707

Francioli D, Schulz E, Lentendu G, Wubet T, Buscot F, Reitz T
(2016) Mineral vs. organic amendments: microbial com-
munity structure, activity and abundance of agricultur-
ally relevant microbes are driven by long-term fertiliza-
tion strategies. Front Microbiol 7:1446

Friedrichsen CN, Daroub SH, Monroe MC, Stepp JR, Wani
SP (2018) Mental models of soil management for food
security in peri-urban India. Urban Agric Reg Food Syst
3:1-16

Fueki N, Lipiec J, Ku$ J, Kotowska U, Nosalewicz A (2012)
Difference in infiltration and macropore between organic
and conventional soil management. Soil Sci Plant Nutr
58:65-69

Fuge R, Johnson CC (2015) Iodine and human health: the role
of environmental geochemistry and diet. Environ Geo-
chem Health 37:605-648

Gebbers R, Adamchuk VI (2010) Precision agriculture and
food security. Science 327:828-831

Gebremikael MT, Steel H, Buchan D, Bert W, De Neve S
(2016) Nematodes enhance plant growth and nutrient
uptake under C and N-rich conditions. Sci Rep 6:32862

Gianfreda L (2015) Enzymes of importance to rhizosphere pro-
cesses. J Soil Sci Plant Nutr 15:283-306

Giehl RF, von Wirén N (2014) Root nutrient foraging. Plant
Physiol 166:509-517

Giovannetti M, Salvioli di Fossalunga A, Stringlis IA, Proietti
S, Fiorilli V (2023) Unearthing soil-plant-microbiota
crosstalk: looking back to move forward. Front Plant Sci
13:1082752

Giuliani LM, Hallett PD, Loades KW (2024) Effects of soil
structure complexity to root growth of plants with con-
trasting root architecture. Soil Tillage Res 238:106023

Glaser B, Lehmann J, Zech W (2001) Amelioration of soil fer-
tility by charcoal applications: mechanisms and exam-
ples from Amazonian Terra Preta. Soil Biol Biochem
33:1589-1593

Glass JB, Axler RP, Chandra S, Goldman CR (2012) Molyb-
denum limitation of microbial nitrogen assimilation in
aquatic ecosystems and pure cultures. Front Microbiol
3:331

Gojon A, Krouk G, Perrine-Walker F, Laugier E (2011) Nitrate
transceptor(s) in plants. J Exp Bot 62:2299-2308

Gomiero T (2016) Soil degradation, land scarcity and food
security: reviewing a complex challenge. Sustainability
8:281

Gonzalez-Guerrero M, Escudero V, Saéz A, Tejada-Jiménez M
(2016) Transition metal transport in plants and associated
endosymbionts: arbuscular mycorrhizal fungi and rhizo-
bia. Front Plant Sci 7:1088

Goswami B, Kalia P, Kaushik P, Gairola S (2014) Calcium
nutrition in plants: sources, functions, and uptake mecha-
nisms. J Plant Sci Res 30:1-18

Gransee A, Fiihrs H (2013) Magnesium mobility in soils as a
challenge for soil and plant analysis, magnesium fertili-
zation, and root uptake under adverse growth conditions.
Plant Soil 368:5-21

Gruber BD, Giehl RF, Friedel S, von Wirén N (2013) Plasticity
of the Arabidopsis root system under nutrient deficien-
cies. Plant Physiol 163:161-179

Hacisalihoglu G (2020) Zinc (Zn): the last nutrient in the
alphabet and shedding light on Zn efficiency for the
future of crop production under suboptimal Zn. Plants
9:1471

Hamel C, Landry C, Elmi A, Liu A, Spedding T (2004) Nutri-
ent dynamics: utilizing biotic-abiotic interactions for
improved management of agricultural soils. J Crop
Improv 11:209-248

Hamzah Saleem M, Usman K, Rizwan M, Al Jabri H, Alsafran
M (2022) Functions and strategies for enhancing zinc
availability in plants for sustainable agriculture. Front
Plant Sci 13:1033092

Hao W, Xia B, Xu M (2022) Erosion-deposition positively
reconstruct the bacterial community and negatively
weaken the fungal community. CATENA 217:106471

Hartmann A, Schmid M, Tuinen DV, Berg G (2009)
Plant-driven selection of microbes. Front Microbiol
2009:235-257

Harvey HJ, Wildman RD, Mooney SJ, Avery SV (2020) Soil
aggregates by design: manufactured aggregates with
defined microbial composition for interrogating micro-
bial activities in soil microhabitats. Soil Biol Biochem
148:107870

Hasanuzzaman M, Bhuyan MB, Nahar K, Hossain MS, Mah-
mud JA, Hossen MS, Fujita M (2018) Potassium: a vital
regulator of plant responses and tolerance to abiotic
stresses. Agronomy 8:31

He Y, Wu Z, Zhao T, Yang H, Ali W, Chen J (2022) Different
plant species exhibit contrasting root traits and penetra-
tion to variation in soil bulk density of clayey red soil.
AgronJ 114:867-877

@ Springer



1168

Plant Soil (2026) 521:1145-1173

Hedley C (2015) The role of precision agriculture for improved
nutrient management on farms. J Sci Food Agric
95:12-19

Herforth A, Frongillo EA, Sassi F, Mclean MS, Arabi M,
Tirado C, Pingali P (2014) Toward an integrated
approach to nutritional quality, environmental sustaina-
bility, and economic viability: research and measurement
gaps. Ann N 'Y Acad Sci 1332:1-21

Hinsinger P, Bengough AG, Vetterlein D, Young IM (2009)
Rhizosphere: biophysics, biogeochemistry and ecologi-
cal relevance. Plant Soil 321:117-152. https://doi.org/10.
1007/s11104-009-0016-z

Hossain MZ, Bahar MM, Sarkar B, Donne SW, Ok YS, Palan-
sooriya KN, Bolan N (2020) Biochar and its impor-
tance on nutrient dynamics in soil and plant. Biochar
2:379-420

Hou L, Zhang X, Feng G, Li Z, Zhang Y, Cao N (2021) Arbuscular
mycorrhizal enhancement of phosphorus uptake and yields of
maize under high planting density in the black soil region of
China. Sci Rep 11:1100

Hu Y, Schmidhalter U (2005) Drought and salinity: a compari-
son of their effects on mineral nutrition of plants. J Plant
Nutr Soil Sci 168:541-549

Huang J, Hartemink AE (2020) Soil and environmental issues
in sandy soils. Earth-Sci Rev 208:103295

Huang XF, Chaparro JM, Reardon KF, Zhang R, Shen Q,
Vivanco JM (2014) Rhizosphere interactions: root exu-
dates, microbes, and microbial communities. Botany
92:267-275

Huang S, Yang W, Zheng D, Han X (2018) Foliar application
of manganese improves grain yield and quality in wheat.
Field Crops Res 218:106-115

Hudson BD (1994) Soil organic matter and available water
capacity. J Soil Water Conserv 49:189-194

Ide Y, Kusano M, Oikawa A, Fukushima A, Tomatsu H, Saito
K, Hirai MY, Fujiwara T (2011) Effects of molybdenum
deficiency and defects in molybdate transporter MOT1
on transcript accumulation and nitrogen/sulphur metabo-
lism in Arabidopsis thaliana. J Exp Bot 62:1483-1497

Indoria AK, Sharma KL, Reddy KS, Rao CS (2016) Role of
soil physical properties in soil health management and
crop productivity in rainfed systems. Management tech-
nologies and crop productivity. Curr Sci 110:320-328.
https://doi.org/10.18520/cs/v110/i3/320-328

Ishfag M, Wang Y, Yan M, Wang Z, Wu L, Li C, Li X (2022)
Physiological essence of magnesium in plants and its
widespread deficiency in the farming system of China.
Front Plant Sci 13:802274

Ivanov YV, Pashkovskiy PP, Ivanova Al, Kartashov AV,
Kuznetsov VV (2022) Manganese deficiency sup-
presses growth and photosynthetic processes but causes
an increase in the expression of photosynthetic genes in
Scots pine seedlings. Cells 11:3814

Jacoby R, Peukert M, Succurro A, Koprivova A, Kopriva S
(2017) The role of soil microorganisms in plant min-
eral nutrition—current knowledge and future directions.
Front Plant Sci 8:1617

Jan M, Muhammad S, Jin W, Zhong W, Zhang S, Lin Y, Zhou
Y, Liu J, Liu H, Munir R, Yue Q, Afzal M, Wang G
(2024) Modulating root system architecture: cross-talk

@ Springer

between auxin and phytohormones. Front Plant Sci
15:1343928

Javaid A (2009) Arbuscular mycorrhizal mediated nutrition in
plants. J Plant Nutr 32:1595-1618

Jin K, White PJ, Whalley WR, Shen J, Shi L (2017) Shaping
an optimal soil by root—soil interaction. Trends Plant Sci
22:823-829

Jones DL, Cross P, Withers PJ, DeLLuca TH, Robinson DA,
Quilliam RS, ... Edwards-Jones G (2013) Nutrient strip-
ping: the global disparity between food security and soil
nutrient stocks. J Appl Ecol 50:851-862

Jungk AO (2002) Dynamics of nutrient movement at the soil-
root interface. In: Waisel Y, Eshel A, Kafkafi U (eds)
Plant roots: the hidden half, 3rd edn. CRC Press, Boca
Raton, pp 919-1016. https://doi.org/10.1201/97802
03909423-44

Kafle A, Cope KR, Raths R, Krishna Yakha J, Subramanian S,
Biicking H, Garcia K (2019) Harnessing soil microbes to
improve plant phosphate efficiency in cropping systems.
Agronomy 9:127

Karthika KS, Rashmi I, Parvathi MS (2018) Biological func-
tions, uptake and transport of essential nutrients in rela-
tion to plant growth. In: Hasanuzzaman M, Fujita M,
Oku H, Nahar K, Hawrylak-Nowak B (eds) Plant nutri-
ents and abiotic stress tolerance. Springer, Singapore, pp
1-49. https://doi.org/10.1007/978-981-10-9044-8_1

Kashyap B, Kumar R (2021) Sensing methodologies in agri-
culture for soil moisture and nutrient monitoring. IEEE
Access 9:14095-14121

Katuwal S, Norgaard T, Moldrup P, Lamandé M, Wildenschild
D, de Jonge LW (2015) Linking air and water transport
in intact soils to macropore characteristics inferred from
X-ray computed tomography. Geoderma 237:9-20

Kibblewhite MG, Ritz K, Swift MJ (2008) Soil health in agri-
cultural systems. Philos Trans R Soc Lond B Biol Sci
363:685-701

Kihara J, Bolo P, Kinyua M, Rurinda J, Piikki K (2020) Micro-
nutrient deficiencies in African soils and the human
nutritional nexus: opportunities with staple crops. Envi-
ron Geochem Health 42:3015-3033

Kiran A, Wakeel A, Mahmood K, Mubaraka R, Hafsa HSM
(2022) Biofortification of staple crops to alleviate human
malnutrition: contributions and potential in developing
countries. Agronomy 12:452

Kissoudis C, van de Wiel C, Visser RG, van der Linden G
(2014) Enhancing crop resilience to combined abiotic
and biotic stress through the dissection of physiological
and molecular crosstalk. Front Plant Sci 5:207

Knez M, Graham RD (2012) The impact of micronutrient
deficiencies in agricultural soils and crops on the nutri-
tional health of humans. In: Selinus O (ed) Essentials of
medical geology: revised edition. Springer, Dordrecht, pp
517-533. https://doi.org/10.1007/978-94-007-4375-5_21

Ko¢ E, Karayigit B (2022) Assessment of biofortification
approaches used to improve micronutrient-dense plants
that are a sustainable solution to combat hidden hunger. J
Soil Sci Plant Nutr 22:475-500

Koch H, Sessitsch A (2024) The microbial-driven nitrogen
cycle and its relevance for plant nutrition. J Exp Bot
75:5547-5556


https://doi.org/10.1007/s11104-009-0016-z
https://doi.org/10.1007/s11104-009-0016-z
https://doi.org/10.18520/cs/v110/i3/320-328
https://doi.org/10.1201/9780203909423-44
https://doi.org/10.1201/9780203909423-44
https://doi.org/10.1007/978-981-10-9044-8_1
https://doi.org/10.1007/978-94-007-4375-5_21

Plant Soil (2026) 521:1145-1173

1169

Koch O, Tscherko D, Kandeler E (2007) Temperature sensitiv-
ity of microbial respiration, nitrogen mineralization, and
potential soil enzyme activities in organic alpine soils.
Glob Biogeochem Cycles 21:4

Kolb E, Legué V, Bogeat-Triboulot MB (2017) Physical root—
soil interactions. Phys Biol 14:065004

Kong X, Zhang M, De Smet I, Ding Z (2014) Designer crops:
optimal root system architecture for nutrient acquisition.
Trends Biotechnol 32:597-598

Kopittke PM, Menzies NW, Wang P, McKenna BA, Lombi
E (2019) Soil and the intensification of agriculture for
global food security. Environ Int 132:105078

Kronzucker HJ, Coskun D, Schulze LM, Wong JR, Britto
DT (2013) Sodium as nutrient and toxicant. Plant Soil
369:1-23

La Frano MR, de Moura FF, Boy E, Lonnerdal B, Burri BJ
(2014) Bioavailability of iron, zinc, and provitamin
A carotenoids in biofortified staple crops. Nutr Rev
72:289-307

Lal R (2015) Restoring soil quality to mitigate soil degrada-
tion. Sustainability 7:5875-5895

Lal R (2020) Soil organic matter and water retention. Agron J
112:3265-3277

Lal R (2009) Soils and food sufficiency: a review. In: Licht-
fouse E, Navarrete M, Debaeke P, Souchére V, Alberola
C (eds) Sustainable agriculture. Springer, Dordrecht, pp
25-49. https://doi.org/10.1007/978-90-481-2666-8_4

Lal R (2010) Enhancing eco-efficiency in agro-ecosys-
tems through soil carbon sequestration. Crop Sci
50:S-120-S-131. https://doi.org/10.2135/cropsci2010.01.
0012

Lal R (2016) Soil health and carbon management Abstract
Food and Energy. Security 5(4):212-222. https://doi.org/
10.1002/fes3.96

Lanham-New SA (2006) Importance of calcium, vitamin D,
and vitamin K for osteoporosis prevention and treatment.
Proc Nutr Soc 65:375-377

Larkin RP (2015) Soil health paradigms and implications for
disease management. Annu Rev Phytopathol 53:199-221

Larsen J, Jaramillo-Lépez P, Nijera-Rincon M, Gonzilez-
Esquivel CE (2015) Biotic interactions in the rhizosphere
in relation to plant and soil nutrient dynamics. J Soil Sci
Plant Nutr 15:449-463

Lauchli A, Grattan SR (2012) Soil pH extremes. Plant stress
physiology. CABI, Wallingford UK, pp 194-209

Lavenus J, Goh T, Roberts I, Guyomarc’h S, Lucas M, De Smet
I, Guyomarc’h S, Fukaki H, Beeckman T, Bennett M,
Laplaze L (2013) Lateral root development in Arabidop-
sis: fifty shades of auxin. Trends Plant Sci 18:450-458

Leftley N, Banda J, Pandey B, Bennett M, Vol U (2021)
Uncovering how auxin optimizes root systems architec-
ture in response to environmental stresses. Cold Spring
Harb Perspect Biol 13:a040014

Lehman RM, Osborne SL, McGraw K (2019) Stacking agri-
cultural management tactics to promote improvements in
soil structure and microbial activities. Agron 9:539

Lehmann J, Joseph S (2015) Biochar for Environmental Man-
agement: Science and Technology. Routledge

Lelei DK, Sultan MS, Kuboja NM, Mwangi LN, Sinclair F
(2025) Enhancing maize (Zea mays) productivity through
integrated soil fertility management: a participatory

approach in the degraded soils of Kigoma, Tanzania.
Front Agron 7:1537292

Lemanceau P, Bauer P, Kraemer S, Briat JF (2009) Iron
dynamics in the rhizosphere as a case study for analyz-
ing interactions between soils, plants and microbes.
Plant  Soil  321:513-535.  https://doi.org/10.1007/
s11104-009-0039-5

Li H, Smith SE, Holloway RE, Zhu Y, Smith FA (2006) Arbus-
cular mycorrhizal fungi contribute to phosphorus uptake
by wheat grown in a phosphorus-fixing soil even in
the absence of positive growth responses. New Phytol
172:536-543

Li X, Zeng R, Liao H (2016) Improving crop nutrient effi-
ciency through root architecture modifications. J Integr
Plant Biol 58:193-202

LiJ, Nie M, Powell JR, Bissett A, Pendall E (2020a) Soil phys-
ico-chemical properties are critical for predicting carbon
storage and nutrient availability across Australia. Environ
Res Lett 15:094088

Li M, Eastman CJ, Waite KV (2020b) Iodine biofortification
of crops to combat iodine deficiency disorders. Plant Soil
450:1-14

Liang B, Lehmann J, Solomon D, Kinyangi J, Grossman J,
O’Neill BJ, Neves EG (2006) Black carbon increases
cation exchange capacity in soils. Soil Sci Soc Am J
70:1719-1730

Lindsay WL, Schwab AP (1982) The chemistry of iron in soils
and its availability to plants. J Plant Nutr 5:821-840

Lu Y, Yan Y, Qin J, Ou L, Yang X, Liu F, Xu Y (2023)
Arbuscular mycorrhizal fungi enhance phosphate
uptake and alter bacterial communities in maize rhizos-
phere soil. Front Plant Sci 14:1206870

Luan M, Tang RJ, Tang Y, Tian W, Hou C, Zhao F, Luan S
(2017) Transport and homeostasis of potassium and
phosphate: limiting factors for sustainable crop produc-
tion. J Exp Bot 68:3091-3105

Luo L, Meng H, Gu JD (2017) Microbial extracellular enzymes
in biogeochemical cycling of ecosystems. J Environ
Manage 197:539-549

Lyzenga WJ, Liu Z, Olukayode T, Zhao Y, Kochian LV, Ham
BK (2023) Getting to the roots of N, P, and K uptake. J
Exp Bot 74:1784-1805

Ma W, Tang S, Dengzeng Z, Zhang D, Zhang T, Ma X (2022)
Root exudates contribute to belowground ecosystem hot-
spots: a review. Front Microbiol 13:937940

Maharjan B, Das S, Acharya BS (2020) Soil health gap: a con-
cept to establish a benchmark for soil health manage-
ment. Glob Ecol Conserv 23:e01116

Manzoni S, Schimel JP, Porporato A (2012) Responses of soil
microbial communities to water stress: results from a
meta-analysis. Ecology 93:930-938

Marschner H (1995) Mineral nutrition of higher plants, 2nd
edn. Academic Press

Marschner P, Rengel Z (2023) Nutrient availability in soils. In:
Rengel Z, Cakmak I, White PJ (eds) Marschner’s mineral
nutrition of plants, 4th edn. Academic Press, London, pp
499-522. https://doi.org/10.1016/B978-0-12-819773-8.
00017-3

Mathew I, Shimelis H (2022) Genetic analyses of root traits:
implications for environmental adaptation and new vari-
ety development: a review. Plant Breed 141:695-718

@ Springer


https://doi.org/10.1007/978-90-481-2666-8_4
https://doi.org/10.2135/cropsci2010.01.0012
https://doi.org/10.2135/cropsci2010.01.0012
https://doi.org/10.1002/fes3.96
https://doi.org/10.1002/fes3.96
https://doi.org/10.1007/s11104-009-0039-5
https://doi.org/10.1007/s11104-009-0039-5
https://doi.org/10.1016/B978-0-12-819773-8.00017-3
https://doi.org/10.1016/B978-0-12-819773-8.00017-3

1170

Plant Soil (2026) 521:1145-1173

Mattila TJ, Rajala J (2022) Estimating cation exchange capac-
ity from agronomic soil tests: comparing Mehlich-3 and
ammonium acetate sum of cations. Soil Sci Soc Am J
86:47-50

Mayer JE, Pfeiffer WH, Beyer P (2008) Biofortified crops to
alleviate micronutrient malnutrition. Curr Opin Plant
Biol 11:166-170

Medina-Sauza RM, Alvarez-Jiménez M, Delhal A, Reverchon
F, Blouin M, Guerrero-Analco JA, ... Barois I (2019)
Earthworms building up soil microbiota, a review. Front
Environ Sci 7:81

Meena RS, Kumar S, Datta R, Lal R, Vijayakumar V, Brtnicky
M, Meena R, Sharma M, Yadav G, Jhariya M, Jangir C,
Pathan S, Dokulilova T, Pecina V, Marfo T, Marfo TD
(2020) Impact of agrochemicals on soil microbiota and
management: a review. Land 9:34

Milleret R, Le Bayon RC, Gobat JM (2009) Root, mycorrhiza
and earthworm interactions: their effects on soil structur-
ing processes, plant and soil nutrient concentration and
plant biomass. Plant Soil 316:1-12

Mishra P, Mishra J, Arora NK (2023) Biofortification revis-
ited: addressing the role of beneficial soil microbes for
enhancing trace elements concentration in staple crops.
Microbiol Res. https://doi.org/10.1016/j.micres.2023.
127442

Mordhorst A, Zimmermann I, Peth S, Horn R (2012) Effect of
hydraulic and mechanical stresses on cyclic deformation
processes of a structured and homogenized silty luvic
chernozem. Soil Tillage Res 125:3-13

Morton CM, Pullabhotla H, Bevis L, Lobell DB (2023) Soil
micronutrients linked to human health in India. Sci Rep
13:13591

Mueller CW, Baumert V, Carminati A, Germon A, Holz M,
Kogel-Knabner I, Peth S, Schliiter S, Uteau D, Vetterlein
D, Teixeira P, Vidal A (2024) From rhizosphere to detri-
tusphere—soil structure formation driven by plant roots
and the interactions with soil biota. Soil Biol Biochem.
https://doi.org/10.1016/j.s0ilbio.2024.109396

Muhammad M, Waheed A, Wahab A, Majeed M, Nazim M,
Liu YH, Li L, Li WJ (2024) Soil salinity and drought
tolerance: an evaluation of plant growth, productivity,
microbial diversity, and amelioration strategies. Plant
Stress 11:100319

Murphy BW (2015) Impact of soil organic matter on soil prop-
erties—a review with emphasis on Australian soils. Soil
Res 53:605-635

Nadeem F, Farooq M (2019) Application of micronutrients
in rice-wheat cropping system of South Asia. Rice Sci
26:356-371

Naresh R, Singh NK, Sachan P, Mohanty LK, Sahoo S, Pandey
SK, Singh B (2024) Enhancing sustainable crop produc-
tion through innovations in precision agriculture technol-
ogies. J Sci Res Rep 30:89-113

Narula N, Kothe E, Behl RK (2012) Role of root exudates
in plant-microbe interactions. J Appl Bot Food Qual
82:122-130

Navidi MN, Seyedmohammadi J (2022) Mapping and spatial
analysis of soil chemical effective properties to manage
precise nutrition and environment protection. Int J Envi-
ron Anal Chem 102:1948-1961

@ Springer

Nawaz MF, Bourrie G, Trolard F (2013) Soil compaction
impact and modelling. A review. Agron Sustain Dev
33:291-309

Nawaz T, Joshi N, Nelson D, Saud S, Abdelsalam NR, Abdelh-
amid MM, Abdelhamid MMA, Jaremko M, Rahman TU,
Fahad S (2024) Harnessing the potential of nitrogen-fix-
ing cyanobacteria: a rich bio-resource for sustainable soil
fertility and enhanced crop productivity. Environ Technol
Innov 36:103886

Nciizah AD, Wakindiki II (2015) Soil sealing and crusting
effects on infiltration rate: a critical review of shortfalls
in prediction models and solutions. Arch Agron Soil Sci
61:1211-1230

Neher DA, Barbercheck ME (2019) Soil microarthropods and
soil health: intersection of decomposition and pest sup-
pression in agroecosystems. Insects 10:414

Neina D (2019) The role of soil pH in plant nutrition and soil
remediation. Appl Environ Soil Sci 2019:5794869

Neumann E, George E (2010) Nutrient uptake: the arbuscular
mycorrhiza fungal symbiosis as a plant nutrient acquisi-
tion strategy. Arbuscular mycorrhizas: Physiology and
function. Springer, Netherlands, Dordrecht, pp 137-167

Ng JF, Ahmed OH, Jalloh MB, Omar L, Kwan YM, Musah
AA, Poong KH (2022) Soil nutrient retention and pH
buffering capacity are enhanced by calciprill and sodium
silicate. Agronomy 12:219

Nubé M, Voortman RL (2011) Human micronutrient deficien-
cies: linkages with micronutrient deficiencies in soils,
crops and animal nutrition. In: Thompson B, Cohen L
(eds) Combating micronutrient deficiencies: food-based
approaches. CABI, Wallingford, pp 289-311. https://doi.
org/10.1079/9781845937140.0289

Oldroyd GE, Leyser O (2020) A plant’s diet, surviving in a var-
iable nutrient environment. Science 368:eaba0196

Oliver MA, Gregory PJ (2015) Soil, food security and human
health: a review. Eur J Soil Sci 66:257-276

Overvoorde P, Fukaki H, Beeckman T (2010) Auxin control
of root development. Cold Spring Harb Perspect Biol
2:a001537

Paez-Garcia A, Motes CM, Scheible WR, Chen R, Blancaflor
EB, Monteros MJ (2015) Root traits and phenotyping
strategies for plant improvement. Plants 4:334-355

Pantigoso HA, Newberger D, Vivanco JM (2022) The rhizo-
sphere microbiome: plant-microbial interactions for
resource acquisition. J Appl Microbiol 133:2864-2876

Parasar BJ, Sharma I, Agarwala N (2024) Root exudation
drives abiotic stress tolerance in plants by recruiting ben-
eficial microbes. Appl Soil Ecol 198:105351

Pariz CM, Costa C, Crusciol CA, Meirelles PR, Castilhos AM,
Andreotti M, Franzluebbers AJ (2017) Production, nutri-
ent cycling and soil compaction to grazing of grass com-
panion cropping with corn and soybean. Nutr Cycl Agro-
ecosyst 108:35-54

Passioura JB (1991) Soil structure and plant growth. Soil Res
29:717-728

Péret B, Clément M, Nussaume L, Desnos T (2011) Root
developmental adaptation to phosphate starvation: better
safe than sorry. Trends Plant Sci 16:442-450

Phalempin M, Lippold E, Vetterlein D, Schliiter S (2021)
Soil texture and structure heterogeneity predominantly


https://doi.org/10.1016/j.micres.2023.127442
https://doi.org/10.1016/j.micres.2023.127442
https://doi.org/10.1016/j.soilbio.2024.109396
https://doi.org/10.1079/9781845937140.0289
https://doi.org/10.1079/9781845937140.0289

Plant Soil (2026) 521:1145-1173

1171

governs bulk density gradients around roots. Vadose
Zone J 20:¢20147

Pizano GS, Pacheco CH, Salmer6én JH, Leén RH (2017) The
role of abiotic factors modulating the plant-microbe-soil
interactions: toward sustainable agriculture. Span J Agric
Res 15:13

Praharaj S, Skalicky M, Maitra S, Bhadra P, Shankar T, Brestic
M, Hossain A (2021) Zinc biofortification in food crops
could alleviate the zinc malnutrition in human health.
Molecules 26:3509

Prasad AS (2013) Discovery of human zinc deficiency and its
impact on human health. Adv Nutr 4:176-190

Pushnik JC, Miller GW, Manwaring JH (1984) The role of iron
in higher plant chlorophyll biosynthesis, maintenance
and chloroplast biogenesis. J Plant Nutr 7:733-758

Qin H, Huang R (2018) Auxin controlled by ethylene steers
root development. Int J Mol Sci 19:3656

Rahman, T. U., Faraz, A., Nawaz, T., Saud, S., Fahad, S., &
Harrison, M. T. (2025). Towards sustainable solutions:
climate change and food security in a globalized world.
Food and Energy Security, 14(5), €70126.

Ramirez-Lopez L, Wadoux AC, Franceschini MH, Terra FS,
Marques KPP, Saydao VM, Dematté JAM (2019) Robust
soil mapping at the farm scale with vis—NIR spectros-
copy. Eur J Soil Sci 70:378-393

Rashid MI, Mujawar LH, Shahzad T, Almeelbi T, Ismail IM,
Oves M (2016) Bacteria and fungi can contribute to
nutrients bioavailability and aggregate formation in
degraded soils. Microbiol Res 183:26-41

Raven JA (2017) Chloride: essential micronutrient and multi-
functional beneficial ion. J Exp Bot 68:359-367

Rawls WJ, Pachepsky YA, Ritchie JC, Sobecki TM, Blood-
worth H (2003) Effect of soil organic carbon on soil
water retention. Geoderma 116:61-76

Reckling M, Albertsson J, Vermue A, Carlsson G, Watson
CA, Justes E, Topp CF (2022) Diversification improves
the performance of cereals in European cropping sys-
tems. Agron Sustain Dev 42:118

Reddy KJ, Wang L, Gloss SP (2003) Solubility and mobil-
ity of copper, zinc, and manganese in contaminated
groundwater at a Wyoming abandoned uranium ore-
processing site. Environ Geol 44:515-521

Reeves JT, Hasnain SS, Nessel MP, Talbot CJ, Thomson ER
(2024) Optical remote spectral acquisition of elemental
stoichiometry. Front Ecol Evol 12:1505125

Rengasamy P (2010) Soil processes affecting crop production
in salt-affected soils. Funct Plant Biol 37:613-620

Rengel Z (2001) Genotypic differences in micronutrient
use efficiency in crops. Commun Soil Sci Plant Anal
32:1163-1186

Rengel Z (2015) Availability of Mn, Zn and Fe in the rhizos-
phere. J Soil Sci Plant Nutr 15:397-409

Rizaludin MS, Stopnisek N, Raaijmakers JM, Garbeva P
(2021) The chemistry of stress: understanding the ‘cry
for help’ of plant roots. Metabolites 11:357

Rodriguez-Celma J, Pan IC, Li W, Lan P, Buckhout TJ,
Schmidt W (2013) The transcriptional response of
Arabidopsis leaves to Fe deficiency. Front Plant Sci
4:276

Rolfe SA, Griffiths J, Ton J (2019) Crying out for help with
root exudates: adaptive mechanisms by which stressed

plants assemble health-promoting soil microbiomes.
Curr Opin Microbiol 49:73-82

Roorkiwal M, Pandey S, Thavarajah D, Hemalatha R, Varshney
RK (2021) Molecular mechanisms and biochemical path-
ways for micronutrient acquisition and storage in leg-
umes to support biofortification for nutritional security.
Front Plant Sci 12:682842

Rosanoff A, Weaver CM, Rude RK (2012) Magnesium and
cardiovascular disease. Am J Physiol 53:298-310

Rose TJ, Impa SM, Rose MT, Pariasca-Tanaka J, Mori A,
Heuer S, Wissuwa M (2013) Enhancing phosphorus and
zinc acquisition efficiency in rice: a critical review of
root traits and their potential utility in rice breeding. Ann
Bot 112:331-345

Roychoudhry S, Kepinski S (2022) Auxin in root development.
Cold Spring Harb Perspect Biol 14:a039933

Saha A, Rattan B, Sekharan S, Manna U (2020) Quantifying
the interactive effect of water absorbing polymer (WAP)-
soil texture on plant available water content and irriga-
tion frequency. Geoderma 368:114310

Samuel AD, Domuta C, Ciobanu C, Sandor M (2008) Field
management effects on soil enzyme activities. Rom
Agric Res 25:61-68

Schiavon M, Nardi S, Dalla Vecchia F, Ertani A (2020) Sele-
nium biofortification in the 2Ist century: status and
challenges for healthy human nutrition. Plant Soil
453:245-270

Schjgnning P, Thomsen IK, Moldrup P, Christensen BT (2003)
Linking soil microbial activity to water-and air-phase
contents and diffusivities. Soil Sci Soc Am J 67:156-165

Schmidt SB, Husted S (2019) The biochemical properties of
manganese in plants. Plants 8:381

Schroder 1J, Schulte RPO, Creamer RE, Delgado A, Van
Leeuwen J, Lehtinen T, Wall DP (2016) The elusive
role of soil quality in nutrient cycling: a review. Soil
Use Manage 32:476-486

Senbayram M, Gransee A, Wahle V, Thiel H (2015) Role of
magnesium fertilisers in agriculture: plant—soil contin-
uum. Crop Pasture Sci 66:1219-1229

Shah F, Wu W (2019) Soil and crop management strategies
to ensure higher crop productivity within sustainable
environments. Sustainability 11:1485

Shah MV, Rathod NM, Prajapati DN, Mehta PJ, Panchal RR,
Upadhye V (2024) Transforming soil stability: a review
on harnessing plant cell compounds and microbial
products for modifying cation exchange capacity. Nat
Environ Pollut Technol 23:1957-1971

Shahane AA, Shivay YS (2021) Soil health and its improve-
ment through novel agronomic and innovative
approaches. Front Agron 3:680456

Sharma S (2023) Precision agriculture: reviewing the
advancements technologies and applications in preci-
sion agriculture for improved crop productivity and
resource management. Rev Food Agric 4:45-49

Shen J, Li C, Mi G, Li L, Yuan L, Jiang R, Zhang F (2013)
Maximizing root/rhizosphere efficiency to improve
crop productivity and nutrient use efficiency in inten-
sive agriculture of China. J Exp Bot 64:1181-1192

Singh V (2024) Advances in precision agriculture technolo-
gies for sustainable crop production. J Sci Res Rep
30:61-71

@ Springer



1172

Plant Soil (2026) 521:1145-1173

Singh JS, Strong PJ (2016) Biologically derived fertilizer: a
multifaceted bio-tool in methane mitigation. Ecotoxicol
Environ Saf 124:267-276

Singh U, Choudhary AK, Sharma S (2021) Agricultural prac-
tices modulate the bacterial communities, and nitrogen
cycling bacterial guild in rhizosphere: field experiment
with soybean. J Sci Food Agric 101:2687-2695

Singh SK, Wu X, Shao C, Zhang H (2022) Microbial
enhancement of plant nutrient acquisition. Stress Biol
2:3

Solly EF, Weber V, Zimmermann S, Walthert L, Hagedorn F,
Schmidt MW (2020) A critical evaluation of the relation-
ship between the effective cation exchange capacity and
soil organic carbon content in Swiss forest soils. Front
for Glob Change 3:98

Sperotto RA, Ricachenevsky FK, Williams LE, Vasconcelos
MW, Menguer PK (2014) From soil to seed: micronutri-
ent movement into and within the plant. Front Plant Sci
5:438

Stavi I, Lal R (2013) Agroforestry and biochar to offset climate
change: a review. Agron Sustain Dev 33:81-96

Steinauer K, Tilman D, Wragg PD, Cesarz S, Cowles JM,
Pritsch K, Reich PB, Weisser WW, Eisenhauer N (2015)
Plant diversity effects on soil microbial functions and
enzymes are stronger than warming in a grassland exper-
iment. Ecology 96:99-112

Szerement J, Szatanik-Kloc A, Mokrzycki J, Mierzwa-Hersztek
M (2022) Agronomic biofortification with Se, Zn, and
Fe: an effective strategy to enhance crop nutritional qual-
ity and stress defense—a review. J Soil Sci Plant Nutr
22:1129-1159

Tahat MM, Alananbeh M, Othman YA, Leskovar DI (2020)
Soil health and sustainable agriculture. Sustainability
12:4859

Tahir S, Marschner P (2017) Clay addition to sandy soil
reduces nutrient leaching—effect of clay concen-
tration and ped size. Commun Soil Sci Plant Anal
48:1813-1821

Tan KH (2010) Principles of Soil Chemistry, 4th ed. CRC
Press, Boca Raton, FL

Tecon R, Or D (2017) Biophysical processes supporting the
diversity of microbial life in soil. FEMS Microbiol Rev
41:599-623

Teklu D, Gashu D, Joy EJ, Amede T, Broadley MR (2023)
Effectiveness of agronomic biofortification strategy in
fighting against hidden hunger. Agronomy 13:2173

Thor K (2019) Calcium—nutrient and messenger. Front Plant
Sci 10:440

Tracy SR, Black CR, Roberts JA, Sturrock C, Mairhofer S,
Craigon J, Mooney SJ (2012) Quantifying the impact of
soil compaction on root system architecture in tomato
(Solanum  lycopersicum) by X-ray micro-computed
tomography. Ann Bot 110:511-519

Tully K, Ryals R (2017) Nutrient cycling in agroecosystems:
balancing food and environmental objectives. Agroecol
Sustain Food Syst 41:761-798

Unger PW, Kaspar TC (1994) Soil compaction and root
growth: a review. Agron J 86:759-766

Valentine TA, Hallett PD, Binnie K, Young MW, Squire
GR, Hawes C, Bengough AG (2012) Soil strength and

@ Springer

macropore volume limit root elongation rates in many
UK agricultural soils. Ann Bot 110:259-270

Valmas MI, Sexauer M, Markmann K, Tsikou D (2023) Plants
recruit peptides and micro RNAs to regulate nutrient
acquisition from soil and symbiosis. Plants 12:187

Van Der Heijden MG, Bardgett RD, Van Straalen NM (2008)
The unseen majority: soil microbes as drivers of plant
diversity and productivity in terrestrial ecosystems. Ecol
Lett 11:296-310

Velu G, Ortiz-Monasterio I, Cakmak I, Hao Y, Singh RP (2014)
Biofortification strategies to increase grain zinc and iron
concentrations in wheat. J Cereal Sci 59:365-372

Vera-Maldonado P, Aquea F, Reyes-Diaz M, Carcamo-
Fincheira P, Soto-Cerda B, Nunes-Nesi A, Inostroza-
Blancheteau C (2024) Role of boron and its interaction
with other elements in plants. Front Plant Sci 15:1332459

Vetterlein D, Szegedi K, Stange F, Jahn R (2007) Impact of soil
texture on temporal and spatial development of osmotic-
potential gradients between bulk soil and rhizosphere. J
Plant Nutr Soil Sci 170:347-356

Violante A, Cozzolino V, Perelomov LP, Caporale AG, Pigna
M (2010) Mobility and bioavailability of heavy metals
and metalloids in soil environments. J Soil Sci Plant Nutr
10:268-292

Viscarra Rossel RA, Lobsey CR, Sharman C, Flick P, McLa-
chlan G (2017) Novel proximal sensing for monitoring
soil organic C stocks and condition. Environ Sci Technol
51:5630-5641

Vives-Peris V, De Ollas C, Gomez-Cadenas A, Pérez-Clemente
RM (2020) Root exudates: from plant to rhizosphere and
beyond. Plant Cell Rep 39:3-17

Wade J, Culman SW, Gasch CK, Lazcano C, Maltais-Landry
G, Margenot AJ, Wallenstein MD (2022) Rigorous,
empirical, and quantitative: a proposed pipeline for soil
health assessments. Soil Biol Biochem 170:108710

Wang H, Inukai Y, Yamauchi A (2006) Root development and
nutrient uptake. Crit Rev Plant Sci 25:279-301

Wang M, Zheng Q, Shen Q, Guo S (2013) The critical role
of potassium in plant stress response. Int J Mol Sci
14:7370-7390

Wang Q, Adams CA, Wang F, Sun Y, Zhang S (2022) Inter-
actions between microplastics and soil fauna: a critical
review. Crit Rev Environ Sci Technol 52:3211-3243

Ward BB, Jensen MM (2014) The microbial nitrogen cycle.
Front Microbiol 5:553

Waters BM, Sankaran RP (2011) Moving micronutrients
from the soil to the seeds: genes and physiological pro-
cesses from a biofortification perspective. Plant Sci
180:562-574

Watson CA, Atkinson D, Gosling P, Jackson LR, Rayns FW
(2002) Managing soil fertility in organic farming sys-
tems. Soil Use Manage 18:239-247

Whalley WR, Riseley B, Leeds-Harrison PB, Bird NR, Leech
PK, Adderley WP (2005) Structural differences between
bulk and rhizosphere soil. Eur J Soil Sci 56:353-360

White PJ (2019) Root traits benefitting crop production in envi-
ronments with limited water and nutrient availability.
Ann Bot 124:883-890

White PJ, Broadley MR (2003) Calcium in plants. Ann Bot
92:487-511



Plant Soil (2026) 521:1145-1173

1173

White PJ, Broadley MR (2009) Biofortification of crops with
seven mineral elements often lacking in human diets—
iron, zinc, copper, calcium, magnesium, selenium and
iodine. New Phytol 182:49-84

White PJ, Crawford JW, Diaz Alvarez MC, Garcia Moreno
R (2012) Soil management for sustainable agriculture.
Appl Environ Soil Sci 2012:1-15

Williams A, Sinanaj B, Hoysted GA (2024) Plant-microbe
interactions through a lens: tales from the mycorrhizos-
phere. Ann Bot 133:399-412

Wood SA, Blankinship JC (2022) Making soil health science
practical: guiding research for agronomic and environ-
mental benefits. Soil Biol Biochem 172:108776

World Health Organization (2001) The World health report
2001: mental health: new understanding, new hope.
WHO, Geneva

Xu Y, Smirnov M, Kohler MC, Dong Z, Amineh RK, Li F,
Rojas-Cessa R (2024) A survey of wireless soil sens-
ing technologies. IEEE Access. https://doi.org/10.1109/
access.2024.3352006

Yan Z, Liu C, Todd-Brown KE, Liu Y, Bond-Lamberty B, Bai-
ley VL (2016) Pore-scale investigation on the response
of heterotrophic respiration to moisture conditions in het-
erogeneous soils. Biogeochemistry 131:121-134

Yang M, Zhou D, Hang H, Chen S, Liu H, Su J, Lv H, Jia H,
Zhao G (2024) Effects of balancing exchangeable cations
Ca, Mg, and K on the growth of tomato seedlings (Sola-
num lycopersicum L.) based on increased soil cation
exchange capacity. Agronomy 14:629

Yetgin A (2024) Exploring the dynamic nature of root plas-
ticity and morphology in the face of changing environ-
ments. Ecol Front 44:112-119

Yin H, Cao Y, Marelli B, Zeng X, Mason AJ, Cao C (2021)
Soil sensors and plant wearables for smart and precision
agriculture. Adv Mater 33:2007764

York LM, Carminati A, Mooney SJ, Ritz K, Bennett MJ (2016)
The holistic rhizosphere: integrating zones, processes,
and semantics in the soil influenced by roots. J Exp Bot
67:3629-3643

Younas N, Fatima I, Ahmad IA, Ayyaz MK (2023) Alleviation
of zinc deficiency in plants and humans through an effec-
tive technique; biofortification: a detailed review. Acta
Ecol Sin 43:419-425

Yu C, Mawodza T, Atkinson BS, Atkinson JA, Sturrock CJ,
Whalley R, Mooney SJ (2024) The effects of soil com-
paction on wheat seedling root growth are specific to soil
texture and soil moisture status. Rhizosphere 29:100838

Yudina A, Kuzyakov Y (2023) Dual nature of soil structure:
the unity of aggregates and pores. Geoderma 434:116478

Zeng F, Ali S, Zhang H, Ouyang Y, Qiu B, Wu F, Zhang G
(2011) The influence of pH and organic matter content
in paddy soil on heavy metal availability and their uptake
by rice plants. Environ Pollut 159:84-91

Zhalnina K, Louie KB, Hao Z, Mansoori N, Da Rocha UN,
Shi S, Brodie EL (2018) Dynamic root exudate chemis-
try and microbial substrate preferences drive patterns in
rhizosphere microbial community assembly. Nat Micro-
biol 3:470-480

Zhang J, Zhang F (2020) Highlights of the special issue on
“Health soil for healthy food.” Front Agric Sci Eng
7:233-255

Zhang P, Guo Z, Ullah S, Melagraki G, Afantitis A, Lynch I
(2021) Nanotechnology and artificial intelligence to
enable sustainable and precision agriculture. Nat Plants
7:864-876

Zhang G, Bai J, Zhai Y, Jia J, Zhao Q, Wang W, Hu X (2024)
Microbial diversity and functions in saline soils: a
review from a biogeochemical perspective. J Adv Res
59:129-140

Zhao CX, Jia LH, Wang YF, Wang ML, McGiffen ME
Jr (2015) Effects of different soil texture on peanut
growth and development. Commun Soil Sci Plant Anal
46:2249-2257

Zheng J, Dini-Andreote F, Luan L, Geisen S, Xue J, Li H, Jiang
Y (2022) Nematode predation and competitive interac-
tions affect microbe-mediated phosphorus dynamics.
Mbio 13:¢03293-21

Zhou Y, Staver AC (2019) Enhanced activity of soil nutrient-
releasing enzymes after plant invasion: a meta-analysis.
Ecology 100:e02830

Zhu Y, Tong M, Wang Y, Liu Y, Wang B, Yang W, Ning Y
(2022) Prevalence of thyroid nodules and its association
with water iodine among Chinese men and women. Envi-
ron Res 212:113270

Zilberman A, Asher JB, Kopeika NS (2016) Remote sensing
in precision farming: real-time monitoring of water and
fertilizer requirements of agricultural crops. In: Remote
Sensing for Agriculture, Ecosystems, and Hydrology
XVIII, 9998, pp 555-564. SPIE

Zimmermann MB, Jooste PL, Pandav CS (2008) Iodine-defi-
ciency disorders. Lancet 372:1251-1262

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

@ Springer


https://doi.org/10.1109/access.2024.3352006
https://doi.org/10.1109/access.2024.3352006

	The soil-root nexus: how soil health shapes plant nutrient uptake and food nutritional security
	Abstract 
	Introduction
	Components of soil health influencing nutrient uptake
	Biological components
	Chemical components
	Physical components

	The soil-root interface: mechanisms of nutrient uptake
	Root morphology and architecture
	Root exudates and rhizosphere interactions
	Nutrient transport mechanisms

	Soil health management and its impact on food nutritional security
	Soil fertility practices
	Sustainable practices
	Precision agriculture

	Linking soil-root dynamics to food nutritional quality
	Nutritional quality parameters
	Soil health and micronutrient biofortification
	Degraded soils and nutritional deficits

	Challenges and knowledge gaps
	Complex soil–plant interactions
	Soil degradation and food security
	Research gaps in soil health indicators

	Future perspectives
	Innovations in soil health monitoring
	Breeding nutrient-efficient crops
	Policy and outreach

	Conclusion
	Acknowledgements 
	References


