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Plants are at the core of agriculture and human nutrition. Hence, plant health plays
a pivotal role in human well-being. In this respect, the relation of soil and plant health
should be highlighted to ensure food security and achieve the UN SDGs, encapsulated by
the ONE Health approach [1,2]. However, the adequate functioning of soil fertility relies
on soil organic matter, which has declined significantly due to intensive crop cultivation
and tillage under warming and drier climate conditions. The application of biochar,
thermo-converted from plant biomass, can be effective in improving soil quality and plant
health, primarily by enhancing organic matter in soil [1,3].

Biochar has gained increasing prominence as a carbon-rich material obtained via
plant biomass pyrolysis. It is used to amend soils, increase fertilizer efficiencies, remediate
polluted land, and restore ecosystem functions [3-6]. Over the last decade, biochar’s role
in promoting plant growth has been attributed to its improvement of the soil’s biophysical
structure, nitrogen retention, and phosphorus and potassium availability [7], as well as
toxicine immobilization [8,9]. Additionally, biochar may induce plant resistance through
the soil biome [10]. Studies on soil-plant systems both in greenhouses and in the field
[4,11-13] have provided evidence of increased resilience in biochar-induced systems
against plant biotic stress from re-planting and pathogenic diseases, and abiotic stress
from prolonged drought. Meanwhile, biochar-based or biochar-blended fertilizers, in-
cluding biochar co-composted organic fertilizer, biochar urea, and biochar compound fer-
tilizers offer opportunities to apply biochar to fields through conventional farm fertiliza-
tion methods [14]. The biochar fertilizer effect has been increasingly attributed to the hab-
itat modulation of the biochar material [4,10,11,15]. However, nutrient adsorption by bio-
char may only have a limited effect [16] given its unique performance in enhancing plant
growth and nutrient use efficiency [17]. As early as 2015, Lehmann et al. [18] pointed out
that the soil-plant interplay could be the core of biochar’s role in agriculture when using
biochar or biochar-based fertilizers (Figure 1). However, limited progress has been made
in understanding and characterizing such interplays and hidden mechanisms.
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Figure 1. Tropical red soil with residual biochar pellets under a mango tree 6 months after applica-
tion of a biochar compound fertilizer, showing the interplay between the soil mass, biochar fertilizer,
and plant roots. Note that the plant’s fine roots are densely attached to the biochar pellets. Photo
taken in 2022 by G. Pan.

With the fast-growing global demand for bioenergy and net-zero food production
[19], the use of biochar in agriculture is expected to expand worldwide. Hence, it is crucial
to understand the interplay between biochar, soil, and plants. Here, the effect of biochar
on microbial activity that controls plant growth, plant health, and, thus, food quality, is
preponderant. In our Special Issue on “Biochar-Based Fertilizers in Agriculture: Soil-Plant
Interactions and Functions”, ten papers were included to address the agronomic effects
(productivity, quality, and growth performance) and soil-microbe—plant interactions fol-
lowing biochar-based amendments and fertilizers. Herein, biochar’s ability to improve
soil conditions for plant growth is reported for ornamental plants [20], rice seedlings [21],
wheat [15,22], vegetables [9], radish [23], tobacco [24], and peanuts [12]. The published
studies also report biochar’s role in remediating organic and inorganic soil pollutants in
vegetable [25], maize [26], and rice [27] cultivation. These studies highlight the role of
biochar or biochar fertilizers in improving plant tolerance to pollution stress [12,25,28] and
also in improving resilience to drought and salinity stresses [11,28,29]. The lessons learned
from these studies include, but are not limited to, the following:

(1) Inaddition to biochar nano-particles [6,19,22,24], biomolecules from pyrolytic liquids
[30], often called wood vinegar, may contribute to plant growth promotion [20];

(2) Plant responses such as growth and metabolism (the latter positively affecting food
quality) can be coupled or uncoupled, depending on biochar properties, as well as
soil and plant conditions [12,20-23];

(3) Biochar acts via its pore volume and surface area, as a carrier of moisture and nutri-
ents, and enhancer of microbial activity, affecting plant growth and activity directly
[15,21,23-25];

(4) Biochar-induced plant resilience could be attributed to a general improvement of soil
physical, chemical, and biological functions following its application [12,23,27].

Overall, the papers in the present Special Issue highlight biochar’s potential to en-
hance plant growth and resilience against adverse impacts resulting from environmental
pollution and climate change. It is increasingly important that plant tolerance and resili-
ence to adverse stress, such as drought and pollution, increasingly contribute to sustaina-
ble plant production under global climate change [15,31]. Unfortunately, the published
studies also highlight uncertainty about the mechanisms by which to enhance or promote
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plant growth and resilience. Following its application, biochar may induce a direct or in-
direct improvement in the soil’s physical [13,16], chemical [11,16,20,22,25], and/or biolog-
ical conditions [4,11,12,26,29]. However, the indirect impacts on plants remain unclear, as
plant responses to biochar or biochar fertilizers require more in-depth investigations. Fol-
lowing the field application of biochar or biochar-based fertilizers, some systematic
changes were observed in the rhizosphere (the soil-plant interaction zone) [11-13]. In this
context, the interplay between the soil and plants following biochar or biochar fertilization
application results in a very complex, dynamic, and multidimensional change in crop cul-
tivation (Figure 2). These changes could be illustrated using the ancient Chinese theory of
Yijing (also known as I Ching), considering how biochar could induce physical (struc-
tural), chemical, and biological changes in soil (the lower part in Figure 2) as well as sys-
temic changes in the soil-plant system, which may alter various plant processes such as
nutrition, growth, and resilience (the upper part in Figure 2). Soil changes and alterations
in plant metabolism occur in parallel, while plant resilience can be considered the net re-
sult of plants’ responses to the altered soil-plant system following biochar or biochar fer-
tilizer application (Figure 2). Biochar-induced soil changes have been most frequently ad-
dressed regarding physical change (e.g., bulk density, water retention), chemical change
(e.g., pPH), and biological change (e.g., microbial interaction) while the system change as a
result of soil-plant interactions (the bottom right-hand corner) is still poorly understood.
Meanwhile, plant responses to soil changes following biochar application have been une-
venly addressed across areas of plant growth, nutrition, and protection, while changes in
plant resilience (against pollution or adverse climate stress) due to the altered soil-plant
system have not yet been thoroughly examined. Therefore, the publication of this Special
Issue underscores the urgent need to investigate biochar-induced plant resilience in global
plant production and food supply systems in a changing environment, amid increasing
pollution and climate change.

The papers of this Special Issue provide evidence that biochar, particularly when
combined with organic or inorganic fertilizers, improves soil fertility and plant health. It
enhances food productivity of agro-ecosystems and plant resilience to adverse environ-
mental impacts, such as pollutant toxicity, salinity, and drought stresses. Biochar, beyond
its chemically and physically determined adsorption capacity [16], should be revalued as
a multifunctional, carbon-rich, and persistent material with a porous structure and mo-
lecular biological activity. It acts as an eco-friendly plant modulator, both for growth pro-
motion and metabolism. Through its role in bio-synthesis, bio-control, and/or bio-defense,
biochar strengthens the amended ecosystems. While global societies are facing serious
challenges due to climate change, land degradation, and environmental pollution, biochar
can contribute to agricultural sustainability and assist plants in increasing resilience to
adverse climate events. To enhance our understanding of biochar-soil-plant interactions
and functions [18], more dedicated studies into molecular changes [32] and the signaling
responses of soil-plant systems [4,29] following biochar application under field conditions
are needed.



Plants 2025, 14, 2181 4 of 6

Figure 2. The complex, dynamic, and multidimensional change in the soil-plant system following
biochar or biochar fertilizer application. Such a system is conceived as a Tai Ji system following the
ancient Chinese theory of Yijing. Herein, soil performance is denoted by the white pole with the
black organic matter as the core, while the plant performance is denoted by the black pole with the
white root as the core. The width of a pole across the performance represents the size and clarity of
the biochar effect. The unbroken black arcs represent clear positive influences, while the broken arcs

represent negative or unclear influences.
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