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Sustainable and resilient crop production is facing many challenges. The restoration of natural reactive
silicon cycles offers an opportunity to improve sustainability through reducing phosphorus fertilizer
use and to increase crops’ resilience to drought stress and pests. We therefore call upon farmers, agri-
food-researchers, and policymakers to pave the road for transforming agriculture to a silicon-
improved sustainable crop production, which represents a promising approach to achieve food

security under global change.

Sustainable and resilient food production is a key component if future food
security is to be achieved for the world’s projected 10 billion people by
2064'". Barring changes in consumption towards more plant-based diets,
strategies to ensure sufficient food production largely involve increasing
yields (production per unit area) as expanding agriculture to currently
uncultivated land is unacceptable due to the resultant negative effects on
biodiversity". In already intensively used agricultural systems, yield increases
are strongly linked to the application of phosphorus (P) or nitrogen (N)
fertilizers, which goes hand in hand with high energy consumption during
fertilizer production®. Increased fertilizer production is not sustainable and
already exceeding the planetary boundaries, particularly as the global stock
of mineral deposits containing apatite (the main P-containing mineral used
for P fertilizer production) is not expected to last more than ~260 years™.
Further, a large share of the P fertilizer applied to agricultural soils is not
available to plants, as phosphate strongly binds, for example, to iron (Fe)-
bearing pedogenic oxides/hydroxides’, further reducing the sustainable use
of P fertilizer.

At the same time, as yield levels increase with higher fertilization levels,
crop production is more variable in response to drought and high
temperatures™’, which are projected to intensify under climate change'*"".
Increased drought risks threatens food security through decreasing yield'* ™"
and higher crop price volatility'’. During intense drought, soil water content
decreases to values near the permanent wilting point where water is no
longer available for crops resulting in severe drought stress and wilting"”.
During such conditions, photosynthesis is inhibited by decreased stomatal
conductance'®. Crops possess different strategies to cope with water scarcity
by (1) increasing stomatal closure to limit transpiration driven water loss, (2)
increasing of water uptake due to morphological changes in root archi-
tecture, or (3) osmotic adjustments within the plants"*.

Of particular interest in the context of limited P supply and increasing
drought stress is the idea of applying reactive silicon (Si) to support restoring
natural Si cycles and their associated functions in managed
agroecosystems” ", Natural cycling of Si includes the accumulation of Si in
plant biomass and its subsequent release during litter decomposition (Box
1). While natural Si cycling increases reactive Si in soils, it is interrupted in
current conventional intensified agricultural systems as the export of Si in
crop harvest exceeds Si inputs™**. With a Si content of approximately 28%
(w/w) in the Earth’s crust Siis virtually everywhere, but most of this Siis very
slowly released by silicate mineral weathering™. The more reactive forms of
Si are (i) dissolved silicon (DSi) comprising monomeric silicic acid (plant
available Si) and polymeric silicic acid and (ii) the so called amorphous silica
(ASi) fraction, which is defined as X-ray amorphous or extractable by several
alkaline extractants™.

An increasing number of studies reported that crop Si accumulation
improved crop performance under stress” . A literature review showed a
clear crop yield increase for many important crops after Si fertilization®'.
More recently, several studies at field scale presented positive effects of Si
fertilization on biomass production and yield for crops™~* in addition to the
large number of studies reporting increases in rice yield during the last
decades®. An additional effect of Si, demonstrated mostly for rice so far, with
huge importance for reducing pesticide use in crops™, is the suppression of
pathogen fungi affecting crop biomass through Si deposits in, e.g., plant
leaves™”.

To cope with the challenges of increasing global food consumption
resulting from rising population coupled with economic growth, decreasing
natural resources, biodiversity loss, and the impacts of climate change, a
sustainability transformation of agricultural and food (agri-food) systems is
increasingly understood as inevitable**. With agricultural transformation
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Box 1 | Si uptake and accumulation in plants

Dissolved Si (DSi) is taken up by plants only in its monomeric form, i.e., as
uncharged Si(OH),4, which occurs in soil solution in a range of 0.1 to

0.6 mM*. The mobilization of DSi from particulate phases in soils occurs in
the form of monomeric and polymeric silicic acid, which are in equilibrium
with each other, controlled by depolymerization and polymerization. The
uptake and transportation of Si(OH), in plants is controlled by specific
influx and efflux transporters®>'23124 or channels’®, which have been
detected especially in crops like rice (Oryza sativa), barley (Hordeum
vulgare), or maize (Zea mays). At present, two influx, i.e., Low silicon (Lsi)
1-type (Lsi1 and Lsi6) and three efflux, i.e., Lsi2-type (Lsi2, Lsi3, and
SIET4) Si transporters (or channels) have been identified'®. It was

necessarily covering many aspects, from more sustainable diets and farming
practices to a reconceiving of food as a human right and part of the global
commons, any transition towards sustainable and resilient agri-food sys-
tems will be shaped by local context and values****. From this viewpoint,
we outline the potential role and management options for re-establishing Si
cycling in cropping systems through integrating reactive Si in crop pro-
duction. We are well aware that the success of any new management strategy
depends on a range of accompanying market, infrastructure, regulatory and
cultural factors™”, and changes in management strategy alone will likely
serve only as incremental change and not support alone a wider transfor-
mation towards sustainability™.

The aim of this Perspective is to raise awareness on the potential to
manage reactive Si in agriculture, horticulture, vineyard, and fruit cultiva-
tion, supporting further research on pathways towards its wider integration
and anticipating challenges. Hence, we focused on important biotic and
abiotic stressors for agriculture, for which Si effects were already known. In
this context, we summarize the positive effects of Si on P availability in
agricultural soils and describe the role of Si for the mitigation of drought and
pathogen impacts on crops. Finally, we outline the transformation of con-
ventional agriculture to a Si-based sustainable crop production and address
implications for future research.

Increased phosphorus availability by Si

Phosphorus is a main limiting nutrient for crop production”** and a
limited resource as minable deposits are declining rapidly”. At the same
time, less tailored P fertilization leads to large P losses from agricultural
soils to aquatic system leading to eutrophication***’. Consequently, more
efficient use of P fertilizer in crop production is required, potentially
decreasing the need for P fertilizer and reducing the share of P fertilizer
bound in the pool of plant unavailable P. The role of soil Si-fertilization to
improving crop P nutrition*** has been known for approximately 100
years, confirmed by several more recent studies’***"’. Abundant evi-
dence indicates several underlying mechanisms for the improved P
nutrition of crops due to Si’****: (1) competition of dissolved Si (either
monomeric or polymeric silicic acid) with nutrients, e.g. P for binding at
the surface of soil particles*'; and (2) application of ASi reducing the
hydraulic conductivity of the soils at saturation”. Reduced hydraulic
conductivity leads to a reduction of Fe’* phases to Fe* with slower
transport of electron acceptors (other than iron) to certain micro sites. In
turn, this leads to a reductive dissolution of P-containing Fe oxides,
consequently releasing P into the soil solution, increasing P availability for
crops. Mobilization of P from the hitherto pool of plant unavailable P by Si
may last from a few years to several decades depending on the soil stock of
plant unavailable P. Even after all P is exhausted from the soil, it is
hypothesized that farmers would need less P-fertilizer if the soils exhibit
high Si availability with Si occupying most binding sites at the surface of
soil particles (Fig. 1), increasing the availability of applied P. However,
experimental evidence here is still lacking, though it is a promising future

41,42

observed that the knockout of the SIET4 gene in rice plants resulted in
plant death, because the export of Si to the apoplast (consisting of
metabolically less active cell walls and the space external to the plasma
membranes) was inhibited causing anomalous silica accumulation in the
mesophyll'®. Based on these findings it seems essential for Si accu-
mulating plants that Si(OH), is transported (actively or passively) to the
apoplast, specialized cells of the epidermis (silica cells, papillae, silica
hairs), or root endodermis, where polymerization and silica precipitation
is occurring’®'?>'%, Silica precipitation in plants in turn is assumed to be
initiated and controlled by specific cell wall polymers and proteins'?.

research field to potentially result in substantial reductions in the need for
P fertilizer.

Sireduces drought impacts

The capacity of soils to store and supply water to crops is crucial for yield
production for many crops and regions™ especially as drought intensifies
under climate change™. For Europe, yield losses of up to 25% are projected
under climate change™ with drought being the dominant factor for this
decline. In response to drought, crops have developed several adaptive
traits to avoid the loss of water such as fast stomatal closure, reduction of
stomata size and number, decrease of leaf size and number, change in
partitioning of assimilates to plant organs, morphological changes in root
architecture to increase water uptake from soil, and hormonal regulation for
an optimized water usage'””’. During severe and or prolonged drought, soil
available water decreases, prohibiting water uptake by roots, leading to
increased plant stress in terms of inhibition of growth and reduced carbon
accumulation up to enhanced senescence'.

Several studies have demonstrated reduced water stress during drought
due to plant Si accumulation. This is attributed to changes in physiology as a
response to increased Si availability (DSi) in soils with positive effects on
crop biomass and yield levels” 7", These effects can result from larger
leaves™?”, increased root length®*, or improved photosynthesis and sto-
matal conductance™ ", It was shown that Si deposits in the region of the
epidermis reduce water loss by reduction in stomatal and cuticular
conductance™ (Fig. 2). Recently, it has been shown that Si application to the
soils improved rhizosheath formation, root hair length, and density, as well
as decreased transpiration rate of crops®. Although the studies showing a
clear effect of crop Si accumulation on drought stress mitigation by chan-
ging plant physiology, a study on rice drought stress response comparing a
knockout mutant of rice for Si uptake transporter (disabling plant Si
accumulation) and a wild-type rice (with high Si accumulation) concluded
that plant internal Si effects may be low” compared to the effect of ASi
increasing water availability in the soils™.

Indeed, recent studies demonstrated that soil ASi content is a main
control on water holding capacity and plant available water in soils”**>*. For
example, increasing the soil ASi concentration by 1% (weight) improved the
plant available water in these soils by more than 40%™. This effect of ASi
increasing both the water availability and storage in soils can be explained by
ASi leading to more water retention in larger soil pores, especially in coarse
texture soils (Fig. 3). ASi was found to improve soil water retention in soil
pores by increasing the capillary force™, as the smaller the pore size, the
greater the capillary force. ASi improves water supply for crops under
drought, sustaining the transpirational water demand of crops” by
increasing the hydraulic conductivity especially for coarse-textured soils,
maintaining water access to crops even as soil dries™®.

The positive effects of ASi increasing soil water availability and storage
maintaining crop production and yield under drought have been confirmed
in field experiments® . In coarse-textured soils ASi may shift the pore size
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Fig. 1 | Scheme on how Si is mobilizing P. Effects of Si on P showing (a) how silicic
acid is competing with P for soil sorption sites mobilizing plant unavailable P and (b)
how a P fertilization could look like with most binding sites occupied by Si.
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Fig. 2 | Scheme showing how Si deposition in leavesreduces plant water loss. The
scheme shows Si deposition (yellow color) in cereal leaves and its positive effect on
water loss via transpiration due to faster stomata closure and reduced cuticular
conductance. This figure was created using BioRender.com.

distribution towards smaller pore sizes, strongly suggesting changed pore
size distribution being the reason for the increased water retention of those
soils in addition to the high water holding capacity (700-800%) of the ASi

itself*”. In those pores, the ASi is holding large amounts of water due to the
high water holding capacity of ASi and decreasing the pore volume™.
However, the effect of ASi in improving soil water availability and retention

ASi increasing water availability and storage in soil

no ASi with ASi

Large pores not able to
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l l
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holding large amounts of water
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Fig. 3 | Scheme illustrating the effect of ASi in soil on water holding capacity and
availability. The ASi is filling the pores of the coarse texture soil. This figure was
created using BioRender.com.

was not detected for fine-texture soils, as ASi may rather clog smaller pores®.
Furthermore, fine-textured soils have a higher content of particles in the silt
and/or clay size fraction, which lead to soils with small pores only. Such small
pores can hold water more efficiently as compared to coarse texture soils.

Overall, reactive Si holds a large potential to mitigate drought stress
during crop production via soil and plant internal effects supporting more
resilient crop production under increased drought stress intensities and
duration expected with climate change. Studies showing effects of reactive Si
(DSi and ASi) on crop yield and performance during drought are still
limited in terms of different soil types, climatic conditions, crop, and cultivar
types. Unclear is also how effects would scale up if Si is applied to larger
regions. This calls for increased field level measurements of reactive Si in
agricultural, horticulture and vineyard research programs to get a better
overview of the existing levels of reactive Si in different soils in relation to
management practices, crop types, and climatic conditions.

Pathogen control in crop production by Si
Si has pronounced beneficial effects on plants under biotic stress, which has
been well-documented by a large number of studies. Silica depositions in
plants can act as a mechanical barrier increasing plants’ resistance against
the penetration of (insect) herbivores and pathogens. The various Si-related
benefits for plants under abiotic and biotic stress reported in the literature
have been unified in the so-called “apoplastic obstruction hypothesis™.
According to this hypothesis silica deposition in the apoplast enhances the
resistance of plants under biotic stress on two different ways: (i) by pre-
venting the formation of haustoria, i.e., specialized hyphae formed by fungal
parasites to invade plant cells and (ii) by interfering with the injection of
effectors (specialized small proteins) secreted by parasites (e.g., fungi or
insects) to suppress plant defense responses (Fig. 4a). Regarding abiotic
stress these silica deposits are hypothesized to (i) fortify apoplastic barriers of
the plant vasculature precluding the transport and accumulation of tox-
icants like metal(loids) (“heavy metals”) into the shoot and (ii) co-
precipitate with toxicants in the extracellular matrix. In plants with Si
deficiency such toxicants can cause an elevation of reactive oxygen species
(ROS) levels in cells, which can be accompanied by increased oxidative
stress, decreased enzyme activity, or changes in gene expression. Indeed,
these positive Si effects on plant physiology have been described in
numerous studies™”.

Examining Si deposition in wheat leaves, Leusc] 7" showed that in the
locations where mildew tried to penetrate the wheat leaves Si deposits dis-
abled the fungal penetration. More recently, Knight and Sutherland™
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Fig. 4 | Scheme showing how plants defend against fungiand insects by Si deposits. Illustration of the positive effects of (a) silica deposition on plants’ resistance against
attacks by fungi and insects and (b) Si foliar fertilization on fungal infections. This figure was created using BioRender.com.

observed that almost all cell types in wheat leaf sheath tissues were exten-
sively colonized by Fusarium, except for the vascular bundles and silica cells.
Such effect of Si deposits in aboveground biomass reducing fungal pene-
tration is widely accepted for rice plants™**. Moreover, the effect of the plant
Si content reducing herbivory is known for several plant and herbivore
species”””. Si accumulation in grasses was found to increase due to exposure
to invertebrate and vertebrate herbivores™”*. However, it is not clarified yet,
if silica deposition is controlled and specific, thus actively regulated in
plants™”, or passively driven by plant transpiration”””.

Si foliar fertilization has been found to be a promising approach for
fungal disease control in crop production®. Foliar Si applications are
assumed to decrease fungal infections by spore dehydration (osmotic
effect)”” and antifungal activities (inhibition of spore germination and
mycelial growth) by silicates”* (Fig. 4b). Taken into account that Si foliar
application can be effective at much lower rates compared to soil
application®, Si foliar application might be a promising method for fungal
disease control in sustainable crop production. However, the benefits of
foliar vs soil Si application vary between species. Foliar Si application is very
effective at preventing pathogen infection in fruit crops™®, but soil appli-
cation may have more overall benefits for gramineous crops that can
effectively accumulate large amounts of Si in their aboveground biomass.

Si in soils has also shown a range of positive effects on regulation of
biotic stressors on plant health. Soil microorganisms are key in nutrient
cycling, and thus are crucial for maintaining soil health and sustainable crop
production®. In this context, the relationships between microorganisms,
especially bacteria and fungi, and soil Si content have been the focus of
research. It was shown that ASi application to soil might favor an increase in
beneficial microbes in soils and a decrease of pathogens®™. However, the
underlying mechanisms are not fully understood yet. Silicate fertilization
generally seems to stimulate microbial functions that are beneficial for crop
production. Slag silicate fertilization, for example, was found to increase the
relative abundance of saprotrophic fungi enhancing the decomposition of
organic matter in flooded rice fields*. In another study, the abundance of
soil microbes involved in, e.g., nutrient cycling and fixation increased after Si
fertilization®. Further, analyses of microbial communities in the rhizo-
sphere and surrounding soils showed positive effects of Si fertilization on
plant-growth-promoting microbes in sugarcane and wheat fields**"*.

3575

Overall, Si has beneficial effects for sustainable and resilient crop production
by decreasing the pressure from pathogens and herbivores as well as by
improving the microbial community with increasing beneficial microbes
and decreasing pathogens in the soil.

Towards a Si-improved sustainable and resilient crop
production

To benefit from the positive effects of Si in agroecosystems, Si-fertilization is
required. Current high-yield agriculture with its high annual exports of
reactive Si resulted in the ASi depletion of agricultural soils with con-
sequences for Si availability (anthropogenic desilication)*. For example,
each year, rice producers apply ~900 kg Si ha™' or more (up to 3000 kg Si
ha™")" of Si fertilizer, as Si is highly important for rice cultivation™. The most
widely applied Si fertilizers are wollastonite, silica gel, liquid suspensions or
solutions of meta-silicate, silicic acid, potassium-silicate, slags, fly ash, as well
as rice and Miscanthus straw, biochar, and manure” . We recommend the
application of synthetic ASi, straw, and silica gel, as the physical and che-
mical properties of the Si in those compounds is largely the same as for
natural ASi in soils™**.

Common synthetic ASi production from quartz sand requires large
amounts of energy’, which is not sustainable. As such, efforts to replace the
ASi produced from quartz sand by ASi from biomass (e.g., recycled crop
straw) is a more sustainable alternative (Fig. 5). Production of ASi from rice
biomass was shown to achieve a quality comparable with synthetic ASi
products”. Such ASi production from biomass requires less energy com-
pared to synthetic ASi production from quartz sand” but requires a
systems-based approach to production™ if it is to be sustainable. To avoid
tradeoffs between food and ASi production, biomass for ASi production
could come from non-food plants with large biomass and a very high
content of ASi™.

Another option to increase Si availability and ASi soil pool size is
through the use of silicate-solubilizing bacteria®. Various types of silicate
(e.g. quartz, magnesium silicate, and feldspar) have been reported to be
solubilized by silicate-solubilizing bacteria (Bacillus sp., Burkholderia sp.,
Enterobacter sp., Rhizobium yantingense, Bacillus globisporus, Rhizobium
tropici, Janthinobacterium sp., Acidobacillus sp., Pseudomonas stutzeri, and
Aminobacter sp.)'™'”. Silicate-solubilizing bacteria employ different
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Fig. 5 | Schematic overview of the proposed three-step transformation of con-
ventional agriculture to a Si-based crop production. Step 1: start of crop straw
recycling, soil application of synthetic ASi (produced with conventional energy) and
use of Si foliar fertilizers (produced with conventional energy); Step 2: continuing
crop straw recycling, soil application of synthetic ASi (produced with green energy)
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and use of Si foliar fertilizers (produced with green energy); Step 3: continuing crop
straw recycling to build up a biogenic ASi pool that will replace the synthetic ASi pool
in soils in the long-term, usage of Si foliar fertilizers produced with green energy.
Consequently, the consumption of mineral fertilizers and the use of pesticides can be
reduced stepwise. This figure was created using BioRender.com.

mechanisms, involving pH reduction by inorganic and organic acids, che-
lating metabolites, exopolysaccharides, and ligands'*™""". The release of both
organic and inorganic acids by silicate-solubilizing bacteria further
improves acidolysis.

Upon the restoration of ASi content and Si availability in agricultural
soils to the high levels present in unaffected natural soils, this high level of
reactive Si can be sustained by maximally closing the biogeochemical Si
cycling by biogenic ASi (straw) recycling in the long-term™ (Fig. 5). The
rebuilt of the biogenic ASi pool in agricultural soils by crop straw recycling
might also represent a promising tool for the long-term sequestration of
carbon and metal(loid)s (“heavy metals”) in these soils'".

Clearly, the pressure on transforming current agriculture towards
more sustainable and resilient practices is high. In line with the United
Nations Sustainable Development Goals, the European Union has devel-
oped the farm-to-fork strategy with concrete targets for agriculture until
2030 as part of the European Green Deal' "’ and different countries in Europe
such as Germany'" or Switzerland'"*'" have developed national strategies,
and policies towards these goals. Systems-based approaches are increasingly
fostered'”'"* and types of agriculture that build on comprehensive system
approaches such as agroecology are of particular interest in this regard™. Yet,
a more explicit consideration of ASi would further enhance the potential of
such approaches.

Conclusions and implications for future research
In this Perspective, we have highlighted the potential of a Si-improved
agriculture to produce resilient crops in a sustainable way, consistent with

the goal to not surpass planetary boundaries® regarding P resources and
water availability. Nevertheless, there are several open questions concerning
the economics, feasibility, and unintended negative consequences of re-
establishing Si cycles in farming systems and agricultural landscapes. With
current technologies, it is questionable if reactive Si can be brought to scale to
ensure an equitable and fair use of Earth’s resources across world regions'"”.
Critical knowledge gaps will require large investments in future research
that should include the following aspects:

(1) Experimental approaches on the addition of reactive Si in the field,
as well as experiments on fields with different initial availability of reactive Si
have to be established. This is crucial to better understand the effects of
reactive Si effects under a variety of field conditions.

(2) Observational and monitoring approaches, such as global and
regular surveys of reactive Si in agricultural soils and its relation to farming
systems performance are missing. This is important for broadening the
database on the relationship between reactive Si and sustainable agricultural
management.

(3) Synthesis studies mining available data on sustainability and resi-
lience of agricultural systems in relation to the availability of reactive Si need
to be performed. In parallel research is needed to evaluate how reactive Si
can be brought to scale in farmers’ fields and larger agricultural landscapes
and regions. Largely unknown, but important, is the effect of reactive Si on
the availability of nitrogen (N), as only few data exist suggesting an increased
N mobility due to reactive Si in peatlands'*’. In agricultural soils, the long-
term application of straw (biogenic ASi) has been found to reduce the need
for mineral N fertilization™.
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(4) The effects of reactive Si on greenhouse gas emissions and soil
carbon storage are not well understood yet, as most corresponding studies
were performed using saturated soils providing contradicting results™'"'**.

Important research questions are: (1) How does the optimal amount of
reactive Si vary across production environments and conditions to meet
both goals of improved P and improved water availability? For soils with a
large share of unavailable P, a strong increase in reactive Si may lead to P
availability exceeding the needs of crops, potentially increasing the risk of P
eluviation and subsequent eutrophication of aquatic systems. (2) What is the
optimal amount of reactive Si for different soil types, management practices,
crop types, and climatic conditions? (3) How do crop production systems
need to be designed to ensure sufficient long-term availability of reactive Si.
A considerably better understanding of the role of Si for sustainable and
resilient crop production can be obtained by making use of the already
existing wealth of data at the national, regional, and global level.

Data availability

No datasets were generated or analyzed during the current study.

Received: 16 July 2024; Accepted: 30 October 2024;
Published online: 05 December 2024

References

1. Gregory, P. J. & George, T. S. Feeding nine billion: the challenge to
sustainable crop production. J. Exp. Bot. 62, 5233-5239 (2011).

2. Vollset, S. E. et al. Fertility, mortality, migration, and population
scenarios for 195 countries and territories from 2017 to 2100: a
forecasting analysis for the Global Burden of Disease Study. Lancet
396, 1285-1306 (2020).

3. Hertel, T., Elouafi, I., Tanticharoen, M. & Ewert, F. Science And
Innovations For Food Systems Transformation. p. 207-215 (Springer
International Publishing Cham, 2023).

4. Neset, T. S. S. & Cordell, D. Global phosphorus scarcity:
identifying synergies for a sustainable future. J. Sci. Food Agric.
92, 2-6 (2012).

5. Blackwell, M., Darch, T. & Haslam, R. Phosphorus use efficiency and
fertilizers: future opportunities for improvements. Front. Agric. Sci.
Eng.-FASE 6, 332-340 (2019).

6. Richardson, K. et al. Earth beyond six of nine planetary boundaries.
Sci. Adv. 9, eadh2458 (2023).

7. Balemi, T. & Negisho, K. Management of soil phosphorus and plant
adaptation mechanisms to phosphorus stress for sustainable crop
production: a review. J. Soil Sci. Plant Nutr. 12, 547-562 (2012).

8. Fahad, S. et al. Crop production under drought and heat stress: plant
responses and management options. Front. Plant Sci. 8, 1147
(2017).

9. Michaelian, M., Hogg, E. H., Hall, R. J. & Arsenault, E. Massive
mortality of aspen following severe drought along the southern edge
of the Canadian boreal forest. Glob. Change Biol. 17, 2084-2094
(2011).

10. Lehner, B., Doll, P., Alcamo, J., Henrichs, T. & Kaspar, F. Estimating
the impact of global change on flood and drought risks in Europe: a
continental, integrated analysis. Clim. Change 75, 273-299 (2006).

11.  Allen, C. D. et al. A global overview of drought and heat-induced tree
mortality reveals emerging climate change risks for forests. Ecol.
Manag. 259, 660-684 (2010).

12. IPCC. Climate Change 2013: The Physical Science Basis.
Contribution of Working Group | to the Fifth Assessment Report of
the Intergovernmental Panel on Climate Change (Cambridge
University Press, Cambridge, 2013).

13. Nayyar, H., Kaur, S., Singh, S. & Upadhyaya, H. D. Differential
sensitivity of Desi (small-seeded) and Kabuli (large-seeded)
chickpea genotypes to water stress during seed filling: effects on
accumulation of seed reserves and yield. J. Sci. Food Agric. 86,
2076-2082 (2006).

14.

15.

16.

17.

18.

19.

20.

21.

22.

283.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Bodner, G., Nakhforoosh, A. & Kaul, H.-P. Management of crop
water under drought: a review. Agron. Sustain. Dev. 35, 401-442
(2015).

Osakabe, Y., Osakabe, K., Shinozaki, K. & Tran, L.-S. P. Response of
plants to water stress. Front. Plant Sci. 5, 86 (2014).

Kalkuhl, M., Von Braun, J. & Torero, M. Food Price Volatility And
Its Implications For Food Security And Policy. p. 3-31 (Springer,
2016).

Anjum, S. A. et al. Morphological, physiological and biochemical
responses of plants to drought stress. Afr. J. Agric. Res. 6,
2026-2032 (2011).

Farooq, M., Wahid, A., Kobayashi, N., Fuijita, D. & Basra, S.
Sustainable agriculture. p. 153-188 (Springer, 2009).

Gupta, A., Rico-Medina, A. & Cafio-Delgado, A. |. The physiology of
plant responses to drought. Science 368, 266-269 (2020).

Basu, S., Ramegowda, V., Kumar, A. & Pereira, A. Plant adaptation to
drought stress. F1000Research 5, 1-10 (2016).

Artyszak, A. Effect of silicon fertilization on crop yield quantity and
quality—a literature review in Europe. Plants 7, 54 (2018).

Coskun, D., Britto, D. T., Huynh, W. Q. & Kronzucker, H. J. The role of
silicon in higher plants under salinity and drought stress. Front. Plant
Sci. 7, 1072 (2016).

Puppe, D., Kaczorek, D., Schaller, J., Barkusky, D. & Sommer, M.
Crop straw recycling prevents anthropogenic desilication of
agricultural soil-plant systems in the temperate zone — Results from a
long-term field experiment in NE Germany. Geoderma 403, 115187
(2021).

Schaller, J., Puppe, D., Kaczorek, D., Ellerbrock, R. & Sommer, M.
Silicon cycling in soils revisited. Plants 10, 295 (2021).

Gong, H. J., Chen, K. M., Chen, G. C., Wang, S. M. & Zhang, C. I.
Effects of silicon on growth of wheat under drought. J. Plant Nutr. 26,
1055-1063 (2003).

Hattori, T. et al. Application of silicon enhanced drought tolerance in
Sorghum bicolor. Physiol. Plant. 123, 459-466 (2005).

Chen, W, Yao, X., Cai, K. & Chen, J. Silicon alleviates drought stress
of rice plants by improving plant water status, photosynthesis and
mineral nutrient absorption. Biol. Trace Elem. Res. 142, 67-76
(2011).

Ibrahim, M. A., Merwad, A.-R. M. & EInaka, E. A. Rice (Oryza SativaL.)
tolerance to drought can be improved by silicon application.
Commun. Soil Sci. Plant Anal. 49, 945-957 (2018).

Alzahrani, Y., Kusvuran, A., Alharby, H. F., Kusvuran, S. & Rady, M. M.
The defensive role of silicon in wheat against stress conditions
induced by drought, salinity or cadmium. Ecotoxicol. Environ. Safe
154, 187-196 (2018).

Johnson, S. N., Chen, Z.-H., Rowe, R. C. & Tissue, D. T. Field
application of silicon alleviates drought stress and improves water
use efficiency in wheat. Front. Plant Sci. https://doi.org/10.3389/
fpls.2022.1030620 (2022).

Schaller, J. et al. Silica fertilization improved wheat performance and
increased phosphorus concentrations during drought at the field
scale. Sci. Rep. 11, 20852 (2021).

Schaller, J. et al. Increased wheat yield and soil C stocks after silica
fertilization at the field scale. Sci. Total Environ. 887, 163986 (2023).
Liang, Y., Nikolic, M., Bélanger, R., Gong, H. & Song, A. Silicon in
Agriculture (Springer, 2015).

Jacquet, F. et al. Pesticide-free agriculture as a new paradigm for
research. Agron. Sustain. Dev. 42, 8 (2022).

Ma, J. F. & Yamaji, N. A cooperative system of silicon transport in
plants. Trends Plant Sci. 20, 435-442 (2015).

von Braun, J., Afsana, K., Fresco, L. O. & Hassan, M. H. A. Science
and innovations for food systems transformation. p. 3-9 (Springer
International Publishing Cham, 2023).

Hlpe. Food security and nutrition: building a global narrative towards
2030. Report by the High Level Panel of Experts on Food Security

npj Sustainable Agriculture | (2024)2:27


https://doi.org/10.3389/fpls.2022.1030620
https://doi.org/10.3389/fpls.2022.1030620
https://doi.org/10.3389/fpls.2022.1030620
www.nature.com/npjsustainagric

https://doi.org/10.1038/s44264-024-00035-z

Perspective

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

and Nutrition of the Committee on World Food Security, Rome
(2020).

Ewert, F., Baatz, R. & Finger, R. Agroecology for a sustainable
agriculture and food system: from local solutions to large-scale
adoption. Annu. Rev. Resour. Econ. 15, 351-381 (2023).

Weber, H. et al. What are the ingredients for food systems change
towards sustainability? —Insights from the literature. Environ. Res.
Lett. 15, 113001 (2020).

Markard, J., Raven, R. & Truffer, B. Sustainability transitions: an
emerging field of research and its prospects. Res. Policy 41,
955-967 (2012).

Vitousek, P. M., Porder, S., Houlton, B. Z. & Chadwick, O. A.
Terrestrial phosphorus limitation: Mechanisms, implications, and
nitrogen-phosphorus interactions. Ecol. Appl. 20, 5-15 (2010).
Elser, J. J. Phosphorus: a limiting nutrient for humanity? Curr. Opin.
Biotechnol. 23, 833-838 (2012).

Sharpley, A. N. et al. Managing agricultural phosphorus for
protection of surface waters: Issues and options. J. Environ. Qual.
23, 437-451 (1994).

Lemmermann, O. & Wiessmann, H. Die ertragssteigernde Wirkung
der Kieselséure bei unzureichender Phosphorsaureernahrung der
Pflanzen. Z. fiir. Pflanzenerndhrung und Diingung, A:
Wissenschatftlicher Teil 1, 185-246 (1922).

Lemmermann, O., WieBmann, H. & Lemmermann, O. Weitere
Versuche Uber die ertragssteigernde Wirkung der Kieselsdure bei
unzureichender Phosphorsaurediingung. Z. fiir Pflanzenerndhrung
und Diingung, A: Wissenschaftlicher Teil 3, 185-197 (1924).

Ma, J. F. & Takahashi, E. Effect of silicate on phosphate availability
for rice in a P-deficient soil. Plant Soil 133, 151-155 (1991).

Neu, S., Schaller, J. & Dudel, E. G. Silicon availability modifies
nutrient use efficiency and content, C:N:P stoichiometry, and
productivity of winter wheat (Triticum aestivum L.). Sci. Rep. 7,
40829 (2017).

Schaller, J. et al. Silicon increases the phosphorus availability of
Arctic soils. Sci. Rep. 9, 449 (2019).

Schaller, J. et al. Silicon as a potential limiting factor for phosphorus
availability in paddy soils. Sci. Rep. 12, 16329 (2022).

Hiemstra, T. Ferrihydrite interaction with silicate and competing
oxyanions: geometry and hydrogen bonding of surface species.
Geochim. Cosmochim. Acta 238, 453-476 (2018).

Dietzel, M. Water-Rock Interaction (eds Ingrid Stober & Kurt Bucher)
207-235 (Springer Netherlands, 2002).

Schaller, J., Cramer, A., Carminati, A. & Zarebanadkouki, M.
Biogenic amorphous silica as main driver for plant available water in
soils. Sci. Rep. 10, 2424 (2020).

Jackson, N. D., Konar, M., Debaere, P. & Sheffield, J. Crop-specific
exposure to extreme temperature and moisture for the globe for the
last half century. Environ. Res. Lett. 16, 064006 (2021).

IPCC. Climate Change 2021: The Physical Science Basis.
Contribution of Working Group | to the Sixth Assessment Report of
the Intergovernmental Panel on Climate Change. Climate Change. p.
236 (2021).

Ciscar, J.-C. et al. Physical and economic consequences of
climate change in Europe. Proc. Natl Acad. Sci. USA 108,
2678-2683 (2011).

Webber, H. et al. Diverging importance of drought stress for maize
and winter wheat in Europe. Nat. Commun. 9, 1-10 (2018).
Meunier, J. D. et al. Effect of phytoliths for mitigating water stress in
durum wheat. N. Phytol. 215, 229-239 (2017).

Rizwan, M. et al. Mechanisms of silicon-mediated alleviation of
drought and salt stress in plants: a review. Environ. Sci. Pollut. Res.
22, 15416-15431 (2015).

Vandegeer, R. K. et al. Silicon deposition on guard cells increases
stomatal sensitivity as mediated by K+ efflux and consequently
reduces stomatal conductance. Physiol. Plant. 1-13 (2020).

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Cheraghi, M. et al. Application of silicon improves rhizosheath
formation, morpho-physiological and biochemical responses of
wheat under drought stress. Plant Soil https://doi.org/10.1007/
s11104-024-06584-z (2024).

Kuhla, J., Pausch, J. & Schaller, J. Effect on soil water availability,
rather than silicon uptake by plants, explains the beneficial effect of
silicon on rice during drought. Plant Cell Environ. 44, 3336-3346
(2021).

Schaller, J., Frei, S., Rohn, L. & Gilfedder, B. S. Amorphous silica
controls water storage capacity and phosphorus mobility in soils.
Front. Environ. Sci. https://doi.org/10.3389/fenvs.2020.00094
(2020).

Zarebanadkouki, M., Hosseini, B., Gerke, H. H. & Schaller, J.
Amorphous silica amendment to improve sandy soils’ hydraulic
properties for sustained plant root access under drying conditions.
Front. Environ. Sci. 10, 935012 (2022).

Tuller, M., Or, D. & Dudley, L. M. Adsorption and capillary condensation
in porous media: Liquid retention and interfacial configurations in
angular pores. Water Resour. Res. 35, 1949-1964 (1999).
Zarebanadkouki, M., Al Hamwi, W., Abdalla, M., Rahnemaie, R. &
Schaller, J. The effect of amorphous silica on soil-plant-water
relations in soils with contrasting textures. Sci. Rep. 14, 10277
(2024).

Guntzer, F., Keller, C. & Meunier, J.-D. Benefits of plant silicon for
crops: a review. Agron. Sustain. Dev. 32, 201-213 (2011).

Coskun, D. et al. The controversies of silicon’s role in plant biology.
N. Phytol. 221, 67-85 (2019).

Van Bockhaven, J., De Vleesschauwer, D. & Hofte, M. Towards
establishing broad-spectrum disease resistance in plants: silicon
leads the way. J. Exp. Bot. 64, 1281-1293 (2013).

Puppe, D. & Sommer, M. Experiments, uptake mechanisms, and
functioning of silicon foliar fertilization — Areview focusing on maize,
rice, and wheat. Advances in Agronomy 152, 1-49 (Elsevier, 2018).
Leusch, H.-J. Untersuchungen zum Einfluss von Bodenbehandlungen
mit Hittenkalk und Natriumtrisilikat sowie von Spritzbehandlungen mit
Silizium-reichen Verbindungen auf den Befall von Weizen und Gerste
mit pilzlichen Krankheitserregern (1986).

Knight, N. & Sutherland, M. Histopathological assessment of wheat
seedling tissues infected by Fusarium pseudograminearum. Plant
Pathol. 62, 679-687 (2013).

Hartley, S. E. & DeGabiriel, J. L. The ecology of herbivore-induced
silicon defences in grasses. Funct. Ecol. 30, 1311-1322 (2016).
Johnson, S. N., Hartley, S. E. & Moore, B. D. Silicon defence in plants:
does herbivore identity matter? Trends Plant Sci. 26, 99-101 (2021).
Massey, F. P., Ennos, A. R. & Hartley, S. E. Herbivore specific
induction of silica-based plant defences. Oecologia 152, 677-683
(2007).

Yamaiji, N., Sakurai, G., Mitani-Ueno, N. & Ma, J. F. Orchestration of
three transporters and distinct vascular structures in node for
intervascular transfer of silicon inrice. Proc. Natl Acad. Sci. USA 112,
11401-11406 (2015).

Exley, C. A possible mechanism of biological silicification in plants.
Front. Plant Sci. 6, 853 (2015).

Chérif, M., Menzies, J. G., Benhamou, N. & Bélanger, R. R. Studies of
silicon distribution in wounded and Pythium ultimum infected
cucumber plants. Physiol. Mol. Plant Pathol. 41, 371-385 (1992).
Liang, Y. C., Sun, W. C., Si, J. & Romheld, V. Effects of foliar- and
root-applied silicon on the enhancement of induced resistance to
powdery mildew in Cucumis sativus. Plant Pathol. 54, 678-685
(2005).

Li,Y.C., Bi,Y.,Ge, Y. H., Sun, X. J. & Wang, Y. Antifungal activity of
sodium silicate on Fusarium sulphureum and its effect on dry rot of
potato tubers. J. Food Sci. 74, M213-M218 (2009).

Kaiser, C., Van der Merwe, R., Bekker, T. & Labuschagne, N. In-vitro
inhibition of mycelial growth of several phytopathogenic fungi,

npj Sustainable Agriculture | (2024)2:27


https://doi.org/10.1007/s11104-024-06584-z
https://doi.org/10.1007/s11104-024-06584-z
https://doi.org/10.1007/s11104-024-06584-z
https://doi.org/10.3389/fenvs.2020.00094
https://doi.org/10.3389/fenvs.2020.00094
www.nature.com/npjsustainagric

https://doi.org/10.1038/s44264-024-00035-z

Perspective

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

including Phytophthora cinnamomi by soluble silicon. South Afr.
Avocado Grow.’ Assoc. Yearb. 28, 70-74 (2005).

Menzies, J., Bowen, P., Ehret, D. & Glass, A. D. Foliar applications of
potassium silicate reduce severity of powdery mildew on cucumber,
muskmelon, and zucchini squash. J. Am. Soc. Hortic. Sci. 117,
902-905 (1992).

Rachappanavar, V. et al. Silicon derived benefits to combat biotic
and abiotic stresses in fruit crops: Current research and future
challenges. Plant Physiol. Biochem. 211, 108680 (2024).

Welbaum, G. E., Sturz, A. V., Dong, Z. & Nowak, J. Managing soil
microorganisms to improve productivity of agro-ecosystems. Crit.
Rev. Plant Sci. 23, 175-193 (2004).

Lewin, S., Schaller, J., Kolb, S. & Francioli, D. Amorphous silica
fertilization ameliorated soil properties and promoted putative soil
beneficial microbial taxa in a wheat field under drought. Appl. Soil
Ecol. 196, 105286 (2024).

Das, S., Lee, J. G., Song, H. J. & Kim, P. J. Silicate fertilizer
amendment alters fungal communities and accelerates soil organic
matter decomposition. Front. Microbiol. 10, 494713 (2019).

Das, S. et al. Soil microbial response to silicate fertilization reduces
bioavailable arsenic in contaminated paddies. Soil Biol. Biochem.
159, 108307 (2021).

Song, A. et al. Supplying silicon alters microbial community and
reduces soil cadmium bioavailability to promote health wheat
growth and yield. Sci. Total Environ. 796, 148797 (2021).

Leite, M. R. L. et al. Silicon application influences the prokaryotic
communities in the rhizosphere of sugarcane genotypes. Appl. Soil
Ecol. 187, 104818 (2023).

Korndérfer, G., Snyder, G., Ulloa, M., Powell, G. & Datnoff, L.
Calibration of soil and plant silicon analysis for rice production. J.
Plant Nutr. 24, 1071-1084 (2001).

Klotzbiicher, T. et al. Plant-available silicon in paddy soils as a key
factor for sustainable rice production in Southeast Asia. Basic Appl.
Ecol. 16, 665-673 (2014).

Tubana, B. S., Babu, T. & Datnoff, L. E. A review of silicon in soils and
plants and its role in US agriculture: history and future perspectives.
Soil Sci. 181, 393-411 (2016).

Guntzer, F., Keller, C. & Meunier, J.-D. Benefits of plant silicon for
crops: a review. Agron. Sustain. Dev. 32, 201-213 (2012).

Li, Z. & Delvaux, B. Phytolith-rich biochar: a potential Si fertilizer in
desilicated soils. GCB Bioenergy 11, 1264-1282 (2019).
Evonik-Industries. Aerosil - Fumed Silica Technical Overview (Evonik
Ind., 2018).

Belton, D. J., Deschaume, O. & Perry, C. C. An overview of the
fundamentals of the chemistry of silica with relevance to biosilicification
and technological advances. FEBS J. 279, 1710-1720 (2012).
Errington, E., Guo, M. & Heng, J. Y. Synthetic amorphous silica:
environmental impacts of current industry and the benefit of
biomass-derived silica. Green Chem. 25, 4244-4259 (2023).

Bakar, R. A., Yahya, R. & Gan, S. N. Production of high purity
amorphous silica from rice husk. Procedia Chem. 19, 189-195
(2016).

Hodson, M. J., White, P. J., Mead, A. & Broadley, M. R. Phylogenetic
variation in the silicon composition of plants. Ann. Bot. 96,
1027-1046 (2005).

Etesami, H. & Schaller, J. Improving phosphorus availability to
rice through silicon management in paddy soils: a review of the
role of silicate-solubilizing bacteria. Rhizosphere 27, 100749
(2023).

Vasanthi, N., Saleena, L. M. & Raj, S. A. Silica solubilization potential
of certain bacterial species in the presence of different silicate
minerals. Silicon 10, 267-275 (2018).

Lee, K.-E. et al. Isolation and characterization of the high silicate and
phosphate solubilizing novel strain enterobacter ludwigii GAK2 that
promotes growth in rice plants. Agronomy 9, 144 (2019).

102.

108.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.
116.

117.

118.

119.

120.

121.

122.

Sheng, X. F., Zhao, F., He, L. Y., Qiu, G. & Chen, L. Isolation and
characterization of silicate mineral-solubilizing Bacillus globisporus
Q12 from the surfaces of weathered feldspar. Can. J. Microbiol. 54,
1064-1068 (2008).

Huang, Z., He, L., Sheng, X. & He, Z. Weathering of potash feldspar
by Bacillus sp. L11. Wei Sheng Wu Xue Bao= Acta Microbiol. Sin. 53,
1172-1178 (2013).

Umamaheswari, T. et al. Silica as biologically transmutated source
for bacterial growth similar to carbon. Matters Arch. 2,
201511000005 (2016).

Wang, R.R., Wang, Q., He, L. Y., Qiu, G. & Sheng, X. F. Isolation and the
interaction between a mineral-weathering Rhizobium tropici Q34 and
silicate minerals. World J. Microbiol. Biotechnol. 31, 747-753 (2015).
Kang, S.-M. et al. Isolation and characterization of a novel silicate-
solubilizing bacterial strain Burkholderia eburnea CS4-2 that
promotes growth of japonica rice (Oryza sativa L. cv. Dongjin). Soil
Sci. Plant Nutr. 63, 233-241 (2017).

Oulkadi, D. et al. Interactions of three soil bacteria species with
phyllosilicate surfaces in hybrid silica gels. FEMS Microbiol. Lett.
354, 37-45 (2014).

Perkebunan, M. Solubilization of silicatefrom quartz mineral by
potential silicate solubilizing bacteria. Menara Perkeb. 85, 95-104
(2017).

Chen,W., Luo, L., He, L.-Y.,Wang, Q. & Sheng, X.-F. Distinct mineral
weathering behaviors of the novel mineral-weathering strains
Rhizobium yantingense H66 and Rhizobium etli CFN42. Appl.
Environ. Microbiol. 82, 4090-4099 (2016).

Wang, Q., Sheng, X.-F., He, L.-Y. & Shan, Y. Improving bio-
desilication of a high silica bauxite by two highly effective silica-
solubilizing bacteria. Miner. Eng. 128, 179-186 (2018).
Chandrakala, C., Voleti, S. R., Bandeppa, S., Sunil Kumar, N. &
Latha, P. C. Silicate solubilization and plant growth promoting
potential of rhizobium sp. isolated from rice rhizosphere. Silicon 11,
2895-2906 (2019).

Puppe, D., Kaczorek, D., Stein, M. & Schaller, J. Silicon in plants:
alleviation of metal (loid) toxicity and consequential perspectives for
phytoremediation. Plants 12, 2407 (2023).

Commission, E. Farm to fork strategy: for a fair, healthy and
environmentally-friendly food system. Commun. Comm. Eur. Parliam.
Counc. Eur. Econ. Soc. Comm. Comm. Reg. 381, 1-9 (2020).
Lampkin, N., Schwarz, G. & Bellon, S. Policies for agroecology in
Europe, building on experiences in France, Germany and the United
Kingdom. Landbauforsch. J. Sustain. Org. Agric. Syst. 70, 103-112
(2020).

Bundesrat (Rep., Schweiz. Eidgenoss. Bern, Schweiz, 2022).
BLW-Bundesamt_Landwirtirtschaft. (Rep., Swiss Fed. Off. Agric.
(FOAG), Bern, Switzerland, 2020).

Ingram, J. A food systems approach to researching food security
and its interactions with global environmental change. Food Secur.
3, 417-431 (2011).

Pingault, N. et al. Nutrition and food systems. A report by the High
Level Panel of Experts on Food Security and Nutrition of the
Committee on World Food Security (2017).

Rockstrém, J. et al. Safe and just Earth system boundaries. Nature
619, 102-111 (2023).

Reithmaier, G. M. S., Knorr, K. H., Arnhold, S., Planer-Friedrich, B. &
Schaller, J. Enhanced silicon availability leads to increased methane
production, nutrient and toxicant mobility in peatlands. Sci. Rep. 7,
8728 (2017).

Stimmler, P. et al. The importance of calcium and amorphous silica for
arctic soil CO, production. Front. Environ. Sci. 10, 1019610 (2022).
Hoémberg, A., Broder, T., Schaller, J. & Knorr, K.-H. Methane fluxes
but not respiratory carbon dioxide fluxes altered under Si
amendment during drying-rewetting cycles in fen peat mesocosms.
Geoderma 404, 115338 (2021).

npj Sustainable Agriculture | (2024)2:27


www.nature.com/npjsustainagric

https://doi.org/10.1038/s44264-024-00035-z

Perspective

123. Ma, J. F. & Yamaji, N. Silicon uptake and accumulation in higher
plants. Trends Plant Sci. 11, 392-397 (2006).

124. Mitani-Ueno, N. & Ma, J. F. Linking transport system of silicon with
its accumulation in different plant species. Soil Sci. Plant Nutr. 67,
10-17 (2021).

125. Mitani-Ueno, N. et al. A silicon transporter gene required for healthy
growth of rice on land. Nat. Commun. 14, 6522 (2023).

126. Zexer, N., Kumar, S. & Elbaum, R. Silica deposition in plants:
Scaffolding the mineralization. Ann. Bot. https://doi.org/10.1093/
aob/mcad056 (2023).

Acknowledgements

We thank the Leibniz Centre for Agricultural Landscape Research (ZALF) for
funding this work.

Author contributions

J.S. had the idea. J.S., H.W., and D.P. wrote the first draft of the manuscript
with contributions from F.E. and M.S. All authors discussed and commented
on the manusctipt.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests
The authors declare no competing interests.

Additional information

Correspondence and requests for materials should be addressed to
Jorg Schaller.

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

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

Open Access This article is licensed under a Creative Commons
Attribution 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 Creative 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/.

© The Author(s) 2024, corrected publication 2024

npj Sustainable Agriculture | (2024)2:27


https://doi.org/10.1093/aob/mcad056
https://doi.org/10.1093/aob/mcad056
https://doi.org/10.1093/aob/mcad056
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
www.nature.com/npjsustainagric

	The transformation of agriculture towards a silicon improved sustainable and resilient crop production
	Increased phosphorus availability by Si
	Si reduces drought impacts
	Pathogen control in crop production by Si
	Towards a Si-improved sustainable and resilient crop production
	Conclusions and implications for future research
	Data availability
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Additional information




