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Abstract

Selenium (Se) is an essential trace element in animals and humans, usually acquired via
nutrition and thus often dependent on the Se content of the soil from where the food
crops originate. The uneven distribution of Se in soils may therefore result in regional Se
deficiencies, often further exacerbated due to climate change and its subsequent effects
on Se speciation (i.e., the chemical forms in which Se occurs) and the element’s mobility.
In recent years, biofortification has emerged as a promising approach to address this
issue. This review provides an overview of how climate-driven changes in Se cycling
influence soil Se availability and discusses the resulting implications for plant resilience,
crop biofortification and dietary Se supply. Although plants do not require Se per se,
an increased Se content of plants may improve their yields, antioxidant defences, and
tolerance to various—climate (change)-related—stresses such as drought, salinity, and
oxidative stress at low concentrations. So far, selenite (SeO32~) and selenate (SeO,% ") are
the most commonly employed Se species in agriculture, often via foliar and soil applications,
and due to their excellent solubility in water are subject to leaching or other weather-related
limitations. Alternative Se compounds, such as Se nanoparticles (SeNPs) and selenium
sulfide (SeS,) present promising approaches that may enable a more controlled Se release in
soils. Nonetheless, their long-term agronomic performance and environmental behaviour
require further investigations.

Keywords: biofortification; climate change; food chain transfer; selenium deficiency;
soil selenium

1. Introduction

Modern human activities have triggered a rapid climate change at a rate that has been
unprecedented during the last 2000 years, each of the last decades becoming successively
warmer than the decade before [1]. Besides causing frequent disasters such as storms
and wildfires, temperature rises and subsequent changes in climate conditions have also
influenced the available soil content of macro- and micronutrients such as selenium (Se).
Selenium exists in soil in inorganic (Se?~, SeY, Se052~, Se0,42 ™) and organic forms including
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methyl selenides, trimethylselenonium ions, and selenium-containing amino acids [2,3].
Heavy rainfall, for instance, tends to decrease Se concentrations in soils by intensifying the
leaching of soluble forms, while prolonged dryness (high aridity index) creates oxidizing
conditions which favour the formation of mobile oxyanions such as selenite (SeO3%27) and
selenate (SeO427) [4]. These oxyanions are readily washed out during subsequent wet
periods. Global modelling studies suggest that under moderate climate scenarios, roughly
two-thirds of the world’s croplands could lose a mean of 8.7% of their Se content by the
end of the century [5]. The most severe reductions in Se content in soil are expected in
intensively farmed regions characterized by high soil pH and low clay content. Changing
soil moisture, rising aridity, and warming-induced increases in soil respiration may further
accelerate volatilization and the release of Se. Although the model did not distinguish
between individual crop species, declining soil Se concentrations may ultimately reduce Se
levels in food crops and thereby affect plant resilience as well as the nutrition of animals
and humans consuming these plants [4-6].

Notably, several regions worldwide, including temperate humid to sub-humid regions
of China as well as large areas of Europe, the United States, and Canada, already suffer
from Se deficiency. In British Columbia, Canada, for instance, low Se concentrations
have been reported in corn silage, barley, oats, grasses, legumes and, less frequently,
wheat [7-9]. To deal with Se deficiency in crop plants, most strategies to date have relied on
fortification approaches through soil, in hydroponic cultures or through foliar application
with soluble oxyanions, such as SeO32~ and SeO,?~, although the efficiency of these
methods remains questionable due to leaching and other soil processes that reduce long-
term availability [10-13].

Interestingly, Se fortification of soil does not solely benefit populations with Se defi-
ciency. Although most plants are not considered strictly dependent on Se for survival, low
concentrations of Se can bring significant benefits to them as Se influences fundamental
physiological processes in many plants, including improving water status, respiratory
efficiency, and photosynthetic performance [14,15]. In addition to higher crop yields and
performance, Se also strengthens antioxidant defence systems, enabling plants to better
withstand oxidative damage—and such an enhanced redox capacity even translates into
increased tolerance against a wide spectrum of stresses, including drought, salinity, intense
light, and heavy metal exposure [15,16].

In humans, as well as in livestock, Se takes on diverse biological functions, most
notably in antioxidant defence, thyroid hormone production and activation, cancer pre-
vention, immune system regulation, glucose metabolism, and modulation of gut micro-
biota [5,17,18]. Its deficiency is closely linked to an impaired immune function and an
increased susceptibility to infections, and, in the case of a prolonged insufficiency, disorders
such as Kashin—-Beck disease and Keshan disease, as well as an increased risk of AIDS,
cancer, cardiovascular disease, inflammatory bowel disease, infertility and reproductive
problems [19,20]. It is estimated that between 500 million and 1 billion people worldwide
have insufficient intakes of Se, underlining the importance of Se in soil and its influence
on human health [21]. While selenium deficiency in humans and livestock can be reme-
died through supplementation, for instance via selenium-rich yeast, Na;SeO3 or NaySeOy
added to table salt, or selenocysteine (SeCys)- and selenomethionine (SeMet)-containing
multivitamin—-multimineral preparations, agronomic biofortification of crops offers the
additional advantage of simultaneously enhancing plant resilience and growth [22-24].
Furthermore, biofortification of crops, in contrast to human supplementation regimes, also
makes it easier to address Se deficiency in older, rural and low-income populations, since it
does not require compliance and eventually is also more cost effective [23].
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Rather than focusing solely on Se fortification strategies, this review therefore aims
to address the impact of climate change on the Se cycle and to highlight the resulting
consequences for plant resilience, crop fortification, and dietary Se supply. By integrat-
ing environmental, agricultural, and nutritional perspectives, this review is an attempt
to provide a broader overview for understanding the role of Se biofortification under
changing climatic conditions. The agronomic efficiency and environmental limitations of
different fortification approaches are compared, and selenium sulfide (SeS,) is discussed as
a promising, yet still largely unexplored, alternative strategy that may enable more effective
and sustained release of both Se and S over time.

2. The Impact of Climate Change on Se Deficiency in Soil and Se
Bioavailability

The geological source of Se is the primary factor determining its status in the surface
soil, although atmospheric deposition these days also plays a role, contributing up to
85% of the annual selenium influx in top soil—corresponding to 0.04-0.23 mg Se m 2
Per year [25,26]. The majority of the rock-types around the world consists of low-Se
rocks (0.05-0.09 mg Se kg~ 1), subsequently also accounting for a low Se content of most
soils [27]. Apart from a few regions with exceptionally high Se contents in soil, such as
in the Midwestern states of the USA and around Limerick in Ireland, very low to low
Se contents, corresponding to the concentrations of <0.125 mg kg~ ! and 0.125-0.175 mg
kg1, respectively, are found across expansive domains of the United States, eastern South
America, Europe, Africa, eastern Asia, and Australia [28,29].

In the future, this already low level of Se in most soils may even decrease further due
to climate change. According to the report of Intergovernmental Panel on Climate Change
(IPCC) in 2021, an average global increase of 1.5 °C in temperature is predicted until 2040,
which can culminate in decreased Se levels in soils by speeding volatilization and changing
Se speciation and /or mobility [30]. Not surprisingly, the influence of temperature on the
Se content of soil has been investigated for many years. In 1990, Calderone et al. reported
that increasing the incubation temperature of sediment samples from 15 °C to 35 °C for
20 weeks enhanced Se volatilization by stimulating microbial activity in alkaline soil rich
in organic matter. This process involves the microbial conversion of inorganic Se into
volatile alkyl selenides, including dimethyl selenide [31]. Similarly, repeated freeze-thaw
cycles in regions such as Antarctica increase available organic material and consequently
also the microbial activity which can induce one- to four-fold increases in the rate of Se
volatilization [32].

Importantly, climate change is not limited to higher temperatures alone; it can also in-
tensify the global water cycle, i.e., causing intense rainfall and associated flooding in humid
regions, such as South and Southeast Asia and intense drought periods in many subtropi-
cal, semi-arid and already dry regions, such as the Mediterranean Basin and Sub-Saharan
Africa. Evapotranspiration—the loss of water from land to atmosphere via evaporation
from soil and transpiration from plant tissues—as well as decreased precipitation patterns
are two major drivers causing exacerbated droughts in such areas [30,33]. Under changing
climatic conditions, both prolonged droughts and heavy rainfalls can increase the mobi-
lization and subsequent loss of Se from soils. The argument that droughts mobilize Se
may seem counterintuitive at first, yet this is due to the special chemistry of Se and its
quite soluble oxyanions [34]. Additionally, during periods of drought, evapotranspiration
leads to increased uptake of Se by plants, where it is subsequently volatilized. Therefore,
the aridity index, calculated as the ratio of potential evapotranspiration to precipitation,
strongly influences Se concentrations in soils. An increased aridity index is associated with
dryness and aeration of the soils, leading to the oxidation of Se species and the formation of
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oxyanions, such as Se032~ and SeO42~ [5]. These more-oxidized oxyanions have a higher
solubility and mobility in soil, resulting in leaching in the subsequent precipitation events
and loss of Se, especially during high precipitation periods [35].

Consistent with these relationships, selenium-deficient soils in northeastern Brazil are
predominantly associated with semi-arid regions, highlighting climate and pedogenesis as
decisive factors for the availability of Se in the soil [36]. Similarly, precipitation gradients in
Hawaii demonstrate that the amount of precipitation significantly influences Se speciation
and mobility, with both arid conditions and excessive rainfall favouring Se remobilization
as well as losses via leaching [37].

As for the extent of Se loss in soil due to climate change, the predictive model intro-
duced by Jones et al., which is based on the analysis of 33,241 global soil samples, suggests
that the global mean of soil Se for the period of 1980-1999, namely 0.322 mg kg ! (close
to the reported global value of 0.4 mg kg™ 1), is going to decline by 8.4% on average in
2080-2099 under moderate climate change, with 66% of croplands losing 8.7% Se [5]. Other
machine learning models, such as Lin-SVR and MLP, have been used to predict changes
more precisely on a smaller scale for regions such as Europe, with gradients of climate, soil
organic carbon and atmospheric Se deposition as prediction factors. Based on these models,
Se concentrations in Scandinavian soils are projected to increase by up to approximately
5%, partly driven by evapotranspiration, whereas Mediterranean soils may experience
decreases of a similar magnitude due to increasing aridity and associated Se losses by
2100 [4].

As briefly mentioned at the beginning of the section, another important factor govern-
ing the concentration of Se in soil is the atmospheric level of Se which is deposited onto
the Earth’s surface by precipitation. A study by Feinberg et al. employed a global aerosol-
chemistry—climate model to estimate Se deposition from 2005 to 2009, and to project future
deposition patterns for 2095-2099 [26]. For the period between 2005 and 2009 the model
predicted hotspots with up to >1 mg m~2 per year of Se deposition over large oceanic
areas as a result of volatile marine biogenic emissions, as well as over East Asia, eastern
Europe, and the eastern US, i.e., regions associated with high anthropogenic Se emissions
originating from, for instance, fossil fuel combustion and industrial processes [26]. Notably,
these regions largely overlap with areas historically affected by elevated S deposition and
acid rain, reflecting the common influence of industrial and energy-related atmospheric
emissions [38,39]. Based on the model proposed by Feinberg et al., Se deposition approxi-
mately doubled between the 1980s and 2000s in China and India, which aligns with the
economic upturn and the resulting increase in coal combustion in these areas [26,40]. In-
deed, experimental findings on the soil of Hainan Island, a city with higher Se content
compared to the baseline value of Chinese soil, are in agreement with the results of the
predictive model and even introduce wet depositing and precipitation as a critical source
for high Se content in this region [41]. Although the majority of Se in the soil ultimately
originates from geological parent material as a long-term source, Yu et al. and Song et al.
highlighted that atmospheric deposition constitutes a significant current source of Se input
into the topsoil in parts of China, and thus can significantly influence present-day Se avail-
ability [25,42]. In contrast, dry areas such as eastern ocean basins and the Sahara are rather
low in Se deposition.

So where does this Se in the atmosphere originate from? As mentioned before, soil and
marine microorganisms are able to generate volatile organic Se compounds (VOSeC), and,
more recently, burning fossil fuels has become another major source of volatile Se in the
atmosphere (Figure 1). Yet since the 1980s, the overall anthropogenic emissions of sulfur
have decreased in North America and Europe as a consequence of moving away from
coal energy towards renewable sources. Due to the chemical similarities between S and
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Se, particularly their co-emission in high-temperature combustion processes, Se emissions
have also decreased in parallel during this period. Consequently, the global Se deposition
is projected to decrease further by the end of the twenty-first century compared to the
2005-2009 period [26].
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Figure 1. A conceptual model for global Se cycling. Adapted from Reynolds and Pilon-Smiths and
generated using Canva and PowerPoint [43]. The arrows in orange indicate processes that involve
oxidation, while the green arrows indicate reduction. Se enters the atmosphere mainly as SeO, from
coal combustion and volcanic activity. In the atmosphere, it dissolves in moisture and is oxidized to
selenate, which is deposited into soils via precipitation. In soils and groundwater, Se can be reduced
again to selenite and subsequently re-enter the surface environment through irrigation or uptake by
plants, the latter converting inorganic Se into organic Se compounds. Se can further be transported
into rivers, lakes, and oceans, where it becomes accumulated and volatilized by aquatic organisms.
Additional selenium sources in soils include mining activities and the weathering of rocks.

Notably, there may be some exceptions, such as areas over the eastern Pacific and
Southern Ocean, that are predicted to experience a rise in Se deposition caused by changes
in precipitation and heightened marine biogenic emissions due to the decline of sea ice.
As the deposition to agricultural soils in the Southern Hemisphere is less influenced by
anthropogenic emissions, Se deposition over Africa, Australia, and South America is likely
to decrease modestly in the future, ranging in decreases from 3 to 25% while deposition
on agricultural soil in Asia, North America, and Europe is expected to decrease sharply at
the end of the twenty-first century [26]. Although a decrease in anthropogenic liberation
of Se—and especially S—into the atmosphere, for instance by burning fewer fossil fuels,
may initially be seen as a positive development, from the perspective of Se in soil, reduced
atmospheric deposition, in combination with the future predicted effects of climate change
on the Se concentration of soil, is perhaps less welcome, as it may imply a depletion of Se
contents of soils worldwide.

While climate-induced changes play a major role in Se volatilization and speciation,
environmental stresses also directly affect the acquisition of Se by plants. Drought, for
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instance, can substantially reduce the Se uptake by plants due to reduced soil moisture
which hinders the diffusion and mass flow of Se species toward the roots. Conversely,
increased soil aeration under drought conditions leads to the oxidation of reduced Se species
into the more mobile oxyanions SeO32~ and SeO42~ which are more bioavailable [35,44].

In contrast to drought, increased soil moisture resulting from heavy rainfall and flood-
ing promotes reducing conditions in the soil. Consequently, bioavailable Se species may be
reduced to less bioavailable forms—namely, elemental Se or selenide (Se?™) [3,37,44].

In summary, environmental conditions do not uniformly decrease or increase Se
uptake, rather, they alter Se speciation, mobility and bioavailability, which leads to context-
dependent responses [37,44].

3. Biofortification of Crops Through Soil Application of Se Species

Although Se is not considered an essential element for most plants, biofortification
with this element still provides three very important benefits. Low to moderate Se sup-
plementation has repeatedly been shown to improve plant growth, yield, and the quality
of crops [10,23,45,46]. Additionally, Se enhances antioxidant capacities and plant stress
tolerance by inducing the synthesis of not only selenium-bearing amino acids such as
selenocysteine (SeCys) and selenomethionine (SeMet), yet also several secondary metabo-
lites involved in stress defence, such as phenolic compounds, flavonoids, glucosinolates,
terpenes, and alkaloids [17,47,48]. The origin of these positive effects is attributed to the
Se-mediated enhancement of antioxidant defences through the accumulation of these bioac-
tive compounds together with improvements of photosynthesis and ion homeostasis. By
limiting the accumulation of reactive oxygen species, maintaining membrane integrity, and
supporting metabolic activity under adverse conditions, Se can enhance the ability of plants
to tolerate drought, salinity, and other abiotic stress factors [15,49]. Furthermore, several
studies have demonstrated that agronomic biofortification can significantly increase Se con-
centrations in edible plant parts without decreasing the yield (Table 1) [12,13,45,46,50-63].
Therefore, agronomic biofortification—i.e., the enrichment of crops with essential micronu-
trients through agricultural practices such as fertilization—represents one of the most
effective and sustainable strategies for combating Se deficiency in agriculture [64].

Especially the foliar application of SeO,?~ has been proven to be highly effective in
crops such as wheat, maize, and soybean due to its higher bioavailability and mobility
compared to SeO32~ [45,51-53]. In soybean, foliar fertilization with SeO,4% (100 g Se
ha—') increased the Se concentration in seeds from 0.09 mg kg~! to 16 mg kg~!, with
approximately 95% of the accumulated Se converted into organic forms. Similarly, foliar
application of SeO42~ in maize at 100 g Se ha~! increased grain Se concentrations from 27 to
523 g kg1, corresponding to an approximately 19-fold increase [52]. Moving from cereals
to vegetables, one finds lettuce and tomatoes to be good accumulators of Se. Hydroponic let-
tuce has been shown to exhibit a strong capacity for Se biofortification, efficiently converting
the SeO,4?~ and SeO32~ applied into organic Se (predominantly selenomethionine)—and
enhanced photosynthesis and growth of lettuce have been observed at optimal Se con-
centrations of 24 umol L~! [55]. Studies on hydroponically grown tomatoes have also
demonstrated that sodium selenite biofortification increases Se concentrations in the fruit,
antioxidant capacity, and nutraceutical quality, with optimal responses generally observed
at moderate Se application rates (11.56 umol L=1) [10,50,57]. At the same time, experiments
with lettuce demonstrated that selenite is often safer and more effective in promoting plant
growth, whereas selenate is translocated better into the edible parts of the plants [49,55].

Among the two dominant species used for biofortification, namely SeO32~ and SeO42—,
the latter is generally more mobile in soil, whereas SeO3?~ tends to bind more strongly
to soil particles and therefore is more readily incorporated into organic Se forms within
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plants [13]. Soil enrichment with 5-10 mg kg’1 SeO,%~ in lettuce grown on calcareous
soil, for instance, produced ten-fold greater Se levels in the shoots compared to the equiv-
alent SeO32~ treatments [13]. Then again, SeO32~ tends to promote the formation of
organic Se species—such as SeCys and SeMet—as demonstrated in wheat following the
soil application of 2 mg kg~! NaySeO; [45].

Table 1. Representative examples of Se biofortification in major crop species and their reported
physiological or nutritional benefits.

Crop Species Se Source Application Method Reported Effect Ref.
Triticum aestivum L Increased grain Se
’ NaySeOs/NaySeOy Soil and foliar concentration and [45]
(wheat) . o1
bio-accessibility
, Increase from 0.09-16 mg
Glycine max (L.) Merr. NaySeOy Foliar kg’1 seed Se; ~95% organic [51,63]
(soybean) Se
Zea mgys L. NapSeO, Foliar Increased grain Se [52,53]
(maize) concentration

Lactuca sativa L.

Enhanced Se accumulation,

(lettuce) NaySeO3/NaySeO4  Hydroponic and soil photosynthesis and growth [10,12,13,55]
Oryza .satzva L. SeNPs Seed soaking/Foliar Improved salinity tolerance [11]
(rice) and growth
Brassica oleracea var.
italica Plenck NaySeOy Soil /Foliar Enhanced Se content and [59-61]
. glucosinolate
(broccoli)
Camellia sinensis (L.) Increased Se accumulation
Kuntze Various Se fertilizers Soil/Foliar . ) [58,62]
(tea) and quality traits

Overall, such studies indicate a trend in which SeO,4?~—compared to other Se species—
exhibits inherently greater mobility regarding translocation into edible tissues [12,47,60].
This makes it especially suitable for biofortification purposes. SeO32~, on the other hand,
is more frequently incorporated into organic Se compounds and may thus exert stronger
growth-promoting effects when applied in moderate amounts [12,45,55]. Furthermore,
the positive effects of Se fortification on plant growth, antioxidant capacity, and stress
tolerance have been demonstrated across various species, including cereals, vegetables,
and horticultural crops [15,45,50,51]. This suggests that plant responses to Se are shared
across different plant groups. Despite possible differences in magnitude of the response, it
stems from broader physiological effects associated with Se metabolism in plants [15,49].

Beyond Se accumulation in plants, Se supplementation also provides several benefits
to plants; for instance it has been widely shown to mitigate abiotic stress [11,49,65-68].
Drought stress limits wheat productivity significantly, and fertigation and foliar Se applica-
tions can maintain the water status and improve yields under water-deficit conditions [66].
Foliar or seed-soaking treatments with selenium nanoparticles (SeNPs), which are consid-
ered less toxic and potentially more bioavailable than inorganic Se species, at 6.25 mg L1
may even enhance salinity tolerance in rice by improving root architecture, photosynthetic
efficiency, and growth parameters [69]. Nevertheless, the reported benefits vary consider-
ably among species and stress conditions, and optimal selenium forms and dosages so far
remain insufficiently defined for many crop systems.

Despite these promising findings, several limitations remain. The positive effects of
Se are highly dose-dependent, and the margin between beneficial and potentially toxic
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concentrations is relatively narrow. In addition, the range between beneficial and optimal
application rates can differ substantially among crop species, requiring careful optimization
of Se fertilization strategies to maximize agronomic benefits while minimizing phytotoxicity
and avoiding excessive Se accumulation [2,44,64]. Furthermore, although the application of
Se on soil is simple and scalable, it is also prone to leaching and volatilization, particularly
for SeO4%2~ under heavy rainfall or irrigation, which are predicted to intensify with climate
change [70]. Foliar application allows a more precise Se delivery and rapid tissue absorption,
yet its effectiveness also depends on the weather, since rainfall can wash away soluble Se
salts from leaves, requiring multiple applications [71]. Moreover, uneven spray coverage
may cause heterogeneity in Se accumulation across plant tissues, although this may be
circumvented in the future by applying specifically designed intelligent spray-robots and
drones [72,73].

To overcome these limitations with the technologies available already, less soluble
depot-like Se substances may be considered, such as nanostructured and organic Se fer-
tilizers, which have been investigated as possible alternatives [44,74,75]. SeNPs, for in-
stance, exhibit reduced leaching and lower toxicity, leading to improved yields and en-
hanced antioxidant responses [76]. Simultaneously, organic selenium fertilizers—such as
selenium-enriched green manure, selenium-containing peat, and plant-derived organic
selenium compounds, including SeMet and SeCys—have garnered increasing attention
due to their gradual selenium release and their ability to promote the accumulation of
bioavailable organic selenium species in edible plant tissues [77-79]. A further promising
yet un(der)explored candidate is selenium sulfide SeS,, a group of compounds of the
general formula SeSg. in essence chemically resembling a mixture of Se and S at the
molecular level [80]. Although insoluble in water, selenium sulfide may gradually degrade
in soil, potentially releasing SeO32~ and SO, at a controlled rate, thus minimizing Se
leaching and toxicity while simultaneously supplying both nutrients (S and Se) for plant
defence metabolism [81,82]. Its dual nutrient content and gradual degradation suggest
a potentially attractive approach for sustainable biofortification, although experimental
evidence regarding its agricultural uses remains limited. It is actually interesting that
both elemental Se and SeS, under oxidative conditions degrade more rapidly and thus
become more (bio-)available. They may potentially act as “smart” depots which become
activated under arid and oxidative conditions, i.e., at times when plants need them most,
although this concept still requires experimental validation under realistic agricultural
conditions [83]. Eventually, such Se depots could be rather useful in biofortification and
should be studied in more detail.

4. Se Biofortification and Transfer Along the Food Chain

The correlation between Se in soil, plants, food and human serum has been studied ex-
tensively over the years and highlights the transfer of Se along the entire food chain—from
the soil, through plants and animals, to humans [83-85]. In this process, Se is absorbed
by plants—primarily in the form of selenite or selenate—and converted into organic com-
pounds such as SeCys and SeMet. Through plants, these compounds enter the human diet
either directly via plant-based foods or indirectly through the consumption of animal prod-
ucts, such as milk, eggs, or meat (Figure 2) [83-85]. Consequently, low soil Se availability
is frequently associated with reduced Se concentrations in crops, forage, livestock, and
ultimately human serum [84].
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Figure 2. Simplified food chain depicting human Se intake from Se-enriched plant and animal sources

as well as supplementation. The chemical structures of selenite, selenate, SeCys and SeMet as well as
selenoneine (found in aquatic and marine animals) are also presented.

The biofortification of plants via fertilizing soils with soluble or depot-like forms of
Se therefore may not only benefit the plants and counteract some of the stresses caused
by climate change. It also impacts the consumers of such plants, i.e., animals and hu-
mans. Comparing soil Se concentrations with human serum Se levels suggests that Se
deficiency in many populations is largely driven by the low Se content of local soils, a
pattern that is often evident in Central and eastern Europe and parts of East Asia, especially
China. [86,87]. Additional regions with low soil and low serum Se levels are found in
Western and Southeastern Africa [88-98].

A well-documented example illustrating the interconnectedness across the entire
food chain is Finland, where Se-containing fertilizers have been employed since 1985
to counteract the population’s Se deficiency [99]. As a result of this intervention, Se
concentrations in crops, animal feed, livestock, and ultimately in human blood serum have
each risen about two-fold, thereby demonstrating how targeted agronomic biofortification
can influence Se levels throughout the entire food chain [99].

Nevertheless, human Se intake depends upon multiple factors, including soil geochem-
istry, Se speciation and bioavailability, climatic conditions, agricultural practices, dietary
habits, socioeconomic factors, and the consumption of non-regional, imported foods or Se
supplements [83,85,100]. In this context, the international food trade can decouple dietary
Se intake from local soil conditions—especially in industrialized countries that rely on
imported grain and animal feed [100]. Since the primary source of Se for humans is their
diet, particularly cereals, meat, fish, and dairy products, an integration of soil geochemistry
and dietary patterns with human biomonitoring data is essential for Se deficiency hotspots
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to be identified and addressed through targeted biofortification or tailor-made dietary
strategies [101].

5. Conclusions

Selenium is an essential trace element for animals and humans and, despite not being
essential for plants, also benefits many of them by increasing yields and their resilience
against abiotic stresses. Since the Se content in most soils is low, and climate change is
going to further exacerbate the already existing Se imbalance by increasing its mobility and
thus escape, boosting the Se content of soils by adding soluble or depot-like Se substances
holds considerable promise for a number of reasons. It not only serves as a means of the
biofortification of plants, especially under drought, oxidative and metal stress conditions.
At the same time, it also increases the dietary Se supply for the consumers of these plants,
be it either animals or humans. Among the various Se forms and application methods,
soil and foliar applications of SeO32~ and SeO4?~ are the most commonly employed
approaches so far, although alternative and more sustainable methods and sources, such
as SeS;, represent promising avenues for future research. Less soluble and biodegradable
forms of Se, for instance, may serve as long-term Se depots, gradually degrading to release
both Se and S into the soil. Still, these potential advantages remain largely hypothetical,
and the agronomic performance, environmental behaviour and long-term effectiveness of
such approaches under field conditions remain insufficiently explored.

Although significant progress has recently been made in research on Se biofortifi-
cation, important knowledge gaps remain. Still, reliable implementation of selenium
biofortification across diverse crops, soil types, and agricultural systems will require a bet-
ter understanding of the bioavailability of selenium, crop-specific selenium requirements,
long-term environmental effects, and the interactions between climate-driven changes in
soil chemistry and selenium uptake. Future research should, therefore, focus on the impact
of climate-driven changes in soil chemistry on Se bioavailability and plant uptake. In
this context, crop-specific Se requirements must be determined, and application strategies
optimized accordingly under realistic conditions. Furthermore, studies on the long-term
effects of Se biofortification on the environment and microbiota are also needed, as this
aspect is currently insufficiently explored and understood.

As the consequences and challenges of climate change, together with demographic
changes in many populations and thus increased needs for healthy eating, especially in the
elderly, are becoming ever more apparent and imminent, research into these various uses
and benefits of Se supplementation in agriculture is therefore clearly necessary and may
bestow the term “lunar gardening” with an entirely new meaning.
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