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Silicon (Si) is a chemical element that is not yet considered essential for plants. However, over
the past few decades, an increasing number of scientific studies have focused on the role of Si in
soil-plant interactions. At the same time, many countries are leading the development and use
of silicon-based fertilizers. Si can be taken up by plants predominantly in a mobile form (H,SiO,)
in the soil through both passive and active uptake mechanisms. Therefore, Scopus data from
2012 to 2022 were used to understand the implementation and current status of research on the

Keywords: beneficial effects of silicon fertilizers on soil and plants and the role of soil forms of silicon in
improving soil quality. A bibliometric study of articles published in the database on the role of Si
Silicon in soil and silicon fertilizers was carried out. Various tools, such as Microsoft Office Excel 2021,

VOS Viewer and Mapchart.net were used in this study. The final literature includes 440 articles,
82% of which are scientific. Over the past decade, the number of published articles has increased
significantly. For example, in the years 2021-2022, a total of 91 articles were published, which is
six times higher than the number of articles published in 2012-2013 (15 articles). This significant
increase in publications highlights the growing interest in the role Si and Si fertilizer research. It
was found around 32.04% of China, 13.2% of the USA and 9.8% of Brazil the reviewed publications
focused on the role of Si and Si fertilizers studies. Among the authors who published the most
articles on this topic during the selected period are Wang X. (with 12 articles), Liang Yu., Rizwan
M. and Ali S. (each with 8 articles).

Silicon fertilizers
Bibliometric analysis

1. Introduction lu et al, 2016). Si in soil consists mainly of the solid phase,

namely quartz and crystalline forms (plagioclase, orthoclase

Complex biogeochemical and physical processes involving
minerals, soil organic nutrients, living organisms, gas and wa-
ter create the diverse and dynamic system that is soil. Silicon,
despite being abundant in nature, has not been viewed as an
important element. Si is a metalloid element and is the most
abundant element in the earth’s crust after oxygen (Luyckx
et al, 2017). In recent years, research has been conducted on
the importance of Si for soil and plants (Kovacs et al., 2022).
Due to the indeterminate nature and stability of the Si element,
much attention is paid to Si fertilizers in agricultural practice
(Pavlovic et al., 2021). The O, makes up 47% of mineral soil’s
overall elemental composition, while Si makes up 28% (Lepo-

and feldspar), secondary clay minerals (kaolinite, vermiculite
and smectite) and amorphous forms (Imtiaz et al., 2016). Plants
can absorb some of this enormous quantity of Si from soluble
forms [Si (OH),] over time (Johan et al., 2021; Canny et al., 1990;
Lumsdon et al., 1995; Mitani et al., 2005). Numerous researchers
have investigated how plants absorb Si from the soil (Kaur et
al.,, 2019; Mabagala et al., 2020; Mitani et al., 2005). Monosilicic
acid (H,SiO,) is the form of Si that plants absorb (Greger et al,,
2018) and moves through the xylem in the same way (Huang
et al., 2020; Imtiaz at al., 2016; Mitani et al., 2005). Si uptake is
considered passive (Vivancos et al., 2016). In the root exo and
endodermis, a number of Si transporters have been discovered
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in recent years (Greger et al., 2018). The absorption and trans-
port of Si in plants depends on the plant species, the type of
root system and the chemical composition of the soil (Mand-
lik et al., 2020). Minerals are actively taken up by plant cells
in ionic forms, for example nitrate (NO,"), phosphate (HPO,),
potassium ions (K*) and etc. Silicon plays a very important role
in the absorption of such ions by plant tissues (Pavlovic et al,,
2021). According to the article, among the macronutrients, ni-
trogen (N), phosphorus (P), potassium (K), magnesium (Mg) and
calcium (Ca) are affected differently and not separately (Veazie
et al,, 2022). In addition, Si also plays an important role in plant
uptake of certain trace elements such as boron (B) and manga-
nese (Mn) (Pavlovic et al., 2021). Other benefits of Si include an
increase in the rate of photosynthesis, a decrease in the rate
of transpiration and resistance to UV radiation (Thakral et al.,
2021). Plants face different types of biotic and abiotic challenges
during their vegetative improvement stages, such as saltiness,
dry season, microbe diseases, flooding and heavy metal harm-
ing (Mir et al., 2022; Thakral et al., 2021). The presence of Si in
soils is insufficient (Thakral et al., 2021). Thus, high amounts of
Si in the soil do not indicate that there is enough soluble Si for
plant uptake (Coskun et al., 2021).

In recent years, knowing the important role of Si in various
soils, new large-scale research has been carried out on the pro-
duction and application of various Si fertilizers (de Tombeur et
al,, 2021; Fan et al., 2019; Stephano et al., 2021; Guntzer et al.,
2012; Haynes and Zhou, 2018; Ji et al., 2017; Song et al., 2021;
Tripathi et al., 2021; Valle et al., 2016). Results from many years
of Si research are compiled to provide insight into the state of
knowledge regarding Si fertilizer recommendations for crop
production (Boorboori et al., 2021). The concentration of H,SiO,
in soil solution is affected by soil pH and the amount of clay,
minerals, organic matter and Fe/Al oxide/hydroxide, which de-
pends on the geological age of the soil (Katz et al., 2021). The role
of Si fertilizers in relieving biotic and abiotic stress has been
well studied (Rangwala et al., 2018). Several studies have been
carried out to improve the properties of Si fertilizers, not only
in the response of plants to various stressful influences but also
in improving the structure of the soil (Devanna et al., 2021).
The use of Si-fertilizers contributes to the regulation of soil fer-
tility, that is, to improve its enzymatic status, meet the needs of
crops in the absorption of nutrients from the soil, improve soil
moisture, and increase the ratio of nutrients received by crops
(Zargar et al., 2019). The use of Si-fertilizers even on saline soils
increases the adaptability of plants to adverse environmental
conditions and increases the growth rate and productivity, pro-
tecting them from various harmful pathogens (Das et al., 2021;
Gottardi et al., 2012; Verma et al., 2021). For instance, in rice
(Oryza sativa), Si fertilizer increases seed wall thickness, vas-
cular bundle size and stem strength while increasing peroxi-
dase activity, which in turn promotes stress tolerance (Hussain
et al.,, 2021). In addition, it prevents the penetration of patho-
genic fungi into the plant cell and inhibits hyphae in the soil
(Camargo et al.,, 2013; Gottardi et al., 2012; Liang et al., 2021).
Similarly, the application of Si as fertilizer tends to alter pro-
line levels in water-stressed upland rice cultivars at vegetative
and genetic stages; this effect may indicate stress resistance
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(Mauad et al., 2016). In addition, Si fertilizers have been shown
to increase the water flow rate in xylem vessels and increase
water use efficiency by reducing transpiration losses in maize
(Zea mays) plants under drought conditions (Nisar et al., 2022;
Tayade et al., 2022). Si-fertilizers have a dual effect on the rela-
tionship between soil and plants (Huang et al., 2020). Firstly, it
increases the protective reactions of plants against biotic and
abiotic stresses (Ahmed et al., 2022).) Secondly, Si fertilizers
have a positive effect on the biological, chemical, and physical
properties of the soil. In addition, Si fertilizers also play an im-
portant role in the presence of minerals (essential nutrients for
the plant organism) in the soil (Mandlik et al., 2020). The use of
Si fertilizers has a positive effect on plant growth, mineral bal-
ance and survival rate (Malik et al., 2021). Silicates such as po-
tassium silicate (K,Si0,) and magnesium silicate (MgSiO,xH,0)
have a beneficial effect on the growth and yield of wheat (Sarto
et al., 2019). Plants treated with Si fertilizers have additional
root properties, such as full root length, root surface area and
parallel root length, which can protect plants from supplemen-
tation inadequacy conditions as well as dry season conditions
(Parveen et al., 2019). Despite large differences in Si uptake by
rice, tomato, cotton, onion, and chili peppers, all crops showed
higher yields (Crooks and Prentice, 2017). The Si in plants is
lacking in most agricultural soil (Tubana et al., 2016). Thus, Si
is commonly used as a fertilizer to assess the effects on plants
( Liang et al,, 2021). Si fertilizers have recently been reported
to increase genes associated with the carbon/nitrogen cycle
and metal neutralization in soils (Das et al., 2021). Many other
silicon-containing fertilizers are being studied with interest by
scientists and researchers. For example, based on 5-year ex-
periments, the influence of phosphogypsum (including silica
5-10%) on the physicochemical properties of eroded soils in
the Ural region of Russia was studied (Komissarov et al., 2022).
Agrisilica (containing 26% Si) is one of the 100% natural fertil-
izers. Agrisilica contains a uniquely high number of PAS (plant-
available silicon). This Agrisilica fertilizer was studied for the
growth, yield and nutrient uptake of rice during 2012 and 2013
in the new alluvial zone of West Bengal, India (Pati et al., 2018).
The effect of Aminosid Si (which includes 17% Si) on improv-
ing biological properties, including enzyme activity, and the
dynamics of the number of microorganisms in saline soils of
the Bukhara region of Uzbekistan was studied (Mamasolieva
and Holmurodov, 2023). Knowing the important role of Si in
the relationship between soil and plants, as well as the role
of Si fertilizers in mitigating the effects of abiotic and biotic
stress, which are used today in many countries, researchers in
subsequent years are studying (Zellner et al., 2021). Therefore,
this study developed and analyzed various studies on the role
of Siin soil and Si fertilizers over the past decades. The purpose
of this study is to find out how many developed countries have
already taken the step to study and use silicon fertilizers.
Bibliometric research is a quantitative tool for analyzing
the topic of scientific processes from macro and micro points of
view (Donthu et al., 2021). While macroanalysis usually analyzes
the entire topic, including articles, categories, countries, authors
and institutions, microanalysis focuses on identifying cita-
tions and keywords (Wang et al., 2019). The analysis combines
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statistical and mathematical methods to display the state of re-
search areas over time (Mejia et al., 2021). Due to the advantages
of combining different disciplines such as soil science, agricul-
ture, ecology, etc., this method can be applied in more than 20
areas (Hu et al.,, 2019). This approach is widely used in various
fields and disciplines, such as bibliometric analysis of sustain-
able agriculture (Sarkar et al., 2022) for advanced study of preci-
sion farming (Coulibaly et al., 2022) bibliometric analysis of soil
science as a scientific area (Mokhnacheva and Tsvetkova, 2020)
and bibliometric analysis of soil nutrient research between 1992
and 2020 (Pan et al., 2021). The purpose of this study is to iden-
tify recent and historical bibliometric data on the use of the role
of silicon in the soil-plant system and Si fertilizers (which have
been studied as positive in mitigating the impact of abiotic and
biotic factors) and analyze them. With the help of bibliometric
statistics, authors, countries, publishers, and sponsors have been
identified who have carried out significant research work on the
topic. This study serves as a guide and reference in the study of
soil Si and Si fertilizers.

2. Materials and methods

All articles analyzed in this study were taken from the Sco-
pus database, where Scopus is one of the most comprehensive
peer-reviewed journal databases in the world and can provide
good scientific and academic information (Klapka and Slaby,
2018). Special search keywords such as “silicon soil” and “silicon
fertilizers” were used to analyze all logs. The study period was
chosen from 2012 to 2022 (September 16). In the search results,
440 articles in English were selected. The database was searched,
and the list of journals, number of articles, list of top authors,
map of top countries, type of publication, list of top publishers,
number of journal citations and main funding sponsors were
divided into categories such as list and interest. We have used
440 articles published in English and created a table and dia-
gram intended to show 10 important aspects. The subject area

Research base

Role of silicon and silicon fertilizers: a review of papers from the Scopus database

was based on three scientific fields: Soil Science, Environmental
Science and Agricultural Science. We used silicon and silicon fer-
tilizers as a keywords. Microsoft Excel, VOS viewer and A Map
chart are used to create graphics Fig. 1). Various tools such as
Office Excel 2021, VOS viewer (van Eck and Waltman, 2010), and
map (https://www.mapchart.net/world.html), were used to ana-
lyze the dataset and generate 440 articles. A useful tools were
also applied to showcase the most active authors (co-authorship)
and the most frequently used keywords (match) in the form of
a VoS viewer. The map chart is used to generate the top coun-
tries. This sample uses the period of the last 10 years 2012-2022,
given that the topic of Si fertilizers is something new. Sample
articles were uploaded in *ris format.

3. Results
3.1. Number of papers on the role of Si and Si fertilizers

The number of scientific papers published on a particular
issue indicates its importance to the region. In total, 440 articles
on the role of Si and Si fertilizers were published worldwide
in the last decade (2012-2022). Figure 2 shows that more than
a hundred scientific abstracts were published in the first five
years, and the number of articles on Si fertilizers increased sig-
nificantly in the next five years. The highest rate of published
articles on Si fertilizers was in 2019, 2020, and 2021; this line
of research has accelerated. The last two years of the decade,
namely, 2020 and 2021, were the most productive years for the
use of Si fertilizers in the world. During these two years, almost
38.8% of the total number of publications were published. In re-
cent years, the prospect of all fundamental and practical work
on the development and application of the most important Si
in soil and silicon fertilizers has suddenly increased. The inter-
est of scientists and researchers in this area is developing; the
effective impact of fertilizers on agriculture and the country’s
economic system is relatively appreciated (Fig. 2).

Scopus database

Selected years

Language

Subject area

From 2012 to 2022 (440 papers)

English

Soil Science, Environmental Science and Agricultural Science

Key words

Fig. 1. Methodology flowchart for Btatisacalinalysis

the research

NAVAVAVAVAY

“Silicon and Silicon fertilizer”

Microsoft Excel Document types, years, sources, subject areas, funding
sponsors and affiliations of published papers
VOS viewer authors, key words
Map chart counties
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Fig. 2. Number of publication roles of Si and Si
fertilizers

Number of papers

3.2. Top journals published on the role of Si and Si

fertilizers

2012

The choice of scientific journals is an important factor in
informing the public about scientific research. The Scopus data-
base is based on 440 scientific articles on the issue of Si fertiliz-

Table 1

List of top journals published on the role of Si and Si fertilizers (2012-2022)

SOIL SCIENCE ANNUAL

2013 2014 2015 2016 2017 2018 2019 2020 2021
Year of papers

ers published in 60 different journals around the world between
2012 and 2022. Regarding the quantity of published articles on
Si fertilizers, the journals Environmental Science in General, En-
vironmental Sciences, and Pollution Research and Chemosphere
used the guidelines in Table 1. The top 10 journals listed in Ta-
ble 1 accounted for approximately half of the total number of

Scopus Source title Number Scopus Source title Number
Science Of the Total Environment 23 Acta Horticulturae 3
Environmental Science and Pollution Research 18 Bioresource Technology 3
Chemosphere 17 Bulgarian Journal of Agricultural Science 3
Communications In Soil Science and Plant Analysis 14 E3s Web Of Conferences 3
Top Conference Series Earth and Environmental Science 13 Journal Of Agronomy and Crop Science 3
Journal Of Plant Nutrition 13 Journal Of Integrative Agriculture 3
Ecotoxicology And Environmental Safety 11 Journal Of Sustainable Metallurgy 3
Geoderma 10 Plos One 3
Journal Of Environmental Management 10 Scientia Horticulturae 3
Soil Science and Plant Nutrition 9 Soil And Tillage Research 3
Journal Of Cleaner Production 8 Waste Management 3
Environmental Science And Technology 7 3 Biotech 2
Pedosphere 7 Agrociencia 2
Environmental Pollution 6 Agronomy 2
Frontiers In Plant Science 6 Applied Ecology and Environmental Research 2
Journal Of Hazardous Materials 6 Biology And Fertility of Soils 2
Plant Archives 6 Biomolecules 2
Plants 6 Bulletin Of Entomological Research 2
Journal Of Soil Science and Plant Nutrition 5 Bulletin Of Environmental Contamination and Toxicology 2
Crop Protection 4 Environmental Engineering Science 2
Ecology Environment And Conservation 4 Environmental Science Nano 2
Japan Agricultural Research Quarterly 4 Environmental Technology United Kingdom 2
Journal Of Environmental Quality 4 Field Crops Research 2
Journal Of Plant Nutrition and Soil Science 4 International Journal of Environmental Research 2
and Public Health
Plant And Soil International Journal Of Phytoremediation 2
Plant Physiology And Biochemistry 4 Journal Of Agricultural and Food Chemistry 2
Research Journal of Pharmaceutical Biological 4 Journal Of Zhejiang University Science B
and Chemical Sciences
Water Air and Soil Pollution 4 Neotropical Entomology 2
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articles published. The next 10 journals were also the most pop-
ular for Si fertilizer publications. Some journals, such as Plants
and Soil and the Journal of Plant Nutrition and Soil Science,
contain information about Si fertilizers and their use in soil and
plants around the world. Most of the information on fertilizers is
published in Soil Science and Plant Nutrition and the Journal of
Plant Nutrition. At the same time, the above journals have pub-
lished articles on silicon fertilizers 9 and 13, respectively.

3.3. Type of documents on the role of Si and Si fertilizers

Document types can also express the relevance of the area
being studied. There are seven different types of publications in
which researchers can provide information on the above topic
based on their scientific results. Figure 3 provides information
on the number of styles of documents published in recent de-
cades. There are 396 articles. The highest count is for articles
around 324. The next level was for review, conference paper,
and book chapters 26, 23, and 14, respectively. Book, erratum,
and retractions each showed three results. Many scientists and
young researchers prefer to publish science news in the form of
articles. The study of the role of Si in soil- plant relations, as well
as the scientific explanation of the fact that Si fertilizers mitigate
the effects of abiotic and biotic stresses, increase crop yields,
and give great positive results for agriculture and the economy
will develop in the next decades.

@ Article

O Review

B Conference Paper
B Book Chapter

H Book

E Erratum

O Retracted

374

Fig. 3. Type of documents on the role of Si and Si fertilizers

Fig. 4. Top co-authorships based on the total link strength on the role of
Si and Si fertilizers

5% VOSviewer

Role of silicon and silicon fertilizers: a review of papers from the Scopus database

3.4. The network of contributors published on the role of Si
and Si fertilizers

A network of co-authors in a research area. Based on the
data, the total co-authorship network count was calculated us-
ing the VOS viewer software. On the map, each circle shows the
name of the author, and the size of the circle characterizes the
number of scientific publications on the topic of research in the
role of Si. An author combination network is defined as a network
in which the nodes are authors and the links between them rep-
resent co-authorship. The size of the links indicates the number
of articles written by a scholar. As illustrated in Fig. 4, 5 clusters
were present. The single clusters included a few authors, indicat-
ing that participation was limited to a few authors for the topics
covered in this bibliometric investigation. After the study using
a VOS viewer, there were 5 clusters in different colors, which
showed the relationship between one topic and another. The VOS
viewer can display bibliometric mapping in three different visu-
alizations: network visualization, overlay visualization, and den-
sity visualization. We chose network visualization (Fig. 4). Author
names are marked with colored circles. The size of the circle was
positively correlated with the appearance of the author’s name
in the titles and abstracts. Therefore, the size of the letters and
circles is affected by the frequency of occurrences. The more of-
ten the authors name appears, the greater the size of the letters
and circles. Cluster 1 (pink) contains five authors, namely Wang,
H., Wang, X,, Liu, C, Lu, H., and Sun, Z., working collectively on
the topic of the role of silicon and silicon fertilizers. In cluster 2
(green), there are 4 co-authorships working together: Cheng, W.,
Liu, Y., Wang, Y., and Zang, X. They are also interrelated within the
above theme. Cluster 3 (blue) shows that Li Z,, Liang Y., and Song.
A. were also interested in and worked on the role of Si and Si ferti-
lizers. Rizvan M., Ali S, Bocharnikova E., and Matichenkov V. occu-
pied Clusters 4 and 5, respectively, and collaborated on this study.

rizwan, m.

ali, s.

matichenkov, v.

bocharnikova, e.
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3.5. Top countries on the role of Si and Si fertilizers

The number of countries researching a particular issue
reflects the level of internationalization in the region. In total,
81 countries worked as a team on the role of Si and Si fertilizers
in the world from 2012 to 2022. The article selected the 12 top
countries that participated in the publication of at least two or
three or more publications (Fig. 5). The top countries, China,
the US, India, and Brazil, head the list by the number of publi-
cations 141, 58, 44, and 43), respectively. Australia, Japan, Iran,
and Russia were next on the list with 26, 18, 17, and 17, respec-
tively. Four countries, such as Pakistan, Indonesia, South Korea,
and Spain, have approximately 15 published research papers.
In the past decade, many scientific innovations in the develop-
ment of Si fertilizers and their practical application have been
conducted in China, which ranks first in the world. This coun-
try has the highest rate of publication of articles on this topic;
more than 141 papers have been published. The United States,
as a competitor, has recorded high positions in scientific pa-
pers on Si fertilizers.

Fig. 5. List of top countries on
the role of Si and Si fertilizers

m Chinese Academy of Sciences
B Ministry of Education China

B Zhejiang University

O Ministry of Agriculture of the People's

Republic of China

B Chinese Academy of Agricultural

Sciences

@ College of Environmental and
Resource Sciences

m Northwest A&F University

B Universidade Estadual Paulista Julio de

Mesquita Filho
B LSU Agricultural Center

B Nanjing Agricultural University
Fig. 6. Top institutions on the

role of Si and Si fertilizers Name of institution
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3.6. Name of top institutions on the role of Si and Si
fertilizers

Institutions play an importantrole in the publication of sci-
entific papers published by researchers. Because it makes a big
difference in the ranking of this institution and the country. It
can be recognized that (Fig. 5) above shows the highest point
in China, and (Fig. 6) also shows that the 5 largest institutions
in China, namely the Chinese Academy of Sciences, the Minis-
try of Education of China, Zhejiang University, the Ministry of
Agriculture of the People’s Republic of China, the Academy of
China Agricultural Sciences, which also recorded good results,
working on the role of Si and Si fertilizers. Indeed, the Chinese
Academy of Sciences is one of the first with the highest score:
24 scientific articles published by this institution. The follow-
ing three institutes, namely, the Ministry of Education China,
Zhejiang University, Ministry of Agriculture of the People’s Re-
public of China, noted equality in the number of 15 scientific
papers. The following institutes: The College of Environmental
and Resource Sciences showed the same result as the Chinese
Academy of Agricultural Sciences, which published 11 scien-
tific papers. The names of other institutions and the number
of published publications are shown in Fig. 6.

Top countries

United States 58
India 44

Brazil 43
Australia 26
Japan 18

Iran 17

Russian Federation 17
Pakistan 16
Indonesia 15
South Korea 15
Spain 15

EEEEENCEECENn

11 11
10
I I I | | |
Number of
institution



SOIL SCIENCE ANNUAL

3.7. Top sponsors on the role of Si and Si fertilizer

The frequency of linked nations is related to the support of
significant funding schemes and projects. One hundred and fif-
ty-eight different sponsors worked collectively to publish 440 ar-
ticles on the role of Si and Si fertilizers in the world during the
period 2012-2022. On the basis of our assessment of publications
from the top 10 funders on the role of Si in the soil plant system,
we were able to identify the most influential and productive in-
stitutions in this area. Figure 7 shows the top 10 funding spon-
sors. The National Natural Science Foundation of China has the
highest number of results, publishing approximately 74 papers.
The next two sponsors, the National Council for Scientific and
Technological Development and China’s National Key Research
and Development Program, achieved the same results as 21. The
highest number was held by the Coordination of the Improve-
ment of Higher Education Personnel and the Ministry of Science
and Technology of the People’s Republic of China on 13 and 12,
respectively. The remaining six sponsoring organizations fund-
ed six and seven research papers on this topic. The demand for
silicon fertilizer production is growing rapidly today because
of its role in eliminating various stress factors. Today, many
countries have agrocenters that produce Si fertilizers. HAITOR

Role of silicon and silicon fertilizers: a review of papers from the Scopus database

is an innovative silicon fertilizer company headquartered in
Qingdao, China. However, the key players involved in the global
silicon fertilizer market are Plant Tuff Inc., Maxsil, Redox Pty
Ltd., BASF SE, The Mosaic Company, Agripower, Denka Co. Ltd.,
Aries Agro Ltd., Compass Minerals International, Inc., and Yara
International ASA.

3.8. Network map of keywords based on the total link
strength on the role of Si and Si fertilizers

Working with keywords allows the use of many scientific
dissertations and research papers. The VOS viewer was used
for sorting the most frequently used keywords in the articles. In
total, 4454 keywords and 41 threshold keywords were selected,
and the minimum number was set to 30. So, there are three clus-
ters: total strength of links: 33; occurrences: 38; and items: bio-
mass. The cluster of three types includes different items. Cluster
number one has 18 items, cluster number two has 16 items, and
cluster number three has 7 items, so 41 keywords were selected.
In these three types of clusters, the keywords were proportional-
ly related to each other. According to the keyword map shown in
Figure 8, it can be confirmed that scientific publications on the
role of Si and Si fertilizers have been mainly divided into three

Fig. 7. Top sponsors on the role of Si and Si fertilizer

Fig. 8. Keywords based on the total link strength on the role of Si

and Si fertilizers

DO National Natural Science Foundation of China

@ Conselho Nacional de Desenvolvimento Cientifico e
Tecnologico

B National Key Research and Development Program of
China

OCoordenacao de Aperfeicoamento de Pessoal de Nivel
Superior

B Ministry of Science and Technology of the People's
Republic of China

B European Commission

@ Ministério da Ciéncia, Tecnologia e Inovagédo
B China Scholarship Council
B European Regional Development Fund

BFundagdo de Amparo a Pesquisa do Estado de Sao
Paulo

plant growth@g
heavy@imetal nonhumang
' agriaulture
soil pgliutantgh: fer‘er potagsium
2 S >
‘ e ' tr_): } ‘ phosphorus
omza - 7 do A
* & p'en;l_or]‘ ¥ ‘ a.e nitr@gen
bioaccumulation P S fer‘ers N
- F » o cal@ium
i , @ silicondioxide
f?tilizer‘plication b g -
L < w
bioavailability soils
magnure
) _ siligate
{)% VOSviewer siliga ™
7

186456



Mamasolieva et al.

separate areas, represented by a group of characteristic colors.
The first of these (pink clusters) contains studies involving the
role of Si in the soil. The second group (green clusters) shows
studies related to the interaction of Si fertilizers with inorganic
soil elements such as phosphorus, nitrogen, iron, calcium, etc.
in the soil. Studies on the impact of soil Si and Si fertilizers on
plant growth and agriculture are presented in the third group
(blue clusters).

3.9 List of subject area names on the role of Si and Si
fertilizers

The subject area plays an important role in finding im-
portant documents. Regarding the role of Si and Si fertilizers,
29 subject areas have been identified. Figure 9 shows 10 subject
areas that cover most of the articles published worldwide. Most
scientific papers belong to two subject areas: Agricultural and
Biological Sciences and Environmental Science. Both of them re-

Biochemistry, Genetics and Molecular Biology m=m 63
Chemistry === 32
Engineering ==mm 29
Earth and Planetary Sciences === 25
Medicine === 23
Energy == |8
Pharmacology == 15
Immunology and Microbiology =2 13

0 100

Name of the subject area

SOIL SCIENCE ANNUAL

corded the largest number of 240 and 235 published articles on
the role of Si and Si fertilizers in recent decades. The next sub-
ject areas, namely, Biochemistry, Genetics, Molecular Biology,
Chemistry, Engineering, and Earth and Planetary Sciences, were
the highest in the published research papers 63, 32, 29, 25, re-
spectively. Scientific papers related to this field have been pub-
lished in several medical disciplines, such as medicine, energy,
pharmacology, toxicology and pharmaceuticals, immunology,
and microbiology, and scientific news has been published on 23,
18, 15, and 13, respectively.

3.10. List of top-cited publications on the role of Si and Si
fertilizers

A huge number of citations indicate quality and novelty. We
examined the most cited articles on the role of Si and Si fertil-
izers (Fig. 10). First, we sorted the original Excel extension file
names from the 192 documents alphabetically. The systematic

Agricultural and Biological science E 240
Environmental Science Ereeeses————— )35

200 300

Number of documents

Fig. 9. Top subject area on the role of Si and Si fertilizers

W Benefits of plant silicon for crops: A review
B Silicon in agriculture: From theory to practice

m Silicon (Si): Review and future prospects on the action
mechanisms in alleviating biotic and abiotic stresses in
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m R%eView of silicon in soils and plants and its role in us
agriculture: History and future perspectives

B A contemporary overview of silicon availability in
agricultural soils

m Silicon, the silver bullet for mitigating biotic and abiotic
stress, and improving grain quality, in rice?

B Mechanisms of Enhanced Heavy Metal Tolerance in
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B Silicon occurrence, uptake, transport and mechanisms of
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Inter-comparison
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Fig. 10. Top cited publications on the role of Si and Si fertilizers
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total citations of the articles are then summarized. Interestingly,
the result is an updated list of potential article titles. Originally,
19 articles and one book chapter were selected. Almost 21%
(8743 citations) of the total number of citations came from ar-
ticles published in these 10 articles. Approximately 5% of the
total citations come from the review article “Benefits of plant
silicon for crops: a review,” which ranks first with 442 citations.
The next most cited publication was the book chapter “Silicon in
Agriculture: From Theory to Practice” written by Liang (2015).
This book consists of 13 chapters, and the corresponding key-
words (abiotic stress, biotic stress, silicon, silicon uptake and
accumulation, silicon nutrient management) in each chapter
are also explained by its high citation rate. Silicon (Si): Review
and prospects on the action mechanisms in alleviating biotic
and abiotic stresses in plants was written by Etesami (2018), and
“A Review of Silicon in Soils and Plants and its Role in US Agri-
culture: History and Future Perspective” was written by Tubana
et al. (2016). Their citations total 257, 195, and 182, respectively.
Figure 10 shows only the number of the greatest quantity cited
publications. Therefore, to expand this section, Table 2 has been
created with additional information about the journal in which
the cited publications were published, the country, year, and cor-
responding authors, as well as the type of document. Table 2 lists
the highly cited articles, authors, years, and document types. In

Table 2
List of top cited publications on role of Si and Si fertilizers

Role of silicon and silicon fertilizers: a review of papers from the Scopus database

total, 8743 citations from 440 publications and 190 journals on
the specified topic were provided for the specified period. Ben-
efits of plant silicon for crops: a review of an article comprising
5% of the total number of citations. According to this, 15% of
the total number of citations, considering the nine subsequent
scientific papers in the table. According to this table, the cor-
responding documents with high citations were published in
France, China, Iran, and the United States. The journal with the
most citations is published as a review. Topics related to this ar-
ticle were published between 2015 and 2018. Chinese scholars
have published important papers in this field.

4. Conclusions

This research offers a comprehensive bibliometric statisti-
cal review related to the literature on the role of Si and Si fertiliz-
ers worldwide between 2012 and 2022. During the analysis of the
collected data sources, important aspects including eminent au-
thors, contributions from various institutions, geographical loca-
tions, major funders and publishers were thoroughly discussed
and explored. The findings indicate a significant increase in the
number of publications over the past decade. These fertilizers
have been widely implemented in farming practices across the

No Title of the abstract Name of Journal First author Country Year Total Document
citation type

1.  Benefits of plant silicon for crops: Agronomy for Sustainable Guntzer F. France 2012 442 Review
A review Development

2. Silicon in agriculture: From theory Silicon in agriculture: Liang Y. China 2015 257 Book
to practice

3. Silicon (Si): Review and future Ecotoxicology and Etesami H. Iran 2017 195 Review
prospects on the action mechanisms Environmental Safety
in alleviating biotic and abiotic
stresses in plants

4.  Areview of silicon in soils and plants Soil Science Tubana B.S. USA 2016 182 Review
and its role in us agriculture

5. A contemporary overview of silicon Journal of Plant Nutrition Haynes R.J. Australia 2014 179 Review
availability in agricultural soils and Soil Science

6. Silicon, the silver bullet for mitigating Environmental and Meharg C. UK 2015 161 Review
biotic and abiotic stress. experimental botany

7.  Mechanisms of Enhanced Heavy Pedosphere Wu J.-W. China 2013 121 Review
Metal Tolerance in Plants by Silicon:
A Review

8. Silicon occurrence, uptake, transport Journal of Environmental Imtiaz M. China 2016 115 Review
and mechanisms of heavy metals, Management
minerals and salinity enhanced
tolerance in plants with future
prospects:

9. Response of water deficit-stressed Scientia Horticulturae Merwad A. Egypt 2018 103 Article
Vigna unguiculata performances
to silicon, proline or methionine
foliar application

10. Silicon in soils and plants Silicon and Plant Diseases Tubarja B.S. USA 2016 97 Review
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USA, China, India, Brazil, and Australia. China has been a leader
in researching and developing these fertilizers, collaborating
with institutions worldwide. In the US, special Si fertilizers are
produced and extensively utilized in soil management. The ma-
jority of research articles on this topic have been published in
English, with China, the USA, India, Iran, and Brazil leading the
way. The role of silicon and its preparations in the biological and
chemical processes of soil, as well as the scientific foundation
for these processes, hold great promise for agricultural projects.
Exploring methods to convert solid and amorphous silicon into
a mobile form in soil can lead to beneficial outcomes in various
stress conditions. The research reviewed on the role of silicon in
soil-plant interactions and the potential use of silicon fertilizers
offers valuable insights for future analytical articles.

Acknowledgments

I would like to express my sincere gratitude to the Ministry
of Innovative Development of the Republic of Uzbekistan and
the organizers of the English for Science project. The ministry’s
initiation of this project has been immensely valuable, and I am
also thankful to Dr. Juliev Mukhiddin, the project trainer, for
providing invaluable assistance in interpreting the scientific lit-
erature for my research. I would like to express my gratitude to
Dr. Lazizakhon Gafurova for recommending that I delve into the
study of the role of silicon and silicon fertilizers in the saline soil
of Uzbekistan. This research was conducted under the guidance
of the Department of Soil Science at the National University of
Uzbekistan. The knowledge and expertise acquired through this
project will contribute to the advancement of soil science, agri-
culture, nature conservation, resource preservation, the adop-
tion of safe food technologies, and the training of future genera-
tions in this field.

References

Ahmed, S.R. et al,, 2022. Potential Role of Silicon in Plants Against Biotic
and Abiotic Stresses. Silicon 15, 3283-3303. https://doi.org/10.1007/
§12633-022-02254-w.

Boorboori, M.R,, Li, Z,, Yan, X., Dan, M., Zhang, Z., Lin, W,, Fang, C., 2021.
Comparison of Silicon-Evoked Responses on Arsenic Stress between
Different Dular Rice Genotypes. Plants 10(10), 2210. https://doi.
org/10.3390/plants10102210.

Camargo, M.S.D., Amorim, L., Gomes Junior, A.R., 2013. Silicon fertilisa-
tion decreases brown rust incidence in sugarcane. Crop Protection
53, 72-79. https://doi.org/10.1016/j.cropro.2013.06.006

Canny, M.]J., 2006. What becomes of the transpiration stream? New Phy-
tologist 114(3), 341-368. https://doi.org/10.1111/j.1469-8137.1990.
th00404.x

Coskun, D., Deshmukh, R., Shivaraj, S.M., Isenring, P., Bélanger, R.R., 2021.
Lsi 2: A black box in plant silicon transport. Plant and Soil 466(1-2),
1-20. https://doi.org/10.1007/s11104-021-05061-1

Coulibaly, S., Kamsu-Foguem, B., Kamissoko, D., Traore, D., 2022. Deep
learning for precision agriculture: A bibliometric analysis. Intelli-
gent Systems with Applications 16, 200102. https://doi.org/10.1016/
j.iswa.2022.200102

Crooks, R., Prentice, P, 2017. Extensive Investigation into Field Based
Responses to a Silica Fertiliser. Silicon 9(2), 301-304. https://doi.
0rg/10.1007/s12633-015-9379-3

10

186456

SOIL SCIENCE ANNUAL

Das, S., Kim, G.W,, Lee, ].G., Bhuiyan, M.S.I,, Kim, PJ., 2021. Silicate fertil-
ization improves microbial functional potentials for stress tolerance
in arsenic-enriched rice cropping systems. Journal of Hazardous Ma-
terials 417, 125953. https://doi.org/10.1016/j.jhazmat.2021.125953

de Tombeur, F., Cooke, J., Collard, L., Cisse, D., Saba, F., Lefebvre, D., Bur-
geon, V., Nacro, H.B., Cornelis, ].-T., 2021. Biochar affects silicification
patterns and physical traits of rice leaves cultivated in a desilicat-
ed soil (Ferric Lixisol). Plant and Soil 460(1-2) 375-390. https://doi.
0rg/10.1007/s11104-020-04816-6

Devanna, B.N. et al., 2021. Versatile role of silicon in cereals: Health ben-
efits, uptake mechanism, and evolution. Plant Physiology and Bio-
chemistry 165, 173-186. https://doi.org/10.1016/j.plaphy.2021.03.060

Donthu, N., Kumar, S., Mukherjee, D., Pandey, N., Lim, W.M., 2021. How
to conduct a bibliometric analysis: An overview and guidelines?
Journal of Business Research 133, 285-296. https://doi.org/10.1016/
j.jbusres.2021.04.070

Fan, Y, Qin, W, Chen, Z., Cheng, F., 2019. A silicon-potash fertilizer pre-
pared from magnesium slag and how it can improve soil fertility
and agronomic performance. Soil Science and Plant Nutrition 65(3),
274-280. https://doi.org/10.1080/00380768.2019.1610335

Farmer, V., Lumsdon, D., 1994. An assessment of complex formation be-
tween aluminium and silicic acid in acidic solutions. Geochimica
et Cosmochimica Acta 58, 3331-3334. https://doi.org/10.1111/j.1365-
2389.1995.th01825.x

Stephano, F.M., Geng, Y., Cao, G., Wang, L., Meng, W., Meiling, Z., 2021.
Effect of Silicon Fertilizer and Straw Return on the Maize Yield and
Phosphorus Efficiency in Northeast China. Communications in Soil
Science and Plant Analysis 52(2), 116-127. https://doi.org/10.1080/00
103624.2020.1854284

Gottardi, S. et al.,, 2012. Beneficial effects of silicon on hydroponically
grown corn salad (Valerianella locusta (L.) Laterr) plants. Plant
Physiology and Biochemistry 56, 14-23. https://doi.org/10.1016/
j.plaphy.2012.04.002

Greger, M., Landberg, T., Vaculik, M., 2018. Silicon Influences Soil Avail-
ability and Accumulation of Mineral Nutrients in Various Plant Spe-
cies. Plants 7, 41. https://doi.org/10.3390/plants7020041

Guntzer, F., Keller, C., Meunier, J.-D., 2012. Benefits of plant silicon for
crops: A review. Agronomy for Sustainable Development 32, 201-213.
https://doi.org/10.1007/s13593-011-0039-8

Haynes, R.]., Zhou, Y.F., 2018. Competitive and noncompetitive adsorption
of silicate and phosphate by two acid Si-deficient soils and their ef-
fects on P and Si extractability. Soil Science and Plant Nutrition 64(4),
535-541. https://doi.org/10.1080/00380768.2018.1473008

Hu, W, Lj, C, Ye, C,, Wang, J., Wei, W,, Deng, Y., 2019. Research prog-
ress on ecological models in the field of water eutrophication:
Cite Space analysis based on data from the ISI web of science da-
tabase. Ecological Modelling 410, 108779. https://doi.org/10.1016/
j.ecolmodel.2019.108779

Huang, Ch., Wang, L., Gong, X., Huang, Z., Zhou, M., Li, J., Wu, J., Chang,
S.X., Jiang, P., 2020. Silicon fertilizer and biochar effects on plant and
soil PhytOC concentration and soil PhytOC stability and fractionation
in subtropical bamboo plantations. Science of The Total Environment
715, 136846. https://doi.org/10.1016/j.scitotenv.2020.136846

Hussain, A. et al.,, 2021. Combined use of different nanoparticles effective-
ly decreased cadmium (Cd) concentration in grains of wheat grown
in a field contaminated with Cd. Ecotoxicology and Environmental
Safety 215. https://doi.org/10.1016/j.ecoenv.2021.112139

Imtiaz, M. et al., 2016. Silicon occurrence, uptake, transport and mecha-
nisms of heavy metals, minerals and salinity enhanced tolerance in
plants with future prospects: Areview. Journal of Environmental Man-
agement 183, 521-529. https://doi.org/10.1016/j.jenvman.2016.09.009

Ji, X, Liu, S., Juan, H., Bocharnikova, E.A., Matichenkov, V.V,, 2017. Effect
of silicon fertilizers on cadmium in rice (Oryza sativa) tissue at tiller-
ing stage. Environmental Science and Pollution Research 24, 10740-
—-10748. https://doi.org/10.1007/s11356-017-8730-1



SOIL SCIENCE ANNUAL

Katz, O., Puppe, D., Kaczorek, D., Prakash, N.B., Schaller, J., 2021. Silicon
in the Soil-Plant Continuum: Intricate Feedback Mechanisms within
Ecosystems. Plants 10, 652. https://doi.org/10.3390/plants10040652

Kaur, H., Greger, M., 2019. A Review on Si Uptake and Transport System.
Plants 8, 81. https://doi.org/10.3390/plants8040081

Klapka, O., Slaby, A., 2018. Visual analysis of search results in Scopus da-
tabase. In Digital Libraries for Open Knowledge. International Con-
ference on Theory and Practice of Digital Libraries, 340-343. https://
doi.org/10.1007/978-3-030-00066-0_36

Komissarov, M., Gabbasova, L., Garipov, T., Suleymanov, R., Sidorova, L.,
2022. The Effect of Phosphogypsum and Turkey Litter Application
on the Properties of Eroded Agrochernozem in the South Ural Re-
gion (Russia). Agronomy 12, 2594. https://doi.org/10.3390/agrono-
my12112594

Kovaécs, S., Kutasy, E., Csajbok, J., 2022. The Multiple Role of Silicon Nutri-
tion in Alleviating Environmental Stresses in Sustainable Crop Pro-
duction. Plants 11, 1223. https://doi.org/10.3390/plants11091223

Lepolu, T.]., Heckman, J., Simon, J., Wyenandst, C., 2016. Silicon Soil Amend-
ments for Suppressing Powdery Mildew on Pumpkin. Sustainability
8, 293. https://doi.org/10.3390/su8040293

Liang, Y., Liao, M., Fang, Z., Guo, J., Xie, X., Xu, C., 2021. How silicon fertiliz-
er improves nitrogen and phosphorus nutrient availability in paddy
soil. Journal of Zhejiang University: Science 22(7), 521-532. https://
doi.org/10.1631/jzus.b2000708

Luyckx, M., Hausman, J.F., Lutts, S., Guerriero, G., 2017. Silicon and
Plants: Current Knowledge and Technological Perspectives. Frontiers
in Plant Science 8, 411. https://doi.org/10.3389/fpls.2017.00411

Mabagala, F.S., Geng, Y., Cao, G., Wang, L., Wang, M., Zhang, M., 2020. Sili-
con accumulation, partitioning and remobilization in spring maize
(Zea mays L.) under silicon supply with straw return in Northeast
China. Journal of Plant Nutrition 44(10), 1498-1514. https://doi.org/10
.1080/01904167.2020.1867576

Malik, M.A., Wani, A.H., Mir, S.H., Rehman, 1.U,, Tahir, I., Ahmad, P., Rash-
id, I., 2021. Elucidating the role of silicon in drought stress tolerance
in plants. Plant Physiology and Biochemistry 165, 187-195. https://doi.
org/10.1016/j.plaphy.2021.04.021

Mamasolieva, M., Holmurodov, N., 2023. The influence of silicon-based
preparations on the dynamics of the population of microorganisms
in saline soils. Science and Innovation International Scientific Jour-
nal 1, 1852-1858. https://doi.org/10.5281/zenodo.8372316

Mandlik, R., Thakral, V., Raturi, G., Shinde, S., Nikoli¢, M., Tripathi, D.K.,
Sonah, H., Deshmukh, R., 2020. Significance of silicon uptake, trans-
port, and deposition in plants. Journal of Experimental Botany 71,
6703-6718. https://doi.org/10.1093/jxb/eraa301

Mauad, M., Crusciol, C.C., Nascente, A.S., Grassi F., H., Lima, G.P,, 2016.
Effects of silicon and drought stress on biochemical characteristics
of leaves of upland rice cultivars. Revista Ciencia Agronomica 47,
532-539. https://doi.org/10.5935/1806-6690.20160064

Mejia, C., Wu, M., Zhang, Y., Kajikawa, Y., 2021. Exploring Topics in Biblio-
metric Research Through Citation Networks and Semantic Analysis.
Frontiers in Research Metrics and Analytics 6, 742311. https://doi.
org/10.3389/frma.2021.742311

Mir, R.A., Bhat, B.A., Yousuf, H., Islam, S.T., Raza, A., Rizvi, M.A,, Charagh, S.,
Albagami, M., Sofi, PA., Zargar, S.M., 2022. Multidimensional Role
of Silicon to Activate Resilient Plant Growth and to Mitigate Abiotic
Stress. Frontiers in Plant Science 13, 819658. https://doi.org/10.3389/
fpls.2022.819658

Mitani, N., Ma, J.F., Iwashita, T., 2005. Identification of the Silicon Form
in Xylem Sap of Rice (Oryza sativa L.). Plant and Cell Physiology 46,
279-283. https://doi.org/10.1093/pcp/pci018

Mokhnacheva, Yu.V, Tsvetkova, V.A., 2020. Bibliometric Analysis of
Soil Science as a Scientific Area. Eurasian Soil Science. 53, 838-844.
https://doi.org/10.1134/S1064229320060095

Nisar, S., Igbal, M., Ashraf, J., Naeem, M., Ahmad, Z., Afzal, M., Raza, A.,
2022. Enhancing Salt Tolerance in Cotton by Improving its Morpho-

Role of silicon and silicon fertilizers: a review of papers from the Scopus database

physiological and Antioxidant Potential Through Foliar Applied
Silicon. Silicon 14, 11243-11252. https://doi.org/10.1007/s12633-022-
01849-7

Pan, X, Lv, J., Dyck, M., He, H., 2021. Bibliometric Analysis of Soil Nutrient
Research between 1992 and 2020. Agriculture 11(3), 223. https://doi.
org/10.3390/agriculture11030223

Parveen, A, Liu, W,, Hussain, S., Asghar, J., Perveen, S., Xiong, Y., 2019. Sili-
con Priming Regulates Morpho-Physiological Growth and Oxidative
Metabolism in Maize under Drought Stress. Plants 8, 431. https://doi.
org/10.3390/plants8100431

Pati, S., Saha, S., Saha, S., Pal, B, Saha, B., Hazra, G.C., 2018. Soil appli-
cation of silicon: Effects on economic yield and nutrition of phos-
phorus, zinc and iron in rice (Oryza sativa L.). Journal of the Indian
Society of Soil Science 66(3), 329-335. https://doi.org/10.5958/0974-
0228.2018.00041.5

Pavlovic, J., Kostic, L., Bosnic, P.,, Kirkby, E.A., Nikolic, M., 2021. Inter-
actions of Silicon with Essential and Beneficial Elements in Plants.
Frontiers in Plant Science 12, 697592. https://doi.org/10.3389/
fpls.2021.697592

Rangwala, T., Bafna, A., Vyas, N., Gupta, R., 2018. Role of soluble silica
in alleviating oxidative stress in soybean crop. Indian Journal of
Agricultural Research 52(1), 9-15. https://doi.org/10.18805/IJARe.
A-4882

Sarkar, A., Wang, H., Rahman, A., Memon, W.H., Qian, L., 2022. A bib-
liometric analysis of sustainable agriculture: based on the Web
of Science (WOS) platform. Environmental Science and Pollution
Research 29(26), 38928-38949. https://doi.org/10.1007/s11356-022-
19632-x

Sarto, M.M., Lana, M.C., Rampim, L., Rosset, ].S., Sarto, ].W., Bassegio, D.,
2019. Effects of calcium and magnesium silicate on the absorption
of silicon and nutrients in wheat. Semina: Ciencias Agrarias 40(1),
67-80. https://doi.org/10.5433/1679-0359.2019v40n1p67

Song, A., Li, Z., Wang, E., Xu, D., Wang, S., B, ]., Wang, H., Jeyakumar, P, Li,
Z.,Fan, F., 2021. Supplying silicon alters microbial community and re-
duces soil cadmium bioavailability to promote health wheat growth
and yield. Science of the Total Environment 796, 148797. https://doi.
org/10.1016/j.scitotenv.2021.148797

Tayade, R., Ghimire, A., Khan, W, Lay, L., Attipoe, J.Q., Kim, Y., 2022. Sili-
con as a Smart Fertilizer for Sustainability and Crop Improvement.
Biomolecules 12, 1027. https://doi.org/10.3390/biom12081027

Thakral, V., Bhat, J.A., Kumar, N., Myaka, B., Sudhakaran, S., Patil, G.,
Sonah, H., Shivaraj, S.M., Deshmukh, R., 2021. Role of silicon under
contrasting biotic and abiotic stress conditions provides benefits for
climate smart cropping. Environmental and Experimental Botany
189, 104545. https://doi.org/10.1016/j.envexpbot.2021.104545

Tripathi, P, Na, C.-L, Kim, Y., 2021. Effect of silicon fertilizer treatment
on nodule formation and yield in soybean (Glycine max L.). Euro-
pean Journal of Agronomy 122(12), 61-72. https://doi.org/10.1016/
j.6ja.2020.126172

Tubana, B.S., Babu, T, Datnoff, L.E., 2016. A review of silicon in soils
and plants and its role in us agriculture: History and future per-
spectives. Soil Science 181(9/10), 393-411. https://doi.org/10.1097/
$5.0000000000000179

Valle, L.R., Rodrigues, S.L., Ramos, S.J., Pereira, H.S., Amaral, D.C., Siquei-
ra, J.0., Guilherme, L.G., 2016. Beneficial use of a by-product from the
phosphate fertilizer industry in tropical soils: Effects on soil proper-
ties and maize and soybean growth. Journal of Cleaner Production
122(1), 113-120. https://doi.org/10.1016/j.jclepro.2015.07.037

van Eck, N.J., Waltman, L., 2010. Software survey: VOSviewer, a computer
program for bibliometric mapping. Scientometrics 84, 523-538. ht-
tps://doi.org/10.1007/s11192-009-0146-3

Veazie, P, Pandey, P., Young, S., Ballance, M.S., Hicks, K., Whipker, B., 2022.
Impact of Macronutrient Fertility on Mineral Uptake and Growth of
Lactuca sativa ‘Salanova Green’ in a Hydroponic System. Horticultu-
rae 8(11), 1075. https://doi.org/10.3390/horticulturae8111075

11

186456



Mamasolieva et al.

Verma, P, Singh, D., Pathania, I.P., Aggarwal, K., 2021. Role of Biofertilizer
in Sustainable Agriculture: Enhancing Soil Fertility Plant Tolerance
and Crop Productivity, in: Agriculturally Important Microorganisms:
Mechanisms and Applications for Sustainable Agriculture. Taylor
and Francis 4, 41-64. https://doi.org/10.1201/9781003245841-3

Vivancos, J., Deshmukh, R., Grégoire, C., Rémus-Borel, W., Belzile, F., Bé-
langer, R.R.,, 2016. Identification and characterization of silicon efflux
transporters in horsetail (Equisetum arvense). Journal of Plant Physi-
ology 200, 82-89. https://doi.org/10.1016/j.jplph.2016.06.011

Wang, L., Zhang, G., Wang, Z., Liu, J., Shang, J., Liang, L., 2019. Bibliometric
Analysis of Remote Sensing Research Trend in Crop Growth Moni-

12

186456

SOIL SCIENCE ANNUAL

toring: A Case Study in China. Remote Sensing 11, 809. https://doi.
0rg/10.3390/rs11070809

Zargar, S.M., Mahajan, R., Bhat, J.A., Nazir, M., Deshmukh, R., 2019. Role
of silicon in plant stress tolerance: opportunities to achieve a sustain-
able cropping system. Biotech 9, 73. https://doi.org/10.1007/s13205-
019-1613-z

Zellner, W., Tubana, B., Rodrigues, F.A., Datnoff, L.E., 2021. Silicon’s Role
in Plant Stress Reduction and Why This Element Is Not Used Rou-
tinely for Managing Plant Health. Plant Disease 105, 2033-2049.
https://doi.org/10.1094/pdis-08-20-1797-fe




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002000d>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002000d>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /GRE <>
    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002000d>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e000d>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


