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ABSTRACT

This review article analyzed studies on nitrate leaching
in an agricultural context, specifically comparing nitrate
leaching between conventional and no-tillage systems, and also
investigated the trends in research regarding this topic across
two decades (2001-2011 and 2012-2022), both globally and in
Brazil. The number of global studies focused on nitrate leaching
during both decades varied across the analyzed databases,
whereas Brazilian researches were scarce. Notably, the
research on nitrate leaching in the no-tillage system was scarce
overall, both globally and particularly in Brazil. Nevertheless,
the global interest in agriculture-associated nitrate leaching
increased between 2001-2011 and 2012-2022, as evidenced by
the increasing number of publications across all the databases.
In addition, the number of global studies on nitrate leaching
in the no-tillage system increased during the last two decades,
although this interest has not been emulated in Brazil. Among
the 22 analyzed articles, 13 supported the no-tillage system
as a strategy to reduce nitrate leaching, when compared to
conventional tillage; 6 showed no significant difference between
both systems; and 3 detected a reduction in leaching in the
conventional tillage.

RESUMO

Lixiviacao de nitrato e manejo do solo: tendéncias de
pesquisa globais vs. brasileiras para 2001-2011 e 2012-2022

Estarevisao de literatura avaliou estudos sobre lixiviagao de
nitrato que foram realizados em contexto agricola, especificamente
comparando a lixiviagao entre manejo convencional e plantio direto,
bem como tendéncias de pesquisa sobre esse tema no Brasil e no
mundo, ao longo de duas décadas (2001-2011 e 2012-2022). O niimero
de estudos no mundo com foco na lixiviagao de nitrato durante ambas
as décadas variou entre os bancos de dados analisados, enquanto as
pesquisas no Brasil foram escassas. Notavelmente, a pesquisa sobre
lixiviagdo de nitrato em plantio direto foi escassa no mundo todo
e, particularmente, no Brasil. No entanto, o interesse mundial na
lixiviagdo de nitrato associado a agricultura aumentou entre 2001-
2011 e 2012-2022, fato evidenciado pelo aumento no niimero de
publicacdes em todas as bases de dados. Além disso, o niimero de
estudos ao redor do mundo sobre lixiviagdo de nitrato em plantio
direto aumentou nas duas tltimas décadas, embora esse interesse nao
tenha se refletido no Brasil. Entre os 22 artigos analisados, 13 apoiam
0 uso do plantio direto como estratégia para reduzir a lixiviacao de
nitrato, em comparagdo com o plantio convencional; 6 ndo apontaram
diferenca significativa entre os sistemas; ¢ 3 detectaram reducdo da
lixiviagdo em plantio convencional.

KEYWORDS: Nitrogen loss, no-tillage, conventional tillage,
conservation agriculture.

INTRODUCTION

Nitrogen (N) is a nutrient extremely important
for plant growth and development, and its application
in agricultural systems leads to increased crop yields
(Hawkesford et al. 2012). The N supply in farmlands
can be met using organic or mineral fertilization, but
its use efficiency is generally low (Dourado-Neto et
al. 2010). Surplus losses can occur in various ways,
mainly via nitrate leaching (Wang & Li 2019).

Nitrate leaching not only drives various
ecological issues (e.g., eutrophication of rivers

PALAVRAS-CHAVE: Perda de nitrogénio, plantio direto, plantio
convencional, agricultura conservacionista.

and contamination of groundwater), but is also the
causative agent of certain human diseases (e.g.,
gastric cancer and methemoglobinemia), and these
health issues are often caused by the consumption of
water with high nitrate concentrations (Bijay-Singh &
Craswell 2021, Picetti et al. 2022). Although there
are methods for treating nitrate-contaminated water,
these generally require large amounts of energy and
generate by-products that require specialized means
of disposal (Richa et al. 2022).

Although several studies have classified the
leached nitrate as the only one that reaches the
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groundwater (Cameron et al. 2013), in agriculture,
nitrate can be considered leached once it seeps
beyond the effective root system (Bortolotto et al.
2012, Rosolem et al. 2018).

Nitrate leaching beyond the root zone is
directly related to reduced soil fertility, because of
not only the resultant N loss, but also the associated
cation co-leaching, that is, the leaching of cations
such as Ca*, Mg* and K* along with the nitrate
anions (Brady & Weil 2013, Cameron et al. 2013).
Thus, this process can drive a cascade of economic
losses (Pinto et al. 2017).

In agricultural systems, N is primarily lost
because of low nitrate uptake by crops from the
soil solution. Nitrate leaches because of its high
water solubility and low adsorption capacity for
soil colloids; and soils with predominantly negative
charges repel nitrate (Brady & Weil 2013).

The charge balance in variable-charge soils,
such as weathered tropical soils, depends on their
mineralogical composition, organic matter content
and pH. For example, lower organic matter content
and pH can increase the positive electrical charges
on the surfaces of soil particles, thereby increasing
the retainment of nitrate anions. Consequently,
agricultural practices that raise the pH, such as
liming, may temporarily promote negative charges
on the surface of soil particles. This can, at least
acutely, increase nitrate leaching (Crusciol et al.
2011, Pinheiro et al. 2020).

The magnitude of nitrate leaching in
agricultural soils is contingent upon several factors
beyond the aforementioned ones, including natural
soil fertility, anion exchange capacity, texture,
microbial communities and hydraulic conductivity.
Meteorological factors such as rainfall and air
temperature also play significant roles in nitrate
leaching, because of their importance in shaping
soil microbiological processes (i.c., via nitrification)
(Sahrawat 2008, Jabloun et al. 2015, Norton &
Ouyang 2019, Grzyb et al. 2020). The use of
nitrogenous fertilizers is also relevant. Specifically, the
physiochemical properties and method of application
of fertilizers (i.e., rate, timing, etc.) can affect leaching.
Nitrate leaching is also influenced by location (e.g.,
temperate or tropical zone), plant characteristics (e.g.,
species, N use efficiency and growth stage) and the use
of cover crops (Jadoski et al. 2010, Fioreze et al. 2012,
Yangetal. 2017, Padilla et al. 2018, Rutting et al. 2018,
Sanchez 2019, Spiess et al. 2020, Nouri et al. 2022).

In recent years, nitrate leaching in agricultural
contexts has garnered attention from the scientific
community because of the need to map the complex
dynamics that underlies this phenomenon (Foster &
Custodio 2019, Bijay-Singh & Craswell 2021, Tsadilas
2022). However, soil tillage practices, which directly
influence various factors that affect nitrate leaching,
remain understudied. This lack of research on tillage
practices as drivers of nitrate leaching is apparent in
countries such as Brazil, despite it being a key player in
global agriculture and transitioning from conventional
to no-tillage systems (Padilla et al. 2018, Rutting et
al. 2018, FAO 2023). Thorough investigations into
the relationship between tillage practices and nitrate
leaching are needed, as the implications of such
findings could greatly improve crop yield.

Therefore, this review article aimed to evaluate
research trends concerning nitrate leaching in
agriculture in conventional and no-tillage systems
and compare these trends across two decades (2001-
2011 and 2012-2022), both globally and in Brazil.
By analyzing the selected studies, it also aimed to
determine the soil tillage practices (conventional or
no-tillage) that resulted in the least amount of nitrate
leaching.

MATERIAL AND METHODS

Initially, to trace the trajectory of research
on nitrate leaching across two distinct decades
(2001-2011 and 2012-2022), a literature search was
performed to extract global and Brazilian studies.
Articles, reviews, conference papers, books and
book chapters on nitrate leaching in agriculture
were included, focusing on soil tillage, specifically
conventional and no-tillage practices. The keywords
“nitrate leaching” and “agriculture” or “nitrate
leaching” and “agriculture” and “no-tillage” were
used in the following databases: Google Scholar
(2023), Scopus (2023) and Web of Science (2023).
Publications from two decades, 2001-2011 and 2012-
2022, were included to determine whether research
on nitrate leaching driven by tillage practices has
increased both globally and in Brazil.

Although the Google Scholar is less restrictive,
it was used because it includes results from non-
indexed journals, and these journals tend to publish
regionally relevant studies. In the Google Scholar, to
quantify studies related to Brazil, the term “Brazil” was
used after the keywords, and, for studies focusing on
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other countries (identified as “World”), the keywords
were followed by the minus sign and the term
“Brazil” (-“Brazil”). After the results were displayed,
publications of “Any language” and “Any type” were
considered, excluding patents and citations.

On the Scopus platform, “Article title,
Abstract, Keywords” were selected in the “Search
within” function, added the first keyword in “Search
documents”, and used the “Add search field - AND”
function to add the other keywords. In “Add date
range”, the respective periods were chosen using the
“Published from” and “To” functions. In “Added to
Scopus”, “Anytime” was chosen. All results were
considered from tabs “Open access”, “Year”, “Author
name”, “Subject area”, “Document type”, “Source
title”, “Affiliation”, “Funding sponsor”, “Country/
territory”, “Source type” and “Language”. For the
“Publication Stage” function, “Final” was chosen.
To identify Brazilian researches, the number of
publications listed under the “Country/Territory”
tab was checked.

On the Web of Science database, for each
keyword, the option “All fields” was selected. The
“Add row - AND” function was used to add the
other keywords. In the “Add date range” function,
“Publication date” and “Custom” were chosen
(2001-01-01t02011-12-31 and 2012-01-01 to 2022-
12-31). All results were considered from the tabs
“Quick filters”, “Citation topics meso”, “Citation
topics micro”, “Authors”, “Publication years”,
“Document types”, “Web of science categories”,
“Affiliations”, “Publication titles”, “Publishers”,
“Funding Agencies”, “Open Access”, “Sustainable
Development Goals”, “Editorial notices”, “Editors”,
“Group authors”, “Research areas”, “Countries/
regions”, “Languages”, “Conferences titles”, “Book
series titles” and “Web of science index”. After the
global search, the same steps were repeated, with the
addition of the “Add row” function and adding the
keyword “Brazil” to find Brazilian studies.

To determine which soil tillage management
strategy reduces nitrate leaching, publications were
selected from the Web of Science, Scopus and Google
Scholar. For the Google Scholar, the first three pages
of publications were considered because of the large
number of available results. Studies that directly
addressed the research question were selected by
screening the abstracts (mostly focusing on their aims
and results) and excluded unrelated publications.
Publications that used the terms “conventional tillage”

and “no-tillage system”, as defined by Possamai et
al. (2022), were selected. Research articles using the
terms “no-tillage”, “reduced” or “minimum tillage”
were also considered as publications discussing no-
tillage systems. Similarly, research articles that did
not explicitly mention “conventional tillage” but
involved methods such as “plowing”, “scarification”
and “conventional ridge tillage” were classified as
discussing conventional tillage. Finally, articles that
compared leaching in conventional and no-tillage
systems were selected to identify which tillage system
caused reduced nitrate leaching, and summarized the

findings.
RESULTS AND DISCUSSION

The number of studies on nitrate leaching in
the context of agriculture varied substantially across
databases worldwide (4-16,800 publications) and for
Brazil (0-4,520 publications) (Table 1). Specifically,
a comparable number of publications were retrieved
from the Scopus and Web of Science, whereas the
Google Scholar returned considerably more results,
indicative of its less restrictive nature. The Google
Scholar likely included studies that were excluded
from other databases because of perceived low quality
or regional interest. Additionally, the Google Scholar
often considers publications that are not directly related
to keywords, but, for example, are included in the
Reference section of other retrieved papers. Certain
publications from the Scopus and Web of Science did
not directly address our research question. Instead,
they merely indirectly alluded to it or focused solely
on the outcomes of a specific soil tillage approach.

When the keywords “nitrate leaching” and
“agriculture” were used, the number of retrieved
publications varied markedly; for example, 306
publications were retrieved from the Web of Science
database, whereas 16,800 were retrieved from the
Google Scholar. However, in general, very few
studies focused on Brazil (Table 1).

Brazilian publications were found to be
scarce across both decades (2001-2011 and 2012-
2022), particularly for the Scopus (1 %) and Web of
Science (2 %). In the more inclusive Google Scholar
database, they constituted 17 % of the published
works. In an academic context, uncertainties remain
regarding the extent of nitrate leaching in Brazilian
agriculture. This uncertainty can be attributed to the
fact that, in general, few studies focusing on nitrate
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Table 1. Number of scientific publications globally and for Brazil from different databases, regarding nitrate leaching in agriculture
(keywords “nitrate leaching” and “agriculture”) and no-tillage' systems (keywords “nitrate leaching” and “agriculture” and

“no-tillage”), in the 2001-2011 and 2012-2022 decades.

Database Keywords Decade World? Brazil
. . . 2001-2011 322 4
Seopus Nitrate leaching” and “agriculture 2012-2022 576 7
o T e s 2001-2011 6 0
Nitrate leaching” and “agriculture” and “no-tillage 2012-2022 16 0
o S o . = 2001-2011 306 8
. Nitrate leaching” and “agriculture 2012-2022 609 9
Web of Science
“Nitrate leaching” and “agriculture” and “no-tillage” 2001-2011 4 0
£ Erientn “ures 2012-2022 17 0
“Nitrate leaching” and “agriculture” 2001-2011 12,800 1,340
Goosle Scholar ¢ eaching ghicuure 2012-2022 16,800 4,520
¢ “Nitrate leaching” and “agriculture” and “no-tillage” 2001-2011 1,560 289
g grienTn “Hrag 2012-2022 3,300 1,190

! Including no-tillage systems, conservation agriculture and minimum and reduced tillage;? except Brazil; * approximate numbers.

leaching have been conducted in Brazil, with even
fewer focusing on the rural Brazilian context. Most
nitrate contamination studies in Brazil have only
analyzed the groundwater supply of larger cities in
which domestic sewage is the main source of nitrate
(Stradioto etal. 2019, Hirata et al. 2020, CRH 2021).

Among the few Brazilian studies on nitrate
leaching in rural areas, most only analyzed water
contamination levels and assumed probable
sources and transport processes without employing
standardized methods to allow for comparisons
across different contexts (e.g., Kaiser et al. 2010,
Gomes & Barizon 2014). Overall, because of the
limited Brazilian studies on leaching, the extent
of nitrate leaching in rural Brazilian areas remains
undetermined (CRH 2021). Considering the various
implications of nitrate leaching, it is imperative to
allocate greater attention to this subject, because
Brazil has a wide range of edaphoclimatic conditions.
For example, a study by Bortolotto et al. (2012) in the
Bahia’s Cerrado revealed significant nitrate leaching
(1 m) in fertigated coffee plants cultivated in sandy
soil with high nitrogen concentrations.

When the keyword “no-tillage” was also used,
there was a decrease in the number of documents
published globally across the databases; specifically,
from four publications from the Web of Science to
3,300 from the Google Scholar (Table 1). This implies
that research on nitrate leaching in no-tillage areas is
limited, particularly in Brazil. In the most restrictive
databases, there were no Brazil-specific publications
during both analyzed decades, whereas, in the Google

Scholar, the number of publications ranged from 289
(2001-2011) to 1,190 (2012-2022).

When comparing 2001-2011 to 2012-2022
(Figure 1A), global publications on nitrate leaching
in agriculture increased by 79 and 99 % in the
Scopus and Web of Science, respectively. However,
the growth was relatively low for Brazil-specific
publications, at 75 % in Scopus and 13 % in the
Web of Science. According to the Google Scholar
database, there has been a 31 % increase in global
publications regarding nitrate leaching in agriculture
and a 237 % increase in Brazilian publications.

The number of global publications on nitrate
leaching in no-tillage agriculture grew markedly,
when comparing results from 2001-2011 to 2012-
2022 (Figure 1B). In total, 167 % more publications
were retrieved from the Scopus, whereas 325 % more
were retrieved from the Web of Science, and 112 %
more were retrieved from the Google Scholar, between
2001-2011 and 2012-2022. Regrettably, there were no
Brazilian publications on this topic in the Scopus
or Web of Science. The Google Scholar reported a
312 % increase in publications on nitrate leaching in
no-tillage. Despite the increase in publications, these
findings underscore the scarcity of Brazilian research
on nitrate leaching in no-tillage areas, when compared
with global trends, despite the extensive adoption of
no-tillage practices in Brazil. This scarcity is further
highlighted by the fact that not all the Google Scholar
manuscripts addressed this subject directly.

Padilla et al. (2018) observed a similar
outcome in their analysis of global trends in nitrate
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Figure 1. Percentage increase in the number of scientific
publications on nitrate leaching in agriculture (A)
and no-tillage (B) systems from different databases
(Scopus, Web of Science and Google Scholar),
globally (except Brazil) and in Brazil, between the
2001-2011 and 2012-2022 decades.

leaching from 1960 to 2017. They used broader
search terms (nitrat* and leach*) in the Scopus
database, which encompasses research across diverse
fields. Most studies worldwide have been conducted
in rural areas, focusing on corn, wheat and grasses,
and were primarily published after 1990. The USA
led the research output with 2,182 documents (21 %),
followed by China (9 %), the United Kingdom (8 %)
and Germany (6 %). Their findings revealed that
Brazilian nitrate leaching research is limited, with
only 175 publications.

To assess which soil tillage practices reduced
nitrate leaching, 22 articles were analyzed. Among
the publications considered in each database, the
Scopus had only 5 % of exclusivity, whereas the
Web of Science and Google Scholar had 24 and
30 %, respectively. After removing duplicates, a

content analysis was conducted on 47 publications,
of which only 22 specifically investigated the effect
of conventional or no-tillage methods on reducing
nitrate leaching (Table 2).

Thirteen articles, constituting the majority,
demonstrated that no-tillage reduces nitrate leaching,
whereas six found no differences between the two
soil tillage practices. Only three studies concluded
that conventional tillage was more advantageous in
this regard (Table 2). Therefore, based solely on these
conclusions, it appears that no-tillage practices reduce
nitrate leaching. However, considering the limited
number of analyzed articles and the fact that nine
did not support the idea that no-tillage reduces nitrate
leaching (Table 2), it is not possible to conclusively
say that no-tillage is superior in this context.

Controversial results regarding agricultural
nitrate loss were also observed in a literature review
conducted by Wang & Li (2019). They noted that,
even though tillage, especially when conducted
before the wet season, has been shown to affect
various soil-linked processes that impact leaching,
its effects are contingent upon soil type, climate and
initial soil nitrate content. The authors highlighted
that under prolonged and continuous treatment, the
nitrate content was higher under conventional tillage
than under no-tillage. This was attributed to the
possible reduction in net N mineralization owing to
slower decomposition, increased N immobilization
and differences in nitrification in no-tillage.

Nevertheless, a meta-analysis conducted by
Daryanto et al. (2017), which included 43 studies
published between 1985 and 2016, showed that no-
tillage exhibited an increased leachate nitrate load,
when compared to conventional tillage, although the
nitrate concentrations were similar in both. The effect
of no-tillage on the leached nitrate load was attributed
to the changes in the soil water flow. This phenomenon
occurs because of many factors, including the greater
number of macropores in the no-tillage system, which
alters the soil water flow. Dead roots and earthworms
create macropores that form preferential water flow
channels, resulting in increased capacity for water
to infiltrate the soil and, therefore, increased nitrate
leaching. However, the authors concluded that
additional factors such as the use of cover crops or
split N application enhance the soil retention of N and
effectively reduce nitrate leaching.

Further research will be necessary to
investigate the efficacy of different soil tillage
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Table 2. Reference, study region, highlights of conclusions and impacts of tillage type on nitrate leaching from research articles
focusing on soil tillage practices (conventional tillage' - CT and no-tillage? - NT) and nitrate leaching in agriculture from

2001-2011 to 2012-2022.

Reference Region Highlight of conclusions Nitrate leaching

Bakhsh et al. (2002) USA Nitrate losses from chisel plow were lower than those from NT NT >CT

Mkhabela et al. (2008) Canada In most cases, nitrate was higher under CT than NT at all soil depths NT <CT
CT without cover crop had lower nitrate concentrations in the first .

Hooker et al. (2008) Ireland season and was not different from NT in the second season No difference

Kaiser et al. (2010) Brazil NT aqd CT hgd no significant differences in the nitrate concentration of No difference
the soil solution

Follador et al. (2011) Europe Fertilizer/manure application during the cold and wet seasons (CT) led NT < CT

to an increase of N leaching

Amon-Armah et al. (2013) Canada >
leaching

Tillage did not have a significant effect on crop yield and nitrate

No difference

The total amount of nitrate leaching was lowest in the cropping system

Bécel et al. (2015) France using no herbicide and NT NT <CT

Huang et al. (2015) China CT with straw minimized nitrate leaching NT >CT

Meisinger et al. (2015) USA NT can increase nitrate leaching during seasons with excessive rainfall ~ NT>CT

Yagioka et al. (2015) Japan Nitrate leaching was lower in NT than in CT NT <CT

Jokela & Nair (2016) USA Soil gnd water quality b;neﬁts assom.ated.wnh NT, especially nitrate No difference
leaching, were not consistently seen in this study

Celik et al. (2017) Turkey NT could significantly reduce nitrate leaching NT <CT

Pisani et al. (2017) USA Nitrate leaching was not different between NT and CT with winter No difference
cover crops

Laine et al. (2018) Finland NT has the potential to decrease nitrate leaching NT <CT

Jabro et al. (2019) USA CT and NT had no mgmﬁcant fhfference in nitrate leaching, probably No difference
because of the high spatial variability

Zhang et al. (2020) China NT treatments had significantly lower nitrate leaching than CT NT <CT

Colombani et al. (2020) Ttaly NT Wlth compost and mineral fertilization can diminish nitrate NT < CT
leaching when compared to CT

Spiess et al. (2020) Switzerland NT showed lower leaching rates than CT NT <CT

Hess et al. (2020) USA Rainfall intensification increases nitrate leaching from CT but not NT NT <CT

Dai et al. (2021) China NT reduced nitrate leaching NT <CT

Yuan et al. (2022) China NT with 100 % straw reduced nitrate leaching when compared to CT NT <CT

O’Brien et al. (2022) USA NT with rye as a cover crop reduced the nitrate concentration and, NT < CT

consequently, the leaching loss

! Plowing, scarification and conventional ridge tillage were classified as conventional tillage (CT); > no-tillage systems, conservation agriculture and minimum or reduced

tillage were classified as no-tillage (NT).

practices in reducing nitrate leaching worldwide,
while considering various edaphoclimatic conditions
and tillage types. Such studies are particularly
important in the context of Brazil, where only
one publication on this issue was found (Table 2),
despite the increasing adoption of no-tillage practices
(Fuentes-Llanillo et al. 2021). The Brazilian study by
Kaiser et al. (2010), focused on nitrate leaching in
a tobacco cropland in the Rio Grande do Sul state,
compared nitrate concentrations in soil solutions
collected within and below the root zone under three
management practices (i.e., no-tillage, minimum
tillage and conventional tillage), and found no
significant differences in nitrate concentrations

among these practices, and this was likely because
of the high coefficient of variation.

As edaphoclimatic conditions in Brazil
differ significantly from those highlighted in
most studies that demonstrate reduced leaching
under no-tillage, additional research is crucial to
understand the nitrate dynamics in tropical and
subtropical environments.

CONCLUSIONS

1. In both the analyzed decades (2001-2011 and 2012-
2022), the number of studies on nitrate leaching in
global agriculture varied markedly across different
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databases, and studies conducted with a focus on
Brazil were limited;

2. There was limited research on nitrate leaching
in no-tillage, both globally and in Brazil, with
the latter having no publications available in the
most restrictive databases (i.e., Scopus and Web
of Science);

3. Global interest in nitrate leaching in agriculture
increased across both decades (2001-2011 and
2012-2022), as evidenced by the percentage
increase in publications for all databases. The
increase in Brazil-specific publications was more
noticeable in the Google Scholar than in more
restrictive databases;

4. Global publications on nitrate leaching in no-tillage
experienced even a greater growth between the two
analyzed decades. However, this global interest
was not mirrored in Brazil, as there was no increase
in publications in the most restrictive databases;

5. Of the 22 analyzed articles, 13 supported that no-
tillage reduces nitrate leaching, when compared
to conventional tillage, whereas six found
no difference between the systems, and three
indicated that conventional tillage resulted in less
nitrate leaching. Given that only a limited number
of papers were available and nine of them did not
support the hypothesis that no-tillage practices
reduce nitrate leaching, further research in different
agricultural settings will be necessary to establish
a definitive conclusion.
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