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Abstract: The interaction of herbicides in the nitrogen cycle and their consequences on soil health
and agricultural production are essential topics in agronomic research. In this systematic review
article, we have synthesized recent studies on this subject. The results revealed that the indiscrim-
inate use of herbicides can have negative effects on vital processes in the nitrogen cycle, such as
reduced enzymatic activity and microbial respiration. Moreover, herbicides alter the soil microbial
composition, affecting nitrogen cycling-related activities. Symbiotic nitrogen fixation is also impaired,
resulting in a reduction in the population of nitrogen-fixing bacteria and a decrease in the availability
of this nutrient in the soil. These effects compromise soil fertility and the release of nitrogen to
plants. Therefore, sustainable agricultural practices must be adopted, considering nitrogen cycling
efficiency and the preservation of soil and natural resources. This understanding is crucial for guiding
appropriate management strategies aimed at minimizing the negative effects of herbicides on the
nitrogen cycle and ensuring soil health and agricultural productivity.

Keywords: soil health; sustainable agricultural practices; microbial respiration; enzymatic activity;
symbiotic nitrogen fixation

1. Introduction

In order to increase productivity, the use of pesticides becomes necessary in agricul-
tural practices. Pesticides are chemical compounds used to control pests, fungi, and weeds
in crops [1,2]. Among these pesticides, herbicides are of great importance. They are crucial
for effective weed control, as weeds compete with agricultural crops for essential resources,
resulting in reduced productivity [3]. By eliminating or selectively suppressing weeds,
herbicides keep crops weed-free and contribute to increased food production [1].

However, it is important to note that excessive use of these products can have negative
impacts on the environment and vital cycles for agriculture, as well as consequences for
human health. This has prompted the development of more sustainable and ecological
agricultural practices [3,4].

Among the vital cycles in agriculture, nitrogen cycling is a fundamental process in
crop development but can be negatively affected by the excessive use of herbicides, leading
to direct toxicity [4–7]. Crucial microorganisms involved in the nitrogen cycle, such as
nitrifying and nitrogen-fixing bacteria, are impacted by the toxic effects of certain herbicides,
resulting in damage, mortality, and impairment of vital processes. In a study conducted by
Crouzet et al. [6], it was found that high doses of the herbicide mesotrione were associated
with a decrease in enzymatic activity and microbial respiration rates, indicating a reduction
in the activity of key microorganisms in the nitrogen cycle. Additionally, the use of
herbicides can modify the soil microbial composition, promoting the selective growth of
certain microbial groups at the expense of others, which affects microbial activity related to
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nitrogen cycling, including processes such as nitrification and denitrification [8]. In this
regard, Du et al. [4] observed changes in the composition of soil microbial communities after
mesotrione application, resulting in alterations in the structure and diversity of microbial
communities important for nitrogen cycling.

The symbiotic nitrogen fixation is an indispensable process in the nitrogen cycle,
where bacteria of the genus Rhizobium establish symbiotic associations with leguminous
plants, such as the common bean (Phaseolus vulgaris) [9], soybean (Glycine max) [10] and pea
(Pisum sativum) [11]. These bacteria have the ability to convert atmospheric nitrogen into a
form assimilable by plants [12]. Studies have shown that diclosulam and glyphosate were
able to reduce the population of rhizobia in soil by 89% and 93%, respectively [5]. This
nitrogen fixation is an important source of nitrogen availability in the soil, and its reduction
can adversely affect soil fertility [7,12,13]. Another implication is the alteration of organic
residue decomposition, in which herbicides can exert an unfavorable influence [8]. These
changes can affect the release of nitrogen from residues and its subsequent availability
to plants [8,14]. Consequently, changes in decomposition processes can lead to reduced
nitrogen cycling in the soil [14].

Therefore, understanding the impacts of herbicides on the nitrogen cycle and their
consequences for soil health, agricultural efficiency, and environmental preservation is of
utmost importance for the scientific community, academics, producers, and researchers.
This systematic review article plays a crucial role in synthesizing and analyzing the most
recent studies, highlighting the need for integrated approaches that consider efficient
nitrogen cycling, soil quality preservation and protection of natural resources.

2. Interaction between Herbicides and the Nitrogen Cycle: Negative Impacts on Soil
Health and Crop Yield

The interactions between herbicides and the nitrogen cycle involve complex processes
of chemical, biological, and physical nature that can negatively affect the availability and
cycling of this essential element in the soil [15]. From a molecular standpoint, herbicides can
interact with nitrogen compounds, leading to their degradation or volatilization, thereby
reducing the accessibility of these nutrients for plants [16]. Biologically, herbicides can
interfere with the activity of nitrogen-fixing bacteria, diminishing their ability to convert
atmospheric nitrogen into usable forms for plants [17]. This inhibition of biological nitro-
gen fixation directly affects the viability of this nutrient in the agricultural ecosystem [7].
Additionally, from a physical perspective, excessive herbicide application can cause modifi-
cations in soil structure, compaction and reduced porosity, leading to detrimental impacts
on soil health [18] and the activity of nitrogen-fixing bacteria [19].

In order to provide a basis for decision-making in agricultural management, it is of
utmost importance to understand the context of the interaction between the nitrogen cycle
and herbicides.

2.1. Mechanism of Interaction

Interaction mechanisms play a pivotal role in crop development, exerting a critical
influence on the intricate processes that orchestrate the nitrogen cycle. This intricate
web of interactions encompasses Biological Nitrogen Fixation (BNF), carried out by both
symbiotic bacteria [20] and those operating in a non-symbiotic manner [21], catalyzing the
incorporation of nitrogen into the soil (Figure 1A,B). In parallel, nitrification plays a crucial
role in transforming organic nitrogen compounds into readily accessible inorganic forms
for plants (Figure 1E), while denitrification emerges as a key process, releasing atmospheric
nitrogen from nitrogenous compounds (Figure 1H,I) [22]. Subsequent nitrogen assimilation
by plants emerges as an essential process, playing a central role in the robust growth and
development of these plant organisms [23] (Figure 1F).
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Figure 1. Nitrogen cycle in the environment. (A) Nitrogen fixation, (B) Nitrogen fixing bacteria,
(C) Nitrifying bacteria, (D) Decomposition, (E) Nitrification, (F) Absorption, (H) Denitrifying bacteria,
and (I) Denitrification. Source: Adapted from Geisler et al. [23].

All these mechanisms are essential for the proper and balanced functioning of the
nitrogen cycle [23]. However, excessive and improper use of herbicides can potentially
damage the efficiency of nitrogen cycling [15]. In a study conducted by Du et al. [24], it was
observed that the presence of mesosulfuron-methyl had an effect on soil biodegradability,
negatively influencing the capacity for decomposition and degradation of organic com-
pounds in the soil. This interference is directly related to nitrogen transformation in the
soil, encompassing crucial mechanisms such as nitrification, denitrification, and biological
nitrogen fixation (Figure 1A–C,H,I).

On the other hand, in a study by Hungria et al. [25], it was found that glyphosate had
adverse effects on soybean plant nodulation. Nodulation is a crucial symbiotic mechanism
for legumes, where an association occurs between plants and nitrogen-fixing bacteria,
which are important for nitrogen fixation in the soil. Although the herbicide interfered
with nodulation, the authors did not observe any effects of glyphosate on grain production.

These studies reveal the intrinsic complexity of these mechanisms for accurately
assessing the effects of herbicides on nitrogen cycling dynamics. Such effects can have
negative impacts on crop development, resulting in reduced nitrogen availability in the soil.

2.1.1. Nitrogen Fixation Inhibition

Nitrogen fixation in the soil is a biological process in which diazotrophic bacteria
associated with leguminous plants, such as Rhizobium spp., have the ability to reduce atmo-
spheric nitrogen (N2) into ammonia (NH3) through the enzyme nitrogenase (Figure 2) [26].
Ammonia can then be converted into ammonium ions (NH4

+) available for plants. For



Nitrogen 2023, 4 299

instance, the symbiosis between beans and the bacterium Rhizobium leguminosarum results
in the formation of nodules on the roots, where nitrogen fixation occurs (Figure 2) [27]. This
process is crucial for providing nitrogen to plants, enhancing soil fertility, and contributing
to agricultural productivity. Additionally, nitrogen fixation reduces the dependence on syn-
thetic nitrogen fertilizers, which has direct implications for the environmental sustainability
of agriculture.

Figure 2. Nitrogen fixation and root nodule reduction in the presence of herbicide misuse.
(A–C) Rhizobial nitrogen-fixing bacteria invade the roots, (D) Undergo multiplication, (E) Form
root nodules, establishing a symbiotic relationship. Source: Adapted from Threatt et al. [26], Barberie
et al. [27], Zablotowicz and Reddy [28], and Delong [29].

However, nitrogen fixation in non-leguminous crops differs from that in leguminous
crops, as non-leguminous plants lack the intrinsic ability to form root nodules housing
nitrogen-fixing bacteria, as seen in legumes (Figure 2). Instead, nitrogen fixation in non-
leguminous crops involves symbiotic interactions with diazotrophic bacteria colonizing the
rhizosphere (the soil region surrounding roots) to provide nitrogen to the host plants [30,31].

These bacteria facilitate nitrogen fixation through the enzyme nitrogenase, which
catalyzes the conversion of N2 into usable nitrogenous compounds [31]. In many cases,
optimizing nitrogen fixation in non-leguminous crops can be achieved through sustainable
agricultural practices, such as crop rotation and cover cropping. Introducing specific cover
crops that host diazotrophic bacteria can enhance nitrogen availability in the soil for primary
crops [30]. Moreover, due to the absence of symbiotic association in non-leguminous crops,
the regular application of nitrogen fertilizers is commonly employed as a conventional
approach to meet nutritional demands.
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Some herbicides can inhibit the activity of nitrogen-fixing bacteria present in plant
roots, resulting in reduced nitrogen availability in the soil (Figure 2) [15]. A study conducted
by Chen et al. [32] investigated the effects of butachlor at doses of 0.15 and 1.5 kg ha−1

on the diversity of diazotrophic bacteria in the soil. The results revealed changes in
the diversity of these bacteria in response to exposure to butachlor. Initially, the authors
observed a suppression in nitrogen fixation activity, as evidenced by a reduction in acetylene
production. However, in a subsequent stage, an increase in the suppression of this activity
was observed. These findings suggest that butachlor interferes with the soil diazotrophic
bacterial community, negatively affecting its nitrogen fixation capacity. Similar results were
found in the study by Angelini et al. [17], where S-metolachlor, diclosulam, glyphosate,
imazethapyr, and imazapic were applied to peanuts, resulting in a reduction in the diversity
and abundance of nitrogen-fixing bacteria in the soil. Additionally, a pronounced decrease
in nitrogen fixation activity by these bacteria was observed (Figure 2). These results
indicated that exposure to the mentioned herbicides has negative effects on the community
of nitrogen-fixing bacteria, reducing nitrogen availability for peanut plants.

Despite the importance of the nitrogen fixation process in providing plants with a
usable form of nitrogen, it is also crucial to recognize the significance of denitrification in
maintaining the balance of this essential element in the soil–plant–environment relationship.

2.1.2. Inhibition of Denitrifying Bacteria

Denitrification is an essential step in the nitrogen cycle, where the bacteria transform
nitrate (NO3

-) into gaseous nitrogen (N2), releasing it into the atmosphere [33–36]. Some
bacteria, such as Pseudomonas denitrificans [37,38] and Paracoccus denitrificans [39,40], are
mainly responsible for this process. These bacteria are able to utilize nitrate as an alternative
energy source under anaerobic conditions [23,33,34].

The inhibition of denitrifying bacteria can occur due to various factors, such as the
presence of toxic chemicals in the soil, including herbicides [36]. These substances can inter-
fere with the metabolism of denitrifying bacteria, compromising their ability to efficiently
carry out denitrification [40].

The inhibition of these bacteria can have significant implications on the nitrogen
cycle and nutrient balance in the soil. This can lead to the accumulation of nitrate in the
soil and a reduction in nitrogen availability for plants. The excessive accumulation of
nitrate in the soil can disrupt the absorption of other nutrients by plants, destabilizing the
nutritional equilibrium and consequently diminishing the effective availability of essential
nitrogen for healthy growth. This phenomenon arises from ion antagonism, which affects
nutrient transport processes in plant roots. As observed by Yu et al. [14], the application of
acetochlor at a concentration of 10 mg kg−1 resulted in the inhibition of soil denitrification
potentials. This inhibition could be attributed to a decrease in both the abundance and
activity of denitrifying bacteria after the application of acetochlor. Similar results were
found by Crouze et al. [41], where mesotrione increased the ammonium content in the
soil and caused a decrease in nitrate content observed in treated soils. These functional
impacts were mainly correlated with changes in the abundance of oxidizing bacteria or
denitrifying bacteria.

Since herbicides have the potential to inhibit vital processes, one of the main impacts
is the reduction of nutrient absorption by plants. This decrease in absorption can result
in various issues, such as nutrient deficiency in the plant and, consequently, a decrease
in productivity.

2.1.3. Reduced Nitrogen Uptake by Plants

The reduction in nitrogen uptake by plants can be attributed to multiple factors,
including decreased soil microorganism activity, direct interference of herbicides with plant
membrane transporters, and modulation of enzymes involved in nitrogen metabolism [42].
Nitrogen uptake by plants is a complex phase and vital for their growth and development.
It involves the uptake of nitrate (NO3

−) and ammonium (NH4
+) from the soil by the
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roots, followed by transport to other parts of the plant [43]. This process primarily takes
place in the roots, where membrane transporters play a pivotal role by facilitating the
selective transport of nitrogen ions [44]. The reliance on these transporters is pivotal for the
effectiveness of nitrogen uptake, exerting a substantial influence on nutritional equilibrium
and plant productivity [44].

Nitrogen assumes a vital role for plants, fulfilling a dual function in synthesizing piv-
otal compounds, including amino acids, proteins, nucleotides, and other nitrogenous sub-
stances within plant cells [44]. These essential compounds significantly contribute to plant
structure and functionality, encompassing critical processes such as growth, development,
reproduction, and the plant’s adaptive response to environmental stresses. Furthermore,
the potential compromise in plant growth due to the reduction of assimilable nitrogen
forms may consequently impact the entirety of these fundamental functions. [23,44].

Furthermore, herbicides can interfere with membrane transporters, which are respon-
sible for the active or passive transport of nitrogen ions within plant cells. This interference
can compromise the efficiency of nitrogen uptake, affecting the availability of this essential
nutrient for plants [42].

Another noteworthy aspect is the potential influence of herbicides on nitrogen metabolism
enzymes in plants. Inhibition of these enzymes could impact the assimilation of nitrate and
ammonium, impairing the conversion of these compounds into usable forms for amino
acid and protein synthesis [45]. This would result in an imbalance in nitrogen metabolism,
directly impacting plant growth and development [45].

Therefore, the reduction in nitrogen uptake may be attributed to a combination of
factors, including decreased microbial activity in the soil, direct interference with plant
membrane transporters, and disruptions in enzymes involved in nitrogen metabolism.

Due to the impact of herbicides on processes essential for nitrogen availability [15],
significant interference with plant development occurs. This interference includes the
reduction of the bacterial population responsible for converting the element into a form
assimilable by plants and the formation of root nodules [28]. According to Zablotowicz and
Reddy [28], glyphosate interfered with the symbiosis between soybean and nitrogen-fixing
bacteria, compromising the uptake of this nutrient by the crop. In addition, Singh and
Wright [46], when evaluating terbuthylazine, simazine, prometryn, and bentazone in pea
crops, observed a decrease in plant growth due to the impairment of root nodule formation,
which made it impossible to absorb nitrogen from the soil.

2.1.4. Changing the Rate of Organic Matter Decomposition

Soil organic matter (SOM) is made up of a variety of organic compounds, both poly-
mers and monomers, which exhibit different sizes and levels of decomposition. These
compounds interact with their surrounding environment, and it is these physicochemical
interactions that play a key role in microbial dynamics in the rhizosphere [47]. These
interactions are responsible, for example, for the decomposition of organic molecules and,
consequently, for their persistence in the soil [48,49]. Interactions between herbicides
and soil organic compounds can occur through several physical forces, such as hydrogen
bonds, van der Waals forces, electrostatic forces, covalent bonds and hydrophobic inter-
actions. These interactions act simultaneously on the sorption of herbicide molecules in
soil colloids [50,51].

The use of organic compounds in the soil presents different responses in the retention
of herbicides. For example, Mendes et al. [52] evaluated the addition of cow bone char
on sorption–desorption and mobility of hexazinone, metribuzin and quinclorac applied
to sandy loam soil under laboratory conditions. The results obtained proved that bone
char was an excellent sorbent for reducing the mobility of the three herbicides due to the
high sorption in the soil. On the other hand, Prata et al. [53] evaluated the effect of stillage
addition on the behavior of diuron and ametryn in sandy and clayey soils. The authors
reported that the addition of stillage did not affect the sorbed amount of these molecules
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and did not result in changes in the organic carbon content of the soil after four days
of application.

The addition of nitrogen sources can alter the decomposition rate of SOM. Nitrogen
availability directly affects microbial activity in the soil, being a key factor in the decomposi-
tion of SOM [47]. Li et al. [54] reported that urea fertilization decreased the decomposition
of SOM and maize straw, evidenced by the higher nitrogen and carbon content compared
to soil without urea.

In addition, the application of mixtures with herbicides and nitrogen fertilizers can
influence the development characteristics of plant species. Dupont et al. [55] evaluated
the isolated and combined effect of glyphosate and nitrogen doses on Tanacetum vulgare
plants. Based on the results obtained, the authors showed that the application of glyphosate
nitrogen and their interactions affected the reproductive characteristics of the plants eval-
uated, mainly the density and flowering phenology. Flowering was severely delayed by
glyphosate application (10.5 days delay per 100 g a.e. ha−1 year−1). Although nitrogen
partially attenuated the reduction in floral abundance, the delay in flowering was amplified
when nitrogen was added.

The use of nitrogen fertilizers can also interfere with the selectivity of herbicides.
Langaro et al. [56] evaluated the selectivity of herbicides according to the time of nitrogen
application in irrigated rice. The results obtained proved that the application of nitrogen,
in general, resulted in an increase in the height and dry matter of rice plants, and the
application of nitrogen before waterlogging and split applications (50% before and 50%
after waterlogging) were favorable to the crop, consequently, the selectivity of the crop
to herbicides. Bispyribac-sodium resulted in the greatest damage and reduction in rice
plant height, followed by bentazone and carfentrazone-ethyl, while the lowest damage and
highest grain yield were obtained with the quinclorac application.

Therefore, the addition of nitrogen sources to soils is still a point to be elucidated by
the scientific literature in view of the variety of responses listed so far. The decomposition
of SOM by providing an additional supply of nitrogen to soil microorganisms. This may
result in a more rapid release of nutrients contained in the decomposing SOM, making
them available to plants in a more readily usable form, thus influencing the behavior of
herbicides in the soil.

2.1.5. Change in the Rate of Nitrogen Fixation by Symbiotic Bacteria

The use of symbiotic bacteria applied as inoculants can meet the nitrogen needs of
the plant. Bacteria of the genus Bradyrhizobium are the most used in agriculture due to the
high world production of soybeans, enabling the reduction in the use of industrialized
nitrogen fertilizers [57].

However, the increased use of pesticides, especially herbicides, can interfere with the
process of biological nitrogen fixation by plants, both with positive and negative effects.
The positive effect is observed when herbicides stimulate the growth and development of
the fixation nodules. On the other hand, the negative effect is manifested in the reduction
of nitrogen fixation efficiency, resulting in lower plant growth and yield [58,59].

After application, herbicides may come into contact with rhizobia immediately or,
in the case of herbicides with residual effect, throughout the development of the main
crop. These herbicides have the ability to impact the rhizobia, the host plant and also the
establishment and development of the symbiosis [60]. The use of herbicides with a residual
effect on the soil is a technique that enhances weed management, as it allows control in the
pre-emergence of weeds [61]. However, the problem involved in the use of these herbicides
is the possibility of carryover, that is, the presence of bioavailable residues of the herbicide
in the soil, which can influence the microbial activity of the soil [62].

The behavior of herbicides in the soil is complex since the reduction of the population
of a certain species of microorganisms can occur in contrast to the development of another
population, which is not so affected by the toxic effects of the product. The species or
individuals that survive start to use nutrients, such as carbon, sulfur and nitrogen, as
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well as the chemical energy of the herbicide molecules, which are released during the
degradation process. Barroso et al. [63] reported that Bradyrhizobium sp. strain BR 3901
was able to produce nitrogen to catalyze degradation reactions of diuron, sulfentrazone,
oxyfluorfen, and 2,4-D.

In studies carried out by Vercellino and Gómez [64], the authors evaluated the growth
parameters of 81 strains of different genera of rhizobia (Rhizobium, Mesorhizobium, Ensifer
and Bradyrhizobium) when exposed to the application of glyphosate, 2,4-D and atrazine, in
addition to the ability of these strains to degrade herbicides. The genera studied showed
different responses to the herbicides evaluated, with the genus Bradyrhizobium showing a
greater ability to transform herbicides into compounds of lower phytotoxicity. In addition,
among the compounds evaluated, atrazine was the most used as an energy source for
bacteria. The results obtained confirmed that Bradyrhizobium strains were able to both
denitrify and use atrazine as an energy substrate.

The relationship between herbicide application and symbiotic nitrogen fixation may
have different effects depending on the crop variety, as well as the symbiotic strains used.
Bossolani et al. [65] evaluated the effect of glyphosate doses on Bradyrhizobium strains
(Bradyrhizobium elkanii—SEMIA 5019—and Bradyrhizobium japonicum—SEMIA 5079) and
biological nitrogen fixation in soybean plants (BMX Potência RR). The authors reported
that the inoculated RR soybean did not present alteration in the leaf chlorophyll index by
the application of glyphosate, and regardless of the Inoculation, the soybean plants were
able to recover from the application of glyphosate, not impairing their development.

The influence of herbicides on the nodulation of nitrogen-fixing bacteria is not a
specific point of the soybean crop. Paniagua-López et al. [2] reported that the application of
pendimethalin and clethodim reduced the ability of Phaseolus vulgaris and Medicago sativa to
fix nitrogen by inhibiting root growth and modifying the composition of root exudates, as
well as rhizospheric bacterial fitness. The authors cited 30% reductions in nodulation after
clethodim application, while pendimethalin totally inhibited nodulation, causing reduced
growth and motility of nitrogen-fixing nodules.

In another study, Khan et al. [66] evaluated bentazone, isoproturon, fluchloralin
and 2,4-D, applied to soil, on growth characteristics, chlorophyll contents, nitrogen and
protein contents, nodulation and seed yield in chickpea inoculated with Mesorhizobium
ciceri. Fluchloralin and 2,4-D caused negative effects on chickpea seed yield.

In the study carried out by Santos et al. [67], the growth of Rhizobium tropici strains
BR 322 and BR 520, used as inoculants in bean cultivation in Brazil, was analyzed in
culture medium based on mannitol and yeast extract added with bentazone, metolachlor,
imazamox, fluazifop-p-butyl, fomesafen, and paraquat. The authors found that paraquat
was the herbicide with the highest growth inhibition of the strains evaluated, followed by
the commercial mixture of fomesafen and fluazifop-p-butyl. As for the other herbicides,
there was no reduction in growth. Overall, strain BR 520 showed greater tolerance to the
herbicides tested, except for paraquat.

Thus, an efficient alternative for the remediation of contaminated soils may be the
symbiosis between phytoremediating plants and microorganisms that possess enzymatic
activity capable of metabolizing herbicides. Several groups of microorganisms degrade
and utilize herbicide residues as a source of carbon and nitrogen. Bioremediation agents
can absorb and degrade herbicides in secondary metabolic pathways or stimulate the soil
microbiota to promote the transformation of these contaminants into compounds with
lower or no toxicity [68–70].

Inoculation of symbiotic bacteria can contribute to the phytoremediation of herbicides
in soil. Some Bradyrhizobium strains have the potential to degrade herbicides in soils, which
is important for environmental decontamination purposes. Barroso et al. [63] evaluated
the tolerance and in vitro growth of Bradyrhizobium sp BR 3901 in media without carbon
and nitrogen sources, exposed to 2,4-D, oxyfluorfen, clomazone, glufosinate-ammonium,
atrazine, ametryn, glyphosate, sulfentrazone, and diuron). The results obtained showed a
reduction in nodulation.
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In the study by Mielke et al. [71], the potential for positive interactions between sym-
biotic microorganisms (Bradyrhizobium sp. BR 2003—SEMIA 6156) and Canavalia ensiformis
was evaluated, aiming at the phytoremediation of the herbicide sulfentrazone in the soil.
The authors highlighted that microbiological indicators showed satisfactory results, mainly
for the dose of 400 g ha−1. Thus, the symbiosis between herbicide-metabolizing microor-
ganisms and phytoremediating plants can be an efficient alternative to remediate soils
contaminated with herbicides.

3. Perspective of Contemporary Literature Regarding the Effects of Herbicides on
Nitrogen Cycle Dynamics and Agricultural Systems
3.1. Distribution of Articles by Year and Cumulative Total

Figure 3 represents the number of papers published over time on the effect of her-
bicides on soil nitrogen. There has been a steady increase in the number of publications
from 1960 to the present day. However, in the first decade analyzed (until 1970), there were
few publications, only nine, and some years with no new publications. From the 1970s
onwards, the number of articles increased but was still relatively low, totaling 50 until 1980.
The 1990s saw a significant increase in the total number of publications, reaching 272, with
a highlight being the 43 articles in 1989, which saw a ~5-fold increase in the total number
of articles published each decade until 1990.

Figure 3. Articles on the effect of herbicides on soil nitrogen published by year (gray bars) and total
accumulated (red line) between 1960 and 2023. Source: CAPES [72]; Clarivate [73]; Elsevier [74];
PMC [75].

Until 2000, there was a less expressive but significant increase in the total number of
publications, totaling 890 articles (Figure 3). The year 1989 stood out with 77 new articles.
In 2010, the total number of publications almost doubled, reaching 1716 publications.
The decade from 2011 to 2020 was the period of greatest growth in the total number
of publications, with a total of 2712 articles published, with moments with more than
100 articles published in a single year. The years 2021 and 2022 had the highest number of
publications, with 143 and 173 articles published, respectively. By March 2023, 43 articles
had already been published, suggesting that this year may have the highest number of
publications in the historical series.
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According to the data presented, it is evident that the topic of the effect of herbicides
on soil nitrogen is widely addressed in the scientific literature and is at its research peak.

3.2. Distribution of Articles by Index Bases

Figure 4 illustrates the distribution of articles on the impact of herbicides on soil
nitrogen published between 1960 and 2023 in various collections. The Science Citation
Index Expanded, a subset within the Web of Science, has the highest number of published
articles at 2114, suggesting that the scientific community has a significant interest in this
area of research. This can be attributed to the fact that Web of Science covers a wide range
of research areas and publishes in over 9500 journals, including those related to agriculture
and environmental sciences, which are likely to feature studies on herbicides and their
effects on soil nitrogen.

Figure 4. Articles on the effect of herbicides on soil nitrogen have been published in different
collections. The range of the red area represents the number of articles. Source: CAPES [72];
Clarivate [73]; Elsevier [74]; PMC [75].

ScienceDirect is the second largest collection with 839 published articles, indicating its
importance in this field (Figure 4), being known to be a vital source of research in science,
technology and health and offering access to 4756 journals. PubMed, with 721 articles, is
also widely used in the areas of health and biology, with 3998 journals, which may explain
the relatively high number of publications on the effect of herbicides on soil nitrogen. Gale
Academic OneFile, with 576 articles, and DOAJ Directory of Open Access Journals, with
569 articles, also have a substantial number of publications.

Other research platforms with a smaller number of articles on the effect of herbicides on
soil nitrogen include Wiley Online Library Journals (491 articles), Springer Nature Journals
(479 articles), Journals Ovid Complete (459 articles), EBSCO Academic Search Premier
(307 articles), BioOne (242 articles), Taylor & Francis Journals Complete (210 articles),
Highwire Press Free (156 articles), American Chemical Society Journals (ACS) (118 articles),
Canadian Science Publishing (104 articles) and SciELO (69 articles) (Figure 4).
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It is worth mentioning the presence of open-access platforms, such as the DOAJ
Directory of Open Access Journals and SciELO, which can facilitate the democratization
of scientific knowledge and broaden access to research on the effect of herbicides on soil
nitrogen. Overall, these data suggest that research on the impact of herbicides on soil
nitrogen is extensive, and there is considerable interest in this topic among the scientific
community. In addition, several research platforms offer a wide range of sources to obtain
information on the subject.

3.3. Distribution of Published Articles by Thematic Areas

Figure 5 indicates the distribution of published articles on the topic of herbicides and
their effect on soil nitrogen, categorized by subject area. The highest number of published
articles was in Science and Technology, Life Sciences, and Biomedicine, which suggests that
this topic is of great interest to researchers in these areas.

Figure 5. Articles on the effect of herbicides on soil nitrogen indexed in different subjects. The range
of the red area represents the number of articles published in each subject area. Source: CAPES [72];
Clarivate [73]; Elsevier [74]; PMC [75].

Agriculture also had a high number of articles published, which is not surprising
given the importance of herbicides in weed control (Figure 5). It is noteworthy that the area
of Herbicides had the fourth highest number of articles published, indicating that there is a
considerable amount of research being conducted specifically on this topic.

Other areas with a significant number of published articles include Environmental
Sciences and Ecology, Agronomy and Soil Science (Figure 5). This suggests that researchers
in these areas are also interested in studying the effects of herbicides on soil nitrogen.

The area of Phytopathology, which deals with plant diseases and pests, also had
a relatively high number of published articles (Figure 5). On the other hand, the fields
of Physical Sciences, Chemistry and Pesticides had relatively low numbers of published
articles (Figure 5). This may be because these fields may not have as much focus on soil
and agriculture as other fields or that the effects of herbicides on soil nitrogen are not seen
as a priority within these fields.
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Overall, these data highlight the interest and importance of studying the effects of
herbicides on soil nitrogen in a variety of different thematic areas. This suggests that there
is still much to be learned about this topic and that researchers from different disciplines
can contribute to a better understanding of the effects of herbicides on soil health.

4. Concluding Remarks

Overall, this systematic review highlights the need to deepen our understanding of
the interaction of herbicides in the nitrogen cycle and the resulting implications for soil
health and crop yield. The findings obtained from reviewed studies suggest that herbicides
can have diverse effects on the dynamics of the nitrogen cycle, influencing key processes,
such as symbiotic fixation, denitrification, and nitrogen uptake by plants. These effects
can compromise nutrient availability in the soil, leading to negative consequences for crop
growth, development, and yield.

It is crucial to consider these interactions in agricultural practice by adopting good
practices that minimize the negative impacts of herbicides on the nitrogen cycle. This
may include the appropriate use of herbicides, selecting products with lower potential
for interfering with nitrogen fixation and uptake, as well as embracing integrated weed
management practices.

Furthermore, more studies are needed to deepen our knowledge of herbicide effects
on the nitrogen cycle and to develop more efficient and sustainable management strategies.
These research efforts are essential to ensure soil health, agricultural productivity, and food
security, given the importance of nitrogen as an essential nutrient for plants.

Author Contributions: Literature revision, M.G.d.S.B., L.B.X.d.S., A.d.C.L. and K.F.M.; writing—
original draft preparation, M.G.d.S.B., L.B.X.d.S., A.d.C.L., Y.M.G. and K.F.M.; writing—review and
editing M.G.d.S.B., Y.M.G. and K.F.M. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Data Availability Statement: No new data were created.

Acknowledgments: The authors would like to thank the Conselho Nacional de Desenvolvimento Científico
e Tecnológico (CNPq) for PhD scholarship.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Sharma, A.; Kumar, V.; Shahzad, B.; Tanveer, M.; Sidhu, G.P.S.; Handa, N.; Kohli, S.K.; Yadav, P.; Bali, A.S.; Parihar, R.D.; et al.

Worldwide Pesticide Usage and Its Impacts on Ecosystem. SN Appl. Sci. 2019, 1, 1446. [CrossRef]
2. Paniagua-López, M.; Jiménez-Pelayo, C.; Gómez-Fernández, G.O.; Herrera-Cervera, J.A.; López-Gómez, M. Reduction in the

Use of Some Herbicides Favors Nitrogen Fixation Efficiency in Phaseolus vulgaris and Medicago Sativa. Plants 2023, 12, 1608.
[CrossRef] [PubMed]

3. Mandal, A.; Sarkar, B.; Mandal, S.; Vithanage, M.; Patra, A.K.; Manna, M.C. Impact of Agrochemicals on Soil Health.
In Agrochemicals Detection, Treatment and Remediation; Butterworth-Heinemann: Oxford, UK, 2020; pp. 161–187. [CrossRef]

4. Du, P.; Wu, X.; Xu, J.; Dong, F.; Liu, X.; Zheng, Y. Effects of Trifluralin on the Soil Microbial Community and Functional Groups
Involved in Nitrogen Cycling. J. Hazard. Mater. 2018, 353, 204–213. [CrossRef] [PubMed]

5. Ampofo, J.A.; Tetteh, W.; Bello, M. Impact of Commonly Used Agrochemicals on Bacterial Diversity in Cultivated Soils. Indian J.
Microbiol. 2009, 49, 223–229. [CrossRef] [PubMed]

6. Crouzet, O.; Batisson, I.; Besse-Hoggan, P.; Bonnemoy, F.; Bardot, C.; Poly, F.; Bohatier, J.; Mallet, C. Response of Soil Microbial
Communities to the Herbicide Mesotrione: A Dose-Effect Microcosm Approach. Soil Biol. Biochem. 2010, 42, 193–202. [CrossRef]

7. Du, Z.; Zhu, Y.; Zhu, L.; Zhang, J.; Li, B.; Wang, J.; Wang, J.; Zhang, C.; Cheng, C. Effects of the Herbicide Mesotrione on Soil
Enzyme Activity and Microbial Communities. Ecotoxicol. Environ. Saf. 2018, 164, 571–578. [CrossRef]

8. Cao, J.; Zhang, Y.; Dai, G.; Cui, K.; Wu, X.; Qin, F.; Xu, J.; Dong, F.; Pan, X.; Zheng, Y. The Long-Acting Herbicide Mesosulfuron-
Methyl Inhibits Soil Microbial Community Assembly Mediating Nitrogen Cycling. J. Hazard. Mater. 2023, 443, 130293. [CrossRef]

9. Brito, M.d.M.P.; Muraoka, T.; Silva, E.C.d. Contribuição Da Fixação Biológica de Nitrogênio, Fertilizante Nitrogenado e Nitrogênio
Do Solo No Desenvolvimento de Feijão e Caupi. Bragantia 2011, 70, 206–215. [CrossRef]

10. Cunha, L.d.S.; Duarte Júnior, J.B.; Lana, M.d.C.; Ribeiro, L.L.O.; Shimada, B.S.; Richart, A.; Costa, A.C.T.d.; Rosa, W.B. Inoculation,
Co-Inoculation and Nitrogen Fertilization in Soybean Culture. Concilium 2023, 23, 454–472. [CrossRef]

https://doi.org/10.1007/s42452-019-1485-1
https://doi.org/10.3390/plants12081608
https://www.ncbi.nlm.nih.gov/pubmed/37111831
https://doi.org/10.1016/b978-0-08-103017-2.00007-6
https://doi.org/10.1016/j.jhazmat.2018.04.012
https://www.ncbi.nlm.nih.gov/pubmed/29674095
https://doi.org/10.1007/s12088-009-0042-9
https://www.ncbi.nlm.nih.gov/pubmed/23100773
https://doi.org/10.1016/j.soilbio.2009.10.016
https://doi.org/10.1016/j.ecoenv.2018.08.075
https://doi.org/10.1016/j.jhazmat.2022.130293
https://doi.org/10.1590/S0006-87052011000100027
https://doi.org/10.53660/CLM-1378-23F25A


Nitrogen 2023, 4 308

11. Kamran, A.; Mushtaq, M.; Arif, M.; Rashid, S. Role of Biostimulants (Ascorbic Acid and Fulvic Acid) to Synergize Rhizobium
Activity in Pea (Pisum sativum L. Var. Meteor). Plant Physiol. Biochem. 2023, 196, 668–682. [CrossRef]

12. Dixon, R.; Kahn, D. Genetic Regulation of Biological Nitrogen Fixation. Nat. Rev. Microbiol. 2004, 2, 621–631. [CrossRef] [PubMed]
13. Xiang, L.; Harindintwali, J.D.; Wang, F.; Bian, Y.; Zhao, Z.; Wang, Z.; Wang, Y.; Mei, Z.; Jiang, X.; Schäffer, A.; et al. Manure-

and Straw-Derived Biochars Reduce the Ecological Risk of PBDE and Promote Nitrogen Cycling by Shaping Microbiomes in
PBDE-Contaminated Soil. Chemosphere 2023, 312, 137262. [CrossRef] [PubMed]

14. Yu, J.; Zhang, J.; Zheng, X.; Zhang, Y.; Chen, D.; Ding, H. Divergent Modulation of Land Use-Driven Changes in Soil Properties
and Herbicide Acetochlor Application on Soil Nitrogen Cycling. Soil Tillage Res. 2022, 215, 105231. [CrossRef]

15. Rose, M.T.; Cavagnaro, T.R.; Scanlan, C.A.; Rose, T.J.; Vancov, T.; Kimber, S.; Kennedy, I.R.; Kookana, R.S.; Van Zwieten, L. Impact
of Herbicides on Soil Biology and Function. Adv. Agron. 2016, 136, 133–220. [CrossRef]

16. Carmo, J.B.d.; Andrade, C.A.d.; Cerri, C.C.; Piccolo, M.d.C. Disponibilidade de Nitrogênio e Fluxos de N2O a Partir de Solo Sob
Pastagem Após Aplicação de Herbicida. Rev. Bras. Ciência Solo 2005, 29, 735–746. [CrossRef]

17. Angelini, J.; Silvina, G.; Taurian, T.; Ibáñez, F.; Tonelli, M.L.; Valetti, L.; Anzuay, M.S.; Ludueña, L.; Muñoz, V.; Fabra, A. The
Effects of Pesticides on Bacterial Nitrogen Fixers in Peanut-Growing Area. Arch. Microbiol. 2013, 195, 683–692. [CrossRef]

18. Mishra, R.K.; Mohammad, N.; Roychoudhury, N. Soil Pollution: Causes, Effects and Control. Trop. For. Res. Inst. 2015, 3, 20–30.
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