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Abstract

compounds.

Despite their crop protection benefits, herbicides may produce a wide range of possible environmental
implications due to their persistence in the ecosystem. They can enter the soil from direct spraying onto the soil
surface, irrigation runoff, or release from dead vegetation. Microbial degradation is the main mechanisms
responsible for the transformation and detoxification of most herbicidal compounds in soil. The microbial availability
of herbicides for biodegradation in the soil is primarily determined by factors like adsorption, desorption,
biodegradation and non-extractable residue formation. Exploring these processes can lead to better understanding
the efficacy and fate of the herbicide in the environment. Here we present a short review of the processes affecting
the bioavailability of herbicides in the soil and their subsequent influence on the environmental fate of these
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Introduction

Herbicides, which are used to control the growth of weeds, can
eventually end up in the soil through different ways. Herbicide's
interaction with soil begins when the spray hits the soil surface or
when herbicide or its metabolites are released from decomposing
plants tissues. Biodegradation mediated by microbial enzymes is the
primary route for their metabolism in soils [1]. Whether a herbicide
compound can be successfully biodegraded in soil or not is determined
by a myriad of factors such as microbial biota in the environment,
concentration of the substrate, nutrients, environmental parameters,
and so on. Given all other factors being favorable; substrates must be in
a form readily available for microorganisms to act upon.

The bioavailability of a herbicide is the measure of its accessibility to
microorganisms in the environment [2]. It is a major limiting factor for
bioremediation of some polluted soils. Bioavailability frequently
accounts for the persistence of soil contaminants that are otherwise
biodegradable and thus merits consideration in the risk assessment of
soil contaminants. Herbicide distribution and retention in the soil are
determined by both chemical and biological processes (Figure 1).
These processes are adsorption, desorption, biodegradation, and non-
extractable residue formation. While these processes are
interdependent on one another, they often occur in parallel and
regulate the availability of the herbicide in the environment for use by
microorganisms [3]. Understanding such factors is the first step in
developing an efficient herbicide program in crop production systems
or tailoring a remediation strategy for herbicide contaminated soils.
The purpose of this short review is to briefly discuss these processes
that influence the fate and bioavailability of herbicides in the soil.
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Figure 1: A sketch depicting the chemical and biological processes
that determine the distribution and retention of herbicides in soil.

Adsorption: The herbicide binding process onto soil surface

Adsorption is the retention of solutes present in the soil solution by
the surfaces of soil colloids via ion exchange. Soil colloids are
extremely important for influencing the behavior and potential
biodegradation of herbicides since they can not only alter the
bioavailability of herbicides but also retain nutrients and microbes.
Adsorption plays a critical role in the regulation of herbicide
persistence throughout the soil environment by affecting the transport
of these compounds in soil. The importance of this process is
determined by the physical and chemical properties of the herbicide
(i.e., carbon rings, ionic form, etc.) and in part by soil characteristics
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such as soil texture, mineral composition, organic matter content,
specific surface area, and soil solution chemistry. No single herbicide
property or soil characteristic can predict adsorption of an herbicide in
the soil.

It is well known that soil texture refers to the percentage of sand, silt
or clay present in any soil. Research has shown that in general, the
bioavailability of a compound has been found to be lowest in soils high
in organic matter and high clay content and highest in those soils in
the light textured (coarse) soils [4]. Soil texture is often directly linked
to mineral composition of the soil. Furthermore, the mineral
composition of soil colloids influences the adsorption of herbicides.
Soil minerals such as clays, iron (Fe), aluminum (Al), and magnesium
(Mg), complex carbonaceous materials, as well as organic fractions
(humic acid, fulvic acids, etc.) of soil and sediments provide active
surfaces or surfaces containing active sites for herbicide adsorption.

Some soil chemical mechanisms that allow herbicides to adsorb to
these soil colloids involve the formation of surface complexes,
electrostatic and hydrophobic interactions, and ion exchange. For
example, cationic organic molecules usually adsorb to cation exchange
sites in clay particles, organic matter/humic surfaces or both. Anionic
organic molecules may be moderately retained by organic surfaces but
poorly adsorbed by clay minerals. Non-ionic, neutral and non-polar
organic compounds tend to be adsorbed through hydrophobic
interactions associated with organic materials [5]. These exchange
reactions are the basis for ions moving into and out of the soil solution
phase.

Although varied depending on the soil type, particle size and
aggregation, typically soils contain pore space where the soil solution
resides [6]. The solid phase of the soil is formed by primary and
secondary minerals (briefly described above) along with the organic
matter. These materials provide specific sites for herbicide adsorption
[7]. Between the soil colloids is the space forming pores that play a
major role in the movement of water, solutes, and air. The herbicide
bioavailability in soil depends on the interaction of herbicide between
the soil solution and the soil colloid phase. The appropriate term for
defining this movement is adsorption equilibrium, which is used to
describe the partitioning of any herbicide between the soil solid
components and soil solution.

Characterizing the bioavailability of an herbicide requires a
thorough understanding of its strength of interaction with particular
soil colloids and herbicide concentration in the soil solution.
Bioavailability is characterized using adsorption isotherms. An
adsorption isotherm shows the relationship between the herbicide’s
concentration in the soil solution and the amount adsorbed to the soil
surface sites at a constant temperature after equilibrium was reached.
The fit of experimental data with theoretical and/or empirical
equations for adsorption isotherms is beneficial for providing
information on the strength of the soil-herbicide interaction, which
will give an idea of the bioavailability of the herbicide in a particular
soil type. However, isotherms are only a description of macroscopic
data and do not conclusively shed any light on the specific adsorption

[8].

Desorption is the reverse of adsorption where the soil-surface
retained herbicide is released back into the soil solution. Not all
herbicides will be desorbed from the soil colloids, and therefore
adsorption can be considered irreversible in some cases. Properties of
both the herbicide and soil play a role in the process of herbicide
adsorption reversibility. In addition, desorption can be estimated for

an individual herbicide in continuation with the adsorption isotherm
coefficient test where the amount of adsorbed herbicide released back
into the soil solution is calculated.

Adsorbed herbicides are assumed less accessible to attached or
suspended microorganisms, which preferentially utilize herbicides in
the soil solution phase. In this view, the soil-bound herbicide is
available for biodegradation only after desorption into the soil
solution. The adsorbed fraction remains protected from microbial
degradation because of physical sequestration of the herbicide into the
soil matrix and/or their chemical stabilization on the soil surface sites
[4]. Reduction of herbicide concentration from the soil solution to
levels that do not sustain microbial growth, emphasizes the importance
of herbicide desorption in the microbial bioavailability of herbicides.
Although desorption has been considered a pre-requisite for
biodegradation of soil-bound herbicides, there is increasing evidence
that adsorbed herbicides may still be degraded by the attached
microbial cells [9]. However, considerable work is ahead for
researchers to understand the mechanisms and populations
intervening in these processes.

Biodegradation: The primary herbicide dissipation route in
soil

Biodegradation is the primary attenuation process for herbicides in
soil and is principally facilitated through the enzymatic
transformations by living microbial cells. Biodegradation is controlled
by biotic factors, for instance, microbial activity and several
physiochemical processes such as adsorption and desorption, diffusion
and dissolution [10]. Generally, herbicide biodegradation can be
limited by its bioavailability in soil. As the compounds may be
adsorbed to soil solids, physically entrapped in micropores, or simply
unevenly distributed through the pore volume of the soil solution.
Thus, leading to diffusion limited degradation kinetics in the soil
[11,12].

Microorganisms do exceptionally well by utilizing herbicides as a
supply for nutrients and energy. Many herbicides have the much-
needed carbon and/or nitrogen sources for soil microorganisms [13] to
exist. Evidence of microorganisms remarkable range of degradative
abilities can be seen in the recycling rather than the accumulation of
vast quantities of biomass that have been produced throughout the
history of life on earth [14]. This re-utilization of the chemical
components of a herbicide by microorganisms is called mineralization
[6]. Mineralization results in the complete aerobic or anaerobic
degradation of the herbicide compounds to form carbon dioxide,
water, and some other inorganic elements.

Mineralization has been used as a sensitive indicator of pesticide
and heavy metal bioavailability in the soil. In addition, it is generally
accepted as a measure of total soil microbial activity [15]. Conversely,
the incomplete transformation of a herbicide by microorganisms that
yields no carbon or nutrients and energy is called co-metabolism. In
most co-metabolic processes, a co-substrate provides carbon and
energy for microbial growth. The herbicide itself is transformed
concomitantly without supporting microbial growth. While some
herbicides may be partially transformed by co-metabolism, other soil
microorganisms may completely mineralize their intermediate
metabolites. The utilization of a consortium of microorganisms to
enhance the degradation of herbicides has increased recently in
bioremediation efforts, mainly owing to their potential for synergistic
metabolism [16]. The transformation product formed by one microbe’s
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metabolism can be utilized by another degrader for efficient
biodegradation, thus speeding up the bioremediation process.

The biodegradation rate of the herbicide in the soil can be described
in terms of their halflife T1/2. This is the time required for 50% of the
compound to degrade or dissipate. In addition to degradation, non-
biological field dissipation of the herbicide includes leaching losses,
photodegradation, and volatilization. However, the presence of
microorganisms in the soil system is crucial as they can significantly
affect the T1/2 of herbicides in soil. Thus, an active soil microbial
population is considered a key component of good soil quality [15] and
an indirect indicator of biodegradation.

Microbes are expected to be more effective indicators of the soil
quality and health than physical and chemical parameters as they can
respond immediately to environmental changes. When predicting the
potential in situ biodegradation of herbicides, additional factors other
than presence of potential degraders and bioavailability must be
considered. These include the presence of other contaminants that can
compete for adsorption sites and the availability of nutrients and co-
factors necessary for the degrader’s growth and activity [17]. Intrinsic
soil environmental factors like oxygen concentration, water availability,
carbon availability, temperature and pH can also have a great impact
on the biodegradation of herbicides in the agroecosystem.

Soil amendments are also among the key factors that influence the
biodegradation of herbicides. Various organic amendments and
bioprocessed materials including compost, manure, sludge, biochar,
etc. have been examined as potential agents for enhancing the
degradation of herbicides [18,19]. Upon addition to the soil, these
amendments stimulate the indigenous soil microbial activity and
consequently enhance the degradation and mineralization of soil-
applied herbicides. In some cases, these amendments altered the
herbicide bioavailability determinant processes such as adsorption in
soil [19]. Furthermore, the possible impacts of soil nutrients on the
degradation of herbicides has been studied [18]. The addition of
various forms of nitrogen (N), phosphorous (P), sodium (Na) and
magnesium (Mg) has significantly increased the microbial
transformation of herbicides in soil [20].

Non-Extractable Residue (NER) formation: An irreversible
sink for herbicide sequestration

Some compounds may not be adsorbed in the solids but sequestered
into soil micropores and nanopores. Microbes that are usually present
on surfaces of particulate materials are restricted from access to those
compounds because these pores are too small for microbes to
penetrate. The primary mechanism for the contaminants to move out
of the micropores is through diffusion, but it can be a very long
process. In such cases where the herbicides and metabolites in soil for
an extended time, they could not be removed from the environmental
matrices utilizing extraction techniques [7]. NER represent
compounds in the soil which persist in the matrix in the form of the
parent substance or its metabolite(s) even after rigorous chemical
extraction. NER formation is typically considered a process decreasing
the bioavailability of the herbicides. Only a small percentage of the
total amount of NER can be released from the soil solid surfaces.
Hence, NER formation is often accounted as the irreversible sink in
pesticide risk assessment procedures. Typically, strongly bound
herbicide molecules on soil particles retard the microbial degradation
and lead to its accumulation in soil. The most common explanation for
why this occurs is the intact molecule becoming hidden or inaccessible

to the microorganisms. Or the compounds may form complexes with
humic materials forming a new molecular species. The linkages within
the complexes are stable due to covalent bonding between the original
chemical and humic polymers. Such complexes are not readily
extractable with organic solvents. These irreversibly bound herbicide
molecules are considered as the non-extractable fraction. The factors
governing the formation of NER are not clear-cut. However, herbicides
or metabolites supporting free reactive chemical groups, such as
aniline or phenol, tend to create a larger proportion of NER during
degradation [21]. Furthermore, if it is the parent compound which is
involved in the NER formation, then rapid degradation competes with
the NER formation. On the contrary, if it is the metabolite which is
involved in NER formation, then rapid degradation may lead to an
extensive formation of NER [22]. From an eco-toxicological viewpoint,
NER formation can reduce the toxicity of a compound by decreasing
its interaction with soil biota [23].

Among the various factors affecting the formation of NER,
microbial activity has a direct and significant effect. The accumulation
of NER for most herbicides is usually correlated to the soil biological
activity and to the amount of organic matter in the soil. The total
microbial activity has a direct effect on the NER formation as observed
from herbicide incubation experiments. NER formation was shown to
be low from incubation experiments involving soil samples taken from
deeper depths which usually have low microbial activity [24]. Most
environmental factors affecting the microbial bioavailability of
herbicide in the soil such as temperature or moisture content are likely
to have an influence on the NER formation. Generally, NER formation
varies with an increase in soil moisture, and in most cases it increased
with soil saturation [25,26].

Conclusion

The distribution and retention of herbicides in the soil affect the
extent of its availability to microbial degraders. The chemical and
biological processes that determine microbial bioavailability of
herbicide compounds in soil include adsorption, desorption,
biodegradation, and non-extractable residue formation. All these
processes are interdependent, occurring in parallel and regulating the
availability of the herbicide that can be used by microorganisms in the
environment. The knowledge of these bioavailability determinant
factors could be applied towards improving the herbicide efficacy or
framing a viable strategy for the clean-up of herbicide contaminated
soils.
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