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Experimental methods to evaluate herbicides behavior in soil

Métodos experimentais para avalia¢do do comportamento dos
herbicidas no solo

Fabio Schreiber!*, Ananda Scherner?, Andre Andres', Germani Concencgo',
William Christofari Ceolin?, Matheus Bastos Martins®

Abstract - Pesticides are an essential tool for agriculture, however, studies have been shown that
only 45% of the sprayed products reach the target-crop, whereas 30% is drifted, 10% is lost due to
transport processes (leaching, volatilization and runoff), and 15% reaches the soil. Moreover, only
1% of the applied product reaches the target, in other words, the pathogens, weeds and insects.
Even though, risk assessments for environmental contamination due to off-target movement of a
pesticide are mandatory and performed prior to its registration, these products are often detected
contaminating non-target sites, and freshwater ecosystems are the main impaired. Various biological,
physical and chemical processes determine the environment fate and the efficacy of these compounds.
Thus, there are several experimental techniques used to evaluate the behavior of herbicides in soil.
This review aims to summarize the most commonly used methods to describe and evaluate each
process to which a herbicide is subjected in soil and, their advantages and disadvantages. In general,
when studying the fate of pesticides in the environment, laboratory experiments provide more precise
information because it is possible to control the environmental conditions and isolate the factors that
interest the researcher. However, it is important to mention that there is not a more efficient method
but there are methods that can provide a better result in a given situation. Thus, the method choice
depends in the study aim and the available infrastructure.
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Resumo - O uso de agrotdxicos na agricultura € praticamente indispensavel, contudo, estudos estimam
que somente 45% do produto aplicado atinge a cultura, sendo que aproximadamente 30% sofrem
deriva, 10% sdo perdidos por algum processo de transporte (lixiviacdo, volatilizagdo e escoamento)
e 15% atingem o solo. Além disso, do total aplicado, apenas 1% atinge o alvo, ou seja, patdogenos,
plantas daninhas e insetos. Embora avalia¢des de riscos de contaminagdo ambiental de agrotdxicos
sejam obrigatérios para o registro e comercializagdo, frequentemente estudos relatam a presenca
destes em locais ndo alvos, sendo os corpos de agua os principais prejudicados. Varios processos
biologicos, fisicos e quimicos determinam o destino ambiental e a eficiéncia desses. Assim, diversos
métodos experimentais podem ser utilizados para avaliar o comportamento de agrotdxicos no
ambiente. Essa revisdo objetiva resumir os métodos mais comumente utilizados para descrever
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e avaliar os processos nos quais o herbicida esta sujeito quando presente no solo, bem como, as
vantagens e desvantagens de cada um desses. No geral, em se tratando de destino de agrotoxicos
no ambiente, os experimentos em laboratorios fornecem informagdes mais precisas, pois € possivel
controlar melhor as condi¢gdes ambientais e isolar fatores de interesse. Mas ¢ importante salientar
que nao existe um método mais eficiente, o que existe sao métodos que podem fornecer um melhor
resultado em determinada situagdo. Por tanto, a escolha do método vai depender do objetivo do

estudo e da estrutura disponivel.

Palavras-chave: adsorcdo, biodegradagdo, escoamento superficial, lixivia¢ao, volatilizagao

Introduction

In conventional agriculture the use of herbicides
is an indispensable tool for obtaining high yields.
However, during spraying and after deposition
within the target site, numerous biological,
physical and chemical processes determine the
fate of the herbicide and its efficacy (Gavrilescu,
2005). Some of'the sprayed herbicide is taken up
by plants, while some reaches the soil where it is

subjected to transport, transformation and retention
processes (Figure 1) and, consequently, may
not contribute to weed control. Therefore, when
the portion of the herbicide that is not available
for weed control is higher than the available
share, its efficacy and the duration of the effect
in soil is greatly reduced (Melo et al., 2016).
Moreover, off-target movement of herbicides is
both an ecological and human health concern
(Westra et al., 2014).

Photodegradation

Absorption

Adsorption <—

Volatilization from soil

Volatilization from plants

Leaching

Biodegradation /

Ground waters

Figure 1. Major processes involved on the behavior of herbicides in the environment after spraying
on soil or plant surfaces. Adapted from Bedos et al., (2002a).
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It is estimated that less than 1% of the total
pesticide sprayed reaches the target, such as pests
and weeds (Pimentel, 1983; Zhang et al., 2004).
Other authors believe that about 45% of the
pesticides reaches the target crop, whereas 30% is
lost by drift, 10% is transported (volatilization,
leaching and runoff) and 15% reaches the soil
(Gavrilescu, 2005). Nevertheless, the water bodies
are the main fate of pesticides once sprayed in the
cropping field and, thus, decades of monitoring
studies have been documenting the occurrence
of pesticide residues at trace concentrations in
watercourses around the world (Ronco et al.,
2016; Sakai et al., 2016), mostly making it unfit
for consumption.

Herbicide transportation in the soil is mainly
achieved via volatilization, leaching and surface
runoff processes (Logan, 1999), which can move
the compound a long way from its point of
introduction (Gavrilescu, 2005). Volatilization is
a physico-chemical process in which a compound
in its solid phase is transferred from the soil or
plant surface to the gaseous phase (Bedos et al.,
2002a). This process can occur as soon the
herbicide is sprayed and its re-deposition on
non-target organisms is a source of environmental
contamination (Schreiber et al., 2013; Schreiber et al.,
2015). Leaching is the vertical and/or horizontal
movement of the herbicide into the soil profile,
which can lead to the contamination of surface and
groundwater (Cohen et al., 1995; Whitford et al.,
1995). Surface runoff occurs when the herbicide
is carried off the soil surface with water and/or
soil sediments. This process contributes to the
contamination of surface water and occurs mainly
in sloping areas (Cohen et al., 1995).

Transformation processes are the main factors
responsible for the decline in herbicide concentrations
in the environment after application. Biodegradation
is the main source of herbicide degradation in soils
and occurs when microorganisms use the compound
as a source of carbon and energy (Waldman and
Shevah, 1993). Furthermore, the availability of
herbicide in the soil solution can be reduced due
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to its adsorption to soil particles. This process is
a result of the interaction between the chemical
compound and soil particles, and depends on
characteristics of both (Kan et al., 1994).

Although transport, transformation and
retention processes are here described isolated,
it is important to highlight that they interact with
each other. The intensity at which the herbicide
is subjected to each of these processes is mainly
dependent on the nature of the compound and its
physico-chemical characteristics (Foght et al.,
2001). Herbicide features such as water solubility,
vapor pressure, adsorption coefficient and
acid-base strength (pKa and pKb) have to be
taken into account to predict herbicide behavior
(Gavrilescu, 2005). Soil characteristics such as
texture, particle size distribution, permeability,
pH, organic matter and slope influence the rate
at which the processes occur in the soil (Dao
and Lavy, 1978; Fushiwaki and Urano, 2001).
Moreover, climatic conditions before, during and
after spraying interact with all the other factors
to determine dissipation processes and herbicide
fate (Gavrilescu, 2005).

Due to the magnitude of parameters that
can interfere on the herbicide behavior in soils,
studies are generally carried out under different
field and laboratory scenarios, with very specific
and rigorous conditions. This review aims to
present the most common scientific methods that
have been used to describe processes regulating
herbicide behavior in soil. Scientific method
in this study is defined as an experimentation
process that is used to explore observations and
answer questions. The methods here described are
grouped according to the nature of the process
they characterize: transport (I), transformation
(II) and retention (II) of herbicides in soil.

Characteristics of scientific methods

Field and laboratory studies can be conducted
to characterize the rates and relative importance
of the different transport, transformation and
retention processes that regulate the dissipation of
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a herbicide in soil. Field experiments provide more
realistic environmental conditions. However, in
laboratory the environmental conditions are strictly
controlled, whereas under field conditions,
where the soil water content, temperature, and
air flow-rate undergo constant change, quite
different rates of degradation and mobility may
occur. Whenever feasible, these two experimental
approaches should be carried out together to
determine potential transportation routes.

The majority of the experimental techniques
presented in this review can be further assessed by
bioassays and analytical techniques. Bioassays are
often considered a more conventional and time
consuming approach than analytical analysis.
However, bioassay technique is quite sensitive
to detect not only the presence of the parent
compound in the soil but also phytotoxic metabolites
(Rupak et al., 2009). On the other hand, analytical
analysis, such as chromatography, with detection
systems that range from simple UV (ultra violet)
absorbance detection to sophisticated mass
spectrometric analysis, can accurately quantify
residual concentrations of the herbicide, even in
low concentration. However, they are expensive
requiring specialized equipment and laboratory
infrastructure (Strachan et al., 2011). Moreover,
when studying the behavior of certain compounds
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in the soil both non-radiolabeled and radiolabeled
herbicides can be used. More sensitive methods
can be used to detected and quantify compounds
concentration by using radiolabelled herbicides,
however, in field conditions non-radiolabeled
substances are preferred. Moreover, field studies
should not be conducted in critical habitats or
areas containing endangered species (EPA, 2008).

Each method described in this study can
be classified in several categories, which are
fundamental attributes that should be taken
into account by researchers prior choosing the
experimental approach. Figure 2 in this study ranks
(from zero to 10) the use of different experimental
environment (field, laboratory and prediction
methods) and assessments methods (analytical
techniques, bioassays and use o radiolabelled
herbicides) cited above in this review according
to their fundamental attributes. Nevertheless, one
should note that the assessment and experimental
methods were ranked according to authors’
knowledge and opinion.

The meaning used by the authors of each item
in this rank is presented below:

= Costs: includes the general costs of the materials
to be used exclusively in the experiment.

* Time: if the method is fast or time consuming.
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Figure 2. Radar plots ranking (from zero to 10) the fundamental attributes of experimental type
(left) and assessments methods (right) used to evaluate the behavior of herbicides in soil.
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= Infrastructure: need of facilities that should
be available to conduct the method.

= Knowledge: level of experienced required by
the researcher when conducting the method.

= Difficulty: amount of effort that should be
given to conduct the method.

* Reliability: the findings derived from
actual data would generate conclusion and
interpretations that are consistent with the facts
as it is, rather than on beliefs, wishes or desires.

= Replicability: when another person duplicates
the experiment will get the same results.

= Empirical: the method relies on direct
observation from other studies.

These fundamental attributes are also used later
is this study to evaluated (rank) the experimental
techniques for each process that regulate herbicide
behavior in soil (transport, transformation and
retention).

I. Transport
Plant uptake

Plants can intercept the sprayed herbicide in
their aboveground portions and uptake it from
the soil via roots. As the present review aims
to explore the methods used to evaluate the
behavior of herbicide in soil only root uptake
will be considered. The most reliable method to
study plant uptake is obtained by evaluating both
concentrations of the herbicide on the crop and on
the soil underneath the crop (Beinum and Beukle,
2010). Though, there is no accepted standard
method for conducting plant uptake studies.

Plant uptake via the roots is passive, with
chemicals moving into the plant along with the
water used for transpiration. This implies that the
longer the exposure and the greater the amount of
water transpired the more herbicide that will be
taken up by the plant. In these studies the plants
are exposed to a constant root-zone concentration
of the herbicide in a hydroponic environment
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and the compound concentration in the above
ground plant tissue is measured on the xylem
(Dettenmaier and Doucette, 2007).

In soil exposure systems, whether performed in
the laboratory or measured under field conditions,
itis generally easier to measure the concentration
of chemical in the soil surrounding the plant
than the chemical concentration in the xylem
(Dettenmaier and Doucette, 2007). Thus, field
studies should reflect normal conditions and
practices and actual use of the tested herbicide
including cropped and non-cropped plots and,
an untreated control plot (Corbin et al., 2006).
The sampling scheme should be designed to track
the decline in herbicide residues from soil with
time, and should include a time zero residue level.

Leaching

The potential threat of a herbicide to contaminate
groundwater or its leaching potential is commonly
assessed by using zero-tension lysimeters that can
be installed in laboratory and/or field conditions.
Lysimeters are soil monoliths, usually of cylindrical
shape, enclosed in a casing and open at the top.
These structures have variable lengths, diameters
and a made from several inert materials such
as PVC and metallic-materials. Sensors can be
installed at different depths into the soil monolith
to measure soil moisture, temperature and electrical
conductivity (Bergstrom, 1990).

Lysimeters are usually filled with undisturbed
soil or installed under field conditions where the
herbicide is applied on the bare soil surface. It is
extremely important to use intact soil cores in these
studies to maintain the soil structure. Moreover,
outdoor studies which are subjected to natural
rainfall, temperature variations and wind tend
to provide results more closely associated to the
reality. However, one important disadvantage
of this method is that the natural water flow is
affected due to reduced water mobility inside the
lysimeter structure, which creates a local saturation
that affects solute transport before water drainage
takes place (Kasteel et al., 2007).
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Herbicide concentrations in lysimeter studies
can be analyzed in the drainage water or from
soil samples taken at different periods after
its application, and from distinct soil layers.
Thereafter, water and soil samples are normally
subjected to bioassays and/or analytical analysis
to assess and quantify herbicide concentrations
(Shukla et al., 2006).

The use of prediction models and index methods
are also very common tools to describe leaching
risk of a herbicide, and has been widely used to
build up vulnerability maps based on local soil traits
(Tiktak et al., 2004). Prediction models as such
PELMO (Jene, 1999), PRZM (Carsel et al., 2003)
and PEARL (Tiktak et al., 2000) provide relevant
information on transport processes. However,
they require specific computing skills and can
be time consuming, demanding a substantial
amount of information to be gathered, which are
not always available (Kasteel et al., 2007). On the
other hand, index methods such as the GUS and
GOSS (Gustafson, 1990; Goss, 1992) are easy to
use requiring few input parameters; however, they
do not consider important information regarding
soil features (Lindahl et al., 2008).

Volatilization

The volatility potential of a herbicide, which
represents the risk to contaminate the atmosphere and
consequently non-target organisms, can be measured
and estimated with several methods. Volatilization
can be assessed by using micrometeorological system
(Majewski, 1999), field and semi-field conditions
(Van den Berg et al., 1999), closed-chambers
(Schreiber et al., 2013; Schreiber et al., 2015) and
wind tunnels (Bedos et al., 2002b).

Wind-tunnel technique is widely used to measure
the volatilization flux of herbicides because it is
very practical and can be installed indoor and in
field conditions (Schreiber et al., 2016). Indoor
systems determine the movement of molecules
through the air due to the presence of an uniform
air flow, where environmental conditions, such
as temperature, air humidity and speed, can be
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controlled. This method is very reliable and can be
easily executed and reproduced. However, indoor
wind-tunnels are closed systems with specific
microclimates that can under or super estimate
the volatilization risk of certain herbicide when
compared to natural conditions (Shigaky and Dell,
2015). Moreover, construction and maintenance
costs of indoor wind-tunnels are very expensive
(Moreira Junior and Antuniassi, 2010). To assess
the volatilization rate the air is collected with
special samplers in the entrance and exit of the
tunnel (Leistra et al., 2008) or with indicator
organisms over the tunnel.

Wind-tunnels installed under field conditions
permit exchange with the atmosphere, and though
environmental conditions are not controlled,
they are still monitored. These tunnels are often
cheaper in comparison to indoor tunnels and
provide representative data of natural conditions
(Schreiber et al., 2016). Wind direction and speed
are not constant in these systems, affecting the
distribution of herbicides into the atmosphere
(Mahugija et al., 2015) and, therefore, volatilization
can be either super and under estimated.
However, this system is very useful for comparison
with estimates under more controlled conditions
(Schreiber et al., 2016).

Another more conventional low-cost method
to assess air contamination is in closed-chambers
(Nunes and Vidal, 2009). Bioindicator plants
can be used to evaluate the volatility risk of a
herbicide in closed-chambers and/or field conditions
(Schreiber et al., 2013; Schreiber et al., 2015;
Schreiber et al., 2016). Herbicides concentrations
in air are evaluated by the symptoms caused on
the bioindicator plants, which are used instead of
atmospheric measurements and analytical analysis
(Lam and Gray, 2003). However, the method
requires previous test for possible bioindicator
organisms for each herbicide, which can be time
consuming. Moreover, to observe the effects
on the organism, direct contact between plants
and contaminated air with the herbicide has to
be ensured. On the other hand, active samplers
allow researchers to quantify the volatilization
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over the time, given more precise indications
on the volatilizations rate of certain herbicide.

The most common sampling techniques for
pesticides in air can be grouped into two categories:
active and passive samplers Passive air samplers
are based on the principle of diffusion (Goérecki
and Namiesnik, 2002). These samplers do not need
power supply and tend to be cheaper and lighter that
active air samplers. In active air samplers the air is
pumped through a glass-fiber filter and a resin plug
where the molecules will adsorb (Scheyer et al.,
2005), allowing to study spatial and temporal
variations of the pesticide concentrations in the air
(Schummer et al., 2010). However, these samplers
are quite heavy, expensive and can be only used
where electricity is available. The efficiency of the
sampling also will depend the compound in study
and the adsorbent used such as semi-permeable
membrane (Bartkow et al., 2004), PUF (polyurethane
foam)-based (Schummer et al., 2012), Tenax TA
(Briand et al., 2002) and stainless steel meshed
cylinder filled with XAD-2 (Wania et al., 2003).
Thereafter, the samples are analyzed with analytical
techniques using chromatography, mainly GC-MS
(gas chromatography - mass spectrometry) and
LC-MS (liquid chromatography - mass spectrometry)
based methods.

Simulation of herbicide emission from soil
to the atmosphere is another key component for
risk assessment of volatilization. There are some
dynamic models (PEARL, MMS5 and PEM models)
devoted to prediction of pesticide volatilization,
but they generally cannot accurately simulate
high emission rates (Li, 2012). Moreover, most
current models do not address processes occurring
in the soil, atmosphere, and effects of agricultural
practices when assessing herbicide volatility risk.

Surface runoff

These studies are normally performed under
typical field conditions relying on natural rainfall and,
therefore, undoubtedly provide data representative of
natural conditions. They are also cheaper and simpler
than the ones in artificial conditions. However, the
unpredictably of rain can make this frustrating and
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the study cannot be repeated or extrapolated to
other conditions because the results are originated
from a complex and uncontrolled system (IUPAC,
1995). Thus, the alternative is to use simulated
rainfall (Wauchope and Burgoa, 1995), where the
experimental design is often associated with the
objectives and the scale of the study.

Experiments using simulated rainfall are of smaller
scale, often conducted in soil boxes, in which all
environmental variables are controlled. This method
can be easily reproduced and manipulated and is good
for comparative evaluations of certain environmental
condition on runoff, as the amount and type of
rainfall. However, the results from these studies are
realistic only for very homogeneous situations such
as herbicide behavior in flat soils because only a
single point on soil surface is represented (Wauchope
and Burgoa, 1995). Moreover the majority of the
simulators is usually restrict to small plots which not
reproduce real conditions of surface flow, because
large plots are expensive and have a high labor
requirement to operate.

In these studies water samples are collected for
each rainfall event after application of the herbicide
until its concentration decreases below the level
of detection. Thus, depending on the site and its
topography, small plots can be instrumented to
allow automated collection of runoff water from
the entire field by installing collection devices at the
down-slope edge. Larger plots require installation
of collection devices at several predetermined
locations.

Simulation models are also used to assess the
pollution risk associated with herbicide runoff,
providing reliable information. Mechanistic models
such as SWAT, PRZM, and VFSMOD are used
to approximate pesticide losses in runoff events
(Gali et al., 2016). However, because rainfall is
uncontrolled the risk-of-runoff has to be assessed
with representative data sets, which integrate
information from a combination tests in field
conditions under natural and simulated rainfall.
Therefore, these models can be very time-consuming
due to the amount of data required to produce
reliable information.
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Figure 3. Radar plots ranking (from zero to 10) the fundamental attributes of scientific methods

used to evaluate transport of herbicides in soil.

This section presented the most commonly
experimental methods used to evaluate transport
processes, which had their fundamental attributes
(as described in the previous section) ranked in
Figure 3.

II. Transformation

Degradation is a key process determining the
fate of pesticides in the environment (Linn et al.,
1993). Degradation processes can be biotic
(occurring via soil microorganisms) or abiotic and
are influenced by several factors, including pH,
organic matter content, moisture content, texture
and microbial activity (Lourencetti et al., 2012.).
Several transformation products can be formed,
and/or complete degradation (mineralization) can
take place (Fomsgaard and Kristensen, 1999).

Microorganisms are present in soil as an
uncountable number of species and biodegradation
is one of the main processes reducing herbicide
concentration in soil (Waldman and Shevah,
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1993). Thus, on the following are presented the
most commonly experimental methods used to
evaluate herbicide biodegradation and metabolite
formation. There are several methods to estimate
the microbial herbicide degradability, however
all approaches have to consider the following
guidelines (EPA, 2008):

= Soil sampling has to be carefully planned to
provide representative results;

= Soil sampling must be performed in fields
that not have been sprayed with herbicides in
previous years;

= Incubation studies may take more than a year
if the herbicide is transformed slowly;

= The initial concentration of the herbicide
should be as close as possible from the ones
expected in field conditions.
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A conventional approach to assess degradability
potential is to perform tests simulating biodegradation
in soil under anaerobic and aerobic conditions,
where the herbicide is incubated under static
soil moisture and temperature conditions in the
dark, in either flow-through or biometer test
systems, after application of the active substance
(OECD, 2005). The use of radiolabeled material
is preferred. During incubation soil samples are
taken at different time points and analyzed for
active substance, metabolites, volatile components
and bound residues. A minimum of six sampling
times (including zero time) is considered necessary
toestimate kinetic endpoints over an experimental
period not normally exceeding 100 days. The time
taken for degradation of 50% and 90% of the active
substance and major metabolites is derived from
the formation and decline curves (OECD, 2005).

Soil samples can also be collected at different
time-points from field experiments using soil
columns or micro-lysimeters where the herbicide
was sprayed (OECD, 2005). The potential
advantage of these systems is that the conditions
of incubations are much more similar to the actual
conditions present in an agricultural field after
application of the active substance. However more
variation should be expected from these samples
once environmental conditions are not controlled.
Moreover, initial concentration of the herbicides
at the first sampling date may not coincide with
the sprayed dose due to the occurrence of other
dissipation processes, though these estimates are
more close to the reality.

The herbicide activity in laboratory or field
samples can be analyzed via analytical methods and
bioassays (OECD, 2005; EPA, 2008). Analytical
analysis, especially for the experiments using
radiolabeled herbicides, would provide information
on the transformation kinects of this compound
as well once the degradation pathway is detected,
which may give evidence of degradation in the
field (Dettmer et al., 2007; Etzerodt et al., 2008;
Boesten et al., 2005). However, bioassays can
add information on the susceptibility of plants
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to very low concentrations of the herbicide in
soil, which from an agronomic point of view is
of great interest (Rupak et al., 2009), mainly to
non-target plants.

Another method is to study the potential of a
microbe community for herbicide biodegradation
through the isolation and characterization of
microbial strains (EPA, 2008; OECD, 2005).
This is a complementary and more quantitative
technique, where genes are quantified via
quantitative polymerase chain reaction (QPCR),
high-throughput gene sequencing, or use of
functional gene microarrays, methodologies
that have become easily accessible and have a
promising future (Fenner et al., 2013). Nevertheless,
the technique requires that involved genes are
known and can be clearly attributed to a given
transformation reaction.

II1. Retention

Adsorption/desorption behavior on a herbicide
is studied to estimate its retention in soil and
probably is the most important mode of interaction
between soil and herbicides. These studies aim
to obtain sorption—desorption coefficients (Kd),
that can be used to predict partitioning under a
variety of environmental conditions (EPA, 2008).
The Kd represents the magnitude of sorption and,
therefore, the greater the Kd the greater the sorption
(Azcarate et al., 2015). Thus, this information
can be used in the prediction or estimation of the
herbicide availability for transport, transformation
and uptake by plants. There are some guidelines
that have to be followed in relation to soil and
sampling procedures (EPA, 2008):

* The soils should be characterized by
parameters considered to be largely
responsible for the adsorptive capacity:
organic carbon, clay content, pH, textural
composition and textural class;

= Soil samples should be collected at the A
horizon up to a maximum depth of 20 cm;
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Figure 4. Radar plots ranking (from zero to 10) the fundamental attributes of scientific methods
used to evaluate transformation (left) and retention (right) of herbicides in soil.

= The use of soils freshly taken from the field
is preferred.

There are three main techniques used to direct
measure Kd, which are batch equilibrium, soil column
measurements and soil thin-layer chromatography
(Wauchope et al., 2002). The standard method
to determine adsorption/desorption is by batch
equilibrium (Singh et al., 1990; OECD, 2005),
where radio-labeled or non-radio labeled herbicide
is added to the soil/water mixture and this material
is equilibrated. After equilibration, suspensions
are centrifuged and the supernatant is removed
and the herbicide is determined by analytical
analysis or in the case of radio-labeled herbicides
by liquid scintillation counter. The amount of
herbicide adsorbed by the soil is calculated from
the difference between the initial and equilibrium
herbicide concentrations in solution (OECD, 2005).
Thereafter, the equilibrium sorption is commonly
described by an empirical relationship using
adsorption isotherms. Freundlich and Langmuir are
two well-known adsorption isotherm. Freundlich
equation has great advantages due to its flexibility,
allowing comparison of the extent of herbicide
adsorption in different soils, whereas the main
application of Langmuir equation is the ability
to estimate the herbicide maximum adsorption

\RBH

(Hussain et al., 2003). However, some authors
pointed out possible disadvantages for Freundlich
equation because it is an empirical approach
without theoretical basis. Moreover, it fails when
the concentration of the adsorbate is very high
(Nichols, 1992).

Column measurements are more complicated than
batch equilibrium studies, however, they provide
more information about the herbicide mobility and
is closer to field conditions (Wauchope et al., 2002).
On the other hand, thin-layer chromatography is
a simple and quick to measure herbicide mobility
between soils (Helling and Turner, 1968), though the
results are less precise than column measurements
and, therefore, the method is not well accepted
nowadays (Wauchope et al., 2002).

The fundamental attributes of scientific methods
used to evaluate transformations and retentions of
herbicides in soil were ranked (from zero to 10)
and are shown in Figure 4.

Conclusions

It is difficult to assess the overall fate of
pesticides in soil without expending some time
deciding on the methods to be used. There are
many factors that have potential influence on
the behavior of pesticides in soil. Sometimes it
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1s necessary to associate techniques to reach the
aim. The information provided in this review
summarizes the current experimental techniques
that have been mainly used to evaluate the
plant uptake, leaching, volatilization and runoff
potential of herbicides in soil. Furthermore,
methods to evaluate the degradability potential
via biodegradation and the retention in soil are
also cited. The benefits and drawbacks of each
technique were emphasized, which are mainly
associated with the magnitude of parameters
that can interfere on herbicide behavior in soil.
Thus, this review highlights the need to integrate
experimental approaches to yield better estimates
that are closely linked with the behavior of the
herbicides in natural conditions.
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