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Abstract

A test under laboratory conditions was performed to typify and model the vertical movement of a nematicide 
(DiTera) applied at concentrations of 400, 700, and 1000 mg L-1 via drip irrigation to a sandy loam class soil 
confined in tanks of 1 m3. Vacuum extractometers were set up in the tank at different depths to obtain samples of 
soil solution starting 10 cm away from the drip emitter. HPLC was used to measure the nematicide concentration 
in the soil solution. Later HYDRUS 1D was used to model the vertical nematicide concentration considering 
homogeneous soil. Soil hydraulic parameters were obtained from laboratory experiments whereas the dispersion 
length was obtained by inverse estimation matching measured and modeled data. Laboratory results showed 
no significant differences in vertical nematicide (distribution considered a fraction of the initial concentration), 
having a higher concentration at the surface and decreasing gradually with the depth. The predictive model was 
able to describe te nematicide behavior   of the nematicide according to controlled test, obtaining a R2 of 0.97, 
a RMSE of 67.41 mg L-1, a RRMSE of 13.33% and a Nash of 0.92. These results confirm the  proposed model; 
however, further studies on this issue are needed, considering different scenarios in laboratory conditions and 
thus scaling it up to field conditions. 

Keywords: Pesticide transport, HYDRUS 1D, DiTera, Advection-Dispersion Equation, Numeric Model, Va-
dose Zone  Flux
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1. Introduction

The fate of chemical substances in the soil is com-
plex and dynamic, depending on such factors as clay 
level, soil pH, hydraulic conductivity, structure, and 
many others (Dec and Dörner, 2014). The impor-
tance of knowing the transport and permanence of 
such chemical compounds in the soil lies in the need 
to carry out timely applications and predict the be-
havior and dynamics of chemical substances in areas 
of interest so as, to optimize product usage and re-
duce the risk of contamination through deep percola-
tion (Garrido et al., 2015). Fertilizers and pesticides 
are the most common chemicals applied to soils 
(Lamberti et al., 1988). Among these, fumigants and 
synthetic organic nematicides are the most generally 
applied and these are costly and may potentially pol-
lute the environment (Aballay et al., 2001). In fact, 
excessive or deficient nematicide applications hap-
pen often, and show unpredictable results (Leitao 
et al., 2014). Thus, this research will be focused in 
nematicide detection and modeling.
The main constraints for determining the chemical 
transport in the soil are related to obtaining reliable 
samples; furthermore, the detection technique must 
be adapted to the sampling methodology. Thus, detec-
tion and quantification techniques are fundamental to 
determining any chemical product in the soil. Extrac-
tion procedures must be adapted to the nature of the 
chemical compound and existing soil conditions to 
avoid affecting the soil solution samples (Ramezani 
et al., 2009). High performance liquid chromatogra-
phy (HPLC) is one of the techniques used for detect-
ing pesticides and organic compounds; however, the 
biggest issue for HPLC analysis is the difficulty of 
obtaining representative samples of the soil solution 
(Goyal, 2002; Hernández, 1994). Remedial measures 
should be taken to obtain representative samples of 
soil solution in different situations depending on; the 

substrate type, chemical characteristic of the pesticide 
and the analysis methodology (Regalado et al., 2005). 
One such methodology is the extraction of soil solu-
tion by suction through porous cups, which extracts the 
retained solution up to water tensions from 70 to 85 cb 
(Corwin, 2002) without altering the surrounding soil. 
Modeling the nematicide concentration in the soil 
profile is a useful tool to understand its behavior in 
a particular condition. To generate models however, 
variables of the soil matrix in which the flow occurs, 
are highly useful to know and understand the factors 
and processes of the soil system involved in the dy-
namics of the chemical compounds (Youssef et al., 
2005). Numerical models consider the interaction 
between soil-water and chemical. In this regard, the 
HYDRUS software make it possible to predict ne-
maticide behavior, solving the Richards and advec-
tion-dispersion equations simultaneously by using 
variables from the soil system to which it is applied 
(Šimůnek et al., 2016). HYDRUS has been widely 
used, mainly for modeling water and chemical com-
pounds; for example, leaching of water and nitrogen 
in sweet sorghum (Ramos et al., 2012), assessment of 
groundwater pollution risk, modeling ammonia-nitro-
gen as indicator (Li et al., 2015), assessment of per-
sistence and movement of pesticides in soils (Gupta et 
al., 2012; Köhne et al., 2006) among others. Yet little 
work has been done related to nematicide movement 
(ex: López-Pérez et al., 2006), particularly with bio-
logical actives. Therefore, the aims of this study were: 
(1) to assess the distribution of an organic nematicide, 
in this case the biological active Myrothecium verru-
caria (DiTera, Valent Biosciences Corp.) applied to 
a sandy loam soil through drip irrigation, and (2) to 
check the feasibility of a numerical model (HYDRUS 
1D) to predict the vertical movement of this active.
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2. Materials and Methods

2.1. Experimental sand

Four 1 m3 – plastic tanks were filled with a sandy 
loam soil, which was stabilized to simulate natural 
conditions. The procedure consisted of incorporat-
ing 20 cm layers of lightly compacted and irrigated 
soil until reaching a depth of 1 m. After that, each 
container was treated with continuous wetting-drying

processes for 6 months until soil settling. Simultane-
ously, a 4 L h-1 drip emitter was set up at the center of 
the container’s surface, 10 cm above the soil. 
During the container filling, a soil solution extrac-
tion system was installed. The extraction system 
consisted of a set of 4 extractometers installed 10 
cm away from the drip emitter and 20, 30, 40 and 
50 cm deep, in each tank (Figure 1). Each tank was 
considered an experimental unit.

Figure 1. Plane view (left) and longitudinal section (right) of the extractometer setting.

2.2. Soil features

The soil was obtained from the Rinconada Lo Vial 
Soil Series (CIREN, 1996), located in the German 
Greve Silva experimental field, University of Chile 
(33º29’ S, 70º53’ W, Maipú, Santiago, Metropolitan 
Region). Physical and chemical soil characteriza-
tions were performed once it was stabilized in the 
containers presenting a bulk density of 1.61×103 kg 
m-3, a soil water content at field capacity and wilt-
ing point of 0.071 and 0.022 kg kg-1 respectively, a 
texture of 74% of sand , 17% silk,  and 9% clay, 7.7 
pH; 1.8×10-1 S m-1 of electric conductivity, a cation-
exchange capacity of 5.3 cmol+ kg-1 and 0.08% of 
organic matter content.

2.3. Nematicide 

The nematicide used was DiTera WG, a fermentation 
product based on a naturally occurring microorganism, 
Myrothecium verrucaria strain AARC-0255, contain-
ing 90% technical powder with dried fermentation sol-
ids and solubles. This fungus has been reported as an 
active biological agent affecting Meloidogyne hapla, 
and Globodera rostochiensis, as a potential herbicide, 
and also has been studied for its electrochemical appli-
cations (Dong et al., 2015). Several substances have 
been characterized from its fermentation, among 
them bioactive secondary metabolites such as anti-
microbial diterpenoids, trichothecene sesquiterpe-
noids cyclic  tetradecapeptides  called verrucamides 
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(Zou et al., 2011), ), chitinases (Dahiya et al., 2006), 
bilirubin oxidase (Han et al., 2012)  and others. In 
a previous work by Orellana (2005), seeking an al-
ternative detection method for the presence of Di-
Tera WG using HPLC, a high correlation was found 
among the peaks on phenolic compounds related to 
nematicide concentration and nematode mortality. 
Although the specific chemistry of these peaks was 
not identified, the analysis through HPLC showed 
a good performance in a wide range of nematicide 
concentrations, allowing a calibration equation to be 
created which relates nematicide concentration in the 
sample with intensity of absorbance in a specific peak 
of the chromatography.  

2.4. Description of the extraction system

A system able to extract and move a soil solution 
from a specific point in the soil profile to a container 
on the surface without disturbing the soil around 
the sampling point was built. This included a set of 
pipes, valves and a ceramic porous cup connected to 
a vacuum pump.  A microtube inside the system con-
nects the bottom of the ceramic cup with a container 
on the surface. This allows the soil solution to move 
from the ceramic cup through the microtube into a 
plastic container on the surface due to the pressure 
difference generated.  

2.5. Materials for sample analysis

For the analysis of the soil extracts, a HPLC analysis 
was performed in an “Agilent-1200” system with a 
Nova-Pak column  C18 (Waters), 4 µm, 3.9 x 300 
mm, with the oven at 20 °C attached to a diode array 
detector (DAD). Solutions of 2% acetic acid and a 
mix of acetonitrile, acetic acid and water for the mo-
bile phase (20/2/78) were used. 

2.6. Calibration curve

The injection method that made it possible to de-
tect the nematicide in the solution was determined 
through several calibration tests performed on the 
HPLC. Once the best injection method was defined, 
a calibration curve was generated by injecting sam-
ples of a known nematicide concentration to link the 
area generated by the absorbency peak obtained from 
the HPLC injections to the nematicide concentration 
(based on Orellana, 2005). The calibration equation 
obtained was C=17.7 + 2.64 x, where C represents the 
solution concentration (mg L-1) and x is the area under 
the peak (mAU s). The potential disturbance of the 
sample due to the porous ceramic cups was evaluated 
by forcing the movement of a solution with a known 
concentration through the cup and then analyzing its 
concentration with HPLC. There was no significant 
difference in the concentration between the mother 
solutions and those obtained from the porous cup. 

2.7. Adsorption isotherm

Samples with 2 g of dry soil and 40 mL of solution at 
a known concentration were prepared by adapting the 
procedure described by Cartón et al., (1997). Samples 
were shaken for 21 hours, and later an aliquot from 
the supernatant was extracted for analysis. Adsorption 
was analyzed for 200, 700 and 1000 mg L-1 of ne-
maticide, with no significant differences between the 
concentrated solution and the supernatants.

2.8. Protocol of nematicide extraction from the soil

Three treatments (T) with 4 replicates each were per-
formed: 400 (T1), 700 (T2) and 1000 (T3) mg L-1. 
Prior to applying the treatments, the soil contained 
in the 4 tanks received 4 clean-water irrigations until 
saturation, and were left to drain. Three days after the 
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final irrigation with clean-water, the nematicide was 
applied through the drip emitter, and the amount of 
water applied in each application was equivalent to 
50% of available water, estimated from laboratory 
analysis. The irrigation time was 10 hours. The soil 
solution was obtained 24 hours after nematicide appli-
cation; a suction of 90 cbar in a period of 15 minutes 
was applied to the extractometer system to ensure a 
representative sample of 10 cm around the extraction-
cap (assuming homogeneous extraction), obtaining 50 
to 60 mL of soil solution per extractometer.  The 24-
hour post-irrigation waiting period allowed water to 
distribute throughout the soil profile and provide data 
before the chemical degradation of the organic nema-
ticide.  To obtain a sample from each depth, a sub-
sample of 50 mL of soil solution was taken from each 
depth in each tank. Two sub-samples of 50 mL from 
the same coordinate point from 2 different containers 
were combined and 2 mix-sample repetitions of 100 
mL were obtained for each coordinate point. A 2-mL 
aliquot was taken from each repetition, filtered at 0.22 
µm and injected into the HPLC device to determine 
the nematicide concentration.  

2.9. Data Analysis

Once all the data pertaining to nematicide levels in 
the soil has been obtained, an analysis of variance was 
carried out on each treatment to determine significant 
differences between sampling points. The average of 
the pooled samples from treatments was used to indi-
vidualize each point.

2.10. HYDRUS 1D general description 

HYDRUS 1D was parameterized with the soil hy-
draulic parameters using the van Genuchten retention 
curve and nematicide information (adsorption iso-
therm and dispersion length). The dispersion length 

of the nematicide was obtained by matching the data 
from the HPLC analysis with the concentrations ob-
tained by the model. The model treats a numerical 
solution of the one-dimensional Richards equation 
(1931, Equation 1) to represent the water flux in a po-
rous medium with a variable soil water content, using 
a finite elements technique.

Where θ is the volumetric water content (cm3 cm-3), h 
is the water tension on soil (cm), t is the time (h), K 
is the hydraulic conductivity (cm h-1), S is the water 
consumption of plants (cm3 cm-3 h-1), and z is the ver-
tical spatial coordinate (cm). This experiment did not 
consider water consumption of plants, therefore S(z) 
was negligible. The model also include a related mod-
ule which uses a numerical solution to solve the one-
dimensional advection-dispersion equation (Equation 
2), which represents the nematicide transport from the 
soil surface through the unsaturated zone.

Where C is the solute concentration in the liquid 
phase (mg L-1), t is the time (h) , z is the vertical 
spatial coordinate (cm), R is the delay factor, which 
characterizes adsorption processes by the soil (R 
was considered equal to 1 since non adsorption was 
observed from the adsorption isotherm ) , v is the 
flux velocity (cm h-1) in the porous media, r is a term 
which account for sink and sources of the element 
(mg cm-3 h-1), and D is the hydrodynamic disper-
sion (cm2 h-1). A Galerkin-type linear finite ele-
ment scheme was used for the spatial distribution 
and an implicit finite difference scheme was used 
for the temporal variation of the variables in Equa-
tion 1 and 2.
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2.11. Space and discretization

The flow domain and discretization to the simulation 
model was thought to represent the soil tank condi-
tion. Modeling was done for 24 hours at a profile 
depth of 100 cm, which was divided by means of 101 
nodes, 4 of them corresponding to suction extrac-
tometers at a depth of 20, 30, 40 and 50 cm. Smaller 
elements were used close to the dripper to guarantee 
the numerical stability of the model. The time step 
used was 0.001 day.

2.12. Initial and boundary conditions

The initial soil water condition was adjusted to field 
capacity, considering that the soil was irrigated until 
saturation and was left to drain for three days before 
the experiment started, while the initial soil nemati-
cide concentration was measured and set to 0 mg L-1. 
A time-varying boundary condition was applied to the 
surface, to which irrigation with the dissolved nema-
ticide was applied for the 10 first hours of the model. 
A  seepage face boundary condition was considered at 
the bottom of the profile.  

2.13. Model parameterization

Soil hydraulic properties such as the water reten-
tion curve and the saturated hydraulic conductivity, 
needed to fit the Richards and advection-dispersion 
equations, were estimated using an analytical model 
(ROSETTA, Schaap et al., 2001) previously fitted 
with the physical properties of the soil: texture, bulk 
density and soil water content at -33 and -1500 kPa. 
Models of this type are called pedotransfer functions 
(PTFs) because they translate basic soil data into 
hydraulic properties. Rosetta is capable of predict-
ing the van Genuchten (1980) (Equation 3) water 
retention and unsaturated hydraulic conductivity, as 

well as providing estimates of the saturated hydraulic 
conductivity.

Where θ (h) is the soil water content, as a function of 
the soil water pressure head h, θr and θs are residual 
and saturated water contents, respectively, while α 
and n are curve shape parameters. This equation can 
be rewritten to get the relative saturation (Se; Equa-
tion 4):

This equation is used in conjunction with the pore-
size distribution model by Mualem (1976) to yield 
the van Genuchten-Mualem model (van Genuchten, 
1980; Equation 5):

Where Ks is the soil hydraulic conductivity at the 
matching point near saturation. The parameter L (-) 
is an empirical pore tortuosity/connectivity param-
eter normally assumed to be 0.5 (Mualem, 1976).
The dispersion length was selected from manual 
iteration ranging between 5 and 20 cm (Radcliffe 
and Šimůnek, 2010).  A value of 10 cm was chosen 
within the range which yielded the best adjustment 
between simulated and observed data.
Dropper precipitation was determined by dividing 
the dropper flow rate to a circular area with a 30 cm 
radius, avoiding water build-ups that would cause 
numerical swings in the model. This achieved a pre-
cipitation of 1.41 cmh-1.
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2.14. Model performance

The coefficient of determination (R2), the root mean 
square error (RMSE) detailed in Equation 6,  the 
relative root mean square error (RRMSE), which is 
RMSE divided by the average of the observed data, 
and the Nash-Sutcliffe model efficiency coefficient 
(Equation 7) were used to determine model predic-
tion accuracy. 

Where “Oi” and “Pi” are the observed and predicted 
values respectively and N the number of observations.

Where Qo is the average of measured values,  is 
the value measured in time t,  is the value mod-
eled by time t and E is the “Nash” coefficient, which 
varies from minus infinite to 1.

3. Results 

3.1. Characterization of nematicide movement in the 
soil.

According to the HPLC analysis of soil solution ex-
tractions the vertical distribution of the nematicide 
for the three treatments is depicted in Table 1. It was 
found that regardless of the concentration injected, the 
trend was a higher concentration of nematicide near to 
the application zone with gradual decreases in depth. 
On the other hand, the vertical concentration distri-
bution for all treatments exhibited a behavior similar 
to the wetting front for this soil texture (Bhatnagara 
and Chauhanb, 2008), where the concentrations tend 
to move at a higher rate vertically than horizontally, 

implying a greater nematicide vertical distribution. 
Figure 2 provides a general idea of the nematicide 
movement, where the vertical distribution is not com-
pletely dependent on the concentration applied and, 
as McBride (1994) stated, it is closely related to the 
water flux in the soil. Therefore, it can be inferred that 
the amount of irrigation applied, its frequency and 
the initial soil water content play an important role in 
pesticide transport to lower depths in the soil. Observ-
ing the vertical nematicide distribution in each treat-
ment as a fraction of the concentration injected, no 
significant differences were found at each equivalent 
depth among the treatments. This fraction distribu-
tion of the nematicide movement represented on an 
isoline map of concentration percentage distribution 
in depth (Figure 3) gives a general idea of its ex-
pected distribution under conditions similar to this 
experiment. 

3.2. Model performance

The concentration of DiTera was determined through 
HPLC as described earlier and was also numerically 
simulated. The output soil parameters later used esti-
mated by ROSETTA were: θr = 0.0242 cm3 cm-3, θs = 
0.3417 cm3 cm-3, α = 0.0581 cm-1, n = 1.6103, and Ks = 
7.6991 cm h-1. Regarding the movement of solutes, dif-
fusion in free water was considered zero and the longi-
tudinal dispersion length obtained by manual iteration 
matching observed and modeled data was 10 cm. 
Figure 4 considers the measured data and mod-
eled concentrations at all depths. The modeled data 
showed good agreement for the different concentra-
tions, with a low RRMSE near 13% and a Nash and 
R2 of 0.922 and 0.967, respectively. The outcomes ob-
tained through the statistical parameters were within 
the accepted ranges for chemical product distributions 
on soil, such as 2,4 D movement (Gupta et al., 2012), 
nitrates (Al-Darby and Abdel-Nasser, 2006), or salt 
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leaching in soil profiles (Zeng et al., 2014), among 
others. Our result reveals, however, that at lower lev-
els of nematicide the model slightly overestimated 
the concentration, whereas at higher levels the model 

slightly underestimated the concentration (Figure 5). 
Overall, because of the high Nash-Sutcliffe coeffi-
cient observed and the low RRMSE, the model be-
haves very closely to the observed data.

Table 1. Vertical concentration distribution of DiTera nematicide in the soil profile when a concentration of (a) 
400 mg L-1, (b) 700 mg L-1, and (c) 1000 mg L-1 were injected. 

*Average with same letters in the same column show no significant differences, according to the Tukey test (p>0.05).

Figure 2. Characterization of the vertical transport of 
the nematicide, injecting concentrations of 400, 700 
and 1000 mg L-1 (left to right)

Figure 3. Isolines of percentage distribution of the inject-
ed concentration of DiTera nematicide in the soil profile.

*Characterization using kriging interpolation in the Surfer 

10 software, 5 x 5 cm grid on a 10 x 100 cm frame.

*Characterization using kriging interpolation in the Surfer 

10 software, 5 x 5 cm grid on a 30 x 100 cm frame.
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Figure 4. Observed data measured with HPLC on 
the “x” axis and data simulated by HYDRUS 1D 
on the “y” axis. Coefficient of determination (R2), 
root mean square error (RMSE), relative root mean 
square error (RRMSE) and Nash are shown.

Model calibration were performed focusing principally 
on the vertical distribution of nematicide concentra-
tions due to the 1D structure of the model. The ob-
served concentration distribution was caused mainly 
by a dispersive flux, taking into account that the soil 
organic matter content was low (0.08%) and adsorption 
was not detected through the isotherm. An example of 
the importance of dispersive flux in nematicide distri-
bution is illustrated in Figure 6. This figure shows the 
soil water content distribution at different depths and 
times during and after 10 hours of irrigation modeled 
by HYDRUS 1D. As observed, the soil water content 
in the entire soil profile at 24 hours was adequately ho-
mogeneous, despite the small differences, and it can 
therefore be inferred that irrigation water is moved into 
the soil and vertically distributed almost evenly. How-
ever, according to Figure 2, the nematicide distribution 
at 24 hours was not evenly distributed.

Figure 5. Nematicide concentration profile in soil depth for the three treatments observed and simulated data.
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Figure 6. Soil water content distribution at different 
depths and times during and after 10 hours of irriga-
tion modeled by HYDRUS 1D.

4. Discussion

The vertical distribution of the nematicide showed a 
higher concentration near the application point. Inter-
estingly, no differences were found in the nematicide 
expressed as a fraction of the concentration applied 
vertically among treatments. This could mean that in 
field application it is possible to find an accumulation 
of this product in the rhizosphere; therefore, it could be 
interesting to evaluate possible variations in the deg-
radation rate of this pesticide in the rhizosphere (Diez 
et al., 2015). Even though DiTera transport is closely 
related to the water movement in the soil and is highly 
soluble in water, its distribution in the profile was not 
the same as the water distribution. This finding was 
unexpected and showed that using the methodology 
proposed here could be a powerful tool to calibrate 
mathematical models of agrochemical distributions in 
soil. Although the result means pointed out an accu-
mulation in the first 20 cm of soil, the interaction with 
natural conditions was not evaluated and it is known 
that pesticides can suffer chemical transformations in 
a natural environment (Storck et al., 2016); therefore, 

in future experiments the possible chemical transfor-
mation must be assessed under field conditions.     
Regarding the model results, it may be said that the 
transport of DiTera in the soil could be predicted well 
through the use of the HYDRUS 1D as a modeling 
system. It is thought that a better performance would 
likely be obtained if soil water content data were used 
for the calibration. This consideration could have 
improved the later results i.e., reduced the overesti-
mation in the lower concentration of nematicide and 
increased the underestimation in the higher concentra-
tions. Consequently, the amount of water applied as 
irrigation, its frequency, and the initial soil water con-
tent play an important role in the success of the pes-
ticide application. Related to this latter point, it could 
be interesting to evaluate the DiTera distribution after 
several irrigations in future studies.
Finally, in this experiment the soil was considered an 
isotropic medium of hydraulic conductivity, which 
does not actually conform to reality. While this could 
have affected the results of the experiment, the high 
Nash and low RRMSE obtained displayed very good 
estimations. This could have happened because the ini-
tial and boundary conditions were well controlled, and 
the conditions in the soil were close to saturation which 
allows for more vertical flux. Additionally, the disper-
sion length was the only parameter calibrated, meaning 
that the dispersion value that was ultimately used could 
have combined and diluted the inefficiencies produced 
as a result of the other parameters being imposed such 
that the medium would be considered isotropic. For fu-
ture surveys in the field, where the boundary and initial 
conditions usually experience sharp changes, and the 
quality of the measurements is lower than in laboratory 
conditions, it may be useful to include the anisotropy 
coefficient of hydraulic conductivity. This parameter 
cannot be considered in the 1D model used here; how-
ever, in the 2D/3D structure of HYDRUS the anisot-
ropy angle can be included (Šimůnek et al., 2016). 
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It should nevertheless be borne in mind that the 
goal of a model is to be as simple as possible; when 
complexities are added the model behavior becomes 
more difficult to understand and to explain (Konikow, 
2010). Therefore in the field it is better to begin with 
this setting up first and only if the model cannot obtain 
a good Nash coefficient and RRMSE would greater 
complexity be necessary. 

5. Conclusions 

It was found that in the vertical distribution of the 
nematicide the higher concentration is near the appli-
cation point and that distribution is regardless of the 
concentration applied in each treatment. 
The model performed using HYDRUS 1D was able 
to predict the nematicide movement under this labora-
tory conditions; thus, it may be said that the transport 
of DiTera in the soil could be well predicted through 
the use of the HYDRUS 1D as a modeling system. 
However, the inclusion of other evaluations in future 
investigations such as water content measurements 
over time and the degradation rate of the nematicide, 
could be useful to improve the outcomes of the model.
Finally, it is necessary to conduct more studies con-
sidering different scenarios by changing product con-
centrations, dripper flow and irrigation frequencies 
under field conditions to validate the use of HYDRUS 
1D as a tool for nematicide fate in soil. 
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