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Abstract
Background, aim, and scope Atrazine (2-chloro-4-ethylamino-6-isopropylamino-1,3,5-triazine) is one of the most
widely used herbicides for broadleaf weed and certain
annual grass controls and is popular because of its
effectiveness and low cost. Losses of atrazine from
agricultural lands into adjacent surface water and underlying groundwater have raised public concerns. Several
computer models have been developed for atrazine runoff
in watersheds. One limitation for most of these models,
however, is that vast amounts of input parameters are
required for simulations. These input parameters are
sometimes difficult to obtain through the experimental
measurements for model calibrations, validations, and
applications. Therefore, a need exists to develop a simple
and yet a realistic modeling tool that can be used for
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effectively investigating atrazine dynamics in agricultural
soils. This study was designed to meet this need.
Materials and methods A model was developed based on
atrazine dynamics in agricultural soils. These dynamics
include atrazine (1) application to soil, (2) loss from surface
runoff, (3) volatilization, (4) sorption, (5) degradation, (6)
root uptake, and (7) leaching. The model was constructed
using the commercially available package Structural Thinking, Experiential Learning Laboratory with Animation
(STELLA) and calibrated using field data prior to its
applications.
Results and discussion A simulation scenario was then
performed to predict atrazine fate in a 1-ha field. Simulation
results showed that atrazine runoff and leaching occurred
within the first coupled rainfall events with a duration of
about 40 days after its application to the soil. This occurred
because atrazine was strongly adsorbed by the soil in
addition to its degradation by soil microorganisms, volatilization to the atmosphere, and uptake by roots. The
maximum adsorption rate of atrazine was found in 1 day
and reached an equilibrium condition in about 100 days.
Two degradation phases, namely, the fast and slow phases,
were observed in this simulation. The fast degradation
phase occurred within 1 week after atrazine application,
whereas the slow degradation phase took place after 1 week
of the atrazine application. About 25% of the total applied
atrazine still remained in the soil at the end of the
simulation period (120 days). Of which, almost all of them
were retained in the solid phase.
Conclusions A very good agreement was obtained between
the model predictions and the field measurements. The
model was quite successfully applied to predict the
complex behaviors of atrazine in the soil.
Recommendations and perspectives This study suggests
that the model, developed with STELLA, has great
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potentials as a modeling tool for effective investigations of
atrazine dynamics in agricultural soils due to its being
simple and yet realistic.
Keywords Adsorption . Atrazine . Degradation . Leaching .
Runoff . STELLA

1 Background, aim, and scope
Atrazine (2-chloro-4-ethylamino-6-isopropylamino-1,3,5triazine) is one of the most widely used herbicides for
broadleaf weed and certain annual grass controls and is
popular because of its effectiveness and low cost. This
herbicide is moderately soluble in water and can be leached
into groundwater and be runoff into surface water. Atrazine
can also be adsorbed onto soil surfaces and move with
sediment in runoff water. Losses of atrazine from the intended
locations into unintended areas, especially in groundwater and
surface water, have raised public concerns. Atrazine has been
detected in groundwater samples collected from agricultural
lands. Although its concentration levels in the groundwater
are normally low, atrazine's long persistence suggests that this
herbicide can accumulate in groundwater with concentrations
exceeding the US-EPA drinking water limit of 3 ppb (Wehtje
et al. 1984; Isensee et al. 1990; Mbuya et al. 2001; Selim
2003; Correia et al. 2007).
Several mathematical models have been developed to
investigate leaching and/or runoff losses of atrazine in
agricultural lands. Gerakis and Ritchie (1998) modified the
crop estimation through resource and environmental synthesis model to predict the effect of water table management on atrazine. Ma et al. (2004) applied the root zone
water quality model for predicting runoff of atrazine from
conventional-tillage corn mesoplots. Larose et al. (2007)
employed the soil and water assessment tool model to estimate
stream flow and atrazine losses to surface water in the Cedar
Creek Watershed in northeastern Indiana, USA. Uses of these
models have improved our understanding of atrazine dynamics in agricultural ecosystems. One limitation for most of these
models, however, is that vast amounts of input parameters are
required for simulations. These input parameters are sometimes difficult to obtain through the experimental measurements for model calibrations, validations, and applications.
Therefore, a need exists to develop a simple and yet realistic
modeling tool that can be used for effectively investigating
atrazine dynamics in agricultural lands.
The purpose of this study was to develop a model for
atrazine fate in agricultural soils using the commercial
available package Structural Thinking, Experiential Learning Laboratory with Animation (STELLA). STELLA is a
user-friendly and commercial software package for building
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a dynamic modeling system. It uses an iconographic
interface to facilitate the construction of dynamic system
models. The key features of STELLA consist of the
following four tools: (1) Stocks, which are the state variables
for accumulations. They collect whatever flows into and out
of them. (2) Flows, which are the exchange variables and
which control the arrival or the exchanges of information
between the state variables. (3) Converters, which are the
auxiliary variables. These variables can be represented by
constant values or by values depending on other variables,
curves, or functions of various categories. (4) Connectors,
which connect among modeling features, variables, and
elements. STELLA offers a practical way of dynamically
visualizing and communicating how complex systems and
ideas really work (Isee Systems 2006). STELLA has been
widely used in biological, ecological, and environmental
sciences (Hannon and Ruth 1994; Peterson and Richmond
1996; Costanza et al. 2002; Aassine and El Jai 2002;
Ouyang 2008). An elaborate description of the STELLA
package can be found in Isee Systems (2006). Our specific
objectives of this study were to: (1) develop a dynamic
model for predicting runoff, leaching, adsorption, and
degradation of atrazine in agricultural soil; (2) calibrate
the model using available experimental data; and (3) apply
the model to predict atrazine fate in an agricultural field.

2 Model construction
Figure 1a shows a schematic diagram for atrazine dynamics
in agricultural lands pertaining to this study. The following
seven major procedures and/or mechanisms for atrazine
dynamics in an agricultural soil were included in this study:
(1) apply to soil, (2) loss from surface runoff, (3)
volatilization, (4) sorption, (5) degradation, (6) root uptake,
and (7) leaching. These procedures and mechanisms are
highly coupled with soil water movement. Therefore, when
modeling atrazine dynamics, soil water movement must be
considered. Detailed descriptions of each mechanism or
process for water movement and atrazine dynamics are
presented below, while the input values for coefficients and
constants are provided in Table 1.
2.1 Soil water and atrazine dynamics
Soil water dynamics involve runoff, percolation, rainfall/
irrigation, and evapotranspiration (Fig. 1b). The water
runoff per unit area can be postulated by the following
equation (Neitsch et al. 2002):
Runoff ¼

ðRI  0:2S Þ2
ðRI þ 0:8S Þ

ð1Þ
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Fig. 1 A schematic diagram
showing water and atrazine dynamics in an agricultural soil
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where RI is the rainfall and/or irrigation and S, the
watershed retention parameter, is estimated by:

S¼

1; 000
 10
CN

ð2Þ

where CN is the USDA Soil Conservation Service
runoff curve number. Curve numbers are a function of
soil type, soil drainage properties, crop type, and
management practices. Soil water runoff occurs only
when both the rainfall/irrigation starts and the soil is
saturated.

The soil water percolation rate (cm3/day) per unit area
is estimated by the following equation (Mullins et al.
1993):
Percolation ¼ aðq  fc Þ

ð3Þ

where α is the drainage coefficient (1/day), θ is the
volumetric water content (cm3/cm3), and fc is the field
water capacity (cm3/cm3).
The soil water evapotranspiration (ET) per unit area (cm/
day) can be estimated by Penman–Monteith, Preiestley–
Taylor equation, reference-ET or evaporation pan methods
(Maidment 1993).
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Table 1 Input parameter values
used for model calibrations
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Parameter

Value

Reference

Curve number
Rainfall
Soil area (cm2)
Soil depth (cm)
Field capacity (cm3/cm3)
Drainage coefficient (cm/day)
ET coeff. (1/day)
Atrazine application rate (µg/cm2)
Atrazine degradation rate coefficient (1/day)
Atrazine degradation rate coefficient (1/day)
Atrazine volatilization rate coefficient (1/day)
Atrazine uptake rate coefficient (1/day)
Atrazine sorption coefficient (1/day)
Initial soil atrazine conc. (mg/cm3)

80
Varied
2.43×107
2.5
0.3
0.025
0.021
22.4
0.1 in <7 days
0.03 in >7 days
0.003
0.0001
0.1
0.0

Maidment (1993)
Selim (2003)
Selim (2003)
Selim (2003)
Estimated from Selim (2003)
Maidment (1993)
Calibrated
Selim (2003)
Estimated from Mbuya et al. (2001)
Estimated from Mbuya et al. (2001)
Correia et al. (2007)
Calibrated
Mbuya et al. (2001)
Selim (2003)

Soil atrazine dynamics include adsorption of atrazine by
soils, degradation of atrazine by soil microorganisms,
uptake by roots, loss of atrazine from surface runoff and
from vadoze zone leaching, application of atrazine to the
soil surface, and volatilization of atrazine into the atmosphere (Fig. 1c).
Atrazine leaching loss (µg/day) can be obtained by:
Atrazine Leaching Loss ¼ Total Percolation  Cw

ð4Þ

where Cw is the concentration of atrazine in liquid phase.
Atrazine runoff loss (µg/day) is given as:
Atrazine Runoff Loss ¼ Total Water Runoff  Cw :

ð5Þ

Other processes such as the rates of atrazine degradation,
uptake, adsorption, and volatilization are dependent on
properties of plant species, soil, and atrazine. These
processes were realized by the first-order kinetics in the
STELLA model as described in the next section.
2.2 Model structure in STELLA
The first step in the modeling processes was to develop a
basic structure to capture the processes and procedures
described above using STELLA. In Fig. 2, the rectangles
are stocks that graphically represent the volume of water
or the mass of atrazine in the solid, liquid, and vapor
phases. The flow symbols (represented by double lines
with arrows and switches) represent the rates of water or
atrazine flow into or out of the stocks. The other variables
are converters (represented by empty circles) that denote
the rules or conditions controlling the stocks and flows
through the use of connectors (represented by single lines
with arrows).

As Fig. 2 illustrates, water leaves the soil through
percolation that is controlled by the surface area, field
capacity, and drainage coefficient, through ET that is
governed by the ET rate coefficient and the amount of
water in the soil and through surface runoff that is
constrained by soil surface area and runoff coefficient.
The runoff coefficient is calculated by Eqs. 1 and 2 as well
as is dependent on soil water content. Water can also enter
the soil by rainfall and/or irrigation. Similar dynamics
occurred for soil atrazine (Fig. 2). Additionally, soil atrazine
concentration was obtained using the following equation:

Cw ¼

mcont
soil
Vsw

ð6Þ

where mcont
soil is the total soil atrazine mass (µg) in liquid
phase and Vsw is the volume of soil water (cm3). After the
basic STELLA structure was developed, the second step
was to assign the initial values for stocks, equations for
flows, and input values for converters. For example, the
rate of atrazine adsorption was controlled by the sorption
rate coefficient and the amount of water phase atrazine as
shown in Fig. 2. This process was realized in the
STELLA model through embedding the following
equation in the flow symbol named adsorption rate in
Fig. 2:
Adsorption rate ¼ Water Phase Atrazine
 Sorption Rate Coeff :

ðð7ÞÞ

A similar approach was used for simulating the
processes of uptake, degradation, and volatilization of
atrazine in the soil. It is, however, beyond the scope of

J Soils Sediments (2010) 10:263–271

267

Fig. 2 Soil water and atrazine dynamic model developed with STELLA

this study to elaborate how the STELLA model functions
and simulates all of the modeling processes. Interesting
readers should consult the STELLA user's guide (Isee
Systems 2006) for details.

2.3 Model calibration
Model calibration is a process of matching model predictions with experimental measurements. In this study, an
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attempt was made to calibrate the model using the
experimental data reported by Bengtson et al. (1998) and
Selim (2003). These authors conducted a field experiment
at St. Gabriel, Louisiana, USA to quantify the movement of
soil, plant nutrients, and herbicides in surface runoff from
sugarcane plots under three different fertilizer and herbicide
treatments. That is, the fertilizers and herbicides were
applied at the same, higher, and lower rates than are
recommended by the Louisiana Cooperative Extension
Service for sugarcane in Louisiana. Six plots each with
0.25 ha in size and 0.1% in slop, located on a silt loam soil,
were used to plant sugarcane. Atrazine was used as one of
the two herbicides in their study. Data from the higher than
standard rate treatment were used in our study for the
model calibration. In this treatment, atrazine was broadcasted to the soil surface (or 100% coverage) at a rate of
2.24 kg/ha.
In our modeling study, only two input parameter values
were calibrated, namely, ET and uptake rate coefficients.
Other input parameter values used in the model calibration
were either obtained from experimental measurements,
theoretical calculations, or published literature (Table 1).
The calibration was accomplished by adjusting ET and
uptake rate coefficient values until the model-predicted
atrazine concentrations in runoff water and in soil matched
the field-measured atrazine concentrations in the same
media reasonably. Comparisons of measured and predicted
atrazine concentrations in runoff water and in soil are
shown in Fig. 3. With the linear regression equations of
YPrediction =0.848XMeasurement (R2 =0.772) for atrazine in
runoff water and YPrediction =1.016XMeasurement (R2 =0.923)
for atrazine in soil, we concluded that a reasonable
agreement was obtained between the model predictions
and the experimental measurements.

3 Results and discussion
A simulation scenario was performed to investigate atrazine
fate in the agricultural soil used in the model calibration
section. This fate includes atrazine runoff, leaching,
adsorption, degradation, volatilization, and uptake. All of
the input parameter values were the same as those used in
the model calibration section (Table 1) except that the
modeled domain was larger (1 ha) and the soil depth was
deeper (30 cm). Mbuya et al. (2001) reported that
adsorption of atrazine occurred mostly within a soil depth
of 30 cm. We assumed that some atrazines beyond this
depth would leach into groundwater. We further assumed
that the initial soil atrazine concentration was zero for this
simulation scenario. Our simulation started at 0 day and
lasted for 120 days. The rate of atrazine applied to the soil
was 2.24 kg/ha (Selim 2003).
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Fig 3 Comparison of predicted and measured atrazine in runoff water
and in soil

3.1 Atrazine runoff and leaching
Rates of measured rainfall and concentrations of simulated
atrazine in runoff water are shown in Fig. 4. The
concentrations of atrazine in runoff water decreased
exponentially with time and were not in proportion to the
rainfall events. For example, the concentration of atrazine
in runoff water was highest (340µg/L) at day12, whereas
the rate of rainfall was very low (2 cm/day) at the same
time period. This occurred because large amounts of
atrazine were available for surface runoff at the first
coupled rainfall events, which were within the first 40 days
after atrazine was applied to the soil. In addition to the
surface runoff, atrazine was subject to adsorption, degradation, volatilization, and leaching (Mbuya et al. 2001; Selim
2003; Correia et al. 2007). As a result, very little atrazine
runoff was observed after 40 days.
Rate of soil atrazine leaching into deeper soil profile
should be evaluated in combination with soil water
percolation (Fig. 5). The rate of soil water percolation
spiked due to the rainfall events. The maximum rate of soil
water percolation was 0.05 m3/day at day72. In the case
when the soil water content was smaller than field capacity,
the soil water percolation ceased. This condition was
superimposed in the STELLA model. In contrast, only
one high peak of soil atrazine leaching with a rate of
0.46 mg/day was observed in about 40 days after the
atrazine was applied to the soil and even two more high
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Fig. 6 Atrazine adsorption, degradation, and uptake as a function of time

Fig. 4 Rainfall and atrazine runoff as a function of time

peaks of soil water percolation was found after 40 days
(Fig. 5). This occurred because atrazine was strongly
adsorbed by the soil after its application and was not ready
for leaching after about 40 days.
3.2 Atrazine adsorption, degradation, and uptake
Figure 6 shows that the rate of soil atrazine adsorption
decreased exponentially with time after the atrazine

Fig. 5 Soil water percolation and atrazine leaching as a function of time

Fig. 7 Atrazine masses as a function of time
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application. The maximum adsorption rate of atrazine
was about 8 g/day in 1 day and reached an equilibrium
condition in about 100 days. The decrease in atrazine
adsorption rate was attributed to a decrease in atrazine in
water phase, resulting in atrazine runoff, leaching,
degradation, and volatilization losses besides adsorption
itself.
Analogous to that of atrazine adsorption, the rate of
atrazine degradation in the soil decrease sharply as time
elapsed. The rate of atrazine degradation was at its maxima
of 40 g/day at day1 after the atrazine was applied to the soil
and was at its minima of 4 g/day at the end of the
simulation (120 days; Fig. 6). Two degradation phases,
namely, the fast and slow phases, were observed in this
simulation. The fast degradation phase occurred within
1 week after atrazine application, whereas the slow
degradation phase took place after 1 week of the atrazine
application. The similar atrazine degradation rate and
pattern also were reported by Mbuya et al. (2001).
Similar to the case of atrazine adsorption, the rate of
atrazine uptake by roots in the soil decreased dramatically
with time (Fig. 6). The rate of atrazine uptake was at its
maxima of 0.4 g/day at day1 after the atrazine was applied
to the soil and was at its minima of 0.003 g/day at the end
of the simulation (120 days). We attempted to find data in
the literature that could be used to compare our finding. As
is apparent from the scarcity of the data, little attention has
been paid to investigate the uptake of atrazine by sugarcane
roots.
3.3 Soil atrazine mass
Figure 7 shows the masses of atrazine in the liquid, solid,
and air phases for a simulation period of 120 days. The
mass of atrazine in the liquid phase decreased sharply after
the application of atrazine. The maximum mass of atrazine
at day1 was 2.2 kg in liquid phase, which was almost the
amount of atrazine applied to the soil. The mass of atrazine
in the solid phase increased rapidly to about 14 days and
then declined profoundly to the end of the simulation. In
contrast, the mass of atrazine in air phase was very small.
The decline of atrazine mass in the liquid phase occurred
primarily because of the immediate adsorption of atrazine
by the soil particles in addition to its runoff, leaching,
volatilization, degradation, and root uptake. The decrease of
atrazine in the solid phase after 14 days was attributed to its
degradation, volatilization, and uptake.
A mass balance estimation disclosed that with an initial
atrazine mass of 2.24 kg applied to the soil, there was about
25% of the total applied atrazine remaining in the soil at the
end of the simulation (i.e., 120 days) and most of the
atrazine was adsorbed in the solid phase. This finding is
somewhat similar to that of Mbuya et al. (2001).
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4 Conclusions
A model for atrazine fate in agricultural soil was developed
using STELLA. The mechanisms and processes used in this
modeling included atrazine runoff, leaching, volatilization,
adsorption, degradation, and uptake. The model was
calibrated using experimental data prior to its applications.
A good agreement was obtained between the predictions
and the measurements. A simulation scenario was then
chosen to investigate atrazine fate in an agricultural field for
a simulation period of 120 days.
Our study revealed that concentrations of atrazine in
runoff water decreased exponentially in the first coupled
rainfall events, which were within the first 40 days after the
atrazine was applied to the soil. The maximum adsorption
rate of atrazine was found in 1 day and reached an
equilibrium condition in about 100 days. Two degradation
phases, namely, the fast and slow phases, were observed in
this simulation. The fast degradation phase occurred within
1 week after atrazine application, whereas the slow
degradation phase took place after 1 week of the atrazine
application.
A mass balance estimation showed that about 25% of the
total applied atrazine remained in the soil at the end of the
simulation (120 days) and most of the atrazine was retained
in the solid phase.
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