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Abstract: - The article presents a mathematical model for experiments evaluating the effectiveness of 
diatomaceous earth treatments against the bean weevil, Acanthoscelides obtectus. The proposed mathematical 
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describe the model, which uses three functions of time: the number of beans, the pest population, and the 
amount of diatomaceous earth. The three functions offer users four applications: forecasting, control, 
formulation of treatment efficacy estimators, and simulation of different types of pest control. The model is 
built for closed (isolated) experiments typical of laboratories, but this feature makes it extensible to other 
treatments to combat bean weevils in closed spaces characteristic of the storage of beans in silos. 
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1 Introduction 
The mathematical modelling of experiences in 
biological processes is a broad field that has 
received attention in the literature.Numerous articles 
deal with the general theory of models and 
(mathematical) modelling of biological systems [8], 
[9], [10], [11], [12], and [38]. These are just a few 
titles from a large number of papers on the subject. 
The computer simulation of the integrated 
management of spruce worms was already used in 
1982 [26]. 
Many concerns similar to the ones described in this 
paper are also found in the literature. In [13], the 
authors mathematically model the control of 
harmful insects by interrupting mating and capturing 
them, also using a system of differential equations. 
Concerns in the field of strategy for the 
development of mathematical modelling and 
experimentation in the field of biology are found in 
[14], some of them resulting from our work. 
A broad differential model (with fifteen differential 
equations), which, as in our case, uses the 
calibration operation, is dedicated to a deadly 
tropical disease for humans[17]. Differential models 
for mosquitoes carrying Wolbachia bacteria and 

dengue disease are reviewed in [18]. A new 
differential model is presented in [19] for the study 
of the dynamics of vector-borne disease 
transmission (a new mathematical model for the 
transmission dynamics of vector-borne diseases 
with vertical transmission and cure is developed). 
Differential models of prey-predator types with 
applications in agricultural crop protection are 
exposed in [21]. The authors [22], [39] used simple 
mathematical models to describe the dynamics of 
interaction between sterile and wild insect 
populations in the insect control technique by 
launching the sterile male Sterile Insect Technique 
(SIT). Similar problems are studied by the same 
authors in [23], [25]. 
Differential models and mixed differential and 
partial derivative models for the description and 
understanding of malaria spread are presented in 
[20]. Another category of mathematical models is 
those that combine statistical models with 
differential ones, possibly using statistically 
modelled functions in the dynamic, differential 
model [15]. Statistical models have long been used 
in the study of insect populations [24]. The use of 
even more complex, semi-discrete mathematical 
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models is part of a class of hybrid models, which are 
often described by continuous dynamics but 
repeatedly experience discrete changes at certain 
times [16]. 
Concerns at a higher-level aim at an optimal design 
of the dynamic models of the pest populations [27]. 
Works dedicated to determining the efficacy of 
alternative treatments, even for stored beans and, 
among others, diatomaceous earth, using statistical 
processing of experimental data can be found in 
[28], [30], and [32]. Statistical mathematical 
modelling of experimental data on the efficacy of 
diatomic soils against insects can be found in [32], 
[33], [34], [35], and [36]. A mathematical model for 
describing the kinetics of diatomic soil adhesion on 
the body of the bruchids Callosobruchus maculatus 
(F.) or Acanthoscelidesobtectus (Coleoptera: 
Bruchidae) is proposed by the authors [29], [31]. In 
[37], the authors also consider the influence of 
ambient temperature and humidity on the bean 
weevil population.At the level of descriptive 
statistics, the results can be used to extend 
mathematical models to the two variables, which in 
the present research are considered constants. 
Mathematical models are constructed to explain the 
phenomena of the physical world better than purely 
descriptive models. A more important role of 
mathematical models is to make predictions about 
the values of the parameters of the modelled 
phenomenon.  A higher level for a mathematical 
model is reached when it can demonstrate the 
existence of optimal values for the parameters of the 
phenomenon and, in addition, calculate these values. 
Based on mathematical models, the authors [40] 
optimize the control of mosquito populations. 
Several mathematical models with which heuristic 
optimizations are performed are reviewed by the 
authors [41]. Mathematical modelling with control 
and optimization  also exposes the authors [42] to 
sugar beet pests. The articles of the authors [43], 
[44], [45], [46], [47], and many others are inscribed 
on the same coordinates. 
 

2 Material and method 
The subject of the research described in this article 
is the mathematical modelling of the behaviour of a 
population of bean weevils in a closed or isolated 
system. The purpose of the model is to estimate the 
effectiveness of the treatment. 
 
2.1 Material of the study 
The physical support of the study consists of the 
closed system made in a cylindrical container with 
transparent walls, in which there are three main 

components: beans, adult bean weevils, and 
diatomaceous earth as a treatment against them. 
 
2.2  Material of the study 
The method of mathematical modelling of the 
biological process that constitutes the study material 
is the description of the system as a dynamic system 
of the prey-predator type with three components. 
The differential mathematical model that is 
presented in this paper, tries to describe the 
behaviour of a closed system, consisting of three 
components: a prey and two predators. Prey (stored 
beans) is the food for the first predator (the bean 
weevil), and the substance with which the treatment 
is performed against the bean weevil is considered 
to be the second predator. The closed system 
consisting of bean grains, bean weevils, and bean 
weevil control substance (in this case, diatomaceous 
earth) is enclosed in glass jars with transparent walls 
and a perforated lid to allow ventilation (jars with a 
special locking system; see Figs. 1 and 2) [1] and 
[2]. 
 

 
Fig. 1 Isolated systems: the beans, the beans weevil, 

and the fighting substance. 
 

 
Fig. 2 Isolated systems: prey, primary predators, and 

secondary predators. 
 
The exchange of air and humidity between the 
insulated system and the room in which the system 
is stored will be neglected. 
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The behaviour of the components of the closed or 
isolated system described above allowed us to 
formulate the following hypotheses, which were 
used in the mathematical modelling of the system: 
i1) The prey (beans) interacts only with the primary 
predator (bean weevil); 
i2) The prey does not record its growth or 
reproduction; 
i3) The primary predator (bean gargoyles) 
interacts for its own feeding with prey and 
negatively, for combat, with the secondary 
predator (combating substance); 
i4) The study period is limited to exactly one 
reproduction cycle, so natural growth and mortality 
exist but are hidden by the action of the control 
substance (a secondary predator); 
i5) The growth rate of the secondary predator 
(control substance) is zero (it does not reproduce), 
and its "mortality" is its consumption rate in the 
control action. 
 
2.3 The system of differential equations 
The system of differential equations that models the 
isolated process of fighting the bean weevil, in 
hypotheses i1)-i5), is given in (1). 
 

𝑑𝑥(𝑡)

𝑑𝑡
= −𝛽𝑦(𝑡), 

𝑑𝑦(𝑡)

𝑑𝑡
= 𝛿𝑥(𝑡)𝑦(𝑡) − 𝜇𝑁(𝑡)𝑦(𝑡) −

𝜃(𝑧(𝑡))𝑦(𝑡)𝑧(𝑡), 
𝑑𝑧

𝑑𝑡
= −𝜇(𝑧(𝑡))𝑦(𝑡) + 𝑍(𝑡) 

 
 
 
 
(1) 

 
with the initial conditions: 
 

𝑥(𝑡0) = 𝑥0, 𝑦(𝑡0) = 𝑦, 𝑧(𝑡0) = 𝑧0. (2) 
 

The definition, significance, and units of 
measurement of the variables and parameters of the 
model (1)-(2) are given in Table 1. 
The natural mortality function of bean weevils is 
modelled after [3], with the expression (3). 
 

𝜇𝑁(𝑡) =
𝜋

2𝑇
sin (

𝜋𝑡

𝑇
). (3) 

 
For the consumption function of the diatomaceous 
earth in the control process, the hypothesis is (4). 
 

𝜇(𝑢) = {
𝜇0, 𝑢 > 0
0, 𝑢 ≤ 0

 (4) 

 

and for the function of the interaction between the 
bean weevil population and the diatomaceous earth, 
hypothesis (5) is used. 
 

𝜃(𝑢) = {
𝜃0, 𝑢 > 0
0, 𝑢 ≤ 0

 (5) 

 
Table 1 Mathematical model parameters (1)-(2), 
meaning, notation, and units. 
 Definition Notation Units 
The mass of uninfected beans at the 
current time 

𝑥 kg 

The mass of the bean weevils at the 
current time 

𝑦 kg 

The mass of diatomaceous earth 
available at present 

𝑧 kg 

Bean mass at the initial time 𝑥0 kg 
The mass of bean weevils at the initial 
time 

𝑦0 kg 

Diatomaceous earth mass at the initial 
time 

𝑧0 kg 

The initial time 𝑡0 days 
Parameter of the bean damage 
consumed by the bean weevil 
population 

𝛽 days-1 

Parameter of interaction between the 
bean, and the bean weevil population 

𝛿 days-

1kg-1 
The natural mortality function of the 
bean weevil 

𝜇𝑁(𝑡) days-1 

The interaction function between the 
bean weevil population and the 
diatomaceous earth 

𝜃(𝑡) days-1 

kg-1 
Diatomaceous earth consumption rate 
in the control process 

𝜇(𝑡) days-1 

Diatomaceous earth supply rate during 
the process 

𝑍(𝑡) kg 
days-1 

The period of the bean weevil 
reproduction cycle 

𝑇 days 

The consumption ratio of 
diatomaceous earth during the process 

𝜇0 days-1 

The constant interaction between the 
bean weevil population and the 
diatomaceous earth 

𝜃0 days-1 

kg-1 
The average mass of the beans 𝑚𝑏 kg 
The number of beans placed in each 
glass jar 

nb - 

The average mass of a bean weevil mg kg 
The number of bean weevils placed in 
each glass jar 

𝑛𝑔 - 

Dose of diatomaceous earth 
administered 

𝑐 - 

Mortality function of the pest 
population 

𝛾 (𝑡) % 

The function of the percentage of 
infested grains 

𝜓(𝑡) % 

Percentage function of diatomite 
available 

𝑑(𝑡) % 

Percentage mortality function of the 
pest population at the c dose of 
diatomite 

𝛾𝑐(𝑡) % 
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2.4 Estimation of the constant parameters 
involved in the model 
The mass of the beans with which the experiments 
described in [1] were carried out was calculated by 
averaging 1000 grains, which together weighed 145-
450 g. Therefore, we work with the average mass of 
a bean having the value 𝑚𝑏 = 0.0002975 kg. For 
each cylindrical container (glass jar) that isolates the 
experiment (control process), a number 𝑛𝑏 (200 - 
700 beans/ glass jar). As a result, the average initial 
mass of beans in each experiment is approximately 
𝑥0 = 0.02975 kg. The bean weevils were weighed, 
and it was found that 50 adult weevils weigh an 
average of 0.1176 g, therefore, the mass of a bean 
weevil is 𝑚𝑔= 0.000002352 kg. As for each 
experiment, 50 weevils were introduced into 
containers; the result is the initial mass of bean 
weevils, which is 𝑦0 = 0.0001176 kg. The initial 
dose of diatomaceous earth was limited between 
100 and 900 ppm (by mass ratio to the initial mass 
of beans). As a result, the initial mass of diatomite, 
𝑧0, is between 0.0000001 and 0.0000009 kg, 
calculated according to the formula: 𝑧0 =  𝑐 ∙ 𝑥0. 
The value of the 𝛽 parameter is inspired by [4], 
assuming that during the experiment, about 23% of 
the bean mass is infested. It took 𝛽 = 17 days-1 to 
achieve a percentage of approximately 77% beans 
remaining uninfected. For the period of the bean 
weevil reproduction cycle, the value 𝑇 = 14 days 
was taken, in the conditions in which the 
temperature in the experiment container is kept 
constant. For the first tests, it will be assumed that 
the pest control operation is done only by the initial 
dose of diatomite and that no additional amounts are 
added during the 14 days of the experiment. 
Therefore, the function 𝑍(𝑡) is identical to zero. The 
parameter 𝜇0, which describes the consumption of 
diatomaceous earth, is used only to control the 
amount of diatomite consumed in the control 
operation. 
Only three model constants remain to be identified: 
the constants that define the functions 𝛿, 𝜃0 , and 𝜇0. 
We currently lack special experiences of direct or 
indirect determination to set the values of these 
parameters. For this reason, a calibration process is 
used using the data from the experiments described 
in [1]. The experimental data we rely on are the 
mortality rates achieved by the treatments with 
doses of 100, 300, 500, and 900 ppm at observation 
times of 3 and 7 days. Let the experimental 
mortality 𝑚3𝑖  and 𝑚7𝑖, 𝑖 = 1, ..., 4, correspond to 
the four doses of diatomite applied, at times of 3 and 

7 days, respectively. The system of differential 
equations (1), with the initial conditions (2), is 
solved numerically starting from randomly 
established starting values (by tests that tend to 
approach the experimental values at times of 3 and 7 
days). For each pair of values (𝛿𝑘  , 𝜃0𝑘), 
corresponding to the coordinate network taken into 
account in the calibration, the sum is calculated 
using the equations (6) and (7), 

𝑆𝑘 = ∑ √(𝑚3𝑖 − 𝜆3𝑘)2 + (𝑚7𝑖 − 𝜆7𝑘)2

4

𝑖=1

 
 

(6) 

 
where: 
 

𝜆𝜏𝑖 = 100 −
100𝑦(𝜏)

𝑦0
, 𝜏 = 3, 7, 𝑖

= 1, … ,4 

 
(7) 

 
data obtained for each run 𝑘 = 1,2,..., m (number of 
calibrations runs required; we use 20). The 
optimal torque will be that for which the sum 𝑆𝑘 is 
minimal, after 𝑘 = 1, 2,..., m. Using this model 
calibration procedure, based on a heuristic 
optimization procedure [5], the following values are 
obtained: 𝛿 = 0.045 days-1kg-1 and 𝜃0 = 4925 days-

1kg-1. 
In the same calibration process, the 𝜇0 constant was 
calibrated by heuristic optimization so that at the 
diatomite concentration of 900 ppm, the bean weevil 
population disappeared. Initially, each jar contained 
50 bean weevils; the value 0.00005 was chosen for 
𝜇0 because the percentage mortality is greater than 
98%. 
 

3 Results 
Using the values of the parameters of the model (1)-
(2), chosen in 2.4, one can find the behaviour of the 
system: beans-weevils-diatomaceous earth. The 
system is isolated in containers such as those in 
Figs. 1 and 2. 
 
3.1 Validation of the model in the 
experimental case 
The time dependence of the percentage 
mortality of the bean population is shown in 
Fig. 3 for the values of system parameters 
experimentally determined and specified in 2.4. 
The percentage mortality function, represented 
graphically in Fig. 3, is calculated starting from the 
population 𝑦(𝑡), resulting from solving the 
differential problem (1)-(2) and is given in (8). 
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𝛾(𝑡) = 100 −
100𝑦(𝑡)

𝑦0
 

(8) 

The percentage of infested grain is calculated from 
the solution of problem (1)-(2), according to the 
formula (9). 
 

𝜓(𝑡) = 100 −
100𝑥(𝑡)

𝑥0
 

(9) 

 
 

 
Fig. 3 Dependence of mortality percentage on 

time for four doses used experimentally. 
 

 
Fig. 4 The percentage of infested beans varies 

with time for four experimental doses. 
 
The available diatomite function is calculated using 
the solution to the problem (1)-(2), according to the 
formula (10). 

𝑑(𝑡) =
100𝑧(𝑡)

𝑧0
 

(10) 

 

 
Fig. 5 The time dependence of the percentage of 

available diatomaceous earth for four 
experimental doses. 

 
 
3.2 Applications 
 
3.2.1 Process prediction and control 
The simplest application of model (1)-(2) is the 
prediction of the results of the experiment for 
treatment doses different from those used in the 
physical experiments and in the calibration of the 
model. The principles of interpolation recommend 
that we do not use doses outside the experimental 
range. If, however, we use a dose outside the 
experimental working range ([100,900] ppm), quite 
far from the maximum limit (for example, 2000 
ppm), the response of the model is that of Fig. 6.  
 

 
Fig. 6 The time dependence of the three 

characteristic functions of the control process 
carried out in an isolated environment at a dose 

of diatomite with a value of 2000 ppm. 
 
This result is subject to a possible validation of the 
model. The forecast shows how many days are 
needed for the pest population mortality rate to 
reach the conventional critical value (for example, 
99%), depending on the treatment dose chosen. In 
other words, we can select a dose that shortens the 
time required to achieve the desired mortality or, 
implicitly, a dose that reduces the damage to stored 
grains (curve of the quantity of infested grains).  
The model also allows control of the amount of 
diatomaceous earth still available for action against 
pests. 
 
3.2.2 Efficacy of treatment 
Using the results of the mathematical model (1)-(2), 
several functions can be defined that measure the 
efficacy of the treatment. These are defined using 
the functions provided by the solution to problem 
(1)-(2).The two efficiency indices that will be 
defined in this chapter are based on the percentage 
mortality index (Fig. 7). 
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Repellence index 

The repellence index function is defined by [6] 
according to the formula (11). 
 

 
Fig. 7 The dependence of the mortality rate on time, 

for five doses of treatment, and the zero-dose 
corresponding to the control experiment. 

 

𝑟𝑖(𝑡, 𝑐) =
2𝛾𝑐(𝑡)

𝛾𝑐(𝑡) + 𝛾0(𝑡)
, 𝑡 ∈ (0, 𝑇] 

(11) 

 
An average repellence index can be defined 
according to the formula (12). 
 

𝑅𝐼(𝑐) =
1

𝑇 − 휀
∫ 𝑟𝑖(𝑡, 𝑐)

𝑇

𝜀

𝑑𝑡 
(12) 

 
where 휀 is a very small number, for example, 1% of 
𝑇 added to the initial moment in formula (12), so 
that the repellence index function makes sense on 
the whole mediation range. The repellence index 
(12) is a dose-dependent number 𝑐, see Fig. 8. The 
mortality function is a function of two variables, 
𝑡 and 𝑐, but its consideration in the model will 
change the model in the future into one with a 
partial differential equation. 
 

 
Fig. 8 Time dependence of repellence indices (11) 

for the four doses of diatomaceous earth used in the 
experiments. 

 
The Abbott indexes 

A measure of efficacy can be defined starting with 
Abbott's formula [7]. The efficacy function inspired 
by the source [7] is defined by the formula (13). 
 

𝑒𝐴(𝑡, 𝑐) =
𝛾𝑐(𝑡)−𝛾0(𝑡)

𝛾0(𝑡)
, 𝑡 ∈ (0, 𝑇]. (13) 

 
As with the repellence index, an average Abbott-
type efficacy can be defined, which is a number that 
depends on the dose of the treatment substance (14). 
The dependence of the Abbott index on time can be 
seen in Fig. 9. 
 

𝐸𝐴(𝑐) =
1

𝑇−𝜀
∫ 𝑒𝐴(𝑡, 𝑐)

𝑇

𝜀
𝑑𝑡. (14) 

 
Similarly, other measures of the efficacy of pest 
treatment can be introduced. 
The average values of the repellence indices, 
according to the formula (12), are: 𝑅𝐼(1)  =
 1.155, 𝑅𝐼(3)  =  1.315, 𝑅𝐼(5 ) =  1.389 and 
𝑅𝐼(9)  =  1.501, taking 휀 =  0.1 days. 
 

 
Fig. 9 Time dependence of Abbott-type efficacy for 

the four experimental treatment doses. 
 
The average values of the corresponding Abbott 
efficacies, according to formula (14), are: 𝐸𝐴(1) =
0.83, 𝐸𝐴 (3) =  2.071, 𝐸𝐴(5) =  2.964, 𝐸𝐴 (9) =
 4.182, taking 휀 =  1 day. 
 
3.2.3 Additional loads with treatment substance 
Sometimes, the initial amount of substance with 
which the treatment is done may not be enough to 
achieve the desired efficacy within the time limit. 
To increase the efficacy of the treatment, an 
additional loading of the pest control substance 
(diatomite, in this case) can be performed, an 
operation that model (1)-(2) can simulate through a 
𝑍(𝑡) function that  has positive values. The 
simulated load in this example has the expression 
from the equation (15). 
 

𝑍(𝑡) = {
0, 𝑡 ∈ [0, 𝑡1) ∪ (𝑡2, 𝑇]

7𝑐𝑥0

𝑡2−𝑡1+1
, 𝑡 ∈ [𝑡1, 𝑡2]

. 
 

(15) 
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The numerical analysis used the following data: 
𝑡2  =  3, 𝑡1  =  2, 𝑐 =  100 ppm, 𝑥0  =  0.1 kg, 
which corresponds to a uniform load on the third 
day of the experiment with a loading speed of 70 
ppm/day. 
The function of loading the pest with the attack 
substance is shown in Fig. 9. For this method of 
combat, the response of the mathematical model 
of the system described above is graphically 
presented in Fig. 10. 
 

 
Fig. 10 Time-dependence of the amount of 

diatomaceous earth and the loading speed during the 
process. 

 

 
Fig. 11Time-dependence of percentage mortality for 
initial loading experiments with doses of 100, 300, 

500, and 900 ppm, compared to the percentage 
mortality in the control sample with zero initial 

loadings and loaded on the second and third days, as 
shown by the curve 𝑍(𝑡) of Fig. 10. 

 
4 Comments 
The mathematical model proposed in this article 
manages to simulate the main aspects of the process 
of experimental estimation of the efficacy of 
treatments against pests. 
The shape of the mortality curves is in agreement 
with the experimental data, at least in the area of 
intermediate control times. Differences occur at low 
doses of pest control substances in the final part of 
the time interval, where mortality does not reach 
100% (see Fig. 3). This behaviour can be further 

studied, possibly altering the natural mortality of the 
bean weevil population, possibly aided by a greater 
number of experiments, with a much better 
resolution over time, in particular. 
The percentage mortality curves are ordered by the 
doses of substance used and are directly correlated 
(see Figs. 3, and 7). The curves of the infested bean 
percent are also ordered by the doses of pest control 
substance used, but the correlation is negative, i.e., 
the percent of infested beans increases as the dose of 
diatomite decreases (see Fig. 4). The curves of the 
percentage amount of diatomaceous earth available 
in the process appear in Fig. 5. They are ordered in 
reverse order of  the dose of substance applied. The 
graphs in Fig. 5 must be read carefully because the 
curves included are of a percentage nature, but the 
quantities of diatomaceous earth from which they 
start (the initial load) are different for each 
concentration. These statements are validating 
elements of the model (i.e., (1)-(2)) at the current 
level of the mathematical model. 
Several applications present the capabilities of the 
mathematical model presented in Chapter 3.2. The 
prognosis and control of the process are presented in 
Chapter 3.2.1. This application shows the predictive 
role of function 𝑦 (mass of the pest population) and 
the control role of functions 𝑥 (mass of uninfected 
beans) and 𝑧 (mass of diatomaceous earth 
available). On a single graph, the variation in time 
of the three functions in a pest control process with 
the initial loading of diatomaceous earth can be seen 
in Fig. 6. The applications in chapter 3.2.2 provide 
examples of measures of the efficacy of some 
treatments. There are current efficiencies (time-
dependent functions), but there are also global 
efficiencies, which are numbers. Both efficacy types 
depend on the dose of substance used for the 
treatment of bean weevils. To understand the 
behaviour of efficacy functions, the time 
dependence of mortality functions for four doses of 
diatomite is represented in Fig. 7, together with the 
natural mortality curve (control or zero treatment 
doses). Starting from these results and applying 
formulas (11)-(14), the efficacy of the treatments is 
obtained: the repellent efficacy function and the 
Abbott type efficacy function, respectively, and the 
average repellence and Abbott type indices. All 
indications show the same ranking of treatments 
with the same control substance, with the place 
occupied by each treatment being proportional to 
the dose administered. 
A third application, presented in Chapter 3.2.3, 
demonstrates the ability of the mathematical model 
to describe treatments with additional loading of the 
treatment substance. The system response in this 
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case of loading in terms of pest mortality is given in 
Fig. 11, and the evolution in time of the additional 
load and the loading speed is given in Fig. 10. It is 
observed that starting treatment at a lower dose and 
supplementing with the active substance along the 
way may increase the efficacy of treatment at a 
higher initial dose. In [29], interpolation curves 
similar to those of  Figs. 7, 9, and 11 appear in 
connection with the accumulation of diatomic soils 
per individual bean weevil, separately for males and 
females. These similarities show that there are 
strong links between the individual accumulation of 
diatomaceous earth and the percentage mortality, 
which a possible development of the model could 
highlight. Substance use for treatment would thus be 
more deeply embedded in the mathematical model, 
describing the phenomenon and interpreting the 
results. 
The mathematical model of experiments to estimate 
the efficacy of substances for controlling bean 
weevils can be extended to common storage spaces, 
such as silos. In this case, it must be taken into 
account that during the storage time there may be 
fluctuations in the loading with stored material, and 
the loading with substances to control pests varies 
over time. Application 3.2.3 demonstrates that the 
proposed mathematical model can simulate such 
phenomena. To obtain a minimal model of the silo 
treatment processes, a loading (or unloading) term 
with stored material must be added to the right 
member of the first equation in (1), similar to the 
term 𝑍(𝑡) in the third equation of the same system. 
Also, both due to the real climatic conditions and 
potential treatments with thermal or humidity 
shocks, we will look in the future for an extension 
of the mathematical model proposed in this paper, 
which will contain the two variables, as some 
authors have conceived already [37] and [55]. 
The mathematical model proposed in this paper 
goes through the three stages indicated in a 
reference paper [8]: "conceptualization of the 
biological system into a model mathematical 
formalization of the previous conceptual model and 
optimization and system management derived from 
the analysis of the mathematical model." Because 
the answer of the model proposed in this paper has 
main elements of similarity with the real isolated 
system of experiments to estimate the efficacy of 
treatments against pests (the shape and values of 
mortality curves), it is considered that the model is 
at least partially correct and relevant. These 
conclusions are important in connection with 
Manfred Eigen's statement in The Origins of 
Biological Information: "A theory has only the 

alternative of being right or wrong. A model has a 
third possibility: it may be right, but irrelevant." 
Percentage mortality curves, similar in shape to 
those provided by the model proposed in this paper, 
are frequently present in the results in the literature 
[48] and [49]. The experimental curves exposed in 
[1] and [2] are often found as forms in the literature 
[50], [51], and [52]. Especially regarding the bean 
weevil, such mortality curves are found in [53], 
[54], and [55]. 
 
 
5 Conclusion 
The mathematical model presented in the article 
satisfactorily simulates the treatment of beans 
attacked by bean weevils using diatomaceous earth. 
The effects highlighted are generally consistent with 
the experimental results in the literature. A system 
of three differential equations inspired by 
mathematical models of predator-prey types 
describes the process of treating beans against 
bean weevil.  
The main applications of the model consist of the 
prediction and control of the treatment, the 
formulation of some measures of the treatment’s 
efficacy, and the simulation of some processes with 
intermediate loads in time. The last application 
opens a wide field of applications related to 
treatments against pests that act on the storage 
spaces of agricultural materials (e.g., silos), spaces 
considered as isolated systems, but with inputs and 
outputs in time of the stored material and substances 
for pest treatment. 
As an important direction of model development, it 
is proposed to introduce the influence of 
temperature (if it proves effective, including 
humidity), because there are treatments against bean 
weevils that involve lowering the ambient 
temperature to a certain value for some time. 
All directions of model development can be done 
only to the extent that we have sufficient 
experimental data (as many direct ones as possible), 
at a temporal resolution of at least one day, and at a 
longer range of values for concentrations, which is 
also valid for temperature (a continuous or very 
high-resolution monitoring action would be 
desirable). 
The utility of the model results mainly from the 
possibility of predicting the achievement of the 
desired mortality at a certain time and the dose of 
substance to control pests so that the desired 
mortality occurs at a certain time. Another 
application of the proposed mathematical model 
refers to the optimal character of the desired 

WSEAS TRANSACTIONS on BIOLOGY and BIOMEDICINE 
DOI: 10.37394/23208.2023.20.2 Petru Cardei, Constantina Chireceanu

E-ISSN: 2224-2902 19 Volume 20, 2023



mortality at the prescribed time. This is to be 
obtained through the precise selection of the 
combating substance dose so that there is no 
waste or risk to not achieving the prescribed 
time or pest mortality. The measures of the 
efficacy of the elaborated treatments are also useful 
and start from the answer of the model, which 
allows reaching the main purpose of the modelling: 
the simulation of the experiences in an isolated 
system for estimating the efficacy of the treatments. 
The indications and clarifications resulting from 
solving the model regarding the intensive and 
extensive development of experiences required to 
deepen the problem of simulation and sorting 
treatments against pests are also useful for future 
work. 
A specification of principle for the possible 
continuation of the study refers to the natural 
approach to the pest control phenomenon described 
in this article. We believe that a new approach to the 
problem of the efficacy of treatments against pests 
must begin with modelling the normal life of the 
pest and increasing and decreasing the insect 
population in the absence of treatments. After this 
model is close enough to the experimental reality, 
functions can be developed in the basic model to 
describe the reduction of the reproductive capacity 
or the unnatural increase in mortality, functions with 
different arguments (concentrations of treatment 
substances, temperature, etc.). 
Finally, a general observation refers to the ethical 
aspect of such research. The human species has 
acquired, over time, an increasingly aggressive 
character. Man tends to exterminate any species that 
endangers his existence or affects his comfort. The 
man decided to fight and destroy his opponent, 
instead of learning to live with him. To the same 
extent, other species have developed responses 
corresponding to human actions. In this context, the 
moral aspect of such research, in which living 
beings are killed, is debatable. Creation has its laws, 
and predator-prey behaviour seems to be one that 
cannot be changed by man. Even though man tries 
to tame this law, our species only manages to 
simulate this action in reality, even in interpersonal 
relationships, the prey-predator behaviour is the real 
one. 
 

References: 

[1] Chireceanu C., Cardei P., Geicu A., 
Florescu I., Burnichi F., Călin M., 
Insecticidal effect of Pătârlagele 
diatomaceous earth against 
Acanthoscelidesobtectusadults, Romanian 

Agricultural Reasearch, currently being 
published , nr. 39, 2022, pp. 649-659. 

[2] Cardei P., Chireceanu C., Dynamic efficacy 
of diatomite in combating 
Acanthoscelidesobtectus, preprint RG, 
DOI: 10.13140/RG.2.2.19708.67206, 2021. 

[3] Carey J.R., Liedo P., Mortality Dynamics 
of Insects: General Principles Derived from 
Aging Research on the Mediterranean Fruit 
Fly (Diptera: Tephritidae),American 

Etimologist, vol. 45, 1, 1999, pp. 49-55. 
[4] Kaniukzak Z., Seed damage of field bean 

(viciafaba l. var. minor harz.) caused by 
bean weevils (bruchusrufimanusboh.) 
(coleoptera: bruchidae),Journal of Plant 

Protection, Vol. 44, No. 2, 2004, pp. 125-
130. 

[5] Pearl J.,Heuristics: intelligent search 

strategies for computer problem solving, 

Addison-Wesley Pub. Co., Inc., Reading, 
1984. 

[6] De Oliveira M.R., da Silva Bonome L.T., 
von HertwigBittencourt H., Zarowni E., da 
Silva Lefchak L., Tratamentos alternativos 
emsementes de feijão para repelência 
deAcanthoscelidesobtectus (SAY),Journal 

of Seed Science, v.40, n. 4, 2018,pp. 362-
369. 

[7] Abbott W.S., A method of computing the 
effectiveness of an insecticide, Journal of 

the American Mosquito Control 

Association, vol.3, no. 2, 1987, pp. 302-
303. 

[8] Torres N.V., Santos G., The 
(Mathematical) Modeling Process in 
Biosciences, Frontiers in Genetics, review, 
Vol. 6, No. 354, 2015, pp.1-9. 

[9] Ganusov V.V., Strong Inference in 
Mathematical Modeling: A Method for 
Robust Science in the Twenty-First 
Century, Frontiers in Genetics, Vol. 7, No. 
1131, 2016, pp 1-10. 

[10] Tomlin C.J., Axelrod J.D., Biology by 
numbers: mathematical modelling in 
developmental biology, Nature Review 

Genetics,Vol. 8,No. 5, 2007, pp. 331-340. 
[11] Motta S., Pappalardo F., Mathematical 

modelling of biological systems, Briefings 

in Bioinformatics, Vol. 14, No. 4, 2013, pp. 
411-422. 

WSEAS TRANSACTIONS on BIOLOGY and BIOMEDICINE 
DOI: 10.37394/23208.2023.20.2 Petru Cardei, Constantina Chireceanu

E-ISSN: 2224-2902 20 Volume 20, 2023

http://dx.doi.org/10.13140/RG.2.2.19708.67206


[12] Chiel H.J., McManus J.M., Shaw K.M., 
From Biology to Mathematical Models and 

Back: Teaching Modeling to Biology 

Students, and Biology to Math and 

Engineering Students, CBE-Life Sciences 
Education, Vol.9, No.3, 2017, pp. 248-265. 

[13] Anguelov R., Dufourd C., Dumont Y., 
Mathematical model for pest-insect control 
using mating disruption and trapping, 
Applied Mathematical Modelling, Vol. 52, 
No. 1, 2016, pp. 1-34. 

[14] Donatelli M., Magarey R.D., Bregaglio S., 
Willocquet L., Whish J.P.M., Savary S., 
Modelling the impact of pests and diseases 
on agricultural systems, Agricultural 

Systems, Vol. 155, 213-224, 2017, pp. 213-
224. 

[15] Siettos C.I., Russo L., Mathematical 
modeling of infectious disease dynamics, 
Virulence, Vol. 4, No. 4, 2013, pp. 295-
306. 

[16] Mailleret L., Lemesle V., A note on semi-
discrete modelling in the life sciences, 
Philosophical Transactions of The Royal 

Society A, Vol. 367, 2009, pp. 4779-4799. 
[17] Fortunato A.K., Glasser C.P., Watson J.A., 

Lu Y., Rychtar J., Taylor D., Mathematical 
modelling of the use of insecticide-treated 
nets for elimination of visceral 
leishmaniasis in Bihar, India, Royal Society 

Open Science, Vol. 8, No. 6, 2021. 
[18] Ndii M.Z., Wiraningsih E.D., Anggriani N., 

Asep K. Supriatna A.K., Mathematical 
Model as a Tool for the Control of Vector-
Borne Diseases: Wolbachia Example, 
IntechOpen, 2018. 

[19] Seadawy A.A., Jun W., New mathematical 
model of vertical transmission and cure of 
vector-borne diseases and its numerical 
simulation, Advances in Difference 

Equations, No. 66, 2018, pp. 1-15. 
[20] Mandal S., Sarkar R.R., Sinha S., 

Mathematical models of malaria - a review, 
Malaria Journal, Vol. 10, No. 202, 2011, 
pp 1-19. 

[21] Dufourd C. Ch., Spatio-temporal 

mathematical models of insect trapping: 

analysis, parameter estimation and 

applications to control, Thesis, University 
of Pretoria, 2016. 

[22] Dhahbi A.B., Chargui Y., Boulaaras S.M., 
Ben Khalifa S., Koko W., Alresheedi F., 
Mathematical Modelling of the Sterile 
Insect Technique Using Different Release 
Strategies, Mathematical Problems in 

Engineering, 2020, pp. 1-9. 
[23] Dhahbi A.B., Chargui Y., Boulaaras S.M., 

Ben Khalifa S., A One-Sided Competition 
Mathematical Model for the Sterile Insect 
Technique, Complexity, 2020, pp. 1-12. 

[24] Rutledge L.C., Wirtz R.A. , Buescher 
M.D., Mehr Z.A., Mathematical models of 
the efectivness and persistence of mosquito 
repellents, Journal of American Mosquito 

Control Association, Vol.1, No. 1, 1985, 
pp. 56-62. 

[25] Barclay H.J., Enkerlin W.H., Manoukis 
N.C., Flores J.R., Guidlines for the Use of 

Mathematics in Operational Area-Wide 

Integrated Pest Management Programmes 

Using the Sterile Insect Technique with a 

Special Focus on Tephritid Fruit Flies, 
FAO, IAEA Joint FAO/IAEA Programme, 
2014. 

[26] Williams C.B. Jr., Shea P.J., Computer 

Simulation for Integrated Pest 

Management of Spruce Budworms, Pacific 
Southwest Forest and Range Experiment 
Station P.P. Box 245 Berkley, California 
94701, 1982. 

[27] Banks H.T., Everett R.A., Murad N., White 
R.D., Banks J.E., Cass B.N., Rosenheim 
J.A., Optimal design for dynamical 

modeling of pest populations, Mathematical 
Biosciences and Engineering, Vol. 15, 
No.4, 2018, 993-1010. 

[28] Ortega J.E.C., Ruvalcaba L.P., Lopez R.M., 
Valdez T.D., Alcaraz T. de J. V., Tafoya 
F.A., Biorational Insecticides and 

Diatomaceous Earth for Control 

Sustainability of Pest in Chickpea and 

Mexican Bean Weevil, IntechOpen, 2018. 
[29] Prasantha B.D.R., Reichmuth C., Kinetics 

of diatomaceous earth (Fossil-shield®) 
uptake by Callosobruchus maculatus (F.) 
(Coleoptera: Bruchidae),Mededelingen van 

de FaculteitLandbouwwetenschappen - 

Rijksuniversiteit Gent, Vol. 67, No. 3,1, 
2002, pp. 519-529. 

WSEAS TRANSACTIONS on BIOLOGY and BIOMEDICINE 
DOI: 10.37394/23208.2023.20.2 Petru Cardei, Constantina Chireceanu

E-ISSN: 2224-2902 21 Volume 20, 2023



[30] Jumbo L.O.V., Pimentel M., Oliveira E., 
Toledo P.F.S., Faroni L.R.A., Potential of 
diatomaceous earth as a management tool 
against Acanthoscelidesobtectus 
infestations Potencial de tierra de 
diatomeascomounaherramienta de manejo 
contra las infestaciones de 
Acanthoscelidesobtectus, Revista de 

CienciasAgricolas, Vol. 36, E, 2019, pp. 
42-51. 

[31] Prasantha B.D.R., Reichmuth C., Adler C., 
Lethality and kinetic of diatomaceous earth 
uptake by the bean weevil 
(Acanthoscelidesobtectus [Say] Coleoptera: 
Bruchinae): influence of short-term 
exposure period., Journal of Stored 

Products Research, Vol. 84, No. 41, 2019, 
pp. 101-509. 

[32] Baliota G.V., Athanassiou C. G., 
Evaluation of a Greek Diatomaceous Earth 
for Stored Product Insect Control and 
Techniques That Maximize Its Insecticidal 
Efficacy, Applied Sciences, Vol. 10, No.18, 
2020, pp. 1-13. 

[33] Fagundes H.D., Dionello R.G., Radunz 
L.L., Reichert J. F.W., Control of maize 
weevil with application of diatomaceous 
earth in corn grains stored in diverse 
temperatures, RevistaEngenhariana 

Agricultura, Vol.27, No. 5, 2019, pp. 400-
411. 

[34] Masiiwa P., Evaluation of african 
diatomaceous earths (des) as potential 
maize grain protectants against the maize 
weevil (sitophiluszeamais ),Biology, 2004, 
https://assets.publishing.service.gov.uk/me
dia/57a08cbbe5274a31e00013dc/R8179Ma
siiwaEvaluationofAfricanDEs.pdf, last 
access 15.01.2023. 

[35] Bernardes W.A., Baldin E.L., Coelho M., 
Crotti A.E.M., Cunha W.R., Ribeiro L. de 
P., Management of the mexican bean 
weevil by adding aromatic plant derivatives 
in two dry formulations, Tropical and 

Subtropical Agroecosystems, Vol. 23, No. 
45, 2020, pp. 1-11. 

[36] Arthur F.H., Throne J.E., Efficacy of 
Diatomaceous Earth to Control Internal 
Infestations of Rice Weevil and Maize 
Weevil (Coleoptera: Curculionidae), 

Journal of Economic Entomology, Vol. 96, 
No. 2, 2003, pp. 510-518. 

[37] Prasantha R.B.D., Reichmuth Ch., Buttner 
C., Effect of temperature and relative 
humidity on diatomacesus earth 
Callosobruchus maculatus (F.) and 
Acanthoscelidesobtectus (Say) (coleoptera: 
Bruchidae), Proceedings of the 8th 

International Working Conference on 

Stored Product Protection, 2002. 
[38] Levins R., Miranda I., Mathematical 

models in crop protection, Revistade 

Próteccion Vegetal, Vol. 22, No. 1, 2007, 
pp. 1-17. 

[39] Anguelov R., Dumont Y., Lubuma, 
Mathematical modeling of sterile insect 
technology for control of anopheles 
mosquito, Computers & Mathematics with 

Applications, Vol. 64, No. 3, 2012, pp. 
374-389. 

[40] Gonzalez-Parra G., Diaz-Rodriguez M., 
Arenas A.J., Optimization of the Controls 
against the Spread of Zika Virus in 
Populations, Computation, Vol. 8, No. 3, 
2020, pp. 2-16. 

[41] Mhatre N., Robert D., The Drivers of 
Heuristic Optimization in Insect Object 
Manufacture and Use, Frontiers in 

Psychology, Vol. 9, No. 1015, 2018, pp. 1-
11. 

[42] Rafikov M., Limeira E. de H., 
Mathematical modelling of the biological 
pest control of the sugarcane borer, 
International Journal of Computer 

Mathematics, Vol. 89, No.3, 2012, pp. 390-
401. 

[43] Almeida L., Duprez M., Privat Y., 
Vauchelet N., Mosquito population control 
strategies for fighting against arboviruses, 

Mathematical Biosciences and 

Engineering, AIMS Press, Vol. 16, No. 6, 
2019, pp. 6274-6297. 

[44] Fitri I.R., Bakhtiar T., Hanum F., Kusnanto 
A., Optimal strategy in controlling non-
vector pest insect using green insecticide 
and mating disruption with cost-
effectiveness analysis, Journal of Physics: 

Conferences Series, 1796, 2021, pp. 1-17. 
[45] Fesce E., Romeo C., Chinchio E., Ferrari 

N., How to choose the best control 

WSEAS TRANSACTIONS on BIOLOGY and BIOMEDICINE 
DOI: 10.37394/23208.2023.20.2 Petru Cardei, Constantina Chireceanu

E-ISSN: 2224-2902 22 Volume 20, 2023



strategy? Mathematical models as a tool for 
preintervention evaluation on a 
macroparasitic disease, Plos Neglected 

Tropical Diseases, Vol. 14, No.10, 2020, 
e0008789. 

[46] Kahuru J., Luboobi L.S., Nkansah - 
Gyekye Y., Optimal Control Techniques on 
a Mathematical Model for the Dynamics of 
Tungiasis in a Community, International 

Journal of Mathematics and Mathematical 

Sciences, ID 4804897, 2017, pp. 1-19. 
[47] Luz P.M., Struchiner C.J., Galvani A.P., 

Modeling Transmission Dynamics and 
Control of Vector- Borne Neglected 
Tropical Diseases, Plos Neglected Tropical 

Diseases, Vol. 4, no.10, 2010, pp. 1-19. 
[48] Scaccini D., Duso C., Pozzebon A., Lethal 

Effects of High Temperatures on Brown 

Marmorated Stink Bug Adults before and 

after Overwintering, Insects, Vol. 10, Nr. 
10, 2019, pp. 1-11. 

[49] Stadler Lucca P., Nobrega L.P.H., Alves 
L.F.A., Cruz-Silva C.T.A., Pacheco F.P., 
The insecticidal potential of Foeniculum 

vulgare Mill., Pimpinella anisum L. and 
Caryophillusaromaticus L. to control aphid 
on kale plants, Revista Brasileira de 

Plantas Medicinas, Vol. 17. No. 4, 2015, 
pp.  585-591. 

[50] Umaru F.F., Simarani K., Evaluation of the 
Potential of Fungal Biopesticides for the 
Biological Control of the Seed Bug, 
Elasmolomuspallens (Dallas) (Hemiptera: 
Rhyparochromidae), Insects, Vol. 11, No. 
5, 2020, pp. 2-17. 

[51] Moonjely S., Bidochka M.J., Generalist 
and specialist Metarhizium insect 
pathogens retain ancestral ability to 
colonize plant roots, Fungal Ecology, Vol. 
41, 2019, pp. 209-217. 

[52] Herbst D., Conte F., Brookes V., 
Osmoregulation in an alkaline salt lake 
insect Ephydra (Hydropyrus/hians Say 
(Diptera: Ephydridae) in relation to water 
chemistry, Journal of Insects Physiology, 
Vol. 31, No. 10, 1988, pp. 903-910. 

[53] Lopes L.M., do Nascimento J.M., Faroni 
L.R.D., de Sousa A.H., Emergence rate of 
the mexican bean weevil in varieties of 

beans from the southwestern Amazon, 
Revista Caatinga, Vol. 31, No. 4, 2018. 

[54] Perez-Mendoza J., Baker J.E., Arthur E.H., 
Flinn P.W., Effects of Protect-It on 
Efficacy of Anisopteromaluscalandrae 
(Hymenoptera: Pteromalidae) Parasitizing 
Rice Weevils (Coleoptera: Curculionidae) 
in Wheat, Environmental Entomology, Vol. 
28, No. 3,, 1999, pp. 529-534. 

[55] Nourou K.N.A., Alain H., Bertrand M.S., 
François M.E., Dorothée M.N., Angéle 
N.P., William, Bekelo N., Zachee A., 
Evaluation de l’effet insecticide des 
formulations a base des graines de Moringa 
Oleifera sur Acanthoscelides Obtectus, 
International Journal of Innovation and 

Applied Studies, Vol. 32, No. 1, 2021, pp. 
123-130. 
 

Contribution of individual authors to 
the creation of a scientific article 
(ghostwriting policy) 
 
Author Contributions: Please, indicate the role 

and the contribution of each author: 
Example 
PetruCardei, mathematical modelling, model 
hypothesis, numerical solution, efficacy measure 
definition, comments. 
ConstantinaChireceanu, experiments, modelling 
hypothesis formulation, efficacy measures 
definitions, conclusions. 

Creative Commons Attribution 
License 4.0(Attribution 4.0 
International ,CC BY 4.0) 
This article is published under the terms of the 
Creative Commons Attribution License 4.0 
https://creativecommons.org/licenses/by/4.0/deed.en
_US 
 

WSEAS TRANSACTIONS on BIOLOGY and BIOMEDICINE 
DOI: 10.37394/23208.2023.20.2 Petru Cardei, Constantina Chireceanu

E-ISSN: 2224-2902 23 Volume 20, 2023

 

Sources of Funding for Research Presented in a 
Scientific Article or Scientific Article Itself 
No funding was received for conducting this study. 

 
 
Conflict of Interest
The authors have no conflicts of interest to declare 

that are relevant to the content of this article. 

https://creativecommons.org/licenses/by/4.0/deed.en_US
https://creativecommons.org/licenses/by/4.0/deed.en_US



