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Abstract: A crop-weed simulation model is presented to compare and evaluate Integrated Weed 
Management (IWM) strategies. Specifically, the model was parameterized for soybean crops in com-
petition with Euphorbia davidii Subils. We used both, weed and crop demographic data surveyed in 
agronomic fields of the central zone of the Buenos Aires province, Argentina, throughout two crop 
cycles (2011/2012 and 2013/2014). The proposed model underwent a calibration process and subse-
quent validation with 70/30 % data split respectively (N=37). Two annual-based and one multian-
nual-based case studies were simulated to demonstrate the performance of the model. Different 
IWM strategies were compared under both, operational and tactical planning horizons through the 
evaluation of different model outcomes (i.e. crop yield, interspecific competition, economic return, 
and environmental impact). Our case studies results suggest that the inclusion of cultural manage-
ment practices could reduce weed interspecific competition by 46 to 97 % and weed seed production 
by 40 to 89%. An increment in both expected crop yield, by 6 to 20%, and annual gross margin, by 
44 to 199 US$.ha-1, were obtained in silico for similar levels of environmental impact. 

Keywords: weed management; population dynamics; simulation model; gross margin; environ-
mental impact; decision making 
 

1. Introduction 
Weeds have been a major cause of crop yield loss since the beginning of agriculture. 

Today, herbicide-based control methods play a key role in maximizing agrosystem 
productivity in the short term. However, the intensification of agriculture has led to un-
desirable negative consequences to both the environment and the society. In this context, 
the combined implementation of preventive (legal, cultural) and curative (chemical, me-
chanical, physical and biological) methods has been proposed as a way to mitigate exter-
nalities (soil and water contamination, biodiversity loss, ecotoxicity, etc.). Therefore, from 
a strategic viewpoint, an Integrated Weed Management (IWM) program should be based 
on a combination of preventive and curative methods applying knowledge-based princi-
ples. The use of cultural methods for weed management has proven to increase the com-
petitive ability of crops, reducing the dependence on herbicides [1]. However, the use of 
integrated management approaches is still in an incipient stage in Argentina [2]. 

The cost/benefit quantification of different IWM strategies is not a straightforward 
process due to the necessity of a large amount of information that requires further sys-
tematization to be implemented within a decision-making framework. In this context, 
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simulation models provide an ideal approach for systematizing this type of analysis [3–
5]. 

A weed-crop simulation model was proposed by [5] to support the IWM decision-
making process in winter cereal crops of the Semiarid Temperate Region of Argentina. 
The model possesses a higher level of detail than similar models, and, although it requires 
a relatively large amount of data, it could be easily adapted to represent diverse agrosys-
tems. Therefore, the proposed model could be considered a flexible and adaptable tool.  

 This model uses bioecological and agronomic information as inputs, such as, daily 
weather records, weed population dynamics data, weed management tactics (chemical, 
mechanical and cultural methods) and crops’ ecophysiological requirements. Typical re-
sults are the daily values of weed population dynamics, crop growth/development dy-
namics and the resulting weed-crop competitive interactions. At the end of each crop sea-
son, both bioecological and agronomic outputs are obtained (e.i. seed production, eco-
nomic gross margin, environmental impact, etc). 

In this work, the model from Molinari et al. (2020) [5] was extended to improve the 
economic and environmental evaluation of weed management strategies. Specifically, the 
calculation of the present value of money was included to improve economic comparisons 
in multi-year simulations. Additionally, the quantification of the environmental impact 
was extended with the T index, which represents the soil erosion risk associated with me-
chanical weed control [6]. The P index [6] was also added to quantify the environmental 
impact of pesticides, complementing the EIQ index calculations [7]. 

In this study, the described model is applied to the agricultural system Euphorbia da-
vidii Subils in competition with soybean in the center of Buenos Aires province (Argen-
tina). Euphorbia davidii belongs to the Euphorbiaceae Juss. family, represented by species 
of economic value and others considered weeds. Four species have been found in Argen-
tina that behave as important weeds in summer crops (Euphorbia serpens, Euphorbia heter-
ophylla, Euphorbia dentata and Euphorbia davidii), sharing many common characteristics, 
which complicates their easy identification, and, therefore, the design of effective man-
agement strategies for each one [8]. In the agrosystems of the central part of Buenos Aires 
province, E. davidii is considered a highly competitive weed that is difficult to control. In 
general, there is a close relationship between phenological stage, dose and control efficacy 
[9,10]. According to [10], under semi-controlled conditions, yield losses of 35-45 % are ob-
served in soybean crops at weed densities higher than 100 individuals.m-2. Likewise, in 
the study area, field experiments indicate yield losses of 30% at 100 individuals.m-2, with 
significant losses observed from 8-10 individuals.m-2 on [11]. 

 
The objectives of this article are: (i) to extend the model proposed in [5] with addi-

tional detail in the economic and environmental impact modules, (ii) to evaluate the 
model when applied to the soybean/E. davidii agricultural system in the central-southern 
region of Buenos Aires province; (iii) to generate annual and multiannual scenarios com-
paring different management strategies; (iv) to evaluate the model's advantages/weak-
nesses for its future adaptation to other agrosystems. 

2 Materials and methods 
2.1 General description 

The adopted modelling methodology has been reported previously in [5]. Certain 
processes were modified in the present contribution for a better adaptation to the E. da-
vidii/soybean system for the central region of Buenos Aires province, Argentina. The main 
features of the model together with the introduced modifications are described in detail 
below.  
2.2 Diagram, variables and parameters of the model 

In Fig. 1, a general diagram of the proposed simulation model, considering an annual 
cycle of weed-crop competition is presented. 
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Model sets and variables are summarized in Table 1. The demographic parameters 
of E. davidii and soybean crop are detailed in Tables 2 and 3 respectively. 

 
Figure 1. General diagram illustrating the main components of the simulation model, considering E. davidii weed in competition with 
the soybean crop, throughout an agricultural season (see Tables 1-3 for description of variables and parameters). On the left, a thermal 
time scale used to guide the weed life cycle development is shown. At the base of the diagram, thermal-time and chronological time 
scales for crop growth-development are shown. At the top, a clear distinction between fallow and crop cycle is shown. Crop sowing 
time, Critical Competition Period (CCP) and Crop Interspecific Competition Index (Ciect) are depicted in the crop cycle. The weed 
life cycle is represented in a simple fashion by defining the most representative stages (Ws,t), where s=0: Seed bank; s=1: Cotyledonal 
(cotyledons); s=2: Early vegetative (2-4 true leaves); s=2: Advanced vegetative (6 true leaves to branching); s=3: Reproductive (flow-
ering and fruiting). 

Table 1. Model sets and variables. 

Sets/Variables Description Units 

t Julian day Julian day. 

y Year Year 

s Weed phenological stage - 

Ws,t Accumulated weed density in s, t (i.m-2) 

Is,t Incoming cohorts of individuals in s, t (i.m-2) 

Os,t Outcoming cohorts of individuals of s, t (i.m-2) 

Sq Quiescent (non-dormant) seeds (s.m-2) 

Spy Total weed seed production in y (s.m-2) 

Wks,t Weighted weed density between s and ns in t - 

Ciect Crop competition index in t - 

r Reproductive cohorts’ group - 

Wr Accumulated weed density in r (i.m-2) 

Yld Expected crop yield (proportion of weed-free yield) - 
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WC Weed – Crop interspecific competition - 

Cts,t Weed mortality rate due to control in s, t - 

MCs,t Individuals eliminated by control methods in s, t - 

M_stresss,t Individuals affected by thermal/hydric stress in s, t (i.m-2) 

Cr01,t Weed mortality rate over a pre-seedling stage by residual herbicides in s, t - 

Table 2. Euphorbia davidii parameters. TT= thermal time. EK= expert knowledge. 

Parameter Description Value Units Reference 

ns Number of phenological stages (s) 4 - [12] 

Tb Base temperature for TT accumulation 8 °C [8] 

Th1 TT required for a cohort for transition from s=1 to 2 192 °Cd [12] 

Th2 TT required for a cohort for transition from s= 2 to 3 300 °Cd [12] 

Th3 TT required for a cohort for transition from s= 3 to 4 700 °Cd [12] 

K Agrosystem’s carrying capacity 150 i.m-2 [12] 

f1 Competition factor for stage s=1 0.1 - [12] 

f2 Competition factor for stage s=2 0.5 - [12] 

f3 Competition factor for stage s=3 0.75 - [12] 

f4 Competition factor for stage s=4 1 - [12] 

nr Number of simulated groups of reproductive cohorts 1 - [12] 

ta Day of adverse environmental conditions (stress), ta(T°) -1<T°>40 °C EK 

mstress1 Mortality rate due to adverse environmental conditions in s=1 1 - EK 

mstress2 Mortality rate due to adverse environmental conditions in s=2 0.6 - EK 

mstress3 Mortality rate due to adverse environmental conditions in s=3 0.4 - EK 

mstress4 Mortality rate due to adverse environmental conditions in s=4 0 - EK 

Table 3. Soybean crop parameters (sowing time, standard and delay). EK= expert knowledge. * = adapted from. 

Parameter Description 
Value 

Units Reference 
Standard Delay 

G1 Accumulated TT at the time of equation changing 1325 780 °Cd DSSAT* 

G2 Accumulated TT for physiological maturity 2750 1900 °Cd DSSAT* 

CCP Critical Competition Period 450- 1730 450- 1120 °Cd DSSAT* 

Sft Susceptibility of crop between 0≤t< CCP 1 - EK 

Sft Susceptibility of crop during the CCP 5 - EK 

Sft Susceptibility of crop between CCP and physiological maturity 1 - EK 

LAIhc 

Value of LAI representing a highly competi-

tion situation for different distances be-

tween rows 

35 cm 0.9 0.9 - 
EK and 

[13] 
52,5cm 1.5 - - 

70 cm 2.2 - - 

Myl Maximum yield loss proportion (high interspecific competition) 0.6 - Cal. y Valid. 

GY Expected grain yield 3000 Kg.ha-1 EK 

 
2.2 Meteorological data 
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Weed and crop population dynamics were simulated using daily-based meteorolog-
ical data. Two open access sources were used. The Olavarría Meteorological Station (Na-
tional Meteorological Service of Argentina) and the Regional Centre of Agrometeorology 
(Faculty of Agronomy, National University of the Center of Buenos Aires Province, Ar-
gentina UNCPBA)1. 

 
2.3 Euphorbia davidii field emergence  

A model was fitted based on meteorological data for predicting daily field emergence 
throughout the agronomic season. For this purpose, meteorological and field emergence 
data reported in [12] were used. The methodology proposed in [14] was used to model 
field emergence, with a good fitting level between observed and predicted data 
(RMSE=0.05). 

 
2.4 Population dynamics 

Weed population dynamics was simulated through daily cohorts (Fig. 1). The indi-
viduals of each cohort go through four phenological stages within the life cycle: s=1: Cot-
yledon; s=2: Early vegetative (2-4 true leaves); s=3: Advanced vegetative (6 true leaves to 
branching); s=4: Reproductive (flowering and fruiting). Each cohort requires the accumu-
lation of a given thermal time (TT) in order to pass from one phenological stage to the next 
one. When moving from one phenological stage to the next, each cohort will be affected 
by mortality and competition rates (Cts,t, Cr01,t, mstresss), as detailed in [5]. Reference val-
ues for these parameters are reported in Table 2. 

 
2.5 Intraspecific competition 

The competitive effect of weed individuals on each other, was calculated using a 
mortality rate in [5]. In the present work, this was replaced with the following function: 

𝐼𝐼𝑠𝑠,𝑡𝑡 = max �𝑂𝑂𝑠𝑠−1,𝑡𝑡 ∙ �1 − �
𝑊𝑊𝑊𝑊𝑠𝑠,𝑡𝑡

𝐾𝐾
�� ; 0�      ∀𝑡𝑡,∀𝑠𝑠 ( 1) 

 
where Is,t represents the incoming cohorts at stage s, on day t; Os-1,t stands for the outgoing 
cohorts from stage s-1,on day t; Wks,t is the weighted weed density from stage s to ns, on t; 
and K is the agrosystem carrying capacity. The ratio between Wks,t and K determines the 
mortality of the cohorts entering stage s. The maximum function establishes that when 
Wks,t is above K, the incoming individuals are zero. This uncommon situation only occurs 
when the first cohorts are very abundant. 
 
2.6 Weed population mortality 

Euphorbia davidii mortality is divided according to their origin: anthropogenic and 
abiotic. Abiotic mortality is modelled in the current version as a reduction due to extreme 
temperature events: 

 

�
𝑀𝑀_𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑡𝑡 = 𝑊𝑊𝑠𝑠,𝑡𝑡 ∙  𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑠𝑠, 𝐼𝐼𝐼𝐼   𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑡𝑡 < −1    𝑜𝑜𝑜𝑜   𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑡𝑡 > 40

𝑀𝑀_𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑡𝑡 = 0, 𝑜𝑜𝑜𝑜ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒       ∀s,∀t ( 2) 

 
where M_stresss,t is the number of individuals affected by adverse environmental condi-
tions at stage s and day t, mstresss is the mortality rate due to extreme temperatures at 
stage s, Tmint and Tmaxt are the minimum and maximum temperatures at day t (Table 2). 
 

 
1http://www1.faa.unicen.edu.ar/centro/centroreg.php (last accessed on May 3, 2021, in Spanish) 
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Weed mortality related to control actions is described in [5]. Control methods are 
specified in Table 4, together with the corresponding associated economic and environ-
mental parameters. 
 
 

Table 4. Control methods used, toxicity values, Tmam, Tins and Tf, used for the P index calculation and tillage tool 
impact values, Timp, for the T index calculation. 

References: [9,15–17]. 
 
2.7 Environmental impact 

The environmental impact module quantifies the impact of different management 
strategies through three indexes: Environmental Impact Quotient (EIQ) [7], pesticide in-
dex (P) [6,18] and tillage index (T) [6]. EIQ and P indexes quantify the environmental im-
pact associated with chemical control and T index quantifies the environmental impact 
due to soil erosion caused by tillage tools.  

For each active ingredient, EIQ parameters were obtained from an updated source 
[19] and the field EIQ value per hectare was calculated according to [7] (Table 4). Tmam, 
Tins, Tf and Timp were calculated from toxicity values obtained from [20]. 

 
2.8 Economic evaluation 

The economic module calculates Gross Margin (GM) and Net Present Value (NPV). 
GM directly compares the most relevant costs and incomes, without taking into account 
the land's opportunity cost or the rental cost. For multiannual simulations, NPV is re-
quired, as it considers the temporal money value. NPV is calculated from the GM accord-
ing to a very well-known methodology [21]. The economic parameters are detailed in Ta-
ble 5. 

 
Table 5. Economic parameters. 

Abbreviation 
Control methods 

G3 G+imz G+flp Dplg Dhrw 

Description 
Non selec-

tive (G3) 

Non selective + resid-

ual (G+imz) 

Non selective mix-

ture (G+flp) 

Disc 

plough 

(Dplg) 

Disc 

harrow 

(Dhrw) 

Control method/herbicides, formula-

tion and rate 

Glyphosate 

SL (40.5 %): 

3 L.ha-1 

Glyphosate (66.2%): 2 

L.ha-1 + imazethapyr 

(10%): SL, 1 L.ha-1 

Glyphosate (66,2%): 

2 L.ha-1 + fluroxypyr 

CE (48%): 0.4 L.ha-1 

Disc 

plough 

Disc 

harrow 

Residual time span [days] - 30 - - - 

Residual effect (Cr01,t) - 1 - - - 

Mortality rate of control for s=1 (Ct1) 0.99 0.99 0.99 0.99 0.99 

Mortality rate of control for s=2 (Ct2) 0.85 0.85 0.85 0.99 0.99 

Mortality rate of control for s=3 (Ct3) 0.80 0.80 0.80 0.99 0.99 

Mortality rate of control for s=4 (Ct4) 0.30 0.29 0.30 0.99 0.99 

Herbicide + application cost [US$.ha-1] 52 40 46 40 37 

Field EIQ [EIQ.ha-1] 18.63 22.25 19.45 0 0 

P index 

Tmam 0.607 0.02 0.76 0 0 

Tins 12.15 1 14.31 0 0 

Tf 12.15 0.294 26.67 0 0 

T index Timp 0 0 0 0.86 0.74 
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Parameter description 
Value 

Reference 
Standard density High density 

Sowing cost (seed + sown 

+ fertilization + inoculant) 
164 US$.ha-1 177 US$.ha-1 

[15] Grain sale price 370 US$.tn-1 

Harvest cost 72 US$.ha-1 

Marketing cost 15 % of the gross income 

Discount rate 15% [22] 

 
2.9 Weed seed production 

Seed production is estimated at the end of the weed's life cycle as a function of the 
number of individuals that reach the reproductive stage. For its calculation, the function 
of Eq. 3 is used (adapted from [12]). 

 

𝑆𝑆𝑆𝑆𝑦𝑦 = �
(−80.37 ∙ log𝑊𝑊𝑟𝑟 + 220.6) ∙ log𝑊𝑊𝑟𝑟 , 𝐼𝐼𝐼𝐼 (𝑊𝑊𝑟𝑟 ≤ 18)

4870 ∙ log𝑊𝑊𝑟𝑟 − 3952, 𝐼𝐼𝐼𝐼 (𝑊𝑊𝑟𝑟 > 18)         ∀r,∀y ( 3) 

 
where Spy is the seed production in year y, and Wr is individual density in the reproductive 
cohort r. 

3 Calibration and validation 
To properly estimate the expected crop yield (Yld), parameters a and k of Eq. 4 were 

tuned for the system under study [3]. 
 

𝑌𝑌𝑌𝑌𝑌𝑌 =
𝐶𝐶𝐶𝐶 + 𝑎𝑎
𝐶𝐶𝐶𝐶

∙ �
𝐶𝐶𝐶𝐶

�𝑎𝑎 + 𝐶𝐶𝐶𝐶 + (𝑘𝑘 ∙ 𝑊𝑊𝐶𝐶)�
∙ 𝑀𝑀𝑀𝑀𝑀𝑀 + (1 −𝑀𝑀𝑀𝑀𝑀𝑀)� ( 4) 

 
where Yld is the expected crop yield (as a proportion of the weed-free yield), Cs is the 
standard crop density, a is a crop-dependent constant, Ca is actual crop sowing density, k 
is a constant reflecting the weed competitiveness on the crop, WC is the sum of the weed 
competitive effects over the crop at the end of the season, and Myl is the maximum yield 
loss proportion at high interspecific competition. 

In this contribution, parameters a and k were calculated by solving a parameter esti-
mation problem using experimental data reported in [11,23–25]. Field trials were con-
ducted in the Azul district (36°47′00″S 59°51′00″W), Buenos Aires province, Argentina. 
Different cultural management strategies (e.i. soybean crop varieties, sowing dates, row 
spacing and sowing densities) as well as herbicides and mechanical control were included. 
Field trials reported in [11,24,25] were repeated over two crop seasons, while those re-
ported in [24] were carried out for a single crop season. 

The available experimental data (N=37) were divided 70/30 % for calibration and val-
idation respectively (randomly selected). Parameters, a and k that minimize the Root Mean 
Square Error (RMSE) between observed and simulated Yld were obtained using Excel 
SOLVER® (a=0 and k=0.1, RMSE=0.08) (Figure 2a). 
Next, we simulated the validation dataset and compared it with the observed data, ob-
taining an RMSE=0.085 as shown in Figure 2b. 
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Figure 2. Calibration (a) and validation (a) of the expected yield function Yld. 
 

4 Results  
Several case studies were generated to analyze the performance of the model for the 

soybean/E. davidii agrosystem. Several management strategies and their impact on the 
crop and the weed were simulated. Two annual case studies with two comparative sub-
cases in each one (e.i. operational horizon), and one multiannual case study (e.i. tactical 
horizon) are presented.  

 
4.1 Annual case studies (operational horizon) 

Table 6 details the cases and sub-cases analyzed.  
 

Table 6. Input parameters for Cases I and II (and sub-cases A and B). Case I, mechanical and cultural management. 
Case II, chemical control and cultural management. 

Description 

Case I Case II 

Units Sub-case 

A 
Sub-case B 

Sub-case 

A 
Sub-case B 

Quiescent seeds (weed) 1400 1400 s.m-2 

Emergence source Observed Observed - 

Sowing density 42 30 42 30 Pl.m-2 

Distance between rows 35 35 70 cm 

Sowing date 11/7/13 12/20/13 11/7/13 m/d/y 

Date and control type during fallow 
11/6/13 12/19/13 10/28/13 

Non selective + residual (G+imz) 

m/d/y 

- Disc plough 

 
Table 7. Output simulation variables corresponding to the annual cases.  

Variable 

Case I Case II Units 

Sub-

case A 

Sub-

case B 

Sub-

case A 

Sub-

case B 
 

Environmental impact 

EIQ 0 22.25 - 

P index 0 0.002 - 

T index 0.31 0 - 

Total E. davidii seed production 5388 598 2237 3667 s.m-2 

E. davidii / soybean interspecific competition 230.06 7.97 35.58 65.41 - 
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Expected crop yield 78 98 95 89 % 

Gross Margin 455 654 651 607 US$.ha-1 

 
4.1.1 Case I. Mechanical and cultural management. 

For case I, two simulations are presented using only cultural and mechanical man-
agement methods, and therefore excluding chemical control actions. Specifically, a me-
chanical control during fallow, combined with cultural management techniques such as 
different sowing densities, sowing dates, and inter-row spacing of the soybean crop, are 
represented. The management methods used for each sub-case are detailed in Table 6. The 
simulation results are shown in Table 7 and Fig. 3. 

 

 
Figure 3. Euphorbia davidii population dynamics. In different shades of green the rel-

ative composition of each phenological stage, starting from a large seedbank (1,400 quies-
cent seeds.m-2). Arrows indicate control methods and application dates. The effect of me-
chanical control was simulated with a disc plough. The soybean crop is represented by 
the crop competition index. a) Sub-case A and b) Sub-case B. 

 
In sub-case A, a mechanical intervention was simulated the day before the crop sow-

ing date at the corresponding density and inter-row spacing. This approach, is clearly in-
sufficient to suppress most of the new E. davidii seedlings that compete with the crop, 
reaching about 80 individuals.m-2 at the reproductive stage (Fig. 3a). 

In sub-case B (Fig. 3b), the main cultural management method introduced was to 
delay the soybean sowing date to avoid the E. davidii emergence peak that affected sub-
case A. The mechanical fallow was carried out the day before sowing, controlling all 
emerged individuals up to that date. 

Final simulation results (Table 7) suggest two contrasting sub-cases, with better re-
sults for sub-case B management strategy. The advantages of the sub-case B are clearly 
shown in the economic indicator (Table 7). Both sub-cases have exactly the same values of 
environmental impact indicators since they differ only in the cultural management meth-
ods. A penalty in the T index is obtained by tillage. EIQ and P indexes are null as no pes-
ticides are applied.  

 
4.1.2 Case II. Chemical control and cultural management. 
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Case II simulates the application of an herbicide mixture (glyphosate + imazethapyr) 
10 days before soybean sowing. This case is divided in two sub-cases (A and B) with dif-
ferent cultural management alternatives regarding sowing density and inter-row spacing. 
This case is mainly aimed to illustrate both, the effect of cultural methods and the impact 
of residual chemical control treatments on weed population dynamics (Fig. 4). 

  

 
Figure 4. Euphorbia davidii population dynamics. In different shades of green the rel-

ative composition of each phenological stage, starting from a large seedbank (1,400 quies-
cent seeds.m-2). Arrows indicate control methods and application dates. The chemical con-
trol effect was simulated using a mixture of non-selective and residual herbicides G+imz 
(Glyphosate 66.2%, 2 L. ha-1 and imazethapyr LS 10%, 1 L. ha-1). The soybean crop is rep-
resented by the crop competition index. a) Sub-case A and b) Sub-case B. 

 
As in the previous case, there are two large emergence events in mid-October. These 

flows are controlled with the herbicide mixture applied at the end of October, with the 
residual effect of imazethapyr extending along November (Fig. 4). 

Final simulation results favor sub-case A, both in agronomic and economic aspects, 
due to cultural management methods (Table 7). Both sub-cases have exactly the same en-
vironmental impact indicator values as they only differ in the cultural methods. An impact 
due to herbicide application (EIQ and P index) is shown while the T index is null. 
 
4.2 Case III. Multiannual case study (Tactical horizon) 

The performance of the model within a tactical (medium-term) horizon is evaluated.  
Several parameters have to be estimated in order to generate multiannual scenarios due 
to the lack of specific information on the seed bank dynamics of E. davidii. Seed bank pa-
rameters include longevity, dormancy, mortality, seed loss and seed dispersal rates.  

In this case, a weed management strategy is presented which adopts, each year, the 
same cultural measures but with variations in the control methods adopted each agro-
nomic season. A 5-year horizon was investigated (1996 to 2001). Tables 8-9 show the cor-
responding input parameters and output variables for the multi-annual simulation. Sim-
ulation results are presented in Fig. 5. 

 
Table 8. Input parameters for the multiannual simulation case. 

Description Input parameters Units 
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Simulation time period 5 years 

Quiescent seeds (weed) 2800 - - - - s.m-2 

Emergence source Simulated - 

Sowing density 42 Pl.m-2 

Distance between rows 35 cm 

Sowing date 11/10/1996 11/10/1997 11/10/1998 11/9/1999 11/9/2000 m/d/y 

Date and pre-sowing 

control type 

11/9/1996 

Disc harrow 

(Dhrw) 

11/9/1997 

Non selective + re-

sidual (G+imz) 

11/9/1998 

Disc plough 

(Dplg) 

11/8/1999 

Non selective 

(G3) 

11/8/2000 

Non selective 

mixture (G+flp) 

m/d/y 

- 

 
Table 9. Output simulation variables corresponding to the multiannual case. 

Variables 1996 1997 1998 1999 2000 Units 

Environmental impact 

EIQ 0 22.25 0 18.62 27.33 - 

P index 0 0.002 0 0.075 0.093 - 

T index 0.28 0 0.31 0 0 - 

Total E. davidii seed production 2271 3196 523 1040 1371 s.m-2 

E. davidii – soybean interspecific competition 51 80 8 18 26 - 

Expected crop yield 93 90 98 97 96 % 

Gross margin 596 564 644 620 616 US$.ha-1 

Net present value 3579 US$.ha-1 

 
 

 
Figure 5. Euphorbia davidii population dynamics. In different shades of green the relative composition of each pheno-
logical stage, starting from a very high initial seed infestation (2,800 quiescent seeds.m-2). Arrows indicate different 
control methods and application dates. The effect of the following controls methods were simulated: Dhrw (Disc har-
row); G+imz (Glyphosate (66.2%): 2 L.ha-1 + imazethapyr (10%): SL, 1 L.ha-1); Dplg (Disc plough); G3 (Glyphosate SL 
(40.5 %): 3 L.ha-1) and G+flp (Glyphosate (66,2%): 2 L.ha-1 + fluroxypyr CE (48%): 0.4 L.ha-1).The soybean crop is repre-
sented by the crop competition index. The Y-axis was scaled to 450 individuals.m-2 to improve results visualization. 

 
Figure 5 shows the population dynamics of E. davidii simulated for a 5-year period starting 
with a very high infestation (2,800 quiescent seeds.m-2) and the combined effect of cultural, 
chemical and mechanical control tactics.  

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 1 September 2022                   doi:10.20944/preprints202209.0001.v1

https://doi.org/10.20944/preprints202209.0001.v1


 

 

Cultural management was based on crop sowing at a high density and a reduced 
row spacing, causing a fast canopy inter-rowing which results in an early competition 
with the weed, at the expense of a higher sowing cost (Table 8 and Fig. 5). 

Controls were carried out during fallow, and varied between different types of chem-
ical options and tillage (Table 8). 

Analyzing the annual dynamics, we observed that the first weed flush was con-
trolled by pre-sowing interventions with some individuals escaping control and further 
competing with the crop (Fig 5). The second emergence flush also generated competition 
to some extent, while the third flush (between December and January) was effectively 
suppressed by interspecific soybean competition, which was reinforced by the cultural 
measures.  

For the multi-annual scenario, the applied weed management measures significantly 
reduced the initial infestation. High competition and seed production occurred during 
1996 and 1997 seasons with a sensible reduction in subsequent years. In the first two sea-
sons, the expected crop yield was partially affected though without a considerable yield 
loss (Table 9). In the remaining three years, the crop averaged 97% of its potential yield. 

The environmental indices show differences according to the type of control used 
each season. In particular, in 2000, the non-selective herbicide mixture (G+flp) produced 
a negative environmental impact (Table 9). The gross margin remained between 564 and 
644 US$.ha-1, and a 3579 US$.ha-1 present value. 
 

5 Conclusions  
Simulation models are valid and potentially useful tools to address the decision-mak-

ing process to design more rational and sustainable weed management programs [26]. 
Among the most important features of simulation models we might cite the minimization 
of both expensive and time-consuming field trials [27].  

In this contribution, simulation modeling is presented as an approach to quantify and 
compare the agronomic variables, environmental impact and economic benefit of differ-
ent weed management strategies typically considered by advisors and farmers. Specifi-
cally, a very detailed model [5] was adapted to an agronomic system located in the center 
of Buenos Aires province, Argentina. The typical soybean/Euphorbia davidii agrosystem 
was used as a simulation study.  

In this contribution, three case studies were presented to analyzed crop-weed inter-
actions under different cultural measures and control actions (chemical and mechanical) 
with the evaluation of both economic and environmental indicators. Several annual and 
multiannual management strategies were defined, with sub-cases to study some manage-
ment decision variations proposed to broaden the range of results and quickly compare 
the differences. In general, the simulated results showed that under high E. davidii seed 
bank infestation levels, the combined effect of the population dynamics knowledge and 
adequate management methods were essential to achieve better economic and environ-
mental results. In particular, under high infestation conditions it was necessary to com-
bine: (i) knowledge of weed emergence flows; (ii) cultural management methods, mainly 
sowing time, sowing density and distance between rows; (iii) chemical control methods, 
especially a mixture of non-selective and residual herbicides, or mechanical methods, 
given their high control rate of E. davidii at advanced development stages. By making such 
combinations, satisfactory agronomic outcomes could be obtained without a high impact 
on gross margin and on externalities due to chemical and/or mechanical actions. 

While the proposed approach seems to provide a balance in terms of biological, ag-
ronomic, economic and environmental details of the complex agrosystem under study, 
many improvements for future adaptations can be outlined. For example, it is known that, 
E. davidii can coexists with several other weeds. The modelling of a multispecies agrosys-
tem requires a great deal of specific information. Additionally, the environmental effect 
of greenhouse emissions and the complex interaction of the pesticides with the soil under 
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tillage systems are still to be considered in this type of in-silico studies. Another extension 
that should be incorporated is weed resistance, to be considered in long period studies 
(strategic management). This highly complex development represents a challenge for fu-
ture versions. 
 
Author Contributions: Conceptualization, F.A.M., A.M.B., and G.R.C.; methodology, F.A.M., 
A.M.B., and G.R.C.; software, F.A.M.; validation, F.A.M., A.M.B., F.R.N.F., V.F.J., and G.R.C; formal 
analysis, F.A.M., A.M.B., and G.R.C.; investigation, F.A.M., A.M.B., F.R.N.F., V.F.J., and G.R.C; re-
sources, F.A.M., A.M.B., F.R.N.F., V.F.J., and G.R.C; data curation, F.A.M., A.M.B., F.R.N.F., V.F.J., 
and G.R.C; writing—original draft preparation, F.A.M., A.M.B., F.R.N.F., V.F.J., and G.R.C; writ-
ing—review and editing, F.A.M., A.M.B., and G.R.C.; visualization, F.A.M., A.M.B., and G.R.C.; su-
pervision, A.M.B., and G.R.C.; project administration, F.A.M., A.M.B., and G.R.C.; funding acquisi-
tion, F.A.M., A.M.B., and G.R.C.. All authors have read and agreed to the published version of the 
manuscript. 

Funding: To the Consejo Nacional de Investigaciones Científicas y Técnicas (CONICET), for the 
fellowship awarded to Franco A. Molinari. This research was partially supported by grants from 
CONICET (PIP N°0 11220150100257CO) and Universidad Nacional del Sur (PGI 24/A254, PGI-TIR 
80020190100001SU).  

Data Availability Statement: Not applicable. 

Acknowledgments: To Dr. Adriana Confalone, for providing necessary data for the soybean crop 
simulation and for the meteorological historical data for Azul and Olavarría. 

Conflicts of Interest: The authors declare no conflict of interest. 

 

References 

1.  Andrew, I.K.S.; Storkey, J.; Sparkes, D.L. A review of the potential for competitive cereal cultivars as a tool in 
integrated weed management. Weed Res. 2015, 55, 239–248, doi:10.1111/wre.12137. 

2.  Scursoni, J.A.; Vera, A.C.D.; Oreja, F.H.; Kruk, B.C.; De La Fuente, E.B. Weed management practices in Argentina 
crops. Weed Technol. 2019, 33, 459–463, doi:10.1017/wet.2019.26. 

3.  Pannell, D.J.; Stewart, V.; Bennett, A.; Monjardino, M.; Schmidt, C.; Powles, S.B. RIM: A bioeconomic model for 
integrated weed management of Lolium rigidum in Western Australia. Agric. Syst. 2004, 79, 305–325, 
doi:10.1016/S0308-521X(03)00089-1. 

4.  Bagavathiannan, M. V.; Beckie, H.J.; Chantre, G.R.; Gonzalez-Andujar, J.L.; Leon, R.G.; Neve, P.; Poggio, S.L.; 
Schutte, B.J.; Somerville, G.J.; Werle, R.; et al. Simulation models on the ecology and management of arableweeds: 
Structure, quantitative insights, and applications. Agronomy 2020, 10, doi:10.3390/agronomy10101611. 

5.  Molinari, F.A.; Blanco, A.M.; Vigna, M.R.; Chantre, G.R. Towards an integrated weed management decision 
support system: A simulation model for weed-crop competition and control. Comput. Electron. Agric. 2020, 175, 
105597, doi:10.1016/j.compag.2020.105597. 

6.  Ferraro, D.O.; Ghersa, C.M.; Sznaider, G.A. Evaluation of environmental impact indicators using fuzzy logic to 
assess the mixed cropping systems of the Inland Pampa, Argentina. Agric. Ecosyst. Environ. 2003, 96, 1–18, 
doi:10.1016/S0167-8809(03)00017-3. 

7.  Kovach, J.; Petzoldt, C.; Degni, J.; Tette, J. A Method to Measure the Environmental Impact of Pesticides. New 
York’s Food Life Sci. Bull. 1992, 1–8. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 1 September 2022                   doi:10.20944/preprints202209.0001.v1

https://doi.org/10.20944/preprints202209.0001.v1


 

 

8.  Marchessi, J.E.; Subils, R.; Scaramuzzino, R.L.; Crosta, H.N.; Eseiza, M.F.; André, H.M. Saint; Juan, V.F. Presencia 
de Euphorbia davidii Subils (Euphorbiaceae) en la Provincia de Buenos Aires: morfología y anatomía de la 
especie Presence of Euphorbia davidii Subils (Euphorbiaceae) in Buenos Aires Province: morphology and 
anatomy. Kurtziana 2011, 36, 45–53. 

9.  Istilart, C.; Yanniccari, M.; Gigón, R.; Manso Lucrecia; Forjan Horacio Control de lecherón (Euphorbia davidii) en 
post-emergencia de maíz resistente a glifosato; 2014; 

10.  Núñez Fré, F.R.; Juan, V.F.; Saint-André, H.M.; Chantre, G.R. Demographic and Phenological Studies on David’s 
Spurge (Euphorbia davidii) in the Central Area of Buenos Aires Province, Argentina. Planta Daninha 2018, 36, 
doi:10.1590/s0100-83582018360100088. 

11.  Juan, V.F.; Saint-Andre, H.; Fernandez, R.R. Competencia de lecheron (Euphorbia dentata) en soja. Planta 
Daninha 2003, 21, 175–180, doi:10.1590/S0100-83582003000200002. 

12.  Nuñez Fré, F.R. Manejo de Euphorbia davidii Subils: Dinámica poblacional, control químico y evaluación de 
sensibilidad a glifosato., Universidad Nacional del Sur, 2019. 

13.  Meira, S.; Rodríguez Baide, J.M.; Confalone, A.; Fatecha Fois, D.A.; Fernandes, J.M.; González Pérez, O.; Berg, M. 
Van den Modelación del cultivo de soja en Latinoamérica Estado del arte y base de datos para parametrización; 2019; 

14.  Chantre, G.R.; Vigna, M.R.; Renzi, J.P.; Blanco, A.M. A flexible and practical approach for real-time weed 
emergence prediction based on Artificial Neural Networks. Biosyst. Eng. 2018, 170, 51–60, 
doi:10.1016/j.biosystemseng.2018.03.014. 

15.  abril 2022, pp. 0–5. 

16.  Juan, V.F.; Marchessi, J.E.; Núñez Fré, F. Control de lecheron (Euphorbia dentata) con glifosato. Planta Daninha 
2006, 24, 347–352. 

17.  Núñez Fré, F.; Juan, V.; Saint André, H.; Fernández, R. Evaluación de herbicidas residuales complementando a 
glifosato para el control de Euphorbia davidii en barbechos.; XXII Congreso de la ALAM I Congreso de la 
ASACIM, 2015; p. 90. 

18.  Ferraro, D.O. PRORIPEST Disponible en: http://proripest.malezas.agro.uba.ar/inicio.php (consultado 9 mayo 
2022). 

19.  Eshenaur, B.; Grant, J.; Kovach, J.; Petzoldt, C.; Degni, J.; Tette, J. Environmental Impact Quotient: “A Method to 
Measure the Environmental Impact of Pesticides.” Disponible en: www.nysipm.cornell.edu/publications/EIQ 
(consultado 13 diciembre 2019). 

20.  University of Hertfordshire PPDB: Pesticide Properties DataBase Disponible en: https://sitem.herts.ac.uk/ 
(consultado 30 abril 2022). 

21.  Gaspars-Wieloch, H. Role of scenario planning and probabilities in economic decision problems – literature 
review and new conclusions. 2019, doi:10.3846/cibmee.2019.011. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 1 September 2022                   doi:10.20944/preprints202209.0001.v1

https://doi.org/10.20944/preprints202209.0001.v1


 

 

22.  Bolsa de Cereales de Buenos Aires Disponible en: https://www.bolsadecereales.com/margenes-agricolas 
(consultado 31 mayo 2022). 

23.  Juan, V.; Saint-André, H.M. Control of Lecheron ( Euphorbia dentata ) in soybean with imazethapyr applied at 
defferent developmental stages. XIII Congr. Latinoam. Malezas 1997, doi:10.13140/RG.2.1.3899.4086. 

24.  Juan, V.F.; Saint-André, H.M.; Fernández, R.R.; Videla, M.; Bazzano, J. Control de Euphorbia dentata en soja con 
herbicidas post-emergentes. Rev. Bras. Herbic. 2000, 1, 147, doi:10.7824/rbh.v1i2.329. 

25.  Juan, V.F.; Saint-André, H.M.; Fernández, R.R.; Bazzano, J.; Videla, M. Control de Euphorbia dentata con 
diferentes formulaciones de glifosato en soja transgenica resistente a glifosato. Rev. Bras. Herbic. 2002, 3, 29, 
doi:10.7824/rbh.v3i1.368. 

26.  Chantre, G.R.; González-Andújar, J.L. Decision Support Systems for Weed Management; Chantre, G.R., González-
Andújar, J.L., Eds.; Springer International Publishing: Cham, 2020; ISBN 978-3-030-44401-3. 

27.  Holst, N. Mathematical Models BT  - Decision Support Systems for Weed Management. En; Chantre, G.R., 
González-Andújar, J.L., Eds.; Springer International Publishing: Cham, 2020; pp. 3–23 ISBN 978-3-030-44402-0. 

 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 1 September 2022                   doi:10.20944/preprints202209.0001.v1

https://doi.org/10.20944/preprints202209.0001.v1

