INPE — National Institute for Space Research
S&0 José dos Campos — SP — Brazil — May 16-20, 2016

DYNAMIC OPTIMIZATION MODEL TO CONTROL WEED INFESTATION
BY HERBICIDE ROTATION

Elenice W. Stiegelmeier!, Marcos M. Furlan?, Renan F. Correal, Vilma A. Oliveira®, Geraldo N. Slva*

'Federal University of Technology of Parana, Cornélio ProcopiazBrelenicew@utfpr.edu.br
’Federal University of Grande Dourados, Dourados, Brazil, nsincan@ufgd.edu.br
SUniversity of S&o Paulo, S&o Carlos, Brazil, vilma@sc.usp.br
4S&0 Paulo State University, Sdo José do Rio Preto, Brazil, gsilva@ibiésgom

Abstract: We propose a dynamic optimization model for weed management, the infestation of weeds still one of the
weed infestation control using selective herbicide applic greatest problems in the agriculture today.
tion in a corn crop system. The weed population model is In order to reduce the losses caused by weed infestation
based on the life cycle of weeds present in a single agriculand by the use of herbicides researchers have used optimiza-
tural field. This model incorporates the weed resistance ttion strategies in several weed management programs [1-4].
herbicides that occurs on account of an evolutionary psocesin [1] and [2], the optimal control problem considered the
Additionally, we propose a weed control strategy based oeconomic benefits in terms of a single herbicide dose se-
herbicide rotation aimed at reducing the use of herbicideqquence. The Pontryagin Maximum Principle and dynamic
maximizing economic returns and minimizing the environ-programming technigques have been used to solve the pro-
mental impacts caused by excessive use of herbicide, usingdem in question. In addiction, control strategies optimgz
mixed integer nonlinear programming problem solved by thehe long term economic trade-off between crop yield profits,
branch and bound method. herbicide costs, and long term adverse effects of weed resis
tance. In [3] dynamic programming techniques are used to
' obtain an optimal solution of weed control problem consider
ing the evolution of resistance to herbicides. In [4] a dyitam
1. INTRODUCTION optimization model for weed infestation control using sele
tive herbicide application in a corn crop system is presénte
The world’s population growth in recent decades stimu-The dynamic optimization problem is modeled as a nonlin-
lated the improvements in efficiency and the introductionear programming (NLP) problem considering the resistance
of new technologies aimed at increasing of agricultural proeyolution.
ductivity by using fertilizers, herbicides, mechanizatand However, it is important to consider the herbicide rotation
the genetics principles knowledge. However, the agricaltu in the optimization model because of the resistance evolu-
productivity is limited by the presence of weeds in the field.tion to a certain herbicide. This problem contains integer a
These plants affect directly the crop growth especially dugontinuous variables and can be modeled as a mixed-integer
to competition for resource and also cause losses indirecthonlinear programming (MINLP) problem.
by increasing the production costs, difficulty picking, pro  |n this paper, the weed population model given by [1] is
duct quality depreciation, besides host of pests and diseas extended to incorporate the herbicide rotation and theesi
Although, in the last 50 years it is noticed a development ofance dynamics described in [3]. Additionally, we propose
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a weed control strategy aimed at reducing the use of herb.2. Herbicides rotation model
cides, maximizing economic returns and minimizing the en-

vironmental impacts caused by excessive use of herbicide, Leti =1,---, ¢ be the applied herbicide.

using a MINLP solved by the branch and bound method. 9i(Te,ppyup) = e C))

2. OPTIMIZATION PROBLEM Ui, Py up) = Pega (10)

2.1. Weed dynamics model whereg; represents the change in the seed bankwartte
hange in the allele frequencies given by (5) e (7), respec-

The weed population model for the weed seed bank anﬁl

seedling densities denoted@asandy;, respectively, is based vely.
g : Wt FESPE Y. 15 The optimization model that considers the rotation of her-
on the life cycle of weeds in a single agricultural field, fol-

lows from [1]: bicides is modeled as a MINLP problem. The continuous
' variables are the seed bank, the allele frequencieg!,
the herbicide dose! and the integer variables aké, i =

— 29 —
y; 20zt, Tty = To (1) 1,-- -, which determine which herbicide should be applied
Yo = Gl (2)  ateach time. Then, the MINLP problem is formulated as:
z; = exp[ylnyy/(n+elnyy)] ®) ..
o= Krp e “) max 3 SN B (@4, pf, uf) (11)
Tt41 = Z'? —+ (1 — \Ij)(l — 6)It (5) %N i=1 t=0
All parameters are non negative wiki density of mature ~Subjectto
plants (n=2), =} seeds resulting from the reproduction of ’
weeds (n~2), 2" new seeds added to the seed bank ?), Top1 = Z Ngi(ze, pbyul), 2(0) =20 (12)
9 proportion of germinationy annual germination rate of P

weed seedsg; herbicide induced mortalityy, i, e regres-

sion coefficients & survival rate of new seeds,seed export

such as removal of seeds at harvest ), £ import of seeds

(m~2) and¥ death rate of dormant seeds. 0< wl<ul,.. (14)
In addiction, we consider the phenomenon of resistance

to certain herbicides. We assume that the control function

¢; yield different mortality responses from resistant (R) and Z A\ 1 (15)

susceptible (S) seedlings: ’

Pier = vilze,pl,ui), p'(0) = p (13)

et = (1 —prlw))Re + (1 — ps(up))(1 — Ry), (6) with\ie€{0,1},i=1,---,fandt=0,---,T, m the profit
function, 3¢ € (0, 1) the discount rate and’,, ... the highest

wherew, represent the herbicide dosk; the frequency of dose of herbicide allowed in the field.
resistant seedlings andgr(u:) and ps(u;) are the herbi- We assume the same economic model of net returns as-
cide induced mortalities functions of resistant and suscepsociated with the production cyclegiven in [7] which is
tible seedlings, respectively, which are modelled by log lo repeated here for easy reference:
gistic curves described in [5]. o o o

Following the Fisher-Haldane-Wright (FHW) equation to mi(we, pyyup) = PyY (24, pf,up) — Pyug — C, (16)
the behavior of population genetics [6] and considering the . . . )
herbicide applied, eliminating dead and germinated seed¥n€reF, is the crop price P, is the per unit cost of weed

from the existing bank, and adding the new seeds into it, th€°ntrol, C' is the constant application cost for the weed con-
alleles frequencies are given by: trol input (machinery and labour) and cost of the production

of the remaining production factors aidis the crop yield.
pe (1= W) (1 —08)x, + plal ; The crop yield is a function of the weed control and seedlings
Pr1 = A-0)(1—0)ay +ap ) surviving.

2.3. Solution of the mixed-integer nonlinear programming

The frequencies of resistant plants are modeled as: problem

Ry = (pt)2 +2p(1 — py). (8) The MINLP problem (11)-(15) is reformulated via a qua-
dratic penalty function which contains both the cost fumreti
Therefore, the resistance dynamic model for selectivg11) and the constraints (14) and (15).
pressure taken into account the seed bank is given by (7)- To solve the MINLP problem, the implicit enumeration or
(8). For more details for the genetics model of the resigtancthe branch and bound method is used [8]. The branch and bo-
see [3, 4]. und method consist a binary enumeration tree where at each



stage of the branch and bound method, we must solve a NLIR all simulation two herbicides (nicosulfuron and atragin
relaxed subproblem. The relaxed subproblem is obtained byere available for post-emergence control of the weed popu-
relaxing the constrainta! € {0,1} to 0 < Xl < 1. The lation. The parameter values of the dose response model was
solution of the corresponding relaxed subproblem yields thdetermined in greenhouse and described by [7]. The para-
upper bounds of the MINLP problem. meter values of the population and economic models used in
In other words, in the branch and bound method, each treeumeric simulation are reported in Table 1.
node corresponds to a subproblem defined as a mixed inte- We evaluated the dynamics of the seed bank and the re-
ger bound constrained maximization problem. The relaxedistance evolution. The net present average from the MINLP
subproblem associated with a subproblem is defined as th@oblem for two herbicide rotation in an annual application

subproblem itself but without its integrality constraift. are compared to the conventional harvest system. The con-
ventional strategy is based on the application of the maxi-
3. RESULTS AND DISCUSSION mum dose recommended for the field, following the recom-
A case study with th&idens subalternansweed in a corn  mendation indicated on the product label. ,
crop by rotating of two herbicides is presented. Higens Table 2 shows the optimal control strategy obtained from

subalternans is a highly competitive weed, with great adap- t€ Pranch and bound method over a 5 year period. In this
tability on farm soils, which is due to its high seed prodoti @€ the herbicides were applied using the rotation girate
combined with dormancy mechanisms. Bidens subalter- wherel means that the herbicide was selected to be applied
nans has dominant allele with nuclear resistance [9]. This2"d0 means thatthe herbicide was not selected to be applied.
specie shows multiple resistance to the acetolactateasmth ~ F19ure 1 shows the seed bank dynamics and Figure 2 the
(ALS) and the photosystem two (PS2) inhibitors [10]. resistant allele frequency dynamlcs.' In the simulationqukr

Model output is particularly sensitive to the initial seed € Seed bank was controlled over time by both strategy (see
bank density B. Subalternans population size) and the ini- '9ure 1). However, if we compared the results using the
tial frequency of R alleles, then we define a scenario for th&0tation of herbicides strategy with the conventionaltsy,
simulation. The scenario considered for an initial seecbanit ¢an be observed that the MINLP optimal solution shows a
of 500 (seedsn—2) and an initial allele frequency k1 fol- significantly greater retard in the alleles frequencieshef t

lowing the characteristics of the area where the seeds wefgSiStant biotypes (see Figure 2). In fact, when we use the
collect. The problems are simulated ove§ gears period. MINLP optimal strategy the selection pressure is reduced by
the rotation of two herbicide with the same efficacy in the

seed bank control.
Considering the weed resistance to herbicides, we com-

Table 1 — Parameter values used in the numeric simulation(1 = pared the solution of the MINLP problems with a conven-
nicosulfuron e 2 = atrazine)

Population parameters Value

(%) 60.00 Table 2 — Optimal control strategy to retard the weed resistance
(%) , 30.00 by the rotation of two herbicide.

ZE:Z_Q; 8:88 year 1 2 3 4 5
k(%) 35.00 nlcos'ulfuron 1 1 0 1 1
29(%) 80.00 atrazine 0O O 1 0 O
y 6.80

I 2.00

€ 0.67 50 ‘ ‘ ‘ ‘

Economic parameters Value 450l

Py (R$ ton_l) 534.40 00l —e— optimal strategy | |

Y, (tonha™1h) 8.64 <

C (R$ha1) 954.73 2%

P! (R$liter—1) 42.90 8300

P2 (R$liter—1) 12.40 g0

ul, .. (liter ha=1) 1.50 § 2007

u2,, . (liter ha=?) 5.00 ? 150

«a 0.90 100f

! 8.901073 50 : ‘ ;

Q02 2701073 ° ! 2 year : N °

a 1.58102 ) _

m 4.8310-1 Figure 1 — Evaluated of the seed bank for conventional strategy

(nicosulfuron and atrazine) and MINLP optimal strategy.
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Figure 2 — Evaluated of the resistant allele frequency for conven-
tional strategy (nicosulfuron and atrazine) and MINLP optimal
strategy.
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Figure 3 — Net present average for conventional strategy (nico-
sulfuron and atrazine) and MINLP optimal strategy.

Further work includes the performance analysis for the
branch and bound method to more period of time and com-
pare the solution of the MINLP problem with the NLP pro-

blem.
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