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Abstract: In the Mediterranean area, a major concern is the conservation of palm tree landscapes 15 
against the red palm weevil, Rhynchophorus ferrugineus (Olivier, 1790). The methodological approach 16 
of conservation ecology, such as multidisciplinary modelling also applies in the management of 17 
cultural landscapes concerning ornamental plants like palm trees of the area. In the paper we pro- 18 
pose a dynamic model for the control of the red palm weevil, contributing in this way to the sus- 19 
tainability of an existing cultural landscape. The primary data set collected is a sample from the 20 
density-time function of a two-cohort pest population. This data set suggests a bimodal analytic 21 
description. If, from this data set, we calculate a sample from the accumulated density-time function 22 
(the integral of the density-time function), it displays a double sigmoid function (with two inflec- 23 
tions). A good candidate for the analytical description of the latter is the sum of two logistic func- 24 
tions. As for the dynamic description of the process, a two-dimensional system of differential equa- 25 
tions can be derived, where the solution’s second component provides the analytical description of 26 
the original density-time function for the two-cohort population. Since the two cohort waves appear 27 
in all three cycle stages, this reasoning applies to the subpopulations of larvae, pupae, and adults. 28 
The model fitting is always performed using the SimFit package. Based on these dynamics, an op- 29 
timal chemical control model is also suggested as a plant conservation tool.  30 

Keywords: insect population dynamics; cultural landscape; plant protection; Rhynchophorus ferrugi- 31 
neus; numerical modelling; sigmoid functions 32 
 33 

1. Introduction 34 
The red palm weevil, Rhynchophorus ferrugineus, hereinafter referred to as RPW, 35 

(Olivier, 1790) (Col.: Dryophthoridae), is a species native to Asia and Polynesia, and is 36 
characterized as an invasive pest of great severity and economic importance worldwide 37 
[1,2]. This species has expanded from its area of origin to different continents. It has been 38 
recorded in 28 countries in Asia, 6 in Africa, 1 in North America, 2 in Central America and 39 
the Caribbean, 14 in Europe, and 5 in Oceania, causing serious problems in coconut trees, 40 
both in crop cultivation and in ornamental use [1,3].  41 

In Spain, RPW has spread widely over the Mediterranean coast, the interior of the 42 
peninsula and the islands, causing significant ecological and economic damage in areas 43 
such as the "Palmeral de Elche" (in the Valencian Community), declared a World Heritage 44 
Site by UNESCO, and in the Phoenix canariensis forest on the Canary Islands, which is a 45 
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natural heritage site and represents the most relevant source of genetic variation for this 46 
palm tree [1,4,5]. 47 

The damage caused by R. ferrugineus has a social, cultural and economic impact on 48 
the production systems and ecosystems in which the various palm species are grown 49 
and/or protected, since it affects the production of food, ornamental material and renew- 50 
able energy, as well as ecological bioremediation services, airflow regulation in urban en- 51 
vironments and biodiversity conservation, among others [6-8]. In Spain during the 2005– 52 
2009 period, between 47,000-50,000 infested palm trees were destroyed; this involved con- 53 
tainment/eradication costs of 44.5 million euros, particularly in the Valencian Community 54 
where professional and family-managed nurseries were affected [9,6,10]. In this regard, 55 
the FCEC [6] considered that infested (but not destroyed) palm trees might result in losses 56 
of between 96 and 288 million euros. 57 

The severity of R. ferrugineus and the problems associated with its control, including 58 
the difficulty of detecting infested palm trees early, the risk of mass captures in non-in- 59 
fested areas and the loss of control strategy effectiveness [7], motivate the search for new 60 
tools that increase the bio-ecological knowledge for dealing with RPW populations. In this 61 
regard, mathematical models can offer a holistic approach to understanding the biological 62 
behaviour of species, and they are an instrument for predicting and/or simulating com- 63 
plex systems that include the population dynamics of the pest and its control strategies 64 
[11-13].  65 

In the Plant Protection field, mathematical models have focused on using sigmoid 66 
functions such as Verhulst-Pearl or logistics, Gompertz, Weibull, Richards and monomo- 67 
lecular, as well as those models that combine them [14-17]. These functions have also been 68 
integrated to optimize the use of the resources and time spent on combating pests, 69 
through the formulation of optimal control problems aimed at keeping a pest population 70 
below the economic damage level as well as to reduce the need to implement control strat- 71 
egies [11,12,18,13,19]. 72 

The existing literature on mathematical models related to ecological aspects of R. fer- 73 
rugineus is scarce, with only the work of Rossini et al. [20], who proposed a linear model 74 
for RPW development as a function of temperature. However, Hansen et al. [21] adapted 75 
a logistic model for another curculionidae species, Dendroctonus rufipennis (Kirby), based 76 
on temperature as a diapause prediction factor of the insect's fourth larval stage. It should 77 
be noted that the larval diapause in curculionidae has also been recorded for Curculio ele- 78 
phas Gyllenhal, C. sikkimensis (Heller) and Smicronyx fulvus LeConte, where the larvae 79 
were subjected to temperatures below 15 ºC [22-25].  80 

In the R. ferrugineus larvae, Martín & Cabello [1] recorded a slowdown in the devel- 81 
opment of their last stages when the temperature dropped and remained in the 10 – 15 ºC 82 
range for a period of more than 80 days, arguing that this phenomenon was due to a larval 83 
diapause, because the delay in the larval development and metabolic activity was related 84 
to changes in temperature [26,27].  85 

The importance of RPW within palm production systems and/or ecosystems, and the 86 
need to deepen our understanding of the population behaviour of its stages is fundamen- 87 
tal to the development of mathematical models that can describe the population dynamics 88 
of the larvae, pupae, and adults of R. ferrugineus, and to propose an optimal solution to 89 
control their larvae. This has been the objective of this work. 90 

The resulting modelling-methodological development also contributes to the sus- 91 
tainable management of the involved cultural landscape of palm groves and ornamental 92 
palm trees. 93 

2. Materials and Methods 94 

2.1. Biological data used 95 
Biological data on the development of the developmental stages, such as on the lon- 96 

gevity of R. ferrugineus adults, were obtained from a trial carried out in the 'Cortijo del 97 



Agronomy 2021, 11, x FOR PEER REVIEW 3 of 11 
 

 

Olivar' (Almuñecar, Granada, Spain; 36.748259N, 3.689860S) [1]. This was performed un- 98 
der field conditions and using sugar cane as a feeding substrate for the larvae and adults.  99 

2.2. Mathematical model 100 
The primary data set collected is a sample from the density-time function of a two- 101 

cohort pest population. This data set suggests a bimodal analytic description. 102 
Originally, the single logistic function:  103 

௄

ଵାቀ
಼

ೣబ
ିଵቁ௘షೝ೟

               (1) 104 

is the solution of the logistic differential equation:  105 
𝑥ᇱ = 𝑟𝑥 ቀ1 −

𝑥

𝐾
ቁ 106 

with the initial condition𝑥(0) = 𝑥଴. Function (1) is sigmoid, its derivative, with appropri- 107 
ate constants 𝑎଴, 𝑎ଵ, 𝑎ଶ > 0 is 108 

                                   𝑦ଵ(𝑡) =
௔బ௘షೌభ೟

൫ଵା௔మ௘షೌభ೟൯
మ,                      (2) 109 

displaying a unimodal curve. The sample from the density-time function of a two-cohort 110 
pest population suggests a bimodal analytic description, and for that, the sum of two func- 111 
tions of type (2) is a promising candidate [15]: 112 

𝑦ଶ(𝑡) =
௔బ௘షೌభ೟

൫ଵା௔మ௘షೌభ೟൯
మ  +

௔య௘షೌర೟

(ଵା௔ఱ௘షೌర೟)మ ,     (3) 113 

where 𝑎଴, 𝑎ଵ, 𝑎ଶ, 𝑎ଷ, 𝑎ସ, 𝑎ହ > 0 are the fitting parameters.  114 
If we calculate a sample from the accumulated density-time function (the integral of the 115 

density-time function) from the data set of the density-time function, it shows a double 116 
sigmoid function (with two inflections). From the above, we conclude that a good candi- 117 
date for the analytic description of the latter is the sum of two logistic functions (1): 118 

𝐾ଵ

1 + ቀ
𝐾ଵ

𝑥଴ଵ
− 1ቁ 𝑒ି௥భ௧

+
𝐾ଶ

1 + ቀ
𝐾ଶ

𝑥଴ଶ
− 1ቁ 𝑒ି௥మ௧

 .                                (4) 119 

Here, 𝐾௜ , 𝑟௜ , 𝑥଴௜ > 0 (i=1,2) are the fitting parameters. 120 
It is worth emphasizing that, if we consider a two-cohort pest population of Rhyn- 121 

chophorus, the above reasoning can be applied to all the developmental stages: the larvae, 122 
pupae, and adults. 123 

2.3. Dynamic model of optimal chemical control 124 
Considering any given stage, from functions (2) and (3) we easily obtain the follow- 125 

ing system of differential equations, where 𝑦ଵ is the density-time function of a single co- 126 
hort, and yଶ is the density-time function of the two-cohort population:  127 

𝑦ଵ
ᇱ = 𝑎ଵ𝑦ଵ ቀ1 −

ଶ

ଵା௔మ௘షೌభ೟ቁ              (5) 128 

𝑦ଶ
ᇱ = 𝑎ଵ𝑦ଵ ቀ1 −

ଶ

ଵା௔మ௘షೌభ೟ቁ + 𝑎ସ(𝑦ଶ − 𝑦ଵ) ቀ1 −
ଶ

ଵା௔ఱ௘షೌర೟ቁ.     (6) 129 
Although the dynamic model (5)-(6) can be adapted to any stage, for the chemical 130 

control of Rhynchophorus, system (5)-(6) will be used for a two-cohort larval population 131 
[1]. Let us fix a operational time interval [0,T] and define the set of admissible controls 132 
 Uக[0, T] consisting of piece-wise constant functions over a fixed uniform division of in- 133 
terval [0,T] with 0 ≤ u(t) ≤ ε . Let constants μଵ ,  μଶ > 0  express the efficiency of the 134 
chemical on the respective populations. Then, from the (5)-(6) dynamics, we obtain the 135 
following control system:  136 

𝑦ଵ
ᇱ = 𝑎ଵ𝑦ଵ ቀ1 −

ଶ

ଵା௔మ௘షೌభ೟ቁ − 𝜇ଵ𝑢 𝑦ଵ                (7) 137 

𝑦ଶ
ᇱ = 𝑎ଵ𝑦ଵ ቀ1 −

ଶ

ଵା௔మ௘షೌభ೟ቁ − 𝜇ଵ𝑢𝑦ଵ + 𝑎ସ(𝑦ଶ − 𝑦ଵ) ቀ1 −
ଶ

ଵା௔ఱ௘షೌర೟ቁ − 𝜇ଶ𝑢𝑦ଶ (8) 138 
        139 
Now, on the basis of this control system, we set up the following optimal control 140 

problem: suppose that the damage caused by larval density 𝑦ଶ in unit time is 𝛼𝑦ଶ, then 141 
the total damage during the time interval [0,T] is ∫ 𝛼𝑦ଶ(𝑡)𝑑𝑡

்

଴
. If this damage is to remain 142 
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below a boundary, H, for the palm tree to survive, and we wish to minimize the cost of 143 
the chemical control proportional to ∫ 𝑢(𝑡)𝑑𝑡

்

଴
, we obtain the following constrained opti- 144 

mal control problem: 145 
Ψ(𝑢) = ∫ 𝑢(𝑡)𝑑𝑡 → 𝑚𝑖𝑛,

்

଴

𝑢 ∈ 𝑈ఌ[0, 𝑇]

equations (5) − (6)hold

∫ 𝛼𝑦ଶ(𝑡)𝑑𝑡
்

଴
≤ 𝐻

𝑦ଵ(0), 𝑦ଵ(0 ) are given. ⎭
⎪
⎬

⎪
⎫

            (9) 146 

 147 

2.4. Software used 148 
The above-mentioned mathematical models have been fitted to the data using the 149 

TableCurve 2d v 5.0 [28] and SimFit v 6.9.8 [29] software packages. 150 

3. Results 151 
The results found were used to carry out the adjustment to the proposed mathemat- 152 

ical model that explains the population dynamic of the insect's life-cycle stages (Section 153 
3.1). Subsequently, with this model, a control variable was used that would allow us to 154 
set the time for the chemical control of the pest in order to obtain an optimal result.  155 

3.1. Results of model fitting 156 
The results show that a portion of the larval population of R. ferrugineus developed 157 

normally (relative maximum in tp1), while another portion of the population lengthened 158 
its development up to 370 days (Figure 1). In the pupal and adult stages, two relative 159 
maxima (tp1and tp3) are shown with a distance between them of approximately 160 days. 160 

 161 
Table 1. Values of fitting parameters of model (3) for the all stages of pest population of 162 
Rhynchophorus 163 

 164 

Stage 
Fitting parameters Statistical parmeters 

0a  1a  2a  3a  4a  5a  
d.f
. 

2R  P 

Larvae 673.739 0.04410 3.56691 2117.26 0.01967 80.0043 38 0.97654 < 0.01 

Pupa 74980.4 0.05752 792.265 10500.9 0.02003 115.495 40 0.97744 < 0.01 

Adult 28372.7 0.04231 485.713 218719 0.02546 2901.76 40 0.95999 < 0.01 
 165 
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Figure 1. Fitted curve of density-time function model (3) for larvae (a), pupae (b) and 
adults (c) of Rhynchophorus ferrugineus. 
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We note that the R2 value indicates that the goodness of fit is better (higher) for the 166 
double logistic function fitted to the accumulated data (0.99951) than for the fitting dy- 167 
namics (5)-(6) (0.90319). Similar results were obtained for the rest of the analysed data. 168 
This observation justifies the use of a sigmoid function fitted to the accumulated data, 169 
smoother than the original density data, which displayed more random oscillations.  170 

Subsequently, double logistic curves have also been fitted to the accumulated density 171 
data (see Table 2 and Figure 2). In the latter, we also indicate the time moments tk, where 172 
the minima and maxima of the densities are attained, according to the inflexions of the 173 
accumulated densities. 174 

 175 
Table 2. Values of fitting parameters of double logistic functions for pest populations of 176 
Rhynchophorus. 177 

Stage Term (i) 
Fitting Parameters Statistical Parameters 

Ki x0i ri d.f. R2 P 

Larvae 
1 2951.43 214.53 0.06771 

37  0.99764  < 0.01  
2 1673.39 57.6115 0.01661 

Pupa 
1 1810.51 4.8024 0.05484 

40  0.99872  < 0.01  
2 4621.58 47.1067 0.01889 

Adult 
1 1342.24 1.2492 0.04789 

43  0.99951  < 0.01  
2 3031.58 1.32482 0.02461 

 178 
 179 

 
(a) 
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Figure 2. Mathematical models (double logistic functions) fitted to the accu-
mulated data of the palm pest species, Rhynchophorus ferrugineus (a) larvae, 
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(b) pupae and (c) adults stages), also displaying the corresponding bimodal 
density time functions. 

3.2. Solution of the optimal control problem 180 
For a palm tree to survive, our objective is to keep the effect of the larval population 181 

under a boundary, H, at minimum cost. Using the Table 1 fitting parameters, we solved 182 
the optimal control problem (9) with H = 2000 units of biomass, T=450, 𝜇ଵ = 0.95, 𝜇ଶ = 0.5 183 
𝛼 = 0.7, 𝜀 = 0.1,  𝑦ଵ(0) = 13 𝑦ଶ(0)=14. 184 

We solved the optimal control problem applying the toolbox developed for MatLab 185 
by Banga et al. [30], the result of which are shown in Figure 3. 186 

  187 

  
(a) (b) 

Figure 3. (a) Trajectories for larva stage 𝑦ଶ without control in model (5)-(6), and with optimal 
control. (b) Optimal control to be applied, solution of problem (7)-(8). 

4. Discussion 188 
A Plasticity is well understood when it takes the form of responding to predictive 189 

environmental signals received during the individual’s lifespan. However, the so-called 190 
mixture of intragenotypic strategies has been neglected, perhaps due to the general as- 191 
sumption that it must be non-adaptive [31]. In this regard, several species of insects, espe- 192 
cially from the Coleoptera order, may present two types of larval diapause (simple or 193 
prolonged), leading to diverse cohorts that differ in their life cycles, especially in terms of 194 
duration. The causes of what Ushatinskyaya [32] called "superdiapause" are poorly stud- 195 
ied and not understood in detail. In our case, it seems clear from the results that RPW 196 
belongs to this group of insects. 197 

The results for the first species, R. ferrugineus, showed that a portion of the larval 198 
population develop normally, but another portion could lengthen their development up 199 
to 370 days (Figure 1); this is demonstrated by the two relative maxima found in the pupal 200 
and adult stages. The above statement might indicate that the diapause exists as a survival 201 
mechanism. This phenomenon was later verified in other trials [1]. The presence or lack 202 
of a diapause in this species is crucial for the early detection and control of the pest, as 203 
well as for border inspections, since detection is carried out by ultrasound - if the larvae 204 
are in diapause, they are not feeding, and therefore will not make a noise with their jaws 205 
that can be detected [33]. Likewise, the results can be used to develop more complex pre- 206 
dictive models to track the dynamics and expansion of this pest species. 207 

The results of the logistic developed for the population dynamics of the RPW larvae 208 
shows an elongation of larval development that would relate to the diapause manifesting 209 
as a survival mechanism. Martín & Cabello [1] noted that the diapause of RPW larvae was 210 
stimulated by a decline in temperature, of values between 10 ºC and 15 ºC, during the 211 
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larval growth stage. Additionally, they indicated that this phenomenon promoted the di- 212 
vision of the larval population into two groups: the first formed before the temperature 213 
drop occurred, in which the larvae continued their normal development (such as that rec- 214 
orded in tp1, Figure 1a), while the second group delayed its development by 170 days 215 
(similar to that shown from tp2 onwards, Figure 1a), with the consequent delay in pupal 216 
and adult morphogenesis (as in the relative maxima, tp1 and tp3, in Figures 1b and 1c, 217 
respectively).  218 

The larval behaviour of R. ferrugineus may represent a survival strategy that offers 219 
the maximum development opportunity in a univoltine cycle, as one group of larvae is 220 
able to accelerate their development to promote adult formation during the spring, while 221 
the other can slow down its development, influenced by the low winter temperatures, 222 
allowing adults to form that emerge during the autumn. This behaviour has also been 223 
recorded by Hansen et al. [21] for the curculionid D. rufipennis, whose larval diapause was 224 
mathematically modelled in a logistic function that considers the thermal threshold as a 225 
predicting factor. Other curculionidae may also have a larval diapause in response to the 226 
drop in temperature, as is the case with Curculio elephas Gyllenhal [22,23], C. sikkimensis 227 
(Heller) [24] and Smicronyx fulvus LeConte [25]. 228 

Whether or not the RPW larvae are in diapause is crucial for early detection and pest 229 
control because most RPW inspection systems include equipment capable of detecting 230 
ultrasound produced by the larvae during feeding [34, 35]. Therefore, detecting no noise 231 
will not mean the absence of larvae inside the palm stems, since diapause larvae do not 232 
feed [33].  233 

The mathematical models developed for the larval, pupal, and adult stages of RPW 234 
constitute a valuable tool for bio-ecological and/ or prediction studies of the population 235 
level of this pest in various Spanish zones where the ambient temperature varies over the 236 
year, and can even stay below 15 ºC during the winter months. At this time, the larvae can 237 
slow their development as a survival mechanism, as recorded by Martín & Cabello [1] in 238 
the municipality of Almuñecar (Granada, Spain) during the months from November to 239 
March, in which the temperature, both of the air and inside the palm tree, remained be- 240 
tween 10 ºC and 15 ºC, with fluctuations within the palm tree of around 10 ºC for more 241 
than 80 days.  242 

In this regard, mathematical models can be used in various parts of Spain where palm 243 
trees are grown, such as the Andalusian coastal zones of the Mediterranean and the coast- 244 
line from the Ebro Delta to Gibraltar, the Valle bajo of the Guadalquivir and Guadiana, as 245 
well as in coastal areas of the Rias Bajas in Galicia, where the ambient temperature can 246 
range from 10 ºC to 12.5 ºC during the month of January [36], also having an impact on 247 
the internal temperature of the palm trees.  248 

Moreover, the optimal control model for RPW larvae reveals that the application of 249 
a chemical control measure can significantly reduce the initial larval population peak over 250 
the first 50 days. The action of chemical control also produces a significant decline in the 251 
second larval maximum, which begins to form from about day 100 in the uncontrolled 252 
population.  253 

In turn, the rise in the chemical control trajectory seen in Figure 4, which begins after 254 
day 100, corresponds to the need to increase the use of insecticide to keep the palm bio- 255 
mass threshold below the economic damage level, since the larval development continues 256 
in this period, having been delayed by the temperature decline experienced by the popu- 257 
lation without chemical control. Likewise, this increase in the control trajectory can be 258 
related to the formation of RPW pupae and/or adults, which require greater control. 259 

The logistic models developed for the population dynamics of the R. ferrugineus 260 
stages, as well as the optimal control model proposed, are instruments that can be incor- 261 
porated into integrated pest control programmes, with the aim of improving decision- 262 
making and reducing the cost of managing the RPW population. Similarly, these tools can 263 
be included within more complex prediction models, allowing us to understand RPW dy- 264 
namics and expansion. 265 
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In summary, the results from the logistic models, for the pest species as well as for 266 
the different aspects of their biology/ecology, suggest that they could be an excellent tool 267 
to use in Integrated Pest Management (IPM) programmes. This may also corroborate the 268 
results found regarding the dynamics of crop diseases [14,15], as their use can be general- 269 
ized to Crop Protection. 270 
 271 
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