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Chapter 1

Introduction

“L’ho gia detto che se rinasco faccio lidraulico?”

Mathematics is not only a powerful tool in several scientific fields but she is, also, the
language of Mother Nature. So, if we wish to query the Nature, we need to speak as her.
Physics is historically the first discipline who have understood the importance to schematize
and translate natural phenomena in mathematical language.

Nowadays we are living in a century where Biology is behaving like a queen. Scientists,
in fact, are fascinated by several aspects belonging to this discipline, and they are taking up
challenges which need a synergy among different scientific fields, to reach the goals. Thereby,
Physicists, Mathematicians and Computer Scientists are working with Biologists and Ecologists
to understand how to schematize the mechanisms of living organisms, and which are the basic
laws driving their processes. According to Ageno [1], the main difference between the Physics
and Biology is the lack of a theory which clearly describes, with mathematics, a series of basic
laws in Biology. Accordingly, anyone who wants to contribute to this field is faced with a choice:
i) to accept the compromise of simplify as much as possible the complex systems studied, or i)
to explore each aspect of a particular phenomenon seeking basic laws.

Among the modelling approaches in Biology, one in particular is arousing the interest of
the insiders also for its potential applications: the description of ectotherms’ populations. The
class of ectotherms, more specifically, involves several organisms such as plants, bacteria, fungi
and the main subject of this thesis: insects. A deep knowledge of insects’ physiology, and its
clever schematization can be helpful to formulate reliable mathematical models. Even if models
can be helpful for direct applications, widely discussed in this thesis, the master aim for a
model scientist have to be “the most faithful representation of the biological processes”. Aware
of this precondition, surely applications are the impact measuring instrument for this kind of
research. The power of reliable mathematical models, in fact, is their application as Decision
Support Systems (DSS), a helpful tool to evaluate different types of risks affecting ecosystems
and agro-ecosystems.

Agriculture, probably, is the biggest beneficiary of this field of research, since every year

9



10 Chapter 1. Introduction

several economic losses are due to pests and diseases. Besides the cultivated fields, there is
the need, also, to preserve as much as possible the biodiversity and human and environmental
health. Accordingly, mathematical models are helpful not only for agricultural field, but also for
Forest, and Urban ecosystems, to cite some examples. Hence, a mathematical representation of
a biological phenomenon can be used as a forecasting tool: in fact, providing a scenario of the
future risks, entomologists, farmers, technicians, ecologists and forest scientists can formulate
the most beneficial control strategy. Thereby, in simple words, a model which correctly catches
the basic laws for ectotherms’ development, is, then, a reliable forecasting tool to be used as
decision support system. In fact, the monitoring activities are only important to understand the
field situation “from the past to the present” but “without saying anything about the future”.

This thesis summarize a three-year work on the development of mathematical models to
describe insect pest populations considering their development through the life stages and over
time. The work can be considered as a continuum of the Author Master’s thesis [2]. In fact,
the first issue was to explore the existing models applied in entomology to describe insect’s
populations, understanding their strengths and weaknesses.

In this regard, the first model analysed was the “Distributed Delay Model”, in its original
formulation. However, a deeper study suggested that there was a need to reformulate this
model, in order to make it more suitable to represent field data. The new formulation of the
Distributed Delay Model showed a better response in comparison with its previous version, but
it still presents difficulties due to field applications and validations. In this regard a second idea,
flanked to the development of a mathematical model to represent ectotherms, was born: the
development of a dedicated software to work out the models and to analyse results. Applications
and validations, in fact, requires long calculations and the use of numerical solutions, since the
environmental parameters are time-varying and measured directly with specific tools.

The switch towards the new mathematical theory developed as main result of the present
work, happened considering the analogies between the Distributed Delay Model and another
famous and important equation: the “Von Foerster’s equation”. On one hand the Distributed
Delay Model considers some aspects of fundamental importance in describing ectotherms, despite
its application is complex, but on the other hand the Von Foerster’s equation is more compact
and easier to apply, despite lacks of some fundamental information.

This precondition, indicates the aim of the study: the development of a model (or more mod-
els) reliable in describing ectotherm populations. In particular an ideal model 7) must consider
the development of the species towards its life stages, i7) must consider the relationship between
species and external environment, i) must be spatialized, iv) must consider the interaction
between insects and host plants and between insects and natural enemies, v) must be easily
implemented in a calculation software, vi) must be simple to apply and validate.

To pursue this aim, some valid assumptions were retrieved from the Distributed Delay Model,
and other ones from the Von Foerster’s equation. This has led to two new physiologically-based
models which response to the main requests for applications to ectotherms.

But it is not enough. In fact, a model application and validation provides for a dedicated

software on one hand, and of a statistical analysis on the other hand. All the models were
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enclosed in a specialised software developed combining C++ programming language and the
ROQOT’s software libraries. More specifically, the aim of this program is to work out the equations
with numerical schemes. Since numerical schemes are the only alternative to obtain solutions, it
makes difficult the comparison with field data. Moreover, the equations were developed to host
a series of sub-models which describe the interaction between the species and the environment.
Since there are several proposals in literature for these sub-models, it is often difficult to choose
the best representing for a specific case study. Hence, part of the mathematical theory concerned
the development of a specific protocol of application for the models, providing, also, a series of
indicators to evaluate their reliability.

The main logic line of the work developed during these three years was organised in com-
partments for an easier development. In other words, each compartment, corresponding to a
specific aspect of the project, was treated as independent from the others, and connected only
in a second moment. Hence, the aim of this work was pursued with a series of steps which
connected “something from the past with something from the present, going towards the fu-
ture”. Each part of the theory was, therefore, developed, tested with field data and published
on IF peer reviewed journals. The strong contribution to the publications are highlighted by
the authorship and correspondence of the Author in each article. Therefore, since the work
was organised compartmentally, the choice was to present it as a collection of publications from
the Author “as they are”, and organized according to a logic line ranging from the theoretical

formulation of the models to the validation in several case studies of agricultural interest.
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Chapter 2

A novel mathematical formulation
for the Distributed Delay Model

“Nun potemo annd su Marte,
se prima nunn’amo capito

come funziona la Lunal”

- Our office neighbour

This first article [3] represents the connection among “the past, the present and the future”.
The Distributed Delay Model was widely applied to describe ectotherms populations: more
specifically it was one of the first models applied to insect pests. The mathematical theory
showed in this chapter was developed into the Author’s Masters thesis [2], and highlights the
difference between flows and counts of individuals in field applications. In fact, besided the
mathematical details, this first article analyse the different response of the model with the

support of field data.

Article details:

Title: Reformulation of the Distributed Delay Model to describe insect
pest populations using count variables.

Authors: Luca Rossini, Mario Contarini, Maurizio Severini
and Stefano Speranza

Corresponding author: Luca Rossini

Journal: Ecological Modelling
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Reformulation of the Distributed Delay Model to describe insect

pest populations using count variables.

2.1 Abstract

Among the models used to describe insect pest populations, the Distributed Delay Model has
been applied in several case studies in recent years. Its success is due mainly to its simplicity, and
its versatility to be easily included in software to calculate numerical solutions. In its original
formulation, the Distributed Delay Model provides, as a solution, the distribution of the insects’
maturation flow; then, this is compared with monitoring in field applications. A different form
of the model can be obtained, with the same assumptions, to describe the distribution of the
number of individuals which are in a specific life stage at time ¢. The first aim of this work was to
show the mathematical details in order to obtain the second form of the Distributed Delay Model,
and to calculate its analytical solutions. The second aim was to analyse the model’s behaviour in
describing insect pest’s population in varying environmental conditions, specifically in terms of
temperature. To pursue this second aim, two case studies of noteworthy relevance in agriculture
were considered: the pepper weevil, Anthonomus eugenii and the European grapevine moth,
Lobesia botrana. For each case study, field populations were simulated with both the Distributed
Delay Model versions, and the results were compared to determine the most appropriate model
for application in the case of insect pest populations. Both the case studies highlighted that
the novel formulation presented in this work significantly improves simulation, providing a more

reliable representation of field data.

2.2 Introduction

Modelling insect pest populations has been an interest of agricultural researchers for a long time
[4], [5]. The primary reason to delve into and improve this argument is for the more effective
use of these models as Decision Support Systems (DSS) in crop protection, besides their support
in the comprehension of the biological mechanisms [6]. Predictions have a key role to play in
Integrated Pest Management (IPM), because they allow one to forecast pest outbreaks [7], [8].
Accordingly, a projection of the insect pest population dynamics provides i) a scenario of the
risk of economic losses [9] and 4i) time to formulate the most efficient control strategy [10].

In agriculture, several population dynamics models have been introduced in pursuit of this
aim [11]-[13]. To date, the most reliable models to describe insect populations are physiologically-
based models [4]. These models have the capacity to describe ectotherm populations considering
the relationship between species growth and external environment [14].

A pioneering physiologically-based model is the Distributed Delay Model (DDM), introduced
for the first time by Manetsch [15] (1976) and revised the subsequent year by VanSickle (1977)
[16]. The DDM, in fact, provided the possibility of linking external sub-models (usually defined
as phenological models) describing the relationship between species and environment [17] for

the first time. Hence, with the DDM, phenological and population dynamics models were first
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considered as a unique block [18]. Although this advantage, the DDM does not have the capacity
to describe the spatial patterns of the outbreaks as well as, for instance, the more modern
models based on network analysis citeStrona2018, Strona2020, but in some simple cases it still
represents a valuable candidate to describe ectotherms life cycle. Typical applications, in fact,
concern fields with homogeneous microclimatic conditions or controlled environments such as
greenhouses. Under the aforementioned hypotheses, the whole environment may be represented
with a single point where ectotherm populations develop, and this is the implicit assumption of
all the applications of DDM available in literature. In addition, the recent implementations in
GIS systems combined with remote sensing is overcoming the issue of the spatialization in areas
where the aforementioned assumptions are not respected, as showed by Gutierrez et al. [19],
[20].

The innovative idea behind the DDM was the possibility of representing an insect life cycle
(or part of it, if there is a particular stage of interest) as a series of non-observable chained
stages [21], usually considered as the “degree of delay” or “degree of stochasticity” of the model
[22]. As a solution, the DDM provides a distribution of the insects’ maturation flows [21], [23]
representing, in other words, the flow of individuals that complete their life cycle. However, the
hypotheses behind its formulation [15], [16] allow to obtain a second mathematical form which,
at difference of the classical DDM, provides as solution the count of individuals belonging to the
last stage of their life cycle. This second mathematical form was never tested, but it is more
similar, from a conceptual point of view, to the modern physiologically-based models considering
systems of ordinary differential equations [24], [25] or partial differential equations [4], [14], [26]—
[31]. These models, in fact, describe the temporal variation of population’s individuals, and not

their maturation flows.

A wide range of works highlight the reliability of the DDM in describing ectotherms such as
plants and insects. For example, cotton (Gossypium hirsutum L.) cultivations were modelled by
Gutierrez and Pizzamiglio [23]. Then Gutierrez et al. [32] successfully extended the study to
bean, tomatoes and cassava cultivations. Some years later, Severini et al. [21] used the DDM
to describe the development of apricot flowers. A slightly different application of the DDM
in plant modelling was provided by Wermelinger et al. [33]; in this case the DDM was used
to describe the allocation of carbon and nitrogen in grapevines, dividing the single plant into

sub-populations of leaves, shoots, roots and fruits.

Alongside plant modelling, other successful applications of the DDM concern insect pest
populations. The case study of the European grapevine moth Lobesia botrana (Denis & Schif-
fermiiller) was considered by Severini et al. [34] and by Gutierrez et al. [19] with successful
results. In particular, the first work describes L. botrana populations, validating the model with
field data, while in the second work the DDM was used to predict European grapevine moth’s
populations in a climate change scenario. Other relevant applications are discussed by Schaub
et al. [35] with regard to the European corn borer Ostrinia nubilalis (Hiibner), by Limonta et
al. [22] with regard to the rice moth Corcyra cephalonica Stainton, and by Baumgértner and
Severini [36] with regard to the case of Phyllonorycter blancardella (Fabricius). Moreover, Allen

and Byrd [37] extended the applicability of the DDM to forensic entomology.
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The applications listed above compare experimental and simulated maturation flows of insect
pest populations. Besides applications in agricultural and environmental sciences, the DDM
was employed also for flow forecasting by Spolia et al. [38] and included in a SIRnS-model to
represent the spread of infectious diseases by Jensen et al. [39].

However, from an experimental point of view, it is difficult to directly measure the maturation
flows or, in other words, the exact moment of life stage transitions. During experimentations,
researchers usually count the number of individuals in each life stage by direct samplings or
using monitoring traps. At this point, one may wonder if a novel mathematical form of DDM
describing the count of individuals into the life stages, and demonstrated starting from the
same assumptions of the classical one, is more suitable to represent ectotherm populations.
This question is reasonable, since to date the DDM is still applied in simulating insect pest
populations as some recent works show [19], [20], [40].

The aim of this work, hence, is to show how obtain the novel form of the DDM which
describes the temporal variation of the number of individuals into each stage, instead of the
temporal variation of the maturation flows. After the mathematical description, a comparison
between the two versions of the DDM was conducted, investigating which of the two is the
better and more effective form for entomological applications. In this regard, two applications
were compared: the case study of the European grapevine moth Lobesia botrana and the case
study of the pepper weevil Anthonomus eugenii Cano. Data about these insects’ population
were retrieved from two already published works [41], [42]; this data was selected to investigate
the behaviour of the two DDM versions in cases of different species and different development
environments. A. eugenii populations were monitored in an experimental greenhouse, while L.

botrana was monitored in open field conditions.

2.3 Materials and Methods

2.3.1 Distributed Delay Model

Considering the scheme showed in Fig. 2.1, an ectotherm’s life cycle can be represented with a

series of h chained substages.

Ry (8) R,(t) R3(t) Rp-1(t)
Roy(t) —— XG) Q(t) 0st) — - — Q® Ry (1)

M, (t) Mz (1) M5(t) My (0)

Fig. 2.1: Schematic representation of an ectotherm’s life cycle according to the Distributed Delay Model.

Each " substage is characterized by an entering flow of individuals denoted with R;_1(t),



2.3. Materials and Methods 17

an exit flow of matured individuals R;(¢) and by a flux of dead M;(t). An additional function,
Q;(t), describes the temporal variation of the individuals into the stage.

As reported by Manetsch [15] and VanSickle [16], a mathematical description of each substage
consists in three equations. The first one (2.1) is a balance equation which links the variation of

the individuals into each substage with the entering and exit flows, while the second (2.2) and
the third (2.3) ones define the flows R;(t) and M;(t). In formulas:

%Qi(t) — Ry 1(t) — Ri(t) — Mi(t) (2.1)
R;(t) = h (T 2.2

1) = i) 22)

M;(t) = AR(t) - Qi(t) (2.3)

D(t) and h in the equation (2.2) represent the expected emergence time of the whole pop-
ulation and the number of substages, respectively. AR(t) in expression (2.3) is the mortality

function according to the formulation of VanSickle [16].

Classical formulation R;(t)

Manetsch [15] and VanSickle [16] obtained the generic DDM equation, written with R;(¢) vari-
ables, substituting the expression (2.2) and (2.3) into the equation (2.1):

%Ri(t) _ Di(‘t) [Rz-_l(t) ~ R (1 + AR(t)D}Et) + CZD}(?H (2.4)

The scheme presented in Fig.2.1 assumes that it is possible to represent a single observable
stage or the whole life cycle just varying the number of the equations, h, of the system. This is
one of the major criticalities in applying the DDM, since h itself is one of the unknown of the
problem. However, even if there is not a direct correspondence between the observable life stages
and the chained boxes described in Fig. 2.1, there are two possible ways to apply the DDM.
The first possibility is to consider a system of chained DDMs, where each system of equations
represents a single observable stage [43]. The second possibility is to consider the whole life
cycle as a single stage described by a single system of DDM equations. At first sight, the first
proposal seems to be more realistic in representing the real situation, but at the same time
provides for the estimation of h for each system involved. Moreover, it is more expensive from
a computational point of view, besides a more complicated validation. The second possibility,
instead, provokes loss of biological information, but at the same time it is easier to manage
and apply; it is a good compromise when there is an interest in modelling only a particular life
stage. This second representation has been chosen for the case studies considered in the present
work. A common condition to both the aforementioned ways to apply the DDM is that although
may not be a direct correspondence between observable and non-observable stages alongside the
life cycle represented, surely the first and the last substage of the process in Fig. 2.1 can be

directly associated with observable stages. For the purpose of this work, hence, the first substage
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represents the cohort of eggs entering within the process, while the last substage are the adults.
The hypotheses discussed above were maintained for both the classical DDM version (2.4) and

the novel one that we are going to introduce in the following section.

Novel formulation Q;(t)

The Q;(t) version of equation (2.4) can be obtained following an analogous logic scheme. With

a direct substitution of the expressions (2.2) and (2.3), expression (2.1) becomes:

d h

aQi(t) = R 1(t) — m@i(t) — AR(1) - Qi(t) (2.5)

Now, let us consider a transformation of the term R;_;(f) in the equation (2.5). With
reference to Fig. 2.1, it is possible to say that each substage with ¢ > 1 can be described
with their specific equations (2.1)-(2.3). This means that even for the substage i — 1 a triad of
equations similar to the equations (2.1)-(2.3) will exist [2]. More specifically, the R;_1(¢) term

can be obtained considering the equivalent of the expression (2.2), referred to the substage i — 1:

h

R (t) = W@el(t) (2.6)
Substituting the expression (2.6) into the equation (2.5), the Q;(t) version of DDM is ob-
tained:

500 = 5t [ Qa0 - o) (14 22 ar(y )| .1
The complete system, finally, is:

G010 = 55 @0 - a0 (1+ 52 arw)

40a(0 = 5 [0 - @) (1+ 22 arw) (28)

%Qh(t) = D]zt) _thl(t) — Qn(t) (1 + D}Et)AR(t)ﬂ

System (2.8) represents the main mathematical results of this work, written in its most
general form. In the next sections, aspects related to analytical and numerical solutions will be
treated, before a direct application to the cited case studies. In fact, the primary question of
this paper now revolves around which DDM version is more appropriate for field applications,
and whether there are particular cases where no differences between the two models can be
identified.
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2.3.2 Analytical solutions
Classical formulation R;(t)

Concerning the R;(t) version, several works have faced this problem [21]. A particular case
without mortality and with constant D(t) term was considered by Manetsch [15], while VanSickle
[16] extended the calculation considering a more general case with constant mortality. Both cases
lead to an analytical solution found through the use of Laplace transform, assuming that Ro(t),
the input function in the system, is represented by a Dirac delta function, namely Ry(t) = d(t).
The analytical solution, assuming the hypotheses described, is the Erlang Probability Density
Function (Erlang PDF):

Ry(t) = <l’;>h : (hth_ll), - exp [— (AR+ Z) t] (2.9)

This special case means that in the general equation of the R;(t) version, the equation (2.4),

d D(t)
the t —
e term d h

is equal to zero, since the function D(¢) is assumed to be a constant.

Novel formulation Q;(t)

It is the task of this section to show that, with the same assumptions, it is possible to find an
analytical solution for the system (2.8), namely the Q;(t) version of the DDM. Again, through

the use of Laplace transform [2] it is possible to convert the system (2.8) into an algebraic

system:
h 1
L] =5~ 7
—+ AR
s+ D +
L@ = 55— LIQi()]
W)=« —5 - 1
Do AR (2.10)
D
h 1
L] = 5 —— LI@n1(t)]
—+A
\ 5+ D + AR
System (2.10) is solvable with a series of chained substitutions which lead to the following
expression:
h
h\" 1
L[Qn(t)] = <D> —_—— (2.11)

h
—+ A
s—I-D—I— R

Now, applying the inverse of the Laplace transform to equation (2.11) it can be demonstrated
that the solution of the @Q;(t) version of the DDM is again the Erlang PDF, if and only if the
input function Qo(t) = §(t) and D(t) and AR(t) are assumed to be constant:
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Qn(t) = <g>h : (hth_ll), - exp [_ <AR + g) t} (2.12)

Moreover, the expression (2.11) can also be obtained considering that in the frequency do-

main the transfer function of the system is:

Qu(s) _ (h\" 1
2~ (8) \ 7 =
D

where L[Qn(t)] = Qn(s) and L[0(t)] = Qo(s). The main result to be taken from this
section concerns the similarity between the two versions of the DDM. In particular conditions,
represented by the assumptions formulated at the beginning of the calculation, they provide
the same solution. Hence, it is possible to assess that when the DDM is used in conditions
of constant temperature, namely with constant D(¢) [21] and with a constant mortality term,
there is no clear preference between the two versions of the model. However, this situation is
not verified in the most general case, where a numerical solution is needed to solve both the
DDM versions. In this case, a comparison of the model response is required, directly applying
both DDM versions to the case studies.

2.3.3 Development rate functions

Biological parameters which clearly identify the species represented can be introduced in the
DDM models through development rate functions. In fact, the mean development time D(t)
included in the system (2.8) and in its related R;(t) version is connected to environmental

parameters, temperature in particular, through the following mathematical relation [44]

(2.14)

The expression (2.14) connects the mean development time D [T;], related to a particular
temperature, to its corresponding development rate G [T;]. Moreover, it is implicitly intended
that there is time dependence in D [T;] and G [T;] in varying temperature conditions. Accord-
ingly, writing the mean development time as D(t) it usually means D [T'(¢)]. Before discussing
the development rate expressions involved in the present work, it is helpful to point out the
meaning of constant temperature from the point of view of the DDM. As detailed in the previ-
ous section, one of the assumptions needed to calculate analytical solutions for both the DDM
versions requires D(t) as time-invariant. Expression (2.14) directly connects the mean develop-
ment time with the daily average temperature, a physical dimension subject to changes in the
natural environment. Accordingly, it is possible to consider D(t) as time-invariant only in con-
ditions of controlled temperature, as, for instance, in a climatic chamber. Hence, the application
of the DDM in varying temperature environments implies a usage of the models in their general
form, requiring numerical solutions. The literature concerning development rate functions has

been enriched over the years, and several authors have proposed expressions to connect insects’
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stage duration with the temperature; reviews on this argument were presented by Damos and
Savopoulou-Soultani [44] and Tkemoto and Kiritani [45]. These functions are formulated both
on empirical and physical bases, but a common feature between the various proposals is the
need to estimate parameters with experimental data. To pursue the aim of this work, the Logan
and Briére expressions will be considered. Mathematically speaking, the Logan expression [46]

is represented by the following formula:

GIT()] = - |exp (pT(1)) — exp <pTM - TMATT“))} (2.15)

where Ty is the lower temperature threshold for insects’ growth, AT is the temperature
range between the maximum of the function and Ty, ¥ and p are empirical parameters. The

Briére development rate function [47], instead, is mathematically described as follows:

3|

GITW) =a-T@)-(T(t) = Tr) (Ts — T(1)) (2.16)

with 77, and Ty being the lower and upper temperature thresholds, and a and m empirical
parameters. The introduction of the development rate function completes the meaning of the
DDM. In fact, in the light of the methodology presented in this section, the general version of
the system (2.8) (and its corresponding R;(t) version) can be rewritten as follows:

(5Qu(0) = h- GIT(W)] - [Qo(t) ~ Qi) (1 + b GIT(1)]- AR(L)

%Qz(t) =h-GT®)]-[Qi(t) = Q2t) 1+ h-G[T ()] - AR(1))] (2.17)

S0 = GIT(O]- [Qn1(t) ~ Qu(t) (1+ - GIT(0)] - AR(D)]

G [T'(t)] in system (2.17) can be substituted with the expression (2.15) or (2.16) on the basis
of the specific case study.

Moreover, the experimental data used to estimate the development rate function parameters,
defined as “life tables” in the entomological jargon [48], contributes to choose the way of applic-
ation of the DDM discussed in Section 2.3.1. In fact, if data about the average development time
at different constant temperatures are provided for all the observable stages, then it is possible
to estimate the parameter of development rate function for each observable stage. In this case, a
series of chained DDMs is applicable. On the other hand, if data allow the estimation of a single
development rate function for the whole life cycle (egg-adult), the DDM application should be
oriented towards a single DDM. The species considered in this study lie in this latter case.

Analysing the system (2.17) in greater depth, it can be noted that there is no possibility
to solve it analytically in the most general case. In fact, despite expressions (2.15) and (2.16)
can be manageable from a mathematical point of view, they contain the unknown function
T'(t), which, in line of principle, describes the variation of the daily average temperature. This

physical dimension can be measured directly with meteorological stations or data loggers and
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predicted for a few days after; however, there is not an analytical function which describes its
trend throughout the year [42], [49]. For this purpose, a numerical solution is required for the

system (2.17) and for its analogous classical version R;(t).

2.3.4 Numerical solutions of both the DDM versions

The issues described in the previous section lead to the use of numerical algorithms to find
solutions of both DDM versions, before their application in case studies. The simplest way to
implement the systems in a calculation software is the application of the Euler’s finite difference
scheme to each equation of (2.17). Concerning the classical version R;(t), a numerical scheme
of this type was provided by Manetsch, VanSickle and Alilla et al. [15], [16], [50]. Therefore, in
order to not distract the attention of the reader, only a discrete version of system (2.17) will be

discussed. Let us focus on the generic equation of the system (2.17):

4
dt

The time variable ¢ can be approximated with a sequence of values ¢, with the condition

Qi(t) =h-G[T{)] - [Qi-1(t) = Qi(t) 1+ h- G[T'(t)] - AR(2))] (2.18)

tn < tpt+1 [31]. Hence, defining the discrete time step j = tn4+1 — t,, it is possible to apply the
finite difference scheme to the equation (2.18). To distinguish the continuous variables from
their discrete versions, a change of notation will be adopted: Qg , G [T J ], ARJ. In the light of

the assumptions discussed, each equation of the system (2.17) can be transformed as follows:

QI = jhG (1] -QL, + Q- (14 7hG [TY] - AR)) (2.19)

This numerical scheme and its respective Rf version were implemented in a specialised soft-
ware, detailed in the works of Rossini et al. [42], [49]. This was used to carry out all the
operations required to pursue the aims of this paper. The last issue before the application of
the numerical scheme (2.19), and of its corresponding classical version, concerns the number of
equations of the system, namely h. As stated in Section 2.3.1, h represents one of the unknown
of the problem, needing field data for its estimation. The DDM applications listed in the in-
troduction of the present study, usually assign a defined value to h, but the reasons behind are
often difficult to understand. Hence, to overcome the problem, a methodology was proposed
by Rossini et al. [49], [51]. Their proposal was to solve a high number of equations (2.19)
considering the h value such that the convergence of the numerical scheme is ensured. Then,
since the first and the last stages of the scheme in Fig. 2.1 are overlapped to the first and the
last observable life stage, it is possible to compare each numerical solution with field data, in
order to find which is the last equation of the system. This comparison can be evaluated with

the same y2-function (2.20).

2.3.5 Comparison between the DDM versions

After the model description and discretization, a methodology is needed to compare the results

with field data. In particular, for each case study considered in the present work, it is necessary



2.4. Case studies: Anthonomus eugenii Cano and Lobesia botrana (Denis & Schiffermiiller) 23

to determine which DDM version is more appropriate for accurately representing the field data.
A methodology to compare simulation outputs and field data was discussed by Rossini et al.
[30], [41] on the basis of considerations introduced by Ikemoto and Kiritani [45] and Mirhosseini

et al. [52]. The reliability of a simulation can be evaluated considering:

- The x? function, with the meaning of indicator of the distance between n field data, O;,
and simulations F;:

" (0; — E;)?
2=y (E) (2.20)
i=1 ¢

- The coefficient of determination R?, which provides an estimation of the reliability of the

simulation in representing field data:

n

> (0i - E)?

RR=1-2=L (2.21)

n

> (0i - E)?

i=1

Coherently with the expression (2.20), O; in this case indicates the observed data and E;

simulations.

According to this methodology, defined as “a posteriori analysis” [41], the DDM version
which provides the lower x? value and an R? nearest to 1 is the most reliable to describe field
data.

2.4 Case studies: Anthonomus eugenii Cano and Lobesia botrana
(Denis & Schiffermiiller)

2.4.1 Greenhouse scenario: A. eugenii

The first comparison between the two DDM versions concerns the semi-field case of the pepper
weevil, A. eugenii. In fact, a semi-controlled environment is fundamental to understand the
response of the models because of the ability to manage factors affecting population development,
such as natural enemies or other source of stresses.

During the 2014 growing season, a pepper weevil population was sampled in a greenhouse
located in Fondi, (Lazio region, Italy). These data have been published in the work of Rossini
et al. [41] to validate a different physiologically based model. Despite the data acquisition and
the experimental scheme being well detailed in the cited literature, it is opportune to mark,
in the present article, some additionally fundamental information. The A. eugenii population
was assessed using chromothropic sticky traps, deployed along the diagonal of the greenhouse;
these were checked on a weekly basis. An uncertainty of +3.5 days, half of the time between
two inspections, was assumed for the experimental population. Moreover, during the monit-

oring period, the daily average temperature was recorded at a meteorological station. These
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temperature data were then included in the calculation to estimate, through the development
rate function, the corresponding value to insert in the discretized version of the system (2.17)
and into its corresponding R;(t) version. Data about the biology and the different response to
the external temperature were, instead, provided by Toapanta et al. [53] and were fundamental
to estimate the development rate function parameters. Since the work of Rossini et al. [41]
shows a better response of the Logan function (2.15) in representing life tables, this choice will

be maintained for the application of the DDM.

In the first part of the experimentation the greenhouse was left open to promote the natural
infestation by pepper weevil adults. Once ascertained the presence of the insect, the greenhouse
was isolated from the external environment with an anti-aphid net. The day of the greenhouse
isolation was considered as day zero for simulations (20" of October), assuming that the initial

cohort of eggs was laid in that moment.

2.4.2 Open field scenario: L. botrana

The second case study selected for this work concerns another insect pest of significant im-
portance within agriculture, specifically in grape production: the European grapevine moth L.
botrana. Also in this case the choice was made to use data published in the work of Rossini
et al. [42] related to a three-year survey (2014, 2015 and 2016 seasons) conducted in an ex-
perimental vineyard located in Castelli Romani area (Lazio region, Italy). The investigation
provided the three yearly generations which are usually reported in the area, and for the three
growing seasons surveyed. Adults were caught with pheromone delta traps (BIOGARD S.r.l.,
20834 Nova Milanese (MB), Italy) equipped with Selure-Lb dispenser (Shin-Etsu Chemical Co.,
Ltd., Tokyo) and checked weekly. An uncertainty of £3.5 days, half of the time between two
inspections, was assumed for the experimental population. During the survey, a meteorological
station (AWS310 model, Vaisala company, Helsinki, Finland,) recorded 48 temperature values
per day, which were used to estimate the corresponding daily rate to insert into the discretized
version of the model (2.8) and into its corresponding R;(t) version. As regards the development
rate functions, the protocol followed by Rossini et al. [42] was maintained in the present study.
More specifically, the Briére expression (2.16) was used in temperature ranges (6.7 — 13)°C and
(25 — 30)°C while Logan (2.15) in the ranges (13 — 25)°C and (30 — 34)°C. Since the damages
usually reported are not relevant for this investigation, the first generation of the year was not
simulated [54]. However, the first generation is fundamental in driving the simulation of the
second and third generations and, accordingly, can be used as an initial condition for both the
DDM versions. More specifically, the day in which the peak of the first generation was ascer-
tained by monitoring was considered as day zero for simulations, hypothesising that a cohort
of eggs was laid in that day. In numbers, 227¢ May, 24*" April and 19** June were selected for
2014, 2015 and 2016 growing seasons, respectively.
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2.5 Results and discussion

2.5.1 Anthonomus eugenii

The Logan function parameters were retrieved directly from the work of Rossini et al. [41] and
are listed in Table 2.1. These parameters will be common to both the DDM versions, as well
as the daily average temperature recorded in the experimental greenhouse. The other common
value inserted as input in both the model versions is h = 10, following the procedure described
in Section 2.3.4.

Table 2.1: Anthonomus eugenii case study. Logan development rate function parameters retrieved
from the work of Rossini et al. [41]. Parameters were estimated through life tables from Toapanta et
al. [53]. Additional information includes the y2-value, R?-value and the number of degrees of freedom

(NDF).

Rate function Parameters (+SE) y%value R2value NDF (n)

1 = 0.003 £ 0.001

p=0.11+0.01
Logan Ty =35.0+£0.6 0.0017 0.99 3
AT =35=£0.7

For this specific case study, simulations showed different responses describing the field popu-
lation. Overlapping the numerical solution from both the models with field data, it is possible to
assess the different trends of the classical, R;(t), and the novel, Q;(t), DDM versions in varying

temperature conditions.

Anthonomus eugenii: 2014 season Anthonomus eugenii: 2014 season

o Field data o Field data

o —Simulation: DDM Q-version — Simulation: DDM R-version

Adult population density

Adult population density

o
30/10/14 R 1911114 29/M1/14 09/12/14 1912114 29/12/14 0801/15

Fig. 2.2: Anthonomus eugenii case study. Field population and simulation using the Q;(t) version of

DDM (left plot) and using the R;(t) version of DDM (right plot).

The population peaks were well described in both the models, even if the Q;(t) version

had more reliable results. In fact, monitoring data indicated an experimental population peak
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occurring on 23" November, while the Q;(t) and R;(t) DDM versions forecasted the same on
22" and 19" November, respectively. A graphical comparison of the results is provided in Fig.
2.2. A point to highlight is the higher variability of the classical DDM version R;(t) (right plot
on Fig. 2.2) which underlines the meaning at the basis of the model formulation. The varying
temperature conditions, in fact, provoke abrupt changes in the forecasted flow of emerging
adults, at first sight undetected by the field data available. A more reliable description, instead,
was provided by the novel DDM version Q;(t) (left plot in Fig. 2.2), which, in general, seems
to better represent the experimental population.

A numerical estimation of the reliability of both the models was provided analysing the 2
and R? values, listed in Table 2.2. With this methodology, in fact, it is possible to determine
which DDM version is the most effective for the experimental scheme adopted to retrieve the

field population.

Table 2.2: Anthonomus eugenii case study. x? and R? values resulting from the comparison between

simulations with both DDM versions and field data.

DDM version x2-value R?-value

Q;(t)-version 1.76 0.97
R;(t)-version  3.03 0.92

Focusing on the values listed in Table 2.2, it is possible to assess that the Q;(t)-version
confirms its reliability with a lower x? value and with a R? nearest to 1 respect to the R;(t)-

version. The open field condition will be discussed in the following section.

2.5.2 Lobesia botrana

As shown in the A. eugenii case study, the first step is the Logan and Briére development rate
functions parameters estimation. The values (Table 2.3) were estimated with life tables from
Moshtaghi Maleki et al. [55] and used for both the DDM versions.

Concerning the simulation, for each year of survey, the same development rate function
parameters, the same daily average temperature and the same values h were inserted. More
specifically, h was estimated, also for the present case study, with the procedure described in
Section 2.3.4. Values used for the simulations are listed in Table 2.4.

Let us focus on the 2014 season simulations. The second generation reported an experimental
peak on 17" June, well represented by both the DDM versions. Advancing by order, the novel
version Q;(t) (left plot on Fig. 2.3) forecasted a peak on 14" June, while the classical version
R;(t) (right plot on Fig. 2.3) indicated the same on 15" June. Regarding the third generation of
2014, monitoring recorded a population peak on 19** August. Simulations provided a maximum
peak on 18" August in the case of Q;(t) version, while the R;(t) provided a forecast for 19!
August. On the whole, the values resulting from both the DDM versions are close to the field
data, showing their good response in representing a population developing in an open field

scenario.
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Table 2.3: Lobesia botrana case study. Logan and Briére development rate function parameters
retrieved from the work of Rossini et al. [42]. Parameters were estimated through life tables from
Moshtaghi Maleki et al. [55]. Additional information includes the y?-value, R?-value and the number of
degrees of freedom (NDF).

Rate function Parameters (+SFE) x2-value RZvalue NDF (n)

Y= (7.0+£0.5) 1074

p=0.1840.04

Logan Ty = 341408 0.0019  0.92 2
AT =442
a=(34402)-107°
T, =6+1

Briére Ty =32.6+0.5 0.0036  0.87 2
m=5=%1

Table 2.4: Lobesia botrana case study. h-values used for each generation and each year of survey.

Values are common for both the DDM versions.

Year of survey Generation h-value

2014 2 13
3 13
2015 2 20
3 8
2016 2 15
3 21
0 Lobesia botrana: 2014 season 0 Lobesia botrana: 2014 season
—a—Field data —a—Field data
120 120
——Simulation: DDM Q-version —Simulation: DDM R-version

=
8

80

2
3

60

Adult population density
Adult population density

}

40 ——

20 20

—.—i —.—t

0 - 0 .
17/05/14 01/06/14 16/06/14 01/07/14 16/07/14 31/07/14 15/08/14 30/08/14 14/09/14 17/05/14 01/06/14 16/06/14 01/07/14 16/07/14 3100714 15/08/14 30/08/14 14/09/14
Time (days) Time (days)

Fig. 2.3: 2014 season, Lobesia botrana case study. Field population and simulation using the Q;(t)
version of DDM (left plot) and using the R;(t) version of DDM (right plot).
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The results highlighted in the first season of survey were confirmed in the years after. In 2015,
the second generation occurred on 16" June, as observed in the field survey. Simulations from
both the models reported values close to the experimental population peak; more specifically the
novel version @Q;(t) (left plot on Fig. 2.4) indicated a population peak on 15* June, while the
classical version R;(t) (right plot on Fig. 2.4) on 18" June. The third generation’s population
peak of 2015 season occurred on 19" August, while both the DDM versions provided a forecasted
value on 11*" August, as shown in Fig. 2.4. Thus, in this case both the models provided a reliable

response in describing the field population.

Lobesia botrana: 2015 season Lobesia botrana: 2015 season

140 | | —=—Field data 140 | | -a—Field data

—Simulation: DDM Q-version —Simulation: DDM R-version
120 120

100

Adult population density

Adult population density

—.—
e —

0 - 0
2000515  04/06/15 1900615  04/07/15  19/07/15  03/08/15  18/08/15 020915  17/09/15 2000515  04/06/15  19/06/15  04/07/15  19/07/15  03008/15  18008/15 02000115  17/09/15

Time (days) Time (days)

Fig. 2.4: 2015 season, Lobesia botrana case study. Field population and simulation using the Q;(t)
version of DDM (left plot) and using the R;(t) version of DDM (right plot).

The 2016 season was the last year of the survey for the L. botrana case study. The second
generation’s peak occurred on 11" August, a value simulated on 10! August by the novel version
Qi(t) (left plot on Fig. 2.5) and on 9" August by the classical version R;(t). Concerning the
third generation, there was no possibility to determine exactly when the experimental population
peak occurred, since the same highest value was reported on two days, namely, 14" and 21
September. Simulations with @Q;(t) model indicated a population peak on 17" September (left
plot on Fig. 2.5) while R;(t) version provided the same on 16" September.

Lobesia botrana: 2016 season Lobesia botrana: 2016 season

18 ——Field data ——Field data

—Simulation: DDM Q-version —Simulation: DDM R-version

Adult population density
s

Adult population density

—
2 "

0 0
08107116 23007116 07108116 220816 06108/16 21108116 06/10/16 2110116 08107116 23007116 07/08/16 2200816 06/00/16 21100116 06110116 211016
Time (days) Time (days)

Fig. 2.5: 2016 season, Lobesia botrana case study. Field population and simulation using the Q;(t)
version of DDM (left plot) and using the R;(t) version of DDM (right plot).
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The values indicated by both DDM versions, on the whole, represented the experimental
population well, but it is difficult to determine the most reliable model version without using
numerical indicators. As already discussed in the case of A. eugenii, a cross check between y?
and R? values also answers to the main question of this article in the case study of L. botrana.
Referring to Table 2.5, it is possible to notice that the lower x2-values and R2-values nearest to
1 were reported by the Q;(t) DDM version. The only case where a higher R2-value was reported
in the case of R;(t) instead of Q;(t) version occurred in the 2016 season (despite the x? value
being higher than the @Q;(t) version). This unusual result, if compared to the others, may be
justified by the lack of a clearly identified experimental population peak in the third generation
(Fig. 2.5), probably located between the two higher values recorded by the monitoring. On the
other hand, there is no significant difference between the two R? values, and this makes the 2

values associated to each DDM version reasonable.

Table 2.5: Lobesia botrana case study. x? and R? values resulting from the comparison between

simulations with both DDM versions and field data.

Year of survey DDM version  x?-value R2-value

2014 Q;i(t)-version  198.85 0.87
R; (t)-version 211.43 0.77

2015 Q;(t)-version  241.99 0.91
R;(t)-version  618.59 0.76
2016 Q;(t)-version  7.33 0.88
R;(t)-version  10.44 0.89

2.6 Conclusions

Results showed that the novel Distributed Delay Model version @Q;(¢) introduced in the present
work is more reliable in representing insect pest populations. The new implications of this paper
contribute towards an improvement in the historical reliability of the DDM, testing a second
formulation never used before.

Another important question contained in this work may concern the meaning of data ac-
quired with traps. The two DDM versions provide a conceptual distinction between flux and
count of individuals, although with the simple relation (2.2), however, to explore thoroughly the
differences, ad hoc experiments at controlled conditions, such as in climatic chambers, should be
conducted. In this way, it will be possible to control the life cycle of each individual, obtaining
more detailed information about the newly emerged individuals to simulate with both the DDM
versions.

One of the concerns highlighted by the results of the present work, moreover, is the time
range between two field samplings: even if results are oriented towards a higher reliability of the
novel DDM version Q;(t), this cannot be stated with certainty. In fact, the high fluctuations of
the classical DDM are not always appreciated by field data, and one might wonder if fluctuations

are wide as described by the simulations of the present work or not.



30 Chapter 2. A novel mathematical formulation for the Distributed Delay Model

This question is reasonable, since Colinet et al. [56] assessed that the daily contribution
received by ectotherms developing in fluctuating temperature conditions leads to an average
temperature value, Tpr, which can be calculated at the end of the life cycle. Hence, it may be
possible to assume that changes in development rates are not immediate, and depend on the past
history of insects’ living environment. The results of the present work do not allow to investigate
this aspect, but given its importance, future studies on DDM should be addressed towards this
direction. An investigation on ectotherms’ “thermal inertia” may provide not only clarifications
about the questions raised in the present study, but may also contribute to understand which is
the optimal time scale to simulate ectotherms with physiologically-based models in general.

Although some questions are still open, the present study contributed also to fill a theoretical
gap of knowledge, that is the connection between the classical DDM and the Von Foerster
equation [57]:

o B
&N(t’ a) + %N(t, a)=—M(t, a)- N(t, a)
N@O%:Awﬁawﬁ-N@aﬁm’ (2.22)

N(0, a) = n°(a)

Equation (2.22) describes the density of a population N (¢, a) developing over time, ¢, divided
in continuous age classes, a, and with a mortality rate M (¢, a). N(0, a) is the initial condition
indicating the distribution of the individuals in the age classes at t = 0, while the boundary
condition N (¢, 0) provides the new-born’s profile on the basis of the population density N (¢, a)
and the fertility rate function (¢, a). Plant and Wilson [58] showed that replacing the age
variable a with a sequence of values a,, which respect the condition a, < a1, it is possible
to obtain a similar form of the DDM. This discretization, in fact, leads to an approximation of
the partial derivative in the a variable [14], [27], [51], providing a system of ordinary differential
equations similar to the DDM:

2%@—2%@—Nﬁ%i+Mﬁ{
Lo = 280 = Na) |2+ 0] 2.93
a 2T a! 2 a Y (2.23)
iMw_;qu—Nmﬂ;+M®]

In the system (2.23) A = a, — an—1 is the size of the discrete age classes which are, by
definition, chained.
Now, let us assume that the discrete age classes have the same size, and that they divide the

average duration of the life cycle D(¢) (which can be assumed time-dependent, if the population
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h
develops under varying-temperature conditions) in h parts. It follows that 1= m, and
considering, also, M;(t) = ... = M;(t) = AR(t) the system (2.23) is similar to the novel

formulation of the DDM (2.8) introduced in the present study. It is possible to show, also, that
the system (2.23) provides an Erlang PDF as analytical solution, if the assumptions stated in
Section 2.3.1 are made [2].

Hence, the discretization of the Von Foerster equation does not lead to the general form of
the classical DDM (2.4) in the R;(t) variables, but to the novel formulation introduced in the
present study. Nevertheless, the mathematical details discussed in Section 2.3 clarify how to
pass from @;(t) variables to R;(t) and vice versa.

The situation is different if the assumptions discussed in Section 2.3.1 are made. In fact, in
this case has been shown that the two DDM versions have the same behaviour and analytical
solutions. This may be confusing if connected with the Von Foerster’s equation, and needs a
clarification. The discretization of the equation (2.22), which leads to the system (2.23), does
not have assumptions restrictive enough as in Section 2.3.1, since the discretised mortality rate
function M;(t) is still time dependent, as well as the mean development time D(t). Hence, the
discretization of the equation (2.22) with the method of the lines leads to the general form of
the DDM, if no assumptions of constant mean development time and mortality rate are made.
Accordingly, the mathematical aspects discussed in this work complete, also, the connection
between the Von Foerster equation [57] and the Manetsch [15] - VanSickle [16] DDM formulation,

providing, at the same time, the missing step in the demonstration.
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Chapter 3

The milestones of a novel software

for model applications in entomology

“When you are solving a problem, don’t worry.
Now, after you have solved the problem,

then that’s the time to worry”

- Richard P. Feynman

The develompent of new models and, above all, their application is not possible without
support of computational tools. The development of a dedicated software, hence, was a parallel
activity to the aim of this thesis: the mathematical formulation. In this second chapter is repor-
ted the article [49] where the foundations of an ad hoc software for entomological applications
of mathematical models were discussed. In particular, this article discusses the milestones of
EntoSim, the software developed as support of the mathematical development. Even if in this
first presentation of EntoSim the model included is the Distributed Delay Model, during the
years all the four models developed where included, together with statistical tools for models

evaluation, visualisation and validation.
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Use of ROOT to build a software optimized for parameter estim-

ation and simulations with Distributed Delay Model

3.1 Abstract

ROOT is a software package developed by a CERN project started in 1994 by René Brun for
statistical analysis in high-energy physics. This software package can also be used in the field
of protecting plants against pest insects. Indeed, for a long time there has been a significant
use of the Distributed-Delay Model, but there is no specific software available to date that is
useful for following the research from the first step to simulations and field validations. This
work, through ROOT’s libraries, builds a series of macros that consent to do non-linear fits
with functions such as Erlang PDF, linear-rate, Logan, Briére, Sharpe and De Michele, thereby
giving support to the parameters-estimate step in laboratory sessions and then numerically
solving the Distributed-Delay Model equations. This study supplies results both graphically

and numerically.

3.2 Introduction

In Agricultural, Forest and Environmental Sciences, and especially in the context of risk man-
agement, modelling has become an important tool. In particular, entomologists started using
several models to forecast pest insects’ life cycles for two primary reasons: safeguarding human
and environmental health, and because of the restrictive laws regarding pesticide use. The dif-
ference between a monitoring system and a forecasting system results from the possibility of
having an idea of the risk situation of an agricultural field or an urban and peri-urban area
[59]. There is a need to develop a control strategy different from the conventional one. Despite
monitoring and forecast systems seeming similar, in reality there is a conspicuous difference
between them. In the first case, data collected with traps placed in fields provides empirical
information on insect presence. Capinera defines the term “monitoring” as “careful observation
of pest abundance and damage” [60]. The inconvenience is that monitoring provides no inform-
ation about the future trends of the monitored population. On the other hand, a simulation
could not report the exact field situation, but it is helpful to know the future development of
the population. In other words, forecasting is “the process of making predictions based on past
and present data”. These predictions can support a series of research projects that involve using
natural enemies such as predators, parasitoids, entomopathogenic fungi and bacteria for the
control of insect pests. Indeed, natural enemy complex plays a preeminent role in controlling
invasive and autochthonous species in different environmental contexts. For example, the ento-
mopathogenic fungus Entomophaga maimaiga in areas where it has been introduced is effective
against the gipsy moth Lymantria dispar (Lepidoptera: Erebidae) populations [61], encouraging
further experimentation aimed at diffusing this pathogen in new areas across the world [62]. In
the agronomic context, the biological control applications of the entomopathogenic bacteria

Bacillus thuringiensis [63], [64] or the predator Zelus obscuridorsis (Hemiptera: Heteroptera:
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Reduviidae) [65] in the tomato leaf miner, Tuta absoluta (Lepidoptera: Gelechiidae) might be
mentioned. The inconvenience of this type of control is that it requires highly qualified tech-
nicians, quick response and accurate knowledge of the most susceptible life stage of the insect
pest if one is to maximize the efficacy of the use of biological control. On the other hand, if it is
impossible to apply a biological control strategy, to know the pests’ population trends helps one
perform chemical control to reduce the quantity of the pesticide in question. One of the widely
used models is the Distributed Delay Model (DDM).

Beginning with its introduction by Manetsch [15], the DDM has garnished interest from en-
tomologists and environmental scientists to describe the life cycle of poikilothermic organisms.
One of the strengths concerns the possibility of linking environmental and species’ parameters
to the description of a population dynamics. Several applications have shown the DDM’s adapt-
ability to different pest insect species [18], [22], [59], [66]-[71]. A typical application of the DDM
for a species with a poorly known biological cycle starts with a series of constant-temperature
laboratory rearing. This is the first phase or “laboratory session”: entomologists build cohorts
of insects (all laid on the same day) and put them in climatic cells. Researchers follow each
cohort’s individual day by day during its life cycle, collecting data of the duration of each stage.
There were similar observations for other insect pests belonging to different orders, including
the beetles (Coleoptera) Rhynchophorus ferrugineus (Dryophthoridae) and Anthonomus eugenii
(Curculionidae) [53], [72], the butterflies (Lepidoptera) Lobesia botrana (Tortricidae), Corcyra
cephalonica (Pyralidae), and Tuta absoluta (Gelechiidae) [55], [73], [74], the wasp (Hymenop-
tera) Diadegma anurum (Ichneumonidae) [75], and the true bug (Hemiptera) Halyomorpha halys
(Pentatomidae) [76].

Life tables are important because of the description of the relationship between the temper-
ature (the main environmental driving variable for poikilothermic organisms) and the average
developmental time, D[T], for each stage composing the life cycle. It is common in practical
cases to convert the mean developmental time D[T] in mean development rate R[T], (specific

for each temperature), by the expression [77], [78]:

(3.1)

The reason behind this choice is the trend reported in a plot rate-temperature. In fact, with
this conversion, one can obtain an increasing-decreasing profile which highlights the thermal
optimum for the species as well as its lower and upper thermal thresholds. The second phase
of a simulation process concerns the simulation: all the estimated parameters are inserted in
a model together with the measured average daily temperature. This obtains the forecasted
population dynamics. Subsequently, a validation is made comparing the results of a simulation,
with data collected via in-field monitoring. Despite wide application, one of the main problems
reported by the insiders is the lack of a specific software that allows researchers to collect data
during each step of the project. This work introduces a new application of the ROOT software
as a base to build a helpful tool for all simulation processes with DDM. More specifically, ROOT

is “a modular scientific software framework. It provides all the functionalities needed to deal with
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big data processing, statistical analysis, visualization and storage. It is mainly written in C++
but integrated with other languages such as Python and R.” (http://root.cern.ch) [79]. The
following sections describe the specifics of each operation and the corresponding ROOT’s macro

developed to manage all the required calculations.

3.3 Materials and Methods

Manetsch first introduced DDM, though Vansickle [16] performed it for the first time one year
afterward, at the same time introducing the mortality coefficient as attrition. More specifically,
Vansickle’s improvements concern comparing the mortality to a friction force: in his work he
considered that for each life stage there is a specific mortality coefficient (such as the attrition
coefficient in physics) which is directly proportional to population density. Accordingly, the
rate of dead is higher as the population density increases. In the case of insects, it is possible
to indicate the entire life cycle with a series of chained boxes, each of which is described by
an ordinary differential equation. If we call Q;(t) the number of individuals in the i-th stage,
D [T'(t)] the average developmental time (depending on the temperature), and h the number of

steps for each prediction. The mathematical expression of Manetsch’s model is the following:

F0 = G Q) ~ Qi(0)
Q) = Gy (@10~ Qa(0) (3.2)
l%Qh(t) = D[;(t)] [Qn—1(t) — Qn(?)]

The system (3.2) can be solved analytically for constant temperatures rearing in the case
of a Dirac delta function §(t) as input function Qo(¢). In the most general case, indicated in
the system (3.2), temperature is variable over time, so to assert that it is constant leads one
to consider D[T] instead of D [T'(¢)]. This is a mathematical means of representing a cohort of
individuals that join the process at the same time, as well as what is done to build life tables with
constant temperature rearing. The analytical solution is represented by the Erlang Probability
Density Function (Erlang PDF) [15], [16], [21]:

h h th_l ——t
10=3(g7) Gimge O 33

Several works [21], [35], [50], [58] have shown that the development over time for a cohort
is well described from the expression (3.3) in which N is a normalization constant considered
as the number of initial individuals in a cohort. In fact, the temperature causes variations
in development time of a poikilothermic organism, making it directly linked to the average

development time D[T]. Expression (3.3) is helpful in the laboratory phase: since the emerging
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time follows an Erlang PDF trend, it is possible to do a non-linear fit operation to estimate
the parameters h, D[T] and N. In particular, D[T] is the most important as it represents the
expected value of the emerging time; it can be converted into development rate through the
expression (3.1). A series of pairs of points (7}, R[T;]) is obtainable by repeating rearing with
different constant temperatures. This mathematical description inspired the development of the
first two macros using the ROOT’s libraries: graph2Dpunti. This was done to plot experimental
points as well as fiterlang to work out the non-linear fit operations with the Erlang PDF.

The series of experimental pairs of points (73, R[T;]) is useful for building the development
rate function [44], [80]. This function represents a driving function for the development through
stages, at the same time providing the corresponding rate for each temperature. For a simulation
process, the role of the development rate function is crucial in that it links the population
dynamics to the environmental parameters. In other words, it represents a driving function for
the development through the stages and provides the corresponding rate (or time, if converted
with the expression (3.1)) for each temperature measured in the open field. In fact, the open
field is definable as the environment in which the mean daily temperature is variable, T'(%).
The typical trend reported in life tables starts from a lower temperature threshold, 717, under
which the development rate is equal to zero. There is then an increasing range until it reaches
a maximum peak that represents the optimal temperature for development. On the right of the
maximum a decreasing trend is until a maximum threshold value Ths; after that, the development
rate is equal to zero. Figure 3.2 presents the case of A. eugenii as an example [53].

One of the main problems of the development rate function is the lack of points: in fact, the
build of the life tables requires significant time and a conspicuous number of individuals to com-
pose the cohort. Furthermore, one of the hardest parts is the rearing of insects at temperatures
close to the upper and lower thresholds. The number of individuals for the starting cohort in
this case have to be higher than the other cases (e.g. rearing near the optimum temperature)
because of high mortality. Significant errors thereby affect data from the “laboratory phase”
owing to the genetic variability of the population, as well as other systematic errors due to the
instrumentation, to the insiders’ expertise, and to diet (artificial or natural).

To date there is no preferred mathematical expression to describe the relationship between
rate and temperature, but over the course of time scientists have reported several functions that

insiders have used widely on the basis of the available life tables. The most common are:

- the linear rate function [44], [78]:

R[T] = aT + b (3.4)

with a and b the empirical parameters;

- the Briére rate function [47]:

R[T)=a T (T —Ty)(Tyy — T)m (3.5)
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with a and m empirical parameters, Ty the lower development threshold, 77, the upper

development threshold.

- the Logan rate function [46]:

R[T] =1~ [eXp (pT) — exp <pTM - TMA;Tﬂ (3.6)

with ¢ and p empirical parameters, Tj; the maximum threshold and AT the distance

between the maximum peak of the function and Tyy.

- the Sharpe and De Michele rate function [81]

B
T. A_ =
exp< T)

D F
14 exp <C—T> + exp (E—T>

in which A, B, C, D, E, F are parameters related to the enzyme’s kinetics.

R[T] = (3.7)

Other than the linear rate function (3.4), the other functions all have more than two paramet-
ers to estimate through the non-linear fit model method. The proposed macro named fittasso,
makes this operation simpler. The idea is that the experimenter inserts his/her life tables and
executes the non-linear fitting operations using the preferred development rate function between
the listed above. To determine which is the best expression related to the experimental data,
it is necessary to cross check between the R? and y2-values, and their calculation is therefore
an obliged request for the related macro. The second phase concerns the simulation, and using
Manetsch’s model estimates all parameters and other inputs discussed afterwards that forecast
the insects’ life cycle (3.2). The first problem encountered is related to the lack of an analytical
function that exactly describes the daily average temperature trend. Simulations can usually
be used while inserting theoretical or measured temperature data, but an analytical function
would not descript both cases. Theoretical values generate on the basis of historical data or
meteorological models as a series of pairs of points [t, T'(¢)]. In the context of applications in
the field of entomology, measuring this data through the use of a meteorological station or a
datalogger placed is required in a specific point of interest for the simulation if one is to predict
the populations of the insect pests to be controlled. Furthermore, to perform the simulations,
it is possible to insert forecasted temperatures for the following in according with a weather
forecasting system. All this implies it is impossible to solve the system (3.2) in an analytical
form (because of the varying daily temperature) - a numerical solution is needed. The developed
simulator uses the finite difference method to obtain a discrete form of the DDM [34]. One of the
inputs needed for the simulation, is the mean development time value for the specific daily aver-
age temperature measured. Performing this operation requires a macro with the task to input
all the estimated parameters related to the development rate function, the daily temperature,
as well as to provide the corresponding development rate as output. Moreover, to complete the

operation, it is necessary to convert this result in development time, D[T], using the expression
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(3.1). A dedicated macro to work out this process has been developed: functioncalculator. The
need to have a fast screening to determine the average development time on the basis of recent
temperatures drives the decision to exclude this result from the simulator. In this way the simu-
lation software has only one input that encloses all the results of the laboratory and acquisition
data phase. At this point, the simulation process involves only the numerical solutions for the
system (3.2). Typical research concerning the use of a modelling approach to forecast insects’
life cycle ends with a validation process. It is necessary to compare the series of simulated curves
provided by the simulator with field data, monitoring the results. Determining the individuation
of which is the most faithful simulated curve to the experimental data is difficult, and manual
realization takes a long time. To optimize time and resources, this study developed a conclusive

macro. In the results section, we show the details of each developed macro.

3.4 Results

More macros that are organized by the experimental guidelines articulate the “DSimulator”
(Delay Simulator). The logical succession represents every step followed by an entomologist
while estimating parameters, simulations and validations with field data. One of the advantages
of using ROOT’s libraries is to develop every macro independently with respect to one another.
Each can be launched and used independently through ROOT’s command line. In addition, this
study developed a main interface that collects all of these tools to permit multiple actions when
all data are available.

Even if ROOT is not difficult to use, a little knowledge is required with regards to ROOT’s
basic commands, such as “.x DSimulator.c” to load and run macros. A peculiarity of this
software is its speed in reaching results: every output and input file becomes available to all
tools that need such information. Users can report their data in specific .txt files, then at the
end of every process, they can find results in a clear way printed in .txt output files, in ROOT’s
shell, and in a “canvas” with charts. To better understand the capabilities of this structure, we

show every single macro in detail:

- graph2Dpunti: this is the first and the simplest macro built, and it is very close to ROOT’s
basic functions. This is a solution to a typical need during experimental trials: creating
charts with acquired points and corresponding error bars. The user can report data in a
file named “graph.txt”, dividing them into four ordered columns which represent x-axis,
y-axis, x-values errors and y-values errors. Launching this tool also creates a “canvas”
containing the corresponding chart. Some ROOT’s operations are available through the
toolbar, such as linear, gauss, polynomial and exponential fitting. One can change the
plotted points and adjust them by selecting different styles. There is finally a possibility
to export the graph as a .pdf file.

- fiterlang: after a cohort of insects ended its lifecycle in climatic cells, it is possible to
estimate the corresponding developmental time. The easiest thing to do is to calculate

the average value and its corresponding standard deviation. A procedure like this is often
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justified because big data is relatively unavailable, and the point’s shape seems to be
a normal distribution. Nevertheless, many publications [21], [27], [33], [82] have shown
that the Erlang PDF-function (3.3) is more appropriate for describing the exit times of
an insect population whose individuals all started their lifecycle in the same day. The
approach considered introduces greater precision in experimental results but complicates
the calculation operations. With ROOT it is possible to build a macro in which scientists
can input a .txt file called “erl.txt” containing four columns ordered as descripted above
for the “graph2Dpunti” tool: time-values, number of individuals, and their corresponding
errors. It is complicated to give an estimation of the error for the number of individuals, so
it is common to consider only time as a variable, which varies with respect to the sampling
rate. After macro’s launch, there is a possibility to choose between a no mortality Erlang
function [15] and a mortality Erlang function [16], [83]. The main difference is that the
first is like (3.3), with three parameters to estimate, whereas the second has a similar shape
but contains another parameter, AR, which represents the mortality coefficient meant as

an attrition:

fey = (D?T])h' <hth—_11>! . S (38)

Given “erl.txt” in input, “fiterlang” tool returns a .txt file named “Erl _fitris.txt”
containing the initial values chosen to start the fitting process, the best fit parameters value
with their corresponding errors, the y2-value, the adjusted R?-value, and the number of
degrees of freedom. The correlation matrix is shown only on ROOT’s console. Another
output is a canvas containing a double chart, with the possibility to export it: only the
experimental points are plotted on the left, and the right represents the fit results (points,

best fit function and a resume of the values).

Dot + Fit chart
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Fig. 3.1: Example of non-linear fit using “fittasso” macro. This is a screenshot from the .txt file in

output, corresponding to the graph in Fig. 3.2. Data for the calculation are from Toapanta et al. [53].
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- fittasso: it operates in the same way as “fiterlang” described above. There are many input
files based on the type of function with which users want to operate: “LSDM.txt” is specific
for Logan and Sharpe and De Michele development rate-function, while “briere.txt”
and “tassolin.txt” are dedicated respectively to Briére and linear development rate-
functions. When macro is loaded, it is possible to choose which kind of fit is neces-
sary, thereby obtaining results in .txt files (“LSDM_fitris.txt”, “fitlin ris.txt”,
“Logan fitris.txt”). This indicates the initial values for the fitting process, the best
fit parameters with their errors and, lastly, y2-value, adjusted R?-value, and the number
of degrees of freedom (Fig. 3.1). Additional helpful information includes the coordinate
(Tmaz, R[T]max) related to the maximum of each function discussed. Information such as
this is important because it indicates the optimal temperature for a species’ development.
In addition, the associated errors are reported. Two charts containing a canvas provides

a graphical view (Fig. 3.2), available in the same way as through the “fiterlang” tool.

Briere FIT FUNCTION: fit a Briere function of the type RIT] = [al#T=#(T-
[T_@])#pow( ( [T_LI-T), (1/[ml))

Initial value setted for a = 1.0e-03
Initial value setted for T_8 = 1.2e+01
Initial value setted for T_L = 3.4e+01
Initial wvalue setted for m = 3.8e+00

FIT RESULTS:

* * * * * *

B.24659e-85 +f- 7.B86687e-06

a =
T8 = 5.6576e+00 +f— 2.3766e+00

T_L = 3.3308e+01 +f— B.09511e-01

m= 4.59082e+00 +f- 1.9167e+08

ChiSquared = B.798@

Coefficient of determination (R*2) = ©.985

Adjusted coefficient of determination (R™2_adj) = @.955
Degrees of freedom = 3

Optimal temperature:
T_opt = 31.658366 +/= 1.436632
Optimal rate value R[T_opt]:

R[T_opt] = 8.997128 e B.814256

* * * * * *

Created by Luca Rossini

Universita' degli Studi della Tuscia, Viterbo

Fig. 3.2: Example of non-linear fit using “fittasso” macro, which is the most important of the two
charts. This is a Briére fit function with data for the calculation from Toapanta et al. [53]. The results

are provided in graphical mode.

- fitlineare: linear regression is one of the most common operations when working with data.
Even if ROOT has a specific tool for linear fitting, and even we also added a function of
this type in the last macro, we deem it appropriate to include a tool on the logic line of the
others. In a .txt file named “fitlin.txt”, it is possible to insert the x-values, y-values,
and their respective errors into four columns. The outputs are a canvas with two charts

and a .txt file, “lin fitris.txt”, with the same list mentioned in “fittasso”.
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- functioncalculator: a development rate-function is needed for a simulation, because when

recording the daily temperature, it is possible to know the daily development-rate (or the
daily mean development-time). The task of this tool as follows: it takes for its input
the daily average-temperature and evaluates the rate function of these points. The input
file is called “dailytemp.txt”, and it is composed of two columns. The first accounts
for days, and the second reports the corresponding average temperature. After launch,
the user can choose which kind of development rate-function to use before inserting the
corresponding best-fit parameters (evaluated with “fittasso” macro). A final question is
whether the user wants only to calculate rates and average times, or to also visualize the
results in a chart (Fig. 3.3). Results can be found in two .txt files, “DailyRate.txt” and
“MeanDevelopTime.txt”. A specific control in the code eliminates temperatures greater
or less than the development thresholds for the analysed species so as to reduce distortions

in simulation due to abnormal values.

Daily rate function from linear rate Mean Development time from linear rate
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Fig. 3.3: Daily rate function (left) and daily mean development time (right) from linear rate function,
worked out with “functioncalculator” macro. A linear rate function has been calculated with data from
Toapanta et al. [53]. The rate is relative to the daily temperature registered during a period of 50 days,

the information for which a meteorological station provides.

- Simulatore 1.0: one of the needs introduced is to solve the system (3.2) numerically, and
now, with previous tools, we have all the input files we need. The time-scale is daily, and it
corresponds to each step in Euler’s method [84]. All the equations are located in columns,
then incremented row by row. A configuration of this type means that every row corres-
ponds to the daily value for each h-th equation. There are different input files that merit
discussion here: the first is the “cohort.txt” file, which reports the initial population if the
information is available. If such information is not available, there is a “standard” file that
concentrates a cohort on the day zero, meaning that the other days have 0 (zero) values.
A configuration of this type causes results to be read as probability densities values. The
peaks will therefore represent the most probable developmental period. The second input
is “MeanDevelopTime.txt”, the output from “functioncalculator”, which provides the cor-

responding daily-value of the mean development time, D[T'(¢)], shown in the system (3.2).
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Because of how “functioncalculator” is built, there are many “MeanDevelopTime.txt”
files that are ordered in different folders. When the user loads “simulatore”, the program
asks them which kind of developmental rate-function is preferable, thereby ensuring the
right one is used. Outputs in this case are different. A folder stores a series of .txt files
called “h=number.txt” in which “number” is indicated by the corresponding equation’s
number. Each file is composed of two columns, one relative to the number of days, and
the other to the corresponding Erlang’s value, calculated numerically. Before the end of
the process, it is possible to choose which files to represent in a canvas composed of four
charts (hence must be chosen four h-values), and then which files to represent in a single
chart (Fig. 3.4). The guideline to have numerical and graphical results is maintained here.
In addition, between the outputs there is a last file named “simulerlang.txt” in which
all the single h-files are gathered into columns. Before the calibration, it is difficult to
understand which is the most correct file, but afterward the user has the “best h-value”

available.

Probability

Fig. 3.4: A simulation output from the “simulatore” macro. Data relate to the lifecycle of Anthonomus
eugenii at constant temperature (24°C), with a Briére rate function in input. Data for the Briére’s rate

function parameter estimation are from Toapanta et al. [53] (Fig. 3.1).

- calibratore: in the previous section we indicated there is a need to know which h-value
corresponds to reality. The Euler’s method application to Manetsch’s equations has the
inconvenience of needing to solve all equations because it lacks a formula that relates the
experimental h-value with the h-th system equation. To resolve this problem, there is
“calibratore”, which takes as its input “obserlang.txt”, a file containing field validation
data organized in two columns: days and the number of individuals. The sum of the
standard deviation between each point and the nearest h-value is printed on the ROOT’s
console serve to compare every h-file resulting from “simulatore”. That value is the one

to read in every future simulation.

- DS terminal interface: a primary interface collects and presents all macros described above.
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The user can choose what they intend to use by typing the corresponding letter. In that

way, it is possible to save more time between operations.

3.5 Discussion and Conclusions

In the context of entomological modelling, several studies have discussed building software using
one of the existing programming languages, as well as which among the languages is most ad-
aptable. The operation presented in this article, if entrusted to a software company, can absorb
many economic resources (i.e. to pay developers or software licenses [85]). Furthermore, a com-
mon problem is that there are communication difficulties between users and software developers
- typically belonging to different scientific fields. Misunderstandings are often responsible for
time delays due to software adjustments [86], [87]. The economic aspects, together with the pos-
sible but not immediate availability of the professional roles required, penalizes small scientific
groups, above all in developing countries [88]. With this work, we present an application in the
field of entomology of an existing and powerful open-source software that does not require a
deep knowledge of programming language. This current development is only an early version,
and future developments are likely to include several additional functions, such as mortality and
fecundity rates, as well as an estimation of the errors beginning from the firsts steps until the
simulation. It is important to indicate that this study has not considered two aspects: the mor-
tality and fecundity rate. However, these represent a simple modification to add in future works
without making major changes in what we have illustrated. An additional modification would be
integration with other common models used in population dynamics, such as the Von Foerster
equation [57] and other models based on Markov chains [27], [89], [90]. The user in this way
could have a broader choice so as to align with their needs. An improvement of this kind would
be an extension of software usefulness in ecology. Last but not least is the will to transform the
“DS terminal interface” into a graphic one that is simple to use and that can allow management
of more operations. ROOT represents a good basis for our aims. It poses wide documentation
and a large community of users, and it covers all the most common mathematical operations
through its various functions [91]. The importance of modelling approaches in Integrated Pest
Management has been increasing. A good forecast is important as a Decision Support System
to show to Agronomists and Technicians which is the better moment for chemical treatments,
and for the launch of natural enemies in the case of biological control. Furthermore, Gutierrez
et al., in their recent works [19], [20], [92] illustrated that modelling in agriculture is important
also for projections of the risks in the case of an increase of temperatures due to climate change
[93]. This aspect has great importance in the twenty-first century; in plant protection it enforces
the role of simulations, but it is also important in relation to the problem of invasive species.
Such alien species establishing and spreading are the consequences of increased human mobility
and global trade [94], and this problem’s prevalence is evidence of the far-reaching effects of
global warming [95], [96] that has exponentially sped up [97], [98]. The introduction of invasive
species represents a threat for composition and processes of ecosystems, causing a decrease of

native species abundance and richness [99]. This also leads to an increase of costs associated
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with their management and damage [100]. Simulations are of crucial interest to provide a quick
response to scientists, farmers and technicians to plan an eradication or control strategy of the
non-indigenous species. This study uses applications of the described ROOT’s libraries in the
case of two alien species to Italy (A. eugenii and T. absoluta), and they will be the object of

further publications.
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Chapter 4

Towards a new model: limitations of
the Distributed Delay Model

“I think theories are just a way to hide
the difficulties under the carpet”

- Richard P. Feynman

The Distributed Delay Model, despite its wide use, presents issues related to its calibration
and validation, above all if applied in varying-temperature conditions. In fact, the main issue
is the lack of a direct correspondence between the number of insects’ life stages (or preimaginal
stages) and the number of model’s equations. This third article [51] analyses these criticalities
and proposes an alternative methodology to estimate the h parameter. The results and con-
siderations emerged from this study led to the fomulation of two new models, the main goals
reached during the PhD work.

Article details:

Title: Distributed Delay Model and Von Foerster’s equation:
Different points of view to describe insects’ life cycles
with chronological age and physiological time

Authors: Luca Rossini, Stefano Speranza and Mario Contarini

Corresponding author: Luca Rossini

Journal: Ecological Informatics
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Distributed Delay Model and Von Foerster’s equation: different
points of view to describe insects’ life cycles with chronological

age and physiological time

4.1 Abstract

Mathematical models are a powerful tool when used to describe ectotherms’ life cycles, above
all for their suitability in being utilised for decision support systems. In particular, two models
continue to arouse the interest of the scientific community and inspire new developments: the
Manetsch-VanSickle Distributed Delay Model and the Von Foerster equation. Even though
these models have been widely studied, discussed and applied, some aspects relating to their
different points of view in representations of the same life cycle are yet to be explored. One of
the main issues open for ongoing investigation is the different modes of division in preimaginal
stages, which leads to different interpretations of the concept of age between the two models.
The Distributed Delay Model considers a subdivision in h chained preimaginal stages with the
same size, based on the concept of physiological time, in which the development of the species is
related to the daily average temperature. On the other hand, the Von Foerster equation considers
chronological age, defined commonly as a time with a different scale. This work highlights the
analogies between the two models and shows, using the case study of L. botrana, how to obtain
the number of the h stages considered by the Distributed Delay Model, from the number of
observed preimaginal stages of the Von Foerster equation. To make the models comparable, the
upwind scheme has been applied to the Von Foerster equation, leading to a system of ordinary

differential equations that is similar to the Distributed Delay Model.

4.2 Introduction

Nowadays, the availability of reliable mathematical models describing the life cycle of ectotherms
is broad, as are their applications in decision support systems. Among this variety of choice, two
models in particular continue to arouse the interest of the scientific community, though they were
introduced several years ago: the Von Foerster equation (VFE) [57] and the Distributed Delay
Model (DDM) [15], [16]. Their distinguishing feature is their ability to represent a cohort of
individuals developing over time and through their life stages, making them suitable to describe
populations of ectotherms. After their first introduction, in fact, these models were widely
applied in several case studies, ranging from plants and insects to fish populations, and they
were an important milestone for the development of more recent physiologically-based models
[31], [101], [102]. The VFE considers age as a time with a different scale, while the DDM connects
the mean development time of the population with a series of sub-models, which describe the
relationship between the species and environmental parameters. Therefore, the DDM has the
added value of considering age not as a time with a different scale, but as a “physiological time”
[52], [103], essentially defined as the units of degree days [58], [104]. The units of degree days

are represented in different ways, ranging from the simplest definition of “thermal summation”
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[25], [78], to more accurate development rate functions [45]. With this precondition, VFE and
DDM seem at first sight to be two different models and thus not correlated; however, the work
of Plant and Wilson [58] showed that it was possible to obtain the DDM from the VFE. Their
work suggests that these two models only differ from each other in having different point of
view in representing the same life cycle, suggesting a connection between chronological age
and physiological time. A mathematical congruence between DDM and VFE was subsequently
argued in a more straightforward way by Gilbert et al. [14]. The VFE and the DDM represent an
insect’s life cycle as a black box made up of chained boxes, known as substages [105], [106]. These
substages are driven by the environmental parameters in the case of the DDM but this is not
the case in the VFE. Accordingly, from an experimental point of view, the modelling approach
provided by the DDM is more suitable to describe ectotherms, while the VFE is more appropriate
for homeotherms. On the other hand, the DDM requires the additional step of calibration to
estimate the parameters before the validation [42] and consequently involves greater effort during
the experimentations. The issue implicit in the DDM is the h parameter, defined as the number
of stages in the delay process [107]. The biological meaning is not completely clear, since there
is not a direct connection with the number of observable stages in insect life cycles. In the first
description provided by Manetsch [15], h also represents the number of the system’s equations.
Hence, h is one of the unknown values of the model, and further experimental data are needed
for its estimation [35]. Chronological age in the VFE, however, has the advantage of being fixed
depending on the case study. Initially it could be considered reasonable to determine the age
according to the number of observable stages in an insect’s life cycle, but there is no information
about the duration (in time units) of each stage. Expanding from the work of Plant and Wilson
[58], this study proposes a way to overcome the problem of the estimation of h in the DDM,
using its connection with the VFE. Moreover, to test the reliability of this new methodology, an
example of its application in the case study of the European grapevine moth, Lobesia botrana

(Denis & Schiffermiiller) (Lepidoptera: Tortricidae), is given.

4.3 Materials and Methods

4.3.1 Connections between Distributed Delay Model and Von Foerster equa-
tion

From a theoretical point of view, insects’ life cycles can be described using a single big block,
where input and output flows illustrate the distribution of eggs and adults respectively. However,
this approach lacks information about the preimaginal stages, for which reason several authors
[21], [25], [31], [43], [105] set out a more realistic scheme, detailed in Fig. 4.1. The preimaginal
stages can be schematised by a series of chained boxes contained in the single big block, making
up the whole life cycle. Manetsch and VanSickle [15], [16] used this assumption to introduce
the DDM, specifying that all the substages have the same duration. The total duration of the
life cycle is divided into h parts where the individuals of the initial cohort are distributed [21].
Mathematically speaking, the DDM is represented by a system of chained Ordinary Differential
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Equations (ODEs), one for each substage drawn in Fig. 4.1 [2], [49]:

GO0 = 50 = Qi) | 5 + )]
Q0 = Qi) - Qu(t) D’”(Lt) n M2<t>: (4.1)
SO0 = 5 Qua0) = Qult) | s + M)

The variables contained in the system (4.1) are: @, (t), the number of individuals into the
n-th stage; h, the number of substages; D(t), the expected life cycle’s duration; M,(t), the
specific mortality rate function for the n-th substage. D(t) and M, (t) are usually estimated

with laboratory experiments, while a different situation concerns the parameter h.

Ry (1) Ry(t) R3(t) Rp-1(t)
Ro(t) —— XG) Q:(t) Q) F— - = Rp(t)

M, (t) M, (1) M;(t) My (t)

Fig. 4.1: Schematic representation of an ectotherm organism’s life cycle. The whole life cycle can be
considered as a single big block composed of a series of chained substages. Considering the n-th stage,
R,—1 (t) and R, (t) are the input and output flows respectively, M, (t) is the mortality flow and Q. () is

the number of individuals into the next stage.

Manetsch [15], VanSickle [16] and Severini et al. [21] indicate h both as the number of
substages involved in the process and as the number of equations in the model (4.1). However,
experience suggests that the preimaginal stages composing an insect’s life cycle do not necessarily
have the same duration: for example L. botrana passes most of its life cycle as fifth instar larva
and pupa [55]. Accordingly, there is no correspondence between h and the observable life stages
and this means that h is one of the unknowns of the DDM, whose determination requires a
calibration experiment. A method to estimate h from field data was proposed by Rossini et

al. [49]. In particular, they proposed: i) to numerically solve a high number of equations

such that

of the system (4.1), and ) to consider the h value appearing in the fraction

the convergence of the numerical scheme is ensured. Subsequently, each numerical solution is
compared with the adults’ population density provided by a field experiment. The reliability
of this method is based on the assumption that the only observable life stages having a direct
correspondence with the DDM equations are the first (the distribution of eggs) and the last
(the distribution of adults). In fact, referring to Fig. 4.1, it is possible to see that the left and
right borders of the big black box (the whole life cycle) are the first and the last substages,
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respectively. The unknown data is how many substages there are between the first and the last
substages, and for this reason they can be defined as “non observable substages” [108]. The

overlap between field data and numerical solutions [30], [42] is evaluated by the x2-function,

defined as:

2= i (Dp = 8n)* (4.2)

and where S,, and D,, represent the simulated and field data, respectively. Equation (4.2)
compares the N daily values of the field population with each corresponding daily value of
numerical solutions calculated for DDM equations. In force of the aforementioned assumptions,
the last equation (the h-th) of the system (4.1) is the equation with the lower y2-value, and it
will provide any further simulation for the species. However, this method is highly expensive
from both an IT and experimental point of view, and that is why an alternative method is

required. Let us introduce the McKendrick-Von Foerster equation [57], [109],

) )
S N(t a)+ 5= N(t, a) = =M(t, a) - N(t, a) (4.3)

which describes the density of a population N(t, a) evolving over time ¢, chronological age

a and with mortality rate M (¢,a). As evidenced by Plant and Wilson [58], equation (4.3) can

be discretized in the age variable a using the method of lines, also known as “upwind scheme”

[110]. Next, there is a sequence of values a,, with the condition a,, < a,4+1, with the aim to

replace the continuous variable a [31]. Moreover, considering the interval A, = a, — a,—1 the

partial derivative on the age variable can be substituted with its discrete approximation:
0 N(t, an) — N(t, an—1)

%N(t, a) = An

(4.4)

The discretization can be also extended to mortality M (¢,a) which is now M(t,a,). To
avoid confusion, let us change the notation from N (t,a,) to N,(t) for population density, and
from M (t,a,) to My(t) for mortality. Hence, the VFE (4.3) is now transformed into a series of
chained ODEs, similar to Manetsch’s DDM (4.1):

iM@:iMM_M@fi+M@
LNy = LN (1) - Nat) - | = + M) L5
a 2 = A2 1 2 _A2 2 ] ( . )
| N0 = ) = o) [+ )

Since chronological age a is defined as a time with a different scale, this assumption is
maintained also for its discrete form. Before continuing, two additional assumptions are needed:

i) each equation in the system (4.5) identifies only an observable life stage and, i) A, is the
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duration, in time units, of each observable stage. The analogies between the system (4.1) and
(4.5) suggest a comparison of the h-th and i-th equations, respectively, namely the last ones
of both the systems which describe the temporal distribution of adults. A graphical support is
provided in Fig. 4.2, where the two different subdivisions of the same life cycle adopted by the
systems (4.1) and (4.5) are compared.

Whole life cycle: Distributed Delay Model
A

n=20 -_— n=1 -_— n=2 -_— n=3 -_— o I n=~h

h non-observable substages

Same temporal duration

n=0|—— n=1 -_— n=2 -_— o -_— n=i

i observable stages

Whole life cycle: Von Foerster equation discretized with the upwind scheme

Fig. 4.2: Comparison between the representation of an insect’s life cycle using the Distributed Delay
Model and the Von Foerster equation discretized with the upwind scheme. The duration of the whole life
cycle is the same, but the DDM considers a life cycle composed by a series of non-observable substages
of the same size, while the Von Foerster equation considers a defined number of observable preimaginal

stages, but with different temporal durations to each other.

Hence, either h or i provide the distribution of adults. In the light of the assumptions,

comparing the last equation of the system (4.1) and (4.5), the following equivalence is obtained:

1 h

[ 4.
A;  D(t) (4.6)
that, if inverted, provides the value of h:
D(t)
h = 4.
T (4.7

However, a final consideration is required regarding the expression (4.7). As already dis-
cussed, the A, values have different durations to each other. Let us define the “stage unit” as
the expected time of each observable life stage in the system (4.5). In other words, it is possible
to indicate the A, values as a sequence of natural numbers Ay =1, A =2, ... , A; = i which
clearly identifies the observable life stage described at the bottom of Fig. 4.2. This definition
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leads to the final version of the expression (4.7):

(4.8)

which provides a method to estimate the h value in the DDM, once the number of observable

stages for an insect’s species is known.

4.3.2 Verification of expression (4.8)

Working with the observable stages 7 allows their number to be fixed from biological observations.
Hence, the experimental part of the present work aims to confirm the number of observable
stages of L. botrana from a simulation with the DDM (4.1). If the number of observable stages
1, resulting from the experimentation detailed below, is consistent with the theoretical value
obtained from biological observations, then expression (4.8) is a reliable method to estimate h.

The application of the DDM requires, as input, the daily average temperatures 7'(t) recorded
in the experimental field. These values will be processed by the development rate functions, a
family of expressions which puts in relation the mean development time D(¢) and the temper-
ature [49]. Even if there are various development rate functions available in the literature [44],
[45], the Logan formula [46], [52] was used for this study. The application of the development
rate functions in the case study of L. botrana was explored by Rossini et al. [30], [42], as well
as an estimation of parameters. Mathematically speaking, the Logan formula is presented as

follows:

1

m _ - exp (pT(t)) — exp (pTM — W)} (49)

where T'(t) is the daily average temperature recorded in the field; ¢ and p are empirical
parameters; Ty is the upper temperature threshold above which the species cannot develop
and; AT indicates the range of abrupt collapse due to high temperatures.

Expression (4.9) is subsequently inserted in a form of the system (4.1) discretized with the
Euler’s difference method, as reported by Manetsch and VanSickle [15], [16], and computed with
the tools presented by Rossini et al. [49]. To test the expression (4.8), only the third and last
L. botrana generations recorded in the field were simulated (see Section 2.3), while the flights
of the second generation were used as initial conditions for the numerical scheme, as already
reported by Rossini et al. [42]. The next step was the determination, through the expression
(4.2), of the numerical solution which fit better with the field data.

The parameters h and D(t) were estimated from the numerical solution chosen in the previous
step, in the light of the following reasoning. As highlighted by expression (4.9), the expected
time D(t) depends on the daily average temperature recorded in the field. Since there is not
an analytical expression to represent the temporal variation of the daily average temperature
along the year [41], [42], a numerical scheme for the system (4.1) is the only reasonable solution.
On the other hand, considering the definition of physiological time [52], [82], the daily increase

in the insect’s development depends on the daily average temperature. Each of these daily
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contributions designs, at the end of the life cycle, an average temperature value Tpp, called
“total development temperature” [56], associated with the mean generation time D(Tpr). This
consideration allows the introduction of the Erlang Probability Density Function (Erlang PDF)
which is, as showed in literature [21], [34], [38], the analytical solution of the time-invariant

version of the system (4.1):

h

h h ph—1 —— 1
F(t)=N- (D(TDT)> i D(Tpr) (4.10)

Hence, fitting the numerical solution selected by the expression (4.2) with expression (4.10)
it is possible to estimate N, the total of the individuals within the population, h, the number of
non-observable substages in the DDM, and D(Tpr), the mean generation time. The non-linear
fit was calculated with the tool indicated by [49], and then evaluated with the adjusted R2-value,
and through a x? test. The final step of the analysis provided for the insertion of h and D(Tpr)
into the expression (4.8), solved for i:

(4.11)

7 =

D
h

to check if the number of observable stages, i, is consistent with its theoretical value,iz,
derived from biological observations. Since the non-linear fit (4.10) provides the best fit para-

meters, N, h, D and their associated standard errors oy, op, op, using the propagation of

o (D 2+ o (D 2
7 =\ lon\n) " oD \n) 7P|
1 [D*
“u\ 7z ohtor

it has been possible to calculate the error associated to i in the expression (4.11).

uncertainty formula:

(4.12)

4.3.3 Lobestia botrana: biology and field survey

The validation of the method described in Section 4.3.2 was conducted in the case study of the
European grapevine moth, Lobesia botrana. This choice of species was primarily determined
by the high levels of interest surrounding this insect, due to the high rate of damage that it
causes in grape fields. Its harmfulness lead scientists to delve into its biology: the relationship
between temperature and mean development time was discussed by Briére and Pracros [111],
and Moshtaghi Maleki et al. [55]. In particular, they provided the life tables, a common tool
in entomology to analyze the response of poikilothermic organisms to thermal variations [48].
Meanwhile, Rossini et al. [30], [42] used data from Moshtaghi Maleki et al. [55] to test various
development rate functions and in addition provided the parameters for the Logan expression
(4.9). The other biological information needed to validate the expression (4.8) concerns the

number of observable stages in the life cycle of the European grapevine moth. From the specific
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literature [55], [111], [112] it emerges that L. botrana has a total of iy, = 7 observable stages,
divided into egg, 5 larval instars, pupa and adult, considering the egg stage as i = 0. Alongside
this, data about the field population were provided by Rossini et al. [42]. In particular, they
conducted a three-year survey in the Castelli Romani area (Lazio, Italy), monitoring the adult
flights of the three generations usually reported in that area. The validation of the expression
(4.8) involved only the second and the third generation of the experiment year 2015 in applying
the procedure detailed in Section 4.3.2. As reported by Rossini et al. [42], adult males were
captured with three pheromone sticky traps (Biogard BDT Delta trap, Biogard CBC Europe
S.r.l.), which were deployed in the vineyard and checked weekly. More specifically, traps were
hung in the plant’s canopy and left in the field from April to September. The daily average tem-
perature was recorded using an automated meteorological station (AWS310, Vaisala company,

Helsinki, Finland) placed in the vineyard (which recorded 48 measurements per day).

4.4 Results

The first adult of the second generation was caught on 1%t June 2015 and, accordingly, this
day was fixed as the starting point for simulations. As explained in Section 4.3.2, these data
were inserted as initial condition into the numerical scheme, together with the daily average
temperature values recorded by the meteorological station in the field. Third generation’s adults,
however, appeared on 15t July, provided a maximum peak on 16" August and ended on 237
of September, determining the end of the simulation. Moreover, the daily average temperature
was inserted into the discrete version of the system (4.1) using the Logan expression (4.9), whose
parameters are listed in Table 4.1. To ensure the convergence of the numerical scheme, a value
h = 9 has been assigned, and a number of 250 equations for the system (4.1) were solved.
Each solution was then compared, using the expression (4.2), with the field data of the third
generation, in order to detect which was the nearest. With a x? = 37.994, the 21°¢ solution
was selected: a graphical comparison between the elected simulation and the third generation’s
flights is showed in Fig. 4.3.

Table 4.1: Parameters of the Logan development rate function used for the simulation with their
corresponding standard errors. Additional information is provided by the y2-value, adjusted R2-value

and the number of degrees of freedom (NDF'). These data were retrieved from Rossini et al. [42].

Logan rate function parameters (£SE) x2-value Rgdj—value NDF (n)

Y= (7.0+£0.5) 1074

p=0.18 + 0.04
Ty = 34.140.8 0.0019  0.925 2
AT =4+2

From the plot in Fig. 4.3, it is possible to notice the accordance between the simulation

and observed data: the field population’s peak occurred on 16" August, while the simulation
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indicated the same value on the 53¢ day, namely 15" August. Following the procedure described
in Section 4.3.2, fitting the numerical solution with Erlang PDF (4.10) with the computational
tools presented by Rossini et al. [49], the parameters N, h, and D(Tpr) were obtained. The
best fit values are listed in Table 4.2, while a graphical comparison is plotted in Fig. 4.4.
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Fig. 4.3: Comparison between the third-generation flights occurred in the experimental field and the

simulation. Error bar on field data is fixed to +3.5 days, half of the sampling range [42].

Table 4.2: Erlang PDF (4.10) best fit parameters and their standard errors. Additional information
are provided by the y2-value, by the adjusted coefficient of determination Ridj and by the number of

degrees of freedom NDF.

Erland PDF parameters (£SE) x2-value Rgdj—value NDF (n)

N = 6500 £ 10
h=9.0+0.6 39.47 0.969 85
D =618+£0.7

The Rgdj—value (listed in Table 4.2) close to 1 and a x2-test, which reported P < 0.001,
indicated a good accordance between the Erlang PDF (4.10) and the numerical solution of
the system (4.1). The last step of the present study provided the calculation of i and its

corresponding error o; using the expressions (4.11) and (4.12), respectively:

i=6.8+0.3 (4.13)

This value is consistent with the theoretical value derived by biological observations which

is, as reported in Section 4.3.3, iy, = 7.
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Erlang PDF and simulation
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Fig. 4.4: Best fit function with expression (4.10) using “fiterlang” macro from Rossini et al. [49].

4.5 Discussion and Conlusions

The results above provide various types of information about the relationship between insects’
life cycles, the Distributed Delay Model and the Von Foerster Equation. The main result is surely
contained in the expression (4.13), where the consistency between the results obtained applying
the expression (4.11) and its theoretical value iy, has been demonstrated. The advantage of this
result lies in the applicability of the expression (4.8) to estimate the h value, which is helpful
during the application of the DDM. In fact, the value iy, derives from biological observations and
it is usually determined with laboratory rearing [48]. Moreover, it is possible to estimate a mean
generation time D(Tpr) even if the daily average temperature fluctuates. A possible strategy,
in fact, is to analyse the daily average temperatures during the days of the experimentation or
simulation, and to find an average value Tpp. Hence, through the development rate function it
is possible to obtain D(Tpr), to substitute in the expression (4.8). At this point, the value h
for the DDM application is provided.

The second relevant result of this work concerns the possibility of approximating an insect’s
development in varying temperature conditions, with an insect’s development in constant tem-
perature conditions. In particular, this evidence has been shown through fitting the numerical
solution of the system (4.1) with the Erlang PDF. The Erlang PDF is the analytical solution of
the system (4.1), and a constant temperature development implies that D(¢) is time-invariant.
On the other hand, the numerical solution is required in case of time-varying temperature,
because in this case the mean development time D(t¢) changes day by day. However, at the
end of the development, it seems that each daily contribution leads to an average temperature
value, Tpr, confirming, also, the hypotheses of Colinet et al. [56]. Hence, numerical solutions
are required because the daily average temperature changes on time, and there is need of direct

measurements. The Erlang PDF describes the numerical solution of the system (4.1) accurately;
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this implies that the organisms accumulate heat units day by day, leading to a final averaged
value. In other words, this result shows that high fluctuations in the daily average temperatures
do not provoke abrupt increases or decreases in insects’ development.

This work has investigated the connections between the DDM and the VFE, showing how
effectively physiological time is a clear indication (in time units) of insects’ life stages. This
connection extends the applicability of the Von Foerster equation to the world of ectotherms.
The considerations discussed in this work, in fact, led Rossini et al. [31] to formulate a model
which includes some principia of the VFE (such as a PDE-based age-structured model), and
some principia of the DDM (the dependence of stage duration on environmental parameters).
In fact, on the one hand, a method emerges from this study to estimate A in the DDM; on the
other hand, the difficulty in applying both the DDM and VFE to ectotherms remains. Hence,
merging the issues highlighted in this study, it is possible to conclude that: i) reliable models
to describe insects’ life cycles need to consider physiological age instead of physiological time or
chronological age, and i) there is a need to extend the concept of the development rate function

including other environmental parameters.



Chapter 5

A novel model: the “Generalised

Von Foerster equation”

“Do. Or do not.

)

There is no try.’

- Master Yoda

The times are ripe. After the deep exploration of the Distributed Delay Model and of
the Von Foerster equation, a novel model was formulated in this article [31]. The result is a
modified version of the Von Foerster equation where a function called “generalised development
rate function” is introduced. More specifically, this function act as a trojan horse introducing
the relationship between insects’ development and environmental parameters. Moreover, the
main advantages of this new equation are i) its suitability to be included in ad hoc calculation
software, and i) an easier validation, since there is a direct correspondence between insect’s life

stages and physiological age. Hence, this article represents the first main goal of the PhD work.
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A novel modelling approach to describe an insect life cycle vis-
a-vis plant protection: Description and application in the case

study of Tuta absoluta

5.1 Abstract

Tuta absoluta (Meyrick) (Lepidoptera: Gelechiidae), commonly known as the tomato leaf miner,
is arousing interest throughout the scientific community because of its aggressiveness against
Lycopersicon spp., Capsicum spp. and Solanum spp. Significant economic losses surrounding
the tomato plant have been reported in different parts of the world and these are, above all,
the result of the immense capacity of the tomato leaf miner to reproduce within its life cycle,
which spans an average of 30 days. The aim of this paper is the demonstration of a novel
mathematical model capable to describe ectotherms life cycle, and to test it in the case of T.
absoluta. A mathematical description can help farmers and stakeholders to forecast when the
stages at which the insect is most susceptible to control strategies, will be reached. This will allow
timely planning for the performance of the most efficient and environmentally friendly control
strategy. The model is based on a first order partial differential equation, which can describe the
density of population in function of the time ¢, and physiological age x, and which is driven by the
environmental parameters and fundamental conditions for poikilothermic organisms. The result
is a simulation of the life cycle, which depicts that the development of the insect is largely due
to daily average temperature. This study is strengthened by double validation with semi-field

data collected in an experimental greenhouse.

5.2 Introduction

Tuta absoluta (Meyrick) (Lepidoptera: Gelechiidae) is one of the most prominent pests in tomato
farms. Its origins are found in South America [113], where it has been responsible for economic
loss for many decades. In recent years, however, the presence of the tomato leaf miner has been
reported in other countries. In Europe, the first reporting was in Spain in 2007, followed by Italy
in 2008 [114]-[116]. The most affected plant genera from the Solanaceae family belong mainly
to the Lycopersicon genus, but T. absoluta becomes increasingly threatening when aggressively
infests other genera, such as Capsicum and Solanum [117], [118]. In Italy, susceptible target
zones are areas cultivated with tomatoes, potatoes and peppers, such as the Fondi area in the
Lazio region. This area provides an example of how the combined action of two aggressive alien
species, namely Anthonomus eugenii Cano [65] and T. absoluta [116], can cause a transformation
of the agricultural landscape and, in turn, economic loss [115], [119].

Currently, the cost of traditional control strategies against phytophagous agents has a sig-
nificant impact on the total production costs and this is not compatible with sustainable-
agriculture ideologies. For this reason, entomologists and Integrated Pest Management scientists
have found a series of alternative control strategies that allow for organic agricultural practices

that are in line with national and regional directives.
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One of the main challenges to control strategies is the biological structure of the tomato leaf
miner. Its life cycle begins with an egg: as reported by Biondi et al. [115] around 260 eggs are
laid typically by the female on the underside of the leaves, with a hatching time of 4-5 days.
After the eggs hatch, larvae penetrate the leaves’ mesophyll and start their feeding activity.
The larval stage represents the longest stage experienced in the total life span: its duration is
approximately 20 days in optimal conditions (30°C') [115], or 60 — 70% of the total life cycle.
This stage comprises of 4 instars, at the end of which the pupa stage takes over. Pupation
has an average duration of 4-7 days, after which the adults fly [116], [120]. The tendency for a
life cycle to end within 30 days, together with high fertility rates, means that T. absoluta can
produce up to 9 or 10 generations in a single year [115]-[117], [120]. Damage is concentrated
mainly on the leaves and can cause the total loss of the cultivated surfaces if not controlled. In
more advanced cases, feeding activity can affect fruits and flowers as well [115].

As regards control strategies, chemical pesticides have been the only solution for decades.
Nevertheless, several recent studies have focused on the use of alternative products. Scientific lit-
erature has recorded examples of the use of predators [121] and parasitoids, or entomopathogenic
fungi and bacteria [63] [115] [64] [122]. The role of modelling is crucial in this context: a forecast
of the pest population dynamic based on environmental parameters helps to plan a strategy that
can maximise efficiency [21], [34], [35], [66], [123], [124]. The aim of this study is to develop
a new mathematical description of the poikilothermic organisms’ life cycle by using a modified
version of the Von Foerster’s equation [57], [83], [125], and then to test the resulting model
in the tomato leaf miner case of study . The main reason for reformulating an age-structured
model is to mathematically represent all the life-cycle stages for poikilothermic organisms, but
also to establish a link between their developmental stages (more in general, the physiological
age) and environmental factors. This condition is fundamental for a correct description in the
case of poikilothermic organisms. The mathematical description laid out in the next sections,
involved the division of the study into four phases: the formulation of the model; the tomato
leaf miner parameters estimation; the simulation; and validation with data collected in an ex-
perimental greenhouse. In order to ensure the reliability of the work, the validation process was
performed twice, and the results are reported in the conclusive part of this article. To perform
all the calculations required, the new model has been inserted in a specialised software using
the C++ programming language [49], and libraries from the open source software ROOT were
incorporated [79], [126].

5.3 Materials and Methods

The mathematical description of a poikilothermic organism life cycle can be divided conceptu-
ally in two parts: the interaction between the environment and the species; and the population
density in function of time, ¢, and physiological age, x. This last represents the main focus
of this work, but before, an introduction about the most common models used to mathemat-
ically describe the effect of the environmental parameters (temperature mainly) on ectotherm

organisms is summarized.
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5.3.1 Development rate functions

Temperature, humidity and photoperiod play a crucial role in the insect’s development. Hu-
midity and photoperiod, in particular, become more influential when environmental conditions
become critical, such as happens with the change of the seasons (from hot season to cold season
and vice versa). However, in absence of extreme thermal conditions changes, it can be postulated
that temperature is the main driving variable. The dependence of the mean development time
from the temperature can be examined with in laboratory experiments in which the so-called
“life tables” are built [48]. The procedure to estimate the life tables involves a series of constant
temperature rearing in a climatic chamber. A cohort of eggs laid in the same day is positioned
in a climatic cell. Each egg is kept in a Petri dish to maintain the individuality of the cohort’s
members. After this positioning, each insect is followed for the duration of the life cycle. At
the end of the life cycle, the mean value of the development time at a specific temperature is
recorded [119]. The mathematical translation of the data [44], [45], [78], is based on a conver-
sion of the mean development times D(T;) in mean development rates R[T;] by the use of the

expression (5.1):

AT = iy

(5.1)

The reason for this conversion is the advantage of obtaining a typical profile from the exper-

imental data, reported in Fig. 5.1.
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Fig. 5.1: Experimental life tables in the case of the tomato leaf miner Tuta absoluta. Data are obtained
from the experimental life tables reported in the work of Ozgokee et al. [74]. On the left-hand side are
the mean development rates R[T;] corresponding to the constant temperature rearing at T;. Data have
been converted into rates by the use of expression (5.1), while for the associated error, the propagation of
uncertainty formula has been used, reported in expression (5.2). In the chart on the right-hand side, data
are fitted with the Sharpe and De Michele development rate function. Calculations have been worked

out with EntoSim.
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Temperatures start to influence development above the lower threshold point, 17, below
which the life of the insect is theoretically impossible. Beyond this critical point, there is a phase
of quasi-linear increasing that is often associated with the optimum-development-temperature
range for the species, which continues up to a maximum peak. This peak corresponds to the
optimal temperature, 7%, at which the species moves rapidly towards the end of its life cycle.
A decreasing range in the development rate function, due to high temperatures, follows, until
a maximum threshold, T}y, is reached. After this point the life is once again theoretically not
possible. The experimental mean development time D(T;) presents an associated experimental
error, usually obtained with a standard deviation op(r;). By using this uncertainty formula, it
is possible to calculate the associated error for the mean development rates og(r,). The result is
the equation (5.2).

9D(T;)
OR[T;] = W (5:2)

The most common expressions used in mathematical descriptions of life tables are formulated
mainly by empirical assumptions except in one case, which will be discussed further on. To
finalise the application in the case of the tomato leaf miner, the following development rate

functions have been considered:

- The linear rate function [44], [78]:

1

RIT] =

(T +Ty) (5.3)

where S is the thermal summation, T is the daily average temperature and 77, is the lower
temperature threshold. Although this expression may be unable to describe the typical
decreasing trend in the life tables, it has been tested in this study for the purpose of

comparison with the following one.

- The Briére rate function [47]:

3=

R[T) = aT(T — Ty)(Tas — T) (5.4)

where a and m are empirical parameters, T' is the daily average temperature and 77 and
Ty are the lower and upper temperature thresholds, respectively. The Briére development
rate function has the feature to provide information about the thermal life spectrum of

the species, despite its formulation on empirical assumptions.

- The Logan rate function [127]:

RIT) = ¢ [exp<pT> —exp <pTM - TMATT)] (5.5)

where ¥ and p are empirical parameters, Ty is the upper temperature threshold beyond

which development is not possible, and AT is the interval width between the maximum
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peak of the function and Th;. With respect to the Briére expression, this development rate
function does not provide information about the lower threshold, but has the advantage of
providing other important information, located in the parameter AT. AT describes the
width of the decreasing trend starting from the optimum temperature, and this helps to

understand the capability of the insect to react in the case of increasing temperatures.

Sharpe and De Michele rate function [45], [77], [81], [128]:

_ Auy
T - exp <¢RT>

AH AH
Ag, — =HL Ag, — —2i
1 + exp (W) + exp (T)

Where: T is the temperature in Kelvin (K), R is the universal gas constant (1.987cal -

RIT] = (5.6)

K1 -mol™1), ¢ is a conversion factor with no thermodynamic meaning, with the aim of
rendering the exponential dimensionless, AH 4 is the enthalpy of activation of the reaction
that is catalysed by the enzyme (cal - mol~1), ASy is the change in entropy associated
with low temperature inactivation of the enzyme (cal- K~'-mol~'), AH[, is the change in
enthalpy associated with low temperature inactivation of the enzyme (cal-mol~1!), ASy is
the change in entropy associated with high temperature inactivation of the enzyme (cal -
K~1.mol~'), AHy is the change in enthalpy associated with high temperature inactivation
of the enzyme (cal - mol™1). The advantage of this expression is its formulaic foundation
on physical, chemical and biological hypotheses. On the other hand, the calculation effort
required for the parameter estimation is higher than that required in the Briére and Logan
expression. The main difference is due to the presence of six parameters to be estimated,
instead of the four contained in the other expressions. Despite this difficulty, when the life
tables contain a sufficient number of points, they form the most representative expression to
link the function of temperature to the biology of the species. To perform the calculation,
the expression can be reformulated (5.6) with the introduction of new variables. If we

reformulate in the following way:

o) AHy ASL,
2 _ 4. - B —C
R ’ R ’ R 7
(5.7)
AHL ASH AI'IH
R ’ R ’ R
Expression (5.6) becomes:

T - exp <A — ?)

R[T]| = (5.8)

D F
1+ exp (C’—T> + exp <E—T>

Expression (5.8) will be used in this form and applied in the case of the tomato leaf miner.
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We can’t choose a priori which is the best development rate function to use, and the strategy
followed in this study is the estimation of all the parameters related to the expressions (5.3),
(5.4), (5.5), (5.8), along with a cross-check of the R? and x2-values to isolate the optimal

performing function.

5.3.2 The population density model

Let us now introduce the population density model, the main focus of this article. There are
several models widely used to describe a population as it evolves through life stages and across
time. The Distributed Delay Model introduced by Manetsch and performed with the addition
of a mortality coefficient by Vansickle [15], [16] has been applied in numerous case studies in
entomology (e.g. Allen and Byrd, [37], Galeano-Vasco et al., [68], Limonta et al., [22], Wang
et al., [71]) and not only (e.g. Sipahi et al., [129], Spolia [38]). This model, is linked to the
well-known Von Foerster equation [57], [109], [130] as shown by Plant and Wilson [58], but both
present some problem areas in the conceptual description of age. In the case of poikilothermic
organisms, development is driven by environmental parameters, which conceptually means that
age is a quantity that accumulates over time. The assumption of the cited models is that the
growth of the cohort’s individuals increases linearly with the time [131]. In other words, age is
considered similar to time. The formulation of the model is founded on considerations in the
work of Vansickle [83], and further discussed and developed by other authors [11], [24], [27],
[110]. A life cycle could be represented in a schematic way, as shown in Fig. 5.2, with a series

of chained stages.

Ri(t) Ry(t) Rs(t) Rin(t)
Ro(t) — [ No(t) [—— | Nuft) |—— | No(t) |——> = — | Ni(t)
Do(t) D4(t) D,(t) Dh(t)

Fig. 5.2: Schematic representation of a life cycle divided in stages. R;(t) represents the fluxes of
individuals that enter in a particular stage, and after the maturation exit and advancement to the next
stages. N;(t) represents the number of individuals in the stage, and D;(t) is the exit flux from each stage

due to mortality.

Each stage has an entering flux of individuals and an exit flux of individuals. After mat-
uration, the individuals move onto the next stage. This flux is ruled by a development rate
function which considers, in the most general case, both the interaction between the species
and the environment, and the reduction of the rate due to aging. In a practical context, the
development rate functions inserted in the model will be one between the expressions (5.3),
(5.4), (5.5), (5.8), but, theoretically, it can be extended to a more general case. The reason is
that once a population-dynamics model has been formulated, which takes into account age as

being driven by a general development rate function, it is possible to focus on the development
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of this kind of expression. This improves the reliability of the model and the integrity of the
phenomena described. Each stage also contains an exit flux indicating mortality, which is ruled
by a mortality rate function with similar aspects to the described development rate function.
A state function is introduced to count the number of individuals presents in the life stages.
Considering an infinitesimal stage, as represented in Fig. 5.3, it is possible to write a balance
equation which considers the temporal variation of the number of individuals N (t) related to:
the entering flux R, a.(f); the exit flux R,(¢) due to maturation; and to the exit flux D,(t)
due to mortality:
d

V() = Rapa(t) = Ru(t) = Da(2) (5.9)

Ry—px(t) —— N(t) —— Ry (1)

Dy (1)

Fig. 5.3: Schematic representation of an infinitesimal stage. R,_a,(t) is the entering flux of individuals,
R, (t) is the exit flux of the matured individuals, D, (t) is the exit flux due to the mortality and N(¢) is

the stage function which counts the individuals present in the stage.

Let us introduce the function of two variables which describes the density of a population
that evolves across time and through different stages N(¢,x) . The terms of the equation (5.9)

can be reformulated, considering that:

- The number of individuals in the current stage, N(t), corresponds to the following integ-

ration:

N(t) = / ; N(t, 2/)da! (5.10)

- The entering flux is ruled by a generalised development rate function, G(t,z), which acts

as a filter for the population density:

Ry n(t) =G(t,x — Ax) - N(t,x — Ax) (5.11)

- The exit flux due to the maturation of individuals is also ruled by the development rate
function G(t, x):
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R.(t) = G(t,x) - N(t,x) (5.12)

- The mortality flux is ruled by a mortality rate function M (t,x):

Dy(t) = M(t,2) - N(t,z) (5.13)

Substituting the new form (5.10), (5.11), (5.12) and (5.13) in the balance equation (5.9), and
dividing both the members for the stage duration Ax:

dl/x N(t,a')da! = G(t,x — Az) - N(t,x — Az) — G(t,z) - N(t,z) M(, z) N(t,z)
dt Ax [, A, Ax Ax

(5.14)

Expression (5.14) is now divided in three terms, and each of them can be rewritten in a

different way. The hypothesis expressed on the size of the stage described in Fig. 5.3 allows the

mean value theorem for integrals to be applied to the left term:
d 1 [* d
- N(t,2")de' ~ —N(t 5.15
Gan [ N SN (5.15)

Concerning the first term on the right of the (5.14), it is possible to approximate the fraction

considering the Taylor series expansion of the function G(¢,x) - N(t,z), truncating on the first

order:
G(t,x — Ax) - N(t,x — Ax) — G(t,x) - N(t,x) 0
~——|G(t,z) - N(t 5.16
~ ~[G(t,2) N(tw)] (5.16)
The last term on the right of the (5.14) represents mortality in the stage. Assuming that
M(t,x)

into every single stage, mortality is equiprobable, the fraction represents an estimation

, Ax
of the average mortality, M*(¢,z), in line with these considerations:
M(t,z) - N(t,x)

Ax
Let us substitute the expressions (5.15), (5.16), (5.17) into the equation (5.14). Considering

the derivative of the time variable a partial derivative, has been obtained a “generalized” Von

~ M'(t,x) - N(t,x) (5.17)

Foerster equation in which the development across all stages is ruled by the development rate

function:

0 d ,
aN(t,a:) + r [G(t,x) - N(t,x)] = —M"'(t,x) - N(t, z) (5.18)
x
Von Foerster’s considerations on the initial and boundary conditions [57], [102] can be main-
tained also for the equation (5.18). Using the notation 5(t,z) for the fertility rate function, the

boundary condition provides the new-borns’ profile on the basis of the density of population:

N(t,0) = /0 Y B2y N(t o) da! (5.19)
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The initial condition, instead, represents the starting population’s profile, in such a way that

it indicates the initial division of the individuals through the stages:

N(0,z) = N°z) (5.20)

Expressions (5.18), (5.19) and (5.20), together, represent a well posed problem. One of
the problems that obstructs practical application is the daily average temperature profile. In
a real context, the daily average temperature changes over time, and there is not a specific
mathematical rule to describe the profile over the course of any given year. This means that
this is a quantity that should be measured every day in the place of interest, by a meteorological
station or a data logger. In order to use the model, it is necessary to have a numerical solution and
to use a calculation software programme. A discretization technique usually applied to partial
differential equations as (5.18), provides to combine the upwind scheme and the finite difference
method [24], [27], [82], [110]. More specifically, once the discrete variables are introduced,
the partial derivative on age, p [G(t,z) - N(t,z)], is approximated backward while %N(t, x)
forward. Continuous variables ¢t and z in equation (5.18) can be represented with a sequence of
values t,,, x, with the condition ¢, < t,41 and x,, < 41 respectively. Accordingly, the discrete
variables i = t,4+1 — t, for time, and h = x, — x,—1 for age are defined. Furthermore, the
method provides also the discretization of development, mortality and fertility rate functions:
they are indicated as Z, M,?L and 52, respectively. As result, the corresponding discrete form

of the equation (5.18) is represented by:

Nt = LGN+ N [1 2l G+ Gy i

Ni = BiNih (5.21)
=0

| NP = N

Before moving on to the next section, a clarification of how temperature is inserted into
the model is needed. One of the novelties introduced into the model, is the “generalised”
development rate function G(¢,z). In a wider scenario, this latter expresses the relationship
between species and environment, and the effect of aging on the growth: it can be considered
as a “bridge” to insert other physiological models into an age structured model. Because of the
paucity of literature on this side, an obliged choice is to use one between the expression (5.3),
(5.4), (5.5), (5.8). In other words, the simplification is that the function G(t,z) is dependent

only on ¢, and more specifically it is assumed that:

G(t) = R[T(#)] (5.22)

Expression (5.22), in its discrete version become R[T;], where T; is the daily average tem-

perature measured in poikilothermic organisms’ development environment. Following these as-
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sumptions, the expression (5.21) is now reduced to:

Nyt = S RITIN} .+ Nj |1 = RIT) — M}
Ni = Z@Nﬁh (5.23)
1=0
| ND =N

Expression (5,23) is now ready to be inserted into a specialised software, which receives in
input the daily average temperature, and the specific parameters for the tomato leaf miner.
These lasts correspond to the development rate function chosen. The output is a representation

of the life cycle for all the stages, given in function of the time.

5.3.3 The simulator

In this section, we will introduce a schematic representation of the simulator built to manage
all the calculations required by the process of application of the model. The basic idea can be
found in a previous work by the authors [49]. To maintain the same logic scheme described
in the previous section, the simulator, called “EntoSim” is divided in two parts. The first
part has been named “fittasso” and its task is to follow the users in the phase of parameters
estimation. More specifically, after the laboratory session in which the life tables have been
estimated, scientists need to estimate the parameters of the development rate functions (5.3),
(5.4), (5.5), (5.8) that will be a feature for the species examined. This part of the software
includes in a C++ program the ROOT libraries related to the non-linear fits. At the beginning,
the user has to report the experimental life tables and their errors in a .txt file. Then the
program can be launched. Once the fitting function has been chosen, a starting point for each
parameter is required for estimation and potential necessity to restrict them within a particular
range. This operation has been added to increase the integrity of the results, together with a
calculation of the R? and y? values. Another tool inserted is the calculation of the maximum
of the rate functions, which corresponds to the thermal optimum, 7%, for the development of
the species. The results are provided in graphical (Fig. 5.1) and textual formats, which can be
useful for further calculations. In particular, the parameter results with their associated errors,
R? and x? values, initial values inserted to start the fitting operations and the coordinates
(T*, R[T*]) of the maximum, are recorded. To simply explain the decision process surrounding
the identification of the best representative expression to be used for the simulation, a plot with
experimental data and fitted function is provided (Fig. 5.4).

The second part of “EntoSim” is called “simulatore”, and it is the tool responsible for
providing the final results of the simulations. In a C++ code and with the support of the ROOT’s
libraries, the discrete form of the model (5.23) was inserted, in which the development rate

function is dependent only on the external daily average temperature (and hence on time). The
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dependence of the rate on aging has not been considered. Before the launch, the user has to
insert in specific .txt files: a vector containing the daily average temperature measured by a
data logger or a meteorological station, the fertility and mortality rates for all the life stages, and
finally, the initial profile of the population - once it is possible to be estimated. If this final piece
of information is missing, a predefined setting considers a cohort of eggs, that means, all the
stages are empty except the first. All the parameters estimated in “fittasso” are automatically

absorbed by “simulatore”.
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Fig. 5.4: Comparison plot for all of the development rate functions calculated in the case of the tomato
leaf miner, using the “fittasso” tool contained in the “FEntoSim” software. Data for calculation are
provided from the experimental life tables reported by Ozgokee et al. [74]. A first visual screening shows
how the results from the linear rate function are unreliable for a simulation. Concerning the Briére and
Logan rate function, the results have an average reliability, while the most representative development
rate function for the data is by Sharpe and De Michele. The results of this first phase, also enforced
by a cross check between the R? and x2 values, suggests the aptness of the Sharpe and De Michele

development rate function for simulations in the tomato leaf miner case study.

After the launch, the user is requested to select which kind of development rate function he
or she wishes to use: it is possible to use more than one expression between (5.3), (5.4), (5.5),
(5.8), but in different ranges that need to be specified before the simulation. If the tool records
two or more functions selected for the same range, it cancels the operation with a warning
message. The results of this tool are provided in graphical format (see supplementary material)
and stored in .txt files. These files can be archived or managed with other software programmes
and their content considers the temporal evolution of the density of population in each stage of

the life cycle.
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5.3.4 Experimental design for validation

The validation process involves a double semi-field experiment in a greenhouse; isolated from
the external environment to avoid the dispersal of T. absoluta adults from the moment flight
is possible. For the first experiment, 35 Lycopersicon esculentum Mill. cv. “Roma” tomato
plants were placed in a greenhouse box that was labelled “box 1”. In the second experiment, 21
tomato plants were placed in a second box, labelled “box 2”. The plants were sown in pots with
a diameter of 22 ¢m, and placed on tables at 90 ¢cm from the ground. Each greenhouse box had a
3 x 3 x 3m dimension. 70 adults were obtained from Universita della Tuscia’s Plant Protection
Laboratory, 24 hours old. Then 35 unsexed adults were released into each box containing the
tomato plants, which were at an advanced phase of blossoming. Adults oviposited on the leaves,
starting new generations. The experiment was conducted between the 5 of September 2018
(the day of the adults’ release), and the 18" of October 2018 (the day of last capture). From
the point of initial release, the temperature was measured using a data logger with a sensitivity
of £0.1°C. The daily average temperature was calculated with 24 readings for each day (one
per hour). The activity of hatched larvae in each box was monitored daily, until the first report
of the new adults: from this moment, the daily number of new adults was counted. After the
count, each adult was removed manually from the box to prevent future days’ counts from being
affected. This operation allowed the creation of the experimental population density to be used

in the validation of the model.

5.4 Results and Discussion

The experimental life tables for the tomato leaf miner can be found in the literature of Marchioro
et al. [119], and Ozgokge et al. [74]. Both articles report the experimental data, as well as an
estimation of all the parameters related to various development rate functions. In this study,
we estimated the parameters of the expressions, mentioned in Materials and Methods section,
taking into account data provided by Ozgokge. All the calculations were worked out using the
“fittasso” tool contained in “EntoSim”, and the study by Marchioro and colleagues was used for
a first comparison. All the results are reported in Table 5.1. Additionally, the chart reported in
Fig. 5.5 shows a graphical representation comparing the starting points of the experiment with
the results.

A cross check between the R? and y? values reported in Table 5.1, suggests that the best
development function to be used in the simulation is the Sharpe and De Michele. As indicated
in the work of Ikemoto and Kiritani [45], to evaluate the goodness of this kind of non-linear
regression the choice lies between the adjusted coefficient of determination R2?, the residual
sum of squares RSS, or the root mean square error RMSE. Instead of the last two, for this
work we have also considered the x? test. Examining only the R? value, the preference is the
Sharpe and De Michele, but x? test reverses the situation in favor of the Briére. In fact, despite
the lower y? value belongs to the Sharpe and De Michele, in this last the number of degrees
of freedom is lower. Accordingly, the results are P = 0.73 for the Briére against P = 0.60

for the Sharpe and De Michele. Notwithstanding, the latter expression lies its formulation on
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physical, chemical and biological considerations, as discussed in the Materials and Methods
section. This aspect increases the reliability of the simulations’ results, despite the non-linear
fit operation for parameters estimation that required more attention. This is due to the strong
correlation between the parameters [128]. To reduce as much as possible inconveniences during
the parameters estimation process, a series of restriction and controls were inserted into the
“fittasso” tool, such as the inserction of starting values and interval limits for each parameter.
The use of a non-empirical rate function constitutes one of the main results of this study, since
it is not a common practice in simulations of pest populations. However, despite the reliable
value for R? and y?2, the difficulties implied by the use of the Sharpe and De Michele function
left their trace in the estimation of the errors associated with the parameters, as shown in Table
1.

Table 5.1: Results from the linear and non-linear parameters estimation process through the use
of “fittasso” macro. The parameters’ values for linear, Briére, Logan and Sharpe and De Michele rate
functions are reported with their corresponding errors. Additional information is provided by the x?2-
value, R?-value and the number of degrees of freedom (NDF). Data are obtained from the experimental

life tables reported in the work of Ozgokge et al. [74].

Rate function Parameters (£SE) x2-value RZ%value NDF (n)

=(1.9440.06) - 1073 135.96  0.849 8
2L = —0.013 +0.001
a=(40405)-107°

Linear

S0l

T, =642
Briére Ty =35.34+0.9 3.59 0.998 6
m=3+1
Y =(334£0.7)-1073
p=0.14+0.05
Logan Ty =37.0+£0.1 11.86 0.988 6
AT =5+2
A=—-42+32
B = —-1288 £1120
Sharpe and C=-34+30 2.73 0.999 4
De Michele D = —1166 + 1029
E=-37+32

F=-1313+1117

An alternative choice could be the use of the Briére function, which also displayed reliable
results from the cross check between R? and 2, but with lower values for the errors associated
with the parameters. More details to motivate the choice of the Sharpe and De Michele are
provided as supplementary material, together with an analysis of the simulation outputs varying

the expression in input. Notwithstanding, this result is significant because it is not common
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to find experimental life tables with a sufficient number of points to apply the Sharpe and
De Michele function. A first comparison with Marchioro and colleagues’ work confirmed the
realiability of the results. Hence it allowed us to proceed to the simulation step and the results
are shown in Fig. 5.6 for “box 17, and Fig. 5.7 for “box 2”.

(a) Sharpe and De rate function and tables (b) rate function life tables

+
E=-37+32
F=-1313 %1117

Developmentrate (1/d)

o 25 5 75 10 125 15 175 20 225 25 275 0 325 % 75 40 o 25 s 75 10 125 15 175 20 25 2 215 % 325 &
Temperature (°C) Temperature (C)

(C) Logan development rate function and experimental life tables

2= 1186

0045 & = 0988
NDF=6

004 $=033+07)-107

p=0141005
Ty =370+ 0.1
AT=542

Developmentrate (1/d)

o 25 s 75 10 125 15 15 20 25 25 275 3 5 % 375
Temperature (°C)

Fig. 5.5: Graphical representation of the best fit development rate functions listed in Table 5.1. Plot
(a) represents the Sharpe and De Michele, plot (b) the Briére and plot (c) the Logan.
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Fig. 5.6: Comparison between simulations and semi-field data collected in the experimental greenhouse.
Data are relative to the first validation, “box 1”. The error bars are related to the sampling interval, 1

day.



74 Chapter 5. A novel model: the “Generalised Von Foerster equation”
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Fig. 5.7: Comparison between simulations and semi-field data collected in the experimental greenhouse.
Data are relative to the first validation, “box 2”. The error bars are related to the sampling interval, 1

day.

Along with the simulations’ results, the respective validation data was also reported. The
comparison between simulations and semi-field data showed a good accordance in the description
of the maximum population dynamic’s peak. The main differences are the width of the two
shapes and the total number of individuals in the populations (the integral of the two numerical
solutions). Proceeding by order, Fig. 5.6 and Fig. 5.7 both show how the prediction has a
tendency to anticipate the increase of the population density, while the right-hand side of the
plots the results are in agreement with the experimental population. The disagreement between
the predicted and experimental population at the beginning of the cohort’s development could
be due to the combined effect of photoperiod and temperature, which both decreased during the
period of the validation (September-October). This particular environmental condition could
be responsible for a temporal shift in the preimaginal stage development, causing a delay in the
adult emerging [132]. The differences between the total number of individuals of the population
in “box 1”7 and “box 2” can be justified by the number of adults released at the beginning of the
experimentation (35 for each box). Despite in literature a sex ratio female biased is reported
[133], this condition could not be mantained for low numbers of individuals. This means that
in “box 1”7 a higher proportion of males could be released and, accordingly, the progeny was
less than “box 2”. Otherwise, the release of a higher number of adults at the beginning of
the experimentation might produce a highest population density, introducing stress factors such
as the competition for the choice of oviposition sites or for nutrition sources. Furthermore,
other environmental parameters (time-dependent) could be inserted into the development rate
function. It should also be noted that the age factor has not yet been explored sufficiently
by the scientific community, and more efforts should be made to understand how aging slows
down growth. The general theory on development rate function hypothesises that time and

physiological age are the determiners of the development through the life stages. For this reason,
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it is common practice (e.g. in the works of Ainseba et al. [134], Gilioli et al. [4], Limonta et al.
[22]) to use the described expressions (5.3), (5.4), (5.5) and (5.8), with no dependence on G(¢, x)
by the variable x. Other possible reasons for the disagreement at the beginning and at the end
of the development could be due to the growth condition of a semi-field environment. Despite
the temperature constituting a variable both in open field and semi-field scenarios, in the latter
there is an absence of stress factors, such as natural enemies or competitors. This aspect could
increase the width of the experimental population, in addition to a corrected balance in the
number of plants and the population size. In fact, the number of adults released in each box to
start the monitored generation was individuated considering the potential fertility of each female
(around 260 eggs as reported by Biondi et al. [115]), and the probability of each egg hatching
(and the total life cycle survivor rate). The result is a low density population in contact with
a significant number of plants to be infested and this ultimately means low stress levels during

the growth period of the new insect generations.

5.5 Conclusions

In conclusion, it is possible to notice that the population dynamics, represented by the first order
partial differential equation, effectively represents the development of a cohort of individuals as
they evolve through the stages of their life cycle, and in function of the time. Nevertheless,
one of the aspects to improve upon in future works with a view to making the model presented
more reliable, is the development rate function. In fact, this represents the kernel of the model,
because it is responsible for the mathematical description of the interaction between the species
and the environment. The development of this argument is not only helpful for making predic-
tions in agricultural and environmental sciences, but also can help us to understand biological
mechanisms and describe these mathematically. Mathematical models in biology tend to be
simplified and based on empirical assumptions or on experiments, and the lack of basic laws
[1] forces model scientists to calibrate and tune models after the validation. This operation has
undertaken to introduce other sistematic errors derived from calibration experiments, which will
allow for future works to analyse biological mechanisms in greater depth. Another interesting

aspect could be explored by explicating the derivative on the age variable in the equation (5.18):

) ) )
5-[G(t,2) - N(t,2)] = G(t,2) - 5-N(t,2) + N(t,2) - --G(t,2) (5.24)

The explicit expression (5.22), details how the knowledge of dependence between the devel-

opment rate function and the age provides a term, N (¢, m)gG (t,z), similar to a mortality rate.
This aspect could simplify the understanding of mortality rate, which is usually based on coef-
ficients estimated during the construction of life tables. In other words, one of the advantages
when shifting from a chronological age to a physiological age - in the most complete form of the
development rate function - is that it allows us to divide the contribution of the mortality rate
in two parts: features of the species and behaviour as a response to progress through life stages;

and external factors.
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The advantages of using predictive models in agricultural and forest management merge
with the aim to apply more suistanable control methods for pest populations and plant diseases.
An application of this type is helpful in several contexts, as discussed in the introduction.
Organic farms, agricultural suburbs and protected areas such as national parks can benefit
from plans for alternative treatments against natural enemies such as predators, parasitoids
and entomopathogenic fungi and bacteria. Furthermore, an increasing problem in pest and
disease management is the introduction of harmful alien species, such as T. absoluta described
in this paper. Prompt circumscription action of the introduced species is crucial for eradication
programmes, allowing agronomists, farmers and technicians to plan the best strategy. In other
cases, a modelling approach is helpful for territorial programmes in preparation for climate
changes: studies about this theme are widespread across current literature [135]-[138], and most
of them have been enriched with the incorporation of simulations. Therefore, the comprehension
of biological mechanisms and their translation into mathematical language is fundamental if we

are to improve the reliability of predictive results.
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A protocol to apply and validate the
model: a prior: and a posteriori

analysis

“Professional: one who believes that if
something is worth doing,

its worth doing right”

- USS Midway, San Diego (CA)

The previous article [31] presented a new physiologically-based model and its application
to the case study of Tuta absoluta. However, a series of issues related to the generalised Von
Foerster equation, and to its application are still not discussed. Hence, in this article [41]
two aspects in particular were considered. The first one concerns the formulation of a reliable
methodology to select the best representing development rate function to use for simulations.
The second aspect concerns an evaluation of the reliability of the simulations in representing
field data. These analyses were presented in a new application of the model to the case study

of the pepper weevil Anthonomus eugenii.
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A modelling approach to describe the Anthonomus eugenii (Co-
leoptera: Curculionidae) life cycle in plant protection: a priori

and a posterior: analysis

6.1 Abstract

Anthonomus eugenii Cano (Coleoptera: Curculionidae) is one of the most severe pests for sweet
and hot varieties of pepper (Capsicum spp.; Solanaceae). The species is distributed widely,
principally in Central America, but in 2013 it was detected for the first time in the Lazio region
of Italy. Modelling plays a key role in reducing chemical treatments used on Capsicum spp., but
reliable predictions of pest populations require adjusted tools, as well as intense knowledge of
the insect’s biology and its typical environment. The main goal of this work is to describe the life
cycle of A. eugenii with a physiologically based model, which links the population dynamics with
the environmental parameters. More specifically, this analysis focuses on the different response
of the age-structured model in relation to the development rate function in input. Two method-
ologies to determine the best representative development rate function suitable for simulations
are proposed; the first is “a priori analysis’,” whereas the second is the “a posteriori analysis”.
Simulations were compared with semi-field data, collected in a controlled experimental green-
house where A. eugenii developed in varying temperature conditions. Results showed that the
model used is adequate to describe A. eugenii population dynamics and highlighted how the
a posteriori analysis can be essential to i) analyze the simulation outputs, and i) determine
the best representing development rate function, if the a priori analysis does not provide this

information sufficiently clearly.

6.2 Introduction

The pepper weevil Anthonomus eugenii Cano (Coleoptera: Curculionidae) represents an in-
creasing problem for sweet and hot varieties of pepper cultivations (Capsicum spp.), not only
in Central America [114], its land of origin, but also in Europe where this insect has been dis-
covered recently [121]. The first Italian outbreak (2013) [121] of the pepper weevil was recorded
in Fondi and Monte San Biagio, two municipalities in the province of Latina (Lazio region). The
short development time of A. eugenii in favorable conditions and its destructive feeding caused
considerable economic losses among pepper producers, arousing the interest of Integrated Pest
Management (IPM) scientists.

Because A. eugenii may develop on both wild and cultivated Solanum and Capsicum (both
Solanaceae) species, insect control strategies often are difficult to implement successfully, because
nightshade-residing populations are able to re-infest cultivated pepper fields the following season
[139]. Damages are inflicted primarily by the trophic activities of the larvae and adults. In
addition, the oviposition behavior of adults cause abortion and fall of flowers [140] and infested
fruits, causing extensive losses. A complete generation usually requires 20 to 30 days [141],

though this is strictly dependent on the optimum climatic conditions. In a laboratory, A.
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eugenii may reach 8 complete life cycles; however, 3 to 5 generations develop in most pepper
weevil native areas [142]. Indeed, it is common to find adults in the fields from March until
June in the native areas of the pepper weevil, but a certain amount of adults also can be
recovered throughout the year, except for the months of Deceber and January [141]. Toapanta
et al. [53] conducted a detailed study describing the response of the pepper weevil to external
environmental temperatures, which provided life tables [48]. An external temperature of 30°C
seems to be optimal for egg to adult development time, reproduction, fecundity, and fertility
[53].

A mathematical description of the life cycle of pepper weevil may be of significant importance
in planning control strategies to protect pepper crops. In fact, forecasts in agriculture have the
potential to provide a general picture of what will happen in the following period. This feature
is typical of the Decision Support System (DSS); once simulation results show a trend of an
insect pest’s development, experts can fix a threshold beyond which a series of consequences
have to be activated in order to implement the appropriate control strategy.

The principal goal of this paper is to describe mathematically the life cycle of pepper weevil,
applying the innovative approach described in the work of Rossini et al. [31]. In particular, this
study highlighted the reliability of the model applied in semi-field contexts such as greenhouses,
where pepper is usually cultivated in Italy. In addition, an application protocol is proposed in
order to improve future applications of physiologically based models. For this purpose, simu-
lation results are compared with unpublished data from an experimental greenhouse located in

Fondi (Latina, Italy), in the epicentre of the area that is typically infested.

6.3 Materials and Methods

6.3.1 Population modelling

The mathematical details and the computational tools applied in this study are described in
the works of Rossini et al. [31], [42], [49]. In particular, the model proposed by these authors
describes an insect life cycle considering its development over time and through the life stages,
and associated with the environmental temperature. The mathematical representation of the
model is as follows:

e

0 ;
SN (t2) + = [G(t.a) - N(t,@)] = ~M'(t,2) - N(t.a)

N(t,0) = /0 Bt el Nt o) da (6.1)

([ N(0,2) = NO(x)

where x and ¢ indicate physiological age and time, respectively. The expressions G(t,x),
B(t,z), and M(t,x) represent, in order, the development, fertility, and mortality rate functions

usually estimated through laboratory experiments. The physiological age, as described in the
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work of Rossini et al. [31], may be associated with the preimaginal stages of the life cycle of A.
eugenii.

The expression G(t,z) introduces different phenological models, often represented by the
development rate functions. In the case of insects, the established practice is to consider tem-
perature as the most significant environmental variable, which drives the development of the
individuals through their life stages [45], [52]. Accordingly, only the dependence of G(z,t) on
time ¢ is considered. The parameters of the development rate function usually are estimated with
the life tables, as described by [42], [49]. To distinguish the generalized form of the development

rate function from its simplification, the notation changes as follows:

G(t,z) = R[T(1)] (6.2)

where T'(t) is the external environmental temperature recorded in the field. In this work,
the choice was made to test equation (6.1) for the A.eugenii life cycle with two particular

development rate functions. The first one considered was the Briére rate function [47]:

R[T) = aT(T — T1)(Tas — T) (6.3)

where a and m are empirical parameters, T'(t) is the daily average temperature, and 717,
and Tjs are the lower and upper temperature thresholds, respectively, under and beyond which
development is no longer possible for A.eugenii. The second development rate function to be
considered is the Logan rate function [127]:

R[T] = [expw) — exp (pTM - TMATTH (6.4)

where ¢ and p are empirical parameters, Ths is the upper temperature threshold beyond

which development is no longer possible, and AT is the interval width between the maximum
peak of the function and T,.

Hence, there is a synergy between two apparently independent models: equation (6.1) man-
ages the population dynamics, whereas equations (6.3) and (6.4) describe the insect’s response
to the daily average temperature. Even if equations (6.3) and (6.4) are used equally in literature,
their mathematical features may provoke different responses in the simulations. In particular,
the development rate functions’ parameters are estimated with the same data, but the non-linear
fit results may underline a preference for one expression instead of the other. In other cases,
it can be difficult to highlight which is the most effective development rate function to use to
represent the data. Hence, only a comparison between simulations and field data may determine

these differences. This aspect will be discussed in the following section.

6.3.2 Data analysis

Once the non-linear fit results have provided the functions’ parameters, the choice of the best
representative development rate function between equations (6.3) and (6.4) will be determined

with a y2-test and by analyzing the adjusted R?-value. This procedure, together with com-
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putational aspects, was described by Rossini et al. [31]. To estimate the parameters of the
expressions (6.3) and (6.4) the ROOT’s “Minuit” tool [91] was included in an ad hoc C++ pro-
gram, as reported by Rossini et al. [42]. As mentioned previously, it may happen that the 2
and R? values resulting from the non-linear regression with equations (6.3) and (6.4) are similar.
When this condition is verified, an additional operation is required to assess which is the best
representative development rate function for the specific application. In a preliminary analysis,
if the non-linear fits results have minor or otherwise negligible differences, the user could make
a direct choice of which development rate function to use. This statement is supported by the
empirical formulation of both Briére and Logan formulas.

On the other hand, an alternative is to run simulations considering both the Briére and Logan
expressions as development rate functions as input into equation (6.1). Simulation outputs then
will be compared with field data, and the most effective development rate function to use in
further applications will be determined a posteriori. The comparison between simulation outputs
and field data will be conducted using the methodology described in Rossini et al. [31], [42].
The authors reported that the distance between the simulated and the actual experimental
populations would be evaluated, again considering the y? function. As an indicator of the
distance, a lower y2-value means a more accurate overlap between simulations and field data.
Accordingly, if the best development rate function to use as input in equation (6.1) cannot be
selected using the criteria above, it can be helpful to compare simulation outputs with field
data. Thereafter, the development rate function that provides a lower x?-value will be applied

in further simulations.

6.3.3 Experimental design for validation

The model validation was conducted during the 2014 growing season in an experimental green-
house located in Fondi (Latina, Italy) at the company GENISTA S.r.l., which specializes in
genetic improvement. The greenhouse had a length of 40 m, a width of 10 m, a minimum height
of 1.95m, and a maximum height of 3.5m at the center of the roof. Pepper plants were trans-
planted into the greenhouse in August, which was opened to promote A. eugenii infestations.

Once the presence of pepper weevils was ascertained inside the experimental field by visual
observations, the greenhouse was isolated with an anti-aphid net (Agrintech s.r.1., Eboli, Salerno,
Italy) to avoid the further entrance or exit of A. eugendi individuals. At this point, the adults
enclosed in the greenhouse mated and laid eggs on pepper plants, producing the generation that
was monitored to validate and analyze equation (6.1).

The monitoring activity focused on pepper weevil adults. For this purpose, 5 yellow chromo-
tropic sticky traps (Serbios s.r.l., Badia Polesine, Rovigo, Italy) were deployed along the diagonal
axis of the field, and checked each week from October to December. The experiment was in-
terrupted at the end of December when the pepper fruit was harvested. The environmental
temperature in the greenhouse was recorded from the date the pepper plants were transplanted
until the interruption of the experiment. More specifically, a meteorological station placed in the
greenhouse provided the daily average temperature based on 24 measurements (1 every hour).

The error associated with the experimental population (dots in Figs. 6.1 and 6.2) is related
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to sampling time. Normally, this value is fixed at half the temporal range between the two field

surveys, which is +3.5 days.

6.4 Results

The life tables provided by Toapanta et al. [53] facilitated the estimation of the development
rate function parameters. The best-fit parameters for equations (6.3) and (6.4) are listed in
Table 6.1, together with x? and R? values. Fig. 6.3 and 6.4 provide a graphical representation
of the best-fit functions. Additional information (correlation matrix, variances and covariances
matrix and a plot of the adjustment curves with 95% confidence intervals) are reported in the
supplementary materials. The criteria for selecting the best development rate function to use
for simulations, as described in the “Data Analysis” section, requires a cross check between the
x2-test and the R2-value, if the x? and R? values are not too similar between the two functions.
The values listed in Table 6.1 underscore that this criteria cannot be applied, since a y?-test
indicates a P < 0.01 for both equations (6.3) and (6.4). In addition, the respective coefficients
of determination R? are similar. On the basis of the y2-test, there is a preference for the Briére
equation, but considering the R?, the situation is overturned. These first results highlight that
both Logan and Briére equations represent the life tables from Toapanta et al. [53] effectively;
nevertheless, it remains difficult to choose one of the two equations. From a biological point of
view, it could be more interesting to select the Briére equation instead of the one by Logan. The
reason for this is that the information about the lower temperature threshold for the development

of the species, 17, is not indicated by the Logan equation.

Simulation vs field data: Briére function in input
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Fig. 6.1: Simulation output from the model (6.1) evaluating the daily average temperature with the

Briére development rate function.
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Simulation vs field data: Logan function in input
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Fig. 6.2: Simulation output from the model (1) evaluating the daily average temperature with the

Logan development rate function.

Table 6.1: . The parameter values for Briére and Logan rate functions reported with their standard
errors, calculated with the methodology reported by Rossini et al. [31], [42], [49], using data from
Toapanta et al. [53]. Additional information includes the x2-value, the one-tailed probability of the 2
distribution, R2-value, and the number of degrees of freedom (NDF).

Rate function Parameters (£SE) x%-value x2-probability R2-value NDF (n)

a=(82+0.7)-1075

T, =5.6=£0.2
Briére Ty =33.3£0.9 0.0011 0.9999903 0.985 3
m=49+£0.1
1 = 0.003 £ 0.001
p=0.114+0.01
Logan Ty =35.0+£0.6 0.0017 0.9999814 0.991 3

AT =35=£0.7




84 Chapter 6. A protocol to apply and validate the model: a priori and a posteriori analysis

Briére development rate function and experimental life tables
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Fig. 6.3: Briére development rate function compared with life tables point from Toapanta et al. [53].

Logan development rate function and experimental life tables
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Fig. 6.4: Logan development rate function compared with life tables point from [53].

On the other hand, the aim of this work is to provide an adjusted tool to use as a decision
support system; hence, the best representative development rate function will be determined
a posteriori, comparing the simulations with field data. An additional and important piece of

biological information provided by this first part of the analysis concerns the optimal thermal
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requirements for the development of A. eugenii. In particular, an optimal temperature of (31 £
1)°C has been calculated for the Briére equation, whereas (29 + 3)°C has been calculated for
the Logan equation. Considering the errors associated with the optimal temperatures provided
by the development rate function equations, it is possible to determine that these results are,
in fact, in accordance with each other. Simulation results are reported in Fig. 6.1 and Fig
6.3. In particular, Fig. 6.1 reports the simulation output compared with field data considering
the Briére equation as input. In this case, the projections indicate a maximum peak of the
population on 22"% November, whereas field data confirmed that the maximum occurred on
2374 November. The same situation was reported for the Logan equation, as shown in Fig. 6.4.
The principal differences between the two simulations are concentrated in the right-hand side of
the plot, on the decreasing tails of the graph. Table 6.2 reports the x? and R? values: whereas
the first value indicates the distance between simulations and field data, the second value is
helpful for understanding the extent to which the simulations represent the actual greenhouse
population. On the basis of the values in Table 6.2, it is possible to assess that simulations are
more reliable if, in equation (6.1), the response of A. eugenii to the daily average temperature

is evaluated by the Logan equation.

Table 6.2: . Numerical evaluation of the differences between the simulation outputs and the field
data. In this case, x? indicates the distance between simulations and field data, whereas R? indicates

how much the simulation represents field data.

Development rate function y2-value RZ-value

in input into the model

Briere 1.8231 0.9604
Logan 1.1135 0.9797

6.5 Discussion

The results obtained highlight that the Logan equation (inserted into equation 6.1) is more
appropriate to describe A. eugenii populations. This is not true for all insect species, and it
depends on several aspects. For example, the non-linear fit results with equations (6.3) and (6.4)
are strongly dependent on the number of experimental points in the life tables. Accordingly,
enriching the life tables with additional points can increase the accuracy of the first part of
the analysis. Besides demonstrating and analyzing these results, this work aims to provide an
operating protocol to apply physiologically based models, which requires a combination of a
population dynamics model and a phenological model. Specifically for this work, population
dynamics is managed by equation (6.1), while the phenology (in this case, the relationship
between insects and environmental temperature) is managed by the development rate function
expressions. An additional result, as demonstrated above, is the utility of the a posteriori

analysis. It has, in fact, been shown that when it is impossible to decide prior to the simulation
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the most appropriate development rate function to use as input in the population dynamics
model, the a posteriori analysis is the only viable means of reaching a decision in this respect.
As already anticipated, both Briére and Logan equations are formulated on an empirical basis;
there are no reasons to prefer one instead of the other because they represent the life tables in
a similar way. On the other hand, the a posteriori analysis showed that even if they represent

the life tables in a similar way, the simulation outputs can report more discernible differences.

6.6 Conclusions

The considerations resulting from this study are helpful for model scientists who aim to provide
tools for direct applications in integrated pest management. The use of mathematical models as
a decision support system is growing, and its application has been found in several case studies
[143], most of which are sponsored by government programs [144]. For instance, there are
models which consider not only the potential abundance of pests in the field, but also include
population density in relation to certain economic thresholds [145]. Despite the existence of
various proposals for the mathematical representation of population dynamics [25], [31], [134],
the reliability of the simulations is strongly dependent on the function which relates the species
with its environmental parameters. Accordingly, it is not the best method to choose a priori a
specific development rate function. Instead, the development rate functions should be evaluated
twice: i) a priori to exclude wide differences in representing life tables data, and i) a posteriori

to evaluate potential differences between different functions in input.
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Mathematical theory and software development are the two main goals of the thesis. Hence,
each mathematical novelty introduced in the previous articles (i.e. the generalised Von Foester
equation and the a priori and a posteriori analysis) needs a software to work out calculations.
It has been demonstrated [49] that the combination of C++ programming language and ROOT’s
software libraries are a suitable tool to develop ad hoc programs for models applications in
entomology. In this article [42] the improvements of EntoSim were presented, as well as an
application to the case study of the European grapevine moth Lobesia botrana. Therefore, this
work represents not only a software description, but it is also an additional validation for the

generalised Von Foerster equation.
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EntoStm, a RO0T-based simulator to forecast insects’ life cycle:

description and application in the case of Lobesia botrana

7.1 Abstract

In the context of plant protection strategies against insect pests, the role of modelling is arousing
interest among entomologists and environmental scientists. This work aims to provide an ap-
plication of a computational tool, which includes a modified version of Von Foerster’s equation
to perform simulations for crop protection. More specifically, this software, named EntoSim,
follows scientists and final users in each step of a simulation process. For this purpose, the
program is divided into two blocks: the first contains a “laboratory phase”, in which scientists
rear cohorts of insects at different constant temperatures to obtain life tables. The second block
contains a simulation process and validation using field data. The developed tool was applied to
the grapevine moth Lobesia botrana (Denis & Schiffermiiller) alongside a 3-year validation pro-
cess (2014, 2015, 2016 seasons), using data related to a monitoring activity in a vineyard located
in the Castelli Romani area (Lazio, Italy). Results are a series of simulations of L. botrana life
cycle, using daily average temperature as main driving variable for insect development. Com-
parison between simulations and field data showed a positive accordance, particularly in the
2016 season, confirming the reliability of both population dynamics model and computational

tool.

7.2 Introduction

Grape producers worldwide are increasingly focused on high quality deliverables that are pro-
duced in an environmentally-friendly way [146]-[148], in order to satisfy consumers’ requests
[149]. Even if conspicuous efforts to reduce the rate of chemical inputs such as fertilizers and
pesticides have been made [8], a significant number of agrochemicals are often required to control
weeds, plant diseases and prevent infestations from phytophagous agents, raising environmental
concerns and production costs [150]. In this context, crop pest forecasts may play a fundamental
role in modern agriculture providing a helpful tool as a decision support system [143] in order
to plan optimized control strategies. Moreover, their common feature is to use past and present
climatic data to outline a future risk scenario.

Several mathematical models have been proposed in agriculture and ecological sciences in
general, together with software tools, for decision support. Software tools represent the final
“ready-to-use” tool, which helps farmers and technicians in solving various issues and, at the
same time, can help researchers to understand the dynamics of the phenomena [151]. Specialised
software can be used in different phases of the agricultural cycles. Han et al. [9], for instance, de-
veloped a software for decision making in crop production in an increasing temperature scenario.
Similar examples are provided in other works [152]-[154] in which the importance of technolo-
gical tools in water and soil resource management is discussed. In plant protection, decision

support systems have been developed to evaluate risks during the growing season, as reported
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by Bange et al. [155] for cotton systems in Australia. In particular, they describe a tool used to
simulate populations of Helicoverpa spp. (Lepidoptera: Noctuidae) on the basis of the weather
conditions. Decision support systems have also been developed for stored product pests [156].

The possibility of building a forecasting tool to describe insects’ life cycle has been discussed
by Rossini et al. [49]: they combined C++ programming language codes with libraries from the
ROOT software [79], [126]. The basic idea was to provide a methodology to use an existing
open source software, originally developed for high energy physics, in agriculture and ecology.
According to Rossini et al. [49], C++ was suggested because of its diffusion, notoriety and
compatibility with old and new operating systems, while ROOT is a modular scientific software
which provides several mathematical, statistical and graphical tools to manage experimental
data. This combination led to a series of macros which composed “DSimulator”, divided into
two main blocks: one related to laboratory data analysis and one to simulations. Laboratory
data analysis involves the estimation of the parameters of development rate functions usually
employed to describe life tables [44], [45]. The latter are an important tool to describe the
response of ectotherms to variations in temperature [48].

Besides the application, a generalised version of the Von Foerster’s equation (GVFE) [31],
[57], [83], [109] is used here instead of the Distributed Delay Model (DDM) [15], [16]. The
advantage of using the GVFE is that it can describe an insect population that evolves over
time and different life stages. In addition, problems derived by the need to calibrate the model
using field data, as happens for Manetsch’s DDM [35], are avoided. On the basis of these
considerations, this work aims i) to report some improvement on “DSimulator”, which is now
renamed “EntoSim”, and i) to provide an application and a three-year validation with the
European grapevine moth Lobesia botrana (Denis & Schiffermiiller) (Lepidoptera: Tortricidae),
one of the most harmful insect pests for the European vineyards [28], [157]. With regard to
the choice of L. botrana as a case study, insecticides are frequently used to reduce damage
[54]. As alternative control methods to the use of insecticides, some farmers apply different
control strategies based on biological methods [158], [159]. Such a process requires farmers to
know exactly when the population of insects is in its most susceptible stage, in relation to the
control strategy planned [160]. In this regard, the setup of a specialised software to forecast the

grapevine moth’s life cycle is of crucial importance.

7.3 Materials and Methods

7.3.1 Parameters estimation

The work of Rossini et al. [49] produced “fittasso”, a computational tool that is helpful for
evaluating the development rate function parameters. In this section, improvements and changes
to the original version of “fittasso” will be described, while the expressions involved are listed
in the supplementary material.

The first improvement of “fittasso” concerns the possibility of inserting directly in a .txt
file the list of the experimental temperatures T;, the corresponding mean development times,

DIT}], and their related errors or;, o p(r,- These data are automatically converted in rates R[T}]
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applying the expression

(7.1)

Concerning o pr;] , its conversion is possible using the propagation of uncertainty formula. In
its general form, if z; independent variables have an associated standard deviation o,,, and they
are connected by a function f(z1,2,...,7;), the standard deviation of the latter, 0.z, 4,....2:)s

is given by:

A 9 2
O’f(ll,:l)g,...,[l‘i) = Z <ax‘) : O‘gn (7.2)

n=1

The application of formula (7.2) to the expression (7.1) led to the following result:

T \/[aDam] (DET])] )

(7.3)

where o g7, is the uncertainty of the experimental development rates. The new list of data
(T3, R[T;]) and their respective uncertainty (o7, ogr,) is absorbed from a second tool included
in “fittasso”, with the task of estimating the parameters of the development rate functions using
a non-linear fitting operation.

At this point, the user can choose to evaluate a development rate function between those
listed in the supplementary material. The second improvement of “fittasso” aims to mitigate the
low number of experimental points. For this purpose, it is possible to limit each parameter of
the selected expression within a specific range, enhancing the ability to obtain reliable results.
This operation is simplified because there is a physical or biological explanation for most of
them. In addition, this improvement merges with the already existing possibility to choose a
series of initial values from which the operation of non-linear regression starts.

C++ code manages the operation of conversion from times to rates and the .txt files read-
ing /writing processes, while non-linear regression, parameter limitation and insertion of initial
values derives from ROQOT. The reason for this division is the reliability of the algorithms:
ROQT’s libraries contain “Minuit”, a tool which provides the best fit parameters minimizing
the x? function [91]. Other advantages include the presentation of the fitting results; again, in
ROQT there is the possibility to display the results in a plot, including in the legend the number
of degrees of freedom, the x?-value, the parameters’ values and their respective errors. These
results are then included in a second part of the code in order to automatically calculate other
helpful information to interpret results: the R%-value, the adjusted R2-value and the coordinates
of the maximum peak with their corresponding errors.

The third improvement of “fittasso” concerns the analytical expressions (instead of the pre-

vious numerical method) to calculate the maximum peak of Briére and Logan rate functions
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(see supplementary material) and their errors. In the case of Briére rate function, placing the
first derivative at zero ddTR[T] = 0 the formula for the optimum temperature, corresponding

to the T} coordinate of maximum peak is [47]:

2mTg + Ty (m + 1) + \[4m2 T3, + T2(m +1)2 — 4mTu Ty
T} = (7.4)
dm + 2

R[T}] value is obtained by evaluating the Briére development rate function in 77. During
the fitting process, ROOT’s libraries provide the errors associated to the parameters estimated.
Accordingly, applying the propagation of uncertainty formula (7.2) to expression (7.4) and to
Briére development rate function, it is possible to obtain the associated errors to the maximum
peak’s coordinates (T, R[T%5]). With the same process, the resulting expression for the 77}

coordinate of maximum peak for Logan rate function is:

AT

Tf =Ty — ——
L M pAT — 1

In(p) + In(AT)] (7.5)

R[T}] coordinate is provided, again, reading Logan expression in 7} value. The propagation
of uncertainty formula (7.2) is used also in this case to calculate the associated errors. These
results are fundamental in understanding the behaviour of the species.

As in its original version, the user can read results in two specific files: the first is a text file
that reports all numerical values, while the second is a double plot that reports experimental

data, and the fitted curve with experimental data.

7.3.2 Population modelling

The density of population and its development over time and age can be described by a model
which includes the development rate functions. Originally, EntoSim involved Manetsch’s DDM
[15], [16], but its application required the additional step of calibration [35]. As a result, the
previous model has been replaced with a generalized version of the Von Foerster’s equation,
which includes the development rate functions. A detailed description of the model can be
found in the work of Rossini et al. [31]. Let us introduce the concept of “physiological age”
x, which, in the case of insects, is used to refer to a variable, which clearly identifies the life
stages. In the most general case, the development rate function depends on two variables, time
t and physiological age x, and considers the effects of both environmental factors and aging on
growth. With this precondition, the Von Foerster’s equation assumes a different form [83], and
it is included in the “simulator” tool:

0

0 i
aN(t,:U) + 92 [G(t,z) - N(t,x)] = —M"(t,x) - N(t,z)

(7.6)

N@mzémﬁmny@fmf
) = N(x)

N(0,z



92 Chapter 7. A revised version of EntoSim: new models and new functions

In the model (7.6), N(¢,x) is the density of population, G(t,x) is the “generalized” de-
velopment rate function, M(t,z) is the “generalized” mortality rate function, 5(t,z) is the
“generalized” birth rate and N°(z) is the profile of the initial population. Furthermore, the
boundary condition N (t,0) expresses the new-borns’ trend. To adapt equation (7.6) in the case
study presented in this work, a necessary simplification led us to consider G(t,z) = R[T'(t)]:
in other words, the aging effect on growth is not considered. Moreover, temperature T in the
development rate function depends on time and is measured with a meteorological station. Ac-
cordingly, the only way to implement equation (7.6) in a simulator with variable temperature is
through an algorithm for numerical solutions.

A combined use of the upwind scheme and the finite difference method [31] allows one to

obtain a discrete form of the problem (7.6) that is ready to be inserted into C++ software:

i

N = Nj = 2 RIT) (N}, = Nj_y) = iNj
Tm

N = BiNih (7.7)
=0

NY =N

During the discretization process, the variables ¢ and = are substituted by their respective
discrete form 7 and h to make a conceptual distinction between continuous and discrete variables.
The model (7.7) is the kernel of “simulatore”, the second part of the software improved in this
work.

The parameters resulting from “fittasso”, related to the development rate functions, are
absorbed as input in this case, together with specific text files which include the daily average
temperature, the specific fertility and mortality rates for each life stage [49].

In order to improve the simulations, the possibility to insert data from previous field monit-
oring was added. If the latter information is missing or not required, a default option assumes
that the adults of the previous generation concentrate oviposition on day zero, namely the first
day of the simulation.

After the launch of “simulatore”, the user must select the development rate function and the
temperature range where the latter is evaluated. At this point, the simulation process automat-
ically starts, employing equation (7.7). The program reads the daily average temperature from
its specific text file and then each value is processed and assigned to its specific development
rate function by a filter.

Subsequently, “TFormula” tool, included in the ROOT’s libraries, evaluates the correspond-
ing rate R[T;]. It is then inserted into the system (7.7), providing the corresponding daily
density of population. Since the latter is a function of two variables, results are provided in dif-
ferent graphical forms, with the aim of relaying the widest scenario of the simulated situation.
The first plot is a 3D-surface, in which independent variables are time (expressed in days) and
physiological age. The dependent variable is the simulated density of population N (t,x).

A second graphical result provides a summary of the temporal trends at fixed stage: in a

single plot all the population densities corresponding to each life stage are superimposed.
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7.4 Data collection and comparison between simulations and

monitoring

Surveys on L. botrana populations were conducted in 2014, 2015 and 2016 in the same ex-
perimental vineyard (1 hectare) located in Castelli Romani area (Lazio Region, Central Italy).
European grapevine moth presence was monitored using BIOGARD (BDT) pheromones Delta
traps (S.r.l. Biogard Division, 20834 Nova Milanese (MB), Italy) with Selure-Lb dispenser (Shin-
Etsu Chemical Co., Ltd., Tokyo). Three traps were deployed every year of experimentation from
the end of April until the end of September and were checked weekly. Traps were hung in the
plant canopy, along the diagonal of the vineyard. The number of traps used for the field survey
was unaltered during the years, and also proportioned to the area involved in the survey [159]
following the manufacturer instructions. Pheromone lures were changed every 2 weeks. Accord-
ing to the sampling time, it is possible to assume an uncertainty of +3.5 days, half of the 7 days
between two inspections.

Regarding the measurement of daily average temperatures, a meteorological station from
Vaisala company (Helsinki, Finland) was positioned in the aforementioned field. More specific-
ally, a model AWS310 recorded one temperature measurement every 30 minutes, with a single
daily value averaged from 48 samples.

The comparison between simulations and field data was conducted with a new tool included
in “fittasso”. Mathematically, the nearness of two series of data can be evaluated using the

definition of x?:

n=N

Ry
2= Z W”SNS”) (7.8)

n=1

The equation (7.8) compares N pairs of data points corresponding to the same time ¢ (ex-

pressed in days), related to the simulations, S,, and to the monitoring data, M,. To support

the expression (7.8), it is possible to also consider the R?-value, which indicates the extent to
which the simulation is reliable in representing field data.

This operation is managed by C++ code which absorbs the values from two specific .txt

files (one for simulation and one for validation). Thereafter, it prints x> and R?-values on a

computer console and on a dedicated .txt file.

7.5 Results

7.5.1 Parameter estimation from life tables

The grapevine moth life tables are available from the work of Moshtaghi Maleki et al. [55].
These data were inserted as input in the “fitfasso” macro to obtain the parameters related to
the linear, Briére and Logan development rate functions. Results of this first phase of the work
are listed in Table 7.1, together with their standard errors, x> and R? values. In addition, a

visual support is provided in Fig. 7.1, where an overlap of the best fit development rate functions
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is represented.

Table 7.1: Results from the linear and non-linear parameter estimation process through the use of
“fittasso” macro. The parameters’ values for linear, Briére and Logan rate functions are reported with

their corresponding standard errors. y?-values, R2-values and the number of degrees of freedom (NDF)

are also provided.

Rate function Parameters (+SFE) x?-value R2?-value NDF (n)
Linear 1. (1.324 4+ 0.007) - 107%  0.0064  0.694 4
iL = —0.0126 £ 0.0002
a=(344+02)-107°
T, =6+1
Briére Ty =32.6+0.5 0.0036  0.867 2
m=3=%x1
Y= (7.0+£0.5)-1074
p=0.1840.04
Logan Ty =341+0.8 0.0019  0.925 2
AT =4+2
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Fig. 7.1: Development rate functions describing the life tables of Lobesia botrana, estimated with
“fittasso” macro. Linear, Briére and Logan functions are also compared with the experimental points.

Moshtaghi Maleki et al. [55] provided the data for the calculation.
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Examination of the x2 and R? values showed that the linear rate function was inappropriate
for the simulation. Both Logan and Briére had a better fit. Concerning the optimal temperature
for the development of the grapevine moth, 7%, a value of (31+1)°C was calculated with formula
(7.4) for the Briére expression, while (29 £1)°C was calculated with formula (7.5) for the Logan
expression. Logan and Briére functions had 4 intersection points (Fig. 7.1). This led to a
division of the temperature axis in 5 potential subranges in order to discern which was the best
for representing development rate function for each of them (see supplementary material). The
choice for the simulation was Briére for the ranges (6.7 — 13]°C' and [25 — 30)°C' and Logan for
(13 — 25)°C and [30 — 34)°C.

7.5.2 Simulations and validations

After the individuation of the specific development rate functions for each temperature range,
the analysis provided a simulation of the second and third generation of L. botrana for the three
years of field survey. For each year, the simulation inputs were the daily average temperatures
provided by the meteorological station, and the first generation data provided by monitoring of
the adult population.

Proceeding in order, Fig. 7.2 represents the results for the 2014 season. It shows a cor-
respondence between the simulated population and the experimental points. Both simulated
peaks were close to the monitoring data: for the second generation, model indicated a peak on
15" June, in accordance with field data on 16" June. A similar situation regards the third
generation: forecasts indicate a maximum on 18" August, while monitoring reported this value
on 19" August.
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the second generation (left peak) and third generation (right peak).
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Results for the 2015 season are shown in Fig. 7.3. Despite the lack of accordance between
experimental points and simulation in the second generation, as shown towards the left-hand
side of the time axis, the simulation predicted the peak of the real population reported on 16

June. Forecasts for the third generation report the highest number on 15** August, while the
field survey indicated 19" August.
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the second generation (left peak) and third generation (right peak).
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Fig. 7.4 reports the results for the last year of the survey, 2016. In this case, the second
generation recorded a maximum peak on 11** August, while simulation indicates the date of
10*" August. For the third generation the situation was different, since it was not possible to
individuate only one peak based on the field data: the highest values were recorded on the
14*" and 215 September. Nevertheless, simulation indicated that the maximum peak of the
population was on 18" September. The accuracy of the three simulations was also revealed
using expression (7.8), which provided the respective x?-values. R? value is also reported in
order to underline the capability of the simulations to represent field data. These last results
are listed in Table 7.2.

Table 7.2: : x? and R? values which indicate the accordance between simulations and field data for

each year of field survey.

Year of survey x2-value RZ-value

2014 162.10 0.736
2015 234.58 0.865
2016 3.58 0.932

7.6 Discussion and conclusions

The life tables analysed in the first part of the results provided satisfying values for both Briére
and Logan development rate functions. Despite x? and R? values listed in Table 7.1 highlighted
small differences between the best fit development rate functions, the Logan expression resulted
as the most appropriate for simulations. Nevertheless, one of the critical issues with Logan
formula lies in the lack of a parameter which clearly indicates a lower temperature threshold
for the development of the species. This aspect is usually not considered in the growing season,
because of the daily average temperature fluctuations around values concentrated in the quasi-
linear range of the plot. On the other hand, it becomes of crucial importance when there is an
interest in simulating insects’ populations during season changes. As a result, the compromise
consisted of dividing the temperature axis in subranges and to assign a specific development
rate function to each of them.

An alternative option could be to increase the number of points in the life tables to improve
the reliability of fit results. In particular, the additional points should be concentrated in
temperature ranges close to the biological limits, where a high mortality rate is usually reported
[161]. Accordingly, it requires a conspicuous number of individuals in the initial cohort to obtain
a reasonable result.

Overall, there was a good accordance between simulations and field data for all the three
years examined: the R%-values listed in Table 7.2 indicated the high capability of EntoSim in
describing the monitored population of L. botrana. The 2016 season was well represented by the
simulation, but at the same time had lowest population density. Concerning the 2014 and 2015

seasons, the trend was similar, with a higher population in the third generation.
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This work, in the light of results obtained, underlined that ROOT and C++ programming
language represent a valid choice to manage data and simulations. Beyond the computer model,
the aim of this work was also to show the main difficulties related to a physiologically based
model application, and how a dedicated software could validate results. It is often difficult to
obtain life tables with a high number of experimental points. In fact, this operation requires a
series of rearing at different constant temperatures, which needs environmental chambers and
high numbers of individuals. The possibility of limiting some parameters in the development
rate functions, together with the insertion of initial values, allows one to obtain similarly realistic
results.

A territorial monitoring and modelling activity could be helpful to identify areas susceptible
to L. botrana infestation and to forecast when outbreaks will occur. This concept can be relevant
particularly for vineyards characterized by different microclimatic and/or agronomical conditions
where the maturation of the grapes can be delayed [137]. Insect movement is mediated by a
large number of factors including food availability [162], which in an agricultural context can
depend on harvest date [163]. For instance, a late grape harvest can cause dispersal of L.
botrana from nearby fields, impacting their population density. Large-scale management with
forecasting models can contribute to develop a strategy to reduce the population density and
limit migration.

From a more general point of view, predictions can also act as decision support system
tools to guide the restriction of the areas in which harmful alien species occur [59], [121]. For
example, where an invasive species is detected for the first time, forecasts can provide an idea
of its potential speed of development and about the suitability of the environment [115].

The early detection of invasive organisms results in a better chance of significantly reducing
their diffusion, not only in agricultural fields but also in management of forests, urban and
peri-urban parks and private gardens [164]. These represent a natural refuge for native species
of plants and animals [165], and the use of chemical pesticides, not always allowed in urban
areas by national regulations, can contribute to a reduction in biodiversity. Unexpected insect
outbreaks can occur in such ecosystems, a phenomenon which is probably due to an environment
simplification with negative interference of entomofauna [166]. Alternative control strategies
have been developed both for agricultural [122] and forest [62] systems, but the common factor
in their application is often the need for fast reactions to maximize efficiency [167].

Moreover, mathematical models in agriculture, forest and environmental sciences have re-
cently been used to identify future areas at risk from climate change [35], [118], [168]. For
instance, several results have been published showing how temperature increases can affect
biodiversity [138], [169]. In this scenario, software as EntoSim could be helpful to predict which
insect species can benefit of climate change in a particular area, supporting agronomists and

technicians in the choice of the less susceptible cultivation [170].
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A second novel model: the
integro-differential generalised Von

Foerster equation

4

“Failure is not an option.’

- Gene Kranz

The previous articles [31], [41], [42] showed how the novel generalised Von Foerster equation
is reliable in describing populations of different insects species in different living environments.
However, the population density of the following generation strongly depends on the abundance
of the previous one. This aspect is defined as “memory effect”, and it is typically verified in
Ecology. The generalised Von Foerster equation considers reproduction as a boundary condition,
but the master equation does not have a memory term. In this article [30] this issue has
been solved, providing an additional brick to the mathematical theory showed in this thesis.
Hence, this model represents the second main goal reached during the PhD work. Besides the

mathematical details, a validation of this novel model is reported in the case study of L. botrana.
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A novel version of the Von Foerster equation to describe poikilo-
thermic organisms including physiological age and reproduction

rate

8.1 Abstract

The mathematical description of poikilothermic organisms’ life cycle, of insects in particular,
is a widely discussed argument, above all for its application in decision support systems. The
increasing interest among agricultural industries in obtaining products with minor quantities of
chemical inputs has led entomologists and model scientists to study in greater depth not only
the biology and behaviour of the insects, but also the way to translate these mechanisms into
mathematical language.

The aim of this work is to provide a new instrument to describe insect pests’ population
density. In particular, the study analyses insects’ development through the life stages driven
by environmental factors. This has led researchers to consider physiological age, instead of the
more widely used chronological age. In addition to mortality and fertility rates, the possibility
of improving the simulation by inserting as a boundary condition results from previous field
monitoring or the links with diapause models has been considered. The work is validated in the

case of the European grapevine moth Lobesia botrana.

8.2 Introduction

Since their first introduction, the McKendrick and Von Foerster equations [57], [109] aroused
the interest of population dynamics scientists. This is due to the ability of these equations to
describe analytically the temporal evolution of a population divided into age classes. Over the
years, this model has been widely applied to several case studies, such as human populations,
animals and cells [125], [171], [172]. In particular, its potentialities have been used to predict
populations of insect pests [173], [174], to perform control strategies focused on the reduction of
pesticide usage on crops [143], in line with the safeguarding of environmental and human health.

The main issue related to the formulation of a mathematical model in biology is the lack,
in some cases, of theories describing the basic processes [1] and, accordingly, this makes a
series of simplifications inevitable, in order to schematize the problem. In particular, the Von
Foerster equation considers that the individual’s growth increases linearly with time [131]. This
aspect makes the application of the Von Foerster equation difficult in the case of poikilothermic
organisms, which are strongly dependent on the environmental parameters, such as temperature
[31]. However, to obtain a more realistic description of insect populations in their habitat,
it is necessary to consider also i) the possibility to include data provided by previous field
monitoring, #) models to describe how insects deal with unfavourable environmental conditions
(e.g. diapause), and iii) the initial population’s distribution in age classes.

Hence, the aim of this work is to provide a new model as a decision support system in plant

protection against insect pests. The model’s efficiency has been tested using the case study of the
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European grapevine moth Lobesia botrana (Denis & Schiffermiiller) (Lepidoptera: Tortricidae).

8.3 Materials and Methods

8.3.1 The population density model

The mathematical description starts from the schematic representation showed in Fig. 8.1.

BN(t)
B(t)
ﬂlm
RY(t) R*(t) R3(t) Rh(t)
Ro(t) —_— NO(t) —_— Nl(t) —_— NZ(t) — e —_— Nh(t)
DO(t) Di(t) D2(t) D" (t)

Fig. 8.1: Schematic representation of a life cycle considering reproduction rate. The life cycle is divided
into age classes represented by a number N(¢) of individuals. On the whole, a cohort of individuals
generates an input flux R'~1(¢) and, after their maturation, an exit flux R‘(t) toward the next stage.
D'(t) indicates the flux of dead individuals, while Bi(t) is the flux of new-born.

A life cycle divided into age classes can be represented with a series of chained boxes. The
input flow in the first stage is composed of a cohort of individuals (e.g. eggs laid on the same
day in the case of insects) and is indicated with the temporal function Ry(¢). Conceptually,
each box represents an i-th age class, in which N;(¢) individuals spend time for the process
of maturation, dictated by environmental parameters and aging effects. When maturation is
complete, an output flow of individuals passes to the next stage: this also represents the input
flow for the following stage. This process is repeated until the last life stage (h-th stage), after
which the development of the individual is no longer possible. Two additional flows specific to
each stage are represented by progeny B;(t) and dead D;(t). The difference between B;(t) and
D;(t) is that the first one represents the individuals which enter only in the first life stage, and
the second one is similar to an exit flow, but it does not feed back into the maturation process
of other life stages.

Let us focus on a single life stage, represented in Fig. 8.2. Introducing the population density
function, N(t, z), which describes the density of population over time ¢ and physiological age x,
it is possible to formulate a series of hypotheses at the basis of the model description.

Population starts from a time ¢, which is considered equal to zero, without losing the gener-
ality of the problem. At time ¢t = 0, hence, there is a profile of individuals distributed into life

stages, described by the following function:
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N(0,z) = N%x). (8.1)

The input flow into the i-th stage (Fig. 8.2) is indicated with R;_a(t) and it is ruled by a
“generalized” development rate function which considers: i) the interaction between the species
and the environmental parameters, usually time dependent, and ii) the effect of aging. This
function in its general form is indicated with G(¢,x) and its introduction connects the entering

flow to the population density function:

Ry nz(t) = G(t,x — Azx) - N(t,x — Ax). (8.2)

B, (t)

Ry—ax(t) —— N(t) —— Ry (1)

Dy (t)

Fig. 8.2: Schematic representation of a single life stage. The infinitesimal input flow is represented by
R, (t) function, R,(t) is the output flow of mature individuals which pass to the next stage, D,(t) is
the flow of dead and B,(t) is the flow of progeny generated by the individuals in the stage, and which
provides an input flow for the first stage of the life cycle. N(t) is the count of the members present into

the stage.

The development rate function, moreover, is defined as the temporal variation of the physiolo-

gical age, that is:

lim ar _ G(t, ). (8.3)

In other words, it is possible to assume that there is a relationship between age and time,
described by the function G(t,x). More specifically, the role of the development rate function is
to describe the age increase in respect of time. Hence, with the definition (8.3), the development
rate function assumes, also, the meaning of “speed of growth”.

Output flow from the i-th stage (Fig. 8.2) due to some individuals maturing is indicated

with R;(t). In a similar way to the expression (8.2) it is possible to write:

R.(t) = G(t,z) - N(t,z). (8.4)
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Mortality flow from the i-th stage indicated with D,(¢) is ruled by a mortality rate function
M(t,z). Its connection with the population density function is conceptually similar to the

expressions (8.4) and (8.2):

Dy(t) = M(t,z) - N(t, ). (8.5)

The state function N(t), which considers the number of individuals in the i-th stage, can
be expressed integrating the population density function in the age interval

[z — Az, z]. Mathematically:

Ni(t) = / iA N(t, 2)da. (8.6)

The flow of new-born B,(t) is ruled by a fertility rate function (¢, x), time and age depend-
ent.

Even if it is supposed that reproduction is possible in all of the life stages, the fertility rate
function defines which of the age classes are fertile. In practical applications, the (¢, ) function
can be defined as a step function where the fertility coefficients, estimated from laboratory

experiment, are reported. In a similar way to the expressions (8.2), (8.4) and (8.5):

Bu(t) = B(t,z) - N(t, ). (8.7)

Conceptually, it is possible to produce progeny at multiple stages, but the contribution deals
with an entering flow only in the first life stage.
Now, let us focus on the temporal variation of N*(¢). Using the hypotheses formulated above,

it is possible to write a balance equation which rules all the input and output flows:

%N"(t) =Ry nz — Ro(t) — Du(t) + /Ox B, (t)dx'. (8.8)

Expression (8.8) represents the balance between the input flow from the previous life stage,
the output flow due to maturation of individuals, and the outlet flow of dead.

The last term on the right represents the contribution of the new-born and requires a more
detailed discussion. Hypothetically, progeny can be produced by more life stages of the insect
which are defined, in the most general case, by the fertility rate function (¢, x). That means
that each of these stages can produce a flow directed towards the first stage. Accordingly, the
additional amount of individuals produced with reproduction is represented by the contributions
derived from all the stages. Now, substituting the expressions (8.2), (8.4), (8.5), (8.6) and
(8.7) the balance equation (8.8) is rewritten considering the density of population N (¢,z) and

development, fertility and death rates:

d x

pn N(t,z")dx' = G(t,» — Az) - N(t,z — Az) — G(t,x) - N(t,z)+
r—Ax

(8.9)
—M(t,x) - N(t,x)+ /0 B(t,z") - N(t,x')dx'.
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Dividing both members of the equation (98.) for Az, and rewriting the terms:

d 1 ® G(t,x — Az) - N(t,x — Az) — G(t,x) - N(t,x)
o Nt ld l: 9 b 9 9
thm/m_M (t,2)dz Az *

(8.10)

M(t,x) - N(

t7x) 1 * / / /
— — t - N(t,x')dx'.
e 5 [ V(s

At this point, each component of the expression (8.10) can be modified as follows. Consider-
ing the hypothesis of an infinitesimal stage, the mean value theorem for integrals can be applied

to the left member integral:

Alx/m_mjv(t,x')dx' _ N(t,2). (8.11)

The first term on the right member of expression (8.10) can be replaced considering the
Taylor series expansion of the function G(¢,x) - N(¢,z) truncating on the first order [31]:
G(t,x — Az) - N(t,z — Ax) — G(t,x) - N(t, x) 0

Az ~ =5 (Gt 2) - N(t 2)] (8.12)

Mortality term, divided by Az, can be considered as a function which provides the probability
of death at each life stage and indicated with M*(¢,z) [31]:

M(t,z) - N(t,x)
Az

Otherwise, it is not possible to apply the mean value theorem for integrals, as showed for the
X

1
term (18.1), to the integral Ar / B(t,z') - N(t,z")dz’ on the right of equation (8.10), because
x Jo

= M'(t,z)- N(t, ). (8.13)

of the width of the integration interval. To avoid this issue, it is possible to follow the same line
of reasoning showed for the mortality term (8.13).

The function §(t,z) divided by Ax represents the probability for individuals to generate
progeny in each stage, synthetized with 3(¢,z). In this way, the integral on the right of the

equation (8.10) is rewritten as follows:

1 * / / /I _ ¥ % AW / /
Aw/o B(t,z") - N(t,x")dx —/0 B (t,x") - N(t,z")dz'. (8.14)

The new expressions (8.11), (8.12), (8.13) and (8.14) are now ready to be substituted in
the equation (8.10). The Taylor series expansion (8.12) introduced the partial derivative in the

x variable. For this reason, in the left member of the expression (8.10), the time derivative

0
becomes aN (t,z). Hence, these assumptions lead to:

9 0 Z- O o
SN() + o [Gt,)  N(t,2)] = ~M (t,x)~N(t,x)+/0 Bi(t,2)- N(t,2)da'.  (8.15)

The initial condition (8.1) described during the hypothesis’ formulation can be associated
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to the equation (8.15). Otherwise, in practical cases, the estimation of the initial population
profile is difficult, above all in open field contexts.

Data related to insect monitoring activity mathematically represent a temporal evolution of
the population in a specific life stage. In other words, this information represents a boundary

condition for the equation (8.15), and in the most general form can be written as:

N(t,0) = N°(t). (8.16)

The expression (8.15) with the initial condition (8.1) and the boundary condition (8.16)

represents the complete version of the model.

8.3.2 Interaction between species and environment

At this point, it is important to draw attention to the development rate function G(t,x). Even
tough the development is supposed to be dependent, in the most general case, on time and age,
the only known dependence for insects is on the daily average temperature. Hence, there is a
connection only with temporal variations of the development rate, and it is restricted only to
the main driving environmental parameter.

In the surrounding literature, various expressions have been developed to describe the con-
nection between the development rate and the temperature [44], [45], [128], usually written using
the notation R [T'(t)]. The choice for this work lies in the Briére [47] and Logan [46] expressions.

The Briére expression is mathematically represented as follows:

R[T(t)] = a-T(t) [T(t) = Tp] - [Tar — T(£)] ™ , (8.17)

where T'(t) is the daily average temperature, a and m are empirical parameters, 77, and
Ths are respectively the lower and upper thermal thresholds, below and above which life is
theoretically not possible.

The Logan expression is mathematically represented as follows:

RIT()] = - |exp (pT(#)) — exp <pTM - TMA_TT(”H , (8.18)

where, T'(t) is the daily average temperature, 1) and p are empirical parameters, Ty is the
upper thermal threshold, above which life is theoretically not possible, and AT is the temperat-
ure interval between the maximum peak of the function and the upper thermal threshold. The
use of the expressions (8.17) and (8.18) as development rate functions implies to not consider the
age dependence on the generalized development rate function G(¢,x) presented in the equation
(8.15). Hence, to pursue the aim of this work it is now considered G(t,z) = R[T'(t)].

The parameters of the above expressions (8.17) and (8.18) are estimated through a non-linear
fit operation with data from laboratory experiments which, in the case study presented in this
article, are available from the work of Moshtaghi Maleki et al. [55].

A cross check between y2-test and adjusted R? values [45] resulting from the non-linear

regression will determine which is the best representing function between (8.17) and (8.18) for
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the experimental data [31], [41], [42].

Even if expressions (8.17) and (8.18) have a similar shape, from an ecological point of view
they provide different information. More specifically, the Logan function lacks of a parameter
which indicates the lower thermal threshold for the development of the species [42], well defined
by 17, in the Briére expression. On the other hand, the additional value provided by the Logan
expression is AT, which can be interpreted as the tolerance of the species to high temperatures.
Both the expressions (8.17) and (8.18) present a quasi-linear range, corresponding to the optimal
thermal conditions usually assessed during grapevine’s growing season. Accordingly, it is possible
to choice, at the height of the growing season, the development rate function which represents
better the experimental life tables. A shrewder choice is advised in areas featured by particularly
low or particularly high temperatures. In this case, it is preferable to address the choice on the
Briére expression at medium-low temperatures and on the Logan at medium-high temperatures.
The experimental vineyard considered in this work belongs to an area not affected by particular
climatic events, and for this way the choice of the best representing development rate function

can be entrusted considering the y?-test and the R? value, as already mentioned above.

8.3.3 Numerical solutions and model validation

The main problem related to the application of the model (8.15) concerns the lack of an analytical
expression to describe the daily temperature variation throughout the year. More specifically,
T(t) is included into the expressions (8.17) and (8.18) and it refers to the temperature recorded
in the experimental field, where insects develop. Accordingly, the only way to apply the model
(8.15) in a varying temperature context is through numerical solutions.

A possible solution could be the application of the upwind scheme, the finite difference
method and the rectangle method to the integro-differential equation (8.15) obtaining the fol-
lowing discrete form:

. . n=h
WﬂzszWﬁrH%1—2RML4M4+M§)%W
n=0

4 (8.19)
Ni =N,

NO = NO.

A different notation has been adopted to distinguish discrete and continuous variables: time-
step is indicated with ¢ and the age-step with h. Furthermore, in the expression (8.19) R[T;]
indicates the discrete version of the expression (8.17) or (8.18).

Calculations have been conducted in a similar way, as described in the work of Rossini et al.
[49], by the implementation of the numerical scheme into C++ software.

A comparison between field data and numerical solutions is possible applying, again, x>

formula:

" (0; — E;)?
Y2 = Z (l?)’ (8.20)
i=1 ‘
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where O; are the observed data (monitored population) and F; are their corresponding
simulated data. In this case, expression (8.20) is used as an indicator of the distance between
the numerical solution (8.19) and data provided by field monitoring. To support results provided
by x? formula, it is also possible to consider the R?, which shows how much simulation is capable

of accurately representing experimental data.

8.3.4 The European grapevine moth Lobesia botrana

To test the model’s efficacy, the case study of the European grapevine moth, Lobesia botrana,
one of the most harmful insect pests affecting grapevines worldwide, has been chosen. Its
dangerousness derives mainly from its capability to complete up to 4 generations during the
year, and from its connection with secondary hosts such as Botrytis cinerea, a causal agent of
fungal disease [175]-[178].

The life cycle has an average duration of 40 days in optimal conditions, and the yearly
generations are synchronized with the main phenological stages of grape plants [112].

The first life stage is represented by the eggs, laid by females into flower buds during the
first generation and laid into clusters and berries during the second and the third. After the
eggs have hatched, five larval instars are largely responsible for the damages recorded in grape
fields [179].

The total duration of the larval stage comprises a high percentage of the whole life cycle
(around 60-65%) and it is usually the most difficult stage to control with either chemical or
biological strategies [111]. The following stages are pupae and adults. The coupling activity
starts 1-6 days after emergence [179] and females lay an average of 100 eggs [55] 1-2 days after
coupling [179].

In accordance with this life cycle, this work considers a total number of 8 stages (Fig. 8.3)
[55], [111], [179]. Since the first generation is considered the least relevant for damages reported
in grapevine fields [178], information related to the monitoring operations can be inserted as a

boundary condition into the model, in order to simulate the second and the third generations.

Egg

1stinstar

2n instar

3rd instar

4t instar

Fig. 8.3: Schematic representation of L. botrana life cycle.

5t instar

Larval stages
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8.3.5 Field data acquisition and analysis

Data were collected in an experimental vineyard (ca. 1 hectare) located in the Castelli Romani
area (Lazio, Central Italy), a peri-urban area notable for high quality wine production [42],
[180].

L. botrana population density was monitored by catching males with Biogard Delta Traps
(BDT) (S.r.l. Biogard Division, 20834 Nova Milanese (MB), Italy), equipped with pheromone
type Selure-Lb. Three traps were sufficient to cover the experimental area [159]. Data were
collected in the 2015 growing season, during which three generations of European grapevine

moth were recorded.

After their deployment (which occurred in the middle of April 2015), traps were checked
once a week until the end of the season (late September 2015). The sampling range, moreover,
provides an estimation of the uncertainty associated to each experimental point, fixed to +3.5

days.

A meteorological station from Vaisala company (Helsinki, Finland) (model AWS-310) was
placed into the experimental field to record the daily average temperature. The mean values were
obtained from 48 measurements every 24 hours and used as input into the numerical solution
(8.19), once the best representative development rate function between (8.17) and (8.18) was
defined.

8.4 Results and discussion

The first phase of model application concerns the development rate functions’ parameters es-
timation through a non-linear fitting operation. Using data provided by Moshtaghi Maleki et
al. [55], the results listed in Table 8.1 have been obtained. A visual output is represented in Fig.
8.4, where the best fit functions (8.17) and (8.18) are overlapped and compared with Moshtaghi
Maleki et al. data.

At this point, the adjusted R2-values listed in Table 8.1 indicates that the appropriate
function to use into numerical scheme (8.19) is the Logan, but this result needs to be confirmed

with a x?-test.

Considering a number of degrees of freedom NDF = 2, the P-values provided by y>-test
are Pp = 0.9981 for the Briére expression (8.17) and P;, = 0.9990 for the Logan expression
(8.18). According to this first phase of the analysis, the effects of temperature on L. botrana
development are well described by the Logan formula (8.18). Hence, the best development
rate function to use for simulations was chosen as the Logan development rate function. Other
inputs are the daily average temperature values and field monitoring on the first generation of

L. botrana.
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Development rate functions: resume
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Fig. 8.4: Logan and Briére development rate functions estimated with experimental data from Moshtaghi
Maleki et al. [55].

Table 8.1: Results from non-linear parameters estimation process through the use of “fittasso” macro
[49]. The parameters’ values for Briére and Logan rate functions are reported with their corresponding

errors. Additional information is provided by y2-value, adjusted R2-value and the number of degrees of
freedom (NDF).

Rate function Parameters x2-value  Adjusted R?-value NDF (n)
a=(34402)-107°

Briére Tp=6+1 3.65-107° 0.867 2
Ty =32.6+£0.2
m=>5=x1

Y= (7.0+£0.5)-107*

Logan p=0.18 £0.04 1.93-1073 0.925 2
Ty =341+0.8
AT =4+2

A graphical comparison between simulations and monitoring data is reported in Fig. 8.5.
The peak on the left side represents adult flights of the second generation. The population’s
profile is well represented, and a maximum is provided on 17** June by simulations, while the
field data report this value on 16" June.

The third generation has been simulated considering the reproduction rate. Results are

shown on the right part of Fig. 8.5. In this case, also, simulations reproduce the field data
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profile well, but with less accordance than the second generation. The maximum peak for the

third generation is on 14" August for simulations, and on 19" August for field data.

150

—e—Field population

Validation results

135 © a2 —
°
! . " °
x Simulation 2nd generation o——t °
120 . ) . ° ¢
o Simulation 3rd generation @
< o
o
105 —— °
° °
2
£ 92 R o
5
©
'g °
S 75 M
s ° °
2 o
o °
T g °
o °
°
x‘%XXxx){x‘ ° oo
o
45 e ° %
x Xy —— °
X x 4 o
X X ° o
30 xx “—x R —e—i o
x x ° °
X ° o
X X o,
15 x X & ——— %0000
X
xx% —— 00
K
& P .

0
27/0515  06/06/15  16/06/15  26/06/15  06/07/15

16/07115 26/07115  05/08/15 15/08/15 25/08/15  04/09/15 14/09115 24/09/15

Time (days)

Fig. 8.5: Comparison between simulations of the first and second generation and field data.

The accuracy of simulations in representing field data has been investigated with the expres-
sion (8.20) and the R?-value. Results are listed in Table 8.2.

Table 8.2: y? and R? values to compare simulations and field data in the case of the second and

third generation.

Generation x2-value R?-value
ond 21.02 0.841
3rd 46.65 0.911

The second generation reported a lower x? value, but at the same time the R? is lower

than the third generation. Overall, these results confirm the reliability of the simulation in

representing field data.

8.5 Conclusions

The comparison between simulations and field data shows that the model is appropriate to

describe poikilothermic organisms’ population density. In particular, it has demonstrated the

importance of adjusting the model by providing additional information in the initial and bound-

ary condition. For this case study, data about the first generation of the European grapevine
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moth have been inserted as a boundary condition. There were two primary reasons for this
choice.

The first generation usually has a low population density, making control action unnecessary
[181]. At the same time, however, the damages inflicted on flower buds [54] and above all the
crucial role that the first generation plays on the abundance of the following generations cannot
be neglected [112], [176], [177], [179]. Accordingly, by inserting into the model the monitoring
results on the first generation as a boundary condition, a more accurate simulation can be
obtained, as shown in Fig. 8.5.

An additional advantage to having a boundary condition “free of use”, is that it allows the
inclusion of diapause models, an argument which has aroused the interest of model scientists for
a long time [182]-[184]. A mathematical representation of the diapause, in fact, is helpful for
managing the initial population profile for the current year [185].

This is of extensive interest not only for the European grapevine moth, but also in relation
to other aggressive phytophagous agents’ species such as the tomato leaf miner, Tuta absoluta
[116], [117], or the pepper weevil, Anthonomus eugenii [41], [121].

The validation process reported as the conclusive phase of this research shows that the
model (8.15) represents a good starting point to describe the poikilothermic organisms’ life
cycle. Nevertheless, it provides evidence of the need to delve further into methods of translating
into mathematical language the interaction between insects and environmental factors (to date
limited only to the temperature), together with the effect of aging on the development rate, and
fertility and mortality rate description.

Moreover, it has been shown that the model is able to describe multivoltine species. Non-
etheless, the number of generations is expressed in terms of physiological age. In the case of
Lobesia botrana the total number of life stages is 8, considering the eggs, 5 larval instars, pupa
and adult (Fig. 8.3). In the results shown in Fig. 8.5, the second generation starts from the 9t"
stage, and is concluded by the 16",

Cases in which the biology of the species is known will have a simple application, but more
attention is required for insects that have not been completely explored by entomologists. Fortu-
nately, this issue is overcome with more accurate studies on life tables [52], demonstrating again
the importance of collecting biological information for the correct operativity of the model.

In addition to the fact that this kind of model is helpful for decision support systems at
the service of agronomists, farmers and technicians, recently they are finding additional uses
in other contexts. To cite some examples, a reliable mathematical description of the biological
mechanisms in relationship with the environmental parameters, is crucial for studies related to
climate change and forensic entomology [37]. In particular, several studies are focused on the
possible diffusion of insect pests in an increasing temperature scenario [118], [135]-[137], [168],

remarking on the need for progress in the modelling field.
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Chapter 9

Conclusions

“Oh, simple thing, where have you gone?
I'm getting old, and I need something to rely on
So tell me when you’re gonna let me in

I'm getting tired, and I need somewhere to begin”

- Somewhere only we know, Keane

The study summarized in the previous chapters highlighted some of the problems affecting
the modelling of ectotherms populations. The choice to divide the whole study in independent
“blocks” led to analyse the strenghts and the weaknesses of each part of the theory. Surely, the
main findings of this thesis are the generalised Von Foerster equation and the integro-differential
Von Foerster equation. In fact, it has been shown that the chronological age and physiological
time are not so adequate to describe ectotherm populations. Even if in the past the Distributed
Delay Model has been widely applied, the first part of this study showed that not only it should
be used in its “counts” version, but also that it needs a calibrations step. From an experimental
point of view, calibration means to repeat an additional validation but “before the validation”.

In Biology, Ecology, Agricultural and Forest Sciences and all the related fields of study, data
acquisition is usually the most expensive part. For this reason, the experimental part has to
be supported as much as possible by a strong mathematical and statistical theory behind. In
addition, the latter should be standardised and applied to all the models belonging to the same
category. This phylosophy led to the formulation of the generalised and the integro-differential
Von Foerster equations. The advantage to have preferred physiological age to chronological age
or physiological time is the elimination of the calibration step. Accordingly, the validation of
the model is easier, as well as its application as decision support system.

Other interesting aspects emerged from the study concerned the effective reliability of the
a priori and a posteriori analysis. It has been demostrated that an ideal model describes
ectotherms population dynamics over time and through their life stages. Hence, the master
equation is composed by a series of sub-models (e.g. the generalised development, mortality and

feritility rate functions) containing biological information. The advantage is that the structure
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of the master equation (either generalised or integro-differential Von Foerster equation) never
change. Therefore sub-models can be developed independently. A practical example reported
in the present work concerned the development rate functions: even if they represent a sim-
plification (not considering ageing or other environmental parameters than temperature), they
are developed independently from life tables. Accordingly, in the master equation is inserted a
function already optimized and validated with other experimentations. The role of the a priori
and a posteriori analysis for this aspect is fundamental. In fact, each sub-model describing de-
velopment, fertility or mortality rates involve a function, as a solution, whose parameters need
to be estimated through experimental data. When a linear or non-linear regression is involved,
a cross check between y2-test and R2-value is the strongest methodology to evaluate the good-
ness of the best fit function. But at the same time more than one expression can provide good
values from the a priori analysis, as showed in the case study of the A. eugenii. Thereby, the
a posteriori analysis can overcome the issues comparing the model’s solution with field data
varying the sub-models in input to the master equation. The a posterior: analysis was discussed
and applied in the present study only in the case of the development rate functions (showing its
reliability), but it can be extended also to fertility and mortality rate functions. Accordingly,
this type of analysis can be easily extended to all the physiologically-based models based on
ordinary differential equations (it has been showed that it worked on the Distributed Delay
Model) and on partial differential equations (first and higher orders).

However, the glue between the mathematical theory (models, data analysis and validation)
and the application is represented by FEntoSim. The reasons behind the choice of C++ pogram-
ming language and ROOT’s software libraries have been discussed in its dedicated chapters, but
some remarks are needed in this conclusion. Previously, the costs behind the experimentations
were mentioned. Talking about costs the first thought falls on manpower (technicians, research-
ers etc.) and matherials, but a great part of the costs are also related to software licenses. This
cannot be a problem for the biggest research centres worldwide, but it can greatly affect small
research centres or the ones located in developing countries. Hence, the use of open source
software and the knowledge of programming languages are fundamental in model development
in this field of research. A proof of that has been showed in this thesis, as well as the fact that
the same field data can be helpful to validate different type of models. About this latter aspect,
a demonstration was reported in the case of L. botrana: the same field data (the whole dataset
or part of it) were used to validate the counts version of the Distributed Delay Model, and the

generalised and integro-differential Von Foerster equations.

Even if the results of this research showed novel aspects and organised them as a theory, this
is only the beginning of a long road. Several limitations, in fact, still affect the presented models.
Besides the development of the various sub-models describing the biology of the species, two main
issues affect the master equations of the generalised and of the integro-differential Von Foerster
equation. The first one, is the biomass. In fact, it was not considered the food availability or the
growth due to ectotherms’ nutrition. Hence, to date it is not possible to consider the interaction
between plants and insects, and also to provide an estimation of the losses. Biomass growth

term, however, can be easily introduced into the master equation together with the “growth
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rate”, its related sub-model. An approach of this type was already considered by Sinko and
Streifer [102]: in future works the principia of their equation can be merged with the principia
of the generalised and integro-differential Von Foerster equations. The second aspect still missing
in the master equations presented in this work concerns the possibility of interaction between
species. There are no terms, in fact, which provide the possibility to link a model describing a
predator, and a model describing a prey, for example. An extension of this type surely can open
the model applications to control strategies which provides for the use of natural enemies, or to
control the equilibria of ecological niches. Even this extension can be easily considered in future
works, merging the principia of the generalised and integro-differential Von Foerster equations

with the Volterra-Lotka predator-prey models.

Hence, this is not the end of this work, this is just its beginning!



Prof.: “Dobbiamo prepararci per domani.”
Mignolo: “Perché? Cosa facciamo domani sera?”
Prof.: “Quello che facciamo tutte le sere, Mignolo.

Tentare di conquistare il mondo!”

- Mignolo e Prof.
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