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Biological invasions are now considered a major form of human-induced global
change, due to trade globalization and the increasing movements of people, goods
and vehicles, combined with climatic and environmental variability. In particu-
lar, climate change is expected to favour the spread of several species also toward
higher altitudes and latitudes. The spotted wing drosophila Drosophila suzukii
and the brown marmorated stink bug Halyomorpha halys, both native to Asia, are
polyphagous insects with a broad climate range tolerance, facility to passive trans-
portation and a high invasive potential. They became noxious crop pests anywhere
introduced, causing heavy economic losses, and represent a serious threat for agri-
culture in Trento Province. Since their first detection in Trentino, many efforts
have been made to develop nontoxic effective management strategies, nonethe-
less chemical control remains the principal tool used by farmers to reduce the pest
population. There are a number of drawbacks associated with the massive use of
pesticides, including increased risk of residues on fruit, worker safety reduction
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and ecological imbalances resulting in secondary pest outbreaks. Moreover, the
use of broad-spectrum chemistries jeopardizes the results obtained with IPM on
cultivated fruits. In this context, the development of alternative control methods
appears urgent to ensure an economic future for the concerned fruit industry. Pos-
sible solutions would only arise from a multidisciplinary approach, from genetics
to biological control and mathematical population models, aiming at understand-
ing the fundamental aspects of the ecology of these pests and paving the way for
implementing effective and sustainable control strategies. In particular, for D.
suzukii we have characterized the life history traits of the pest and the population
structure after key bottleneck periods, such as winter diapause, in order to bet-
ter predict serious outbreaks and improve the effectiveness of pest management
decisions. We also evaluated the potentiality of the D. suzukii indigenous para-
sitoids in open field and semi-field conditions, and the effectiveness of different
biocontrol techniques. A similar approach is ongoing also for H. halys, for which
adventive populations of the native parasitoids have been recently found in our
territory.
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40 YEARS OF DEVELOPMENT AND
APPLICATION OF DYNAMIC ENERGY

BUDGET THEORY

S. A. L. M. Kooijman∗ and
B. W. Kooi

VU University Amsterdam

bas.kooijman@vu.nl (*corresponding author),
bob.kooi@vu.nl

I started to develop Dynamic Energy Budget (DEB) theory (8) in 1979, with
the aim to apply it in physiologically-structured population models for any species
of organism on earth (micro-organisms, plants, animals) and evaluate effects of
toxicants at the population level, modelled as dynamic changes in (particular
toxicant-specific) parameter values. The research program radiated substantially
over time to ensure coherence with physiology, ecology and evolution (6; 11),
involving many co-workers. Metabolic transformations and behaviour are taken
into account by Synthesizing Units (5), that exploit the principle of time conser-
vation within the class of Markov processes, while a food-depending aging mod-
ule (12; 13) specifies the bottom-line exit dynamics. Attention has been given
to a wide range of topics, such as surface area-volume relationships, cytoplasm-
mitochondria interactions, organ size and function dynamics, including tumour
development, isotope dynamics, mixotrophy, parasitism and symbiosis. A large
number of popular seemingly-unrelated empirical models turn out to be special
cases of DEB theory, or very good numerical approximations, such a Kleiber’s
“law” (1932), stating that respiration is proportional to body weight to the power
of (about) 3/4, and Lavoisier’s indirect calorimetry (1780), stating that heat pro-
duction equals a weighted sum of dioxygen consumption and carbon dioxide and
nitrogen-waste production. This is remarkable, since DEB theory makes no direct
assumption about respiration, but still specifies it (and water dynamics) by closing
the balances for chemical elements. Being firmly based on mass and energy con-
servation and other thermodynamic principles (20), I discuss arguments to expect
that DEB theory will have no alternatives with a similar level of generality and
simplicity (14). Simplicity is required for testing generality, due to practical limi-
tations on data availability, and even the present level of simplicity motivated the
development of advanced parameter estimation methods (18; 17). At the same,
such a theory must be detailed enough to respect biodiversity for links to evo-
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lution; a fine balance indeed. Meanwhile some 850 publications (3) have been
written about the theory and its applications by a rapidly expanding community
of research workers from all over the world. The Add-my-Pet collection (1) of
data, parameters and implied properties has been set up to test the generality of
the theory for animals. This collection now has over 2000 species from all larger
animal phyla; model predictions for some 3e4 data sets have a mean relative error
of 0.07, supporting the generality of the theory. Apart from a priory predictable
patterns in the co-variation of parameter values on plain physical grounds (4), pat-
terns have been identified that relate to ecological and evolutionary adaptations,
such as metabolic acceleration (9), ‘waste-to-hurry’(8), supply-demand (15) and
altricial-precocial spectra (1). We also found explanations for some remarkable
findings, such as why the allocation fraction of mobilised reserve to soma follows
a beta-distribution among animal species, with perplexing accuracy (16). The
mean value of this parameter of all species is larger than 0.9, while a value around
0.45 maximizes reproductive output (10). My expectation is that DEB theory will
eventually affect the way we think about ecology and evolution, in satisfying har-
mony with an army of early workers in this field (19).
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ON THE ORIGIN OF COMPLEX DYNAMICS IN
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Dengue fever epidemiological dynamics shows large fluctuations in disease in-
cidence, and several mathematical models describing the transmission of dengue
viruses have been proposed to explain the irregular behavior of dengue epidemics.
Multi-strain dengue models are often modelled with SIR-type models where the
SIR classes are labeled for the hosts that have seen the individual strains. The ex-
tended models show complex dynamics and qualitatively a very good result when
comparing empirical data and model simulations. However, modeling insights for
epidemiological scenarios characterized by chaotic dynamics, such as for dengue
fever epidemiology, have been largely unexplored. The problem is mathematically
difficult and to make the urgently needed progress in our understanding of such
dynamics, concepts from various fields of mathematics as well the availability of
good data for model evaluation are needed.

In this talk, I will present a set of models motivated by dengue fever epidemiol-
ogy and compare different dynamical behaviors originated when increasing com-
plexity into the model framework.
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Among various causes of autoimmunity, a particularly important role is played
by infections that can lead to a breakdown of immune tolerance. In this talk, I will
discuss a model of immune response to a viral infection, and subsequent onset of
autoimmunity, with particular account for cytokines and different types of T cells.
Of particular biological relevance is the analysis of stochastic oscillations around
deterministically stable states, as well as the effects of stochasticity on dynamics
of the system in a bi-stable regime. I will show how variance of stochastic fluctu-
ations and their coherence depend on system parameters (1). To make the model
more realistic, it is important to also consider the effects of time delays associated
with various processes involved in the development of immune response. I will
discuss a method for deriving stochastic delayed differential equations and a cor-
responding numerical simulation algorithm, and will show how it can be used to
simulate stochastic dynamics in a time-delayed model of autoimmunity (2).
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I will present cointegration analysis (2; 2) as a method to infer the network
structure of a linearly phase coupled oscillating system. By defining a class of
oscillating systems with interacting phases, a data generating process is derived
with a specified coupling structure of the network that resembles biological pro-
cesses. In particular we study a network of Winfree oscillators (3), for which we
present a statistical analysis of various simulated networks, where we conclude
on the coupling structure: the direction of feedback in the phase processes and
proportional coupling strength between individual components of the system. We
show that we can correctly classify the network structure for such a system by
cointegration analysis, for various types of coupling, including uni-/bi-directional
and all-to-all coupling. I will also touch upon how to deal with high-dimensional
systems. Finally, we analyze a set of EEG recordings and discuss the current ap-
plicability of cointegration analysis in the field of neuroscience. The talk is based
on the papers (1; 4).
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In unstructured or compartmental population models the state of the popula-
tion is described by one or a set of ordinary differential equations for one or a few
scalar variables as a function of time. Examples are number of individuals or total
biomass. In structured models time depending individual variables such as age,
size, mass or energy content are taken into account (10). The dependent variables
that describe the state of the population and are not scalars but a density function
of these independent of all the individuals that make up the population. They can
be considered as emerging properties of the group of co-specific individuals living
an a bounded spatial homogeneous well-mixed environment.

The individual model used is the DEB model described in (8; 7). The Add-
my-Pet collection (1) contains estimated parameters of over 2000 species from
all larger animal phyla. Besides age, structural biovolume, energy reserves and
maturation are the individuals state variables.

The population model will be formulated for the whole life-cycle consisting
of three life-stages: embryo, juvenile and adult including the criteria for the tran-
sitions, like in the physiologically structured populations approach (11). We will
assume that reproduction occurs simultaneously for all individuals and periodi-
cally, for instance with fish populations as a specific short period of the year with
spawning related to mating success but also by food availability for the offspring.

The resulting model is called the Cohort Projection Model (CPM) since each
individual lives in one cohort as a group of individuals that are born at the same
time. It is related to a projection matrix formulation, especially the Integral Projec-
tion Model (IPM) (2; 9) method which is intermediately between the continuous-
time and the well known discrete matrix projection model. Recently in (12) this
approach was applied based on a previous version of the DEB model.

The CPM-method was already used in (5; 6) with the DEB model for asexual
microorganisms having one juvenile life stage that propagate by binary fission
in (4; 3). In a case study the results for the marbled electric ray fish Torpedo
marmorata population are shown where all model parameter values are taken from
the Add-my-Pet collection (1).
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Advancing population ecology with integral projection models: a practical guide.
Methods in Ecology and Evolution, 5(2):99–110, 2014.

[10] J. A. J. Metz and O. Diekmann. The dynamics of physiologically structured pop-
ulations, volume 68 of Lecture Notes in Biomathematics. Springer-Verlag, Berlin,
1986.

[11] A. M. de Roos. A gentle introduction to physiologically structured population mod-
els. in: S. Tuljapurkar and H. Caswell Structured-Population models in marine,
terrestrial, and freshwater systems pp. 119-204 Chapman & Hall, New York, 1997.

[12] I. M. Smallegange, H. Caswell, M. E. M. Toorians, and A. M. de Roos. Mechanistic
description of population dynamics using dynamic energy budget theory incorpo-
rated into integral projection models. Methods in Ecology and Evolution, 8(2):146–
154, 2017.

28



MECHANISMS OF SYMMETRY-BREAKING AND
PATTERN FORMATION DURING DEVELOPMENT:
INSIGHTS FROM MATHEMATICAL MODELLING

Anna Marciniak-Czochra

Heidelberg University, Germany

Anna.marciniak@iwr.uni-heidelberg.de

Cells and tissues are objects of the physical world, and therefore they obey
the laws of physics and chemistry, notwithstanding the molecular complexity of
biological systems. A natural question arises about the mathematical principles
at play in generating such complex entities from simple laws. In this talk, I show
how different pattern formation concepts may stand challenges arising from the
current experimental research. Specifically, Turing-style morphogen-based mod-
els are compared to mechano-chemical models exhibiting de novo pattern forma-
tion. The latter are using geometric singular perturbation allowing separating fast
and slow-scale subsystems. Patterning potential of mechano-chemical interac-
tions is investigated using two classes of mathematical models coupling dynamics
of diffusing molecular signals with a model of tissue deformation. The first class
of models is based on energy minimization that leads to 4-th order partial differen-
tial equations of evolution of infinitely thin deforming tissue (pseudo-3D model),
coupled with a surface reaction-diffusion equation. The second approach (full-
3D model) consists of a continuous model of large tissue deformation coupled
with a discrete description of spatial distribution of cells to account for active de-
formation of single cells. We discuss analytical and numerical challenges of the
proposed models and compare the resulting patterns of tissue invagination and
evagination to those observed in developmental biology.
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During embryonic development, the behavior of individual cells must be co-
ordinated to create the large scale patterns and tissue movements that shape the
whole embryo. Apart from chemical signals exchanged between cells, a promi-
nent role is played by the extracellular matrix (ECM); these are the hard or jelly
materials (e.g. collagens, fibronectin) that form the micro-environment of many
cells in tissues. To get a better grip on the role of the extracellular matrix in deter-
mining the behavior of cells, we are developing mathematical and computational
approaches to analyse the interactions off the mechanics of cells and the extracel-
lular matrix (ECM) (1; 2; 3). The cell models are usually based on the Cellular
Potts model, whereas the ECM is model is based on a variety of approaches, in-
cluding the finite-element model and molecular dynamics. I will show how these
mathematical approaches help to elucidate the regulation of cell migration and
collective cell behavior during angiogenesis and other mechanisms, including im-
mune cell migration.
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la Mobilitaá Sostenibile, Naples, Italy

lucia.russo@cnr.it

Networks describe how dynamical systems interact. A cell, or node, represents
a component subsystem, and a connection represents an input from one cell to an-
other. Applications are widespread and they include gene regulation networks,
food webs, and neural networks, naming just a few. Networks often display pat-
terns of synchrony, in which clusters of cells behave in the same manner. A related
phenomenon, occurring when the system oscillates periodically, is phase-locking:
cells behave the same way, except for a time delay. Coupled cell systems and sym-
metry group theory provide a general mathematical context for studying networks.
The theory provides a classification, for any network, of all possible rigid patterns
of synchrony and phase-locking: those that persist when the model equations are
perturbed. It also provides methods for finding these patterns in a given model.
Stability of synchronous states and periodic regimes in symmetric network can be
analyzed with systematic methods based on a group theoretical approach. In this
talk, I analyze transitions between symmetric and asymmetric regimes in ring net-
works with periodically forced connections. In particular, the network consists of
a ring where the connections are periodically switched (ON/OFF) with a circular
law. I consider, as an example, a sequence of n reactors where the feed position
is periodically shifted according to a permutation law. I analyze the symmetry-
breaking phenomena which are consequence of interaction between the natural
and external forcing action. As the main parameters are varied due to the presence
of Neimark-Sacker bifurcations, the system exhibits periodic regimes where the
periods are exact multiples of the period of the forcing or quasi-periodic regimes.
In addition to the standard phenomenon of frequency locking, we observe sym-
metry breaking bifurcations. While in a symmetric regime all the reactors in the
network have the same time history, symmetry breaking is always coupled to a
situation in which one or more reactors of the ring exhibit a greater temperature
than the others. I found that symmetry is broken when the rotational number of
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the resonant limit cycle, which arises from the Neimark-Sacker bifurcation, is an
specific ratio. Symmetry locking and resonance regions are computed through the
bifurcation analysis to detect the critical parameters which mark the symmetry-
breaking transitions. Finally, I will present numerical results when the dynamical
systems of the network are PDEs.
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Many mathematical models in the form of Ordinary (ODEs) and/or Partial Dif-
ferential Equations (PDEs) trying to approximate the dynamics of biological and
natural systems may in certain regimes reach infinity, i.e. blow up in finite time.
Take for example the celebrated integrate-and-fire (IF) model that constitutes the
backbone of many models in computational neuroscience or many population dy-
namics models. This ”peculiar” behaviour for a physical/biological/natural sytem
rises various fundamental questions: are these equations well-defined? are the
selected variables the appropriate for the modelling of the systems dynamics? are
there solutions beyond inifnity? To answer these questions we have addressed
a numerical framework that can be applied both to ODEs and PDEs (1) that,
upon suitable singular transformations allows the system to “go beyond infinity”,
with the solution becoming again not-singular. Thus we can study the dynamics
“around infinity”, bypasssing the numerical problems that are asociated with the
singularity at infinity. The proposed approach sets the stage for the systematic
analysis of both the numerics and the physics of dynamics that go to infinity in
finite time for a broader set of such problems.
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Marine ecosystems may contain diverse populations of bacteria which are sup-
ported by relatively few limiting nutrients and which are predated upon by an
equally diverse set of bacteriophages (viruses). The network defined by which
virus kill which bacteria strongly influences the overall persistence of the marine
community (1; 2; 3).

The dynamics of virus and immune response within a host can also be viewed
as a complex ecological system. The immune response predates on the pathogen,
and distinct viral strains compete for a target cell population, while immune re-
sponse populations compete for the virus since their proliferation occurs upon
pathogen recognition. For example, during HIV infection an extensive family
of CTL immune cells recognize specific viral proteins presented on the surface
of infected cells to effectively mediate their killing. However HIV can rapidly
evolve resistance to CTL attack at different epitopes. The ensuing battle creates
a dynamic network of interacting viral strains and immune response variants with
variable levels of (strain) reactivity (4).

It is unsurprising that similar mathematical models can be used to better un-
derstand the role of the predation network structure on the ultimate bio-diversity
of the community in each of these cases. The models we consider consist of sys-
tems of Lotka-Volterra-like ordinary differential equations. The talk will describe
recent joint work with colleagues Dan Korytowski and Cameron Browne on the
dynamics of such models.
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Global change is expected to lead to climate changes that include greater inten-
sity and more autocorrelation in environmental noise. Many recent studies have
noted that the greater variability associated with global change often has more
impact than the change in average behaviour (temperature, precipitation, etc). In
this presemtatopm we explore how changes in climate variability could interact
with a system that is already oscillating, namely, predator-prey systems. We ex-
plore tipping points, likelihood of extinction, and early warning signals for such
climatically-forced systems, and the implications for conservation.
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3Departamento de Matemática, Escola de Ciências e Tecnologia,

Universidade de Évora
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In a randomly varying environment, we can describe the evolution of a fished
population size using stochastic differential equations. Previously (see (2; 5; 6)),
we have compared the profit performance of two harvesting policies, one with
variable harvesting effort, called optimal policy, and the other with constant har-
vesting effort, called optimal sustainable policy. The former is characterized by
fast and abrupt variations of the harvesting effort associated with the frequent vari-
ations in population size due to the random environmental fluctuations. This type
of policy is inapplicable due, for instance, to the logistics of the fisheries being in-
compatible with abrupt and frequent changes in the harvesting effort. It also poses
social problems during the periods of no or low harvesting effort. Furthermore,
this type of policy requires the knowledge of the population size at each instant
and estimating population size is an inaccurate, lengthy and expensive task. The
optimal sustainable policy considers the constant application of the same harvest-
ing effort and leads to population sustainability, as well as to the existence of a
stationary probability density for the population size (see (1)). This policy has the
advantage of being easily applicable and there is no need to estimate the popula-
tion size at every instant. The performance of the two policies was compared in
terms of the profit over a finite time horizon. Using data based on a real fished
population, we show that there is only a slight reduction in profit by using the
optimal sustainable policy (based on constant effort) instead of the inapplicable
optimal policy (based on variable effort).

Since the optimal variable effort policy is not applicable, we present here step-
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wise policies (see (3; 4)), which are sub-optimal policies where the harvesting ef-
fort is determined at the beginning of each year (or of each biennium) and kept
constant throughout that year (or biennium). These policies are not optimal and
pose social problems common to the optimal policies, but have the advantage of
being applicable, since the changes in harvesting effort are much less frequent
and are compatible with the fishing activity. Furthermore, even though estimat-
ing population size is still required, that needs to be done less frequently. We
present the comparison in terms of profit of these stepwise policies with the two
previously mentioned policies.
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Phenomena concerning the spread and control of infectious diseases (IDs) can
be read, from theoretical physics viewpoint, as phase changes and phase transi-
tions (PTs). This is an increasingly important concept in Mathematical Epidemi-
ology (ME) (2). It is enough to think that the kinetic of PTs as well as the spatial
progression of an epidemics are characterized by traveling waves (TWs) (1). TWs
are so intimately connected to the epidemiology of IDs that an epidemic TW was
described in the IV–the century B.C by the greek historian Thucydides.

Nowadays it is increasingly understood that models of ME must include hu-
man behaviour (3), a major factor impacting on the spread, prevention and control
of IDs.

In this talk we will illustrate by means of two case studies how human be-
haviour can induce phase transitions that can deeply impact on the spread, control
and prevention of infectious diseases.
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We study the effect of vaccination in the population, for what we call a child-
hood disease, where we assume the following: the disease has mild complications
for infants but it is relatively dangerous for adults (as an example we have Zika
virus that can provoke severe complications in the fetus when a pregnant woman
is infected). It is well known that a sufficiently high level of vaccination decreases
the effective reproduction number of such diseases, eventually making it smaller
than one, conferring herd-immunity to all the population.

Yet, before achieving herd-immunity, partial vaccination of population de-
creases transmission causing a delay on the average age at infection. So, for
a sufficiently high level of vaccination but not high enough, the average age at
infection of the individuals may be where the effects of the disease are most dan-
gerous.

We relate the average age at infection with the level of vaccination and char-
acterize that relation.
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Laboratory and field tests have been highlight the importance of choosing an
optimal Wolbachia strain to ensure the success of colonization and persistence
of the released Aedes aegypti infected mosquito. Thresholds for vertical infection
transmission and male sterilization depend on bacterial density and its distribution
in mosquitoes tissue, which also affects strongly mosquito fitness. Temperature
variation during mosquito development phase is an important factor that can affect
the feasibility of this novel technique to control dengue transmission. In this con-
text, a mathematical model is proposed to assess the factibility of dengue control
transmission using a transinfection of Aedes aegypti with a Wolbachia strain. This
model takes the form of a delay-differential system with two delays. The strength
of this approach is measured by the fact that it can address several aspects of the
problem, through scenarios construction where model parameters are setting ac-
cording to mosquito genetic background, its ability to transmit the bacteria to the
next generation, and its competence to block virus replication. The persistence of
both infected and wild population is explored in the context of mosquito’s fitness,
host-symbiont interaction, and temperature change. Surprisingly, the model pre-
dicts that mosquito population extinction can occur in a region of the parameter
space where the reproductive number of the wild population is bigger than one
and migration of mosquitoes from surrounding areas is not allowed.
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Mathematical models allow establishing a connection between a pattern ob-
served on a macroscopic scale and a hypothetical underlying mechanism. But
different mechanisms may result in a similar pattern. As a topical example, in
developmental biology the de novo formation of periodic structures similar to
purely chemical Turing patterns can also be obtained using mechano-chemical
models with only one diffusing morphogen (2). A computational approach allow-
ing model calibration to a certain pattern will enable not only model identification
based on experimental data but also comparison of different mechanisms. How-
ever, model parameter identification by pattern data only is challenging. Patterns
obtained with fixed model parameter values but small random perturbations of
the initial data will significantly differ in location and shape, while being of the
“same” type. In this sense, for unknown initial values, each model parameter cor-
responds to a family of patterns rather than a fixed solution. This rules out the
use of standard estimation methods such as least squares. Most typically, one
has to resort to tedious and subjective hand-tuning. Here we present a solution
for such problems. We consider classical Turing-type reaction-diffusion systems
and one-dimensional mechano-chemical models of pattern formation with differ-
ent coupling mechanisms between mechanical and chemical parts. The problem
of parameter identification for these models is analogous to the identification of
chaotic systems: in both cases slightly different initial values lead to different
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solutions which, however, can be considered to belong to the same family of
solutions. So we modify a recently developed statistical approach for parame-
ter studies of chaotic systems to the non-chaotic reaction-diffusion systems and
mechano-chemical models. We demonstrate how the approach provides a cost
function that enables a statistically sound identification of the model parameters
by steady-state pattern data only, without known initial values or transient data.
This is the situation often faced in experimental work. The accuracy of the cost
function is verified by adaptive MCMC methods.
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Mathematical modeling of coral growth is naturally embedded in discrete-time
population theory and, since there is experimental evidence that crowding effects
influences the recruitment process, we need to consider non-linear models for a
realistic description to be used in the long term perspective.

In the talk we will present results and problems within a collaboration that
aims to build realistic models, based on experimental data, for producing possible
scenarios on the long term behavior of various gorgonians populations. Different
themes will be discussed such as conservation of endangered species (Corallium
rubrum (1; 2)), climate changes and ocean acidification (Pocillopora damicornis
(3)), ecological shift in community structure (Eunicea flexuosa-Porites astreoides
(4)).

Future work aims to provide more refined models in connection with the dif-
ferent populations. In turn collection of data is oriented to provide basic informa-
tion to be included into the models.
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Numerical continuation methods allow for effective computations for a wide
variety of parameter dependent problems. They are particularly well-suited to
produce parametric diagrams, e.g., to illustrate the dependence of a steady state for
an ODE upon input parameters. Yet, their uses are much broader as recently many
new techniques have been developed. In my talk, I shall outline, how to utilize
these techniques via biological examples in the context of epidemic models given
by ODEs (4; 6), for competing neuronal populations and predator-prey models
given by SDEs (5; 8; 10; 2), for random ODEs (1), and for various reaction-
diffusion PDEs (7; 9; 3; 11).
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The dramatic difficulties faced by the measles global elimination plan might
be symptomatic, beyond the “objective” difficulties that are intrinsic to measles
elimination compared to other vaccine preventable infectious disease, of glob-
ally changing perceptions and attitudes about infection and vaccination, of which
industrialised countries might just represent the tip of the iceberg. Modern be-
havioural epidemiology (BE) (2) models aid to unfold the complexities underly-
ing such phenomena and give insight on the determinants of vaccine uptake under
endgame conditions, and on the related communication efforts and key related
parameters. In this work we consider a general BE model capturing the sources
of conflict between private and public interest that might be detrimental for herd
immunity as a public good. The model analysis provides a number of useful for-
mulas for vaccine uptake under elimination condition. We use such formulas, and
the underlying critical parameters, to provide a number of hints on the complexity
of the measles endgame whose understanding will be critical to win the hardest
challenge of the endgame, namely to maintaining high levels of vaccine uptake in
situation of increasingly generalised absence of measles infection. In particular,
we will (i) clarify the determinants of vaccine coverage during endgame phases,
(ii) disentangle, within public health communications on the topic, the distinct
role played by the type and content of the communication vs its intensity, (iii)
identify how the communication priorities will evolve during the various stages of
the endgame depending on the setting considered.
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High-income countries are experiencing measles reemergence as the result of
suboptimal vaccine uptake and marked immunity gaps among adults. In 2017,
the Italian Government introduced mandatory vaccination at school entry for ten
infectious diseases, including measles. However, sustainable and effective vacci-
nation strategies targeting adults are still lacking.

We propose a vaccination strategy to be introduced on top of the current policy,
which consists of offering vaccination to the parents of all of the children who
receive any measles vaccine dose. The “current” and the “parental” immunization
strategies are simulated trough a model of household demography informed with
detailed socio-demographic data. The effectiveness of each vaccination program
is evaluated in terms of its impact on the overall and age-specific susceptibility
to infection of the Italian population, on the effective reproduction number over
the period 2017-2045, and on the amount of time required to achieve measles
elimination.

We show that the current policy would reduce measles susceptibility in the
age segments of the population characterized by higher contact rates, resulting in
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a remarkable decrease in the infection transmission potential and making measles
elimination a realistic target (Figure 1). However, if only 50% of unvaccinated
children are vaccinated at school entry, disease elimination would probably be
achieved only after 2045. Offering vaccination to the parents of children who
receive a measles vaccine dose could progressively reduce by 17-35% the immu-
nity gaps among individuals who are between 18 and 45 years of age in 2018 and
would increase the probability of measles elimination before 2045 from 12.0%
(estimated in the absence of this additional policy) to 78.9-96.5% (Figure 1).

Although the proposed policy can reach only a fraction of susceptible adults,
that is those with children in the measles-vaccination age group, the obtained re-
sults suggest that this strategy may be both feasible and effective. In particular, a
key advantage of this policy is that it does not require targeted activities to recruit
parents, thus resulting in a relatively simple implementation protocol.
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Figure 1: Progress towards measles elimination. (A) Mean effective reproduc-
tion number over time, as estimated by the model under the “current” vaccination
program (50% coverage) and under different coverage scenarios for the “parental”
vaccination program. Shaded areas represent the 95% CI associated with model
estimates. The red line represents the measles elimination threshold; elimination
is achieved when the effective reproductive number is smaller than 1. (B) Proba-
bility associated with different time at measles elimination, as obtained by 1000
model realizations under the “current” vaccination program (50% coverage) and
under different coverage scenarios for the “parental” vaccination program.
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Insect pests are insects causing damage to crops, farm animals and human
health. It is then important to have a good knowledge of their temporal dynamics
to usefully apply phytosanitary treatments. Often pesticides are effective only for
a particular insect life stage. This suggests to consider the insect population as a
stage structured population.

Here a physiologically based demographic model is used to describe the tem-
poral dynamics of the stage structured insect pest population. Each individual of
the population is characterized by a physiological age, that is a percentage of de-
velopment in a stage. The physiological age is considered as a random variable
driven either by a Wiener process allowing regression or by a Gamma process that
guarantees a non-decreasing behaviour of the physiological age. The model gives
the abundance of the population in each stage in time and physiological age. It
is represented by a system of Fokker-Planck partial differential equations taking
into account the dispersion effects of the individuals during the development. The
model includes the stage-specific biodemographic functions (development, mor-
tality and fecundity) describing the biology of the species. The biodemographic
functions depend on environmental variables, mainly temperature. A reliable pop-
ulation dynamics model requires a good estimate of the biodemographic func-
tions. The estimation can be easily obtained using a least square method when
data on the biology of the species are available from literature. This is not often
the case for the mortality, then a statistical estimation method based on population
abundance data is considered.

The model is used to describe the dynamics of an insect pest for which field
data are available.
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The interaction among multiple microbial strains affects the spread of infec-
tious diseases and the efficacy of interventions. Genomic tools have made it in-
creasingly easy to observe pathogenic strains diversity, but the best interpreta-
tion of such diversity has remained difficult because of relationships with host
and environmental factors. We focused on host-to-host contact behavior and use
stochastic modeling and network theory to quantify its effect on strain richness
and dominance (1). We systematically compared multi-strain spread on various
network models illustrating properties found in real-world examples. We then
analyzed the spread of Staphylococcus aureus in a hospital, leveraging on a com-
bined dataset of carriage and close proximity interactions. We found that contact
dynamics has a profound impact on strain populations. Contact heterogeneities
reduce strain diversity by limiting the number of circulating strains and leading
few strains to dominate over the others. Conversely, strong community structure
increases strain richness. In the S. aureus example, network structural and tem-
poral properties could account for a large part of the variability observed in strain
abundance. These results show how stochasticity and network structure affect the
population ecology of pathogens and warn against interpreting observations as
unambiguous evidence of epidemiological differences between strains.
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West Nile virus (WNV) transmission was much greater in 2018 than in pre-
vious seasons in Europe. Focusing on Emilia-Romagna region (northern Italy),
we analyzed detailed entomological and epidemiological data collected in 2013-
2018 to quantitatively assess environmental drivers of transmission and explore
hypotheses to better understand why the 2018 epidemiological season was sub-
stantially different than the previous seasons. In particular, in 2018 WNV was
detected at least two weeks before the observed circulation in 2013-2017 and in
a larger number of mosquito pools. Transmission resulted in 100 neuroinvasive
human cases, more than the total number of cases recorded between 2013 and
2017.

We used temperature-driven mathematical models calibrated through a Bayes-

56



ian approach to simulate mosquito population dynamics and WNV infection rates
in the avian population. We then estimated the human transmission risk as the
probability, for a person living in the study area, of being bitten by an infectious
mosquito in a given week. Finally, we translated such risk into reported WNV
human infections.

The estimated prevalence of WNV in the mosquito and avian populations
were significantly higher in 2018 with respect to 2013-2017 seasons, especially in
the eastern part of the region. The high mosquito prevalence resulted in a much
greater predicted risk for human transmission in 2018, which was estimated to be
up to four times higher than previous seasons. Our modelling results suggest that
such greater WNV circulation might be explained by exceptionally high spring
temperatures, which have likely amplified WNV transmission at the beginning of
the 2018 season.

This study provides new important insights into the ecology of WNV in south-
ern Europe and represents a first quantitative assessment of the dependency be-
tween temperature and infection that can explain why WNV circulation in 2018
was significantly higher than in previous years.
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Novel digital methods in epidemiology are increasingly used in Africa and
concurrent with major changes in the burden, dynamics and distributions of dis-
eases, both infectious and chronic. These methods include, among others: GPS
for geolocation and navigation, mathematical modelling, digital computation and
data storage, genomic sequencing and analysis. Doctors with Africa CUAMM,
an Italian NGO operating in various african countries, has recently experienced
some of these methods in collaboration with their developers, by applying them
in real life settings such as: Ebola outbreak in Sierra Leone, measles vaccination in
Ethiopia, distribution of maternal care units in Tanzania, malaria control in South
Sudan. Aim of the contribution is to learn from these experiences by showing the
potential impact of these new approaches to ensure that are addressing questions
that are most relevant in disease control.
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Investigation of dengue incidence data from the Borromeus Hospital in Ban-
dung from the years 2008-2017 is done. This hospital is serving as one of the
primary preferences of dengue patients, and we assume the data represent half of
the total dengue incidences in Bandung. The data contains the address, age, gen-
der, and length of stay in hospital of each patient. It is interesting to observe that
the average stay in hospital decreases from 4.1 days in 2008 to 4.1 days in 2016.
From the normalized distribution data in each district, it is shown that Coblong
and Bandung Wetan are two most endemic districts with much higher incidences
than the rest of the districts. Causality analysis indicates that the neighboring dis-
tricts granger-caused the incidences in Coblong and Bandung Wetan districts, but
not the other way.
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Systematic introduction of Wolbachia in wild populations is now considered
an important strategy of controlling dengue and other diseases transmitted by
Aedes aegpty. However, one important component in this strategy is the assump-
tion of an efficient dispersal of Wolbachia in the target population, and recent data
suggests that this might not be the case in general. In order to access this risk, we
consider a simplified population dynamics model for Aedes aegpty and how that
for typical parameters regime this dispersion can be considerably slowed and, in
some extreme cases, even counteracted.
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To analayse time scale separation for model reduction to lower dimensional
effective models we compare singular perturbation and center manifold analysis,
giving special attention to the scaling of small parameters appearing in the dy-
namic equations.

Examples shown are models for vector borne diseases, SISUV and SIRUV
models, as examples of low dimensional analytically treatable models. The first,
the SISUV model, is naturally a singular perturbation problem, not the other one,
the SIRUV model, which initially appears in the form of a regular perturbation
problem, but leading to singular behaviour due to the non-linearity of the dynam-
ics, making it an initially harder problem than models with naturally appearing
classical singular pertubation form.

The main result is that in lowest order in the naturally small parameters, the
SIRUV model gives in lowest order a V (S, I) = ϑ

ν
· M
N
· I as required for effective

SIR models for human disease dynamics only, whereas the SISUV model gives
in lowest order a Holling type II functional form V (S, I) =

ϑ
ν
I

N+ϑ
ν
I
·M where the

saturation still matters due to eventually large numbers of infected I because of
the long recovery period in the SISUV model (as opposed to the SIRUV model).
In this respect the SISUV model is a sketching model for e.g. malaria with long
re-appearing disease, wheras the SIRUV model with its short recovery time is
a sketching model for e.g. dengue fever and other fast recovering vector-borne
diseases.

The scaling analysis of the spectral gap of eigenvalues around the endemic
fixed point, as required in center manifold analysis, can be extended to numerical
analysis of spectral gaps also in Lyapunov spectra as signs of time scale separation
and possible model reduction, applied to multi-strain epidemiological models as
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examples of not only higher dimensional models but also with complex dynamical
behaviour, i.e. bifurcations into chaos with positive Lyapunov exponents.
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We review some predator-prey systems with complex bifurcation structures,
where stochastic versions can be given easily. Namely, the Rosenzweig-MacArthur
model with seasonal forcing shows Hopf and torus bifurcations, and then also bi-
furcations into chaotic attractors with positive Lyapunov exponents. Stochastic
versions can be obtained by disentagling the time scale separation leading to the
classical Rosenzweig-MacArthur model, where searching and handling predators
as well as resource limitations for the prey via birth-death processes are consid-
ered. Markov processes and Fokker-Planck equations leading to stochastic differ-
ential equations are given and compared in their numerical performance.

Then we show some recently investigated mutator-replicator dynamics, with
global or local trait specific resource limitation, in a similar way as done in the
predator-prey systems mentioned above. Dynamics for local expectation values
and Fokker-Planck equations can be derived in a similar way as above, and in
limiting cases of continuous trait space, functional Fokker-Planck equations show
up. These mutator-replicator systems are closely related to well known processes
in evolutionary contexts.

Finally we will give some implications for the investigation of dynamic multi-
strain epidemiological systems, i.e. where no explicit static fitness functions have
to be given, with discrete or continuous trait space. Further implications are given
for data analysis of empirical systems, since we have readly the stochastic formu-
lations obtained.
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Herpes-Simplex Virus type 2 (HSV-2) is a lifelong infection (1; 2) which
can be treated with episodic and suppressive antiviral treatments, (4; 5) although
none of the currently available therapies can clear the virus from the body of an
infected person. Most individuals with initial episode experience symptomatic
recurrences, (3), with especially high rates in individuals with an extended first
episode of symptomatic disease. Therefore there is an interest in developing ther-
apeutic vaccines. Due to the limited data from clinical trials of HSV-2 therapeu-
tic vaccines, (1; 2; 6) models have been of limited help in evaluating the impact
of vaccination. In this study, we propose a simple compartmental deterministic
model for the dynamics of HSV-2 and extend it to include vaccination. The pro-
posed model is relatively simple with few parameters and does not address the
complexity of the disease and variability of individual and infection characteris-
tics. However, it can illustrate the potential effect of vaccination and build the
foundation for future studies that involve more heterogeneous characteristics of
the disease and individuals.
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We model various types of two-population interactions. We focus on different
population social behaviors, by assuming e.g. that prey gather in herds and/or
predators in packs, or individuals of both populations live gathering together. In
this way, the individuals staying on the outermost parts of these sets are the ones
benefiting or suffering most from the interactions with the other population. The
ones present in the inside show instead the reverse feature. Mathematically, this
mechanism is modeled by a functional response expressed as a power of the pop-
ulation size. This allows to implicitly account for space, without the recourse to
partial differential equations.

Novel features arising in the model outcomes are: population extinction in fi-
nite time; occurrence of persisting limit cycles arising with different assumptions
than a Holling-type II underlying dynamics, that models instead a feeding satia-
tion phenomenon; coexistence equilibrium levels being higher or lower than the
corresponding ones for the classical models, if the interactions are respectively
of damaging type or instead beneficial; the principle of competitive exclusion not
necessarily holding, as in suitable conditions tristability is discovered.
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The basic reproduction number, commonly denoted R0, plays a fundamen-
tal role in many ecological and epidemiological models of population dynamics,
where it is defined as the spectral radius of the next generation operator (1). In
this general setting R0 has not an explicit expression, and numerical methods are
needed for its practical computation. We address the problem by reducing the
relevant operators to matrices through the pseudospectral collocation and then by
computing the (dominant) eigenvalues of the resulting matrices. The approach is
illustrated for two classes of models, respectively from ecology and epidemiology.
Some numerical tests give evidence of the convergence properties and potentiali-
ties of the approach.

References
[1] O. Diekmann, J. A. P. Heesterbeek, and J. A. J. Metz. (1990) On the definition

and the computation of the basic reproduction number R0 in models for infectious
diseases in heterogeneous populations. J. Math. Biol., Volume28, 365–382

69





11th INTERNATIONAL CONFERENCE

DYNAMICAL SYSTEMS APPLIED TO BIOLOGY

AND NATURAL SCIENCES

CONTRIBUTED TALKS

DIPARTIMENTO DI ECONOMIA E MANAGEMENT
UNIVERSITY OF TRENTO, ITALY

c©DSABNS ISBN: 978-989-98750-7-4





NASH EQUILIBRIA IN EVOLUTIONARY
COMPETITIVE MODELS OF FIRMS AND

WORKERS

Elvio Accinelli∗1, Pablo Romero2,
Franco Robledo2 and Bruno Bazzano2

1Facultad de Economı́a UASLP
Universidad Autónoma de San Luis Potosı́, Mexico

2Facultad de Ingnenerı́a UdelaR
Universidad de la Repblica de Uruguay, Uruguay

elvio.accinelli@eco.uaslp.mx (*corresponding author)

The object of this paper is to study the labour market using evolutionary game
theory as a framework. The entities of this competitive model are firms and work-
ers, with and without external regulation. Firms can either innovate or not, while
workers can either train or not. Under the most simple model, called normal
model, the economy stucks in a poverty trap, where workers do not train and
firms do not innovate. This Nash equilibria is stable even when both entities fol-
low the optimum strategy in an on-off fashion. This fact suggests the need of an
external agent that promotes the economy in order not to follow in a poverty trap.

Therefore, an evolutionary competitive model is introduced, where an external
regulator provides loans to encourage worker training and firm innovation. This
model includes poverty traps but another Nash equilibria, where firms and workers
jointly innovate and train.

The external regulator, in a three-phase process (loans, taxes and inactivity)
achieves a common wealth, with a propsperous economy, with innovative firms
and trained workers.

This talk was presented by Alberto Pinto.
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In this work, we are concerned with an epidemic model of susceptible, in-
fected and recovered (SIR) population dynamic by considering an age-structured
phase of protection with limited duration, for instance due to vaccination or drugs
with temporary immunity. The model is reduced to a delay differential-difference
system, where the delay is the duration of the protection phase. We investigate the
local asymptotic stability of the two steady states: disease-free and endemic. We
also establish when the endemic steady state exists, the uniform persistence of the
disease. We construct quadratic and logarithmic Lyapunov functions to establish
the global asymptotic stability of the two steady states. We prove that the global
stability is completely determined by the basic reproductive number.
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In this talk I shall derive a macro-model for the diffusion of species in biolog-
ical tissues which can be viewed as poro-elastic materials. It is assumed that at
the micro-scale, these tissues contain highly heterogeneous components periodi-
cally distributed. The macro-model is then obtained by the use of the two-scale
convergence technique (1).
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Mathematical modelling techniques have been used extensively during the
HIV epidemic. Injecting drug use is an increasing cause of HIV transmission in
most countries worldwide. The media plays an important role in spreading health
awareness by changing mixing behaviour. The published studies show some of
the mathematical models which have been used to explore the effect of media
awareness programs on the spread and control of infectious disease (1).

In this talk, we have developed a mathematical model of the effect of disease
awareness programs on the prevalence of HIV amongst people who inject drugs
(PWIDs), building on the models developed by (2) and (3). A system of differ-
ential equations has been deduced to describe the improved model that reduces
the spread of the diseases through the effect of awareness of disease on sharing
needles and syringes amongst the PWID population. The model supposes that
PWIDs clean their needles before use rather than after.

We perform an equilibrium and stability analysis for this model. Our discus-
sion has been focused on two ways of studying the effect of awareness programs
in disease transmission models. The key biological parameter of our model is the
basic reproductive number R0. We find that there is a critical threshold parameter
R0 = 1 which determines the behaviour of the model. We have shown that the
system has a unique equilibrium solution, then we have shown that if R0 ≤ 1
then the disease-free equilibrium is globally asymptotically stable, so whatever
the initial fraction of infected individuals the disease will die out as time becomes
large. If there is no disease initially present then there will never be any disease.
If R0 > 1 then there is the disease-free equilibrium and additionally a unique en-
demic equilibrium. If there is disease initially present and R0 > 1 then the system
tends to the unique endemic equilibrium. We also showed that the disease-free
equilibrium is locally asymptotically stable if R0 < 1, neutrally stable if R0 = 1
and unstable if R0 > 1. In the case that R0 > 1 we showed that the endemic equi-
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librium was locally asymptotically stable too. Our analytical results are confirmed
by using simulation with realistic parameters values.
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Species competition is present under many different forms and strategies in-
cluding aggressiveness (2), (3). In particular, group defense has been observed
among these mechanisms (10) (8) for both vertebrate or invertebrate animals. We
redive a model that extend the classical interference competition model (4) (see
also (1)) by incorporating a Holling type IV term (6), (7) that we call Holling
type IV competitive response on group defense. In our framework the competition
model takes into account the increase on the time spent to snatch resources to other
species’ individuals due to group defense strategy (of the other species). It can be
seen as a continuation of our previous work (9), where the so called Holling type
II competitive response was introduced in the classical interference competition
model to incorporate the time spent in interfering with competitors. The resulting
model expands the outcomes allowed by the classical Lotka-Volterra competition
model by,

1. Enlarging the range of parameter values that allow coexistence scenarios.

2. Displaying dynamical scenarios not allowed by the classical model in the
form of multi-stable scenarios: bi/tri-stable conditional coexistence (species
can either coexist or one/any pf them go extinct), bi/tristable unconditional
coexistence (there exist two or three possible coexistence steady states).

Our results lighten the balance between intra/inter species competitive pres-
sure that is behind competing species coexistence that starting from the outcomes
(11), (12). Besides, the model presented herein displays stable alternative states in
which the species coexist unconditionally as a result of the group defense strategy.
This mechanism is an alternative explanation to empirical observations (5).
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A large population of individuals play repeatedly a symmetric game and set-
tles on a compact set of Nash equilibria N . Occasionally, they experiment with
new strategies and, although initially the new strategies may earn a larger payoff,
they cannot coexist stably among themselves. This happens either because they
cannot settle on a different Nash equilibrium, or because they cannot enter a stable
cycle of invasions. The population is thus pushed back towards the original set of
equilibiria N . In this case we say that the set N is [name] stable. We study the
stability properties of [name] stable equilibria under the Best Response and the
Replicator Dynamics. A set of NE that is [name] stable is not necessarily asymp-
totically stable under either dynamics. However, if initially most of the population
play pure strategies that appear in N , eventually only these strategies survive, in
a combination that belongs toN . In many applications, being [name] stable turns
out to be more important than being evolutionarily stable.
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Here we will focus on some recent results concerning Additive Models. These
models are given by the sum of a fixed term Xβ with known matrix X and w
random independent terms XiZi, i = 1, ..., w. The components of the Z1, ..., Zw
are independent and identical distributed with cumulants χi,r. We are interested
in getting a better understanding of these cumulants and we will estimate them in
order to obtain confidence ellipsoids for these models. An application in Natural
Sciences is given to illustrate the theory.
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The distribution of ticks is essentially determined by the presence of climatic
conditions and ecological contexts suitable for their survival and development.

We develop a general tick biology model to study the major trends due to
climate change on tick population dynamics under different climate conditions.
One of the main difficulty is that life cycle depends strongly on temperature and
humidity.
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Figure 1: A schematic diagram for the model, identifying the input parameters
and the model output (predicted number of ticks of each stage).
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We build a model that explicitly takes into account stage into each physiolog-
ical state through a system of infinite differential equations where tick population
density are structured on an infinite discrete set. We suppose that intrastate de-
velopment process is temperature dependent (Arrhenius temperatures function)
and that Larvae hatching and Adult mortality are temperature and precipitations
dependent.

We analysed mathematically the model and have explicit the R0 of the tick
population. Therefore, we performed a numerical analysis of the model under
three different climate conditions (tropical, Mediterranean and subarctic climates)
and using climatic data from two different periods, 1901−1925 and 90 years later,
1991− 2015.
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The complex intracellular signal transduction networks can be decomposed
into simpler moduli, where fundamental reactions, like the Goldbeter-Koshland
switch (which models, for example, the phosphorylation-dephosphorylation cy-
cle) (1; 2), the competitive inhibition (3) and the double phosphorylation mecha-
nism (4), play fundamental roles for the cell fate. It is then fundamental to capture
the analytic features of these reactions, in order to predict, in perspective, the be-
haviour of the networks in terms of their characteristic parameters. This is one of
the main reasons for the application of the so-called total quasi-steady-state ap-
proximation (tQSSA) (5), which has gained more and more attention in the last
two decades for its ability to approximate in a very efficient way the behaviour of
the reactants in many enzyme reactions and for a very wide range of parameter
values.

In this talk we show some recent results related to the application of singu-
lar perturbation techniques in the framework of the total quasi-steady-state ap-
proximation (tQSSA) for the approximation of the so-called auxiliary or coupled
enzyme reactions (6).

We determine the uniform expansions up to the first order in terms of appro-
priate perturbation parameters, related to the initial conditions and to the kinetic
parameters characterizing the reactions. These results can be very useful for the
determination of the kinetic parameter values, by means of the interpolation of
experimental data with the explicit (though approximated) formulas we found.
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Controlling diseases such as dengue fever, chikungunya or zika by spread-
ing the parasitic bacterium Wolbachia in mosquito populations which are their
vectors, is considered a promising tool to reduce their spread. While description
of the conditions of such experiments has received ample attention from biolo-
gists, entomologists and applied mathematicians, the effective scheduling of the
releases remains an interesting issue for Control theory. Having in mind the im-
portant uncertainties on the dynamics of the two populations in interaction, we
attempt here to identify general ideas for building release strategies, applicable
to various models and situations. These principles are exemplified by the design
of interval observer-based feedback control laws whose stabilizing properties are
demonstrated theoretically and numerically when applied to a 4-dimensional ODE
model retrieved from (1). Crucial use is made of the theory of monotone systems
(2; 3).
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Periodicity is common in natural phenomena. And delays are not so uncom-
mon if we accept the challenge of dealing with complex, yet more realistic models.
Numerical analysis is then mandatory when the target is either simulating, analyz-
ing stability or detecting bifurcations. Based on the recent works (1; 2; 3), in this
talk an up-to-date account is given of the interplay of these three characters, with
an eye on applications in biomathematics.
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It is known that cancer is more prevalent among people infected with the hu-
man immunodeficiency virus (HIV) than in the general population (1; 2). Individ-
uals in the final stage of the HIV infection, i.e., with acquired immune deficiency
syndrome (AIDS) are more vulnerable to the emergence of various types of can-
cers. The most common are: Kaposi sarcoma, non-Hodgkin lymphoma (NHL) of
high-grade pathologic type and of B cell or unknown immunologic phenotype, and
invasive cervical carcinoma (3). In this paper we propose a mathematical model
incorporating HIV and cancer growth dynamics, and immune response, under
highly antiretroviral therapy (HAART) and chemotherapy. The model is analysed
theoretical and numerically. The simulations reveal distinct patterns with respect
to two immune functions and for different values of some important parameters,
namely, the elimination rate of cancer cells by T cells, HIV infection rate and
HAART. We discuss the obtained results from a biological point of view.
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In recent years, several analytical results were obtained that ensure well posed-
ness and stability of a variety of problems where conservation laws play a key role.
On this basis, we now have the analytic tools to study new models and to tackle
various control problems, or even games.

In this talk, we address the modeling of vaccination strategies and that of
consensus dynamics. First, in both cases, a detailed description of the modeling
framework is provided, highlighting well posedness results as well as qualitative
properties of the solutions, the latter with the help of numerical integrations. Then,
we deal with the optimal control problems that naturally arise in choosing vacci-
nation policies. In the case of consensus problems, we have to face hyperbolic
differential games.
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This work is based on C. Clark, F.Clarke and G. Munro fishery model, (1),
where the dynamic is the evolution of both stock and capital controlled by the
investment and the part of the capital dedicated to the harvest. The contribution
consists of substituting the profit maximization objective by constraints on the
states of the model. In this new formulation, we give conditions on the param-
eters of the model which guarantees the non-emptiness of the viability kernel,
which means the determination of the biggest set of initial conditions on which
investment and exploitation sustainable policies could be defined. At the center
of this result, we find the viability theory introduced by Aubin (1), which consists
of studying the existence of controls yielding admissible states. Thus, we build
the viability kernel corresponding to the studied model, under the conditions cited
above.
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The formation of p62-Ubiquitin aggregates is a key step in cellular autophagy
(See (1)), a process that has raised a lot of interest these last years among cell biol-
ogists (See e.g. (2)). In this talk, we will present a model that describe the growth
of a p62-Ubiquitin aggregate through a three-dimensional nonlinear ODE system.
We will begin by introducing our new model for the growth of a p62-Ubiquitin
aggregate, which was designed in collaboration with S. Martens and G. Zaffagnini
(MFPL, University of Vienna). We will then present the three-dimensional non-
linear ODE system that has been derived from this model. Finally, we will show
numerical simulations exhibiting the existence of three regimes, that we will study
using some dynamical systems tools e.g. Blow-up (See (2)). This last analysis has
been done in collaboration with P. Szmolyan (Technical University of Vienna).
This is a joint work with Marie Doumic (LJLL, Sorbonne University) and Chris-
tian Schmeiser (WPI, University of Vienna).
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Bolyai Institute, University of Szeged,
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Development of resistance to chemotherapy in patients with cancer strongly
effects the patients’ outcome. Due to chemotherapeutic agents, Darwinian se-
lection induces intrinsic resistance. Besides this, Lamarckian induction resulting
in drug resistance may take place, when resistance emerges upon changes tak-
ing place inside the cells as a result of the therapeutic drug. A recent discovery
in cancer research uncovered a third possibility, indicating that this phenotype
conversion can occur via the transfer of microvesicles from resistant to sensitive
cells, mimicking the spread of an infectious agent. We present a model describing
the evolution of sensitive and resistant tumour cells considering Darwinian selec-
tion, Lamarckian induction and microvesicle transfer. We identify three thresh-
old parameters which determine the existence and stability of the three possible
equilibria. Using a simple Dulac function, we give a complete description of the
dynamics of the model depending on the three threshold parameters. Numeri-
cal simulations are shown to demonstrate the possible effects of increasing drug
concentration, and we characterize the possible bifurcation sequences.
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HIV (Human Immunodeciency Virus) is a virus that attacks cells that help the
body fight infection, making a person more vulnerable to other infections and dis-
eases. First identified in 1981, HIV is the cause of one of humanity’s deadliest and
more persistent epidemics. If left untreated and, without antiretroviral treatment,
HIV can lead to the onset of AIDS (Acquired Immunodeficiency Syndrome) – the
last stage of HIV infection that occurs when the body’s immune system is badly
damaged because of the virus. A large variety of mathematical models have been
proposed to describe HIV infection and disease dynamics (1; 2; 3; 4; 5; 6; 7).

This talk presents several global sensitivities approaches applied to different
models describing Human Immunodeciency Virus (HIV) infection and disease
dynamics. The mathematical models defined by ODEs systems describe HIV
pathogenesis with cytotoxic T-lymphocytes and infected cells in eclipse phase
(1; 2), as well as the disease dynamics by capturing all three stages of infection (7).
The global sensitivity studies are illustrated by graphical objects (sensitivity heat
maps, parameter sensitivity spectra), as well as results of the elementary effects
method, and active subspace method applied on these models.
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2019.

95



[3] Gumel, A.B., Shivakumar, P.N., & Sahai, B.M. (2001). A Mathematical Model for
the Dynamics of HIV-1 during the Typical Course of Infection. Nonlinear Analysis,
47, 1773–1783.

[4] Hadjiandreou, M., Conejeros, R., & Vassiliadis, V.S. (2007). Towards a Long-Term
Model Construction for the Dynamic Simulation of HIV Infection. Math. Biosci.
Eng., 4, 489–504.

[5] Hernandez-Vargas, E., & Middleton, R. (2013). Modeling the three stages in HIV
infection. J. Theor. Biol., 320, 33–40.

[6] Kirschner, D., & Webb, G.F. (1998). Immunotherapy of HIV-1 Infection. J Biologi-
cal Systems, 6, 71–83.

[7] Loudon, T., & Pankavich, S. (2017). Mathematical analysis and dynamic active
subspaces for a long-term model of HIV. Math. Biosci. Eng., 14(3), 709–733. DOI:
10.3934/mbe.2017040

96



SPATIAL SELF-ORGANISATION ENABLES
SPECIES COEXISTENCE IN A MODEL FOR

SAVANNA ECOSYSTEMS

Lukas Eigentler∗ and Jonathan A. Sherratt

Maxwell Institute for Mathematical Sciences,
Department of Mathematics, Heriot-Watt University,

Edinburgh EH14 4AS, United Kingdom

le8@hw.ac.uk (*corresponding author),
J.A.Sherratt@hw.ac.uk

The savanna biome is characterised by a continuous vegetation cover, com-
prised of herbaceous and woody plants. The coexistence of species in arid sa-
vannas, where water availability is the main limiting resource for plant growth,
provides an apparent contradiction to the classical principle of competitive ex-
clusion. Previous theoretical work using nonspatial models has focussed on the
development of an understanding of coexistence mechanisms through the consid-
eration of resource niche separation and ecosystem disturbances, but has ignored
effects of spatial interactions.

In this talk, we propose that a spatial self-organisation principle, caused by
a positive feedback between local vegetation growth and water redistribution, is
sufficient for species coexistence in savanna ecosystems. We present a spatiotem-
poral ecohydrological PDE model, based on the Klausmeier reaction-advection-
diffusion system for vegetation patterns, to suggest two mechanisms that enable
species coexistence. Firstly, a stability analysis of the system’s single-species
patterns, performed through a calculation of their essential spectra, provides an
insight into the onset of coexistence states. We show that a stable solution branch
in which both species coexist bifurcates off the single-species solution branch as
the single-species state loses its stability to the introduction of a second species.
We present a comprehensive existence and stability analysis to establish key con-
ditions, including a balance between the species’ local competitive abilities and
their colonisation abilities, for species coexistence in the model. Secondly, we
show that coexistence can also occur as a metastable state. Such a long tran-
sient behaviour is caused by the small growth rate of perturbations to a spatially
uniform coexistence equilibrium, whose size is controlled by the average fitness
difference between both species, a measure of the species’ competitiveness in a
spatially uniform setting.
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Life tables can help identify physiological differences in distinct development
stages and detect potential vulnerabilities for conservation or control. However,
cataloguing mortality, development, and fecundity by following each individual
could be challenging due to interweaving generations and development stages in
insects. Therefore, the information needed for life tables depend heavily on care-
fully designed experiments concentrating on a single development stage at a time.

Here, we propose the use of age- and stage- structured population dynamics
modelling to aid in the design and analysis of life table experiments (1). We use a
hypothetical case, a simulated population with known life parameters, to demon-
strate that model-based inference can correctly identify life parameters from the
longitudinal observations of laboratory-reared insect populations. The analysis re-
veals not only the differential physiological behaviour of each development stage,
but also identifies the degree to which each parameter can be inferred from the
data. We validate this method against the traditional approach by inferring cor-
rectly the life table of a well-studied disease vector, Culex quinquefasciatus, from
the unprocessed experimental observation of its population dynamics (2).

In this study, we present a novel model-based approach to identify life table
parameters from incomplete longitudinal observations. We demonstrate that the
method is effective, robust, and easily adjustable to fit the specific requirements
of different species and experimental setups.
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The properties of a multi-limit cycles variation of the van der Pol self sus-
tained oscillator with random excitations are reviewed (7; 8; 9). Birhythmicity
refers to the coexistence of two attractors characterized by two different ampli-
tudes and two frequencies: depending on the initial conditions, the system can
produce self–oscillations at two distinct periods (4). Such hysteretic behavior has
been sometimes observed in biological systems (1), glycolytic oscillations (4) or
circadian rhythms (6) . As a prototype of birhythmic oscillations, we consider a
model that has been introduced to analyze enzymatic substrate reactions in brain
(2; 3; 10). The global stability properties of birhythmicity can be investigated
through the effect random excitations, such as a Gaussian white noise, on the at-
tractors global stability. Noise makes the two limit cycles metastable, and induces
switches between the two attractors. The mean escape time from each limit-cycle
can give an estimate of the effective activation energy barrier through the slope
of the (log of the) escape time as a function of the inverse of the noise intensity.
Several properties can be retrieved, most importantly that the trapping barriers of
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the two frequencies can be very different, thus leaving the system on the same
attractor for an overwhelming time. We conclude that although birhythmicity per
se refers just to the occurrence of two frequencies, actual observation is subject
to much more restrictive conditions. Moreover, the system is analytically partic-
ularly tractable by means of stochastic averaging; thus the effect of external peri-
odic drive, noise correlation and the coherence of the oscillations, or time delayed
feedback, can be analyzed (1; 7; 8; 9; 10).
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The speciation phenomenon is the process used by the evolution to allow the
populations to become distinct species (1). The speciation is the primary cause
of the complexity of the ecological network. The biologists have classified four
modes to explain the speciation process based on the extent to which speciating
populations are isolated from one another: allopatric, peripatric, parapatric, and
sympatric (2). Sympatric speciation concerns the rise of a new species from a sur-
viving ancestral species while both continue to inhabit the same ecological niche
or geographical region. In sympatric speciation, reproductive isolation evolves
within a population in a ecological niche without the aid of geographic barriers
Different models have been proposed for alternative modes of sympatric speci-
ation. The most popular was first put forward by John Maynard Smith in 1966
(3): Maynard Smith suggested that in a given population homozygous individuals
may, under particular environmental conditions, have a greater fitness than those
with alleles heterozygous for a certain trait. Then, under the mechanism of nat-
ural selection the homozygous individuals would be favored over heterozygous
one, eventually leading to speciation in the population (4). In this framework we
assume an effective description of the speciation process based on a dynamical
model for the populations in an ecological system (5) (6). Our basic assumptions
is the existence of an ancestral population in an ecological niche with finite re-
sources that can express two phenotypes. In presence of particular environmental
conditions one of the phenotypes has the propensity to separate from the orig-
inal population in the reproduction process: i.e. the sexual segregation of the
new population is explained by a fitness advantage from a evolutionary point of
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view. Thene new individual may give rise to a new species in the ecosystem ac-
cording to the sympatric speciation. Due to the finite resources in the niche the
populations are continuously competing each other and their number fluctuates
according to the changes of the environmental conditions. The effect of natural
selection is introduced in the model by a pointwise stochastic perturbations of the
environmental conditions that increase the struggle for life of the populations in
the niche. We study the dynamical properties of th system and we prove the ex-
istence of a threshold values in the environmental stress in order to observe the
speciation process. The analytical arguments are illustrated by numerical results
and we also discuss some biological implication of the model and the validation
problem using empirical data.
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A fundamental challenge in the field of applied mathematics, especially over
the last few years revolves around the processing and analysis of big-data coming
from experiments or large-scale simulations. In particular, one of the main tar-
gets in the field is the data-driven construction of low dimensional mathematical
models in a closed form, usually in the form of ordinary (ODEs) and/or partial
differential equations (PDEs), which can be then analysed using all our theoreti-
cal and numerical analysis arsenal. Here, we apply a data-mining non-parametric
statistical learning based approach to construct ODEs in a closed form from data
produced by an agent-based simulator of pedestrian dynamics. We access the effi-
ciency of the approximation by comparing the obtained interaction potentials that
govern the dynamics of the ODEs with the ones driving the detailed simulation.

The work described in this abstract was also presented during the poster
session of the DSABNS 2020.
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Measles is one of the most contagious vaccine-preventable diseases and it is a
major cause of child mortality in sub-Saharan Africa [1]. Repeated measles epi-
demics occurred between 2013 and 2017 in the South West Shoa Zone (SWSZ)
of the Oromia Region in Ethiopia. A first outbreak was observed during the first
months of 2013. Measles transmission was interrupted by a vaccination campaign
conducted between May and June 2013. Immunization efforts were only partially
effective in preventing measles circulation and sustained measles epidemics re-
emerged in 2015, lasting up to March 2017.The high heterogeneity in the access
to well-resourced hospitals has the potential of reducing the effectiveness of epi-
demic surveillance, which is still strongly dependent on clinical investigation of
patients recovered in well-resourced hospitals [2]. It is therefore important to as-
sess the ability of the surveillance system to measure the number of measles cases
occurring in the community and to timely detect ongoing measles outbreaks. The
proposed analysis provides quantitative estimates of possible delays and potential
failures of the current surveillance system in detecting large measles epidemics in
the future by using, a dynamic multi-patch transmission, calibrated on the time
series of hospitalized measles cases. Model estimates obtained so far suggest that
the surveillance system took about 4 months to detect an epidemic starting from
the district where the central hospital is located. These results highlight a high risk
that persistent silent transmission could characterize future measles outbreaks, un-
dermining the potential containment of large epidemics.

105



References
[1] AOtten M., Kezaala R., Fall A., Masresha B., Martin R., Cairns L., et al. (2005).

Public-health impact of accelerated measles control in the WHO African Region
2000-03l. Lancet, 366:9488.

[2] Poletti P., Parlamento S., Fayyisaa T., Feyyiss R., Lusiani M., Tsegaye A., et at.
(2018). The hidden burden of measles in Ethiopia: how distance to hospital shapes
the disease mortality rate. BMC Medicine, 16:177.

106



ANALYZING THE SPREAD OF A DISEASE
WITH DUAL TRANSMISSION MODE VIA A

METAPOPULATION MODEL: ROLES OF ACTIVE
AND PASSIVE MOVEMENTS

Prince Harvim1, Hong Zhang2,
Paul Georgescu∗3 and Lai Zhang4

1Jiangsu University, P.R. China
2Changzhou Institute of Technology, P.R. China

3Technical University of Iaşi, Romania
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In order to investigate the spread of a disease between a larger urban city and a
comparatively smaller satellite city, we formulate a metapopulation model which
explicitly integrates vector-borne and sexual transmission and distinguishes be-
tween two distinct types of movements, active and passive. After finding the basic
reproduction number of the model by means of the next generation method as
being the spectral radius of a comparatively higher-dimensional matrix, we pro-
vide explicit estimations in terms of community-specific reproduction numbers
which are somewhat less computationally intensive. We then perform a correla-
tion analysis along with numerical simulations which lead to the conclusion that
the disease is primarily transmitted via the vector-borne mode rather via the sex-
ual transmission mode and that sexual transmission by itself can neither initiate
nor sustain an outbreak.

The fact that active movements have comparatively little influence upon the
global basic reproduction number of the model indicates that although travel re-
strictions restriction from the urban city to the satellite city may reduce the preva-
lence of the disease in the satellite city, significant control measures targeting
the densely populated cities will be required in order to eradicate the disease in
the entire region. After gauging the effects of mobility, we explore the potential
effects of optimal control strategies relying upon several distinct restrictions on
population movement.
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The recent Zika virus outbreak has been spreading rapidly which in turn makes
it a global public health hazard. Zika virus may cause serious health problems like
microcephaly and GBS. One rare property of the Zika virus compared to most
vector-borne diseases is the fact that the virus is transmitted both by mosquitoes
and by direct sexual contact. To quantify the amount of sexual transmission, we
formulate and analyze a compartmental model of Zika virus spread considering
both vector-borne and sexual transmission (see Fig. 1).

We showed the positivity and boundedness of solutions, global stability of the
disease-free equilibrium, existence of endemic equilibria and an analytic expres-
sion for R0. We tted the proposed model to Zika case data from Colombia. We
estimate the reproduction numbers, namely direct (sexual) transmission, vector
transmission and the basic reproduction number (R0). The analysis revealed that
the sexual transmission contribution to R0 is [14.62% (95% CI 3.6926.2)] for the
proposed model. For this model, the estimated R0 to be 1.94 (95% CI 1.672.11),
the direct transmission reproduction number to be 0.4 (95% CI 0.11 0.66), and the
vector transmission reproduction number to be 1.52 (95% CI 1.331.64). Further,
to shed some light on controllability, we performed global sensitivity analysis and
analyzed some contour plots. From this study, we conclude that sexual transmis-
sion may increase the risk of Zika, but it is not sufcient to create an outbreak by
itself (1).
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Figure 1: Flow diagram for the Zika virus model involving sexual and vector
transmission. Blue nodes are human compartments and red nodes are vector pop-
ulations. Solid blue lines represent the conversion rate and dashed black lines
represent the infection rate. Sm - susceptible male, Sf - susceptible female, Im -
infected male, Inp - infected non-pregnant female, Ip - infected pregnant female,
R - recovered human, Sv - susceptible vector, Iv - infected vector.
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In this contribution, we consider a two-level model model of the dynamics
of a multiple strain infection. This research is motivated by a need for mathe-
matical models that not only integrate within-host genetic diversity and genotypic
(resp., phenotypic) evolution with epidemiological dynamics, but also consider
the joint effects of therapeutic and prophylactic controls. We attempted to balance
the complexity of the model to be usable as a data analysis tool with the desire to
understand the mathematical and statistical properties of the model using analyti-
cal methods. Our model accounts for within-host evolution among multiple phe-
notypes characterized by variable contagiousness, resistance to prophylactic mea-
sures, and resistance to therapeutic measures. The used framework allows for new
phenotypes to emerge in chronic infection and later spread within the population.
In addition to the disease dynamics, we consider the epidemiological and evolu-
tionary effects of both therapy for infected persons and chemo-prophylaxis-type
measures for uninfected persons. We thoroughly analyze the structural properties
of the model and present a number of results aimed at facilitating parameter iden-
tification and validation of the model. In particular, we characterize and analyze
the behavior of the basic reproduction number R0 under different assumptions
about the model structure and study how the endemic equilibrium state depends
on the systems parameters. We also present a sensitivity analysis along the lines
described in (1) and make suggestions aimed at improving the intervention strate-
gies design for combating the disease.
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Homeobox genes play an important role in the processes of the organism de-
veloping and have been discovered in plants, fungi, and vertebrates [1]. The aim
of the work is to examine the development of Scots pine (Pinus sylvestris L.) at the
homeobox-containing genes level using the differential gene expression approach.

Previously, the WUSCHEL- related homeobox gene family in Pinus pinaster
was analyzed [2].

To date, there are a great number of tools and methods for the de novo tran-
scriptome analysis [3]. P. sylvestris sequencing data deposited in the NCBI Bio-
Project database under accession number PRJNA531617 (SRR8996768-SRR8996761)
provided by the Norwegian Institute of Bioeconomy Research was used as a
source of this study [4]. P. sylvestris transcriptome was assembled using reads
from five tissue types (needle, phloem, vegetative bud, embryo and megagameto-
phyte) from six non-related individuals of P. sylvestris. For the de novo transcrip-
tome assembly reads were preliminarily trimmed with the Q¿ 30 using Trimmo-
matic-0.36 and assembled using Trinity software (version 2.8.4). HMMER soft-
ware (version 3.2.1) was used for the homeobox domain identification in the as-
sembled transcripts using a hidden Markov model of homeodomain which was
downloaded from the PFAM database (Accession number PF00046, ID Home-
odomain). To estimate transcript abundance and perform differential expression
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(DE) analysis, align and estimate abundance perl script, RSEM, as well as bowtie
programs (version 1.2.3), were used. Also, cross-sample TMM normalization was
performed. Finally, the EdgeR package (R version 3.5.0, Bioconductor version
3.8) was used for statistical analysis and identifying significantly differentially
expressed transcripts.

Assembled transcriptome comprises of 775,502 transcripts with the mean GC
content of 40.19%. The N50 value for transcripts was 1,273 bp, while the median
contig length was 360 bp. 417 homeobox-containing transcripts were selected
for further analysis,254 transcripts were annotated using the UniProt database (e-
value ¡1e-3).

Figure 1: Heatmap of gene expression, five tissues of Pinus sylvestris

46 statistically significantly differentially expressed trinity “genes” were iden-
tified (adjusted p-value¡0.03) (figure 1) and visualized as a heatmap. Five resulting
clusters of DE transcripts were analyzed. In the first cluster, two transcripts en-
coding proteins involved in early and late embryo development were found, which
were upregulated at embryo and megagametophyte stages and downregulated at
other stages. The second cluster comprises transcripts encoding transcriptional
factors (TF) involved in seed and leaf development as well as in cell differenti-
ation, downregulated in phloem tissue. In the third cluster, transcripts annotated
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as proteins responsible for multicellular organism development, phloem histogen-
esis, auxin-mediated morphogenesis, plant organ development, regulation of leaf
morphology and involved in meristem formation were observed. These transcripts
are downregulated in needle and megagametophyte tissues. Transcripts in clus-
ter four included proteins involved in the detection and cellular response to the
cytokine stimulus and leaf morphogenesis. Transcripts of this cluster are signif-
icantly upregulated in needles and downregulated in megagametophyte tissues.
Cluster five comprises five transcripts encoding proteins determining cotyledon
morphogenesis, response to gibberellin, cell differentiation and positive regula-
tion of transcription. These transcripts are upregulated in bud tissue.

Thus, the presented results gain a more comprehensive understanding of the
P. sylvestris development process.

References
[1] Viola, Ivana L., and Daniel H. Gonzalez. (2016). Structure and evolution of

plant homeobox genes. Plant Transcription Factors, Academic Press, 101-112.
https://doi.org/10.1016/B978-0-12-800854-6.00006-3
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The approach in (3) combined with a physiological modeling of erythropoiesis
(see (1)) is completed with the action of the immune system on the lines in (2).
The existence of equilibria and their stability is discussed.
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In this talk, we present a compartmental model to study the transmission of
Zika virus disease including spread through sexual contacts and asymptomatic
carriers. To incorporate the impact of the periodicity of weather on the spread
of Zika, we apply a non-autonomous model with time-dependent mosquito birth,
death and biting rates, which shown that the global dynamics is determined by
the basic reproduction number R0 which is defined through the spectral radius of
a linear integral operator. If R0 < 1, then the disease free periodic solution is
globally asymptotically stable and if R0 > 1, then the disease persists. Although
a regular periodic recurrence of Zika has not been observed yet, it is expected
that this might be altered by the climate change. We show numerical examples to
study what kind of parameter changes might lead to a periodic recurrence of Zika.
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We represent the mammalian lungs as a deformable viscoelatic porous medium
surrounded by a deformable viscoelastic tissue.

Following (1), the hysteretic pressure-volume relationship is described by the
Preisach operator in the constitutive equation. We consider breathing as an isother-
mal time-periodic process with gas exchange between the interior and exterior of
the body. The evolution of the system is governed by the mass conservation prin-
ciple and the momentum balance equation. The mathematical problem consists in
solving a PDE system with the time derivative of the Preisach hysteresis operator
in the mass balance equation, in the spirit of (2). The main result, in (3), consists
in proving the existence of a periodic solution under an arbitrary periodic forcing
and suitable hypotheses.
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Plant-soil feedback has been proved to play an important role in the formation
of vegetation patterns for a single species (1). In real-life, however, plants rarely
grow in monoculture; hence multi-species scenarios are more realistic. In these
cases, additional effects between different species - such as competition and in-
teraction - must be considered. Moreover, plant-soil feedback is recognised as a
causal mechanism for plant-species coexistence (2).

Using a mathematical model consisting of four PDEs, we investigate mech-
anisms of inter- and intra-specific plant-soil feedback on the coexistence of two
competing plant species. In particular, the model takes into account both nega-
tive and positive feedback influencing the growth of the same and the other plant
species. Both the coexistence of the plant species and the dominance of a partic-
ular plant species are examined with respect to all model parameters. Analytical
and numerical results reveal the emergence of spatio-temporal patterns.
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One of the fundamental questions in biology is concerned with the mecha-
nisms that govern phenotype as a result of the interplay between the genetic ma-
terial and the physical environment of the organisms. This is because the envi-
ronment can strongly influence the developmental process. In particular, in the
growth of marine sessile organisms such as seaweeds, sponges, and corals, there
is a strong impact of the physical environment on the growth process, leading to a
variety of structural forms (2).

The red coral Corallium rubrum is an octocoral species, endemic to Mediter-
ranean and adjacent Atlantic rocky bottoms, which can be found between 10 and
800 m depth. This slow-growing species has a life span that can exceed 100 years.
The skeleton of branching colonies is composed of calcium carbonate deposited
by the polyps. The colonies exhibit wide variability in growth forms, which are
linked to local environmental conditions. Due to extensive harvesting and increase
in water temperature, this long-lived and slow-growing species, which has an im-
portant role in the three-dimensional structuring of coralligenous assemblages, is
at risk of local extirpation in the coastal Mediterranean. Despite many conserva-
tion projects that focus on Corallium rubrum, little is known about the modular
growth mechanisms of its colonies. In particular, theoretical models, which can
be used for restoration and guide conservation policies, are lacking.

To this end, we present a simple stochastic model, based on three rules and ac-
curately captures the phenotypic variability of the structures observed in the field
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Figure 1: Left: A screenshot from a representative video
https://youtu.be/FAH1DgqUO8w. Right: The mean first branch-
ing age and the mean number of branches at 40 years age in 10 simulations in
response to variations in branching rate (β) and calcium carbonate accumulation
rate (γ). The branching age is measured as the simulation time at the generation
of the first branching unit.

(2). Our model is based on the notion that the growth process can be described
as calcium carbonate deposition and branching structures result from the deposi-
tion of fork layers on top of the previously deposited layers. As a result of this,
and with the inclusion of stochasticity, the same processes, driven by the three
rules of our model, result in an infinite number of different realisations of colony
structures.

We show that the variations in structures due to the changes in model param-
eters are representative of the differences in environmental factors that affect the
colony development. Repeated simulations on our model with varying parame-
ters suggest that branching and growth are conflicting processes for the colony
that may be prioritised in accordance with the environmental conditions (Figure
1). Our analysis provides an overview of how such stochastic models can provide
insights into the structure and development of modular organisms.
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[2] Jaap A. Kaandorp and Janet E. Kübler. (2001). The Algorithmic Beauty of Seaweeds,
Sponges and Corals. Springer-Verlag Berlin Heidelberg.

123



REPLICATOR EQUATIONS FOR STRUCTURED
POPULATIONS: HAWK-DOVE GAME

APPLICATION

Amira Kebir∗1,2 and Slimane BenMiled 1

1BIMS Lab, Institut Pasteur de Tunis,
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In this work, we describe a structured replicator equation model that includes a
finite number of strategies and a finite number of physiological states. The popula-
tion state distribution is considered to be a result of the environmental conditions;
whereas, the strategies arise from behavioral plasticity. Our aim is to understand
how a state-dependent fitness can affect the existence, stability and distribution
of the strategies. As the first result, we prove the existence of an equilibrium
point that describes a population with a mix of pure strategies over a partition of
the structure set and provide a sufficient condition for its local asymptotic stabil-
ity. Then, we extend the analysis to a particular case of a structured Hawk-Dove
game. We prove that the forms of the cost, gain, and initial population function
by the size can shift the population from one of complete coexistence to one with
pure strategies.
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Physical problems of interest are often defined in unbounded domains, for
example, so are the electromagnetic problems and flow problems in infinite do-
mains. The point here is how to calculate the numerical solution more accurately
using the non-local boundary condition proposed by Jo, et al.(1) The key idea
comes from the Axial Green function Methods which starts in 2008 by the paper
(5). The Axial Green function Methods enable us to calculate the electromagnetic
field(2) and the Stokes flow(4) in arbitrary domains, including the convection-
dominated problem(3) in complicated domains. While these previous works are
conducted in bounded domains, the problems in unbounded domain is in fact
most interesting. They have asymptotic behaviors at far boundaries, for instance,
u(x) ∼ u0(x) + C u1(x) as x goes to infinity. As usual, the leading behavior
u0 and the next one u1 are prescribed but the constant C is not determined a pri-
ori. Using the non-local boundary condition, we finally compute the unknown
constant C as well as the numerical solution uh(x) in a smaller computational
region compared to the larger truncated computational region on which artificial
Dirichlet or Neumann boundary condition is given.
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Recently, A control theoretic approach is applied to minimize the number of
infective individuals as well as the costs associated with vaccination and treat-
ment (1; 2). In this talk, we consider various optimal control problems to derive
an efficient vaccination strategy for influenza outbreaks. First, an optimal control
problem of a SEIAR model is considered with control strategies include vaccina-
tion, antiviral treatment, and social distancing such as school closures. We also
investigate an optimal control problem of a SIR reaction-diffusion system with
inequality constraints. This control problem reflect realistic restrictions associ-
ated with limited total vaccination coverage and the maximum daily vaccine ad-
ministration. The results of numerical simulations show that the optimal vaccine
strategy varies regionally according to the spreading rate of the disease.
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The ability of mixotrophs to combine phototrophy and phagotrophy is now
well recognized and found to have important implications for ecosystem dynam-
ics. In this paper we examine the dynamical consequences of the invasion of
mixotrophs in a model that is a limiting case of the chemostat. The model is a
hybrid of a competition model describing the competition between populations of
autotroph and mixotroph for limiting resources, and a predator-prey type model
describing the interaction between populations of autotroph and herbivore. Our
results show that mixotrophs are able to invade in both autotrophic environments
and environments described by interactions between autotrophs and herbivores.
The interaction between autotrophs and herbivores might be in equilibrium or
cycle. We find that invading mixotrophs have the ability to both stabilize and
destabilize autotroph-herbivore dynamics depending on the competitive ability of
mixotrophs. The invasion of mixotrophs can also result in multiple attractors.
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In this presentation, we consider a intraguild predation model in which preda-
tor is specialist, the growth of shared prey population is subjected to additive Allee
effect and there is Holling-Type III functional response between IG prey and IG
predator. We analyze the impact of Allee effect on the global dynamics of the sys-
tem with the prior knowledge of the dynamics of the model without Allee effect.
Our theoretical and numerical analysis suggest that: 1. Trivial equilibrium point
is always locally asymptotically stable and it may be globally stable also. Hence,
all the populations may go to extinction depending upon initial conditions; 2.
Bistability is observed between unique interior equilibrium point and trivial equi-
librium point or between boundary equilibrium point and trivial equilibrium point;
3. Multiple interior equilibrium points exist under certain parameters range. We
also provide here a comprehensive study of bifurcation analysis by considering
Allee effect as one of the bifurcation parameter. We observed that Allee effect can
generate all possible bifurcations such as transcritical bifurcation, saddle-node bi-
furcation, Hopf bifurcation, Bogdanov-Taken bifurcation and Bautin bifurcation.
Finally, We compared our model with the IGP model without Allee effect for
better understanding the impact of Allee effect in the system dynamics.
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Hesitancy and refusal of vaccines preventing childhood diseases are spreading
due to ‘pseudo–rational’ behaviours: parents overweight real and imaginary side
effects of vaccines and do not fully perceive the actual risks linked to the disease.
The complex dynamics ruling vaccine uptake has been modelled as an imitation
game (1) or, equivalently, as ‘infection of ideas’ (3), augmented by terms mod-
elling the switching of vaccine position (from ‘anti’ to ‘pro’) thanks to awareness
campaigns enacted by the Public Health Systems (1). Here we investigate the
noteworthy case, of great relevance in the age of social networks, where the opin-
ions rapidly change, so that the system (in absence of the awareness campaigns)
can be reduced to the phenomenological model proposed in (2), where the vaccine
uptake rate was an increasing function of the prevalence. After briefly investigat-
ing how the above mentioned campaigns influence the dynamics of the system,
we study the problem of minimizing the total cost of the disease spread and con-
trol. It is formed by different ’sub–costs’: that related to the disease burden, the
vaccination costs and the economic burden to enact the awareness campaigns. We
numerically explore the impact of human behaviour on the control and spread
of the target disease via both deterministic and heuristic methods. For the latter,
we also provide a statistical assessment. Finally, results are compared with those
obtained in the case of slow opinion switching dynamics.
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We present a recent optimal control problem for composting in biocell (2),
whose aim is to find suitable strategies that minimize the total costs due to the
control operation and to the minimization of soluble substrate concentration. The
problem is based on a mathematical model, taking account of (i) degradation of
soluble substrate by an aerobic bacterial biomass; (ii) solubilization of insoluble
substrate; (iii) biomass decay phenomenon. The control is acted by monitoring the
effects of oxygen concentration in the cell atmosphere on the degradation term.
The operation cost is modeled by linear and quadratic function of the effort. We
will show that optimal strategies in the linear case lead to a higher reduction of
soluble substrate and to a major effort with respect to the quadratic case.
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[1] G. Martalò, C. Bianchi, B. Buonomo, M. Chiappini, V. Vespri. (2019). Optimal

Control Strategies for Composting Processes in Biocells with L1− and L2−type
Cost Objectives (in preparation).

133



REINFECTION THRESHOLDS DETERMINED BY
THE MAXIMUM CURVATURE OF THE ENDEMIC

STATE
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The reinfection SIRI model describes the spreading of an epidemics in a popu-
lation of susceptible, infected and recovered individuals, where after an initial in-
fection the recovered individuals only have partial immunity and may be infected
again. Using the SIRI model, Gomes et al. introduced the reinfection threshold
concept for epidemic models. Here, we extend the notion of reinfection thresh-
old. Our extension is based on the maximum curvature of the endemic state graph,
that can be used to define the beginning point and the end point of the reinfection
region.
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Invasive species cause huge amounts of environmental, economic, social and
cultural damage in Europe and worldwide. Improving measures to control them is
an ongoing challenge, and mathematical modeling and optimization are becom-
ing increasingly popular as a tool to assist management (1; 2; 4). We analyse
an optimal control model for the control of invasive species which aims to find
the best temporal resource allocation strategy for the population reduction, under
a budget constraint (3). We derive the optimality system in the state and control
variables and we use the phase-space analysis to provide qualitative insights about
the behaviour of the optimal solution. We pay special attention to the nature of the
optimal trajectories in long time intervals and the explore the Turnpike property
of the problem (5). Finally, we introduce a numerical scheme for the solution of
the state-costate nearly-Hamiltonian system, based on exponential-Lawson sym-
plectic Runge-Kutta schemes applied in a forward-backward procedure.
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Burst cancer is widely spread pathology, worldwide. Some types of cancer
are hard to detect and cure, tnbc is among them. Molecular genetics methodology
may contribute a lot in the problem. We studied the Wnt-cascade gene expres-
sion database of three types of patients: tnbc (118 entries), non-tnbc (852 entries)
and healthy women (112 entries). The database was provided by Prof. Vladimir
Katanaev from Geneva University. Due to database inconsistency, few genes have
been removed from the consideration, so that we dealt with 68 genes. Standard
techniques of statistical analysis fail to distinguish properly non-tnbc from tnbc
patients (2). We used elastic map technique that provides almost perfect cluster-
ing for non-tnbc, tnbc and healthy patients. It has been found that an incomplete
set of genes provides similar (or even the same) clustering, as the full set of them
does. Hence, we tried to identify the minimal set of genes still providing the
clustering with high resolution of non-tnbc, tnbc and healthy patients. Obviously,
such minimal subset could be ambiguous. To figure out the minimal subset of
genes still yielding the reasonable clustering with good determination of those
three groups of patients, we generated a series of subsets of various abundance of
the genes involved into the clustering implementation. Each series comprises as
many, as 50 different samplings from the original database. The number of genes
included into the samplings varied from 68 (a single set of genes) through 34, 16,
8 and 4. It was found that three sets of 8 genes yield the clusterings with minor
deviations from that one provided over the complete set of genes. Other subsets
of this capacity failed to provide a proper clustering. This fact means that the
set of genes of Wnt-cascade is redundant, from the point of view of revealing the
pathology standing behind the difference in genes expression. Obviously, the cas-
cade set may not be claimed as redundant, from the point of view of functioning
of the network. Apparently, this duality conspires the good identification of tnbc
patients with linear statistics techniques.
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Idasanutlin (RG7388) is a potent and selective MDM2 antagonist showing
promising responses in phase 1 studies in relapsed/refractory AML. The drug is
presently undergoing Phase I and II clinical trials. RG7388 was generally well
tolerated with GI toxicity being the most commonly reported adverse event. In
laboratory cultures of MOLM-13 wild type cells it was observed that using in-
creasing dosages of RG7388 led, within 96 days, to a complete replacement of
wild type (drug-sensitive) cells by mutant (drug-resistant) cells. We propose a
model for the growth of the two strains of cells in such cultures that is designed to
elucidate whether the replacement is due to the natural mutation of the wild type
cells or rather to the use of RG7388 for AML treatment.
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The motivation behind this research is to investigate mathematical models
to describe the population dynamics of biological species. In particular, we fo-
cus the attention on populations of large and long-lived raptor species. These
species are mainly characterized by the lifetime stability of their breeding pairs
and by a marked philopatry. The methodology based on population viability anal-
ysis (PVA), usually considered in conservation biology and in the management
of threatened or endangered species, requires information about several variables
(sizes, ages, mortality rates, growth rates, environmental variables, etc.) In prac-
tice, real data about such variables are difficult to obtain. Mathematical models
based on other methodologies have not been sufficiently developed for these rap-
tor species. Recently, in order to describe the demographic dynamics of such
biological species, we have introduced a class of mathematical models, based on
branching processes, see (1). Unlike other classes of models developed in the
literature, we have considered the most realistic practical situation where the co-
existence in the population of individual from different generations is assumed.
By considering such a class of stochastic models, we now study several statistical
questions of ecological interest. As illustration, we apply the proposed methodol-
ogy to describe the population dynamics of some Eurasian black vulture colonies
located at the region of Extremadura (Spain) which appear to be both the largest
and densest breeding colonies worldwide.
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Despite centuries of enormous control efforts, mosquito-borne diseases con-
tinue to show upward trend of morbidity. According to WHO reports, malaria
caused 438000 deaths in the year 2015 and dengue cases has been increased 30-
fold over the last five decades. To control these diseases, it is necessary to un-
derstand the transmission dynamics of them among mosquitoes. There are some
vertically transmitted mosquito-borne diseases which can also be spread among
mosquitoes through sexual contact (e.g., dengue, zika, chikungunya). Recent ex-
perimental observations indicate that for virus persistence in mosquito population,
the role of venereal transmission can not be ignored. It is therefore important to
investigate which transmission route is more responsible for the persistence of the
virus when there is no host. To this aim, we propose and analyze a novel com-
partmental model considering mosquito population only. To the best of authors
knowledge, this is the first attempt to take into account both vertical and sex-
ual transmission of the virus in a mathematical model. Expression representing
the basic reproduction number is derived using Jacobian approach. Local sta-
bility conditions for disease-free equilibrium and complete infection equilibrium
are obtained. Global sensitivity analysis of the system is performed with respect
to an epidemiologically important response. While investigating the impact of
sexual transmission in presence of vertical transmission, we observed that sex-
ual transmission route has the potential to drive the equilibrium from disease free
to endemic states. Further numerical experiments reveal that the virus will have
higher half life in fertilized infected female mosquitoes for vertical transmission
only than for venereal transmission alone. Furthermore, when both transmission
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pathways are active, a variety of parameters indicate threshold like behavior of the
infection.
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We propose a time-discrete model of “predator prey” community to describe
dynamics of a community like arctic fox mouse rodents. (2) The community is
under anthropogenic impact, which is realized as a harvest of some part of preda-
tor or prey population. The model takes into account seasonality of the life cycles
of predator and prey populations. In addition, each of the species under con-
sideration has an age structure represented by two stages of development. Prey
population growth is limited by density-dependent regulation of birth rate. Lim-
iting the survival of juveniles is observed in predator population. Harvesting is
assumed to be discretely timed with intervals equal to the reproduction period,
with a yield proportional to population size.

The bifurcations, dynamic modes and a possibility of its shifting are studied
for the model proposed. It has been shown the stability loss of a non-trivial fixed
point is realized according to both the Neimark-Sacker scenario and the Feigen-
baum one.

The study of anthropogenic impact influence on community dynamics shows
harvest of some share of the prey’s population from the community leads to an
expansion of stability area of non-trivial stationary state. Consequently, harvest
of prey population results in sustainable coexistence of community species (Fig-
ure). The harvest of part of prey population has little effect on the dynamics of the
predator population. The changes are mainly associated with areas of multista-
bility, in which the community dynamics depends on the initial population sizes.
With high values of reproductive potentials of both populations, the community
dynamics can adapt to the dynamics of both prey and predator, depending on their
initial population sizes. Increasing harvest rate leads to multistability domain con-
traction, and as a result, expansion of parametric space area, in which fluctuations
of prey population size are initiated by the predator (Figure).

In the case of the predator population harvest, stability domain of the nontrivial
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Figure 1: Dynamic mode maps of predator-prey model with harvest. The figures
correspond to the period of observed cycle. Q is a quasi-periodic dynamics, C is
chaotic dynamics. 1/0, 2/0, 3/0 are stable semi-trivial solutions: 1, 2, 3 are periods
of cycles observed in prey population, 0 corresponds to extinction of predator pop-
ulation. IV is infeasible parameter value area where the model loses its meaning.
r1 and w are birth rates of prey and predator populations, respectively.

fixed point expands along the parameter characterizing the birth rate of predator
(Figure). Accordingly, a situation, where a predator determines the prey popula-
tion dynamics, is possible only at high values of predator reproductive potential.
With an increase in harvest rate an expansion of parametric areas is observed,
where variation in the current population sizes leads to a change in the species
determining the dynamics of the community. In particular, when the values of
demographic parameters and interaction coefficients are fixed, for some current
population sizes of community the predator suits to the periodic dynamics of the
prey, while for others the predator initiates quasiperiodic fluctuations in the prey
population.
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We fit an ODE model of immune response by CD4+ T cells to a time series
of data from mice infected with lymphocytic choriomeningitis virus (LCMV).
We considered two clonotypes of CD4+ T cells, gp61 and NP309 LCMV epi-
topes. The model also includes the presence of regulatory T cells (Tregs) and
interleukine-2 (IL-2) density. This model is able to fit both the immune activation
phase triggered by the LCMV infection and the subsequent relaxation phase, with
a smooth transition from faster to slower death rates.
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To understand the dynamics of sexually transmitted infections (STIs), under-
standing sexual behavior is important. However, quantification of sexual behavior
is difficult due to its nature. Indeed, our analysis showed no clear trend between
HIV prevalence and the estimated sexual behavior (1). Instead of sexual behavior,
the use of STIs prevalences as a bio-marker of other STIs was proposed. To assess
the accuracy, we analyzed the association between sexually transmitted infections.
An individual-based mathematical model was constructed to describe temporal
sexual contact network (2) and STI transmissions of HIV, herpes simplex virus
type 2 (HSV-2), gonorrhea, chlamydia, and syphilis. Model was parametrized
with representative biological and behavioral data. A total of 500 varied sexual
networks were simulated, on each of which STI transmission was also simulated.
Associations were assessed on model-simulated STI prevalences. Regressions
were conducted to evaluate the predictability of HIV prevalence from each of the
other STI prevalences. Sexual networks affect different STIs in both similar and
variable ways, leading to rich dynamics and varying associations between STIs.
Still, knowledge of the prevalence of one STI can be predictive of that of another
STI. This outcome is specially relevant for HIV, as prevalence of other STIs can
be used as an objective biomarker for HIV epidemic potential.
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We employed Principal Component Analysis (PCA) and Local Linear Em-
bedding (LLE) to construct embedded Foreign Exchange Rate (FOREX) portfo-
lios whose performance was accessed by trading simulations. For our analysis
we used a data-set of 20 FOREX pairs spanning the time period between 01-01-
1997 and 26-06-2017. Our aim was to try to forecast the embedded time series
using Exponential Moving Average (EMA), but also ARIMA and Recurrent Neu-
ral Networks (RNN). The trading simulations provided high scores in terms of
sharpe ratios compared to the classical equally weighted and risk parity portfo-
lios. Furthermore, we show that the LLE outperforms the PCA embedding when
using RNN for forecasting, while it provides almost the same results when using
EMA and ARIMA models.
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For diseases in which vaccination is not compulsory, individuals take into ac-
count different aspects when deciding between to vaccinate or not. Namely, the
decision depends on the morbidity risks from both vaccination and infection, and
also depends on the probability of being infected, which varies with the course of
the disease and the decisions of other individuals.

Using some basic game theoretical concepts, we study the evolution of the
individual vaccination strategies depending upon the morbidity risks and upon
the parameters of the basic reinfection SIRI model. In (1), it was introduced the
evolutionary vaccination dynamics for an homogeneous vaccination strategy of
the population. Here, we introduce the dynamical evolution of the morbidity risks
and observe the arise of periodic vaccination strategies.
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One of the most important tyrosine kinase receptors, mediating signals for
proliferation, differentiation and development is the epidermal growth factor re-
ceptor (EGFR). Human cancer is often characterized by dysfunctional EGFR sig-
nalling induced by the overexpression of the receptor and/or the upregulation of
its ligands. The EGFR fate and signalling are regulated by several mechanisms
of which the major is the endocytosis. EGFR can be internalized through two
internalization pathways depending on the ligand dose, i.e., the clathrin-mediated
endocytosis (CME) and the non-clathrin endocytosis (NCE). They regulate the re-
cycling or degradation fate of the receptors. Particularly, NCE is related to EGFR
degradation whereas CME is mainly linked to receptor recycling and sustained
signalling, see Figure 1.

In this contribution, preliminary results will be provided on the development
of a novel mathematical model of EGFR trafficking to test hypotheses on the prin-
cipal mechanisms regulating the different EGFR endocytosis pathways and their
impact on EGFR signalling propagation. The extended dynamical model is built
starting from an early activation model (EAM) (1), consisting of a system of or-
dinary differential equations (ODEs), focusing on the first two minutes after EGF
stimulation. The extended model herein presented fits ad hoc data from wet-lab
experiments and provides a more accurate quantitative description of the EGFR
phosphorylation and ubiquitination processes. Moreover, it includes for the first
time a preliminary description of the EGFR internalization processes. The current
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Figure 1: EGFR is internalized either via CME or NCE: CME is activated at low
EGF doses and it is mainly involved in EGFR recycling and sustaining signalling;
the NCE is activated only at high EGF concentrations, and it leads primarily to
receptor degradation and signals extinction, representing a mechanism to protect
cells from overstimulation.

model allows simulating the system for longer time periods and provides a unique
opportunity for building a computational framework to investigate how EGFR
signalling/endocytosis dysfunction could contribute to the tumorigenic process.
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Social-ecological systems are defined as coupled human-nature systems, where
society and nature co-evolve rather than externally influence one another. The eco-
logical aspect of such systems is often traced through population dynamics (rep-
resenting stock growth) or through nutrient flow, the epidemiological component
is introduced through disease dynamics, but the social aspect presents significant
challenge for modelling. Great diversity of human activities and ways in which
people affect environment and respond to changes in the ecosystem require tai-
lored approach and careful choice of systems variables. Human activities, such as
agricultural production or fishing, can be influenced by social norms, institutional
decisions and individual behaviour, habits and opinion dynamics. This may re-
quire considering more than one level of organization, i.e. including individual,
community or even country level and cross-level interactions in models.

We illustrate social-ecological modelling on the example of poverty traps,
which are defined as undesired self-reinforcing mechanisms that keep individu-
als or communities below threshold of economic well-being. The ecological part
in our models is represented by nutrient dynamics and the economic component is
based on agricultural production. The social aspect includes decision making on
individual and community levels and interactions between these two levels. Us-
ing stability and bifurcation analysis, we investigate how within and cross-level
interactions shape long term behaviour of the multilevel system.

References
[1] S. Radosavljevic, L. J. Haider, S. J. Lade, M. Schluter. (2020). Effective alleviation

of rural poverty depends on the interplay between productivity, nutrients, water and
soil quality. Ecological Economics, 169:106494, 10.1016/j.ecolecon.2019.106494

[2] S. Lade, L.J. Haider, T. Engström, M. Schluter. (2017). Resilience offers escape from
trapped thinking on poverty alleviation. Sci. Adv., 3 (5), 10.1126/sciadv.1603043

[3] James, H. (1937). The ambassadors. New York, NY: Scribner.

150



AN EXTENDED DYNAMICAL MODEL OF
α-SYNUCLIEN METABOLISM

Federico Reali∗1, Giulia Simoni1,2,
Enrico Domenici1,3 and Luca Marchetti1

1Fondazione The Microsoft Research,
University of Trento

Centre for Computational and Systems Biology (COSBI), Italy
2Department of Mathematics,

University of Trento, Italy

3CIBIO, University of Trento, Italy

reali@cosbi.eu (*corresponding author),
simoni@cosbi.eu, domenici@cosbi.eu, marchetti@cosbi.eu

α-synuclein (α-syn) is a 140 amino acid protein that is abundantly expressed
in the nervous system and contributes to the control of neurotransmitter release
(1). In addition, aggregates of misfolded α-syn are the main component of Lewy
bodies, fibril-like agglomerates. High abundances of Lewy bodies impair the pro-
duction of dopamine leading to severe neurogenerative diseases such as Parkin-
son’s disease (PD) or Lewy Body dementia (2).

Under normal conditions, α-syn metabolism rarely promotes the formation
of aggregates, such as dimers or oligomers, which, in the long run, lead to the
formation of Lewy bodies. However, different external factors as oxidative stress
or the mutation of genes such as SNCA, LRRK2, and Parkin result in promoting
the aggregation of α-syn (2). As a consequence, these risk factors increase the
likelihood of developing the diseases of several folds.

In recent years, different mathematical models have been proposed to provide
a dynamical description of α-syn metabolism and the formation of aggregates (3).
However, most of these models could not depict the entire α-syn metabolism and
its interactions with the cellular environment. To provide a complete picture of
the α-syn dynamics, to elucidate the processes that lead to its aggregation, and to
better characterize its interaction with the other cellular processes, we introduce
an enhanced dynamical model of α-syn metabolism, which combines and extends
existing mechanistic models. We parametrize the model by combining the exist-
ing knowledge and the available literature data. Moreover, we explore the α-syn
dynamics by using a combination of stochastic and deterministic simulations (4).
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Through sensitivity analysis (5) and in-silico experiments, we quantify the
effect of different causes in perturbing or affecting the course of the aggregation.
In this way, we can provide a cause-effect map that includes several risk factors
for the accumulation of α-syn. Moreover, the model can support the development
of new drugs and identify relevant metabolic processes for the occurrence of Lewy
body related diseases. Potentially, the model may provide a tool to in-silico asses
the effect of candidate therapeutics to ameliorate patient conditions or slow down
the progress of neurodegeneration.
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The study of biological communities, such as predator-prey or host-parasite
systems, is one of the most important environmental problems. Predator-prey
interactions are crucial to formation of the species composition in a community
and their dynamics. In particular, predator-prey interactions can cause fluctuations
in the numbers of both interacting species and can amplify such fluctuations if they
exist due to other causes. In this work, we present a new look at the problem of
complex dynamics that can arise between a prey and a predator.

The paper investigates dynamic modes of the predator-prey model with age
structure for prey. We use a slight modification of the Nicholson-Bailey model
to describe the interaction between predator and prey. We assume the population
size is regulated by decreasing juvenile survival rate with growth of age class sizes.
Conditions for sustainable coexistence of interacting species are described. It is
shown that the coexistence of species becomes possible if there are a transcritical
or saddle-node (tangential) bifurcations. Due to the saddle-node bifurcation there
is bistability in the system of interacting species: predator either coexists with prey
or dies depending on the initial conditions. It is shown, with changing parameters
values and transition through the stability domain boundary the stability loss of
the model fixed point may occur according to both scenarios: the period doubling
and the Neimark-Sacker bifurcation. In the first case period doubling bifurcation
leads to occurrence of stable fluctuations of sizes. In the second case the dynamics
of population sizes begins to demonstrate quasiperiodic dynamics.

We studied the oscillation scenarios of interacting population, influences of re-
production, survival and self-regulation rates of population prey and age-dependent
predation as well as variations in the current number on transitions between dif-
ferent dynamic modes. It is shown that an increase in the birth rate of the prey
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under intraspecific competition can lead to a dynamics destabilization and to com-
plex oscillations appearance in numbers. Besides, age-dependent predation has a
stabilizing influence. The anthropogenic impact on the community and its com-
ponents, including deratization and harvesting, has been studied. It was found that
in the model parametric space there arise the areas of multistability, which are not
related to bistability of semi-trivial and non-trivial fixed point. Consequently, even
a small variation of the current population size leads to more complex behavior
of the interacting species, and can give a significant change in both the observed
dynamic mode and the coexistence scenario of the species.
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The classical discrete Ricker population model was proposed for modeling
fish populations, see (1). Since then this overcompensatory model has been used
in several studies with applications to different types of populations, see, for ex-
ample, references in (2). In the definition of the classical discrete Ricker popu-
lation model, given by the difference equation xn+1 = r xn e

−δxn , is assumed
that the survival function for generation n is density-dependent, while the birth
or growth rate is density-independent. However, in several applications of this
model to biology and ecology there are circumstances which lead to non constant
density-dependent birth or growth functions. This phenomenon can be caused
by several factors: difficulty to find mates, environmental modification, predator
satiation, cooperative defense, among others. This model is classified in several
studies as relatively inflexible, since it has only two parameters.

In this work it is considered the discrete-time population model whose dynam-
ics of the population xn, after n generations, is defined by the difference equation,

xn+1 = b(xn) xn s(xn), with n ∈ N (1)

where b(xn) = xγ−1
n is the per-capita birth or growth function (a cooperation or

interference factor), with γ > 0 the cooperation parameter or Allee effect param-
eter, s(xn) = eµ−δxn is the survival function for generation n or the intraspecific
competition, with µ > 0 the density-independent death rate and δ > 0 the carry-
ing capacity parameter. In particular, we consider the γ-Ricker population model
defined by Eq.(1) written in the form,

xn+1 = r xγn e
−δxn := f(xn) (2)

where r = eµ, γ and δ are positive real parameters and f : [0,+∞[→ [0,+∞[.
This stock-recruitment model is usually called γ-Ricker model or γ-Ricker map.
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The particular case γ = 1 is known as the classical overcompensatory Ricker
model, which was introduced by Ricker in the context of stock and recruitment
in fisheries, see (1). The limit case δ → 0+ corresponds to the Cushing model.
Throughout this work, the parameters space is denoted by,

Σ0 =
{

(r, γ, δ) ∈ R3 : r, γ, δ > 0 and γ 6= 1
}
. (3)

The main purpose of this talk is to present the dynamical study and the bi-
furcation structures of the γ-Ricker population model. Resorting to the Lambert
W function, the analytical solutions of the positive fixed point equation for the γ-
Ricker population model are explicitly presented and conditions for the existence
and stability of these fixed points are established. The use of the LambertW func-
tion, generally defined as the real analytic inverse of the function W (x) = xex,
allows us to obtain a deeper insight and a new point of view of the behavior of
the γ-Ricker population model. This procedure proves to be extremely useful,
since the fixed points expression of the γ-Ricker population model is an implicit
condition.

Another main focus of this work is the definition and characterization of the
Allee effect bifurcation for the γ-Ricker population model, which is not a pitch-
fork bifurcation. Consequently, we prove that the phenomenon of Allee effect
for the γ-Ricker population model is associated to the asymptotic behavior of the
Lambert W function in a neighborhood of zero. The theoretical results describe
the global and local bifurcations of the γ-Ricker population model, using the Lam-
bert W function in the presence and absence of the Allee effect. The Allee effect,
snap-back repeller and big bang bifurcations are investigated in the parameters
space considered. Numerical studies are included.
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Mammalian cells can be described as dynamical systems. They detect, adapt
and respond to time-varying inputs, such as environmental cues, secreted molecu-
les and mechanical stimuli. In particular, we focused on their response upon star-
vation stimulus. Under nutrient stress, cell metabolism adapts to sustain cell sur-
vival by initiating autophagy. During autophagy, cytoplasmic components, dam-
aged proteins and entire organelles are degraded and recycled to generate building
blocks for the synthesis of proteins that are essential for survival.

The Transcription Factor EB (TFEB) plays a pivotal role in organelle bio-
genesis and cell metabolism. TFEB acts as a global controller of autophagy (as
well as of lysosomal biogenesis, lysosomal exocytosis, lipid catabolism, energy
metabolism, and in the modulation of the immune response). TFEB is often dereg-
ulated in different types of cancer, suggesting that the pharmacological modula-
tion of TFEB activity may represent a relevant therapeutic approach for a wide
number of diseases (1).

As shown in Figure 1 (a), under nutrient-rich conditions, TFEB is phospho-
rylated and sequestered in the cytoplasm. Upon amino-acid starvation, TFEB
is dephosphorylated and can freely translocate to the nucleus where it transcrip-
tionally activates lysosomal and autophagic pathways (2; 3). Phosphorylation of
TFEB in the nucleus has been reported as responsible for its nuclear export (1).

Here, we investigated the dynamics of TFEB shuttling between the cytoplasm
and the nucleus upon starvation and feeding stimuli.

We derived a nonlinear dynamical model to describe TFEB translocation. The
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(a) TFEB nuclear-cytoplasmic shuttling.
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(b) Closed-loop model of TFEB translocation.

Figure 1: (a) TFEB is phosphorylated and sequestered in the cytoplasm under
normal feed condition. In the absence of amino-acids, TFEB is dephosphorylated
and translocates into the nucleus, where it activates the transcription of its target
genes. In turn, these genes activate autophagy to modulate the starvation response.
(b) The translocation model is represented by a system of nonlinear differential
equations of the third order. A feedback action has been hypothesized to explain
the overshoot experimentally observed.

model consists of two compartments (nucleus and cytoplasm), where two species
(de/phosphorylated TFEB) were considered for each. Both de/phosphorylation
and transport were modeled as first order kinetics whereas the input (the nutrients
concentration) acts by changing the de/phosphorylation rates. The model param-
eters were inferred from the available experimental data of (1).

We experimentally measured the response of TFEB upon starvation by means
of a microfluidics platform, observing two characteristic dynamics. The first is
the rapid translocation of TFEB from the cytoplasm to the nucleus (of the order of
minutes) upon switching from feeding to starvation, and can be explained by the
open-loop model proposed above. The second is an overshoot dynamics (of the
order of hours), and can be explained by hypothesizing the presence of a negative
feedback action closing the loop (Figure 1 (b)).

The closed-loop model was based on biological reasonable hypotheses and
recapitulated the whole dynamics behaviour observed experimentally. We inves-
tigated the TFEB response to starvation in deep by using different drugs (Torin
1, Bafilomycin A1, Cycloheximide) to prove this hypothesis. At present, further
analysis is required in order to confirm our thesis.
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Polymer particles morphology can be defined as a pattern of phase-separated
domains comprising a multi-phase polymer particle (1). Properties of a polymer
particle strongly depend on its morphology, and thus the control of particle mor-
phology is a key factor for success in producing high-quality polymers materials,
such as coatings, adhesives and additives (2).

Currently, an accurate prediction of particles morphology is still a challenge
due to its complexity. Several modelling approaches, describing the dynamics of
the morphology of a single particle, have been suggested in the last few years
(3; 4; 5). However, the single-particle approaches only provide a partial view of
realistic systems, containing millions of particles. Furthermore, such models are
computationally demanding even with the use of High Performance Computers.

In contrast to currently available computationally expensive and restricted
single-particle approaches, we recently proposed (6) a Population Balance Equa-
tions (PBE)-based model to predict the size distribution of polymer agglomerates,
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composing the morphology of interest. The PBE model provides a view of the
whole population of polymers particles, taking into account the relevant kinetic
and thermodynamic effects behind the morphology formation (7).

The numerical treatment of such a model is not trivial due to the following
difficulties. First, reactants and particles concentrations may be coupled, leading
to a challenging integration of the resulting system of equations. Then, numerical
solutions require substantial computational resources since, in practical engineer-
ing processes, the computed solution may extend over several orders of magnitude
and can exhibit very sharp moving fronts.

We propose three novel numerical approaches which help to obtain accu-
rate and efficient numerical solutions of the introduced model. While the Op-
timal Scaling (OS) (8) procedure, designed for the dimensionless reformulation
of equations expressed in physical units, assures computationally tractable orders
of magnitude for the PBE terms, the novel Generalised Method of Characteris-
tics (GMOC) allows for the integration of PBE models with coupled dynamics.
Finally, the Laplace Induced Splitting Method (LISM) combines a splitting in-
tegration scheme with Laplace induced analytical solutions to enhance accuracy
and speed of the numerical treatment.

We discuss the main features of OS, GMOC and LISM methodologies and
present numerical results demonstrating the potential of the proposed techniques.
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A tritrophic food chain model is proposed in this work where consumer (or,
predator) hunt for prey species (or, source) with Holling type-III functional re-
sponse and the functional response between consumer and predator (or, top-pre-
dator) follows Beddington-DeAngelis response. It is assumed that the birth rate
of the prey population is affected and in fact, is reduced due to the fear of pre-
dation. Incorporation of prey refuge term implies that only a fraction of prey is
available to the consumer for consumption. Positivity and boundedness of the
system guarantee that the proposed model is biologically well-posed. Analytical
results show that there are some parametric restrictions under which the system
is permanent. By Routh-Hurwitz criterion, the local stability conditions of the
equilibrium points have been analyzed and on the other hand, Lyapunov LaSalle
theorem proves that the locally stable equilibrium points are globally stable un-
der some parametric restrictions. Also , Matlab supports the analytical findings
with the help of diagrams. The occurrence of one dimensional as well as two-
dimensional bifurcations have been shown and conditions for the existence of a
limit cycle in the system through Hopf bifurcation also have been stated. The
numerical figures depict that the prey refuge has both stabilizing and destabiliz-
ing effect on the system. Both the analytical and numerical results suggest that a
minimum amount of fear is needed to make the system steady.
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Fish populations subject to heavy exploitation are expected to evolve over time
smaller average body sizes. In this work we use evolutionary game theory to show
how fisheries management should be adjusted to mitigate the potential negative
effects of such evolutionary changes.

We present the game of a manager versus a fish population, where the for-
mer adjusts the harvest effort and the net size to maximize profit, while the latter
responds by evolving their size at maturation to maximize their fitness. We an-
alyze three strategies: i) ecologically enlightened (leading to a Nash equilibrium
in game-theoretical terms); ii) evolutionarily enlightened (leading to a Stackel-
berg equilibrium) and iii) domestication (leading to team optimum). In order to
determine the impact that incorporating evolution into the management decision
framework can have in terms of profit, we calculate the manager’s profit at the
three equilibria. Domestication results in the largest size for the fish and the high-
est profit for the manager. With the Nash approach the manager tends to adopt a
high harvest rate and a small net size that eventually leads to smaller fish. With
the Stackelberg approach the manager selects a bigger net size and scales back the
harvest effort to preserve both the long term size of the fish and the profit.

Overall, our results encourage fishery managers to take evolutionary dynam-
ics into account and advocate the use of evolutionary game theory as a tool for
providing insights into the eco-evolutionary consequences of exploiting evolving
resources.
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The identification and quantification of metastases is necessary to find the op-
timal treatment for an individual patient suffering from cancerous diseases. Due to
limited possibilities of medical imaging techniques, it is currently technically too
difficult to find metastases of very small sizes. These micro metastases though can
highly influence the treatment success. About 90% of cancer deaths do not occur
due to primary tumors and their resulting symptoms but metastases, of which most
are undiscovered at the time point of primary diagnosis (1). Mathematical models
capable of describing metastases growth are therefore of high clinical interest to
assist choosing an appropriate treatment setting.

A McKendrick-von Foerster equation introduced by Iwata et al. (2) was mod-
ified to describe different scenarios and aspects of the metastatic seeding pro-
cess. The numerical implementation of those scenarios facilitated a possible
comparison to clinical data of lung cancer patients under treatment, from whom
model parameters could be gathered. The model is defined in a continuous setting
which allows it to also model the transition of a single primary tumor towards
a metastatic disease, thus indicating the metastatic cascade necessary to develop
multiple metastatic tumors.

The resulting prognostic possibilities were used to quantify the total metastatic
burden at the time point of primary diagnosis retrospectively for those patients
and to forecast their further development and seeding behaviour. In these sets
of clinical data, the framework could correctly predict sizes of metastases which
were not yet discovered at the primary diagnosis. Further analysis included in
silico experiments of different therapeutic schedules with differing medications
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and time plans.

The work described in this abstract was also presented during the poster
session of the DSABNS 2020.
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Nonlinear oscillatory systems, playing a major role in biology, do not exhibit
harmonic oscillations. Therefore, one might assume that the average value of any
of their oscillating variables is unequal to the steady-state value. However, it is
known that for Lotka-Volterra systems, these values do equal each other. Also for
a number of mathematical models of calcium oscillations, the average cytosolic
calcium concentration (not, however, the average concentration in the intracellular
store) has this property. We show that this also holds for the Higgins-Selkov model
of glycolytic oscillations and the smallest chemical system with Hopf bifurcation,
while it does not hold for the Goodwin oscillator often used to describe circadian
oscillations.

Moreover, we apply Jensens inequality to analyze under which conditions the
average value during oscillations is lower or higher than the steady-state value.
Jensens inequality states that for a (strictly) convex function, the function value of
the average of a set of argument values is lower than the average of the function
values of the arguments from that set. By analytical calculations, we derive that,
if the Ca2+ efflux is a strictly convex (concave) function of the cytosolic Ca2+
concentration, then oscillations lower (increase) the average Ca2+ concentration
in comparison to the unstable steady state.

We discuss our results in view of the question which advantages oscillations
may have in biology. For example, the implications of the findings for the decod-
ing of calcium oscillations are outlined.
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Implementation of prey-predator interaction in mathematical form has a long
history after discovering the pioneer work by Lotka and Volterra. This model pro-
vides a more realistic description about predation, reproduction, mortality term
etc. It is recognized that population can subjected to Allee effect when the pop-
ulation density is small (4; 3). Introduction of Allee effect can change the dy-
namics of the model, particularly affect the persistence of the species. Previous
studies mostly focused on the dynamics where Allee effect occurs in prey growth
(2). In this talk I will consider the prey-predator model where Allee effect occurs
in the numerical response of predator without affecting the functional response.
Biologically there are many reason such as lack of mating partners, pollen defi-
ciency, sperm limitation, cooperative breeding mechanisms etc to arise this situ-
ation (1; 4; 5). At first we consider a generic mathematical formulation of Allee
effect and then consider the local and global bifurcation structure of the model
with three different type of parameterisations of the Allee effect. Finally we show
that regardless of parameterisations, Allee effect in predator results system desta-
bilization and extinction of the predator population.
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Dengue is one of the deadliest mosquito-borne disease prevalent mainly in
tropical and sub-tropical regions. Controlling the spread of this disease becomes
a major concern to the public health authority. World Health Organization (WHO)
adopted several mosquito control strategies to reduce the disease prevalence. In
this work, a general multi-patch non-autonomous dengue model is formulated
to capture the temporal and spatial transmission mechanism of the disease and
the effectiveness of different adult mosquito control strategies in reducing dengue
prevalence is evaluated. During the period (2014–2015) the dengue situation of
Kolkata which is one of the most dengue affected city in India is considered in our
study. Depending on geographical location, Kolkata is divided into five regions
and our model is fitted to the monthly dengue cases of these five regions during
the above-mentioned period. By considering control specific characteristics such
as efficacy, environment persistence of the mosquito control strategies, we study
the efficiency of three adult mosquito controls and their combined effect in reduc-
ing dengue prevalence. From our study, it is observed that control with higher
environment persistence performs better in comparison to the controls having low
environment persistence. It is also observed that, spatial coupling between the
regions plays a key role in the effectiveness of the control strategies.
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We begin this talk by introducing the basic dynamics of epidemics on ho-
mogeneous graphs (1). We then build on the SIR model proposed in (1) by al-
lowing recovered individuals to become susceptible again at a small rate εδ: this
choice introduces a distinction between fast and slow processes. We introduce the
so called “pairwise approximation”, which lets us reduce the complexity of the
model by only looking at nodes and edges. Lastly, we look at the ε → 0 limit
system, deduce from it information on the system with ε > 0 small enough, and
present some numerical simulations.
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Mathematical modeling of infectious diseases and the evolution of pathogens
can contribute to the prediction of health policy effectiveness and best practices.
Integrating mathematics, epidemiology, economics, and evolutionary biology, this
interdisciplinary research generates predictions that could not be made by these
disciplines alone, and has important impacts on these fields as well as for policy
makers world-wide. Health policies must be developed to maximize the benefit to
the public and to balance health, social, and economic considerations. Achieving
this aim requires combining molecular, individual, population, and national scales
with evolutionary perspectives to understand the importance of trade-offs between
disease control and the risk of pathogen replacement.
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Mathematical models of cardiac electrophysiology are usually defined to rep-
resent average data from voltage-clamp experiments of ionic membrane current
(1). It is only recently, with the advancement of the computational capabilities,
that new modeling techniques have been developed to account for the individual
variability that typically affects these biological processes. Among these tech-
niques, the most common is the population-based approach that identifies a set
of key model parameters that can be varied to address the scientific question in
different phenotypical conditions. In parallel with the development of this popu-
lation approach, several computational strategies have emerged with the purpose
to elucidate the role of each model parameter for specific physiological behaviors.
This could be addressed with a parameter sensitivity analysis that, in the context
of electrophysiology, is usually performed with multivariate regression methods
(2). The combination of these two approaches with clustering techniques allows
an integrative understanding of the individual variability of disease progression,
as well as the response to drug actions, thus could play an essential role in the
advancement of precision medicine (3).

We used the population-based approach to generate a group of virtual pa-
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tients, representing the healthy and the heart failure (HF) phenotypes (4; 5), by
considering a human cardiac model of electrophysiology (6). We employed a
novel-defined computational pipeline for patient stratification to identify the key
mechanisms responsible for the stratification and highlight the importance of in-
cluding additional phenomenological functions in the mathematical model to bet-
ter represent the variability of the disease phenotypes. Besides, we compared the
results of a global sensitivity analysis (GSA) (7), performed by coupling a sam-
pling algorithm (8) with a logarithmic sensitivity approach (9), with the results of
two linear-regression sensitivity algorithms (10; 11). Both the two regression ap-
proaches proved to work well even with a complex non-linear system, providing
similar results to the ones computed with GSA, but with considerable advantages
in terms of computational cost.
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The periodic outbreaks of vector-borne diseases still constitute one of the most
serious global health and economic problems. According to the World Health
Organization (WHO), every year there are more than 700 000 deaths from dis-
eases such as malaria, dengue, yellow fever, Chagas disease, chikungunya, Zika,
worldwide. Distribution of vector-borne diseases depends on demographic, envi-
ronmental and social factors. Human mobility, urbanization and climate changes
increase the probability of getting an infection and cause diseases also in places
where they were previously unknown. For example, from September 2012 to
March 2013, the autonomous region of Madeira in Portugal, reported the first
dengue outbreak with more than 2000 cases. Mathematical modelling is a very im-
portant tool for studing epidemic spreading and the prediction of possible scenar-
ios. We consider stochastic models described by master equation [2] and stochas-
tic differential equations [1]. We discussed analytical and numerical aspects of
this subject.
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Each cell function is regulated by a complex signaling network that translates
extracellular signals into cellular responses and whose alteration underline dis-
eases as cancer (1).

From a mathematical perspective, this process can be modelled through a
chemical reaction network (CRN) (2), i.e. through a graph whose nodes are the
involved chemical species and the edges are the chemical reactions. By applying
mass action kinetics, the concentration dynamics of the species in a CRN gives
rise to a polynomial system of ordinary differential equations (ODEs).

Here we study and validate the CNR for the G0-G1-S transition of colon-rectal
cancer cells presented by Tortolina and colleagues (3), involving 419 chemical
species and 850 chemical reactions. In particular, we study the corresponding
system of ODEs, by characterizing moiety conservation laws, asymptotic steady
states, and numerical solutions. We then simulate the steady state of a physiologi-
cal cell and quantify its alteration due to various combinations of loss and gain of
function mutations. We validate our model by comparing our results with those in
the literature on the effect of each mutation.
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Our study represents the first step of a mathematical tool for the design of
targeted drugs.
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The Shigesada–Kawasaki–Teramoto model (SKT) was proposed to account
for stable inhomogeneous steady states exhibiting spatial segregation (4), which
describes a situation of coexistence of two competing species. Despite the fact
that the reaction part does not present the activator–inhibitor structure, the cross-
diffusion terms are the key ingredient for the appearance of spatial patterns. We
provide a deeper understanding on the conditions required on both the cross-
diffusion and the reaction coefficients for non-homogeneous steady states to exist,
by combining a detailed linearized analysis with advanced numerical bifurcation
methods via the continuation software pde2path (5). We report some numeri-
cal experiments suggesting that, when cross-diffusion is taken into account, there
exist positive and stable non-homogeneous steady states outside of the range of
parameters for which the coexistence homogeneous steady state is positive (1). In
1D and 2D, we pay particular attention to the fast-reaction limit (2) by computing
sequences of bifurcation diagrams as the time-scale separation parameter tends
to zero. We show that the bifurcation diagram undergoes major deformations
once the fast-reaction systems limits onto the cross-diffusion singular limit. Fur-
thermore, in 2D we find evidence for time-periodic solutions by detecting Hopf
bifurcations, we characterize several regions of multi-stability, and improve our
understanding of the shape of patterns (3).
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Dengue fever is a mosquito-borne tropical disease caused by the dengue virus.
It is spread by several species of female mosquitoes of the Aedes type. There are
rapid dengue diagnostic kits commercially available in the market. Early detec-
tion of dengue is possible using this kit and one can get cured from dengue disease
without much complications [1]. Keeping in view the fact that early detection can
influence the transmission dynamics of dengue disease, a nonlinear mathemat-
ical model is formulated and analyzed to study the dynamics of dengue. The
basic reproduction number R0 of the proposed model is computed and all possi-
ble equilibria of the model are obtained. Stability analysis for different equilibria
of the proposed model is discussed in detail. The nontrivial equilibrium exists
only when the basic reproduction number R0 > 1 and it is locally asymptotically
stable under some restriction on parameters. The sensitive analysis is performed
to identify the key parameters associated with the basic reproduction number R0.
Further the ODE model is converted to stochastic model and results of stochastic
and deterministic models are compared using numerical simulation[2, 3].
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In this work we shall highlight the impact of control interventions: informa-
tion of the disease (non-pharmaceutical) and treatment (pharmaceutical) on the
infectious disease dynamics. With improvement of medical facilities and technol-
ogy, it is important to use the available resources to their maximum and achieve
the best output. Also, it has been also observed that due to presence and spread of
a disease, the information about disease spreads via media in the population. This
information induces behavioral changes in susceptible population which take pro-
tective measures (such as use of masks, sanitizer, protections etc.) to avoid con-
tracting infection. Hence this information induced behavioural change can be used
as a control intervention [1]. The question is how can we use this control interven-
tion to reduce load on treatment, which is usually limited? For this, we propose
and analyse compartment models which highlight impact of information on treat-
ment and disease dynamics. We perform stability analysis of infection free and
infected equilibria. Global stability of infected equilibrium is established under
certain parametric conditions. We also note that the system undergoes backward
and hopf bifurcation and there is possibility of existence of multiple equilibria,
which employs that system consists of rich and complex dynamics. We further
develop an optimal control problem and find the optimal profiles of control inter-
ventions using Pontryagin Maximum Principle [2]. We observe that the effect of
information is significant during initial phase of disease spread and reduces the
peak of infective even in absence of any other control. The treatment on the other
hand not only reduces the peak of infective but also the infectivity period. We nu-
merically discuss various optimal control scenarios for certain set of parameters.
We also perform cost analysis and find that a suitable combination of both the
control interventions is economically most viable option and does not only reduce
disease prevalence but also minimize total cost.
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A plant’s root grows into the soil driven by attractive targets (e.g. nutrients
or water) while avoiding obstacles. Under non-stressful biological and chemi-
cal conditions, root growth mainly depends on the mechanical strength of the
surrounding soil and the presence of obstacles at the root tip. To overcome the
resistance of the surrounding environment, plants have developed motion strate-
gies to reduce soil friction. Due to the complexity of the soil, it is difficult to set
laboratory experiments to investigate these motion strategies. I will present an op-
timal control problem that minimises the energy spent by a growing root subject
to physical constraints imposed by the surrounding soil. A new framework for
biological systems with dynamical constraints arises. The well-posedness of such
a system will be briefly addressed. The optimal problem proposed allows us to
investigate the motion strategy adopted by plant roots to facilitate penetration into
the soil, which we hypothesis to be a circumnutation movement. By numerically
solving the proposed optimal control problem, we validate the hypothesis that root
growth in soil can be well described by circumnutation motion and that this pro-
cess arises from the mechanical stress originated at the root’s tip. The proposed
formalisation could be applied to replicate such a biological behaviour in robotic
systems, characterising the design of efficient autonomous bio-inspired devices
for soil exploration.
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Optimal management of exploited ecosystems such as fisheries is a subject in
theoretical ecology of great interest to society. Here, we consider the problem
of optimal harvest strategies in a stochastic continuous-time biomass model of a
fish stock; specifically, the stochastic logistic growth model and a variant thereof,
the Pella-Tomlinson model. Similarly to previous related works (e.g. (1; 2) and
references therein) we frame the problem as one of optimal control for stochastic
differential equations and use the stationary Hamilton-Jacobi-Bellman equation
to identify the optimal Markov (i.e., state feedback) strategy. We first consider
the problem of maximizing the yield and extend recent results (2) regarding the
resulting “bang-bang” policy where the fishery is either closed or unrestricted,
depending on the current biomass. Next, we consider concave utility functions.
In the case of stochastic logistic growth and a square root relationship between
catch and utility, the optimal solution is found analytically: The optimal fishing
effort is proportional to the biomass and is independent of the intensity of the
process noise, which however reduces the expected profit in steady state. We then
consider the Pella-Tomlinson model, where solutions must be found numerically,
and show that the asymmetry in the growth curve is also found in the resulting
optimal harvest strategy. We finally extend the system to two coupled stochastic
differential equations, describing predator-prey dynamics, where each species is
harvested. For this system solutions must be found numerically. The optimal
harvest policies depend on the relative value of predators vs. prey but tend to
remove predator-prey cycles in the unfished system.
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The realized generation interval, i.e. the time difference between the infection
times of two connected individuals in the same epidemic tree, is a quantity of ut-
most importance in the analysis and prediction of an infectious epidemic. Two
observation schemes can be used to describe generation intervals over time: the
forward and the backward that assume, respectively, the infector’s and infectee’s
point of view. For an SIR dynamic in a closed population, the mean realized
generation interval varies over the course of an epidemic spread, in each of the
aforementioned schemes. Little is known about the cause of these fluctuations
which are commonly argued to be a consequence of the depletion of susceptible
or competition among infectors. Nevertheless, a precise definition of competition
and depletion is lacking in literature as well as a study that investigates their im-
pact on the realized generation interval. Here, we present a theoretical framework,
based on the notion of the effective contact process, where competition among in-
fectors and depletion of susceptibles are naturally defined. Through a simulation
study, we quantify their effects on the mean realized generation interval in relation
to the reproduction number and infectious period distribution. Results suggest that
competition and depletion jointly affect the mean realized generation interval and
their effects are emphasized for a high value of the reproduction number as well
as a high variance of the infectious period distribution. Furthermore, we simulate
the levels of competition and depletion in different locations, such as household or
workplace, showing how the realized generation intervals depends on the selected
structure of contacts. This highlights the importance of the developed framework
which is suitable to describe generation intervals in structured populations.
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We propose a recent mathematical model (2) for the degradation of the organic
fraction of solid waste in a batch bioreactor by means of an anaerobic bacterial
population. The time variation of a two components substrate (soluble and insol-
uble) and a bacterial population (biomass) is governed by a system of ordinary
differential equations describing: anaerobic digestion, hydrolysis, i.e. solubiliza-
tion of the insoluble substrate, and biomass decay. The evolution of the system
is monitored by controlling the effects of leachate recirculation that can stimu-
late or inhibit the hydrolytic process. The main aim is to find the best strategies
optimizing an objective functional, that balances the minimization of leachate re-
circulation cost, modeled by a linear or quadratic function, and the minimization
of substrate components at the final time. The minimization problem can be refor-
mulated by typical tools of Pontryagins theory and solved numerically by a clas-
sical descent gradient method. Results show the occurrence of different optimal
strategies: constant (bang), piecewise constant (bang-bang) or singular controls.
A sensitivity analysis for varying parameters and different initial configurations
will be presented.
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In this paper, we formulate and analyze a series of dynamical system mod-
els of the dilation of crime. These population models of social interactions have
been constructed based on predator-prey interaction models with Holling type II
functional response and assuming two different types of population in a particular
community/society: criminal minded and non-criminal minded. According to law
policy for crime control, we scrutinize the dynamic behavior of the model sys-
tem concerning law enforcement on the criminal minded population. Analytical
expressions for the existence of all the equilibrium points and their stability have
been investigated. Geometrical interpretations have also been given using differ-
ent isoclines for existence and stability of equilibria. The ex- pressions obtained
for the existence and stability of equilibrium points have been used to examine, in
particular, the effects of coefficient of law of enforcement and the logistic growth
term on the prevalence of crime. It is observed that for a threshold value of law
enforcement, a stable limit cycle exists. More precisely thresholds for law en-
forcement and carrying capacity have been explicitly explained. In particular,
a threshold of law of enforcement is determined beyond which the associated
place/community could be made crime free. A threshold value R0 have also been
introduced for our model systems. The threshold value (R0) is similar to basic
reproduction number in epidemiology. It is obtained that when R0 < 1, crime
free equilibrium is stable. Theoretical results have been supported via numerical
simulations.
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Measles and severe acute malnutrition (SAM) represent two of the major
causes of deaths in children under 5 years of age in Ethiopia. In recent years,
recurrent measles outbreaks have been reported in several areas of the country,
including the Oromia Region. The majority of cases was reported among under-5
children. According to the World Health Organization, every month over 25,000
children in this age group are admitted to Ethiopian hospitals due to SAM. The
aim of this study is to investigate measles spread between 2015 and 2018 in five
different districts of the South West Shoa Zone, in the Oromia region, and to un-
derstand the potential role of malnutrition in determining the current burden of
measles disease.

We analyzed patient records related to measles and different diagnosis of SAM
as collected at the Woliso hospital between 2015 and 2018 to estimate: i) the
prevalence of SAM across the different districts; ii) the case fatality rate (CFR)
among measles patients in the presence and in the absence of an additional diagno-
sis of SAM. We developed a multi-patch ordinary-differential equations model for
measles transmission to estimate the measles infection incidence across the differ-
ent districts and evaluate possible spatial heterogeneity driven by local prevalence
of SAM. The model is calibrated by means of a Markov Chain Monte Carlo ap-
proach applied to the monthly measles case patients recorded at the Woliso hos-
pital between 2015 and 2018.
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We found that the prevalence of SAM in the main hospital catchment area
ranges from 1.5% in Woliso Town to 14.2% in Amaya. The estimated CFR of
measles patients also affected by SAM is 11.6% (95%CI: 3.9-25.1), which is sig-
nificantly higher than the one estimated for measles patients not affected by SAM:
1.7% (95%CI: 1.1-2.5). Modeling results show that the measles attack rate in the
considered period ranges between 0.94% in the Woliso Town woreda to 2.57% in
the Woliso Rural woreda. Our results suggest that, as SAM increases the measles
CFR among severe cases, SAM might have caused indirectly about 34.16% of
measles deaths.
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The study of the spatio-temporal variation in the mosquito population density
represents a crucial ingredient to assess the risk of vector-borne disease outbreaks
(1; 3) as well as the spread of potential epidemics (4). The carried-out analysis
aims at providing estimates of the abundance of Ae. albopictus and Ae. aegypti
mosquitoes and of the spatio-temporal risk of Dengue and Chikungunya outbreaks
at continental scales. The proposed model is calibrated on mosquito capture data
collected in Italy (1; 2), in US and in Brazil (5) and by using local eco-climatic
data, including detailed temperature and precipitation records (6). For each day of
the year, we estimate the absolute number of female adult mosquitoes per hectare
at a spatial scale of 250m x 250m. Obtained results are used to estimate the trans-
mission potential associated with Dengue and Chikungunya (1; 4) in Europe and
the Americas at the same spatial resolution. Model results can support public
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health authorities in designing and planning surveillance and control measures
aimed at containing and preventing the spread of mosquito-borne diseases in hu-
mans.
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Sex-limited genes are present in both sexes of sexually reproducing species but
expressed in only either sex and remain turned off in the other. These traits include
animal productivity, such as milk production level and milk fattiness in cattle, egg
production and egg size in chicken, and litter size in arctic foxes (2). Classic
equations of mathematical population genetics are inappropriate for such genes
because both parents define progeny genotypes, whereas fitness depends only on
the mothers genotype. As a result, such a population is not in a HardyWeinberg
equilibrium (figure). Therefore, one needs to develop an evolution model in equa-
tions for genotype frequencies instead of allele frequencies as in the classic theory
of natural selection.

Our study proposed models of natural selection of the litter size trait, which
is controlled by a sex-limited gene that is expressed only in females, to explain
existing genetic variations in litter sizes in coastal, inland, and farmed arctic fox
populations. We compared the possibilities of maintaining polymorphism in the
framework of the classic theory of modeling with the case of selection by a sex-
limited gene.

For now, whether a system of balanced genetic polymorphisms of litter size
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are maintained in natural populations remains an open question (2), because the
populations of inland foxes might have fixed the dominant allele. Thus, one may
suppose that the farmed foxes inherited the alleles for small and large litter size
from coastal and inland populations, respectively. Alternatively, and more inter-
estingly, they might inherit both alleles from the inland foxes providing that a
system of balanced genetic polymorphism of litter size was maintained in the nat-
ural populations. However, the conditions for polymorphism maintenance in the
classic model are restrictive for the range of values that characterizes the advan-
tage of survival in small litters in years with low food supply.

Our study considering the inheritance type of this trait (i.e. sex-limited gene)
allows to wide a range of the values resulted in the maintenance of polymorphism.
Furthermore, it is known that the ability of fluctuations in selection to maintain
genetic diversity is greatly increased when generations overlap. Generalization of
the proposed model of natural selection on a population with two ages revealed
that polymorphism can be maintained in an even wider range of parameter values.
Thus, this study shows that selection by a sex-limited gene and overlapping gener-
ations increases the chances of maintaining polymorphism in inland populations
of arctic foxes.

Figure 1: Dynamics of the frequencies of genotypes (pAA and pAa, the left axis)
and their deviations from HWE (HWdev(pAA) and HWdev(pAa), the right axis)
over generations under various types of selection.
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We estimate cumulants and derive prediction intervals in additive models.
We apply our results to real data in a grapevine experiment. We consider

a model with two crossed factors: Clone, a random factor with two levels and
Location, a fixed effects factor with three levels.
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Daphnia pulex is the keystone organism of the environmental studies in aquatic
ecosystems. The study on D. pulex genome was first published in February 2011
and contributed to numerous scientific researches (1). The developments in the
experimental and computational methods have led to state-of-art technologies
including D. pulex genome analysis, which provides a basis for genome-scale
metabolic modeling and systems biology. The reconstructed metabolic model
uses gene, protein and reaction associations, which are obtained from the gene
annotation process (2). Since the experimental studies take so long and demand
a high effort, our genome-scale metabolic model provides new information as a
guide to experimental studies. In this study, all collected data such as reactions,
genes, and enzymes are taken from KEGG and UniProt databases and lumped into
the model to predict the flux rates (3; 4; 5). The metabolic model of D. pulex con-
sists of 1051 reactions, 774 metabolites, and 697 genes. The current model can
be used for elaborative understanding of cellular mechanisms and the effect of
perturbations on D. pulex metabolism against environmental toxicants. D. pulex
can be regarded as a model organism and hence the reconstructed genome-scale
network can be further improved for context-specific investigation in the light of
applied mathematics.

References
[1] Colbourne JK, Pfrender ME, Gilbert D, Thomas WK, Tucker A, Oakley TH, Tok-

ishita S, Aerts A, Arnold GJ, Basu MK, Bauer DJ. (2011) The ecoresponsive
genome of Daphnia pulex. Science; 331(6017):555-61.

202



[2] Kitano H. (2002) Systems biology: a brief overview. Science.; 295(5560):1662-4.

[3] Thiele I, Palsson B. (2010) A protocol for generating a high-quality genome-scale
metabolic reconstruction. Nature Protocols.; 5(1):93-121.

[4] Kanehisa M, Goto S, Kawashima S, Okuno Y, Hattori M. (2004) The KEGG re-
source for deciphering the genome. Nucleic Acids Research.; 32(suppl 1):D277-80.

[5] Bairoch A, Apweiler R, Wu CH, Barker WC, Boeckmann B, Ferro S, Gasteiger E,
Huang H, Lopez R, Magrane M, Martin MJ. (2005) The universal protein resource
(UniProt). Nucleic Acids Research. 1(33):D154-9.

203



MOLECULAR DOCKING OF BIVALENT
APTAMERS AGAINST HUMAN TROPONIN I

V.V. Biriukov∗1,3, N.S. Goncharova1,
L.A. Frank1,2 and V.V. Krasitskaya2

1Siberian Federal University, Krasnoyarsk, Russia
2Institute of Biophysics, Federal Research Center

“Krasnoyarsk Science Center of the Siberian Branch of the
Russian Academy of Science”, Krasnoyarsk, Russia

33Laboratory of Genomic Research and Biotechnology,
Federal Research Center “Krasnoyarsk Science Center of the

Siberian Branch of the Russian Academy of Sciences”,
Krasnoyarsk, Russia

biryukov.vv@ksc.krasn.ru (*corresponding author),
nsg1202@ya.ru, lfrank@ya.ru, vasilisa.krasitskaya@gmail.com

Cardiac troponin I (cTnI) is well known as a cardiac marker in ischaemic
heart disease. In this study, bivalent aptamers (aptamers containing sites that are
specific for different epitopes of a target protein) against cardiac troponin I were
studied, using the molecular docking approach. Previously, the aptamers having
the highest affinity and specificity for the cTnI (PDB ID: 4y99:C) were selected
and the screening of aptamer pairs affine to various epitopes of the target was per-
formed using the specially designed bioluminescent solid-phase assay. Different
combinations of TnAp2, TnAp10, TnAp12, and TnAp8 with different lengths of
linkers between them were tested. Nine aptamer pairs least competing for protein
epitopes were selected for further analysis.

To predict the secondary structure of the selected bivalent aptamers the Mfold
server was used (1). The tertiary structures of aptamers were obtained using the
RNAComposer server (2). Low-resolution generic docking with the Global Range
Molecular Matching methodology implemented in the GRAMM software was
used to obtain protein-aptamer decoys (grid size 4,5 A, rotational step size 10)
(3). The program performs an exhaustive 6-dimensional search through the rel-
ative shifts and rotations of the molecules, using only the atomic coordinates of
the two molecules (information on the binding sites is not required). For each
complex, the top 20000 possible structures were selected as decoys. Further, the
Decoys As the Reference State potential (DARS-RNP) was used to assess ob-
tained protein-RNA complexes and select a more native-like structure for each of
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them (4). Visualization of selected complexes as well as analysis of intermolecu-
lar bonds was carried out using Discovery Studio Visualizer (BIOVIA) (5).

As a result, reduced versions of TnAp8t (40 bp) and TnAp2t (27 bp) with 10
bp long linker between them demonstrated the highest number of molecular bonds
with cTnI (22 bonds, 8 of them are electrostatic), while the same aptamer pair with
20 bp linker demonstrated the worst affinity with the protein (5 bonds). In addi-
tion to the TnAp8t-L10-TnAp2t pair, several pairs of aptamers were selected for
further analysis: TnApt12t-TnAp2t, TnAp10-TnAp2t, and TnAp10-L19-TnAp2t
forming 17, 16, and 11 bonds with cTnI, respectively.
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One of the most basic but still surprising model to investigate epidemic spread-
ing in networks is the susceptible-infected-susceptible (SIS). Infected agents lying
on the nodes of a network become spontaneously healed (susceptible) with rate
µ and infect a susceptible contact with rate λ. There is a phase transition be-
tween a disease-free (absorbing) state and an active stationary phase, defining a
epidemic threshold λc. This epidemic threshold is formally zero in the thermo-
dynamical limit for random networks with a power-law (PL) degree distribution
P (k) ∼ k−γ . However, real and computationally generated networks are finite,
so the finite-size dependence is fundamental and usually done by mean-field ap-
proximations, such as the degree-based heterogeneous mean-field (HMF) and the
individual-based quenched mean-field (QMF). The mutual activation of hubs is
a mechanism that can explain the trigger of the epidemic, remaining active for
a sufficient time to infect each other. In this work, the robustness of this acti-
vation mechanism is investigated by modifying slightly the standard SIS model
while preserving its fundamental properties. The thresholds are the same for both
HMF and QMF theories, while the mutual reinfection time of hubs predicts a fi-
nite threshold in the thermodynamical limit for γ > 3 in the modified versions.
Statistically exact simulations on large synthetic networks corroborate this finite
threshold. For γ < 3, the modified dynamics present a vanishing threshold in
better agreement with HMF instead of QMF. Our results relight the discussion
of the choice of suitable theoretical approaches and the conception of epidemic
modeling to describe real systems.
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During cellular differentiation, from an original group of identical cells, tis-
sues develop “salt and pepper” patterns, in which adjacent cells reach different
fates. A significant role in this pattern formation is played by lateral inhibition;
precisely, transmembrane proteins Delta and Notch on different adjacent cells are
involved in this process. However, it is not fully understood how global patterns
are generated, in tissue, from local cellular interactions, without needing external
agents contribution. There are several models which explore how this mechanism
works, either with quantitative ODE or Turing like diffusion-reaction equations
(1; 2). Here, our purpose is to introduce a hybrid approach for modeling this phe-
nomenon. In particular, at the intracellular level, we will describe the problem in
a continuous way, using ODE models, while for intercellular interactions we will
take advantage of a parameter-free approach, adopting the logical formalism. The
chosen hybrid strategy integrates different mathematical abstraction levels to de-
scribe distinct biological layers and their communications. Thus, it becomes cru-
cial in dealing with problems for which we dont have a detailed knowledge of the
processes involved. The hybrid approach herein employed allows us to combine
the pros of different modeling techniques by overcoming the lack of quantitative
information with a qualitative description that discretizes activation and inhibition
processes, thus avoiding complexity.
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The ecological consciousness has driven developed societies to explore al-
ternatives to the growing need for energy and the consequent increase in waste
production. The adjustment towards the valorization of waste and their transfor-
mation into energy, by various processes, of which anaerobic digestion is then
necessary. However, so far the domain has not benefited much from a mathemati-
cal modeling approach. Our contribution consists of first building a model, where
the dynamic is the evolution of both a waste stock and energy quantity, controlled
by an investment strategy for the energy recovery from household waste. After-
ward, applying constraints on the state of the model, and determine the biggest set
of initial states where an investment and valorization sustainable policies could be
made. The viability theory introduced by Aubin (1), is aligned with the conceptual
framework we are looking for, thus, we sketch a viability kernel corresponding to
the studies model, under the sustainable condition.
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The dynamics of mathematical models describing the spread of an infection
can display chaotic oscillations. In this work, we consider a generalization of the
classical Susceptible-Infected-Recovered (SIR) epidemic model which accounts
for seasonal effects. Combining numerical and analytic techniques, we gain new
insights into the complex dynamics of a recurrent disease influenced by the sea-
sonality.
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The VeCTOR project aims to develop an online prognostic platform for climate-
driven risk assessment of vector presence and vector-borne disease spread by ex-
ploiting the potential of the Copernicus Climate Change Service (C3S) infras-
tructure. Expansion of vector habitats and the distribution ranges of vector-borne
pathogens such as malaria, dengue fever, and yellow fever is projected in the con-
text of climate change. Intricate environmental dependency of vectors in light of
an ever-changing environment requires an in-depth understanding of vector and
disease dynamics for planning effective management strategies and minimising
health impacts of future outbreaks.

Through this project, environment-driven spatiotemporal models of vector
presence (1; 2) will be developed to enable daily, monthly, and annual risk pre-
diction and the evaluation of vector control strategies for a growing list of disease
vectors including mosquitoes and sand flies. Global surveillance data, collected
as part of international collaborative initiatives such as VectorBase and Vector-
Net, and regional observations will be integrated, standardised, and exploited for
improving predictive capacity and the range of applicability. The models will be
curated and updated regularly through expert consultation and against the most
recent observations.

By integrating climate datasets in essential tools for surveillance and forecast,
the VeCTOR demo case aims to facilitate regional (Europe) and global climate-
related risk anticipation at multiple temporal and spatial scales. The platform will
serve and promote outreach to experts, decision- and policy-makers, and facilitate
effective communication with the public.
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We studied the relations between triplet composition of the family of mito-
chondrial ATP synthase genes (atp6, atp8 and atp9) and their function. In total,
223 fungal mitochondrial genomes were used in this study. All gene sequences
were extracted from the genomes in two versions: containing both exons and in-
trons, and sequences without introns corresponding to their mRNA. Each gene
sequence was transformed into triplet frequency dictionary, where the reading
frame shift was equal either to t = 1 or t = 3.

In fact, the frequency dictionary of mRNA sequences with t = 3 matches with
amino acid codons of an open reading frame, consequently it represents an amino
acids frequency dictionary. Thereby, the distribution of the amino acid frequency
representing points in 21-dimensional space (20 amino acids plus stop signal) was
studied.

It was found that the points are separated into three clusters corresponding to
those genes. The distribution in amino acids space was compared to the distribu-
tion in triplet space and appeared more accurate. Moreover, we separated the set
of dictionaries by K-means into the classes for K = 4. Such kind of classifica-
tion was rather unstable. Also, we checked the structuredness in 64-dimensional
metric space on the set of points, which corresponds to each gene separately. It
was found that species are spread among the clusters rather equally.

A comparative analysis of the clusters in the 21 and 64-dimensional metric
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space was carried out. As a result, we conclude that in case of analysis of all three
genes (atp6, atp8 and atp9), the clusters distinguished by local density are clearly
associated with the type of a gene, and in case of a single gene, a larger number
of clusters is distinguished.
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Malignant neoplasms are among the key factors of mortality, worldwide. They
are hard to detect and to cure, as a rule. We aimed to reveal and describe the re-
lation between various cancer tumors (including localization and the type) and
the data of complete blood count (CBC). The database comprise 974 entries of
the patients suffering of various cancer diseases except the oncology of a blood
system, itself. Due to inconsistency, the original database was trimmed to 867 en-
tries where each patient was characterized with 21 CBC character. To begin with,
we calculated correlations between the characters, and excluded from the anal-
ysis some of them comprising highly correlated couples; eight highly correlated
couples have been found.

Next, we classified the data with K-means and elastic map technique. No
essential classification with K-means (for 2 ≤ K ≤ 8) has been found; on the
contrary, elastic map technique reveals four distinct cluster. The clusters has no
relation to sex, age, localization or diagnosis of a patient.

The clustering reveals two types of non-specific reaction of an organism on
stress caused by the disease. The reaction manifests in the clustering of the pa-
tients into various groups differing in the typical figures of 14 CBC parameters.
We traced the interlocation of the patients on elastic map, as some of those 14 pa-
rameters grow up from the minimal to the maximal figure. Each time the map was
filled gradually, from the site specific for each parameter. On the contrary, four
parameters (basophils, eosinophils, leucocytes abundance and relative content of
immature granulocytes) yielded no specific reaction. The map filled randomly
and almost homogeneously, for these parameters, as they grow up in value from
minimal one to the maximal one.
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Remarkable fact is that gradual filling observed for other 14 CBC parameters
takes start from different sites of the map, for different parameters. This fact evi-
dences for Liebig principle execution: the patients cluster according to the type of
a non-specific reaction on the stress caused by cancer tumor, and the respond in-
volves different resources into the action. This respond type is not directly related
to a type of cancer or its localization.

This poster was presented by Michael Sadovsky.
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A multi-compartmental stochastic mathematical model is proposed to simulate
the spread of diseases in animal populations. The dynamics of the disease will
be simulated within and between properties. The spread between properties is
carried out, at a short distance, considering the distance between infected and non-
infected properties. Spreading over long distances will be carried out considering
the structure of animal trade network.
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In the last years, the development of new DNA sequencing technologies has
provided researchers with a massive amount of data. However, extrapolating use-
ful information and patterns from these data remains a huge challenge. In this
context, statistical tools play a central role in giving insights into the genetic hu-
man profile and its mutational heterogeneity. The accumulation of DNA variants
is recognized to fuel tumor occurrence, thus the need for developing methods to
quantify mutation abundance and variability.

To this end, we propose a statistical framework to predict the number of mu-
tations in a DNA sequence or in a whole tumor (global scale) starting from pres-
ence/absence information collected in certain samples (local scale). By mapping
inference of unseen mutations into the unseen species problem in biodiversity, we
could tackle genomic inference with tools from statistical ecology.

In details, we choose a Negative Binomial (NB) family of distributions to
describe the probability for a mutation to occur in n samples. The choice of a
NB family is due to the following properties that represent the key points of our
method. First, NB distributions, for different ranges of parameters, can capture
both exponential and power-law tails. Second, under the hypothesis of spatial
homogeneity, random samplings of a NB can still be described via a NB. The latter
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property, named form invariance, results in a computable formula that bridges
NB parameters at both local and global scales and that we use to determine an
unbiased and consistent estimator of the mutation abundance.

We validate our framework on both DNA single-nucleotide polymorphism and
synthetic spatial tumor growth datasets. We fit the empirical curves at local scale
obtaining the local parameters for NB, and we use the form invariance property
to retrieve global parameters. The results suggest the stability of the proposed
method, displaying a positive correlation between the accuracy of prediction and
the local scale size. Future perspectives may include this framework in the context
of hybrid modelling. In this way, we could improve our predictions by coupling
our approach with a dynamical representation of the tumor growth that tracks the
mutation heterogeneity.
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The population number dynamics is complexly connected with change in its
genetic structure by cause-effect relations. Quantitative analysis of this interre-
lation is still an important fundamental problem. To study this problem we have
developed a set of mathematical evolutionary models for population dynamics
connecting both genetic and ecological approaches.

Analysis of these models shows, the evolutionary change of adaptive allele
frequencies accompanied by an increase in the population average fitness can re-
sult in appearance of cyclic and chaotic modes of population dynamics. Increasing
average fitness of ecologically limited populations proves to be in dissonance with
stability of the population size growth. It obviously contradicts the intuitive con-
cepts, the higher average fitness of population the more stability of the population.

Then we consider the more complex nonlinear models of structured popula-
tion dynamics. The investigation shows, an increase in average individual fitness
leads to appearance of chaotic attractors. Their structure and dimension vary with
change in model parameter values (figure). In particular, increase in birth and
survival rates results in complicating attractor and growth of its fractal dimension.

The study shows, all types of dynamic modes could consequentially occur
during evolution of a limited population affected by density-independent natu-
ral selection increasing average fitness of populations according to the Fishers
fundamental theorem of natural selection. We called the simultaneous action
of density-independent selection and density-dependent non-selective ecological
limiting factors as F-selection. The paradox of F-selection is that F-selection
is density-independent, but leads to cyclic and chaotic modes of population dy-
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namics, which creates conditions for density-dependent selection, like r- and K-
selection.

To illustrate our theoretical results we use a specific example of existing ge-
netic diversity by litter size in various (natural and artificial) arctic fox (Alopex
lagopus) populations.We compared the possibilities of maintaining polymorphism
in the framework of the classic theory of natural selection by an autosomic gene
with the case of selection by a sex-limited gene, that is expressed only in females.

Figure 1: Attractor changes with growing birth rates (a). Here x and y are relative
numbers of juvenile and reproductive group of population correspondingly.
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Classical biological models, (3), (1), consider the bifurcations occuring in a
natural system with increasing nutrient concentration. These models assume con-
stant behavior for animal individuals, to simplify the models as discussed in (3).
In recent years there has been considerable interest in expanding the modelling to
encompass the effect of dynamic behavior on foraging behavior and risk aversion,
(4).

We model the interaction of predator and prey populations with adaptive be-
havior. The interactions and growth terms are given by type II functional re-
sponses. We model a situation where the predators and prey can choose how
much time to spend foraging, eg. time spent in the upper layers of the ocean as in
(7) or (6). The adaptive behavior is added by finding the instantaneous inner Nash
equilibrium of this game. This builds on the work for type I responses in (5).

Adaptive behavior changes the biological system in a fundamental fashion,
heavily dampening, and often even removing, oscillations in a Rosenzweig-Mac-
Arthur system and making the system more resilient to nutrient shocks. As a
result of this, the topological nature of a seasonally driven system is altered, with
seasonality only forcing a moving steady-state. In addition, a system with adaptive
behavior has the ability to sustain a greater population of both prey and predators
in comparison to one with static behavior. This is illustrated in the figure above
for predators.

Summarizing, we find that a predator prey-system with adaptive behavior have
largely non-oscillatory population dynamics with changing resource availability
in contrast to a system with static behavior, expanding on the classical results of
(1).
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Figure 1: Population dynamics with adaptive vs. static behavior

Using our model we can also reproduce the results of (2) on the effect of
nutrient concentration on the activity of planktonic grazers: In a model with only
grazers and resources, we find that on short time-scales the activity level falls
drastically when increasing the nutrient concentration.

Building on this, we analyze the inter-trophic flux in the tri-trophic model we
have developed on long and short time-scales.
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We report a mathematical model which depicts the spatiotemporal dynamics
of malignant gliomas, macrophages, cytotoxic T-lymphocytes, immuno-suppressive
factor TGF- and immuno-stimulatory cytokine IFN- through a system of five cou-
pled reaction-diffusion equations (2). We perform local stability analysis of the
biologically based mathematical model for the growth of glioma populations and
their environment. A sensitivity analysis is conducted by using Partial rank cor-
relation coecient (PRCC) (2) technique to determine how the gliomas-immune
model output is aected by changes in a specic parameter disregarding the un-
certainty over the rest of the parameters. The presented stability analysis of the
model system demonstrates that the temporally stable positive interior steady state
remains stable under the small inhomogeneous spatiotemporal perturbations. We
conduct some numerical simulations in one and twodimensions. The irregular
spatiotemporal dynamics of gliomas, macrophages and cytotoxic T-lymphocytes
are discussed extensively. The numerical simulations indicate that the cell dis-
tributions are quasi-stationary with time and inhomogeneous in space. The het-
erogeneous dynamics of the model system have both biological and mathematical
connotation and the concepts of gliomas dormant phenomenon.
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Parkinsons disease and essential tremor are quite difficult to distinguish through
custom diagnostics. Both pathologies manifest in tremor. Unlike essential tremor,
Parkinsons disease may be detected through olfactory dysfunction, quite before
any motor manifestation. There are some fine differences in tremor pattern ob-
served for Parkinsons disease patients, in comparison to those with essential tremor.
Currently, there are several technical tools to measure mechanical features of
tremor. Besides, olfactory dysfunction may also be used as diagnostic feature,
for such patients.

We analyzed the records of tremor obtained from patients with Parkinsons
disease and essential tremor; the patients did not differ statistically in age, in these
two groups, with unbiased sex representation. For both patient groups, kinetic
features of tremor have been measured and recorded. Also, the olfactory function
was measured, using standard protocol of Sniffins stick test. Finally, each patient
in the record is characterized with 332 variables.

It was found that custom statistics is able to distinguish patients with essen-
tial tremor from those with Parkinsons disease when compared over a tight set of
variables; greater majority of data does not yield any reliable separation. Recipro-
cally, any linear (e. g. K-means) clustering technique failed to resolve the patients
with essential tremor, and those with Parkinsons disease. On the contrary, non-
linear statistics, that is elastic map technique, was the powerful tool to cluster the
patients. Clustering developed by elastic map reliable differentiate patients with
Parkinsons disease from the patients with essential tremor. It should be stressed
that reliable clustering is observed over the subset of kinetic records comprising
those with the distribution pattern close to the normal one; elimination of all other
variables improved clustering. Moreover, a combination of these selected kinetic
data and olfactory function measurements also improved the clustering.

Comparative analysis of olfactory function data obtained both from sick pa-
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tients and healthy people reveals almost no difference between them. This contro-
versy was hypothesized to result from the peculiarities of the current Sniffins test
one subtest. To resolve the problem, we proposed the new version of the protocol,
and tested it over the healthy people. The new version stipulates randomization of
testing of various smell agent concentrations, instead of a regular one proposed by
the standard protocol. Implementation of the new version significantly improved
the test feasibility.

This poster was presented by Michael Sadovsky.
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Most plants have two types of organelles with their own genome: mitochon-
dria and chloroplasts. It is well known that mitochondrial genome is inherited
over the maternal lines and is rather complex. Currently, mitochondrial genomes
have been published only for four gymnosperms.

Isolation of intact mitochondria was carried out at the Laboratory of Plant Ge-
netic Engineering, SIFiBR SO RAN. In the forest genomics laboratory of Siberian
Federal University, the mitochondrial sequences of Pinus sibirica were obtained.
Sequencing was performed on the IlluminaHiSeq 2000 platform. The contigs
were assembled using the CLC BIO. 879595 scaffolds with a total length of 283.4
Mb were obtained.

Mitochondrial scaffolds were selected by aligning the genomic assembly with
BLAST against a base of 3489 (143.5 Mb) complete and partial sequences of
mitochondrial genomes of seed plants. As a result, 97 scaffolds with a total length
of 3.1 Mb were selected.

Protein-coding genes were searched using BLAST in the Genomic Workbench
CLC software by aligning the assembly against well-annotated cycad and ginkgo
genomes, tRNA genes were detected using tRNA-scan and Aragorn, rRNA genes
were detected using RNAmmer. 40 protein-coding genes were found located in 7
scaffolds, also 18 tRNA genes and 2 rRNA genes were found. The total length of
the repeats was 0.2 Mb, which is 6.2% of the total assembly length using Repeat-
Modeler, TEclass.

To compare with, the total assembly length for Picea glauca (1) is 5.9 Mb,
Pinus taeda (2) is 1.2 Mb, Picea abies (3) is 4.3 Mb. We believe the difference in
the size of the mitochondrial genome results both from the difference in sizes of
the non-coding regions, and the number of genes.

This poster was presented by Michael Sadovsky.
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The Fractional Calculus, or non-integer order Calculus, has attracted attention
due to its range of applications in problems of scientific and technological in-
terest, because it generalizes traditional integration and differentiation techniques
and introduces nonlocality as the intrinsic property of its operators. Then, the
fractional derivatives are very useful to describe physical systems and for biolog-
ical problems, especially due to the memory property, that allow the recovery of
the behaviour of the function in moments before the time slot which it is analysed
(1).

In this work, the concepts of Fractional Calculus are used for the construction
of the epidemiological models that describe two recent outbreaks: cholera and
plague, which were considered extinct diseases, but returned with overwhelming
power, due to poor health and hygiene conditions of the countries affected. For
such cases, we applied the respective model to describe recent epidemics and to
predict the dynamics of each one of these diseases.

Since 2017, Yemen has been suffering with the largest cholera outbreak doc-
umented, which has infected more than 1.5 million people and left about 2500
dead (2). Given this scenario, we built a model which describes the dynamics of
the disease, including the vaccination of the population, and using data from the
numbers of infected and dead population, we could obtain the epidemiological
parameters that describe the behaviour of cholera for this case and this model can
be useful to predict the other cholera outbreaks (3).

In 2017, Madagascar health authorities reported more than 2500 cases of the
human plague, with a total of 221 deaths (4). In 2019, many people in China have
been diagnosed with the plague. Even though the epidemiology of this case is
not stated, China has a population very susceptible to the spread of this kind of
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epidemic (5). Typically, plague transmission models consider only fleas and its
rodent hosts as the main vector of plague transmission, but some authors propose
a model that considers the transmission between humans and the case where the
flea bites directly the human, in addition to plague transmission using the mouse
as host and the flea as a vector (6). Based on this model, we built the fractional
approach for the system of equations and analyse the consequences of this choice.

For each of the studied cases a model composed by fractional differential equa-
tions was proposed and, using data provided by the World Health Organization,
we were able to estimate the parameters and perform numerical simulations for
each of them. The use of fractional derivatives allows a more detailed resolution
of the system of equations and thus obtaining a system capable of describing the
behaviour of each one of its equations, especially for the equation that describes
the infected population. Thus, we conclude that non-integer derivatives allow us
to model memory effects and it results in a more powerful approach to describe
the dynamics of these diseases analysed.
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Diel vertical migration is considered as one of the largest daily movements of
marine species where animals remain in deep, dark water during daylight hours
to avoid visual predation and migrate to upper levels at dusk to feed. The mi-
gration of each organism can be rationalized as a trade-off between growth and
survival with strategies as spatial distributions of the populations. The dynamics
driving vertical migration has broad implications for fluxes through the food-web
predator-pray interactions and how biomass is transported from lower to higher
trophic levels (1; 4); for vertical transport of carbon from upper to deeper layers
(i.e. the so-called ”biological carbon pump”) with implications for global climate
study (2).

Here, we present the idea for expressing diel vertical migration as a ”vertical
game” in terms of partial differential equations and show preliminary results of
analysis of these equations. In the model setup we consider a population of ani-
mals distributed over the water column, and assume that each player (an animal)
in this game moves optimally, seeking regions which offer high growth rates and
small mortality, penalizing formation of regions with high density of the popu-
lation. Recent results either doesn’t take into account cost of movement (4) or
doesn’t resolve time continuously (1). Here, we formulate the problem in contin-
uous time and incorporate costs on excessive movements in our model. We show
that the Nash equilibrium for this mean field game (3) is characterized by partial
differential equations, which govern the distributions and migration velocities of
animals. The derived system of PDEs has similarities to equations that appear
in the fluid dynamics, specifically the Euler equations for compressible inviscid
fluids. We show that if the environment is constant, the ideal free distribution
emerges as an equilibrium. This equilibrium is hyperbolic, so that solutions can
both converge to and depart from the ideal free distribution. We also present a
discussion on computational approaches for solving this game theoretical model.
We solve derived partial differential equations using spectral methods and present
initial numerical results.
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In in vitro experiments with tumor cells (1) it could be observed that lack of
nutrients does not only lead to starvation in the long term, but can also enhance
temporary growth if the nutrient stress is sufficient. To describe this effect, a
basic system of ordinary differential equations (ODEs) is presented, which de-
scribes cell proliferation according to the available nutrients and the induction of
cell necrosis and autophagy due to nutrient deprivation. Autophagy is a regulated
intracellular mechanism to recycle or remove components of the cell, which are
unnecessary or dysfunctional. It is a natural process i.a. to maintain proper cell
function but it can also be promoted, e.g. by various stressors. In the case of nu-
trient deprivation, this mechanism provides the cell with energy to ensure survival
and proliferation and in cancer cells this process might be upregulated (2). In gen-
eral, the balance between apoptosis and autophagy is important, when considering
tumor development.

The unknown parameters of the model are estimated by using Bayesian inver-
sion methods. The corresponding data sets for the parameter calibration are time
resolved measurements of populations of liver cancer cells, which are provided
with varying amounts of nutrients in an avascular environment. The presented
ODE model serves as a basis for modeling and quantifying effects of mechanical
properties of the extracellular matrix on the growth of tumor cells.
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We propose a delayed predator-prey model with fear in the prey population.
We consider that the growth rate of the prey population is suppressed due to the
fear of predators. It is also considered that there is a time lag between the time of
perceiving predator signals through chemical and/or vocal cues and the changes
in life-history and behavioral responses in the prey population. We study bound-
edness, persistence, local and global behaviour of the delayed system. Moreover,
the Hopf-bifurcation analysis around the interior equilibrium with respect to the
delay parameter is established. The stability and direction of Hopf-bifurcation are
also studied. It is observed that fear induce delay has both stabilizing and destabi-
lizing effects depending on the magnitude of the delay parameter. We observe that
for the gradual increase of the magnitude of delay, the system dynamics switches
multiple times between stable focus and limit cycle oscillations. However, for a
higher value of the delay parameter, the system ultimately enters into the chaotic
regime. The delay system also exhibits node-cycle bi-stability behavior between
the interior equilibrium point and stable limit cycle. Numerical simulations are
also performed to validate analytical findings.
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It is known that imperfect vaccination decreases the rate of infection, but, as
side effect, increases the average age at infection. In this work we consider an
age-structured population with imperfect vaccination. Our aim is to compare the
social and individual costs of such a vaccination, assuming that disease costs are
age dependent. We determine the parameter region for which vaccination has
positive social impact. Further, we study the Nash equilibria corresponding to the
individual optimum. We further describe different actions where both the society
and individuals goals are attained.
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We analyse the potential effect of immunotherapies on castration-resistant
form of prostate cancer (PCa). In particular, we examine the potential effect of
the dendritic vaccine sipuleucel-T, the only currently available immunotherapy
option for advanced PCa (3), and of ipilimumab, a drug targeting the Cytotoxic
T-Lymphocyte Antigen 4 (CTLA4), exposed on the CTLs membrane, currently
under Phase II clinical trial. The model, builiding on the one by Rutter and Kuang
(1), includes different types of immune cells and interactions and is parameterised
on available data.

Our results show that the vaccine has only a very limited effect on PCa, while
repeated treatments with ipilimumab appear potentially capable of controlling and
even eradicating an androgen-independent prostate cancer. From a mathematical
analysis of a simplified model, it seems likely that, under continuous administra-
tion of ipilimumab, the system lies in a bistable situation where both the tumor-
eradication equilibrium and a high-tumor equilibrium are attractive. The schedule
of periodic treatments could then determine the outcome, and mathematical mod-
els could help determine an optimal schedule.

While the results appear promising, a caveat is that the anti-CTLA4 effect of
the drug has been estimated from the patients that most benefited from the therapy
(2), and thus may be over-optimistic.
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Escherichia coli regulates inorganic phosphate (Pi) uptake in order to survive
under varying environmental conditions. The sensory machinery consists of a
two-component system (TCS), an histidine kinase and a response regulator that
relays the signal to the genetic components. Achieving a quantitative understand-
ing of the biochemical mechanism in TCS has implications in biotechnology ap-
plications. This way, targeted genetic modification on organisms can be applied
in order to enhance their natural capacity for certain tasks and to fine-tune their
behaviour.

Building on previous work, here we give a detailed mathematical analysis
of various models of E. coli response mechanism for Pi intake. Our analysis is
done in relation to signal fidelity in response to external Pi concentration with two
contributions.

As the first contribution, we propose a spectrum of models with varying levels
of detail. Choosing a more refined model over a simpler one provides advantages
in terms of a higher detail in biochemical resolution. In contrast, a simpler model
can be instrumental by abstracting away from many system parameters, and this
way can guide an analysis with a focus on the dominant model trends. Starting
from the most detailed model proposed in (1), we present a spectrum of reduced
models that agree with the biological notions in the literature. These models con-
tain a smaller number of reactions and parameters in their chemical reaction net-
work representations. Moreover, they are in qualitative agreement with the more
detailed model in terms of their steady state dynamics.

As the second contribution, we analyse the input-output robustness to vari-
ations in the concentrations of the system components. We study the system’s
equilibria and their relation to protein total concentrations. Input-output robust-
ness is a favourable feature for the systems that provide a response signal to an
incoming stimulus. The output level of a TCS response to an input signal is gener-
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ally sensitive to changes in the protein concentrations, which often vary from cell
to cell. Therefore, robustness of the input-output relation enables to finely tune
the systems response to the external stimulus.

Starting from the two-component system proposed in (2), we modify its chem-
ical reactions network until we get one of the reduced models we propose. Each
step of this process is identified by a model, which is analysed in terms of its
input-output relation (see Figure 12). Moreover, by bifurcation analysis, we study
the steady state behaviour, which can vary in response to changes in the parameter
values. Finally, we analyse the noise in the biochemical machinery in the phos-
phate economy of E. coli. The biochemical process of gene expression is a source
of significant intrinsic noise that can imply a loss of coherence in the output signal.
We quantify the effect of different synthetic promoter designs on signal robustness
in conditions of different external Pi concentration regimes. The results with our
reduced model confirm the observations in (3). That is, an increased promoter
binding rate is associated to a moderate decrease in the output fluctuation, while
increased promoter unbinding rate comes with an appreciable increase in output
fluctuations.

Figure 1: The construction scheme of the analyzed models. The solid arrows
indicate going from one model to another through the addition of one reaction.
The symbol -1 represents the addition of phosphorylated histidine kinase dephos-
phorylation (α), whereas the letter D identifies the addition of phosphorylated
response regulator dimerization and the reverse reaction (β). The dashed arrow
represents the transition from model M−1

D to a larger one, Model 1, by adding the
gene expression module.
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The Zika Virus is a mosquito borne flavivirus which was found to cause Gullian-
Barré syndrome. In addition the disease is transmitted directly from infected hu-
man to susceptibles. To model the disease spread we make certain assumptions on
the parameters and divide the area of interest into multiple patches. The main idea
of multi-patch modeling is to incorporate the fact that a population of a region is
diverse, be it humans or mosquitoes. By this multi-patch approach we are also
able to consider the evolution of the disease due to human mobility. The basis is
an SIR-UV model in every patch. We analyze the model with respect to the non-
negativity of the feasible region, behaviour of reproduction number with different
choices of parameters, existence of equilibria and stability. By a heuristic limit
procedure we obtain a system of PDEs which involves a cross diffusion between
the compartments. For the latter finite elements and finite differences will be used
for numerical simulations.
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WITH ENLARGED NEIGHBOURHOODS

AND FORBIDDEN SITES

Florentino Silva∗1,2,
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The concept of self-organized criticality (SOC) is related to the ability of a
dynamical system to evolve towards a critical phase spontaneously and which
signature is the scale invariance of its observables. The forest fire model proposed
by Drossel and Schawbl (1) in 1992, regards an homogeneous population of trees
and its fire-size distributions suggest typical SOC behaviors. On literature it is
reported that wildland fires whose frequency-area histograms are either power-
law distributions or other heavy-tailed distributions. In 2011, Camelo-Neto and
Coutinho (2) proposed a CA model in which two distinct populations of trees are
considered: one consisting of trees with low flammability (with a parameter R
of resistance to ignite) and the other composed by high flammability (susceptible
trees).

The current work (3) is carried out using cellular automata models and some
ingredients have been added either to amplify or restrict the fire spreading. On one
hand, the number of neighbors interaction was increased allowing the fire front to
reach further and, on the other hand, random forbidden site were added to the
lattice which does not interact with the fire and are no allowed to sprout trees, in
that way constraining the propagation. So far, results have showed that observable
distributions present two distinct behaviours, qualitatively agreeing with the wild-
land fire reports. The next step is to understand which are the critical parameters
to shift from on phase to the other and develop scalable algorithms that would
reduce finite-size effects.
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The continuous increase in the number of papillary thyroid cancer (PTC) cases
is a global trend (1). The most commonly used treatments for extinction of these
tumors are thyroid gland removal surgery and therapeutic application of radioac-
tive iodine I-131 (RAI) (2). Interleukin 6 (IL-6) is studied in PTCs due to the
presence of high concentrations of this cytokine in malignant tumors (3). Mod-
els of ordinary differential equations (ODE) are common in the study of cancer
biology, in which various types and subtypes of malignancies are addressed (4).
In this work we propose an Allee effect ODE model to study PTC treatment with
RAI, the following variables are assumed: the activity of RAI, the number of tu-
mor cells during treatment, and IL-6 and thyrogobulin concentrations. The aim of
the study is to evaluate different therapeutic doses of RAI in treatment consider-
ing a positive influence of IL-6 on tumor proliferation. Results obtained through
numerical simulations and linear stability analysis indicate minimal doses of RAI
capable of causing tumor extinction when certain immune system-related biologi-
cal conditions or other factors are considered. Furthermore, the scenarios obtained
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show that small doses, even leading to tumor extinction, allow delays in the total
elimination of malignant cells.
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Classic epidemiological models are generally based on two assumptions: first,
the mass-mixing, which means all the individuals have a uniform contact pattern,
and second, that the parameters - such as the transmission rate - are constant in
time. Of course, while these assumptions may simplify the analysis, it can be
useful to formulate models with a more realistic approach. Simple models could
be refined, starting from two observations.

First of all, a person would transmit or contract the disease from their own
neighbourhood of individuals which they have contact relationships with. More-
over, spreading also depends of connections between individuals. Therefore, it
is reasonable to replace the assumption of the mass-mixing with heterogeneous
networks, that specify who is connected to whom and in which way (1). In this
context, each person is a node and the degree k of a node is defined as the number
of neighbourhood of an individual.

Regarding the second assumption, an other consideration that we make is
about the parameters. A more reasonable approach should take into account sea-
sonality of the disease; the basic idea is taking parameters which depends on a
switching signal. In particular, the most common approach is consider a time-
varying transmission rate (2). For simplicity, it has been considered the transmis-
sion rate as a piece-wise constant function, subject to a switching rule.

I will talk about SIS, SIR, SIRS and SEIR models with network contact pat-
terns and time-varying transmission rates. The behaviour of these models is anal-
ysed, discussing the existence of the endemic equilibrium and developing stability
criteria using the method of Lyapunov functions.
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Risk-taking and health-protective behaviour in the context of infectious dis-
eases depend on social norms and beliefs, but are also influenced by epidemic
spread. On the other hand, social norms/health opinion distribution may affect
course of an outbreak. We investigate the impact of changing health protective
behaviour due to social influence and risk of acquiring infection on epidemic dy-
namics.

We propose an ODE model that captures concurrent dynamics of two health-
related opinions and infection spread. The model accounts for effects of vari-
ous social behavior features, such as varying contact intensities and assortative
mixing. We model an opinion switching rate with Holling type III functional re-
sponse that depends on the density of individuals holding an opinion. The switch-
ing rate can be modified by disease prevalence. Infection was modeled using a
Susceptible-Infected-Susceptible (SIS) or a Susceptible-Infected-Removed (SIR)
model. Local and global stability analysis yielded possible stable opinion distri-
butions in a disease-free population. We computed the basic reproduction number
for different opinion distributions and used bifurcation analysis to investigate how
mixing patterns that simultaneously shape both opinion distribution and disease
spread, impact the opinion and epidemic dynamics.

In a disease-free population, multi-stability between an equilibrium of coexist-
ing opinions and equilibria where one of the two opinions is dominant may occur.
The course of an epidemic depends on the distribution of opinions at the onset of
the epidemic. During an epidemic outbreak, behaviors can be modified further.
Subsequently, the outbreak can cause a shift of the whole population to the health
protective opinion, which will dominate even after the outbreak has ended. Re-
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duction of contact rates will affect both opinion and infection propagation and as
such may cause elimination of health-protective opinion and subsequently cause
increase in prevalence, rather than decrease. For certain behavior combinations,
sustained oscillations may arise causing epidemic waves. These cycles can be
interpreted as a process where, as individuals adopt a health-protective opin-
ion, prevalence declines and subsequently, with pressure to switch to the health-
protective opinion reduced, some individuals revert to their risk-taking behaviour.
This outcome aligns with results by He et al. (1) which indicated that behavior
adaptation is one of key factors in explanation of appearance of several waves of
incidence during 1918 influenza pandemic in England and Wales.

Our findings indicate that, depending on different socialization paradigms,
various types of interventions may yield different qualitative and quantitative out-
comes, not all of which would be beneficial for population health.

This poster was presented by Emil Iftekhar.
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The presence of invasive mosquitoes in Italy, in particular Aedes albopictus,
has a significant impact on public health. Indeed, this species can transmit sev-
eral pathogens, including chikungunya virus, whose largest outbreak in Europe
occurred in Lazio region (Central Italy) in 2017. Currently, health risk estimate
for mosquito-borne pathogens is limited by the difficulty to predict the spatial and
temporal spread of vectors at a small scale.

To address this problem, we treated Ae. albopictus dispersal as a diffusion
process, which can be represented by a partial differential equation, and exploited
data obtained in three Mark-Release Recapture (MRR) experiments carried out
in Padua (northern Italy). In particular, we modelled this process using the heat
equation, whose analytical solution is already known, taking also explicitly into
account mosquitoes mortality, which was estimated based on data collected under
semi-field conditions simultaneously to MRR experiments. Several theoretical
functions (e.g. exponential, Gompertz and Weibull functions, as well as a regres-
sion model) were tested, obtaining an estimated average daily mortality, computed
over a time window of two weeks, of 2% in the first experiment and 1% in the sec-
ond and third experiment. We compared the different functions both by the mean
square error and a likelihood test.

The only unknown parameter of the equation, i.e. the diffusion coefficient, was
estimated through a Markov Chain Monte Carlo procedure by fitting the model to
the observed mark-release recapture data. The solution turns out to be a normal
bivariate distribution that represents the probability of mosquito location at differ-
ent time steps. Our findings could help to better define the area to be treated by
emergency insecticide treatments in the case of notification of any Ae. albopictus-
borne pathogen infection.
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de

gl
iS

tu
di

di
Tr

en
to

It
al

y
Pl

en
ar

y
Ta

lk
,

O
rg

an
iz

er
A

in
ou

z,
A

bd
el

ha
m

id
D

ep
ar

tm
en

to
fm

at
he

m
at

ic
s,

U
ni

ve
rs

ity
of

Sc
ie

nc
es

an
d,

A
lg

er
ia

C
on

tr
ib

ut
ed

Ta
lk

Te
ch

no
lo

gy
H

ou
ar

iB
ou

m
ed

ie
nn

e,
A

lg
ie

rs
A

ls
ha

ra
ri

,M
ah

a
U

ni
ve

rs
ity

of
St

ra
th

cl
ye

d,
G

la
sg

ow
U

K
C

on
tr

ib
ut

ed
Ta

lk
A

lv
in

o,
H

am
le

tC
as

til
lo

Po
nt

ifi
ci

a
U

ni
ve

rs
id

ad
C

at
ól

ic
a

M
ad

re
y

M
ae

st
ra

D
om

in
ic

an
R

ep
ub

lic
C

on
tr

ib
ut

ed
Ta

lk
A

nd
re

oz
zi

,L
uc

ia
no

U
ni

ve
rs

ità
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,L
ab

or
at

oi
re

Ja
cq

ue
s-

L
ou

is
L

io
ns

Fr
an

ce
C

on
tr

ib
ut

ed
Ta

lk
B

ly
us

s,
K

on
st

an
tin

U
ni

ve
rs

ity
of

Su
ss

ex
U

K
Sk

yp
e

Ta
lk

B
ra

um
an

n,
C

ar
lo

s
A

.
C

IM
A

,U
ni

ve
rs

id
ad

e
de

E
vo

ra
Po

rt
ug

al
In

vi
te

d
Ta

lk
,

O
rg

an
iz

er
B

re
da

,D
im

itr
i

U
ni

ve
rs

ity
of

U
di

ne
It

al
y

C
on

tr
ib

ut
ed

Ta
lk

C
ar

va
lh

o,
Jo

ão
M

au
rı́

ci
o

de
Fa

cu
ld

ad
e

de
C

iê
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iç
os

a
-U

FV
B

ra
zi

l
Po

st
er

C
ri

st
el

lo
n,

Se
re

na
U

ni
ve

rs
ità
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