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Abstract In March 2020, a multidisciplinary task force (so-called Basque Mod-
elling Task Force, BMTF) was created to assist the Basque health managers and
Government during the COVID-19 responses. BMTF is a modelling team, working
on di�erent approaches, including stochastic processes, statistical methods and ar-
ti�cial intelligence. Here we describe the e�orts and challenges to develop a �exible
modeling framework able to describe the dynamics observed for the tested positive
cases, including the modelling development steps. The results obtained by a new
stochastic SHARUCD model framework are presented. Our models di�erentiate
mild and asymptomatic from severe infections prone to be hospitalized and were
able to predict the course of the epidemic, providing important projections on the
national health system's necessities during the increased population demand on hos-
pital admissions. Short and longer-term predictions were tested with good results
adjusted to the available epidemiological data. We have shown that the partial lock-
down measures were e�ective and enough to slow down disease transmission in the
Basque Country. The analysis of the growth rates from the data led to improved
model versions describing after the exponential phase also the new information ob-
tained during the phase of response to the control measures. This framework is
continuously being used to monitor disease transmission while control measures are
tightened and relaxed over time.
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Analysis of Simulated Trap Counts Arising for

Correlated and Biased Random Walks

Alqubori, Omar M.M., Petrovskii, S.

University of Leicester, United Kingdom

omma2@leicester.ac.uk

Abstract It is important to know the population density of insects in a �eld to
protect crops from distorted. There are many di�erent ways to estimate the insects
population density in the �eld. One way is that researchers use the cumulative traps
counts (CTC) on insects to calculate the population density of insects in some area.
However, in this paper, we suppose that insects movement are described by two
models : Correlated Random Walk (CRW) and Bias Random Walk (BRW). The
di�erences between them are, in CRW, the new step depends on the previous one.
However, in BRW, the previous and the new step tend to a target. Also, we will
suppose that we have two types of traps: attraction trap and non-attraction traps.
First, we are comparing CTC between attraction, non-attraction and large trap.
Second, for non-attraction traps, the number and the position of the trap's e�ect on
CTC are studied.
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On management strategies in order to stop an

SEIR/SEIRS epidemic: Application to the

SARS-CoV-2 epidemic

P. Auger, A. Moussaoui and T. Nguyen Huu

Institute of Research for Development, France

pierre.auger@ird.fr

AbstractWe present a classic SEIR model taking into account the daily move-
ments of individuals in di�erent places, the protection against the epidemic by the
use of masks and partial con�nement of individuals. We are studying the e�ects of
combined con�nement and protection measures on the dynamics of the epidemic.
We consider a constant proportion of asymptomatic people. We show that the com-
bination of the use of masks with almost complete release of con�nement makes it
possible to avoid the occurrence of a secondary peak of the epidemic. The model
predicts that a total release of con�nement can be successful for an epidemic of
R0 = 2.5 if on average a proportion of 60% of the population wears masks of 60%
e�cacy. In the next step, the con�nement level is assumed to be infected dependent.
Depending on the choice of the infected dependent con�nement function, we show
that it is possible to create new endemic equilibria allowing the number of cases to
be stabilized at a desired level or else to generate an "Allee" e�ect that allows to
extinguish the epidemic below some threshold. We discuss the opportunity to apply
the method in the case of the SARS-CoV-2 epidemic.
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Phylogeny and population genetics: The

mutation process on the ancestral line

E. Baake, E. Di Gaspero

University of Bielefeld, Germany

ebaake@techfak.uni-bielefeld.de

Abstract We consider a well-known observation at the interface of phylogeny
and population genetics: Mutation rates estimated via phylogenetic methods tend
to be much smaller than direct estimates from pedigree studies. To understand
this, we consider the Moran model with two types, mutation, and selection, and
investigate the line of descent of a randomly-sampled individual from a contemporary
population. We trace this ancestral line back into the distant past, far beyond
the most recent common ancestor of the population (thus connecting population
genetics to phylogeny) and analyse the mutation process along this line. We use
a probabilistic tool, namely the pruned lookdown ancestral selection graph, which
consists of the set of potential ancestors of the sampled individual at any given time.
A crucial quantity is the probability αi that the ancestral line occupies the top line
in the graph, given that the graph contains i lines. Relative to the neutral case (that
is, without selection), we obtain a general bias towards bene�cial mutations, while
(depending on the parameters) both a speedup and a slowdown of the mutation
process are possible. These results shed new light on previous analytical �ndings of
Fearnhead (2002). Notably, the mutation process is not a Markov process; this adds
to the understanding of the `overdispersed molecular clock' in molecular evolution.
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Spread of Dutch elm disease in an urban forest

N. Bajeux, J. Arino S. Portet and R. Westwood

University of Manitoba, Canada

nicolasbajeux@gmail.com

Abstract A complex network model for the spread of Dutch Elm Disease in an
urban forest is formulated. American elms are the focus of the model. Each elm can
be in one of �ve states, a combination of their life and epidemiological status. Each
tree is also potentially a host to a population of elm bark beetles, the vectors of Dutch
Elm Disease. The epidemiological dynamics of trees is governed by a stochastic
process that takes into account the dispersal of spore-carrying beetles between trees
and potential contacts between tree root systems. The model describes seasonal
variations of beetle activity and population dynamics. Numerical simulations and
sensitivity analyses of the model are carried out. For this study, we use data from
the City of Winnipeg, where Dutch Elm Disease is prevalent, and focus on two
neighbourhoods representative of a residential area and an area with urban parks.
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Nonlocal Reaction Diffusion Models of

Heterogeneous Wealth Distribution

M. Banerjee, S. Petrovskii and V. Volpert

University of Lyon I, France

volpert@math.univ-lyon1.fr

Abstract Dynamics of human populations can be a�ected by various socio-
economic factors through their in�uence on the natality and mortality rates, and
on the migration intensity and directions. In this work we study an economic -
demographic model which takes into account the dependence of the wealth pro-
duction rate on the available resources. In the case of nonlocal consumption of
resources, the homogeneous-in-space wealth-population distribution is replaced by
a periodic-in space distribution for which the total wealth increases. For the global
consumption of resources, if the wealth redistribution is small enough, then the
homogeneous distribution is replaced by a heterogeneous one with a single wealth
accumulation center. Thus, economic and demographic characteristics of nonlocal
and global economies can be quite di�erent in comparison with the local economy.
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Ecology and evolution of sterilizing

infections: roles of mating and

fecundity-longevity trade-off

L. Berec

University of South Bohemia, Czech Republic

lberec@prf.jcu.cz

Abstract Classical models of sterilizing infections do not consider a possibility
that, due to redistributing energy resources saved by reduced fecundity, infected in-
dividuals may live longer. Still, accounting for such a fecundity-longevity trade-o�
may have important consequences for both host-pathogen dynamics and sterility
virulence evolution in the pathogens. Sexually transmitted infections are commonly
reported as sterilizing. Intriguingly, their classical models miss a potentially impor-
tant element, too, in ignoring sex and thus mating. Because of this, both ecological
and evolutionary feedback between such infections and mating dynamics is under-
studied. In this talk, I will present modelling frameworks and my recent research
achievements regarding both these issues. As an example, I will show that although
the fecundity-longevity trade-o� by itself cannot prevent evolution of full host ster-
ilization, incorporation of vertical transmission allows for a partial host sterilization
to evolve. Moreover, that partial sterilization may appear in the form of an inter-
mediate level of sterility virulence or as a stable dimorphism at which avirulent and
highly virulent strains coexist.
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Quasispecies and error thresholds

M. Berger

Ecole Normale Supérieure Paris, France

Maxime.Berger@ens.fr

Abstract The quasispecies model is a version of the mutation-selection model
where individuals are described by their DNA, which is a �nite sequence of digits.
Mutations occur independently on each digit. If only one sequence has positive �t-
ness, the model presents a phase transition characterized by the population at equi-
librium: has the �ttest sequence invaded the population or were mutations strong
enough to overcome selection ? We will speak about how we can mathematically
prove this phase transition and how we can generalize the phenomenon for a �nite
population.
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Competing species living in a fragmented

environment

G. Cantin

University of Le Havre, France

guillaumecantin@mail.com

Abstract. In this talk, we explore the dynamics of a complex network
of reaction-di�usion systems, constructed in order to model the behavior
of competing species living in a fragmented environment. We show that
the rich dynamic of the complex network can be described in terms of
exponential attractors and give various estimates of the fractal dimen-
sion of those attractors, with respect to the topology of the network.
In particular, we prove that a su�cient density of ecological corridors,
connecting the patches of the fragmented environment, guarantees the
coexistence of the competing species in the whole habitat. We interpret
this coexistence as a form of synchronization in complex networks. Sev-
eral numerical simulations are shown in order to underpin the theoretical
results.
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Figure 1: Coexistence of competing species in a fragmented environment.
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Host mixtures for plant disease control: from

induced pathogen competition to the benefits

of immune priming

P. Clin, F. Grognard, L. Mailleret and F. Hamelin

National Institute in Mathematics and Computer Sciences, France

clin.pauline@gmail.com

Abstract Host mixtures are a promising method for agroecological plant dis-
ease control. First, we developed an epidemiological model in n dimensions with a
large number of resistant host genotypes to explore the e�ect of host mixtures on
the equilibrium prevalence of the disease. A signi�cant amount of resistance genes
must be deployed to achieve low disease prevalence, especially if the cost of resis-
tance breaking is low. Also, plant immunity is key to the success of host mixtures
against polymorphic pathogen populations. This results from priming-induced cross-
protection, whereby plants able to resist infection by speci�c pathogen genotypes
become more resistant to other pathogen genotypes. Strikingly, this phenomenon
was thus far absent from mathematical models aiming at designing host mixtures.
We previously showed in a simple model of gene-for-gene interaction that priming
reduces the prevalence of the disease by the cross-protection process (Clin et al,
2020). We here extend the previous n dimensional model to take priming into ac-
count and show that it could help reduce the number of plant genotypes needed
to drop the prevalence below an acceptable level. Given the limited availability of
resistance genes in cultivars, this mechanism of plant immunity would make the use
of host mixtures more realistic.
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Population Carrying Capacity of

Heterogeneous and Temporally Periodic

Systems

D.L. DeAngelis

U. S. Geological Survey, Wetland and Aquatic Research Center, Davie, Florida, USA

ddeangelis@miami.edu

Abstract Carrying capacity is a central concept in ecology and, as a parameter
in the well-known logistic equation, it is basic to ecological theory. This review
synthesizes the trajectory of research on carrying capacity under spatially and tem-
porally varying conditions. A body of theory, based on the population logistic
equation, has extended the calculation of carrying capacity to spatially distributed,
dispersing populations. In particular, both di�erential equation patch models and
partial di�erential equation continuous space models show that populations di�using
in environments with heterogeneously distributed carrying capacities and intrinsic
growth rates can reach higher total equilibrium size than if non-di�using. This re-
sult has been extended to other population growth functions besides the logistic.
This result has been recently con�rmed in laboratory experimental systems. How-
ever, another related mathematical result that a di�using population can reach a
higher equilibrium total population when the carrying capacities of the patches are
heterogeneously rather than homogeneously distributed, was not supported by ex-
periments. This was explained by showing that the mathematical result in question
does not hold when the total energy inputs of the heterogeneous and homogeneous
cases are the same, which was the case in the experiment. The logistic equation
with temporally varying carrying capacity, K, and intrinsic growth rate, r, has been
studied for a single ecological population in the special case in which both r and K
alternate periodically between di�erent values in two time intervals within the total
time period. An analytic solution was found for the population integrated over a
period. It was shown that in the limit of slow growth rates in both time intervals
the sum of the maximum and minimum populations reached is identical to that
reached by a population that di�uses rapidly between two spatial patches and is
described by a logistic equation on each patch, where both r and K di�er between
the patches. This is part of a strong overall quantitative resemblance between the
spatially heterogeneous and temporally varying cases.
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Impulsive model and hyperparasite-based

biocontrol of coffee leaf rust propagation

C. Djuikem, F. Grognard and S. Touzeau

National Institute in Mathematics and Computer Sciences, France

clotilde.djuikem@inria.fr

Abstract Co�ee is one of the most widely consumed beverages in the world.
Its cultivation is an important factor of social and economic stability. However, its
production is a�ected by several diseases. Co�ee leaf rust (CLR), a cryptogamic
disease caused by the fungus Hemileia vastatrix, is the most serious co�ee leaf dis-
ease known to date. It causes damages that induce severe yield losses. Its control
mainly relies on good cultural practices, fungicides, resistant cultivars and biocon-
trol using hyperparasites (such as the fungus Lecanicillium lecanii). Fungicides are
widely used, but have a harmful ecological impact. Co�ee being a perennial plant,
planting resistant cultivars implies to renew the plantation, which is very costly.
Hyperparasites could hence be a good alternative, but careful analysis is needed for
their deployment to be successful in the long term. Our goal is to understand and
control the propagation of CLR, deploying hyperparasites. Depending on the coun-
try and climate, co�ee trees produce berries throughout the year or seasonally. We
consider the latter case, with a periodic co�ee harvest at the end of the rainy season
and limited growth during the dry season. Therefore, we developed an impulsive
model to describe CLR propagation in the co�ee plantation during the rainy season
and its survival between rainy seasons. Floquet theory is used to prove the stabil-
ity of the periodic disease free solution and numerical simulations are performed to
illustrate theoretical results. To implement biological control, new discontinuities
are introduced in the model to represent the release of hyperparasites. Floquet the-
ory and numerical simulations are then combined to determine parameter values for
which the periodic disease free solution is stable and which correspond to successful
biocontrol deployment.
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Cost efficiency of institutional incentives in

finite populations

M. H. Duong

University of Birmingham, United Kingdom

H.Duong@bham.ac.uk

Abstract The problem of promoting the evolution of cooperative behaviour
within populations of self-regarding individuals has been intensively investigated
across diverse �elds of behavioural, social and computational sciences. In institu-
tional incentives, an exogenous institution can provide incentives to increase coop-
eration behaviour in a population. This problem can be mathematically formulated
as a multi-objective optimization problem where one wishes to minimize the cost
of interference while maximizing the level of cooperation within the population. In
this talk, which is based on joint research with The Anh Han (Teesside University),
we provide a rigorous analysis for this problem using methodology and techniques
from analysis, game theory and statistical mechanics. We study both the two-player
settings (the donation game) and multi-player settings (the Public Goods game) of
cooperation dilemmas, which are fundamental models for self-regarding (Darwinian)
populations where individually defection is always preferred over cooperation while
mutual cooperation is preferred collective outcome for the population as a whole.
We prove the regularity of the cost function, characterize its asymptotic limits (in-
�nite population, weak selection and strong selection) and show the existence of a
phase transition phenomena in the optimization problem when the intensity of selec-
tion varies. We calculate the critical threshold and study the minimization problem
when the intensity of selection is under and above the critical value. We furthermore
provide numerical simulations to demonstrate the analytical results.
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Spatial dynamics underpin competitive

interactions within bacterial biofilms

L. Eigentler, M. Kalamara, G. Ball, C.E. MacPhee, N.R. Stanley-Wall and F.A.
Davidson

University of Dundee, United Kingdom

LEigentler001@dundee.ac.uk

Abstract Bacterial bio�lms are surface-adhering multicellular collectives em-
bedded in a self-produced extracellular matrix. They can have both bene�cial and
detrimental e�ects on the surrounding environment. For example, the soil-dwelling
bacterium Bacillus subtilis forms bio�lms on the roots of plants, where some strains
promote the growth of plants. However, to fully realise their potential as biocon-
trol agents, strains need to be capable of coexisting with (or outcompeting) other
bio�lm-forming strains in the rhizosphere. Many antagonistic interaction mecha-
nisms require spatial colocation of competing strains. In this talk, we discuss the
crucial role of spatial dynamics on competitive interactions within bio�lms using an
interdisciplinary approach. Mathematical modelling using a continuum approach
predicts that the density of bio�lm founder cells has a profound impact on com-
petitive outcome and that randomly allocated cell locations in the bio�lm inoculum
signi�cantly a�ect competitive dynamics. We de�ne a predictor for competitive out-
come that quanti�es a strain's �access to free space� in the initial condition and show
that a favourable initial cell placement can lead to domination of a weaker strain
(in the sense of interactions of well-mixed populations) in the bio�lm. Finally, we
present validation of model hypotheses through bio�lm assays using strains of B.
subtilis.
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Lines of descent in a Moran model with

frequency-dependent selection and mutation.

L. Esercito

University of Bielefeld, Germany

lesercito@techfak.uni-bielefeld.de

Abstract Dealing with the interplay of mutation and selection is one of the im-
portant challenges in population genetics. We consider two variants of the two-type
Moran model with mutation and frequency-dependent selection, namely a scheme
with nonlinear dominance (of the �t type) and another with what we name the
�ttest-type-wins scheme. We show the equivalence of the two variants and pursue
the latter for further analysis. In particular, we trace the genealogy of a sample of
individuals backward in time, via an appropriate version of the so-called ancestral

selection graph (ASG), originally introduced by Krone and Neuhauser (1997). We
use the information contained in mutation events to reduce the ASG to the parts
that are informative with respect to the type distribution of the present popula-
tion and their ancestors, respectively. This leads to the killed ASG and the pruned
lookdown ASG in this setting, which we use to derive representations for the (fac-
torial) moments of the type distribution and the ancestral type distribution; we do
so by connecting forward and backward graphical models via duality relationships.
Finally, we show how the results carry over to the di�usion limit.
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Quantifying the spread of an epidemic process

on a discrete-time stochastic SIS model

M. Gamboa Perez

Complutense University of Madrid, Spain

mgamboa@ucm.es

Abstract This communication is framed within the area of epidemic modelling
and studies infectious disease dynamics in a stochastic markovian approach. In this
area, most of the research works deal with continuous-time models. However, the
current work involves a discrete-time SIS model to represent the spread of a disease,
that does not confer immunity, in a closed population of moderate size N that is
inspected periodically. Individuals in the population are classi�ed as susceptible, S,
or infective, I, according to their health state regarding the disease. The evolution
of the epidemic process can be represented by a Markov chain, {In;n ≥ 0} where
In is a random variable giving the number of infective individuals in the population
at the n-th inspection. State space is �nite and contains a single absorbing state in
zero. The limiting behavior states that in the long term there will be no infective
individuals in the population. Hence, the end of any outbreak of the disease occurs
almost surely. Our purpose is to study the extinction time counterpart in discrete-
time, that is the random variable that counts the total number of inspections that
�nd an active epidemic process, T . Theoretical discussion is based on conditional
�rst-passage times, Ti, de�ned as the number of inspections that take place during an
outbreak, given that at present population contains i infected individuals. Subject to
the initial number of infective individuals, mass probability function of the number of
inspections, is numerically determined through a recursive scheme; complementing
the probabilistic knowledge of this variable provided by its expected value, that
comes directly from an explicit expression. In addition, we present a possible use of
the probabilistic behavior of these variables.

The talk is based on the paper: Gamboa, M.; Lopez-Herrero, M.J. On the Num-
ber of Periodic Inspections During Outbreaks of Discrete-Time Stochastic SIS Epi-
demic Models. Mathematics 2018, 6, 128. https://doi.org/10.3390/math6080128
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Self-organized pattern formation increases

local diversity in metacommunities

C. Guill, J. Hülsemann and T. Klauschies

University of Potsdam, Germany

guill@uni-potsdam.de

Abstract Self-organized formation of spatial patterns is known from a variety of
di�erent ecosystems, yet little is known about how these patterns a�ect the diversity
of communities. Here we use a food chain model in which autotroph diversity
is described by a continuous distribution of a trait that a�ects both growth and
defense against heterotrophs. On an isolated patch, diversity is always lost over
time due to stabilizing selection. Two alternative community states, with either
defended or undefended species, are possible. In a metacommunity context, dispersal
can destabilize these states, and complex spatio-temporal patterns in the species'
abundances emerge. The resulting biomass-trait feedback increases local diversity
by an order of magnitude compared to scenarios without self-organized pattern
formation, thereby maintaining the ability of communities to adapt to potential
future changes in biotic or abiotic environmental conditions.
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Transients and the dynamics of ecological

systems

A. Hastings

Environmental Science and Policy, University of California Davis, USA

amhastings@ucdavis.edu

Abstract I will show how understanding transient behavior is important for
understanding the dynamics and for managing ecological systems and discuss re-
cent results that provide a general framework for understanding transient dynamics
including the role of stochasticity. The simplest transients arise in linear systems,
where the cessation of �shing after implementation of a marine reserve provides an
example which is both illustrative and important. I will discuss how dynamics af-
ter or near a �tipping point� are another key example. I will emphasize how the
need to understand dynamics on di�erent time scales makes an understanding of
transients essential, and illustrate this and other aspects with examples. I will show
how human-environmental systems are typically a mix of di�erent time scales which
makes transients likely. Other challenges for understanding ecological systems when
subject to changing environmental conditions will also be considered.

21



Threshold-based harvest strategies in

discrete-time population models

F.M. Hilker, E. Liz, C. Lois-Prados, J. Segura, and D. Franco

Institute of Environmental Systems Research and Institute of Mathematics, Osnabrück

University, Germany

frank.hilker@uni-osnabrueck.de

Abstract Threshold-based harvest strategies reduce the catch or completely
stop harvesting when the population size falls below a threshold level. The aim is to
protect the population, while allowing exploitation at larger population sizes. In this
talk, I will introduce a number of such harvest control rules (constant-escapement,
proportional threshold, adaptive threshold, and threshold constant-catch harvest-
ing). I will compare their e�ect on the persistence, constancy stability, and resilience
of exploited populations as well as on the magnitude and variability of the catch.
The analysis is based on generic one-dimensional di�erence equations, partially mod-
i�ed to account for Allee e�ects, iteroparity, stochasticity, or the timing of harvest
within a season. Particular attention will be paid to regular and irregular oscilla-
tions, alternative attractors, and border- as well as boundary-collision bifurcations
induced by discontinuities at the threshold.
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A state space reconstruction framework for

missing and irregular samples of population

dynamics

B. Johnson and S. Munch

University of California, Santa Cruz, USA

bejajohn@ucsc.edu

Abstract In recent decades, there have been numerous calls to make ecology
a more predictive science, but ecological forecasting is limited by uncertainty in
dynamics and incomplete observations of all state variables. Complex interactions
between species and exogenous variables make mechanistic, model-driven predictions
di�cult to attain in these partially observed systems. Alternatively, nonparametric
methods and state space reconstructions can be used to predict complex nonlinear
time series in partially observed systems. These methods, however, only apply to
evenly spaced time series samples. Although there are some standard approaches to
cope with missing samples, they typically su�er under constraints that are common
in ecology such as short time series and large �uctuations in dynamics. In this talk,
I will discuss a variable step-size adaptation of state space reconstruction, which
utilizes information from the temporal spacing between samples and circumvents
the challenges faced by other approaches. I will evaluate the forecast accuracy
of this method along with two other standard methods on simulated data from 3
chaotic ecological models with varying patterns and amounts of missing data. I will
also demonstrate the utility of the method on two empirical data sets laboratory
rotifer dynamics and aphid dynamics from the �eld. Finally, I will discuss how this
approach can be extended to approximate continuous time dynamics from discrete
time data.
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Abstract Can pathogens drive their hosts extinct? Can hosts evolutionarily
escape their pathogens? The most basic models answer both questions in the neg-
ative. In this presentation, I review a number of possibilities how evolution may
lead to the extinction of the host or of the pathogen. The mechanisms include Allee
e�ects, population structure and conditional behaviour of the hosts. These mod-
els showcase examples for simple models exhibiting rich behaviour and leading to
results previously thought to be unlikely.
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Abstract. The Rosenzweig- MacArthur predator-prey model [1],[2] is very pop-
ular. It is an extension of the classical Lokta-Volterra model whereby the exponential
growth rate of the prey is replace by a logistic one and the law of mass assumption
is replace by the Holling type two functional response by searching and handling of
the predator. On the other hand it is the building block for food chain and food
web modelling and in general ecosystems modeling. Of the two-dimensional system
the long term dynamics is simple: stable or unstable equilibrium and stable limit
cycle. However there is with carrying capacity the so called paradox of enrichment
holds.

More complexity is possible by the introduction of environmental periodic forcing
or where the live-cycle of the predator is much shorter than of the predator leading
to slow-fast system dynamics.

Here we review on the mechanisms on which the RM model is based such as the
searching-handling that leads to the Holling type II saturating functional response
and it consequences with this prey-predator contact modeling and mass conservation
related to the logistic growth of the prey.

References

[1] ML Rosenzweig and RHMacArthur, Graphical representation and stabil-

ity conditions of Predator-Prey interactions, The American Naturalist, 97:895
209-223 1963.

[2] ML Rosenzweig, Paradox of enrichment: destabilization of exploitation

ecosystems in ecological time, Science 171:385-387, 1971.

[3] BW Kooi and J-C Poggiale, Modelling, singular perturbation and bifur-

cation analyses of bitrophic food chains, Mathematical Biosciences, 301:93-110
2018.

[4] J-C. Poggiale, C Aldebert, B Girardot and BW Kooi, Analysis of a
predator prey model with speci�c time scales: a geometrical approach proving

the occurrence of canard solutions, Journal of Mathematical Biology, 80: 39-60,
2020.

25



Does theoretical ecology need a political

philosophy?

H. Laurie

University of Cap Town, South Africa

henri.laurie@gmail.com

Abstract. It is common cause that theoretical ecology is largely ine�ectual when
it comes to action to mitigate or adapt to the current rapid change in climate and
biodiversity. Theoretical ecologists play only a very small role in initiatives like the
IPBES, and there is no role for theoretical ecology as a speci�c discipline. I suggest
that this weakness is at least in part political, in the larger sense that includes
institutional dynamics, funding decisions, and attempts at mobilising a public. If
this is so, perhaps theoretical ecology should do some self-re�ection on where it has
a political existence and on how it acts politically. In other words, do some political
philosophy. In this spirit, I explore Graham Harman's explication of the Dingpolitik
of Bruno Latour [see �Bruno Latour: Reassembling the Policial�, 2014, Pluto Press]
as a possible way to conceptualise a politics for theoretical ecology, one that goes
beyond (attempts at) organising theoretical ecologists and considers the practices
and basic ideas of the discipline itself. The two central ideas are that non-human
agents should also be taken into account, and that politics happens when an issue
creates a public.
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Abstract Diversity plays a key role in the ability of marine ecosystems to adapt
to environmental changes. However, modelling the adaptive dynamics of phyto-
plankton functional traits remains challenging due to the competitive exclusion of
sub-optimal phenotypes. Trait di�usion (TD) is a recently developed approach to
sustain diversity in plankton models by introducing mutations, therefore allowing
the adaptive evolution of functional traits to occur at ecological timescales. SPEAD
(Simulating Plankton Evolution with Adaptive Dynamics) is an eco-evolutionary
model where phytoplankton phenotypes compete for a nutrient under environmen-
tal �ltering by temperature. Phytoplankton in SPEAD are characterized by two
traits, nitrogen half-saturation constant and optimal temperature, which can mu-
tate simultaneously on a 2D �tness landscape using the TD mechanism. SPEAD
does not resolve the di�erent phenotypes as discrete entities, using instead six sta-
tistical moments as state variables: total biomass, mean trait values, trait variances
and inter-trait covariance. SPEAD is coupled to a vertically resolved (1D) physical
model of the Sargasso Sea, and therefore its dynamics are controlled by seasonal
variations in temperature, irradiance, nutrient supply and vertical mixing. The sim-
ulated bulk properties of SPEAD 1.0 are validated against observations from BATS
in the Sargasso Sea. The results of SPEAD 1.0 show very good agreement with those
of a classical discrete multi-phenotype model and it has a computational cost two
orders of magnitude lower. The e�ect on adaptive dynamics of a range of realistic
mutation rate values was evaluated through a sensitivity analysis and the results
are discussed in a plankton ecology context.
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Abstract In this communication we quantify the spread of an infectious disease
that does not confer immunity, within a population that is partially protected against
the disease by a vaccine.

We consider a homogeneous and uniformly mixed population. The disease is
transmitted by direct contact with an infected individual. The population is not
isolated, so we assume an additional source of infection due to external contacts.
Some individual in the population have been protected against the disease with an
available vaccine that confers immunity, but it is not a perfect vaccine and some
contacts between vaccinated and infectious individuals produce an e�ective conta-
gion. Once a vaccinated individual gets the infection, he no longer belongs to the
class of individuals that have been vaccinated and he belongs to the infective class
while he is infectious. Recovered individuals become susceptible to the disease, no
matter if they were previously vaccinated or not.

The underlying mathematical model involves a stochastic SIV S model, where
individuals evolve among Susceptible, S, Vaccinated, V , and Infected, I; compart-
ments. A continuous time Markov chain (CTMC) model represents changes in the
composition of infected and vaccinated classes.

Two random variables will quantify the transmission of the epidemic process
with reintroduction: Re0, the number of infectious cases caused directly by the
�rst infected individual, and Rp, which is the number of infectious cases caused by
any infectious spreader. These random variables act as stochastic counterparts to
the basic reproduction number, R0, and more speci�cally the control reproduction
number, Rc, when there is an available vaccine.

28
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applied to COVID-19 data?
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Abstract The �rst part of the talk is devoted to the parameters identi�cation in
the SI model. We consider several methods, starting with an exponential �t of the
early cumulative data of Sars-CoV2 in mainland China. The present methodology
provides a way to compute the parameters at the early stage of the epidemic. Next,
we establish an identi�ability result. Then we use the Bernoulli-Verhulst model as a
phenomenological model to �t the data and derive some results on the parameters
identi�cation.The last part of the paper is devoted to some numerical algorithms to
�t a daily piecewise constant rate of transmission.

The second part of the talk is extending the above methodology to apply SI
epidemic model to the two epidemic waves in France.
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Abstract The use of chemical pesticides is still the primary means to control
crop disease outbreaks, which are responsible for reduction in the yield and quality of
agricultural production. Pesticide application has both economic and environmental
costs, and its �nal outcome is far from being straightforward due to the potential
emergence of resistance that might nullify the control e�ort. For these reasons,
understanding how to optimise pesticide action is of crucial importance. Foreseeing
the consequences of a prolonged use of pesticide is particularly tricky when the
pathogen population shows large heterogeneity on its phenotypic traits undergoing
rapid mutations: when multiple pathogen strains coexist, should control strategy
focus on the most or on the least virulent one? What does this choice depend
on? In this work, I will present an evolutionary model coupled with a minimal
epidemiological model, to analyse the outcome of di�erent control strategies. I will
consider a rapidly mutant pathogen expressing continuous levels of virulence, and
pesticides with virulent-correlated eradicant action. Control strategies are modelled
by the quantity of pesticide released and its degree of correlation with the pathogen's
heterogeneous levels of virulence. I will show how the model allows to disentangle
the role of the di�erent ecological interactions in the choice of the pesticide. Finally,
I will show that the optimal pesticide and its degree of correlation will depend on the
rate of its application, suggesting that both unnecessary pollution and economic loss
can be avoided, if a proper trait-dependant treatment is introduced in agricultural
practice.
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Abstract Environmental changes greatly in�uence the evolution of populations.
In this talk, we discuss the dynamics of a population of two strains, one growing
slightly faster than the other, competing for resources in a time-varying binary en-
vironment modeled by a carrying capacity that switches either randomly or periodi-
cally between states of resources abundance and scarcity [1],[2], [3]. The population
dynamics is characterized by demographic noise (birth and death events) coupled
to the �uctuating population size [2], [3], [4]. By combining analytical and sim-
ulation methods, we elucidate the similarities and di�erences of evolving subject
to stochastic and periodic switching. The population size distribution is generally
found to be broader under intermediate and fast random switching than under pe-
riodic variations. This results in markedly di�erent asymptotic behaviors between
the �xation probability of random and periodic switching [1]. We also determine
the conditions under which the �xation probability of the slow strain is maximal
[1]. If time permits, we will outline how our methodology also allows us to analyse
the complex eco-evolutionary dynamics arising when the slow strain produces public
goods bene�ting the entire population.

Joint work with Ami Taitelbaum (Hebrew University of Jerusalem), Robert West
(University of Leeds), and Michael Assaf (Hebrew University of Jerusalem)
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Abstract Phages are bacterial viruses, they are the most abundant biological
entity on Earth, and they impact all aspects of bacterial evolution and dynamics.
Phages can control the abundance of pathogenic bacteria in natural environment,
and they are used in medicine as well as food industry. Mathematical modelling
of bacteria-phage interactions has a long history starting from early 60's of the last
century. However recent empirical studies in microbiology have revealed crucial novel
facts regarding phage control of bacteria which have not been addressed in early
mathematical/computational models. In this talk, I will brie�y discuss the following
aspects of the problem. Firstly, I will emphasize the role of the recently discovered
condition-dependent lysogeny in the outcome of the phage control: the type of the
infection cycle of phage (lytic or lysogenic) is often determined by the environmental
conditions (e.g. the temperature) which constantly varies daily, annually and on a
longer scale . As a case study, I explore the natural control by the phage of the
pathogenic bacteria Burkholderia pseudomallei causing melioidosis, which is among
the most fatal diseases in Southeast Asia. Secondly, I will highlight the importance of
the fast mutations of pathogenic bacteria (based on hypermutable loci) in developing
the resistance to the phage attack: the resistance mechanism is based on the so-
called phase variation. As a practical example, we will consider the possibility of
eradication of the bacterial pathogen Campylobacters from poultry �ocks. Thirdly,
many bacteria have developed an e�cient adaptive immune system against phages
which is known as CRISPR-Cas (clustered regularly interspaced short palindromic
repeats). Despite the fact that the discovery of CRISPR-Cas systems has recently
received the Nobel Prize in chemistry (2020), there exists only small number of
mathematical models of this phenomenon. Using a mathematical model of CRISPR-
Cas systems and metagenomes data, I will provide an alternative explanation for
the rarity of all-resistant super microbes in nature.

32



Grey Slug and Blue Bear: Towards the

development of more accurate monitoring and

control protocols for slug populations in
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Abstract Understanding the spatio-temporal dynamics of pest populations is
essential for pest management in agriculture. Slugs alone can cause large amounts
of economic damage if their population is not controlled, usually by the application
of chemical pesticides. In our talk we present the research to help to contribute to
more sustainable slug control by application of reduced volumes of pesticide through
more careful targeting.

E�cient targeted application of pesticide relies on the observation that the pop-
ulation distribution is strongly heterogeneous. We discuss the mechanisms in indi-
vidual slug movement that can lead to the formation of patchy spatial distributions
in a population. In our theoretical and computational study we demonstrate that
density dependent movement results in formation of slug clusters. We then con-
�rm predictions obtained in our model through an analysis of spatial data available
from a �eld experiment where the experiment design was essentially based on the
results of computations performed on the BlueBEAR supercomputer. We also anal-
yse data of slug trap counts in arable �elds and discuss methods that can be used
for identifying high population density patches that should be targeted by pesticide.
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Abstract We consider two real world problems arising in human demography
and social behaviour and show that conceptual population dynamics models pro-
vide a good description of the corresponding system properties. In the �rst part,
we consider the human population distribution on a large, �geographical� spatial
scale. It is well known that such distribution is often distinctly heterogeneous. If
considered in the historical perspective (e.g. on the timescale of centuries), the
emergence of densely populated areas is usually attributed to favourable environ-
mental and climatic conditions. We argue that this may not necessarily be the
main mechanism. We identify a few areas at di�erent parts of the world where
the environment conditions show a relatively small variation in space on the scale
of thousands of kilometers, but the population distribution exhibits a signi�cant
variation following a nearly-periodic spatial pattern. We therefore hypothesize that
there may exist an inherent mechanism that may lead to pattern formation even
in a uniform environment. We then consider a mathematical model of the coupled
demographic-economic dynamics and show that it can give rise to a periodic spatial
pattern due to the Turing instability on the spatial scale consistent with the data.
We also show that, interestingly, the arising spatial pattern is not stationary but
a long transient, and the emergence of the Turing patterns may eventually lead to
the system collapse. In the second part, we consider the human dynamics on much
smaller spatiotemporal scales - namely, in the context of riots, protests and social
unrest. Being motivated by the recent Yellow Vest Movement in France, we develop
two simple, conceptual mathematical models describing the population dynamics of
the movement, i.e. how the number of protesters changes with time. We show that
these models capture the main features of the protests dynamics, in particular the
slow decay at the tail of the distribution, which can be attributed to the e�ect of a
ghost attractor. We then consider a straightforward spatial extension of the models
that turns ODEs to reaction-di�usion equations. We show that the corresponding
system exhibits travelling 'waves of protests' with unusual properties, in particular
predicting two di�erent scenarios of protests termination. The latter potentially
allows to classify the dynamics of protests into di�erent types.
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Abstract Pathogen-speci�c CD8 T cells face the problem of �nding rare cells
that present their cognate antigen either in the lymph node or infected tissue. To
optimize the search for rare targets it has been proposed that T cells might perform
a random walk with long displacements called Levy walks enabling superdi�usive
behavior and shorter search times which may be evolutionary selected. We examined
the behavior of activated CD8 T cells in the liver where both the movement of the
cells and the underlying structural constraints can be clearly de�ned. We show
that Plasmodium-speci�c liver-localized CD8 T cells perform short displacement,
Brownian-like walks and yet display transiently superdi�usive displacement, the
cardinal feature of e�cient Levy walks. Because liver-localized CD8 T cells are
mainly associated with liver sinusoids, simulations of Brownian or Levy walkers in
structures derived from the liver sinusoids illustrate that structure together with
preferred forward movement results in superdi�usive displacement. Interestingly,
Brownian walkers require less time to �nd a rare target when T cells search for
the infection in physiologically-derived liver structures. Our results strongly suggest
that observed patterns of movement of CD8 T cells are likely to result from a
combination of a cell-intrinsic movement program, physical constraints imposed by
the environmental structures, and other environmental cues. Future work needs to
focus on quantifying the relative contributions of these factors to the overall observed
movement patterns of biological agents.
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Revisiting the Role of Hyperparasitism in

Evolution of Virulence

S. Sandhu and A. Morozov

University of Leicester, United Kingdom

sks55@leicester.ac.uk

Abstract. Hyperparasitism denotes the natural phenomenon where a parasite
infecting a host is in turn infected by its own parasite. Hyperparasites can shape
the dynamics of host-parasite interactions and often have a deleterious impact on
pathogens, an important class of parasites, causing a reduction in their virulence
and transmission rate. Hyperparasitism thus could be an important tool of biologi-
cal control. However, host-parasite-hyperparasite systems have so far been outside
the mainstream of modelling studies, especially those dealing with eco-evolutionary
aspects of species interactions. Here we theoretically explore the evolution of life
traits in a generic host-parasite-hyperparasite system, focusing on parasite virulence
and the positive impact hyperparasitism has on the host population. We also ex-
plore the co-evolution of life history traits of the parasite and hyperparasite, using
adaptive dynamics and quantitative genetics frameworks to identify evolutionarily
singular strategies. We �nd that in the presence of hyperparasites, the evolutionarily
optimal pathogen virulence generally shifts towards more virulent strains. However,
even in this case, the use of hyperparasites in biocontrol could be justi�ed since
overall host mortality decreases. An intriguing possible outcome of the evolution of
the hyperparasite can be its evolutionary suicide.
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AbstractMicroorganisms live in environments that inevitably �uctuate between
mild and harsh conditions. As harsh conditions may cause extinctions, the rate at
which �uctuations occur can shape microbial communities and their diversity, but
we still lack an intuition on how. Here, we build a mathematical model describ-
ing two microbial species living in an environment where substrate supplies switch
between abundant and scarce. We then vary the rate of switching as well as di�er-
ent properties of the interacting species, and measure the probability of the weaker
species driving the stronger one extinct. We �nd that this probability increases with
the strength of demographic noise, and peaks at either low, high, or intermediate
switching rates depending on both species' ability to withstand the harsh environ-
ment. This complex relationship shows why �nding patterns between environmental
�uctuations and diversity has historically been di�cult: response to �uctuations de-
pends on species' properties. In parameter ranges where the �tter species was most
likely to be excluded, however, the beta diversity in an extended model of larger,
spatially structured communities also peaked. In sum, while we �nd no simple rules
on how the frequency of �uctuations shapes the diversity of a community, we show
that their e�ect on interactions between two representative species predicts how
diversity in the whole community will change.
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Abstract Size diversity can be an important determinant of plankton ecosystem
functioning. However it remains unclear which mechanisms underlie the observed
diversity of cell size in marine phytoplankton communities and how the average cell
size may evolutionary adapt under a changing environment. To address these ques-
tions, we developed a continuous-trait model for phytoplankton size distributions
that explicitly includes ecology and evolution processes. The model simulates a di-
verse phytoplankton community of gleaners (smaller sizes) and opportunists (larger
sizes) competing for a single nutrient under a trade-o� constraint. The ecosystem
model is based on a classical Nutrient - Phytoplankton - Zooplankton - Detritus
(NPZD) food web structure and the size distribution of phytoplankton species is
resolved using continuous moment-closure functions. The model solves the statisti-
cal moments of the simulated lognormal distribution of cell size: the mean and the
variance. Phytoplankton size-diversity is computed as a function of the variance of
cell sizes present in the simulated community. The model is coupled to a simple
one-dimensional (1D) depth-resolved physical framework with turbulent di�usion.
We evaluate three scenarios to sustain phytoplankton cell size diversity in the model:
1) trait di�usion (TD), which is an endogenous mechanism that simulates ecological
evolution (eco-evo) of species traits via mutations; 2) Killing-the-Winner (KTW)
grazing, which is an exogenous top-down mechanism that enhances diversity via
predator-mediated coexistence; 3) the gleaner-opportunist trade-o� alone without
TD or KTW (control scenario), which is an exogenous bottom-up mechanism that
allows changes in the best performing cell size via shifts in optimal strategy without
enhancing diversity locally. We compare the results of the "continuous-size" model
against a "discrete-size" model (e.g. MIT-darwin type) to evaluate the validity of
the moment-closure approximation to model phytoplankton size distributions. We
�nd that the continuous approximation works very well and simulates the same sea-
sonal patterns of average cell size and diversity of cell sizes as the more traditional
discrete approach. We discuss the results in view of their ecological signi�cance.
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Abstract The competitive exclusion principle is one of the oldest ideas in ecol-
ogy, and states that two predators cannot coexist on a single prey without additional
self-limitation or niche di�erentiation. This would require them to have exactly the
same R∗ values, which is considered impossible. However, this reasoning was de-
rived before the ubiquity of contemporary adaptation became recognized, and thus
regards the question of coexistence from a purely ecological viewpoint. I show here
the importance of considering this question from an eco-evolutionary perspective.
The classic argumentation against equality in R∗ values misses a critical point:
predators' R∗ values are not static properties, but are a�ected by defensive traits
of their prey, which in turn can adapt in response to changes in predator densi-
ties. Thus, predator dynamics and trait dynamics mutually a�ect each other in
an eco-evolutionary feedback loop. To investigate how this in�uences competitive
exclusion, I analyze a well-established ODE model consisting of one prey and two
predators, as well as a prey trait that confers defense against the two predators,
but comes at the cost of reduced growth rate. Under a broad range of conditions,
the feedback between predator and trait dynamics causes defense to converge to the
value where both predators have equal R∗ values (��tness equalization�), thereby
enabling their stable coexistence even without any ecological niche di�erentiation.
This result is highly general, independent of speci�c model details such as the shape
of the predator functional response, and applies to both rapid defense evolution and
inducible defenses. It showcases how the e�ects of adaptation can cascade through
communities, driving diversity on higher trophic levels, and o�ers an important new
perspective on coexistence theory.
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Abstract. Biological control of crop infestants is becoming more and more im-
portant, in view of the pollution problems caused by the widespread use of chemicals
in agriculture and the possible damage to other harmless insects necessary for biodi-
versity. It can be exercised in several ways. One possibility is the use of phyllosphere
antagonists or bene�cial fungi, for instance to combat aphids, [2].

We consider here the positive action that Mycorrhiza, a symbiotic plant-fungus
association, has on the relationship between potato plant and Colorado potato beetle
(CPB), which is the most relevant potato pest, [1]. Two models are presented.
Quite counter-intuitively, a use of mycorrhiza excessive amounts intended to improve
productivity is found instead to lead to the paradox of enrichment, generating the
onset of oscillations for the crop and pest populations. On this basis, indications for
the correct use of biological control are discussed, [3].
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Abstract The coexistence within the same tumour of cancer cells that express
di�erent phenotypic characteristics poses a major obstacle to successful anti-cancer
therapy and management of disease relapse. A more in-depth theoretical under-
standing of the process at the root of such phenotypic heterogeneity can be achieved
through analysis and numerical simulation of structured-population models. The fo-
cus of this talk is on non-local partial di�erential equations modelling the adaptive
dynamics of space- and phenotype-structured cancer cell populations. The analyti-
cal and numerical results presented shed light on the evolutionary determinants of
intra-tumour phenotypic heterogeneity in vascularised tumours.
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Abstract Fragmentation of habitats is often considered as a part of habitat
degradation and therefore assumed to harm the environment. However, a recent
scienti�c debate about the consequences of habitat fragmentation on biodiversity
shows that the single aspects of fragmentation (habitat loss, edge e�ects and iso-
lation) are not entirely understood. Mathematical theory has shown that dispersal
of a population among heterogeneous habitats can increase or reduce the total pop-
ulation density at steady state, depending on the habitat conditions (positive or
negative r−K relationship, respectively). Positive r−K relationships were demon-
strated experimentally in the literature but evidence for negative r−K relationships
is lacking. We present a mathematical model validated with experimental data of
Escherichia coli to provide empirical evidence of a negative r − K relationship for
the �rst time. The result can be interpreted as a positive e�ect of fragmentation,
or of isolation in particular, on population size. The generic approach we used
allows conclusions for a variety of ecological systems and is of particular interest
for biological conservation: conservation measures that promote movement between
fragmented habitat patches, such as dispersal corridors or stepping stones, which do
not counteract habitat loss or edge e�ects are potentially not (cost-)e�ective.
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Abstract Biodiversity is the combination of a variety of phenotypes, which
emerge at the population level from the interplay between eco-evolutionary and
abiotic processes. The properties of the landscape over which populations are struc-
tured have a major impact on di�erentiation processes. In particular, topography
and habitat heterogeneity constrain the movement of individuals, thereby promot-
ing di�erentiation through local adaptation and drift. Nonetheless, the concept of
heteoregenity varies widely in de�nition across studies, blurring our understanding
on which exact landscape properties drive diversity patterns. Moreover, diversity
is composed of an adaptive and a neutral component, which response to di�eren-
tiation mechanisms vary in nature. Here, we use a stochastic birth-death model
accounting for eco-evolutionary and spatial dynamics to explore how topography
and habitat heterogenity a�ect both neutral and adaptive diversity. The population
is geographically structured over a graph, which topology captures the topography
and habitat heterogeneity. Individuals are characterised by traits under selection
and neutral traits, from which we derive metapopulation γ- diversity that we de-
compose into local α- diversity and β- di�erentiation. We perform simulations on
on all the possible two-habitat spatial con�guration for the ensemble of connected
graphs composed of 7 nodes, and compare the levels of observed neutral and adap-
tive β-di�erentiation. We use 32 graph topology metrics to distinguish between the
exact topological properties that a�ect the diversity patterns.

44



Modelling of Bacterial Resistance to

Anti-microbial Treatment by Bet-hedging

L. Idris, A. Best and E.J. Kim
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Abstract Infectious bacteria become a major threat to human lives due to their
increase in resistance to antibiotic treatment through bet-hedging. In this research,
we investigate the dynamics of bacterial population heterogeneity in a stochastically
switching environment. One species of bacteria can "switch" to specialize in each
environment, while the other grows at the same rate in both. The aim is to study the
dynamic behaviors of these species in these environments. We developed ordinary
di�erential equations to model this system. We have analyzed stability at di�erent
equilibrium points and numerical results (simulations) were produced that show
switching between di�erent equilibrium (bifurcations) using MAT-LAB.
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Modelling of multi-preys/multi-predators

systems and of trophic transmission of

parasites : application to Echinococcus

multilocularis

S. Lireux
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Abstract. Living species interact with each other in food webs. A large number
of parasites are transmitted within these food webs between their hosts as a result of
predation. Understanding the dynamics of transmission of these parasites therefore
requires taking into account both the complexity of the trophic links linking the
di�erent hosts, their population dynamics, and their degree of competence in trans-
mitting the pathogen. Echinococcus multilocularis is a cestode parasite responsible
for human alveolar echinococcosis, an emerging zoonosis. This parasite completes
its life cycle between intermediate hosts (mainly rodents) and de�nitive hosts (wild
and domestic carnivores) by passing from the former to the latter via predation.
Previous work has developed a deterministic epidemiological model allowing to de-
termine the basic reproduction number R0 of the parasite (indicator of epidemic
potential), which has the originality of including a multi-species functional response
component of the predator so that the plasticity of the predator's feeding behaviour
in the face of several prey can be taken into account. My thesis project, at the in-
terface between ecology and mathematics, aims to continue this work by improving
the generalizability and universality of the existing models. It will involve extending
the functional response model developed previously to n preys and m predators,
and then improving the epidemiological model for predicting epidemic potential by
including the functional response thus generalized. Theoretical mathematical devel-
opments and simulations will be carried out, and a link to �eld data will be made
wherever possible. I am currently working on coyotes and foxes system in Northern
America which are both de�nitive hosts of the parasite and is a good case study for
modelling complex interactions between mammal predators species.
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Stability analysis of a prey-predator model

with nonlinear harvesting rate

N. Mohdeb
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Abstract: The interaction between the predator and prey species can be mod-
eled by the classical Lotka-Volterra model. To enrich this model, many researchers
modify the nonlinear functional response function and adding some other elements
like, pollution, toxicity, harvesting, age of the species, refuge,...etc.
Because that harvesting is an important and e�ective prevention and control means
of the explosive growth of predators or prey when they are enough, it is reasonable
to introduce the harvest of some species of populations into models. Researches on
the e�ects of harvesting in �shery models are becoming more valuable. We then fo-
cus in this paper on the predator-prey model with harvest. Several forms and types
of harvesting in prey-predator models are already being studied; researchers have
added terms to the prey or predator density [1]-[4]. The above types of harvesting
rates have their own advantages as well as disadvantages in the award of the harvest
in the real world. Thus, it is interesting to construct a new kind of harvesting rate
and see what is going on for the density of prey and predator. Taking the Lotka-
Volterra model as our baseline model, we assume that harvesting takes place and
both the prey and the predator are under harvesting. The e�ect of harvesting on the
species is assumed to be nonlinear and di�erent. We introduce nonlinear harvesting
functions H1 (x) of the prey and H2 (y) of the predator to the model for discussing
its dynamical characteristics. We investigate and study the e�ects of harvest on the
dynamics of the obtained predator-prey model. We show that this model possesses
a varied dynamic. we give numerical simulations to illustrate the established results
and analyse bifurcation diagrams.

Keywords: Stability; Predator-Prey model; Harvesting; Limit cycle; strong and
center manifolds.

Mathematics Subject Classi�cation: 34A34, 34C23, 34C25, 34C45, 34D23,
92d25.
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Modeling the seasonality of mopane worm

outbreaks in Limpopo, South Africa.

L. Mthombeni
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Abstract: Mopane forests occur in hot, dry, and low-lying areas in the far northern
parts of southern Africa. Where it occurs, the mopane tree is often the dominant
tree species, often forming homogeneous stands. The mopane worm (Gonimbrasia
belina) primarily, but not exclusively, feeds on mopane tree leaves, and is a source of
protein and income for some people in the Limpopo province of South Africa. The
outbreaks of mopane worms are strongly seasonal, emerging mostly in the rainy
season. A life cycle model for worm/tree interaction based on the uni�cation of the
traditional Predator-prey model are presented. The analysis of the 2D version of
the model and some of its properties, especially is description of the seasonality of
the mopane worm outbreaks, are discussed.
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