
Biological modeling 2024-2025, Research Projects: tbb.bio.uu.nl/rdb/bm/Projects/ 1

Biological Modeling: Research projects

At this time point in our course you have learned enough to set your first steps as a modeler in biology.
You have been trained to read and formulate mathematical models, and to analyze these graphically,
mathematically, and numerically. You now have a few weeks to work on a somewhat larger project
by yourself. The main goal of this project is that you apply your newly acquired skills to do a piece
of research of your own. Most of the projects that we propose here start with a published paper, but
we also welcome proposals to work on a project of your own (please contact us to discuss
this).

For the projects starting with a paper, you should first repeat its results by coding their model(s)
into R or Grind. Next, find other papers, and define extensions of the research yourself. It is your
own responsibility to study exciting new extensions of the work, and to make this a truly interesting
project.

Please work in small groups of no more than three. Every project will be assigned an assistant whom
you can contact for help by making an appointment (by email) to meet on campus or online. Keep a
concise “lab-journal” in which you shortly describe your progress every day that you worked on the
project. This journal has to be handed in together with your written report.

Every group will present their work using an electronic slide show during a ‘symposium’ on Thursday
30 January in DDW-1.22 (from 9-15h maximally). Each of the participants should speak (in English)
for about 5 minutes, and everybody needs to be present and ask questions throughout the symposium.
The oral presentation should be exciting for the audience. You have to make clear which questions
you addressed, how this was approached, why it is interesting, and what results you obtained. Too
technical details should be avoided (as these will be explained in the written report). Subdivide
your presentation into natural parts such that all members of your research team get to speak! Your
presentation should be enthusiastic and strongly focus on your main line of research.

The written report has to be delivered in the last week of the course (electronic submissions of
PDF-files by email to r.j.deboer@uu.nl are accepted until Sunday the 2th of February). The
report has to have a summary, and start with an Introduction explaining the project, its con-
text, and having a short review of the relevant literature. In the Methods section you can de-
fine and explain the mathematical model. In the Results section you can mix the results of the
original paper with your own extensions of the research, and you can provide your extensions of
the mathematical model. Provide the interpretation of your results in the Results sec-
tion, i.e., write in a Nature or Science style. In the Discussion you describe possible prob-
lems/shortcomings, other extensions, and you provide further context of your work. Use the instruc-
tions on writing reports that you received in earlier courses (e.g., the bachelor Biology schrijfwijzer
students.uu.nl/sites/default/files/DeBiologieSchrijfwijzer2425 online.pdf, but also read our tuto-
rial on writing scientific reports tbb.bio.uu.nl/rdb/bm/Projects/GuidelinesReport.pdf, which also
gives the Rubrics that we use for grading the report.

We will give written feedback on your oral and written presentation later by email. Please make an
appointment to discuss that feedback with us. With the project we hope to increase your experience
with the techniques you have encountered so far, and to show that you have arrived at a stage where
you can proceed from theoretical work published in this field.

https://students.uu.nl/sites/default/files/DeBiologieSchrijfwijzer2425_online.pdf
https://tbb.bio.uu.nl/rdb/bm/Projects/GuidelinesReport.pdf
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1 The carbon cycle

We all know that atmospheric CO2 levels are increasing and to prevent global warming huge invest-
ments are being made to reduce the release of CO2 by burning fossil fuels. Estimates the human CO2
production, and of the natural flux of CO2 between the atmosphere, the upper and deep layers of the
ocean, and the vegetation are published in several papers and on various websites (e.g., earthobserva-
tory.nasa.gov/features/CarbonCycle). The current yearly human production of about 9 giga ton per
year is much smaller than the natural flux from the ocean (90), vegetation (60), and soil (60) into the
atmosphere. So how can such a small increase give rise to such a large increase in atmospheric CO2
levels? This is being discussed on various websites (e.g., skepticalscience.com/co2-residence-time.htm).

Find papers on this topic and find out where the data in this NASA diagram is based upon. Study
this question by making a compartment model for the main CO2 compartments (atmosphere, ocean,
deep ocean, and vegetation (first including the soil?). For instance, for the amount of CO2 in the
atmosphere one would write something like,

dA

dt
= fOAO − fAOA+ fVAV − fAVA+ h ,

where we have four flux parameters (to and from the ocean O, and to a from the vegetation V ), and
the human production h (in giga tons per year). Note that the terms like fOAO correspond to the
total fluxes depicted in the diagrams, and that the parameter fOA of this model therefore is defined
as a rate. Write equations for the other compartments, fill in parameters, and study what increase in
atmospheric CO2 levels one would predict if the parameter h goes from 0 to 9 giga tons per year.

This project requires a literature search, model development, and numerical simulations.

2 COVID-19 herd immunity in the Brazilian Amazon

In Question 6.4 we fitted data from the first COVID-19 epidemic in Manaus Brazil to an SIR model,
and we ended with asking for possible extensions of the model to also explain the second wave. Because
itnis now well-established that the second wave was die to another strain of SARS-CoV-2 (Buss et al.,
2021; Sabino et al., 2021), one should extend the model to have two strains, and this requires thinking
about how to define the waning of immunity to both strains. The data and the R-script was provided
in the subdirectory models/manaus on the website of the course.

The main question is: How to best model the observed deaths during both waves? Read the com-
mentary on www.reuters.com/article/us-health-coronavirus-brazil-manaus/in-brazils-amazon-a-covid-
19-resurgence-dashes-herd-immunity-hopes-idUSKBN26I0I4 to put your results in perspective.

The fitting of this model to the data is quite complicated and will quite some time on a slow computer.

3 Co-existence by trade-offs?

Posfai et al. (2017) study the “Paradox of the plankton” by modeling resource competition between
a large number of consumers. Their major idea is that consumers are expected to specialize on a
subset of the resources, and therefore they introduce trade-offs among the consumption rates when
parametrizing their model. Surprisingly, they find that an unlimited number of species can coexist,
and that their model reproduces several features of natural ecosystems, including keystone species and

https://earthobservatory.nasa.gov/features/CarbonCycle
https://earthobservatory.nasa.gov/features/CarbonCycle
https://skepticalscience.com/co2-residence-time.htm
https://tbb.bio.uu.nl/rdb/bm/models/manaus
https://www.reuters.com/article/us-health-coronavirus-brazil-manaus/in-brazils-amazon-a-covid-19-resurgence-dashes-herd-immunity-hopes-idUSKBN26I0I4
https://www.reuters.com/article/us-health-coronavirus-brazil-manaus/in-brazils-amazon-a-covid-19-resurgence-dashes-herd-immunity-hopes-idUSKBN26I0I4
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population dynamics characteristic of neutral theory. The consumer equation of their model takes the
following form:

dNi

dt
=
(∑

j

βijcijRj
hij + cijRj

− δi
)
Ni ,

where each additional resource increases the maximum birth rate, βi =
∑
j βij , that is approached

when all resources are available at large densities, i.e., when Rj � hij for all j (which would be the
natural situation when all consumer densities are low).

This project appears in the book as Question 9.9: to get started on the project first complete this
question. Discuss whether or not you find this a proper model for substitutable resources or for essential
resources. Second, use Grind to study the idea of a trade-off in our own models for competition for
substitutable resources. Simplify their analysis by considering just two resources. Do you find similar
results, and –if so– what is actually required to repeat these results? Do you expect different results
when there are three (or more) resources? Third, try the same trade-off in our models for essential
resources. Do you obtain the same results? What do you think of this paper: is this indeed resolving
the Paradox of the plankton?

Note that the same group has another paper on this model (Erez et al. (2020)), which was praised in
the Princeton UU news bulletin: www.princeton.edu/news/2020/09/18/princeton-scientists-explain-
how-diverse-species-coexist-microbial-communities.

Good for students liking Tilman diagrams. Parts of the papers are somewhat mathematical, the main
idea is explained above, however.

4 Temperate phages

Generally, bacteriophages infect bacterial cells by injecting their DNA into them. The viral DNA is
transcribed to make many copies of viral proteins, such that numerous copies of the infecting particle
are assembled. After a while the bacterial cell bursts and releases viral particles. This is the lytic
life-cycle of the bacteriophage. Temperate bacteriophages have a different life-cycle, because they
integrate into the DNA of the host cell. This “prophage” remains dormant and is passed on with
every bacterial division. This is called the lysogenic life cycle. At some point the prophage can be
induced to resume the lytic form of the life cycle, and start to produce proteins and burst the cell.
The evolutionary difference between these two life cycles has been studied extensively (Gandon, 2016;
Berngruber et al., 2013). A twist to the decision between lysis and lysogeny is a paper by Erez et al.
(2017) demonstrating that φ3T phages phages “communicate” by producing a signal peptide upon
infecting a cell (see Hynes & Moineau (2017) for a commentary). The concentration of this peptide
increases the propensity for the lysogenic life-cycle of subsequent infections. Two recent papers studied
the evolution of this signal factor (Maldonado-Barragán & West, 2020; Doekes et al., 2021).

In the course we have used chemostat equations to model bacterial growth. To simplify we first
follow Berngruber et al. (2013) and use Logistic growth to formulate a simple mathematical model for
temperate phages:

dS

dt
= rS(1 − S − L) −mS − βSV ,

dL

dt
= rL(1 − S − L) −mL+ φβSV − αL ,

dV

dt
= αL+ (1 − φ)βSV −mV ,

where S is the density of uninfected bacteria, L the density of lysogens (i.e., bacteria with a prophage),
and V the density of the phages. The parameter r denotes the replication rate of the bacteria, and m

https://www.princeton.edu/news/2020/09/18/princeton-scientists-explain-how-diverse-species-coexist-microbial-communities
https://www.princeton.edu/news/2020/09/18/princeton-scientists-explain-how-diverse-species-coexist-microbial-communities
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(for mortality) is the loss of bacteria and phages (that is largely due to wash-out from the chemostat).
We have simplified the model by ignoring the loss of phages by absorption to bacteria (you may want
to put this back). Thus, β is the mass-action infection rate, a fraction φ of the infections is lysogenic,
and α is the induction rate. A second simplification is that we have scaled the density of the phages
by their burst rate.

First use this model to study the lysis-lysogeny decision. Can you find an “optimal” value of φ? One
approach to study this is to write a model for two strains of the virus, that differ in φ, while assuming
that lysogens cannot be super-infected (see Berngruber et al. (2013)). Second, extend the model
with an equation for the peptide and make φ a function depending on its concentration. Do phages
responding to this peptide outcompete phages that don’t? Would it make a difference to model this
as a chemostat (rather than by logistic growth)?

This is a fairly numerical project, Grinding various different models.

5 Competitive exclusion and parasitism

Many species suffer from a heavy burden with pathogens (Dobson et al., 2008). If pathogens truly
control population densities, this may increase ecosystem diversity by reducing competitive exclusion.
This is often referred to as the Janzen-Connell hypothesis, e.g., in Sedio & Ostling (2013) and Bagchi
et al. (2014). In the course you made a question (10.6) on several populations of bird species with
a birth rate declining linearly with the population size, and with a death rate that is independent
of the population density. We let the individuals be susceptible to an infection with a parasite that
increases the death rate somewhat, but hardly affects the birth rate. We assumed that transmission
of parasites occurs upon contacts between infected and susceptible individuals of the same species,
and obeys mass action kinetics. Further there was no vertical transmission, i.e., the parasite is not
transmitted to eggs. Thus, we let Nj = Sj + Ij be the total number of birds, Sj be the susceptible
non-infected birds, and Ij be the infected birds of the jth species:

dSj
dt

= bNj(1 −
∑

Ni/k) − djSj − βjSjIj and
dIj
dt

= βjSjIj − (dj + δj)Ij ,

where δj reflects the deleterious effect of the infection. Note that one can reduce the number of

parameters by defining an infection rate increasing with the virulence, βj =
δj

h+δj
.

First analyze a 2-dimensional system, i.e., let j = 1 and consider one species. Next, study how many
new species you can add to this one-species ecosystem assuming that (1) all bird species occupy the
same niche, and (2) every new species has a faster death rate, i.e., a lower fitness, than the previous
one (dj+1 > dj). Make a simple function describing how dj depends on j. Note that you can define
vectors of equations in Grind (see the tutorial).

Finally, one can play with the virulence of the parasites. Does it help if the dominant species are
infected with more virulent parasites? The Janzen-Connell hypothesis typically states that pathogens
are expected to evolve towards infecting the most abundant species, which is called negative density
dependence (Bagchi et al., 2014). Do you expect this to evolve in this model? Remember that for this
definition of the infection rate the R0 is an optimum function of the virulence.

This is a nice project requiring a clever design of the various death rates, nullclines and numerical
simulations.
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6 Ontogenetic development for dummies

Persson & De Roos (2013) and De Roos & Persson (2013) summarize their extensive work on the
effects of having juveniles and adults with different energetic requirements. These surprising effects
include increases of the population size when the death rate increases, implicit Allee effects, and several
more. They use both ODEs and PDEs for the modeling of the age-dependent growth of the biomass
of adults and juveniles, and these models are fairly complicated.

The aim of this project is to see whether their interesting effects can also be found in more simple
(phenomenological) models, e.g.,

R = K − c1J − c2A ,
dJ

dt
=

eAR

h2 +R
− mJR

h1 +R
− µd1J and

dA

dt
=

mJR

h1 +R
− µd2A

where R is the available amount of resource, K the total amount, and c1 and c2 determine how much
resource is stored in juveniles, J , and adults, A, respectively. The rates at which juveniles mature,
and the rate at which adults produce juveniles, depend on the availability of the resource. With the
two hi parameters one can change the symmetry of this dependence on the resource (h1 = h2 would
be a conventional symmetric system). With the parameter µ one can simultaneously change the death
rate of juveniles and adults.

Read their paper and try to repeat as much of their results with this toy model. You may also enjoy
watching these lectures: staff.fnwi.uva.nl/a.m.deroos/Research/Webinars/.

This is a somewhat numerical project, introducing you to quite a different class of models for population
dynamics.

7 Early warning signals in the Sahel

The notion that we might be able to observe “early warning” signals in time series data of systems
that are about to collapse is receiving a lot of attention recently (Scheffer et al., 2009; Veraart et al.,
2012; Scheffer et al., 2012). This theory is based upon the simple fact that when a system approaches
a catastrophic bifurcation (like a saddle-node bifurcation) the dominant eigenvalue is approaching
zero, implying that the return time of the system to its steady state is becoming very long. Thus,
an increasing return time of a system under slowly changing environmental conditions could provide
a warning signal for an upcoming catastrophe. It would be extremely important if one could indeed
detect such early warning signals in the time series of any particular system, because one could change
the environmental conditions to prevent a future disaster. Long return times should be associated with
more variation in the data, and to a better correlation between subsequent data points. The review
paper by Scheffer et al. (2009) provides interesting examples of early warning signals in biological data,
and clearly explains the underlying theory in several boxes. Read this paper before you embark on this
exercise. In the book this project was introduced as Question 11.2, where you may have repeated their
analysis using a logistically growing resource harvested according to a sigmoid functional response,
i.e., dX/dt = X(1 −X/K) − cX2/(1 +X2).

Now we ask you to consider a more real-world example. Start with a model describing the dynamics
of water uptake in arid zones (Rietkerk & Van de Koppel, 1997; HilleRisLambers et al., 2001), that
you may have seen in the first year course. Overgrazing by cattle in arid areas is known to lead to
desertification. In the Sahel zone one may find both barren areas and vegetated areas in the same
region. This bistability has been studied with models having saddle-node bifurcations (Noy-Meir,
1975; Rietkerk & Van de Koppel, 1997; HilleRisLambers et al., 2001). The main idea is that in areas
with little vegetation coverage most of the (sometimes heavy) rainfall fails to penetrate into the soil,

https://staff.fnwi.uva.nl/a.m.deroos/Research/Webinars/
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and is rapidly washed off into rivers and disappears. In areas with somewhat more vegetation water is
better captured, but vegetation also consumes water by growth. Models for vegetation growth in arid
areas can remain simple because the availability of water in the soil is typically the major limiting
factor. This main idea is translated into the following model:

dW

dt
= R

(
w0 +

V

k2 + V

)
− rWW − gV W

k1 +W
,

dV

dt
= i+

cgV W

k1 +W
− dV − hV ,

where R is the rainfall (in mm d−1), V is the vegetation biomass (in g m−2), and W is the amount
of water in the soil (mm). The model has two saturation constants, k1 (mm) defines the amount
of water at which the vegetation grows at half its maximal rate, and k2 (g m−2) is the vegetation
cover at which the penetration of water into the soil is R(w0 + 1/2) = 1.4 mm d−1. The parameter
h denotes the grazing by cattle, which depends on the herd size that is set by people buying and
selling cattle. Parameters of this model have been estimated by Rietkerk & Van de Koppel (1997)
and HilleRisLambers et al. (2001):

Name interpretation value dimension

R rainfall 2 mm d−1

c conversion of water to plant biomass 10 g mm−1m−2

d death rate of vegetation 0.05 d−1

g maximum water uptake 0.05 mm g−1 m2 d−1

k1 half saturation constant 5 mm
k2 half saturation constant 5 g m−2

rW soil water loss due to evaporation 0.2 d−1

w0 water infiltration in absence of vegetation 0.2 —
i immigration of seeds/plants 0.01 g m−2 d−1

In the absence of a vegetation there is about 2 mm water in the soil. The death rate of the vegetation
is partly due to normal turnover and partly due to grazing by cattle. Assume that in the absence of
cattle the vegetation turnover is about d = 0.05 d−1, resulting in a carrying capacity of approximately
450 g m−2. Study the effect of increasing the herd size, h, starting with just a small herd. The model
is available on the website under the name sahel.R: Suppose the local community has decided on a
safe and stable herd size, h, and that the environment is faced with a few years of declining rainfall.
Can you predict when they should start decreasing the herd size?

Finally, compare your results to those of Boerlijst et al. (2013): do the variables in this model differ
in the early warning signals they provide?

8 Influenza infections

Every year many people become vaccinated with a current influenza vaccine. It is a major challenge
to design such a vaccine because influenza is evolving, and differs from year to year. It has been
described that if a major fraction of the population is immune to the currently dominant strain, a new
strain may evolve during the season (as most of the population would have no immunity to such a new
strain). This is called “strain replacement”. People may even be infected with both strains during
a season because the crossreactive immunity for both strains is short-lived. See Furuse & Oshitani
(2016) for a recent paper on this topic.
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Zarnitsyna et al. (2018) write a SIR model allowing for strain replacement and surprisingly conclude
that intermediate levels of vaccination coverage may minimize seasonal influenza outbreaks. Repeat
their results and study how the size of the total epidemic depends on the fraction of people that
are vaccinated before the season starts. Martcheva et al. (2008) wrote an earlier review on strain
replacement. A cool paper to discuss during you presentation is Smith et al. (2004), who depict the
evolution of influenza in a 2-dimensional antigenic map.

The group of Rustom Antia recently published a preprint addressing the question why some memories
and long-lived and others short-lived: www.biorxiv.org/content/10.1101/2024.07.23.604867v2.

9 How can ecosystems be diverse and stable?

In the last chapter of the BM-book we discussed several models investigating the relationship between
diversity/complexity and stability. One approach is to fill Jacobi matrices or interaction matrices
by randomly drawn parameters and study whether or not such a random system is expected to be
stable (i.e., have a negative largest eigenvalue). The matrices where typically filled with randomly
chosen positive and negative values, such that the interaction between any pair of species could be
competitive, mutualistic, or predator-prey like. However, all species were given a negative feedback
(by setting the diagonal of the matrix to −1), while this feedback is absent from most of the predator
equations we studied. There are several exercises in the chapter filling Jacobi matrices or interaction
matrices in different ways, and you can use one of these exercises as a starting point.

For instance, Question 10.3 on the Random Jacobian analysis ends with the suggestion to study the
–apparently opposing– results reported by Cui et al. (2021), who repeated the classic analysis while
keeping the total interaction strength per species the same when they increased the connectivity of the
matrix. Highly connected systems would then have smaller off-diagonal elements than lowly connected
systems. Code for this model is provided at the end of the gardner.R script. There is also a very
recent paper from the Complexity center (CCSS) here at UU with similar contradictory results (Mooij
et al., 2024). You could try to contact the authors.

Alternatively, you could compare systems based upon random interactions (addressed in Question
10.4; Roberts), random competitive interactions (addressed in Question 10.5), and the ‘Huisman’
and ‘Scheffer’ exercises (Questions 10.8 and 10.9) who explicitly distinguished between resources and
consumers, and did not allow for direct negative feedback between consumers.

Finally, you could pick up the ‘spatial’ model of Yodzis defined by Eq. (10.17) and study the diversity
of spatial systems while varying the strength of the competition factors from very low to high.

The recent Gellner et al. (2023) and Mooij et al. (2024) papers provide a good start to look for recent
literature on this general topic.

10 Long term effects of vaccination

Holdo et al. (2009) investigate the limiting factors determining the wildebeest population size in the
Serengeti ecosystem in East Africa (see also the primer by Getz (2009)). Possible factors are the
tree cover, which is related to rainfall and frequent fires, disease outbreaks, and competing herbivores
like elephants. They study this by fitting statistical models to long time series (1960-2003). At the
start of this period the wildebeest were vaccinated to rinderpest, and as a consequence the wildebeest
population increased. Rinderpest was eradicated in 2012 and is the second pathogen that went extinct

https://www.biorxiv.org/content/10.1101/2024.07.23.604867v2
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due to our vaccination efforts.

A similar project can be made on the basis of a review paper by Peterson et al. (2014) discussing
several long term cascades in Yellow stone natural park (in a systems with bears and wolves). The
advantage of this paper is that they provide several good time series of the population densities.

See if you can describe the outcome of all these interactions with simple ODE models (there are no
models in these papers). Note that you can introduce environmental variation, like fires, by allowing
for noise on some of the parameters (see the Grind tutorial).

This project requires the development of a relatively large model, with a lot of parameters. Imple-
menting fires is not trivial, and can be done by introducing a stochastic term.

11 Stem cell renewal

Many tissues and populations of cells are maintained by a subpopulation of stem cells. A classic
example is the formation of several populations of circulating cells in the blood by a relatively small
population of hematopoietic stem cells (HSCs) in the bone marrow, or the stem cells located deep
in the crypts of the epithelial layer lining the gut. Stem cells are self-renewing cells that (at least
sometimes) divide into two different daughter cells, which is called an asymmetric division. When a
sufficient fraction of their daughter cells remains as a stem cell, the stem cell population can maintain
itself, and provide progeny to the populations of differentiated cells that depend on it. It is unclear
how stem cells regulate the fraction of asymmetric divisions, as at least half of their cell divisions
should give a daughter with stem cell properties. Otherwise the stem cell population declines. The
first question of this exercise is to write a model for the simplest situation where on average half of the
daughter cells remains a stem cell while the other half differentiates. You will see that this fraction
should be more than one half to compensate for the death of stem cells, and hence that it is unclear
how the fraction of asymmetric divisions is regulated.

Lander et al. (2009) developed a novel model for this problem by arguing that the fraction of renewal
divisions giving a daughter with stem cell properties should depend on the density of the population.
This could either be the total density, i.e., stem cells plus differentiated cells, the density of differen-
tiated cells, or the density of stem cells. This is interesting because this entails the population with
at least two density dependent mechanisms, one regulating the fraction of self-renewal divisions, and
another regulating the rate of cell division. They develop a chain of equations where at every level
cells may divide asymmetrically, and Lander et al. (2009) show that the parameters of that system
determine which population in the chain will function as the stem cells for the entire chain. Here we
simplify their model by considering just two populations: stem cells, S, and differentiated cells, D. In
the questions below we ask you to devise a model where both the fraction of asymmetric divisions,
0 < f(D) ≤ 1, and the division rate of the stem cells, g(D) for growth, depends on the density of
differentiated cells. Following Lander et al. (2009) suggestions it would be natural to allow for a larger
fraction of asymmetric divisions, and a higher division rate, when the population is small and the
tissue should be regenerated.

This project is introduced in the book as Question 12.5, and a good way to get started is to make
Question 12.5a–e. Next, the main question is to address if the stem cells acquire novel features
by having two homeostatic mechanisms (one for the fraction of asymmetric divisions and one for
the division rate). For instance, study how rapidly a damaged tissue would be repopulated in the
absence and presence of the two mechanisms. Another question could be if this new mechanism would
reduce the accumulation of mutations in the stem cell population. Lander et al. (2009) also consider
more complicated models where the differentiated cells can also undergo asymmetric divisions. It then
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depends on the parameters of the various homeostatic functions which of the two populations becomes
the stem cell. Implement this and study if and how this affects the results.

This project requires a good combination of understanding equations and performing numerical anal-
ysis.

References

Bagchi, R., Gallery, R. E., Gripenberg, S., Gurr, S. J., Narayan, L., Addis, C. E., Freckle-
ton, R. P. & Lewis, O. T. (2014). Pathogens and insect herbivores drive rainforest plant diversity and
composition. Nature 506, 85–88.

Berngruber, T. W., Froissart, R., Choisy, M. & Gandon, S. (2013). Evolution of virulence in emerging
epidemics. PLoS. Pathog. 9, e1003209.

Boerlijst, M. C., Oudman, T. & De Roos, A. M. (2013). Catastrophic collapse can occur without early
warning: examples of silent catastrophes in structured ecological models. PLoS. One. 8, e62033.

Buss, L. F., Prete, Jr, C. A., Abrahim, C. M. M., Mendrone, Jr, A., Salomon, T., De Almeida-
Neto, C., França, R. F. O., Belotti, M. C., Carvalho, M. P. S. S., Costa, A. G., Crispim,
M. A. E., Ferreira, S. C., Fraiji, N. A., Gurzenda, S., Whittaker, C., Kamaura, L. T., Take-
cian, P. L., Da Silva Peixoto, P., Oikawa, M. K., Nishiya, A. S., Rocha, V., Salles, N. A.,
De Souza Santos, A. A., Da Silva, M. A., Custer, B., Parag, K. V., Barral-Netto, M., Krae-
mer, M. U. G., Pereira, R. H. M., Pybus, O. G., Busch, M. P., Castro, M. C., Dye, C., Nasci-
mento, V. H., Faria, N. R. & Sabino, E. C. (2021). Three-quarters attack rate of SARS-CoV-2 in the
Brazilian Amazon during a largely unmitigated epidemic. Science 371, 288–292.

Cui, W., Marsland, R. & Mehta, P. (2021). Diverse communities behave like typical random ecosystems.
Phys. Rev. E 104, 034416.

De Roos, A. M. & Persson, L. (2013). Population and Community Ecology of Ontogenetic Development.
Monographs in Population Biology . Princeton: Princeton U.P.

Dobson, A., Lafferty, K. D., Kuris, A. M., Hechinger, R. F. & Jetz, W. (2008). Colloquium
paper: homage to Linnaeus: how many parasites? How many hosts? Proc. Natl. Acad. Sci. U.S.A. 105,
11482–11489.

Doekes, H. M., Mulder, G. A. & Hermsen, R. (2021). Repeated outbreaks drive the evolution of bacte-
riophage communication. Elife 10.

Erez, A., Lopez, J. G., Weiner, B. G., Meir, Y. & Wingreen, N. S. (2020). Nutrient levels and
trade-offs control diversity in a serial dilution ecosystem. eLife 9, e57790.

Erez, Z., Steinberger-Levy, I., Shamir, M., Doron, S., Stokar-Avihail, A., Peleg, Y., Melamed,
S., Leavitt, A., Savidor, A., Albeck, S., Amitai, G. & Sorek, R. (2017). Communication between
viruses guides lysis-lysogeny decisions. Nature 541, 488–493.

Furuse, Y. & Oshitani, H. (2016). Mechanisms of replacement of circulating viruses by seasonal and pandemic
influenza A viruses. Int. J. Infect. Dis. 51, 6–14.

Gandon, S. (2016). Why Be Temperate: Lessons from Bacteriophage lambda. Trends Microbiol. 24, 356–365.
Gellner, G., McCann, K. & Hastings, A. (2023). Stable diverse food webs become more common when

interactions are more biologically constrained. Proc. Natl. Acad. Sci. U.S.A. 120, e–2082906176.
Getz, W. M. (2009). Disease and the dynamics of food webs. PLoS. Biol. 7, e1000209.
HilleRisLambers, R., Rietkerk, M., Van den Bosch, F., Prins, H. H. T. & De Kroon, H. (2001).

Vegetation pattern formation in semi-arid grazing systems. Ecology 82, 50–61.
Holdo, R. M., Sinclair, A. R., Dobson, A. P., Metzger, K. L., Bolker, B. M., Ritchie, M. E. &

Holt, R. D. (2009). A disease-mediated trophic cascade in the Serengeti and its implications for ecosystem
C. PLoS. Biol. 7, e1000210.

Hynes, A. P. & Moineau, S. (2017). Phagebook: The Social Network. Mol. Cell 65, 963–964.
Lander, A. D., Gokoffski, K. K., Wan, F. Y., Nie, Q. & Calof, A. L. (2009). Cell lineages and the

logic of proliferative control. PLoS. Biol. 7, e15.
Maldonado-Barragán, A. & West, S. A. (2020). The cost and benefit of quorum sensing-controlled

bacteriocin production in Lactobacillus plantarum. J. Evol. Biol. 33, 101–111.
Martcheva, M., Bolker, B. M. & Holt, R. D. (2008). Vaccine-induced pathogen strain replacement:

what are the mechanisms? J. R. Soc. Interface 5, 3–13.
Mooij, M. N., Baudena, M., von der Heydt, A. S. & Kryven, I. (2024). Stable coexistence in indef-

initely large systems of competing species. Proceedings of the Royal Society A: Mathematical, Physical and
Engineering Sciences 480, 20240290.



Biological modeling 2024-2025, Research Projects: tbb.bio.uu.nl/rdb/bm/Projects/ 10

Noy-Meir, I. (1975). Stability of grazing systems: an application of predator-prey graphs. J. Ecology 63,
459–483.

Persson, L. & De Roos, A. M. (2013). Symmetry breaking in ecological systems through different energy
efficiencies of juveniles and adults. Ecology. 94, 1487–1498.

Peterson, R. O., Vucetich, J. A., Bump, J. M. & Smith, D. W. (2014). Trophic cascades in a multicausal
world: Isle royale and yellowstone. Annual Review of Ecology, Evolution, and Systematics 45, 325–345.

Posfai, A., Taillefumier, T. & Wingreen, N. S. (2017). Metabolic Trade-Offs Promote Diversity in a
Model Ecosystem. Phys. Rev. Lett. 118, 028103.

Rietkerk, M. & Van de Koppel, J. (1997). Alternate stable states and threshold effects in semi-arid grazing
systems. Oikos 79, 69–76.

Sabino, E. C., Buss, L. F., Carvalho, M. P. S., Prete, Jr, C. A., Crispim, M. A. E., Fraiji, N. A.,
Pereira, R. H. M., Parag, K. V., Da Silva Peixoto, P., Kraemer, M. U. G., Oikawa, M. K.,
Salomon, T., Cucunuba, Z. M., Castro, M. C., De Souza Santos, A. A., Nascimento, V. H.,
Pereira, H. S., Ferguson, N. M., Pybus, O. G., Kucharski, A., Busch, M. P., Dye, C. & Faria,
N. R. (2021). Resurgence of COVID-19 in Manaus, Brazil, despite high seroprevalence. Lancet 397, 452–455.

Scheffer, M., Bascompte, J., Brock, W. A., Brovkin, V., Carpenter, S. R., Dakos, V., Held, H.,
Van Nes, E. H., Rietkerk, M. & Sugihara, G. (2009). Early-warning signals for critical transitions.
Nature 461, 53–59.

Scheffer, M., Carpenter, S. R., Lenton, T. M., Bascompte, J., Brock, W., Dakos, V., Van de
Koppel, J., Van de Leemput, I. A., Levin, S. A., Van Nes, E. H., Pascual, M. & Vandermeer,
J. (2012). Anticipating critical transitions. Science 338, 344–348.

Sedio, B. E. & Ostling, A. M. (2013). How specialised must natural enemies be to facilitate coexistence
among plants? Ecol. Lett. 16, 995–1003.

Smith, D. J., Lapedes, A. S., De Jong, J. C., Bestebroer, T. M., Rimmelzwaan, G. F., Osterhaus,
A. D. & Fouchier, R. A. (2004). Mapping the antigenic and genetic evolution of influenza virus. Science
305, 371–376.

Veraart, A. J., Faassen, E. J., Dakos, V., Van Nes, E. H., Lurling, M. & Scheffer, M. (2012).
Recovery rates reflect distance to a tipping point in a living system. Nature 481, 357–359.

Zarnitsyna, V. I., Bulusheva, I., Handel, A., Longini, I. M., Halloran, M. E. & Antia, R. (2018).
Intermediate levels of vaccination coverage may minimize seasonal influenza outbreaks. PLOS One 13,
e0199674.


