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Abstract

Mathematical modelling of biological processes has become an area of high scientific interest.
This field has expanded substantially over the past century and developed a wide variety of
mathematical approaches and biological applications. The complexity of biological systems
requires models taking random effects into account.

This thesis investigates stochastic individual-based models of adaptive dynamics for asexu-
ally reproducing populations with mutation, focussing on the interplay between population
dynamics, mutation rates, and environmental changes. Evolution is driven by linear birth
rates, density-dependent logistic death rates, and mutations occurring along a finite trait
graph. The model partially incorporates time-varying parameters, such as periodic changes
in the environment or drug concentrations, which impact the evolutionary process. We in-
vestigate the behaviour of mutants and their invasion dynamics under small mutation rates
and a simultaneously diverging population size, where environmental changes occur on a
moderately diverging time scale.

The results of the first part (Appendix [A]) provide a detailed analysis of transitions between
evolutionary stable conditions (ESC) in a constant environment. Here multiple mutations
need to be accumulated to cross fitness valleys. The system exhibits metastable behaviour
across multiple time scales which are linked to the widths of these fitness valleys. Introducing
a meta-graph framework of ESCs, we describe the multi-scale jump chain resulting from
concatenated jumps and prove the convergence of the population process to a Markov jump
process that visits only ESCs of sufficiently high stability.

We then turn to the study of periodically changing environments. In the second part (Ap-
pendix, we examine the growth of emergent mutants and their invasion of the resident pop-
ulation with a focus on mesoscopic scaling limits and the effective growth rates of mutants.
The dynamics are influenced by an averaging effect of invasion fitness across different phases
of the environment.

Additionally, we explore the crossing of fitness valleys in a changing environment in the third
part (Appendix , distinguishing two cases: Under the assumption of a strict fitness valley,
we can show that the crossing rates are computed as an average taking into account the
ability to survive. A particularly interesting scenario is the pit stop phenomenon, where
intermediate mutants within a fitness valley experience phases of positive fitness, allowing
them to grow to large sizes before going extinct. This accelerates the traversal of the valley
and introduces a novel time scale in the evolutionary process.
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1. Introduction

This thesis is intended to contribute to an improved mathematical understanding of evolu-
tionary dynamics. To this end, we study a stochastic individual-based model of an asexually
reproducing population, based on the few fundamental mechanisms of Darwinian evolution.
Our primary focus is on the analysis of rare events that can only be observed over large
time scales. Furthermore, we investigate the implications of environmental changes on the
emergence of new traits, the occurrence of rare events, and the whole evolutionary process.

A pivotal role in advancing our understanding of the interplay of ecology and evolution is
played by mathematics, particularly through the formalisation and quantification of inter-
actions between individuals. Biology and mathematics share a long history of at least 200
years [47]. Over the past few decades, the integration of biology and mathematics has led
to significant advancements in understanding complex biological systems [103]. A key area
of interest is local regulation in biological systems, where macroscopic enhancements emerge
from the microscopic interactions of individual components with each other and with the
environment. This becomes of particular relevance in the study of evolutionary dynamics,
where the focus is on how populations adapt to environmental pressures through a series of
changes in traits. Both evolutionary mechanisms of how these changes arise and how certain
traits are selected to be favoured in the overall population are objects of research. Therefore,
mathematical modelling has become an essential tool as it bridges different scales.

The mathematical models used to study these dynamics range from deterministic systems
such as differential equations, to stochastic models including diffusions and Markov jump
processes. The choice of model depends on the specific biological question at hand, with
stochastic individual-based models capturing the detailed behaviour of single individuals
within a population. This class of models forms the foundation of our analyses. While
individual-based models offer valuable insights, they can be computationally expensive, par-
ticularly in large populations. To address this, researchers explore simplified models, such as
deterministic equations or less detailed stochastic processes, to approximate the behaviour
of large systems more efficiently. By analysing these models, they aim to better understand
the long-term evolution of populations.

In order to establish a consistent mathematical theory of evolution, it is essential to link
complex microscopic models with those that offer a more macroscopic perspective. In this
thesis, we make use of a common systematic approach to introduce scaling parameters and
derive macroscopic descriptions as limits of the more intricate models. These limit approx-
imations can hence be applied to improve simulation algorithms for the underlying stochastic
models.

We focus on three scaling parameters: The order of the total population size K, the prob-
ability of mutations px, and the speed of changes in the environment Ag. We consider the
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regime of simultaneously large populations (K " co) and rare mutations (ux “\, 0). The
frequency of mutations varies depending on the rate at which px decays. This can lead to
mutations being either spaced apart, compared to faster ecological dynamics, or overlapping
and competing to invade the population. For the environmental changes we choose an inter-
mediate time scale between those of stabilisation of the resident population and exponential
growth of mutants (1 < Ag < In K). The system can be viewed across multiple time scales,
each of which emphasises different aspects of the evolutionary process. As a result, ap-
proximating the stochastic individual-based model leads to a number of results with various
degrees of resolution as presented in the main part of this thesis.

The interlock of the several effects acting on different time scales is the main concern of
Appendix [A] with a particular focus on metastable transitions. When the evolutionary
process reaches a state in which all possible single mutations are harmful, it appears to
pause. However, the accumulation of several mutations can produce an individual with
higher fitness. Considering a larger time scale, it is possible to escape the metastable state
by crossing a fitness valley. We look at the evolution on a general finite trait graph and
give a precise description of transitions between evolutionary stable states, thereby going
beyond the analysis of toy models. The general underlying trait graph is also the basis
for the analysis in Appendix [B] Here, the focus lies on comprehending the effects of the
changing environment on the emergence and growth of new mutants. In Appendix [C] we
finally examine a combination of both, fitness valleys and changing environments in two
simplified scenarios.

The remainder of this thesis is structured as follows: In Chapter [2] we give a brief introduc-
tion to the history of the biological theory of evolution and present different approaches of
its mathematical modelling. Chapter [ is dedicated to the mathematical model studied in
this thesis. In Section we introduce the individual-based model followed by the scaling
parameters in Section [3.2] Together these sections form the basis for the extensions studied
in the Appendices. Section explains the notion of fitness used in this thesis, while Section
[B-4)is dedicated to a careful overview of the inherent time scales of the model. In Section [3.5]
we show how a changing environment can be integrated into the model. We summarise the
main results in Chapter [ accompanied by a discussion of the further outlook in Chapter
The Appendices [A] [B] and [C] contain the two publications and the preprint that together
form the heart of the work.



2. Approaches of mathematical modelling

2.1. Foundations in Evolution Theory

The most prominent mastermind of the modern theory of evolution is Charles Darwin.
For though some preliminary thoughts were developed by his grandfather Erasmus Darwin
[53, 54] and Thomas Malthus [135], C. Darwin presented a completely new perspective in
his seminal work On the origin of species [51], elaborated in 1839 but published 20 years
later. Therein and in the joint work with Alfred Wallace [52] he laid the cornerstone of our
modern thinking of evolution and speciation as a process driven by the interplay of three
simple mechanisms:

Heredity: reproduction of individuals that pass their traits on to their offspring,

Variation: heredity is not perfect, i.e. sometimes the offspring’s traits vary from those
of its ancestor,

Natural Selection: different traits have different rates of survival and reproduction.

While in the retrospective these ideas seem to be natural and intuitive, they stand in opposi-
tion to what was argued by other savants. Let us mention exemplarily the theory invented by
Lamarck [57], claiming that individuals achieve advantages during their life time which then
are passed on to their descendants. The famous representative here is the giraffe, stretching
to reach the leaves of taller trees and thus, in Lamarck’s view, gaining a small increase of
its neck. Over generations, this should result in the long neck characterising giraffes today.
Although Lamarck’s theory now is outdated, some aspects revive empirically verified in the
field epigenetics and horizontal gene transfer, as we discuss below.

Darwin’s work is based mostly on observations missing the modern techniques, laboratories
and instruments we have at hand. However, his ideas were groundbreaking and foreseeing
in view of our modern theory. For example, the traits to be inherited were described by
a bundle of the morphology and physiological properties of the individuals. This is called
the phenotype. Moreover, to Darwin it was not really clear how heredity works. It was the
abbot and researcher Gregor Mendel who came up with the concept of heredity on the basis
of genes [138, 139]. His empirical studies on peas led him to distinguish alleles and prove
rules on their mixture producing the traits one can observe. In modern language, these rules
of sexual reproduction of diploid organisms are part of what we generally call recombination,
one of the sources of variation. It took more than 100 years until Crick, Watson, Wilkens and
Franklin [85] [165], 168 discovered the material corresponding to Mendel’s theory. The whole
genetic information, the genotype, shaping all features of an individual, is encoded in the
large molecule-strings of the DNA. This is also what allows for heredity as basic mechanism,
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since the DNA is usually copied without major changes during reproduction. However, the
visible phenotype is not fully determined by the genes, but it is compiled by the complex
mechanism of gene expression influenced by the environment surrounding the organism and
regulatory mechanisms acting on the gene, which is analysed in Epigenetics.

Besides recombination, there are at least two other sources of variation. A key role is
played by mutations. These errors arising during DNA replication can produce truly new
features and hence enrich the pool of genes, instead of only rearranging what is available
(cf. Hardy-Weinberg principle). Thus mutations are crucial for the adaptation of species to
environments that permanently undergo changes.

Last but not least, let us mention that some organisms (e.g. bacteria) have the ability to
interchange genetic material during their lifetime. In a figurative sense, this phenomenon,
called horizontal gene transfer (HGT), corresponds to some ideas of Lamarck. For example,
if a bacterium has by chance the resistance against a particular antibiotic, it can transfer a
copy of the coding gene to a neighbouring bacterium, when triggered by the environment.
Hence the latter individual gained a new beneficial feature during its lifetime, which is then
inherited by its descendants.

The third component of Darwin’s explanation of evolution, the natural selection, leads the
random forces of variation in some direction and hence shapes the evolutionary process. It
can be divided into two aspects. The fitness, meaning the ability to survive and reproduce,
is on the one hand determined by the adaptedness to the environment. If an individual has
a strong need for unavailable resources it may have a small survival probability, whereas a
well-adapted organism with a high fertility is likely to populate most of the available habitat.
On the other hand, individuals interact with each other, either through the environment by
the competition for resources (nutrients, water, light, space, etc), which turns out to be
crucial to explain the limits of growth (cf. Section . Moreover, the interactions can
be immediate in dependent relations such as the asymmetric predator-pray or parasite-host
relation or mutually beneficial relations of cooperation or symbiosis.

Although Darwin’s theory, that is often summarised by the principle survival of the fittest,
already covers the key aspects of evolution theory its beauty should not hide the fact that
evolution is still a highly complex process challenging us with many open problems on various
levels. To bring it to one single question: How do all the chemical processes on subcellular
level interact and lead to macroscopically observable speciation in the long run?

Since Darwin, a broad theory of evolution partially answering these questions has been es-
tablished. In the following, we outline some of the contributions of different mathematical
approaches, each of which aims to explain particular aspects of the fascinating phenomenon.
For example, the accumulation of variations can be traced back to be the origin of evolu-
tionary jumps and branching. Additionally, it is of no minor interest how the environment,
which itself is not constant, influences the genotypic evolution and the phenotypic expres-
sion. Though mathematical models are always simplifications or approximations of the real
world, the formalisation to abstract problems allows to understand the complex mechanisms
on multiple scales and gives insights into the inter-scale dependencies.



2.2. Population dynamics

Before turning to the mathematical models, let us mention Mukherjee’s textbook [144] as a
great reference on the history of modern theory of evolution. Moreover, the Encyclopedia
Britannica [5] covers different aspects in more detail.

2.2. Population dynamics

One of the oldest directions of biomathematics is population dynamics. It aims to analyse
the ecological forces generated by the interactions between different species and its origin
can be traced back to the end of the 18th century. In [I35], Malthus worked out the contrast
of population growth following geometric orders and the limited resources of arithmetic
order. Notwithstanding the political and socio-ethic conclusions Malthus deduced, his theory
pointed out the importance of competitive interaction as a strong force of ecology. Therefore,
the first mathematical expression for the dynamics of the population size is the ODE of
logistic growth

n(t) = rn(t) —en?(t),  t>0, (2.2.1)

where r denotes the expected net growth, i.e. the difference between birth and death rates,
and ¢ parametrises the strength of competitive pressure two individuals exert on each other.
Let us remark that the function n : Ry — Ry has to be seen as the (rescaled) mass of the
population rather than counting single individuals. In fact, we can identify n to be a scaling
limit of an “infinite” population (cf. Section . In this simple case of a monomorphic
population (i.e. consisting of individuals all of which have the same trait) and under the
assumptions of 7 > 0 and ¢ > 0, one can easily identify the two fixed points 0 and r/c, the
first one unstable and the later one a stable and globally attractive equilibrium.

Turning to the joint ecological dynamics of multiple different species, what we call poly-
morphic populations, directly brings us to the work of Alfred Lotka [I30] and Vito Volterra
[164]. Considering a finite set V' of different traits, they studied the natural generalisation

of BT,
Ny (t) = ny(t) <7’U — Z cuwnw(t)) , t>0, veV. (2.2.2)

weV

Named Lotka-Volterra equations (LVE) after their investigators, these systems display quite
different behaviour depending on the parameters; besides the case of the competitive LVE
(cow > 0), the predator-prey system (V = {1,2},71 < 0,r2 > 0,¢12 > 0,¢21 < 0 and
c1,1 = c2.2 = 0) has gained some popularity due to its periodic solutions.

In the further course of this work, the Lotka-Volterra equations and in particular their
(stable) equilibria play a crucial réle. However, the stability analysis becomes a major
challenge for populations consisting of more than two different types. Already for the three-
dimensional case, Zeeman lists 33 different scenarios [172] and in dimension |V| > 5 on can
show that the system can exhibit arbitrary complex behaviour in the long term [159].

To get a comprehensive overview of the approaches of population dynamics the readers are
referred to the monograph of Hofbauer and Siegmund [102].
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2.3. Populations genetics

The main objective of population genetics is the understanding of genealogical structures
and the changes of gene frequency. Laying the emphasis on heredity, ecological interactions
of individuals are usually ignored. An overview of the early theory is given in [67], whereas
[77, [74] provide also some modern perspectives.

The mathematical rigorous investigation of the concept of heredity started with the redis-
covery of Mendel’s work in the beginning of the 20th century by Ronald Fisher [80], Sewall
Wright [169] and John B.S. Haldane [97]. An elementary model, that can be seen as the
corner stone of many models studied today is the Wright-Fisher model. It considers a pop-
ulation of constant size N and time is counted in discrete generations. Each individual of
a new generation independently choses a ancestor at random from the previous generation
to inherit its trait. To link this model to empirical observations let us take a look on the
long-term experiment initiated by Lenski [128]. Its protocol is the following: After bacteria
could grow and populate the whole medium over night, in the morning a laboratory worker
takes a random fraction of it to be placed on a new medium and each morning the same
procedure. If we ask now for the probability of a single bacterium to carry a particular
trait of the previous generation, this meets exactly the trait frequency before the laboratory
worker put hands on the medium.

Despite the fact, that the Wright-Fisher model seems very simplified, it exhibits a central
paradigm. It is a meutral model since it does not contain any bias, but the probability
of receiving a certain trait is exactly its frequency in the previous generation. One can
thus show that the time evolution of the frequencies is a martingale. This is in accordance
with the Hardy-Weinberg principle [98, [167] stating that in infinite populations with no
selection, the allele frequencies remain constant. Then again, due to random fluctuations,
one can determine a genetic drift driving the finite population towards the states of genetic
homogeneity. These are the absorbing states since after losing genetic diversity there is no
possibility to regain.

Both of these properties are conserved in the continuous (time and space) analogue, the
Wright-Fisher diffusion. Introduced by Kimura [114] it can be derived from the discrete
model as a diffusion limit if the time is rescaled as |tN |, which was shown by Ethier and
Norman [76].

Since the Wright-Fisher model laid the cornerstone, many extensions and generalisations
have been developed. The continuous time equivalent preserving the finite number of indi-
viduals but allowing for exponential distributed inter-generation times is the Moran model
[143]. The Cannings model [38, B9] is in some way a joint extension, as it can mimic both.
Building up on the classical discrete generation model, it allows for more general offspring
distributions. The only assumption is the exchangeability of the offspring distribution to
keep the mean trait frequencies constant. Again, as an infinite population limit, but this
time from the Moran model, the Flemming-Viot model is deduced [82].

Changing the perspective, the above models and their variations can also be studied back-
wards in time along the ancestral lines. This analysis of the genealogical tree structure leads
to coalescent processes. The first one to mention is the one introduced by Kingmann [I15], as
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it is the natural time-reversal to the Moran model. Here each pair of lineages is assigned an
exponential clock, when the first clock rings these two lineages coalesce and are treated from
now on as a single lineage. Corresponding to different forward in time models one derives
various backward in time processes. They differ in the rate of and the nature of mergers:
Namely the A-coalescent allows multiple lineages to merge and in the Z-coalescent different
mergers may happen simultaneously. A particular process to mention is the Bolthausen-
Sznitman-coalescent as it is not only some example of the A-coalescent, but turns out to be
a universal scaling limit of spin glass models of statistical physics. We refer to [12] for an
insightful introduction to this field. Let us just mention that this is a vital field of active
research bringing out new models integrating further aspects as for example the Brownian
spatial coalescent [I17] or the weak and strong seedbank coalescent [17].

To understand evolution, it is necessary to overcome the inherent problem of constant allele
frequencies, stated in the Hardy-Weinberg principle. As already Darwin proposed, one has
to integrate the two missing mechanisms: variation and selection. Mutation allows for an
enrichment of the pool of genes. In the models of constant population size, this can be
implemented in the following way: At a randomly chosen time, a single individual is affected
by a mutation event and henceforth has a new trait, which was not present before. Selection
can be included in the form of a bias to not choose parents uniformly at random but to
favour some of which we then call to be of higher fitness. Backwards in time, this yields
the ancestral selection graph [147] and the ancestral recombination graph [2], if one includes
also recombination as a source of variation. Let us point out that this kind of selection does
not rely on true interaction of the living individual but relies on a fixed fitness landscape or
adaptive landscape [170], which comes with a clear ordering of the traits. Therefore we cannot
talk about the important phenomena of coexistence and speciation. Instead population is
driven by selection towards (local) fitness maxima which one can escape by chance of the
genetic drift. We come back to this manifestation of metastability when analysing valleys in
the fitness landscape in Appendix [A]

Lastly to mention is that for a long time, the theories of Darwin and Mendel were argued
to exclude each other since Darwin thought about evolution as a continuous process while
Mendel’s work showed the discrete jumps between generations. Eventually, it was Fisher
[80], who laid the basis for understanding that both, Darwin’s and Mendel’s theories, show
two sides of the same coin. The difference was the scale and the otherness of the phenotypic
characteristic they studied. As Mendel’s focus lies on properties determined just by a few
genes, Darwin was interested in features regulated by the interplay of many genes and the
environment. The latter is the main concern of the subfield called quantitative genetics.
It deals with the evolution of phenotypic traits that seem to change gradually. Instead of
giving an extensive introduction to this field, we refer to [36] [79], and emphasise that this
simultaneousness of different scales is one of the key paradigms to understand evolution.

2.4. Adaptive dynamics

Above we outline that population genetics is very good in dealing with heredity, the genea-
logical structure and different origins of genetic variation. It sadly lacks the integration of
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ecological interactions of individuals, which is crucial for a proper description of selective
forces. On the opposite, the models of population dynamics are very sensitive to these de-
pendencies between individuals shaping the development of population size. But as they act
on an initially fixed set of traits to be distinguished, an inherent problem is the missing vari-
ation that would allow an evolution of the pool of genes. Combining the best of both worlds,
adaptive dynamics aims to take a look at the interesting border line of the interplay of ecology
and evolution. Initially invented as an outgrow of evolutionary game theory by Hofbauer
and Sigmund [I01] and parallel contributions of Metz et al. [142] (fitness landscape) as well
as Marrow et al. [I36] (small mutation steps), which laid the spiritual ground, it has was
developed further by Metz et al. [141] (large populations and rare mutations), Dieckmann
and Law [61] (canonical equation) and Geritz [88] [89] (evolutionary branching).

A fundamental idea of adaptive dynamics is that the current population can be assumed to
be close to an equilibrium, determined by the ecological system, when a new mutant appears.
This principle, often referred to as a separation of time scales, is quite debatable as it is not
clear whether it goes in line with real-world observations. But considering the low effective
rate of advantageous mutations and under the reasonable assumption, that the adaptation
towards stability of the macroscopic population is faster than the growth of small mutant
populations, one can still restrict the dependence of the fixation of new traits on its fitness
with respect to a population close to equilibrium. The notion of invasion fitness in adaptive
dynamics is oriented on the population dynamics concept of the initial growth rate of small
subpopulations. But it also integrates the idea of population genetics to measure selective
advantage by the probability of reaching maturity (i.e. producing offspring). Hence fitness
is no longer an absolute quantity but becomes dynamic and dependent on the state of the
entire population due to interaction (see Section . Moreover, the invasion fitness and
the shape of the corresponding landscape may change totally when the outer environmental
conditions change. Let us point out that this notion of invasion fitness landscape has to be
distinguished fundamentally from Wright’s traditional concept of a fitness landscape [166].

Sometimes the adaptive dynamics approach is specified to study the meso-evolution [140)]
meant in the sense that it connects the micro-evolutionary process of the permanent interplay
mutational variation and ecological selection to the macroscopically visible trait substitution.
Crucial to guarantee that really one resident trait is replaced by a more advantaged one
completely, is to assume that once a mutant is strong enough to form a subpopulation
of relevant size, it can fixate in the macroscopic population and long-term coexistence is
excluded. This principle is known as invasion implies fization [142]. Mathematically this
manifests in the trait-substitution-sequence (see below).

The beauty of adaptive dynamics of course comes by the price of some simplifications. In
general, the AD perspective is only interested in observing phenotypes. It usually ignores the
genotypic details as well as the mechanism of sexual reproduction. However, as mating is a
major source of variation and widely spread among many species, some authors successfully
included genetic diploidity, sexual mating-schemes and the Mendelian rules into an AD
model [28] 126, [148]. Moreover, it is an ongoing discussion if mutations can be assumed
as rare events (see Section [3.2.2]). But at least with the focus on advantageous phenotypic
mutations, this is broadly accepted.
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The individual-based model of adaptive dynamics this thesis is based on conceptually relies
on the idea of interacting particles. At its core, it is basically a continuous-time Bienaymé-
Galton-Watson branching process, but it integrates an additional state-dependent logistic
death rate, to take care of the limited resources of the environment and can be seen as an
interaction term of the particles. We hence, lose the classical independent additivity which
usually characterizes the branching processes. However, this leads to non-trivial equilibria
besides extinction or infinite growth one normally deals with in the theory of branching
processes. One often refers to these kind of model to be locally requlated [18], 40, [43], 55l [72),
83, 94, [104], 127, [132]. Moreover, this self-regulation of the population size is what makes a
difference to the Wright-Fisher type models of population genetics as these are often nailed
to have a constant population size over time. Together with the possibility to found new
subpopulations of different traits due to mutation the ecological regulation via competitive
interaction allows for a perceptual adaptation to the environment. This is evolution.

The mathematical foundation of the class of individual-based evolution models can be found
in the works of Bolker and Pacala [24], 25], who were originally interested in the spacial
dispersion of plants. They utilised the particle-wise description to heuristically derive ODEs
Shortly after, Dieckmann and Law [62] enhanced the ODE approach to a stochastic measure-
valued process. This representation, actually introduced to deal with the spatial positions,
turns out to provide the right framework to consider generally infinite trait spaces as well.
Eventually, Fournier and Méléard [83] used Poisson random measures to come up with a
path-wise construction of the process and rigorously proved a law of large numbers that
justifies the former heuristic ODE approaches. Let us emphasise that the convergence of
density-dependent Markov processes to the associated ODEs was proven already thirty years
before by Kurtz [124].

Since this breakthrough, the individual-based population models are the object of extensive
studies by many different authors. Due to its simple and adaptable microscopic description,
multiple extensions aim to cover the variety of biological phenomena. To point out just a few
of them, Champagnat presented the separation of time scales in [40] by the convergence of
the macroscopic evolutionary to a trait-substitution-sequence (TSS). Under the collaboration
of Méléard this could be extended multi-dimensional polymorphic-evolution-sequence (PES)
[43]. Both depict the resulting macroscopic evolution as a jump process between evolutionary
stable states. Moreover, it were Baar, Bovier and Champagnat, who derived the canonical
equation of adaptive dynamics (CEAD) directly as a limit process from the individual-
based model. This equation was heuristically introduced by Dieckmann and Law in [61]
and describe evolution as continuous movement in the trait space, under the assumption
of infinitesimal small mutation steps. Since the driving force of the CEAD is the fitness
gradient, it is natural to ask if evolution stops if we run into an evolutionary singularity, i.e.
if this gradient attains 0. As a rigorous mathematical answer to this question is still part of
current research we take it on in Chapter [5| under the keyword of evolutionary branching.

Another option of apparent stability is known as fitness valleys [29]. Here the evolutionary
process has reached a local maximum in a fitness landscape, known as evolutionary stable
condition (ESC), and one can see this as a combination of an ecological and evolutionary
equilibrium. In order to escape a couple of mutation steps have to be accumulated until a
trait of higher fitness can invade the resident population. This needs a larger time scale to
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be observed and it becomes a natural question, which ESC is reached under which condition.
We present some answers in Appendix [A] that is dedicated to discover the course of evolution
(cf. [140]) and partially ties in with the concept of adaptive walks and adaptive flights. In
this context, it becomes interesting to explore not only the microscopic and the macroscopic
state of the population. But particular the mesosopic growth in between gives important
insights, as well in the stochastic model [48] as in the analysis of the corresponding ODE
model [32] 44, [120]. This is also the main point of view of Appendix

A very interesting and loosely connected branch that is a topic of recent research aims to take
into account the effects of survival of exponentially small subpopulations. Building on early
PDE results [63] an initial gate was passed by the rigorous derivation of the Hamilton-Jacobi
equation from the individual based model with small mutation steps and high mutation
probability [44].

For a broad and well structured overview of contributions to various aspects of adaptive
dynamics, we refer to the webpage of Kisdi [I16]. As important sources for a detailed
discussion of the history, the ideas and the aims of adaptive dynamics let us point out the
essay of Metz [140] and the thesis of Champagnat [41].

2.5. Further directions

While biological networks are of a highly non-trivial nature also the tools to occupy and
investigate evolve continuously. In the last decades, the field of life science expanded quickly
aiming to explore and decode the complexity of its object of research. We thus know about
the existence of many more interdependences that have an influence on the evolutionary
process. In the following, we delineate how different phenomena have been worked out in
varying depth. Moreover, we give some hints on additional approaches and model classes.

For instance, the variety of mechanisms to regulate, interchange and store genetic information
goes far beyond that of clonal or sexual reproduction with the possibility of mutations. One
additional mechanism is the horizontal gene transfer (HGT), which allows for the interchange
of parts of the genome between individuals during life-time (see [I12]). Particularly archaea
and bacteria are able to perform HGT, which turns out to be important for the transmission
of resistance against antibiotics. covering this an individual-based model has been introduced
in [13] and was further developed in [44]. While this part of the superordinate field of
epigenetics could be reflected well in mathematical models, other aspects like the degree of
methylation [96] [162] or further regulatory factors of DNA transcription wait for a rigorous
mathematical model.

A quite different phenomenon is known as dormancy or the formation of seed-banks. In
general, one means by this the ability of individuals to switch to a phenotypic state of
radically reduced or completely suspended metabolism. Let us point out, that this is not
only a single feature but many species have evolved a huge variety of mechanisms that
allow for a dormant state. Starting from the formation and spread of seeds by plants,
spores of fungus, via the latency phases of infections or cancer cells, up to the adaptive
microbial dormancy of bacteria or other unicellular organisms induced by environmental
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stress. As broad the manifestations of dormancy appear, as broad are also the miscellaneous
mathematical models focussing on different aspects. Let us cite [211, 22} [49] [134] to mention
just a few of them. Since this is a field of recent research interest, that increases rapidly, we
also refer to the map of Blath [16] for a structured overview.

The spatial spread of populations and their forward and backward genealogies are studied
intensively in the context of spatial A-Flemming-Viot processes introduced by Etheridge and
co-authors [8 [73]. We also mention the class of models relying on the partial differential
equation introduced separately by Fisher [8I] and Kolmogorov, Petrovsky and Piscunov
[118]. These are utilized in particular to model how the spatial habitat is populated. We
refer to [122] for a recent applied and to [31] for a more theoretic approache.

Eventually, we like to emphasise that a non-trivial direction is to include the effects of ageing
and memory [161]. One approach are the Hawkes processes [100], which by construction keep
track of (parts of) their history. These are used not only in evolution theory but for example
helpful to model the intercellular network of neuron activation [65]. Another interesting
strategy is presented in [93], where the authors define a structured seed bank that allows to
construct non-exponential (even heavy-tailed) wake-up times but preserves the Markovian
evolution.

Of course, this has to be regarded as a non-exhaustive enumeration. As mentioned before
life-science and mathematical modelling of biological phenomena is a topic of recent interest
and evolves quickly in many directions.
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3. Individual-based models of adaptive
dynamics

3.1. Basic model

In this thesis we study the evolution of an asexually reproducing population. To this aim, we
use a individual-based model of adaptive dynamics, that is introduced subsequently. These
models build the foundation for the work presented in Appendix [A] In Section 3.5 we explain
how we extend the model to the changing environment investigated in Chapters [B]| and [C|
Note that existence of the jump-processes has been shown by Fournier and Méléard [83] via
an explicit pathwise construction of the locally regulated process.

Evolution is observed as macroscopic changes of the population, but its basic mechanisms
(heredity, mutation and selection) act on the microscopic level of the individuals. We there-
fore describe the evolving population by finite but varying number of interacting individuals,
each of them characterized by its traits. These can be interpreted as its geno- or phenotype
and are taken form a finite, discrete trait space V', which in our case comes as vertex set of
a directed graph G = (V, E). The set of edges in F marks possible mutations, meaning that
(v,w) € E if and only if an individual of trait w can be obtained from a v-individual by a
single mutation step.

To each trait we associate a number of biological parameters that describe the dynamics of
the system:

— by, € Ry, the birth rate of an individual of trait v,
— d, € Ry, the (natural) death rate of an individual of trait v,

— cyw € Ry, the competitive pressure imposed by an individual of trait w onto an
individual of trait v,

— p € 1[0,1], the probability of mutation at a birth event,

— my,. € Mp(V), the law of the trait of a mutant offspring produced by an individual of
trait v.

Due to the interpretation of the edge set E as possibilities of mutation, we assume that
My > 0 if and only if (v,w) € E. Moreover, we assume that ¢,, > 0, i.e. there is always
self-competition within a subpopulation of a certain trait. This prevents the process from
explosion and is also biologically meaningful since individuals of the same trait compete for
the same resources.

13
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The original construction of the stochastic individual-based model by Fournier and Méléard
[83] represents the population as a measure-valued process composed of Dirac-measures for
every individual alive. This brings the advantages to be able to deal with traits from an
arbitrary (Polish) space without further complications. However, if the trait space is finite
as in this thesis, it is convenient to reduce to a vector-valued process (N (t)):>0 taking values
in the cadldg space D(Ry,NY), where N,(t) denotes the number of individuals of trait
v € V that are alive at time ¢ > 0. The Markov process is characterised by its infinitesimal
generator

*CQZ)(N) = Z (¢(N + ev) - ¢(N)) (vav(l - :u) + Z wawﬂmw,v>

veV weV

£ (6N — e) — SN, (dv iy cv,wsz> | 511)

veV weV

acting on measurable and bounded functions ¢ : N} — R. Here, e, denotes the unit vector
atveV.

Assuming boundedness of the parameters b, d, ¢ and m, which becomes trivial for the finite
trait space, one can deduce the existence and uniqueness in law of the process [83]. In
fact, Fournier and Méléard give an explicit pathwise construction of the process (N(t)):>0
in terms of Poisson random measures. Since we make extensive use of this representation
to introduce couplings of the original process to classical birth death processes [4], we recall
this description in Sections and The process can also be obtained by an explicit
algorithmic construction for jump processes (cf. [26] [75]). This can also be seen as a instruc-
tion how to simulate the population numerically in terms of a so-called Gillespie algorithm
[90].

3.2. Scaling parameters

The stochastic individual-based model presented in the previous section is designed to emu-
late the basic mechanism of eco-evolution (heredity, mutation and selection). Given this
model, we can follow two distinct paths to deduce meaningful information. One approach is
to statistically fit the model to some application system by estimating realistic input data
(trait graph, parameters, initial condition,...) to eventually run numeric simulations. To
not just get a single possibly unlikely realisation one has to evaluate the model multiple
times and find the a meaningful statistics to summarize the features of interest. However,
simulations of individual-based models can be computationally heavy, which is impractical
for applications. In particular, in our situation this seems not to be promising, as we are
interested in the long-term evolution of the system and would need to run the algorithm for
many iterations.

Instead we aim to analyse the process with mathematical methods, more precisely we prove
a number of limit theorems that provide information on the evolution of the population and
the key points, where the stochastic fluctuations can have a huge impact on the output. To
this end, we introduce three scaling parameters, namely we control the population size by the
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scaling parameter K, the mutation probability by the scaling parameter p and the mutation
step size by the scaling parameter o.

In the following, we outline how these are implemented. The limit of large populations
(K 7 o0) is our central scale of interest and leads to the ecological ODE-system of the
Lotka-Volterra equations. For the limit of rare mutations (x N\, 0), we distinguish various
regimes in relation to the large population limit and the time scales involved. To complete
the picture of the main scaling parameters we shortly introduce the limit of small mutation
steps (o N\ 0), despite it not being considered in the main part of this thesis. Nevertheless,
we comment on to different approaches that lead to the evolutionary ODE, which is the
so-called canonical equation of adaptive dynamics (CEAD).

3.2.1. Large populations

Since the aim is to study evolution, which can be characterised without further specification
as the changes in the composition of a heterogeneous population on the macroscopic scale,
it is natural to study populations constituting of many interacting individuals. Evolution
should not be effected too much by the specific behaviour of single representatives of a species
and these random fluctuations are expected to balance if the total population is large enough.
This is exactly what we observe in the limit of large populations.

The respective scaling parameter K is integrated by replacing the former competition kernel
by the rescaled version

K = Do (3.2.1)

referring to the modified generators by £X and the respective processes by NX, for K € N.
If we take a closer look at the generator given in it becomes clear why this leads to
populations with size scaling linearly with K. Reducing to a monomorphic population, i.e.
the trait space V = {v} is just a singleton, the process is nothing but a logistic birth death
process, which finds its equilibrium at 7 = (b—d)/c. Decreasing the competition by the factor
K~! implies a linear increase of the expected population size. Motivated by the biological
perspective, the parameter K is often called carrying capacity, as it can be interpreted as
the capacity of the environment to support living organisms. The more resources (space,
nutrients, light,...) are available, the less is the competitive pressure between individuals.

In fact, we can make the considerations on the balance of stochastic fluctuations mentioned
above rigorous. Fixing a compact time interval [0,7] and assuming convergence of the
rescaled initial conditions N (0)/K — n(0) € RY, Ethier and Kurtz [75, Chap.11, Thm.2.1]
provide a law of large numbers). The rescaled processes N /K converge almost surely to
the solution (n,(t), v € V, t > 0) of the Lotka-Volterra equations with mutations:

d
anv(t) = (bv(l —p) —dy — Z cvywnw(t)> ny(t) + 1 Z bymywny(t), Yo eV, t>0.

weV weV
(3.2.2)
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These equations and their solutions are objects of intensive analysis on their own. Because of
its deduction from the large population limit, this regime is sometimes referred to as infinite
population. It is of particular interest to study existence and stability of equilibrium points.
Anticipating the rare mutation limit, we can take u = 0 and ignore the last term of ,
which accounts for mutations (cf. Section [2.2). Moreover, it is often useful to not consider
the full system but restrict the search for equilibria to as subset of traits v C V. Associated
to this, we call n € RY an equilibrium state of the mutation-free Lotka-Volterra equations
if and only if

(bv —dy — Z cwwnw) n, =0, Yvev. (3.2.3)

weV

Note, that for both, the components of the solution to the differential equation and the
equilibria, we only consider biologically reasonable values in Ry. If the equilibrium has
value 0 for some trait, we sometimes say that this trait does not belong to the equilibrium.
On the other hand if there exists a unique equilibrium in RY ), we denote by n(v) its extension
to RY by zero. If |v| > 2 and there exists a equilibrium 71(v) € RY, we say that the traits
of v can coexist and call n(v) the coezistence equilibrium. The origin n = 0 is of course
always an equilibrium, but in almost all relevant cases it is unstable, because of some traits
being able to survive (i.e. b, > d,). Under the assumption of positive self-competition (i.e.
cpp > 0), for all traits, the driving vector field builds a kind of barrier if the population
becomes too large. To be more precise, far away from the origin the vector field points
towards 0. This ensures boundedness for solutions to [3.2.2] and we can deduce existence,
uniqueness, and continuity from Lipschitz continuity of the coefficients.

Although there is a good understanding in dimensions d = 1 and d = 2 [40], the analysis of
the Lotka-Volterra equations becomes highly non-trivial in dimensions d > 3 (cf. [I72]).

Let us close the discussion for the carrying capacity by introducing some terminology for
the stochastic model. In the sequel we refer to subpopulations with a size of order K as
macroscopic, while we call populations with a size of order 1 microscopic, and intermediate
sizes of order strictly between 1 and K mesoscopic. The macroscopic traits that are close to
their joint equilibrium size are called resident.

3.2.2. Rare mutations

It is an ongoing scientific discussion what is the actual frequency of mutations [?, [166].
On the one hand the mutation rates per base pair per cell division is generally estimated
to be of order 107 (cf. [33] [I10]). In relation to approximately 3 x 10° base pairs in the
human genome for example, this suggests a large probability of finding a genetic variation
after cytokinesis. There are various works considering a fixed mutation probability [42] [44].
On the other hand a large part of the genome is non-coding. Thus mutations at irrelevant
positions may be much more frequent, but do not change the phenotype. Focussing only
on mutations that actually affect the phenotype, suggests to discuss several regimes of rare
mutations.
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If we simply take the limit p N\, 0 in the stochastic system, it converges to the mutation-free
stochastic model. This case becomes relevant if only ecological forces are aimed to be studied
as in the theory of population dynamics. However, evolution is only possible if mutations
occur.

Therefore, a first approach would be to study the deterministic Lotka-Volterra system in the
limit g N\, 0. As this means a positive mutation probability in an “infinite population”, we
interpret the regime still as frequent mutations. As a consequence Wang, Bovier and Kraut
show in [32] [120] that in finite time every trait in the connected component of the trait space
is populated independent of its mutation distance (i.e. the smallest number of mutation steps
needed in the trait graph) to the resident population. Under rescaling of time by In(1/u)
they show convergence to a deterministic jump process that can be connected to theory of
adaptive walks or flights, respectively. To bound the mutation range, they study in addition
a modified differential equation with an artificial lower threshold of population densities
that can proliferate, to ensure address the problem of population sizes being discrete. As
a consequence this bounds the number of maximally accumulated mutations. Its natural
stochastic correspondence we meet again below in the context of fitness valleys.

To study really a small mutation probability it is inevitable to consider a simultaneous limit
of g N\ 0 jointly with K * co. It was observed first that under the so-called Champagnat
scaling,

e K « g < (3.2.4)

1
KInK’
for some constant C' € (0, 00), mutation events are rare and well separated in the following
sense: The lower bound guarantees the occurrence of mutants before the resident population
deviates too much from the equilibrium. After a mutant population of a new trait is founded
by a single individual, there is enough time either to fixate and grow to a macroscopic size
or to go extinct before the next mutation occurs. The dominating time scale (see Section
is then 1/Kpug and it has been shown the convergence of the macroscopic populations
to Markov jump processes, the trait substitution sequence and the polymorphic evolution
sequence, respectively [40, 43]. Due to the regime of very rare mutations, these cannot
be accumulated. Instead from all possibly fit mutants only the nearest neighbours of the
residents are reached and get the chance to invade.

The accumulation of mutations before invading the resident becomes possible, when we
slightly increase the mutation probability, while still considering a simultaneous limit px \,
0. Therefore, we introduce the power-law mutation probability

px = K a, (3.2.5)

for some parameter a € (0, 00), which is the main regime analysed in this thesis. Note that
for a € (0,1) this coincides with the Champagnat scaling, but for o > 1 mutations are more
likely and we thus refer sometimes to this regime as the scaling of moderately rare mutations.
Depending on the parameter «, we observe multiple mutation steps within time of order 1.
Due to consecutive thinning by the mutation probability one can show, that the population
size of a mutant trait w reached within d(v, w) mutation steps is of order K u?((v’w). Hence, we
can make out a neighbourhood V, (v) around the residents, comprising all traits of mesoscopic
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size. This allows now to also use non-beneficial mutations to be used as intermediate steps
towards a trait of higher fitness. At the same time this phenomenon, which we call the
crossing of a fitness valley, is limited to a number of |a| accumulated mutations. The
individual-based model was studied under this regime first by Bovier, Coquille and Smadi.
In [29] they show first that short fitness valleys of length L < « are crossed in a deterministic
time of order In K (cf. Section . Secondly larger valleys of length L > «, can also be
crossed, but on a much larger time scale 1/K uf( and this time is still random. For more
general trait graphs he first case has been elaborated in [48], while the large fitness valleys
are part of the present thesis.

3.2.3. Small mutation steps

In view of Darwin’s concept that evolution happens gradually and incrementally, it is also
worthwhile to consider a continuous trait space (e.g. compact subsets of R™) instead of the
discrete trait graph. The third scaling parameter o that we can hence integrate into the
model is hence the mutation step size or the size of the evolutionary advantage of a mutant.
The idea of only small changes roots back to diffusion models Fisher already derived in
[80]. Mathematically we implement this by defining a scaled mutation kernel such that the
mutation distance is proportional to the scaling parameter, i.e. given a probability kernel
M (z,dy), we set

[ Mo dg) )y = [ M.y foy)dy, (3.2.6)
Vv 1%

for all x € V and all bounded and measurable functions f : V' — R. If a mutation occures at
a birth event of an individual of trait € V, the new mutant carries the trait x + y, where
y is choosen randomly with distribution M7 (z,dy).

In the theory of adaptive dynamics, this scaling goes along with the important concept
of the canonical equation of adaptive dynamics (CEAD). Heuristically motivated by the
biological assumptions of large population and rare mutations with small effects and the
assumption that no two different traits can coexist, Dieckmann and Law [61] introduced this
ODE. Beside the biological deduction, there are also different rigorous scaling limits of the
individual-based model, which lead to the CEAD to encode the limiting dynamics [7, 43]:

b= /v h () i(z) O f (e, 20)], My, dR). (3.2.7)

The equation describes the continuous evolution of the trait of a monomorphic population in
a fitness landscape driven by the contrary forces of mutation and selection expressed in the
fitness gradient. The notion of fitness f(v,w) used in the equation is introduced in Section
The evolution finally comes to a hold, when approaching an evolutionary singularity,
i.e. a local extreme value in the fitness landscape. In case of a local minimum one can make
some subtle conjectures about evolutionary branching and coexistence.
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3.3. The notion of invasion fitness

Talking about fitness valleys it is inevitable to discuss the different notions that have been
established in mathematical biology. The aim is in general to quantify the ability of subpop-
ulations to survive and establish in a reasonable manner, respectively. One can distinguish
the individual fitness from the concept of invasion fitness that is assigned to a trait. While
the first one is a fixed value describing how well a trait is adapted to its environment without
taking into account the other species alive, the latter one takes into account these ecological
quantities by integrating the interactions between individuals. These questions have been
addressed in the beginning by Metz and co-authors [141, 142] and made precise for the
individual-based model by Champagnat and Méléard [40, [43].

Following their approach, one can define, for each trait v € V the individual fitness by
Ty := b, — d,. This notion is related to classical pure birth-death-processes, if we ignore
competition-induced damping effects. Thus r, reflects the exponential growth rate of such
processes as well as of the corresponding deterministic systems.

To make the advantages of the adaptive dynamics approach work, it makes sense to include
the ecological population state into a evolutionary meaningful dynamic notion of fitness. This
comes somehow natural in the model under consideration by taking care of the competition as
interaction terms between individuals. Moreover, let us utilise the idea of adaptive dynamics
that the population is close to an equilibrium when a new mutant appears. Then we define
for a single individual of trait w € V within a bulk population of traits v C V close to their
equilibrium n(v) its invasion fitness by

fw,v = bw - dw - Z Cw,vﬁv(v)~ (331)

vev

In view of setting . = 0, this can again be seen as the exponential growth rate but
only in a initial stage. If this value is positive the newly founded subpopulation can and
invade the equilibrium population, we therefore refer to f,, v as invasion fitness. Based on the
sign of this invasion fitness of a trait, we can approximate its population either by subcritical
or supercritical branching processes.

In the case of equal competition, i.e. ¢, ., = ¢, for all v,w € V, the two fitness concepts are
strongly connected by the relation f,, , = r, — 7. Hence, r, can be interpreted as absolute
fitness, whereas fy, , is now the relative fitness. Thus it suffices to give a fitness landscape by
the fixed individual fitnesses and a trait w can invade the population of trait v if and only if
rw > 14. For broader discussions see [58], where this is connected to the theory of adaptive
walks and flights.

3.4. Time scales

One of the biggest advantages of adaptive dynamics is to study both ecological and evolu-
tionary dynamics of populations in the same model. However this does not necessarily mean
to observe those simultaneously, but they mostly occur on different time scales. On the one
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Figure 3.1.: The four phases of the invasion of a mutant trait (blue) in a resident trait (grey)
at a distance of d(v, w) mutation steps.

hand the population process covering a certain set of traits of macroscopic population size
evolves fast towards a ecological equilibrium without changing the traits being represented.
On the other hand the interplay of rare mutations and selection allows for a better adapta-
tion to the (outer) environment in the long run by evolution. This intuitive splitting of time
scales also manifests in the individual-based model introduced above and was first shown
by Champagnat in [40]. In the sequel we give an overview of the different time scales being
involved, as a careful analysis shows these are more than two. We explain them in the order
of occurrence in a invasion of a new trait and give some remarks on the mathematical tools
utilised. Figure which is an adapted version of Figure 1.2 in [121], provides a schematic
picture of the population sizes at each phase of the invasion.

3.4.1. Stability of residents

For simplicity let us consider the population process to start near a ecological equilibrium
for the traits supporting the macroscopic population. If this was not the case, we could
first study the equilibration-phase described below. The key tool to control the dynamics
of all other individuals is to show that the macroscopic subpopulations stay close to this
equilibrium for a very long time, unless a new trait reaches a macroscopic size. This goes
perfectly in line with our biological intuition on adaptive dynamics. This is possible, since we
can interpret the subprocess as random perturbation of the underlying ODE-system .
Under use of the theory of Freidlin and Wentzell [86] one can establish a large deviation
principle [66], which yields stability for a exponential long time exp(V K), for some V > 0.
In [7] the authors consider a potential theoretic approach for the long term stability. We
adapt the techniques in the Appendices [B] and [C] to show strong results on the speed of
convergence.

20



3.4. Time scales

3.4.2. Arrival of mutants

Since almost stability of the resident population is now warranted, we use an approximation
by Poisson point processes to monitor the occurrence of mutants. There are order K-
many residents, which each proliferate with linear rate. With probability px a mutation
occurs at a birth event and the child carries a different trait. Hence first order mutants (i.e.
nearest neighbours to the residents) are produces at a rate of order K pug. These individuals
themselves produce mutants at a rate of order Kpu3 of second order mutants. In general,

mutants of trait w are produced at a rate of K ud(v’w), where d(v,w) is the graph distance of
w from the resident set v, i.e. the length of the shortest directed path in G connecting v to w.
Hence, the arrival time for a w-mutant is of order 1/K u%v’w) and approximately exponential
distributed. Depending on the scaling of pux \, 0 we can distinguish a neighbourhood of
v where 1/K ,u?((v’w) < 1, which means that in finite time there are order K ,u;l((v’w) many
mutants present. In our case of the power-law mutation probability px = K ~'/* this is
equivalent to d(v,w) < « and we refer to this neighbourhood by V,(v). Outside of this

region, mutants arrive separately on a the diverging time scale 1/K ,u;l((v’w) > 1.

3.4.3. Mesoscopic growth phase

As long as a mutant does not population become macroscopic, it can be well approximated
by classical birth-death-processes. Depending on the sign of the invasion fitness f,, v these
branching processes are either super- or subcritical. In the later case one can use the results
of Harris, Atherya and Ney [3, 4 [99] to show extinction in finite time. For supercritical
branching processes, the same theory gives us the dichotomy of extinction or fixation with
unbounded exponential growth. Moreover, the probability of fization is quantified explicitly
by (fw,v/bw)+. Because of the exponential growth it takes a time of order In K for a finite
population to reach a macroscopic size e K. The exact growth behaviour has been studied
in [29, 48, [158] a detailed description is provided in the Appendix of [45]. Note that we
also use and refine these results for different scales in Appendix [B]according to the changing
environment.

3.4.4. Macroscopic (re-)equilibration

Once a mutant population eventually reaches a macroscopic size e K one follows the early
approach of Fournier and Méléard [83] to establish a law of large numbers utilising the frame-
work of Ethier and Kurtz [75] [124]. Rescaling the population size by K gives convergence on
finite time intervals to the mutation-free Lotka-Volterra equations with ¢ = 0. Note
that it is crucial, that the initial conditions for the Lotka-Volterra dynamics are of order K,
i.e. non-vanishing when rescaled by K, in order to bound the adaptation time uniformly by
a time of order 1. Hence, also the stochastic system undergoes a rapid change and gets close
to its new (ecological) equilibrium.

Due to the different traits being resident and we have to consider the invasion fitness with
respect to the new equilibrium from now on. In particular the former residents may not be
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fit any longer and thus their population size declines as a subcritical birth-death-process on
the In K-time scale. This is depicted in the last phase of Figure [3.1

3.5. Changing Environment

The key feature we add to our model and investigate in Chapters [B] and [C] is a changing
environment. Our biological motivation is rooted in the simple fact, that the outer forces
shaping ecology and evolution never stand still, but underlay permanent changes on various
scales ranging from dramatic singular catastrophes, like the impact of a meteorite, which
implied the extinction of dinosaurs, to (semi-)regular fluctuations like seasons or the day-
night-cycle. Out of the different scenarios there have been investigated different approaches
to implement these environmental changes into mathematical models. While some works
consider more or less random fluctuations in the environment [19] [64] 111, (125, [134], others
study a shift or a permanent drift [87, 107, [155] or similar to our approach, periodic changes
[37, 145, 160].

Motivated by medical treatment by a regular drug supply, the extension we introduce and
analyse in the following is a deterministic, periodically changing environment. This can
reflect for example the fluctuations of drug concentration in the blood induced by a regular
treatment protocol. For simplicity consider a fixed number ¢ of phases with individual

length T; > 0, for each i = 1,...,¢. By TjE = g:l T; we refer to the endpoints of these
phases. In each phase, we assume the parameters to be constant, so we take birth, death
and competition rates by, dy,, c;, ., for all i = 1,..., £ and all v,w € V. Then we define the

time-dependent birth rates as the periodic extension of

l
by(t) == Ly b (3.5.1)
=1

and analogously for the death rates d,(t) and competition rates ¢, 4, (t).
If we would simply take these parameter functions to define the population process, this
corresponds to a quickly changing environment since it takes place in time of order 1. Instead
we introduce the scaling parameter Ax and set

b () == by(t/Ak), df(t):=du(t/AK), and 5, (t) = cow(t/AK) (3.5.2)
to control the speed of environmental changes. The aim is to make these happen slow enough
such that the resident populations can adapt, but fast enough such that they influence the
growth of mutants. In view of the previous section we choose

l1< Ak <InK (3.5.3)

as an intermediate scale and define for each K € N the time dependent generator of the
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population process
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Again it acts on the measurable and bounded functions ¢ : N§' — R and e, denotes the unit
vector at v € V.

A similar model is introduced in [49] to workout the interplay between changes in the envir-
onment and the effect of dormancy on speciation. In contrast to our constraints, they assume
very slow changes, i.e. Ag > In K. The consequence of this is that the mutants can grow to
a macroscopic size within a single phase of constant parameters and hence invasions add up
to a drift. The accelerated changes of our model instead lead to an inter-phase averaging of
the key quantities and we can deduce some effective growth rates as a weighted average.

Of course, this comes by the price of some involved technicalities in the growth analysis.
For ones, the frequent parameter changes entails a permanent adaptation of the resident
population to its phase-dependent equilibrium. We therefore cannot directly use the stability
analysis of Freidlin and Wentzell explained in the previous section. But we need good control
on the speed of convergence of the probability to get too far from the equilibrium. For the
same reason we improve the convergence result of Ethier and Kurtz partially.

Focussing on the mutant growth the changing environment causes the need to extend the
approxiamtion theory of branching processes of Champagnat, Méléard and Tran [45] on both
time scales. In the time horizon of mutant growth, In K, we show the averaging effects. In
particular the extinction probability turns out to be of non-trivial matter. At the same time
we achieve strong estimates on the growth and decline of a population during a single period.
In combination with the fitness valley the later one turns out to be crucial in the detailed
analysis of a pit stop (cf. Section .
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4. QOutline and main results of the thesis

The main body of this thesis is structured into three interconnected chapters, each of which
can be read independently, though their contents are related. Appendix [A] focusses on the
analysis of the long-term behaviour of the model of Chapter (3| for a fixed (outer) environ-
ment. In Appendix [B] and [C] we decode the effective influences of a periodically changing
environment. While the first two consider a general trait graph, the results of the last part
restrict to a particular setting reflecting the condensed version of a fitness valley. In the
following give some remarks on the genesis of the questions addressed in the thesis and
summarise the content and main results of the three chapters.

4.1. Historic placement and motivation

The individual-based model defined in Section has been the object of intensive analysis
over the last two decades. Step by step different authors were able to work out the interplay
of ecology and evolution on different time scales and for different mutation regimes.

Building on the preliminary works and fundamental ideas of Metz, Geritz, Bolker, Pacala,
Dieckman, Law and coauthors in the 1990s [24] 25] 61, 62, 141} [142] as mentioned before,
Fournier and Méléard introduced the model rigorously in [83]. Moreover, they already proved
convergence to the deterministic Lotka-Volterra-system and the respective equilibria in the
O(1)-time scale.

Under the strong assumption of very rare mutations, Champagnat worked out the splitting
of time scales between ecology and evolution and described the several phases of invasion
we discuss in Section in [40]. Therein and later under collaboration with Méléard in
[43], it was given a shown convergence of the population process on the time scale 1/K g
to the so-called trait substitution sequence (TSS) and the polymorphic evolution sequence
(PES), respectively. Both are Markov jump processes with the state space consisting of the
Lotka-Volterra equilibria between different traits. Due to the regime of very rare mutations,
the limiting processes are driven by fit mutant traits only in the direct neighbourhood of the
present resident traits.

After Smadi gave some insights on the exponential growth of mutant populations in [158] and
together with Billard in [I4], the joint work of her, Bovier and Coquille [29] worked out the
splitting of invasion time scales for the power-law mutation regime for a simplified linear trait
space. As explained in Section traits that are close enough to the residents (by means
of mutations to be accumulated) are immediately present with a non-vanishing number of
individuals. Therefore, fit subpopulations start growing approximately exponentially and
reach a macroscopic size in time of order In K. Otherwise, if there is no fit mutant in the
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accessible neighbourhood, the process gets stuck in a so-called evolutionary stable condition
(ESC). In order to escape one has to wait for a fit mutant to appear outside of the accessible
neighbourhood. This requires a time of order 1/K ,u%(, where L is the length of the so-called
fitness wvalley to be crossed,i.e. the mutational distance to the fit mutant trait. This goes
perfectly in line with the former results for the TSS and PES when setting L = 1. Since on
a macroscopic level, the process stays stable for a long time, while the actual change takes
place comparably fast, this phenomenon can be seen as a characteristic of metastability.

While a general description of the evolution on an arbitrary trait graph for the In K-time
scale was achieved by Coquille, Kraut and Smadi in [48], the corresponding result for the
metastable transitions between ESCs was still missing. Appendix[A]aims at closing this gap
by investigating fitness valleys in general trait graphs. Considering the model extension of a
changing environment introduced in Section Appendix [B| recreates the general picture
on the In K-time scale and Appendix [C] analyses different cases of crossing a fitness valley
on a simplified trait graph.

4.2. A general picture of adaptive dynamics on multiple scales

Appendix[A]studies the individual-based model for fixed environments, where the trait space
is given by an arbitrary finite directed graph G = (V, E). We investigate the full picture of
jumps between evolutionary stable conditions (ESC) in two main results. We first construct
the metastability graph Grsc with ESCs as vertices, and describe the jumps on varying time
scales depending on the stability of the ESC. Fixing a particular time scale then yields the
converges to a Markov jump chain on the so-called L-scale graph G%, which is a collapsed
version of the former one. This appendix was published in the Journal of Mathematical
Biology as joint work with Anna Kraut [69],

M. Esser and A. Kraut, A general multi-scale description of metastable adaptive
motion across fitness valleys. Journal of Mathematical Biology, Volume 89, Number
46, 2024.

Appendix [A] contains the published version, with only minor changes to correct some typing
errors and adapt the layout to the format of this thesis.

Metastability is a phenomenon usually known from the field of (statistical) physics and
chemistry [30]. It describes the situation of systems to seem stable on short time scales and
besides small excursions to return to the same stable state very often. In the long-term
run, however, these systems can be triggered to escape from this trap and rapidly evolve
towards another stable state. Often one can characterize these metastable states as local
minima in the energy landscape and an escape is possible when a critical energy threshold is
reached. The seminal work [29] laid the basis for understanding also evolution as a metastable
process.

In Appendix [A] we follow this perspective and establish the rigorous theory of metastability
for evolution on general trait graphs. While the physical notion of stability is closely related
to the (absolute) energy landscape, this translates to the shape of the (dynamic) invasion
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4.3. The influence of environmental changes on the growth of mutant subpopulations

fitness landscape in the biological world. To each evolutionary stable condition v C V| we
associate a stability degree L(v), which is basically the radius of the surrounding fitness
valley when traits v are resident. The critical event to trigger an escape is the birth and
fixation of a fit mutant at the boundary of the valley. The fast evolution to the next ESC
is then given by the algorithm of [48] on a In K-time scale. The time scale to observe the
metastable transitions 1/ K ,ué(v) depends on the degree of stability and hence varies between
the ESCs. We illustrate this peculiarity in two different results.

In Theorem we show that the exit time of an ESC is approximately exponentially dis-
tributed and we obtain the exact rates R(v). Moreover, if multiple equidistant mutants can
trigger the escape, these are chosen randomly and we compute the respective probabilities.
Considering the ESCs as the vertices of a new graph Grsc, where directed, weighted edges
indicate possible transitions, we can describe the trajectory of evolution in the limit of large
populations K  co as a multi-scale jump chain on this metastability graph. This can be
related to the concept of adaptive walks or adaptive flights (cf. [123]). Those are stochastic
processes that directly study the motion of the macroscopic population on the trait space,
focussing on successful invasions and omitting the microscopic dynamics.

In contrast to this general picture spanning multiple time scales, we present another perspect-
ive in Theorem Fixing a level of stability L and focussing on a particular timescale
1/K % one notices that on the one hand larger valleys L(v) > L cannot be crossed, while
smaller valleys L(v) < L are crossed immediately. This implies, that edges connecting ESCs
of lower stability get concatenated and contracted, but those starting in ESCs of higher
stability get removed. The metastability graph hence collapses to a L-scale graph G¥. And
we can deduce convergence to a Markov jump process N'Z. Since the construction of the
meta-graphs Gesc and GY from the fitness landscape on the original trait graph is a bit
involved, we provide a detailed explanation in Section together with some examples,
which exhibit an interesting behaviour.

Particular difficulties we have to overcome in the proofs lie in the fact, that circles and
backwards mutations are generally allowed in our trait graph. Heuristically it is clear, that
these do not have a valuable effect on the exit times, because the shorter a mutational path
is, the fewer mutations need to occur at respective small probability ux. We use an inductive
approach over the oriented graph distance from the resident population to make the principle
of the shortest paths rigorous.

A remarkable insight we gain from the complete analyses is that besides Darwin’s principle
survival of the fittest, there comes additionally the survival of the first. By this we mean,
that from the possible mutants, which could trigger the exit from ESC, it is the first one,
who makes it. This is not necessarily the fittest one.

4.3. The influence of environmental changes on the growth of
mutant subpopulations

In Appendix [B] we investigate the growth of emergent mutants and their invasion of the
resident population in the periodically changing environment introduced in under power
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law mutation probability ux = K~ a > 0. Since the growth phase is affected by frequent
changes of the parameters, we are able to extract the effective speed of growth as an aver-
aging of the phase-dependent invasion fitnesses. In addition to a mesoscopic scaling limit
of the orders of population sizes, we deduce a limit result for the sequence of consecutive
macroscopic resident traits that is similar to the so-called trait-substitution-sequence. This
appendix is to appear in Stochastic Processes and their Applications as joint work with Anna
Kraut [71],

M. Esser and A. Kraut, Effective growth rates in a periodically changing environ-
ment: From mutation to invasion. Stochastic Processes and their Applications,
Volume 184, Number 104598, 2025.

Appendix [B] contains the accepted manuscript, with only minor changes to correct some
typing errors and adapt the layout to the format of this thesis.

We give a full characterisation of the limiting process under rescaling of time by In K.
Theorem provides the precise description of the orders of the different subpopulation
sizes in terms of the exponents 3K (t) := In(NX (tIn K) +1)/In K. When K tends to infinity
these converge to deterministic piecewise linear function given by an inductive algorithm.
Moreover, in Corollary we depict the “visible” evolution of the population process,
i.e. the progression of macroscopic traits that dominate the whole system. The results are
parallel to those for the constant environment case in [48]. There are two main differences.
First in the algorithmic description of the limiting functions, one has to replace the invasion
fitness f.,v, which is the key quantity related to the slopes of the functions, by the so-called
effective growth rate f3Y, = S fovTZ /Ty, which is nothing but the weighted average of
the fitness over the different phases of the environment. Second, the characterisation of the
macroscopic evolution is limited to determining the supporting traits since the actual value
of the equilibrium size fluctuates according to the environmental changes.

The proof relies on the inductive approach of [48], the intermediate time steps introduced
there and an analogous approximation by (logistic) birth-and-death processes with and
without migration. However, the changing environment faces us with three main technical
issues, which necessitate different approaches to be fixed.

First, we require a stability result for the resident population in order to be able to ap-
proximate the mutant populations by classical birth-death-processes. However, we cannot
simply apply the large deviations approach that is used in the case of constant parameters
because due to the changes in the environment, the equilibrium sizes of the resident traits
change from phase to phase. Therefore, we must concatenate short times of re-equilibration
and longer sections of stability in alternating sequence for all phases. Since the total time
horizon under consideration includes an increasing number of phase changes in the limit, it
is necessary to get good bounds on the speed of convergence for each approximation as the
sum of a diverging number of failure probabilities still needs to vanish in the end. For the
re-equilibrations we improved the results of Ethier and Kurtz [75], which were also used in
former results. To prove a stability result with sufficiently fast convergence of the probab-
ilities in between parameter changes we decided for a different approach and adapted some
results of Baar, Bovier and Champagnat presented in the appendix of [7] using potential
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theory. Despite these being restricted to monomorphic equilibria they turn out to be very
strong and robust.

A second and somehow minor difficulty is to take the swap from the approximation by
branching process to the law of large numbers at the right time. When a new emerging
mutant becomes macroscopic we have to ensure that the new mutant is in a fit phase to
apply the Lotka-Volterra system. We do so by a careful choice of the utilised stopping times,
which now include conditions on the fitness, and by establishing results on the short-term
growth of the mutant populations.

The third challenge appears in the context of the branching process approximation, where
we have to rework the results of the appendix from Champagnat, Méléard, and Tran’s
paper [45] for the setting of a changing environment. While the adaptation of the results is
straightforward, despite needing a lot of notation, the control over small populations, those
which newly emerge or are close to extinction, turns out to be particularly different. In the
case of a constant environment one utilise the easy extinction probability of simple birth-
death-processes several times. Because of the time-dependent parameters, this is no longer a
helpful quantity. Instead, we prove estimates on these probabilities by a time-discretisation
and an iterative bound for the probability generating function of the corresponding Galton-
Watson process, taken from [4].

4.4. The effect of periodic environments on the crossing of fitness
valleys

Appendix [C] extends the considerations of Appendix [B] by analysing the crossing of fitness
valleys in a changing environment. These occur typically on much larger time scales than
the growth of mutant populations depending on the length of the valley. By examining the
influences of the changing environment carefully on each time scale, we are able to determine
the overall crossing rates of fit mutants and their ability to invade the resident population.
Building on this, we study an interesting variation, which we call pit stop. In this case, an
intermediate trait within the valley has temporary phases of positive invasion fitness. We
observe a significant acceleration of the traversal of the valley and can precisely characterize
the new time scale. This appendix is available as a preprint as joint work with Anna Kraut
70,

M. Esser and A. Kraut, Crossing a fitness valley in a changing environment: With
and without pit stop. Preprint, arXiv:2503.19766.

Appendix[C|contains the preprint, with only minor changes to adapt the layout to the format
of this thesis.

In the context of changing environments, there are different notions of fitness. On the

one hand for each phase i = 1,...,£ there is the classical phase-dependent invasion fitness
Jivo = b —d"—c, 1y, describing the initial growth rate of a new emerging w mutant within

a bulk population of trait v near its monomorphic equilibrium under the parameters given
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for the i-th phase. On the other hand, we determine in Appendix [B] the effective growth
rate fo¥, = S ff,sz /Tr as the waited average, quantifying the growth of mesoscopic
population on the time scale In K. When defining a fitness valley for changing environments,
it turns out to make a huge difference, which of those two quantities we ask to be negative,
despite both preventing mutant populations within the valley from growing to macroscopic

size. In Appendix [C] we therefore investigate two different scenarios.

The first and more restrictive assumption is the so-called strict wvalley. For all traits
v € [1,L — 1] within the valley, we assume the invasion fitness with respect to the res-
ident population at trait 0 to be negative in every phase, i.e. f,ﬁ"o <0Vi=1,...,0. Note
that this immediately implies that also the average fitness f is negative. For the trait L
at the end of the valley we then assume positive average fitness 7", > 0, since this enables
the L-trait already to grow to macroscopic size.

Under these fitness valley assumptions we are able to prove a limit result for the crossing time
TK,, that is similar to [29]. Namely, Theorem shows that the time is approximately
exponentially distributed on the time scale 1/K uf( and the effective crossing rate ReLlclr is
an average of the phase-dependent crossing rates R:. In contrast to the effective growth
rates of Appendix |B| one cannot simply take the weighted average to define R‘zﬁ. This is
because there are time intervals where mutants of trait L at the end of the valley are born
and start growing, due to their positive invasion fitness in this phase ( f/é,o > 0). However,
if the population was founded too late within the fit phase and in the next phase the trait
L is unfit ( }fol < 0), the population size at the phase change is not large enough and the
L-population ’goes almost sure extinct. Note, that this situation is possible since we only

assumed the average fitness of trait L to be positive.

We deal with this difficulty by a careful study of the initial fixation in a time of order v/Ax
and the survival over a full period of length AT, ZE. Under usage of the probability generating
function for time-inhomogeneous branching processes, we characterize a set A C [0, 00) of
admissible arrival times, that allow for a successful invasion. Using the indicator function of

this set as additional filtration finally leads to the proper formula for R‘iﬁ. (cf.|C.2.14).

The second and more intricate kind of fitness valley we summarize under the name valley
with pit stop in Theorem [C.2.3] To avoid further complications we restrict the changing
environment to only two alternating phases. In contrast to the strict valley, we choose exactly
one trait in the more distant part of the valley w € [|a] + 1, L — 1] which is assumed to
have positive invasion fitness in the first phase ( ,})70 > 0) but still forced to have negative
average fitness (f3') < 0). The rest of the valley is of the strict form described in scenario
one. To avoid the entanglement of the set A here, the final trait of the valley shall have
positive fitness in both phases (fi,o’ fg}o > 0).

This little change in the fitness landscape seems harmless but has a significant impact on the
speed of traversal of the valley. Formerly, as analysed in [29] a mutant arriving at trait w
gave rise to a subcritical excursion, i.e. a subcritical birth-death-process, which is well known
to get extinct in finite time almost surely. If a w-mutant is produced in the phase i = 1 this
is no longer the case because of the positive invasion fitness. Instead, this newly founded
population can grow exponentially until the phase changes and it decays until extinction in
the second phase. Note that extinction within one period is guaranteed by fi, < 0. Since
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the population grows for a phase of diverging length 1 < Ax < In K, the peak size is also
of diverging order exp(cAk), where ¢ depends on the arrival time of the first w-mutant and
its fitness. Note that this size is of smaller order, than any power law K7.

As there are now many more individuals alive that have the ability to produce mutants
of trait w + 1, this is much more likely than in the purely subcritical case. Therefore, at
trait w the former thinning induced by px from the subcritical excursion is replaced by a
less restrictive thinning with a probability of order exp(cAx)ur. Inserted in the complete
valley, this yields a significant acceleration of the time scale of traversal. To be precise the
impact is the largest if the w-mutant is born at the beginning of the first phase and its
descendants produce a mutant of trait w+ 1 at near the phase change. Then the peak size is
approximately exp( f&)pTl)\ K)- Since the w-mutants arrive almost uniformly the probability
for this to happen is of order 1/Ag. Hence we see an overall speed-up by exp(fuljjoTl)\K)/)\K.
Moreover, this “typical behaviour” condenses also in the corresponding rate RY**P. Here,
averaging of the two phase-dependent crossing rates splits into the part before trait w and

thereafter (cf.|C.2.17).

In order to make the preceding heuristics rigorous two main challenges have to be addressed.
First, we improve the bounds on the stability of the residents. Besides strengthening the
estimates on the convergence speed, we also refine the bounding tunnel of allowed fluctuations
around the exact equilibrium by replacing the formerly fixed € > 0 by a vanishing sequence
erx \¢ 0. The first result is necessary since compared to Appendix [Bfthe number of phases to
be concatenated increases when enlarging the time scale and hence the time horizon under
consideration. The finer tunnel becomes inevitable because the time scale itself depends on
the invasion fitness and this quantity and its approximations are strongly connected to the
bounds of the fluctuations of the resident population. Unfortunately, this comes at the price
of assuming equality of the equilibrium sizes over both phases (7 = 7). If this was not the
case, one had to take into account the adaptation phases after each change of phases, which
take too long, when the degree of deviation from the equilibrium at the end of adaptation
is too small. However, under this assumption, we can show long-term stability for the finer
€ i -tunnel.

Second, we give a precise description of the growth and decline of the population of the pit
stop trait. Under the use of a basic limit result of [4] and refining the techniques established
in [45] exploiting Doob’s maximum principle, we prove sharp bounds on the population size
during one period. This enables us to finally determine the correct time scale and rate of a
successful crossing of the valley.
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5. Outlook and open questions

It is not a new insight that with every new theory that is proved the number of new emerging
questions exceeds the number of given answers. Subsequently, we present a few of the
topics.

A somewhat intuitive path forward is to combine the ideas given in the three main chapters
in the sense to decode the metastable transitions on general trait graphs for periodically
changing environments. It would be of some interest if one can find a similar metastability
graph and how the phenomenon of pit stops enters in. This requires a careful analysis of the
fitness landscape over the different phases of the environment.

Regarding the environment, it seems promising to consider changes of a more general nature.
We are confident that without too much effort, one can extend the results for piece-wise
constant parameters to periodic, continuous (or even cadldg) parameter functions, which
could bring us closer to realistic scenarios. For the same reason, one could ask for random
changes of the phases, either by random times of changes or more generally to model the
environment by an ergodic Markov chain. While resident stability can likely be ensured
similar to the demonstrated case, the control of the small populations and the decision
about their survival or extinction presents as a non-trivial but highly interesting problem.

There are also various scenarios of less stability for the resident population driven by some
realistic examples. Motivated by the drug-treatment example, we can think of a setting,
where the resident population is also affected by the drug, hence declines and cannot stay
macroscopic all the time. In this situation, the possible mutant populations are no longer
suppressed by the bulk population and thus have a much larger ability to grow and invade
the residents. From a medical point, this is a critical implication of the treatment since the
mutants of the pathogen are likely to adapt better to the drug, in the sense of resistance,
which means over time they become more aggressive.

The results on changing environments presented in this thesis only consider monomorphic
resident populations, due to our different approach to estimating the speed of convergence
for the resident stability. Nevertheless, we are of the opinion that the perturbation results of
Freidlin and Wentzell [86] can be reworked and adapted to extend the results of Appendix
and [C| to polymorphic evolution sequences (cf. [43]).

Furthermore, we would like to relax the assumption of the unique stable equilibria to the
Lotka-Volterra system involving the resident traits and the new mutant. Instead, the differ-
ential equation could approach a stable orbit, such that the resident population is period-
ically changing. Such limit cycles appear in Lotka-Volterra systems of dimension three and
larger [171], for example in predator-prey systems and other constellations of coexistence
like collaboration and mutual interaction. Let us mention the modelling of immunotherapy
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with oscillating cancer-cell and T-cell populations as a relevant application (cf. [I21]). The
tools established in this thesis seem auspicious to investigate the mutation growth in this
context.

Of course, cyclic behaviour can be observed on nearly every time scale and may lead to
interesting (average-)results on higher time scales. Besides the changing environment and
the Lotka-Volterra limit cycles mentioned above, we heuristically discuss a particular case
for a cycle in the metastability graph Grgc in Example [5] in Appendix [A]

A further branch of mathematical biology, which permanently advances is the theory of
dormancy or phenotypic switches in general. This mechanism is studied in full broadness
ranging from models of population genetics and coalescent processes [17] over questions of
fractional time derivatives [I57] in population dynamics up to the spatial dispersal of seeds
and seedbanks in ecological project [131]. It ties in with the modelling of cancer and different
therapies against [I, 35, [84]. A first stepping stone to study the effects of dormancy in the
models of adaptive dynamics is the works of Blath, Tébids [22]. The results on dormancy
and evolutionary branching, which they developed under the collaboration of Paul and Wilke
Berenguer [21] should be extended further to the theory of fitness valleys with larger mutation
probabilities. Let us mention in addition, that there are also contributions on the interplay
of dormancy and changing environment, e.g. [19, 49]. It seems also worth studying this in
more detail regarding the faster environmental time scale of this thesis.

Moreover, let us take a closer view onto an area of adaptive dynamics that seems some-
what disconnected yet. In this thesis, we restrict ourselves to a discrete trait graph. Since
mutations are not only rare but mostly cause only small changes, it is also reasonable to
consider a continuous trait space. Under an appropriate scaling of small mutation steps (see
3.2.3) one can show convergence to the canonical equation of adaptive dynamics [7), 43 [61].
A non-trivial question is if and how one can achieve comparable results within a changing
environment. How does the CEAD depend on the environment and what are the appropriate
scales for environmental changes, mutation probability and mutation step size? Already in
the constant parameter set-up, the simultaneous scaling requires a variety of new methods.
So far there are still subtle heuristic conjectures on the time scale of evolutionary branch-
ing. Their proofs let us expect to open a new window towards a better understanding of
speciation as a key observable of the evolutionary tree.

We close this outlook on rewarding approaches to adaptive dynamics by mentioning a current
and relevant extension of the underlying class of individual-based models. In [154], Popovic
and Véber present a particle-based model for chemical reaction-diffusion processes and proof
a law of large number providing the convergence to an ODE system similar to the Lotka-
Volterra equations. Although the biochemical interpretation of this model is meant on a
subcellular scale, the individual-based population model outlined in Chapter [3| can also be
seen in some sense as a special subclass of this newly established framework, which cannot
hide its mathematical origin. It seems that the transfer of results from the adaptive dynamics
model is not restricted only to the law of large numbers. Particularly, understanding the long-
term behaviour on diverging time scales of these chemical reaction networks is a desirable
aim of further investigation.
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A. Publication: A general multi-scale
description of metastable adaptive motion
across fitness valleys

This appendix was published in the Journal of Mathematical Biology as joint work with
Anna Kraut [69],

M. Esser and A. Kraut, A general multi-scale description of metastable adaptive
motion across fitness valleys. Journal of Mathematical Biology, Volume 89 ; Number
46, 2024. https://doi.org/10.1007/s00285-024-02143-3

We consider a stochastic individual-based model of adaptive dynamics on a finite trait graph
G = (V,E). The evolution is driven by a linear birth rate, a density dependent logistic
death rate and the possibility of mutations along the directed edges in E. We study the
limit of small mutation rates for a simultaneously diverging population size. Closing the
gap between [29] and [48] we give a precise description of transitions between evolutionary
stable conditions (ESC), where multiple mutations are needed to cross a valley in the fitness
landscape. The system shows a metastable behaviour on several divergent time scales,
corresponding to the widths of these fitness valleys. We develop the framework of a meta
graph that is constituted of ESCs and possible metastable transitions between them. This
allows for a concise description of the multi-scale jump chain arising from concatenating
several jumps. Finally, for each of the various time scales, we prove the convergence of
the population process to a Markov jump process visiting only ESCs of sufficiently high
stability.

A.l. Introduction

The theory of evolution aims to understand the adaptation of biological populations to their
environment through mutation and selection. Following the principles originally proposed by
Darwin, it associates to each individual a fitness, which characterises their ability to survive
and produce a growing population. The path of evolution, tracing the types of individuals
that were able to fixate in the population, usually follows a sequence of types of increasing
fitness. However, in many cases the mutational path has to pass through a number of
deleterious or neutral intermediate types in order to reach a type of higher fitness. This
can for example be seen in cancer initiation, where multiple driver mutations need to be
accumulated to induce an outgrowing population [I37]. Other examples are the formation
of complex mechanisms like flagella in bacteria, where only partially functional intermediate
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stages of flagella yield an evolutionary disadvantage but fully functional apparatuses lead to
increased fitness [I52]. See also [59] for a review of empirical fitness landscapes arising in
nature.

When the population needs to cross types of lower fitness in order to reach a fitter type,
many such attempts will be unsuccessful. This is because the intermediate unfit types are
destined to go extinct within a short time and might not produce a new mutant type before
this happens. As a result, the waiting time to cross a valley in the fitness landscape is
much longer than the invasion time of fit mutant types that are directly accessible. Once
a fit type is attained, however, it rapidly fixates in the population. These dynamics, which
can also be analysed in the framework of metastability, as illustrated below, have already
been studied heuristically by Gillespie in the 80s [91]. Since then, fitness valleys have been
studied in a variety of mathematical models, ranging from Moran models [119] [92] to multi-
type branching processes [149].

The model that we want to focus on in this paper is a stochastic individual-based model
of adaptive dynamics, for which Bovier, Coquille and Smadi have studied fitness valleys in
the simple case of a linear trait space [29]. This type of model tracks the sizes of different
subpopulations and - opposed to many others like the Moran model - does not work under
the assumption of a constant overall population size. It is in this aspect closer to branching
processes, where the population size varies over time. However, infinite growth is limited
due to competitive interactions. Moreover, selective advantages of certain traits are not
prescribed by a fixed parameter but arise through these interactions. This is particularly
important for the long-term evolution of the population since the fitness landscape depends
on the current composition of the dominant population and changes over time.

This study of the interplay of ecology and evolution goes back to ideas from Metz and
Geritz (among others) in the early 90s [142]. Shortly after, an individual-based approach
has been proposed by Bolker and Pacala [24] and a rigorous construction was first presented
by Fournier and Méléard almost 20 years ago [83]. Since then, these models have been the
topic of study for scaling limits in a variety of parameter regimes and extensions to the base
model (e.g. [40} 43, [7, 158, 28, 120, [45], 48]). We refer to [27] for a comprehensive overview
of various scaling limits.

To study the typical long-term behaviour of the population, two scaling parameters are
introduced: The carrying capacity K, which scales the order of the population size, and
the mutation probability px, which scales the frequency of mutation events. For large
populations (K — oo) and rare mutations (ux — 0), different mechanisms that change
the state of the population - like mutations introducing a new type or interactions between
individuals that lead to a new equilibrium state of resident traits - act on different time scales.
There are three important time scales in this setting: Ecological interactions between well-
established subpopulations, like the competition for resources, can change the composition
of the overall population within a short time of order 1. This is related to classical Lotka-
Volterra dynamics and leads to equilibrium states between the larger traits. Short-range
mutations and the initial exponential growth of small mutant populations can be witnessed
on a logarithmic time scale of order In K. Finally, long-range mutations - in particular those
that need to traverse a large fitness valley of width L - are quite rare and occur on a time
scale of order 1/K ,u%. The distinction between long and short-range mutations depends on
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the choice of the mutation probability g, where long ranges L satisfy K ,u%{ < 1. To obtain
a non-trivial limit as K — oo, the population size is usually rescaled by K. As a result, only
the established resident traits are visible. Since the ecological changes of these traits happen
very fast in comparison with the other time scales, the limit of the population process yields
a jump process that transitions between different equilibrium states.

The effects of short-range mutations on the In K-time scale have been studied extensively
by Coquille, Kraut, and Smadi in [48]. The authors give a full description of the limiting
dynamics for the scenario of a general finite graph as a trait space. As mentioned above,
the crossing of fitness valleys through long-range mutations (on the 1/K ,u%(—time scale)
has been analysed for a simple linear trait space in [29]. Moreover, the case of very rare
mutations, where even neighbouring traits are regarded as long-range mutations, has already
been studied by Champagnat and Méléard in [40, [43], who showed convergence to the trait
substitution sequence or polymorphic evolution sequence.

The present paper finally closes the gap between the previous works and gives a full de-
scription of the jump processes resulting from long-range mutations on general finite trait
graphs, thus extending the results of [29] to the more general setting of [48]. This general
setting entails that, for a given equilibrium state, there might be several paths to cross the
surrounding fitness valley. Concentrating on the decisive, shortest paths we calculate the
rate of a transition to the next evolutionary stable condition and give the precise asymptotics
in Theorem and Corollary The length of the shortest paths determines the time
scale to cross the valley. Based on this, we introduce the notion of a stability degree L to
classify the equilibrium states. Combining multiple of these steps gives rise to a jump chain
that moves on a so called metastability graph stated in Corollary This graph typic-
ally consists of fitness valleys of different width, which can be crossed on different time scales
of the form 1/Kpu%. Depending on the choice of time scale, only some of these transitions
are possible (valleys of width strictly larger than L cannot be crossed) or visible (transitions
of valleys of width strictly smaller than L are immediate). This leads to different limiting
jump processes in Theorem [A-2.T1]

When long-range mutations are necessary to cross a large fitness valley, the system displays
an almost stable behaviour on shorter time scales but can change its state when waiting a
long time. This type of phenomenon is also known as metastability. It has been studied
mathematically mostly in the context of physics and statistical mechanics (e.g. [46]). How-
ever, the concept is very versatile and can be applied to many dynamical systems, including
models for biological processes. This has for example been mentioned in [29] for models of
adaptive dynamics, and in [56] for population dynamics.

In the former case, as well as in this paper, the role of the traditional physical energy
(landscape) is taken over by the fitness (landscape). Instead of passing a critical state of
high energy, the process has to cross a valley of negative fitness through a sequence of
deleterious mutations. Similarly to the fast dynamics after passing a high energy state, the
adaptive dynamics system quickly attains a new metastable equilibrium once a fit mutant
is reached due to fast exponential growth. The results of [29] and this paper even confirm
classical definitions of the mean time for a metastable transition (e.g. [30]), by proving that
the waiting times for jumps between equilibrium states are exponentially distributed when
considering the correct time scale.
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While single jumps across a fitness valley can be regarded as metastable transitions, the
limiting jump chain can be related to the concept of adaptive walks or flights. Those are
stochastic processes that directly study the motion of the macroscopic population on the trait
space, focussing on successful invasions and omitting the microscopic dynamics (see [123] for
an overview). There are two sources of randomness in adaptive walks: A random fitness
landscape and a random motion towards neighbours of higher fitness, according to some
transition law. Based on these, properties of interest are the distribution and accessibility of
fitness maxima [1506, [150} (10} 1], as well as the time or path length to reach those maxima
[151]. In adaptive flights, transitions are not just possible between neighbouring traits but
from one local fitness maximum to another [I08, [109, 106, 146]. This relates back to the
limiting processes derived in this paper, where the population jumps between equilibrium
states that are surrounded by valleys of traits of lower fitness.

A major difference between the models of adaptive walks/flights and adaptive dynamics
is that the former assume a fitness landscape that is random but fixed in time, while in
the latter case the fitness landscape is dynamic and depends on the current resident traits.
As mentioned before, the notion of local fitness maxima can nevertheless be translated.
Moreover, if equal competition between all traits is assumed in the adaptive dynamics model,
the fitness landscape can again be regarded as fixed. We study this special case in a number
of examples. Overall, the results of this paper can be seen as a validation of certain types of
adaptive walks or flights, deriving their macroscopic dynamics from a microscopic, individual-
based model.

The remainder of this paper is structured as follows: In Chapter [A.2] we rigorously define
the individual-based model of adaptive dynamics, for which we derive our limit theorems.
We introduce key quantities, like the fitness of a trait, and recapitulate the most important
results of [48] that lead to a metastable state on the In K-time scale. Finally, we heuristically
derive the limit behaviour on longer time scales and present the formal convergence results,
starting with a single metastable transition in Section [A:2.3] and treating the full jump
process in Section Chapter is devoted to the discussion of a number of examples
that highlight different aspects of the complicated limiting dynamics in an easy set up. The
proofs of the main results of this paper can be found in Chapter[A.4] A combinatorial result
on excursions of subcritical birth death processes and the complete version of the results
from [48] are stated in Appendix for the convenience of the reader.

A.2. Model and Main Results

In this chapter we introduce the individual-based model of adaptive dynamics and develop
the main results of this paper. After a rigorous definition of the population process and its
driving parameters we give a short overview of the behaviour on the time scales of order 1
and In K in Section [A22.2] Moreover, in this section we derive the key quantities that lead
us to the definition of the notion of an evolutionary stable condition. Our main results on
the transition out of an ESC are stated in Section and we give a heuristic explanation
there. Finally, Section [A:2.4] is devoted to our results on multi-scale jump chains and the
convergence of the population process. For the convenience of the reader, we provide a
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preview of the different time scales and the main results of this paper at the end of Section

A21l

A.2.1. Individual-based model

To study the evolution of a heterogeneous population, we consider a classical stochastic
individual-based model of adaptive dynamics. Each individual of our haploid population is
characterised by its trait, which can be interpreted as its geno- or phenotype. Note that we
assume a one to one correspondence between trait and physical properties. In this paper
we consider a finite trait space that is given by a directed graph G = (V, E). Here, the set
of vertices V represents the possible traits that individuals can obtain. The set of edges F
marks the possibility of mutation between traits.

To each trait we associate a number of parameters that describe the dynamics of the system.
For v,w € V and K € N, denote by

— b(v) € Ry, the birth rate of an individual of trait v,

— d(v) € Ry, the (natural) death rate of an individual of trait v,
— (v, w) = ¢(v,w)/K € Ry, the competition imposed by an individual of trait w onto
an individual of trait v,

— ur € 10,1], the probability of mutation at a birth event,

— m(v,-) € My(V), the law of the trait of a mutant offspring produced by an individual
of trait v.

Here, M, (V) denotes the set of probability measures on V. The parameter K scales the
competitive interaction between individuals. It is called carrying capacity and can be in-
terpreted as the environment’s capacity to support life, e.g. through the supply of nutrients
or space. The way in which the mutation probability ux may depend on K is discussed
below.

To ensure a limited population size and to establish the connection between the possibility
of mutation and the edges of our trait graph, we make the following assumptions on our
parameters.

Assumption 1. For every v € V, ¢(v,v) > 0. Moreover, m(v,v) = 0, for all v € V, and
(v,w) € E if and only if m(v,w) > 0.

The evolution of the population over time is described by the Markov process N with
values in D(R;,NV). NX(t) denotes the number of individuals of trait v € V' that are alive
at time t > 0. The process is characterised by its infinitesimal generator:

5K¢(N) = Z(¢(N + ev) - ¢(N)) (va(’l))(l - MK) + Z wa(w)MKm(wﬂ U))

veV weV

+ 3 (BN = e,) — (N))N, (d(v) + Y K, w)Nw> , (A.2.1)

veV weV
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where ¢ : NV — R is measurable and bounded and e, denotes the unit vector at v € V. The
process can be constructed algorithmically following a Gillespie algorithm [90]. Alternatively
the process can be represented via Poisson measures (see [83]), a representation that is used
in the proofs of our results. Throughout this paper, we assume that all processes NX, K € N,
are defined on a common probability space. We give an example of a joint construction in the
proof of Lemma However, we emphasize that we do not assume a specific dependence
or independence between the different processes in order for our results to hold true.

We want to study the typical behaviour of this process for large populations and moderately
rare mutations. We do not have a fixed population size. However, due to our scaling of
¢ (v, w), the equilibrium size of the population is always of order K. We therefore consider
the limit of the processes (N* /K, K € N) as K — oo and pux — 0 simultaneously in this

paper.

Outlook: In the following sections, we develop the theory to describe the systems behaviour
on various time scales. Since the description of each increasing time scale builds on the
behaviour on previous shorter time scales, we go through these step by step, introducing the
relevant notation as well as previous and new results along the way. To give the reader some
orientation, we provide a brief overview of the time scales and preview the main results:

— During times of order 1, the limiting rescaled stochastic process can be approximated
by the solution of deterministic differential equations of Lotka-Volterra type. These
describe how the larger subpopulations attain an equilibrium state (if existent). Since
we consider the regime of px — 0, mutations cannot be observed on this time scale.

— For moderately rare mutations ux = K ~'/% mutations occur on the time scale 1 /K g
and mutant subpopulations grow from a single individual to a size of order K on the
time scale In K > 1/Kpug. The limiting dynamics on the In K-time scale have been
described in [48]. We provide the heuristics of this result in Section and give the
precise statement in On this time scale, the system evolves until it reaches an
equilibrium state, where there are no fit mutant traits of (graph-)distance at most « to
the resident traits. This state is what we call an evolutionary stable condition (ESC).

— In Section we discuss how, on a more accelerated time scale 1/ K uf- that corres-
ponds to the distance L > « of the closest fit mutant, the process can escape an ESC.
Our first result Theorem [A.2.7]states that the time to produce a new fit mutant outside
of the ESC is of order 1/K uf( and approximately exponentially distributed with a rate
that can be calculated precisely. It moreover states the probabilities to produce specific
mutant types. Corollary deduces that the time to reach a new ESC has the same
distribution as the time of leaving the old ESC and calculates transition probabilities
to reach specific new ESCs. These single transitions between ESC states, which can
be regarded as metastable transitions, are used to define the (directed) metastability
graph Gpsc in Definition [A:2.9] in the beginning of Section [A:2.4] It consists of subsets
of V' that allow for an ESC and the possible transitions between them.

— Since the time scales on which transitions on the metastability graph occur depend
on the distances L between fit mutants and current resident traits, the corresponding
jump chain (characterised in Corollary cannot be obtained as a limiting process
on a single time scale. Instead, if we fix a time scale 1/Kpu%, only transitions of this
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precise distance L are visible in the limit of N® /K as K — oco. Shorter jumps occur
immediately and longer jumps cannot be observed. To describe these dynamics, we
introduce an L-scale graph G¥, consisting of all ESCs that are not left immediately
on the time scale 1/K ,uf( and characterize the limiting jump process on this graph in

Theorem [A.2.17]

A.2.2. Short-term dynamics and frequent mutations

A law of large numbers result by [75] states that, for ux = 0, the rescaled processes N¥ /K
converge to the solution of a system of Lotka-Volterra equations. The study of these equa-
tions is central to determine the short term evolution, i.e. the evolution on a finite time scale,
of the process NX.

Definition A.2.1 (Lotka-Volterra system, equilibrium states, invasion fitness). For a subset
v C V we denote by LV S(v) the system of Lotka-Volterra equations given by

%nv(t) = (b(v) —d(v) — Z c(v, w)nw(t)> ny(t), vewv,t>0. (A.2.2)

wev

By LV E(v), we denote the set of all equilibrium states n € RY, such that

<b(v) —d(v) — Z c(v, w)ﬁw> ny =0, vev, (A.2.3)
wWEV

and by LVE,(v) := LVE(v) NRY, the subset of positive equilibrium states. If LV E, (v)

consists of a single globally asymptotically stable element, we denote it by n(v) and call it

coexistence equilibrium.

For a trait w € V and coexistence equilibrium n(v), we denote by

fw,v) =b(w) — d(w) — Z c(w, v)ny (V) (A.2.4)

VeV

the invasion fitness of w. For a given equilibrium n(v), we call a trait w fit if f(w,v) > 0
and unfit if f(w,v) < 0.

Note that the invasion fitness f(w,v) describes the approximate growth rate of a small
population of trait w in a bulk population of coexisting traits v, in the mutation-free system.
To simplify notation for later purpose, in the case of monomorphic equilibria, i.e. v = {v},
we write

n(v) :==n,({v}) and f(w,v):= f(w,{v}). (A.2.5)

Going back to the stochastic process N¥, it is of interest to study the logarithm of the
population size as K — oo. Only subpopulations with a size of order K are visible in the
rescaled limit of N /K and exponential growth of the absolute population size translates to
linear growth of the K-exponent when studying a logarithmic time scale via et K/ = K*7,
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This makes it easier to describe the limiting dynamics. We therefore define g% = (35),cv,
where

In(1 + NX(t))

K
t) := A2
BX () T ) (4.26)
which is equivalent to NX () = K B5(1) 1. Note that we add or subtract 1 here respectively
to ensure that 3X(t) = 0 if and only if NX(t) = 0. As K — oo, X ranges between 0 and

1.

Remark 1. In contrast to [45], 48], we do not rescale the time by In K in this definition of
BE since we are studying a variety of different time scales.

Based on this definition, we introduce the following subsets of traits.

Definition A.2.2 (macroscopic, microscopic, living and resident traits). 1. Atraitv e V
with exponent 55 is called macroscopic if lim inf oo ﬂf =1.

2. A trait that is not macroscopic is called microscopic.

3. The set of living traits is the set VI, :={v eV :pE > 0}.

iving *

4. A subset of traits v C V is called resident if all v € v are macroscopic and have a
population size close to the coexistence equilibrium 7n(v).

Remark 2. Note that these definitions are time dependent when considering an evolving
population. The macroscopic traits change according to A% (t) and the varying subset of
living traits is denoted by Vli{fing(t). Most of the time macroscopic and resident traits coincide.
A non-resident macroscopic trait is either unfit and will shrink to an order lower than K
within a short time, or it is fit and will therefore induce a change in resident traits according

to the short-term Lotka-Volterra dynamics.

To study multi-step mutations we consider paths on the trait graph G = (V, E).

Definition A.2.3 (paths and distances). We denote a (finite) path on G = (V,E) by
v = (70, ---,7¢) such that v; € V, 0 <i </, and (v;,7i+1) € E,0<i</{—1.
The length of a path v = (Yo, ...,7¢) is defined as |y| = £. We write v : v — v’ as a short
notation for all paths v that connect v C V to v/ C V, i.e. that satisfy vy € v and V| € v,
We introduce the graph distance between two vertices v, w € V as the length of the shortest
connecting path

d(v,w) := min |v|, (A.2.7)

yv—w
where the minimum over an empty set is taken to be co. For two subsets v, v/ C V we define

d(v,v'):= min d(v,?"). (A.2.8)

vevy' ev’

Remark 3. Note that d(v,w) is not a distance in the classical sense, as it may not be
symmetric in the case of a directed graph.
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Along these paths 7, mutants can be produced. A macroscopic trait produces subpopulations
of a size of order Kpug of its neighbouring traits, which then produce subpopulations of a
size of order K u%( of the second order neighbours, and so on. These subpopulations, that
are produced along a path ~, can survive as long as K ,ué( > 1. This motivates the study of
mutation probabilities ux = K —1/a o > 0, where mutants can survive within a radius « of
the resident traits.

Remark 4. We could also study mutation probabilities urx = f(K)K~Y* such that
IIn(f(K))| € o(InK). This would not change the following results. However, we restrict
ourselves to the case of f(K) =1 to simplify notation.

To avoid mutant subpopulations with a size of order K = 1 and to ensure that non-resident
traits are always either fit or unfit we make the following assumptions.

Assumption 2. (i) The mutation probability satisfies g = K~/ for some o € R\ N.

(ii) For each v C V such that LV E,(v) = {n(v)}, it holds f(w,v) # 0, for all w ¢ v.

Remark 5. Both of these assumptions are purely technical. The first one prevents the case
where a fit mutant population of size of order 1 can die out due to stochastic fluctuations such
that fixation in the population becomes random. The second one allows us to approximate
non-resident subpopulations by branching processes that are either super- or subcritical, but
not critical. Note that the second assumption is only required for subsets v that allow for a
unique positive equilibrium state (i.e. such that LV E, (v) contains exactly one element).

Under these assumptions, the evolution of the population on the time scale In K has been
studied in [48]. The authors give an algorithmic description of the limiting evolution of
BE(tIn K) as long as there always exists a unique asymptotically stable equilibrium of the
Lotka-Volterra system involving all macroscopic traits. In the following, we give the
heuristics of this description. For the precise result we refer to Section

Roughly speaking, for a given set of resident traits v at their (coexistence) equilibrium n(v),
every living microscopic trait w € Wijving can grow (or shrink) with rate at least f(w,v).
This is due to the fact that the competitive interaction with all microscopic traits can be
neglected in comparison with this rate. If there was no mutation (i.e. ux = 0), f(w,v)
would be the exact growth rate of w. However, due to incoming mutants from neighbouring
traits, the population size of w is also at least as big as a px-fraction of the population sizes
of its (incoming) neighbours. Since we only consider the order of the population size 3%, the
largest of these influences dominates the asymptotics and a sum of population sizes (coming
from different mutation sources) yields a maximum in the exponent. Overall, we obtain the
relation

BE(tInK) ~ (65(0) + tf(w,v)) v uev:rg(%?w):l <ﬁ£{(t InK)— ;) . (A.2.9)
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Iterating this argument for traits at increasing distance to w yields that, as long as the
resident traits remain unchanged (i.e. traits v stay close to their equilibrium n(v) and no
new traits become macroscopic), % (¢t1n K) converges to 3(t) such that

Bu(t) = max {m(()) (=t fu,v) — d(%w) R (A.2.10)
Here,
. {inf{s >0:3u €V fuls) =L, (' u) € B} if Bu(0) =0, R
0 if 5,(0) > 0.

Once a former microscopic trait w* becomes macroscopic, the population sizes of v U w*
follow the Lotka-Volterra dynamics of to reach a new equilibrium associated to the
resident traits v/ C v U w* within a time of order 1 (if such a new unique equilibrium
does not exist, or in a number of other technical special cases, the algorithm terminates as
described in Section . During this phase, the orders of population sizes 3, do not
change significantly. After the change of resident traits, the population sizes again follow

(A.2.10)), now with the changed fitnesses f(u,Vv’).

This algorithmic description yields a series of successive resident traits. The macroscopically
visible evolution stops as soon as an equilibrium v is reached such that f(w,v) < 0 for all
W € Viving \V. All traits w € V such that d(v,w) < « stay alive due to incoming mutations
but all other traits eventually go extinct according to on the In K-time scale.

This observation leads us to the following definitions (visualised in Figure |A.1]).

Definition A.2.4 (mutation spreading neighbourhood). For a subset v C V', we denote by
Va(v) :={w € V : d(v,w) < a} the mutation spreading neighbourhood of v. The traits at
the boundary of V,, are denoted by 0V, (v) := {w € V : d(v,w) = |«a]}.

Definition A.2.5 ((asymptotic) evolutionary stable condition). (i) A subset v C V and
(orders of) population sizes (3 are called an evolutionary stable condition (ESC) if the
traits v can coexist at a unique globally asympotically stable equilibrium n(v),

fw,v) <0, YVw € Vo (v)\v, (A.2.12)

and

d(v,w)

Buw = (1— )+, VweV. (A.2.13)

(ii) A subset v C V and population sizes (%) x>0 are called an asymptotic evolutionary
stable condition if the traits v can coexist at equilibrium n(v), (A.2.12) is satisfied,

85— (1 - d(v.w)/a)| € O (le) Y € Va(v), (A.2.14)

and there exists a Ko < oo such that BX = 0, for all K > Ky and w € V\V,(v).
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Remark 6. (i) Note that is only a necessary condition for a subset v C V' to be
able to attain an ESC during the evolution of a population. are the orders of
population sizes that unfit traits stabilise at purely due to (multi-step) mutations from
V. guarantees that these will be reached for w € V,(v). To attain an ESC
(v, ), in addition all other traits w € Wiying(7v), that are alive at the time 7, when
the new equilibrium n(v) is reached, have to satisfy f(w,v) < 0. If this is the case,
all traits outside of V,(v) will die out within a time of order In K and will be
reached. Otherwise, if there is a w € Viiying(7v)\Va(v) such that f(w,v) > 0 (the case
f(w,v) = 0 is excluded by Assumption ), its subpopulation is able to grow, will
not die out, and hence not satisfy . The characterization of ESCs is therefore
highly dependent on the state of the whole system.

(ii) Note that the definition of an asymptotic ESC forces the population process to be in
an ESC up to a multiplicative error of order one. That is

NEK = (K(=dvw)/a)e _ 1) % O(1). (A.2.15)

The reason for introducing this error is that, for finite &, N/ might never reach exactly
K(=dv:w)/e)+  This is for example the case if 71,(v) < 1 for some v € v.

By definition, an evolutionary stable condition is surrounded by unfit traits, at least within
an a-radius. This form of a fitness landscape is referred to as a fitness valley and has been
studied in a special case in [29]. Based on this, we introduce a measure for the stability of
a coexistence equilibrium, connected to the width of the surrounding fitness valley.

Definition A.2.6 (Stability degree). For a subset v C V' we define its stability degree L(v)
by
L(v) = {minwevzf(w,v)>0 d(v,w) if v can coexist, (A.2.16)

0 else.

Remark 7. A subset v associated to an ESC satisfies L(v) > a by definition. The evolution of
the population process reaches a final state, independent of the time scale, once the resident
traits satisfy L(v) = oo, i.e. there are no fit traits anymore.

A.2.3. Transitioning out of an ESC and first convergence result

Once an ESC is obtained, there is no further evolution on the In K-time scale. However, as
long as there is a fitter trait that is connected to the resident traits, i.e. that can be reached
along a finite path in G, we can witness metastable transitions on an even more accelerated
time scale. On this time scale, under certain assumptions on the In K-dynamics, we observe
a direct transition from one ESC to another.

In the following, we consider one of these transitions for an arbitrary initial asymptotic
ESC. We split the transition into two phases: In the first phase, a new fit mutant beyond

the fitness valley fixates in the population within a time of order 1/K ,u%((v). In the second
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A. A general multi-scale description of metastable adaptive motion across fitness valleys

phase, a new ESC is obtained, starting with these new initial conditions, which takes a time
of order In K. We assume that v and (8%(0))x>o are an asymptotic ESC. We could also
consider more general initial conditions that lead to an ESC within finitely many steps of
the In K-algorithm in [48], see Remark For the sake of a simpler notation, we stick with
the assumption of starting in an (asymptotic) ESC here.

To consider the first phase of the transition, we introduce the set

Vit (V) ==  argmin  d(v,w) ={w €V : f(w,v) > 0,d(v,w) = L(v)}. (A.2.17)
weV: f(w,v)>0

This consists of all fit mutant traits that are closest to v (visualised in Figure |[A.1]).

Note that Viput(v) N Vo(v) = 0 by the definition of an ESC. It turns out that the traits
Vinut (V) are the only ones that need to be considered for a crossing of the fitness valley since
one of them will be the first new trait to fixate in the equilibrium population. If Vi,u(v) = 0,
i.e. L(v) = oo, there is no fitter trait connected to the resident traits and the equilibrium
associated to v is the final state of the population.

For L(v) < oo, we define the stopping time

TK = inf {t >0:3we V\Va(v) : B5(t) > ;} (A.2.18)

the first time when a new trait reaches a size of order K1/¢, can thus produce neighbouring
mutants within a time of order 1 and influence the subpopulations of other traits.

Remark 8. Note that the name T, ﬁlf( might be a little misleading at first glance. Generally,
we speak of the fixation of a trait within a population as the event that the subpopulation
corresponding to this trait does not go extinct (due to random fluctuations or negative
fitness), as long as the fitness landscape stays unchanged. As this event is determined
by the future progression of the population, there is no precise time point to pin it to.
In particular, whether a trait fixates or goes extinct is not foreseeable at the time point
when the first individual of this trait arises. Therefore, we choose instead the time point
when the subpopulation has reached a size that guarantees non-extinction with probability
1, asymptotically as K — co. We could choose a much smaller size than K¢ for this,
however, this will not influence the event of fixation and only change the stopping time by
a time of order In K, which is negligible compared to the much longer time scale on which
mutants arise. We thus pick the first time when mutants can influence the population size
of other traits.

Our first result describes the limiting distribution of this stopping time TﬁKX.

For a path v : v — Vi (v) such that |y| = L(v), the rate at which a w = () mutant
population arises along this path + and fixates can be derived as the product of several
factors. The rate at which the first trait in v outside of V,(v) arises can be calculated in
terms of the equilibrium population sizes of the traits in V,(v) (see Section [A.4.1]). This
rate then has to be multiplied by the probabilities that all of the following unfit traits on the
path ~ produce mutants of the correct trait before extinction, i.e. during small subcritical
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a € (2,3), flo,v) <0, f(e,v) <0, fle,v) >0

Figure A.1.: Trait graph G = (V, E) with an ESC associated to the non-connected set of
spotted resident traits v. Unfit traits inside the mutation spreading neighbourhood V,(v)
are marked light blue while those outside are dark orange. In this case, the stability degree
is L(v) = 4. Therefore, only the two nearest of the three fit, spiked green traits make up the
set of mutant candidates Viyut (V).

excursions. This yields the rate at which single mutants of trait w arise, which finally has
to be multiplied by their probability of fixating in the population, i.e. of non-extinction.

In order to calculate the probability of mutation during a subcritical excursion, we need to

introduce some notation. For a subset v C V and a trait w € V we define
b(w)

+ d(w) + Z’UEV C('LU, U)ﬁv (V) ’

p(w,v) := ) (A.2.19)

which is connected to the probability of a birth event in the branching process approximating
the growth of a mutant w in a bulk population of coexisting traits v. Moreover, we let

> 20)!
Ao =3 et e AR (A.2.20)

which is the expected number of birth events before extinction in a subcritical birth death
process with birth probability p (related to the expected number of positive jumps in a
simple random walk on N before hitting 0, as explained in the proof of this result in Sec-
tion Lemma . Note that, for p € [0,1/2), one can explicitely calculate that
Ap) = p/(1 —2p) < co. Moreover, the symmetry relation A(p)p = A(1 — p)(1 — p) shows
convergence of the series for p € (1/2,1] as well.

With these definitions, the overall rate of mutants of trait w € Viyu(v) arising along path ~y
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A. A general multi-scale description of metastable adaptive motion across fitness valleys

and fixating in the population is approximately equal to R(v,~)K ,uﬁ((v), where
_ (i )m (i1, %)
R(v,y) = ny(v) [ [] : b(Yia) )M (Va)> VSa)+1)
i=1 ’f(727 V)‘

) L(ﬁ_l)\((. Nm(ys,viet) M (A.2.21)
D At BT 2

Here, the first line is the rate at which the first trait in v outside of V,(v) arises, which
is related to the equilibrium size of trait v|,|. The first factor in the second line is the
probability of producing consecutive mutants during subcritical excursions and the last factor
is the fixation probability of trait w = 7). Note that, as b(vyr(y)) increases, so does
f(vr(vys V) (cf. (A-2.4)), and hence this fixation probability is in fact increasing in the birth

rate b(’yL(v)).

The total rate at which a mutant population of trait w € Vi, (v) arises and fixates collects

all shortest paths that end in w and is approximately equal to R(v,w) uf((v), where

R(v,w):= Y R(v,7). (A.2.22)

Yiv—w
[vI=L(v)

Finally, the total rate at which any mutant population of a trait in Vi,¢(v) arises and fixates,
i.e. the rate at which the population exits the ESC associated to v, is approximately equal

to R(v) ,uf((v) , where

R(v) := Z R(v,w). (A.2.23)

wEVmut(V)
The probability that this population is of trait w € Viu(v) is proportional to the rate
R(v,w).

With these heuristics, we can now state the first main result of this paper.

Theorem A.2.7. Let G = (V, E) be a finite graph. Suppose that Assumption and@ are
satisfied and consider the model defined by with pg = K~-VYVe. Assume that v C 'V
and (BE(0)) k>0 are an asymptotic ESC. Then there exist constants g > 0 and 0 < ¢ < o0
such that, for all 0 < e < &g, there exist exponential random variables EX(e) and EX(e)
with parameters R(v)(1 4+ ce) and R(v)(1 — ce), such that

liminf P(EX (e) < TEKpi™Y) < EX(e)) > 1 — ce. (A.2.24)

K—oo

Moreover, for all w € V', the probability of w being the trait to trigger Tﬁg i

(A.2.25)

lim P (85 (7f5) = 1/a)

K—oo

{R(v,w) JR(V) if w e Viu(V),

else.

48



A.2. Model and Main Results

Remark 9. Note that traits in w € V,(v) do not attain 85X = 1/a before T due to the
assumption that o ¢ N. Therefore the probability in (A.2.25]) is zero for such traits.

Once some w € Vi (V) has reached X > 1/a, the In K-dynamics evolve as described in
[48], initiated with 8% = 1/a and BE = (1 — d(v,u)/a), for u € V\w. These dynamics
are deterministic and in case they do not terminate early and if they lead to a new ESC, we
denote the associated set of resident traits by vgsc (v, w).

Observe that there is no general formula to express vgsc(v, w) in terms of v and w and the
parameters of the system. An interesting case is illustrated in Example

Under the assumption that all traits w € Vi, (v) lead to asymptotic ESCs vgsc(v, w), we
define the stopping time at which one of these asymptotic ESCs is obtained by

T = inf {t >TE :Jw e Vigw(v) :

BE (1) - (1 ~d(visc(v, w)vu))‘ < e

Vu € Vo (vesc(v,w)) : -

Vu & Vo (vese(v,w)) : BE(t) = O}, (A.2.26)

where we pick e = C'/In K for a large enough 0 < C' < oo. Then this definition is precisely
in line with the definition of an asymptotic ESC.

Remark 10. The minimal necessary C' can be made precise using the prefactors of the pop-
ulation sizes in equilibrium, calculated in Lemma We refrain from doing so here as it
is notationally very heavy and does not provide any deeper insight.

Since the time TEI§C —Tﬁl)({ is of order In K, the asymptotics for TﬁKX translate to TEIEC. Moreover,
the transition probabilities from one ESC to another can be expressed in terms of the prob-
abilities of traits w € Vi (v) fixating in the population. For w C V' we define

p(v,w) = Z

wWE Vmut (V)5
visc (v,w)=w

R(v,w)

R (A.2.27)

Example [I] treats a case where this probability is indeed the sum over multiple mutant
candidates w.

We can now state the result on transitions between ESCs as a direct corollary of Theorem
[A2.7]

Corollary A.2.8. Suppose the same assumptions as in Theorem[A.2.7 are satisfied. Moreover,
assume that, for every w € Viu(v), the algorithmic description of the In K -dynamics in Sec-

tion [A.5.3, initiated with

if u=w,

1
((1 _ d(v,u))+ clse (A.2.28)
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does not stop early due to one of its termination criteria and reaches an ESC associated to
some traits vgso(v,w) after finitely many steps. Then, T, — TE € O(In K) and therefore,
with the same constants g9 and ¢ and with the same random variables EX (¢) and EX(¢) as

in Theorem [A2.7,

lim inf P(E (¢) < TEK Y < EX(€)) > 1 — ce. (A.2.29)
—00
Moreover, for allw C V,
Klim P({u eV :BE(TE) >1—cx} =w) =p(v,w). (A.2.30)
—00

Remark 11. (i) Note that Theorem and Corollary only consider a specific
transition from the ESC associated to some v to another ESC. The constants g and
¢ can however be chosen uniformly for all ESCs by reason of the finite trait graph.

(ii) Both results assume that the system starts out in an asymptotic ESC. These are the
natural initial conditions, particularly when a first transition between asymptotic ESCs
has already occurred. We could however allow for more general initial conditions,
as long as they lead to an asymptotic ESC within finitely many steps of the In K-
algorithm.

A.2.4. Multi-scale jump chain and limiting Markov jump processes

Building on the previous description of a single transition step from one ESC to another, we
now want to describe the multi-step transitions between ESCs as a jump chain (v(*®) k>0 Ol
a meta-graph. We first introduce the underlying metastability graph Ggsc, consisting of all
sufficiently stable macroscopic equilibrium configurations, and then describe the dynamics
of the jump chain. Finally, we give a convergence result that derives different Markov jump
processes, depending on the chosen time scale.

Definition A.2.9 (Metastability graph). As vertices for the general metastability graph
Gesc = (Vesc, &esc) we take all sets of resident traits that correspond to an ESC, i.e. that
have stability degree strictly bigger than «, and edges represent possible transitions to other
ESCs. More precisely,

Visc :={vCV:L(v)>a}, (A.2.31)
&osc ={(v,w) : Jw € Vipue(v) s.t. w = visc(v, w)}. (A.2.32)

Recall that vgsc(v,w) stands for the resident traits associated to the new ESC that is
attained at the end of the In K-algorithm being started with resident set v and invading
mutant w € Vit (v). We already assigned to each vertex v € Vgge the exit rate R(v) in

(A.2.23]) and to each edge (v, w) € &gc the transition probability p(v, w) in (A.2.27)).

Using Corollary we can now work out inductively the multi-scale jump chain (v(*¥));>g
on Gesc. To this end, let v(9) € Ve be the resident traits of the initial ESC that the process
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starts in and set TE(g(’jK) := 0. We describe the k™ transition, for k& > 1, conditioned on the

knowledge of v(*~1). We denote the set of closest fit mutant traits by Vn(llfl)t = Vinut (v1),

the width of the next fitness valley to cross by L*) = L(v*~1) and the exit rate by
R®) = R(v*=1). Moreover, we keep track of the time when the first mutant population
fixates and when the next ESC is reached by introducing the stopping times

T = inf {t > T 5 e VL (v L BE (1) > ;} (A.2.33)
TER) g {t S 7053 e v
Vu € Va(vieso (v, w)) : |85 () — (1 B d(VEsc(v(/;—l),w)au)> < ek,
Vu ¢ Vo (veso(vF w)) - B (2) = 0}, (A.2.34)

with ex as in

With this notation, we can now state the result on the k" transition of the multi-scale jump
chain.

Corollary A.2.10. Assume that we constructed the process up to time TE(SEI’K), when the
ESC associated to v(*~1) is obtained, and suppose the same assumptions as in Theorem

are satisfied. Moreover, assume that the In K-dynamics behave as in Corollary[A.2.8,
for every w € V) Then there ewist constants gg > 0 and 0 < ¢ < oo such that, for all

mut*
0 < € < €, there are exponential distributed random variables Eik’K) (e) and g5 (e) with

parameters Rf) () := R¥)(1 £ ce) such that

lim inf P(E*™) (e) < (X — TlE VN g kY < RO () vy > 1 — e, (A.2.35)
—00

Moreover, for all w C V,

lim P({v e V: g (T > 1 —ext = wivFD) = p(vED) w). (A.2.36)
—00

The preceding corollary allows us to construct a limiting random jump chain (v(k)) k>0 on the
metastability graph Gesc. To be precise, given the current state v(#~1) the next ESC v(¥)
is taken at random from Vigc with probability distribution p(v(*=1),.). However, the jumps

take place on varying time scales of type 1/K ,uf((k). The construction is valid until an ESC

is obtained such that some mutant w € Vlfl]fl)t does not induce a unique new ESC, following
the deterministic In K-dynamics. A visualisation of the metastability graph including a
particular realisation of the jump chain is given in Figure

After this general description of the multi-scale jump chain we can now easily elaborate the
true Markov jump process on each time scale. To be more precise, for each stability degree
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4 _

i =

Figure A.2.: Metastability graph Ggsc including a jump chain (vg)g>0, where v
visc (v, w;), for Vinu(v®) = {w1, w2, ws}.

L > «a, we are looking for the limit process of NX(t/Kuk)/K, for K — oo. The support
of this process jumps between sets of coexisting traits of sufficiently high stability degree,
which can only be exited on this time scale. In this context, we define the level sets of equal
stability degree as

St:={vCV:LVE,(v)={a(v)},L(v)=L}. (A.2.37)

Note that, for L > «, a stability degree of L(v) = L ensures that the coexisting traits v
allow for an asymptotic ESC, see Remark [7]

As the state space for the limiting jump process, we introduce the L-scale graph G*, which
is a collapsed version of Gggc. The vertex set consists of all ESCs that are stable enough to
be visible on the respective time scale. Therefore, we set
vh=J st (A.2.38)
L'>L

Note that it is possible that the process jumps into an ESC v € SL/, for L' > L, on the
1/K ,uf(-time scale. However, there is no possibility to escape from those on this time scale,
which means that these are absorbing states.

Edges £V in G¥ represent possible transitions of the limiting process. To construct these, we
study the limiting jump chain from Corollary [A.2.10]

In order to use the corollary and in particular the process (V(k)) k>0, We have to ensure that,
for fixed L > «, this process always reaches an ESC of stability degree at least L in finitely
many steps.

592



A.2. Model and Main Results

Assumption 3.

VvesSt:Pp (Elk: € Nog: L(v)) > L|v(® = V) =1 (A.2.39)

Note that, if this assumption is satisfied for some fixed L, this has no implications for the
validity for different L' # L. This is due to the fact, that only the initial conditions v € S*
are considered. One can easily think of counterexamples where Gggc is non-connected such
that there may be cycles of lower time scale but there is no danger to run into them. For a
broader discussion of the assumption we refer to the Examples [4 and

Remark 12. If the process runs into a cycle or stable cluster on a lower time scale, there are
still possibilities to escape from these by accelerating and looking at higher time scales. The
detailed description of such behaviour is much more involved. This is mainly due to technical
reasons: Errors accumulate in the approximation of each transition step. As long as it is
ensured that the system reaches a (sufficiently stable) ESC after finitely many steps, these
errors can be iteratively bounded to ensure convergence. This however fails if the number of
lower time scale transitions between higher time scale jumps is not bounded. Heuristically,
if one can observe ergodic behaviour on the L’-scale graph, for some L' < L, transitions
out of the ergodic cluster will occur along one of the shortest fitness valleys of width L.
Transition rates will be weighed according to the stationary distribution on states in S
and the transition takes a time of order 1/Kuk. Rather than defining vertices of G as
single sets of coexisting traits in S*, one would then choose communication classes of such
sets in SY' (for possibly multiple L’ < L) that support an ergodic stationary distribution.
Rigorously justifying this argument is a topic of current and future research of the authors.

Now asking for possible jumps in G¥ we have to respect again the principle that jumps on
lower time scales are absorbed in those happening on the 1/K uf(—time scale. This means
that the critical event for a transition starting in v € S* is to escape from v, which needs a
time of order 1/K /Lf{. Compared to that, the subsequent transitions in Grge until reaching
again a state w of stability at least L(w) > L take place in very short time. Therefore we
say that the (directed) egde (v, w) is in £ if and only if L(v) = L and there exists a finite
path T : v = w in Ggse such that L(T;) < L, V1 <1 < |T.

The probability of possible transitions (v, w) € EL is then the sum over all possible paths T
that give rise to this edge, while the probability of taking a particular path is easily computed
as the product of its segments in Gggc.

T

pL(V,W) = Z Hp(I‘i_l,Fi) (A240>
Iiv—ow i=1
L(T;)<L, V1<i<|T|

For an explanatory computation of these probabilities we refer to the Examples [6] and

The transition rate for the jumps on the 1/Ku* time scale are then given by the over-all
rate to escape from v weighted with the transition probability to end in w.

RU(v,w) := R(v)pl(v,w) (A.2.41)
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Now we are prepared to formulate the main result, i.e. the convergence to a Markov jump
process on different time scales.

Theorem A.2.11. Let L > « such that Assumption @ holds true and take v*(0) € VL.
Suppose the same assumptions as in Theorem are satisfied for v.=v¥*(0) and assume
that the In K -dynamics behave as in Corollary for every v € Up/<r, SY and all w €
Vinut(V). Then, for all T < oo, the rescaled process (NE(t/Kuk)/K, v € V, t € [0,T])
converges in the sense of finite dimensional distributions to a jump process of the form

NE(t) = Lyeyrnin(vE (1)), veV, telo,T]. (A.2.42)

Here (vE(t), t €[0,T)) is a Markov jump process on the L-scale graph GF' = (VE,EL), with
transition rates given by (A.2.41)).

Remark 13. (i) We like to point out that Assumption [3[does not exclude the cases where
we have cycles in G¥, i.e. on the time scale 1/K uf{. It only prevents the process from
running into a cycle of lower time scale. We even allow for self connecting edges, i.e.
edges of the form (v, v).

(ii) As shown in [40, Prop. 1] it is not possible to get convergence with respect to the
Skorohod (J1)-topology since this would imply continuity for the limit of the total
mass process, which cannot be true.

A.3. Interesting examples

In this chapter, we present and analyse a variety of examples that aim to highlight different
aspects of the complicated dynamics covered in our main results. The first two examples
are dedicated to single transition steps from one ESC to another, applying the results of
Theorem and Corollary The next three examples focus on the metastability
graph Grge that is constructed in Corollary [A-2.10]and we study two cases that are concerned
with Assumption [3] The final two examples are focussed on applications of Theorem
studying the limiting Markov jump processes on different time scales as well as the L-scale-
graphs GF.

In order to give a manageable and clear description of the dynamically changing fitness land-

scape, we introduce some new notation that helps to simplify the set up of the examples.

Definition A.3.1. We speak of a regime of equal competition if and only if
¢(v,w) = const > 0, for all v,w € V.

This is by no means a necessary assumption to produce the studied phenomena, however, it
allows us to characterise the fitness landscape in a much simpler way. In the case of equal
competition, the invasion fitness of a trait w with respect to a single resident trait v is fully
characterised by

fw,v) =r(w) —rv), (A.3.1)
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where we set 7(v) := b(v) — d(v) as the individual fitness of trait v, i.e. its net growth rate in
the absence of competitive interactions. As a consequence, traits w with higher individual
fitness than the resident v are able to invade the population. Hence, instead of specifying
the invasion fitnesses for all possible resident traits, the fitness landscape is fully described
by the individual fitnesses r(v).

To specify the fitness relations between different traits - in particular in the case of non-equal
competition - we introduce the following notation.

Definition A.3.2. For v,w € V, we write v < w if and only if f(w,v) > 0 and f(v,w) < 0.
Moreover, we write vy, ..., v < w1, ..., w; whenever v; < wj, forall 1 <i<kand 1< j <1

This reflects the case where the equilibrium of the Lotka-Volterra system involving v and w
is the monomorphic equilibrium 7n(w) of w. In other words w can invade the v population
and fixate.

A.3.1. Single transition steps
A first example with multiple mutation paths

Example 1. Let us consider the directed graph G depicted in Figure [A.5 Assume equal
competition and the individual fitness r plotted in Figure . Moreover, let a € (1,2).

Figure A.3.: Trait graph G and fitness landscape in terms of individual fitness r of Example

U
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In this case, the initial resident trait 0 has stability degree L({0}) = 2 > «. This is due to
the fact that traits 1la and 1b are unfit in presence of the resident, while traits 2a, 2b and 2¢
are fit, with connecting paths 4 = (0, 1a, 2a), v% = (0, 1b,2b) and v© = (0, 1, 2¢) of length
2 respectively. Therefore, we have the possible mutant candidates Vit ({0}) = {2a, 2b, 2¢}.
An application of Theorem [A.2.7] yields that we can observe a new fixating trait at rescaled
time T K2, which is distributed approximately as a exponential random variable with
rate R({0}) = R({0},2a)+ R({0},2b) + R({0}, 2¢). The probability for say trait 2b to be the
trait that fixates in the population and triggers the stopping time is R({0},2b)/R({0}).

Asking for the new ESCs, which are reached after fixation, we have to take into account the
subsequent evolution on the In K time scale. This allows for jumps towards traits of higher
fitness, which are in the mutation spreading neighbourhood, i.e. direct neighbours in this
case. Therefore, we end up with

visc({0}, 2a) = {20} visc({0},2b) = {4}, vesc({0},2¢) = {4}. (A.3.2)

In particular, note that {2b}, {2¢} are not ESCs and thus not part of the metastability graph
Grse as plotted in Figure [AT4]

This puts us into the setting where the sum in becomes relevant. In particular,
despite the micro-evolutionary branching from 1b into 2b and 2c¢ in the trait graph G , there
is no such branching on the macro-evolutionary level in Gggc. There, we only observe a
transition from {0} to {4}. Note also that the different path lengths of 2b — 4 and 2¢ — 4
do not matter for the asymptotics of the time Trgc until stabilising in the new ESC. This is
because this time is dominated by the waiting time T, for the first fixation of a fit mutant
trait. Since L({0}) = 2, this time is of order 1/Kp? and thus absorbs the much faster In K
evolution.

Note that, since all transitions between ESCs occur on the time scale 1/Kpu3 here, the
metastability graph Gggc agrees with the 2-scale graph G2.

Figure A.4.: Metastability graph Gsgc and 2-scale graph G2 of Example

An ESC with coexistence

Since in this paper we discuss the occurrence of metastable behaviour in a rather general
setting, we like to point out that Definition explicitly allows for ESCs v that consist of
several coexisting traits. This clearly enlarges the mutation spreading neighbourhood V,(v)
and changes the set of mutant candidates Vit in a non-trivial way.
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Example 2. Let us consider the directed graph G depicted in Figure . Let € (1,2) and
consider a fitness landscape that satisfies

f(0,3), £(3,0) >0, (A.3.3)
f(1,40,3}), f(2,{0,3}) <0, (A.3.4)
f(4,{0,3}), f(5,{0,3}) >0, (A.3.5)

0,1,2,3 < 4,5, (A.3.6)
1,2«0,3, (A.3.7)
f(4,5), f(5,4) <0, (A.3.8)

and allows for no polymorphic coexistence equilibria apart from {0,3}. Moreover, assume
that the unique stable equilibrium of the Lotka-Volterra system involving traits {0,3,4} is
n(4) and the same is true for 5 replacing 4.

¢ O—@—@—0©

® @
Grsc: = G (o) (+)
@ Q> ©)

Figure A.5.: Trait graph G and metastability graph Gesc (which agrees with the 2-scale graph
g2) of Example

Checking for traits that do not have any fitter direct neighbours, and hence do not allow for
transitions on the In K-time scale, the monomorphic ESCs in this case correspond to {0},
{3}, {4}, and {5}. Classical results on Lotka-Volterra systems yield that under assumption
traits 0 and 3 can coexist, i.e. n({0,3}) € R%,. Now the mutation spreading neigh-
bourhood is given by V,({0,3}) = {0,1,2,3}. Apart from the resident traits themselves,
those traits are by assumption unfit with respect to {0,3} and thus {0,3} allows for an
ESC.

Looking for the stability degree and possible mutant candidates, the assumptions on the
fitness landscape imply that

L({0,3}) =2 and Vi ({0,3}) = {4,5}. (A.3.9)
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By Theorem we can observe a fixating mutant population of one of the traits
w € Vinut ({0, 3}) on the time scale 1/K u3-. The corresponding rates are given by

R([0,3}.4) = 7ip({0,31) Lm0 D) oy g g FEA03H o a (A3.10)

| £(1,{0,3})] b(4)
R({0,3},5) = ({0, 3})mb(2)m(2, 5)f<5£),3})’ forw=5 (A3.11)

Note that, although there are also paths connecting 3 — 4 and 0 — 5, only the paths of
shortest length |y| = 2 do have an impact on the above rates.

To conclude this example, we see that both mutant traits 4 and 5 are fit enough to invade
the coexisting resident population. Overall, we obtain the metastability graph Grgc pictured
in Figure which in this case agrees with the 2-scale graph G2. Note that the traits 0
and 3 appear both as monomorphic ESCs, as well as a polymorphic coexistence ESC.

A.3.2. Successive metastable transitions
Self connection in Gesc

By definition of an ESC, the first fixating mutant has a distance of at least |a] + 1 from
the corresponding resident traits. Despite this fact, the In K-mechanism triggered by such
a mutant may lead to a new ESC that is closer to the old one than |« + 1. It can even be
the same and thus give rise to a self-connecting edge in Grgc

Example 3. Let us consider the directed graph depicted in Figure and take o € (1,2).
Consider a fitness landscape that satisfies

I<K2<K4K5xK2, (A.3.12)
1 <2, 3 <4, (A.3.13)
f(1,0), £(3,2), f(3,5) <0 (A.3.14)

and assume that there are no polymorphic coexistence equilibria.

After a first jump from v(©) = {0} to v()) = {2} on the time scale 1/K %, the next fixating
mutant is of trait 4 and arises on the same time scale. The chosen fitness landscape ensures
that it grows and can invade the population of trait 2 within a In K-time. Since a € (1,2),
we obtain a non-vanishing population of trait 5 on the same time scale, which can grow as
soon as trait 4 is the new resident trait. Due to its positive invasion fitness, 5 invades the
trait 4 population. Finally, the same argument applies for an invasion by trait 2, where we
then get stuck in because {2} is an ESC of stability degree L({2}) =2 > a.

Overall, we obtain that
v® = vise ({2}, 4) = {2}. (A.3.15)

In view of Definition this gives rise to the self-connecting edge ({2},{2}) € Grsc,
which is illustrated in Figure
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¢ © () 0
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Figure A.6.: Trait graph GG and metastability graph Ggsc of Example

On Assumption [3]

Since the assumption that prevents the process from getting stuck on a slower time scale is
somewhat involved, we give two examples. First, we illustrate in Example[d] that Assumption
[l may hold true even if there is a cycle in the metastability graph Grgc. Second, we slightly
modify the trait graph G and the fitness landscape to get Example [5] where Assumption
is not satisfied, and explain why this leads to difficulties.

Example 4. Let us consider the directed graph depicted in Figure . Let o € (0,1) and
constider a fitness landscape that satisfies

0<2<3<4<6, (A.3.16)
1«2, 5 < 6, (A.3.17)
3T, (A.3.18)

( )

f(1,0), f(5,4) <0
and assume that there are no polymorphic coexistence equilibria.
Let us first remark that, because of o € (0,1), we are in the regime of the trait substitution

sequence (cf. [40]). This means that we can neglect the In K-algorithm. In particular, if
v < w, for some w € Viput({v}), then vesc({v}, w) = {w}.

With this knowledge, let us construct the jump chain step by step. The first two jumps are
determined easily, noting that

v = {o}, L({0}) =2, Vi ({0}) = {23, (A.3.20)

For the third jump, there are two possible triggering mutants. If trait 7 fixates first, the
process jumps to the ESC v(3) = {7} and then returns to v(*) = {2}, all on the time scale
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Figure A.7.: Trait graph G, metastability graph Gesc and L-scale graphs G! and G2 of
Example@

1/Kpg. If instead trait 4 fixates earlier, the jump chain continues to v(3) = {4} within a
time of order 1/K g and then to v(*) = {6} on the time scale 1/K 3, since f(5,4) < 0.

Mentioning that Vit ({1}) = {2} and Viu({5}) = {6} gives us the metastability graph
drawn in Figure

To check whether Assumption [3] is satisfied, we decompose the set of ESCs Vusc according
to the stability degree,

St={{1h {2}, {3} 51 AT, SP={{0}{4}},  S*={{6}}. (A.3.23)

For all v € S!, one directly sees that an ESC of the same or a higher stability is reached
after one jump with probability one. Thus the assumption is true for L = 1 and we can
construct the graph Gl as drawn.

In the case of L = 2, for v(?) = {4}, we obtain that with probability one the process jumps
to v(t) = {6}, which is of higher stability. Finally, we have to check the most involved case
of v(9 = {0}. From the metastability graph we identify v = {4} as the only reachable ESC
of degree L > 2. Due to the branching at {3}, we have to ensure that the process does not
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get stuck in a cycle of ({2},{3},{7},{2}) for infinitely many steps. We can see that
P(VkeNsg: v # {4} v® = {0}) = 0 (A.3.24)

since the number of cycles that run through before exiting towards {4} has a geometric law
with success probability p({3},{4}) > 0. Therefore, Assumption [3[also holds true for L = 2.
This yields the L-scale graph G2, depicted in Figure

Let us now modify the example by inserting an additional trait 8, that can be viewed as an
intermediate unfit mutation between 3 and 4. Moreover, for the sake of clarity, we cut off
the traits 5 and 6.

Example 5. Let us consider the directed graph depicted in Figure and let o € (0,1).
Consider a fitness landscape that satisfies

0<2<3<4, (A.3.25)

3<T<K2, (A.3.26)
1<2, 8«4, (A.3.27)
£(1,0), £(8,3) <0 (A.3.28)

and assume that there are no polymorphic coexistence equilibria.

Since we only changed the trait graph G slightly, also the metastability graph Grgc stays
almost the same. Apart from the omitted traits 5 and 6, the main difference is that the
valley from the ESC {3} to the fit mutant 4 is now of width 2. Therefore, trait 4 is no
longer one of the nearest fit traits to trait 3 and the set of possible mutants gets reduced
to Vmut({3}) = {7}. In particular, there is no longer an edge ({3}, {4}) in the metastability
graph.

To check whether Assumption [3]is satisfied, we again separate the stability classes
St={{1}, {2}, 3}, {7}. {8}}, §* = {{0}}, S*{{4}}. (A.3.29)

For L =1, it is again easy to see from Grgc that the assumption holds true. To check this for
L = 2, we have to consider how the process can get from the initial ESC {0} to some ESC
of at least the same stability degree. This is not possible since the only candidate would bee
{4}, which is not reachable since the metastability graph is disconnected. As a conclusion,
Assumption [3]is not satisfied for L = 2 and thus we can neither construct the L-scale graph

G? nor apply Theorem [A.2.11

Remark 14. Although the population process gets stuck in a cycle between of the ESCs
{2},{8},{7} for infinite time, we expect that it might escape through the fitness valley
3 — 8 — 4 eventually, when looking at the time scale 1/Ku3.. This is due to the fact that,
from the microscopic point of view, it is possible to observe mutants of trait 4 in the phases
where 3 is the resident trait. Indeed, those mutants appear with a much smaller rate than
those of trait 7, but since these phases occur infinitely often, it should only be a question of
acceleration to escape from this cycle (c.f. Remark [12)).
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Figure A.8.: Trait graph G, metastability graph Gesc and L-scale graphs G! and G2 of
Example

Collapse on higher time scales

In the two final examples, we demonstrate how paths in the metastability graph that pass
through ESCs of different stability degree collapse to a single edge in the L-scale graph
when focussing on a particular time scale. To this end we start with an example of a simple
linear trait graph with multiple successive fitness valleys of different length. The second
example allows for a branching in the metastability graph, which again vanishes in the
L-scale graph.

Example 6. Let us consider the directed graph G depicted in Figure [A.9. Assume equal
competition and the individual fitness r plotted in Figure . Moreover, let a € (1,2).

Due to the linear and directed structure of the trait graph, we can extract the fitness valleys
and thus the stability degrees directly from the plotted individual fitness . The jump chain
(v®)) >0 is the deterministic sequence

v® = 10}, v = {3}, v = {5}, v = {8]. (A.3.30)
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Figure A.9.: Trait graph G and fitness landscape in terms of individual fitness r of Example

g

This is reflected in the metastability graph drawn in Figure Note that {6} is also an
ESC of stability degree 2, but it cannot be reached starting from {0}.

Let us now have a look at the L-scale-graphs, i.e. at how the limiting jump process evolves
when fixing a particular time scale. To this end we focus on the sets of ESCs of equal stability
degree, namely

S% = {{3}.{6}}, §% = {{0}.{5}}, S* ={{8}}. (A.3.31)

Following our construction in (A.2.38), the L-scale-graph G? consists of the vertices
V2 = {{0},{3},{5},{6},{8}}. Since all but {3} and {6} are of stability degree higher
than L = 2, the only edges are £2 = {({3}, {5}), ({6}, {8})}.

The construction of the edges of G is far more interesting. In particular, starting in the
initial ESC v(®) = {0}, we cannot simply take the edge ({0},{3}) from the metastability
graph since L({3}) < 3 and thus {3} is not stable enough. Instead, we have to consider the
whole path I' = ({0}, {3}, {5}) until an ESC of higher stability is reached. This is because the
second jump of I" happens much faster (more precisely on the time scale 1/K ,u%() and hence
becomes absorbed in the slower first jump when rescaling the process with 1/Kpu3.. This
gives us one edge in £3. The second one is given by the jump ({5}, {8}). Since L({8}) = oo,
no further evolution is possible here.

Overall, these considerations lead to the pictures of G2 and G? in Figure

Example 7. Let us consider the directed graph G depicted in Figure [A.11 Assume equal
competition and the individual fitness r plotted in Figure|A.11. Moreover, let a € (1,2).

Starting with the resident population in v(?) = {0}, we can directly extract from the plotted
individual fitness r that only the traits 3 and 5 have positive invasion fitness. Moreover,
both can be reached via a path of length |y| = 3, namely

A =1(0,1,2,3), B =1(0,1,6,5). (A.3.32)
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Figure A.10.: Metastability graph Ggsc and L-scale graphs G2 and G? of Example@

Figure A.11.: Trait graph G and fitness landscape in terms of individual fitness r of Example

[0

Hence, we associate to this ESC the stability degree L({0}) = 3 and the set of mutant
candidates Vit ({0}) = {3,5}.

If trait 5 fixates first, there is no further evolution and we end with vgsc({0},5) = {5}. In the
case where trait 3 fixates, it can grow and becomes macroscopic. Moreover, since « € (1,2),
the population of trait 4 grows by frequent incoming mutants. However, due to its negative
invasion fitness with respect to the resident {0} and later against the macroscopic population
{3}, it cannot invade. Hence vgsc ({0}, 3) = {3} is the corresponding ESC and is of stability
degree L({3}) = 2. From thereon, only trait 5 is a fit reachable mutant, which arises after
a waiting time of order O(1/K 3 ) and replaces 3 as an ESC. Those three jumps form the
edges of the drawn metastability graph Grge in Figure [A12]

The L-scale-graph G2 is constructed easily whereas the really interesting behaviour occurs
when asking for the G3. Since L({0}) = 3, the jumps ({0}, {3}) and ({0}, {5}) happen on
the visible time scale. The latter one is clearly also an edge in G3, due to the high stability of
the final ESC L({5}) = oco. However, in case of the former, the ESC that the process jumps
to is of smaller stability, i.e. L({3}) = 2. Therefore, the next jump ({3}, {5}) directly occurs
within a time that vanishes under rescaling. The path I" = ({0}, {3}, {5}) in Grsc thus yields
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an edge ({0}, {5}) for G3. This edge already exists and we do not allow for double edges in
GL. However, the two edges are merged in the sense of adding up the transition rates and
probabilities as in ({A.2.40)).

Overall, we see that even a branching in the metastability graph can disappear when multiple
paths collapse to the same edge on a particular time scale.

()
Gesc @ @

> @

g? {0} 5}

Figure A.12.: Metastability graph Ggsc and L-scale graphs G2 and G2 of Example

A.4. Proofs

In this chapter, we discuss the proofs of the results on metastable transitions and limiting
jump processes that are presented in Sections [A.2.3| and [A.2.4] These build on the results
in [29] on the crossing of a fitness valley on a linear trait space and in [48] on the faster
In K-dynamics on general finite graphs. The main idea is to extend the techniques from [29]
to more complex trait spaces by considering sequential mutations along certain paths. Since
mutations are very rare outside of the mutation spreading neighbourhood of the resident
traits and unfit traits quickly go extinct, mutations along different paths can essentially be
regarded as independent. Consequently, the overall rate of transitioning out of an ESC is
obtained by summing over the rates of taking specific paths through the surrounding fitness
valley.

The remaining chapter is structured as follows: In Section we determine the precise
equilibrium size of the subpopulations with traits inside the mutation spreading neighbour-
hood. In Section we consider the rates at which mutants of any fitness arise along
specific paths and combine these to the overall rate at which single mutants are born. Finally,
in Section we combine these rates of producing mutants beyond the fitness valley with
the probability of fixation and the faster In K-dynamics of reaching a new ESC to conclude
Theorem and Corollary Section [A.4.4] is dedicated to the proof of Corollary
and Theorem where we concatenate several jumps across fitness valleys to
obtain the multi-scale jump chain and carefully study which transitions are visible on the
respective time scales to obtain the dynamics of the limiting Markov jump process.
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A.4.1. Estimation of the equilibrium size

In this section we discuss the equilibrium population sizes of the living traits once an ESC is
obtained. The results from [48] only characterize the orders of population sizes /3, and the
actual size nn(v) of the resident traits associated to an ESC. In order to calculate the precise
transition rates from one ESC to another, we do, however, need a better estimate for the
population sizes of the non-resident traits in V(v).

We prove that, if the initial conditions of our process satisfy the assumptions of an asymptotic
ESC, all living traits in V,,(v) get arbitrarily close to their equilibrium size within a finite
time. This equilibrium size preserves the orders of population sizes and is of the form

K . d(v,v) d(v,v)

Ny (t) =anKpp ' +o (KMK ) Vo € Vo (v), (A.4.1)
for some a, € Ry, which can be calculated precisely. The populations of living traits stay
close to these equilibrium sizes as long as no new trait arises and reaches a size at which it
can influence the population sizes of other traits, i.e. a size of order K*/®. To this extend,
we recall the definition of the stopping time

Ti = inf {¢ > 0: Fw € V\Va(v) : B (8) > 1/a} . (A.4.2)

Lemma A.4.1 (Equilibrium size inside the a-radius). Let v C V and (8%(0)) x>0 be an

asymptotic ESC. Then, for all € > 0, there exist constants 7. < oo, U. > 0 and Markov

(K,+) >
processes ( o (), t > O)Kzo such that,

lim P (NéK’_)(t) < NE(t) < NED () Yt € (1o, T A eV E), v e Va(v)) =1 (A.4.3)

K—oo
and
E [N ()
|:d(v,v):| —ay| <€ Vit > Te, (A44)
Ky
where
v
. b(yi—1)m(vi-1,7:)
Ay = Ty (V . A45
'y:vz—:w 70( )g ‘f(’)/uv)’ ( )
[v|=d(v,v)

Proof. We will prove the claim by induction w.r.t. the distance from the resident traits. For
the initialisation let us start with v € v. That is, we count also a single vertex as a path
of length zero together with the convention that an empty product has the value one. In
this case (N, v € v) can be coupled with logistic birth-death processes with immigration,
by estimating the incoming and outgoing mutants, which are of order O(K ) or smaller.
Hence we know already from [48, Lemma A.6(ii)] that the residents stabilize near their

Lotka-Volterra-equlilibrium within a time of order O(1). To make this more precise, define,
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for all € > 0, the stopping time when the resident populations enter an e-neighbourhood of
their equilibrium size

e

75 .= inf {t >0:Yvev: ’K_le(t) - ﬁv(v)‘ < 6C} . (A.4.6)

Here C' is a constant, depending only on the competition rates ¢(v,w), which compensates
the slight shift of the equilibrium due to small fluctuations of non-resident traits. Then there
exists a constant time 7. < 0o, such that limg oo P <TEK < %5) = 1. After this time 7., the
environment of competitive pressure stays almost constant, unless the fluctuations of the
resident populations become too big or the non-residents reach a macroscopic level. These
two events are described by the stopping times

SE =it {t> 7 Jvev: |[KTINE() - m(v)| > 2:C} (A.4.7)

and

ol .= inf {t >0: Z NE@#) > eK} . (A.4.8)

weV\v

We know from [43], Propostition A.2] that, for some constant Uz > 0,

lim P(SK > e/ nol) =1. (A.4.9)

K—o0

For the other traits in the a-radius v € V,,\v we prove as the induction step that (A.4.3) is

satisfied with b(w)m( )
w)m(w, v
ay = gyt v (A.4.10)
R )
d(v,w)=d(v,v)—1

by deriving an upper and a lower bound on the population size through couplings. These
bounds then immediately imply the claim.

Following the notation of [83], we represent the population processes in terms of Poisson ran-

dom measures. For this purpose let ( q()b), Qq()d), Sﬂmv) ;v,w, € V) be independent homogeneous
Poisson random measures on Ri with intensity dsé6. Then we can write

t
NE® = NEO) + [ ] Tocyorn e QY (ds.d0)
+

t
_ (@
/0 /R+ o<l +3, oy e (o) NE (s () @0 (45, A0)

t
»> /O/R Lo<ured(wym(u o)V (s-) Qi (ds, d6). (A.4.11)
+

(w,w)EE

Note that we use the same Poisson measures to construct the processes for each K here.
However, as already pointed out in Section [A.2.1] this is not necessary and we do not use
any particular correlation between the processes for different K. We can use a specific joint
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construction here since we are only considering the convergence of probabilities of certain
events, rather than of the processes themselves.

Since we already know from [48, Theorem 2.2] that in the equilibrium state the non-resident

populations w € V,(v) stay of size O(K u;l((v’w)), the main part of the mutations in the

last line comes only from traits lying closer to the resident traits. Thus we can adopt the
inductive structure of [29, Lemma 7.1] and approximate the population size of v analogously
by coupling it, for K large enough, with two processes

NE (@) < NE@) < NED(@), Vi <t <ol ATEASE. (A412)

To be precise, we take care of the admissible fluctuations of the residents by defining
) (v) =y (v) £ 22C. (A.4.13)

Then, for v € V\v and pug < €, we set

t
N (0) = N () + [ ) (55,60)

lesz)(v)(l—e)zvé“)(s*)Q

B [ Ry IL6‘<[d(v)—&—z:we‘,c (v,w) n >(v)—‘,—a maxgey\v (v, w)]N<K ) Q” (58’ 59)

+ Z / / 19<,u1<b (w)ym(w,w)NE (s~ )Qq(unjv) (557 69) (A414)
(w,w)EE
and
N () =N (7 / Lyt o Q) (95, 06)
Ry

- (d)
[ / Il9<[Cl(v )+ ey c(v,w)ﬁﬁu_)(v)]NI()K"*')(S—)Qv (ds,40)

+ Z / / ]16<NKb (w)ym(w,w)NE (s~ )an,lv (537 50)7 (A415)
(w,w)eEER

where we use the same Poisson measures as in (|A.4.11)). Note that this coupling satisfies
(A.4.12) only on the event {7’5K < %E}. However, as mentioned above, this event’s probability

converges to 1 and we can hence restrict our considerations to this case to obtain the desired
convergence.

On closer inspection, the approximating processes Nqu’*), NIEK’H are nothing but subcritical

branching processes with immigration stemming from incoming mutations.

Similar to the proof of [29, Equation (7.8) et sqq.] we can use the martingale decomposition
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of NIEK’H and NéK") to derive, for t > 7., the differential equation

%E [N )]
= (b(v)(l = lpmye) —d(v) — Z (v, w)al (v) — lg—_ye s€1‘1/1< c(v, w))
xE[NEI@W] + Y prcb(w)m(w, v)E [Njf ()] (A.4.16)
('w v)eEE
= [P, VE[NEI®] + Y pcb(w)m(w, o)E [N (#)] (A.4.17)
(ww)eE

where ¥ = {+, —}\* denotes the inverse sign.

Here, we introduce f*) (v,v) as a short notation to point out that this is nothing but a
perturbation of the invasion fitness. Then we can apply our a priori knowledge on the size
of the sub-populations, i.e.

E NS ()] = 0 (Ku™)  Yw e Valv), (A.4.18)

to rewrite the ODE system

25 (0]« O ]+ 5t E ]
(w,w)EE
d(v,w):d(ev,v)fl
+0 (Kpp™*) (A.4.19)
= D@ VENEIG]+ 3 bw)m(w, v K
(wy)eE
d(v,w)=d(v,v)—1
o (Kui”) . (A.4.20)

Here we use the induction hypothesis to estimate the populations with traits lying closer to
the residents in the latter equality.

Rescaling with K u%v’v) and using (A.4.10)), the equation becomes

Ok [51{’*) (t)] = [P0, v)E [ V)

6(v,v o(v,v
ot LK Ky

+ay [ f(v,v)] +0o(1). (A.4.21)

By variation of constants the solution is given by

o[ M) _ e (2 MG ol )

R 200 | T T v)

|/ (v, v)]

T, v))

a, + o(1)

(A.4.22)
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Note that the term in brackets can be bounded uniformly in K and ¢, for € small enough.
Moreover, the ratio of (perturbed) fitness can be expressed as (1+¢eé.). So (A.4.22 m ) becomes

(K.%)
E [m] — ef<*)(v,v)(t_7”-s)0(1) + (1 + 565)6% + 0(1) (A.4.23)
Kpg”

Finally taking into account that the fitness f*)(v,v) < 0 is negative for v € V,(v) the first
term vanishes for increasing time. Hence we see that for all £ > 0 there are ¢ > 0 and
Tz € (Te,00) and Ky € N such that, for all ¢ > 7z and K > K|

’E [NéK,*) (t)l — Qy

Kﬂi{(v,v)

<& (A.4.24)

Finally, we can deduce again from our knowledge on the orders of population sizes that

lim P (o < T A VK =0, (A.4.25)
which allows us to drop the stopping time 05 in the claim. O

A.4.2. Pathwise evolution rates
From the precise description of the population sizes inside the mutation spreading neigh-
bourhood we can now deduce the rate of occurrence of mutants that lay outside.

To observe a new mutant, whose trait is far away from the resident population, a whole
sequence of mutation steps is needed. Traits outside the a-neighbourhood V,,(v) cannot avoid
extinction only due to incoming mutants. Therefore, if such a trait has negative invasion
fitness, mutants only give rise to small excursions approximated by subcritical branching
processes. During each of these excursions there is a small probability that a new mutant is
produced before extinction.

To overcome the problem of tracking possible back mutations, we not only observe the sizes
of the different mutant populations. Instead, we distinguish mutants by the mutational path
along which they arose and keep track of the genealogy. We set

NE(t)y= > NE@®)  vweV\V,, (A.4.26)
v:0Va—v

where the pathwise mutations can by represented by
t
NE (t) = / ]lo<b( )(1—pr )NE, (s QY (85, 60)
+ / / ]19<uKb (9)m(d,0)N; ’Y\U( —)Qq(],”;)((ssv 59)

_ (d)
/0 /R+ Loclaw)+Y, oy e () NE (s VK, (=) @uy (95, 66). (A.4.27)
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Here ¥ stands for the next-to-last vertex in -, which is the progenitor of v in v, and for
v € 9V, we set

N5y (1) := Ni(t). (A.4.28)

As before, ( z(f)v, Sf,ia),, z(,Ty); v eV, v:0V, — v) are independent homogeneous Poisson ran-
dom measures with constant intensity one.

Remark 15. Tt suffices to only sum over the paths starting in 9V, in the decomposition. By
the definition of TEI§C all populations outside of V,, are extinct at that time. The probability
that a mutant of trait v € V\V, arises before the finite time 7. in Lemma when
the populations in V,, reach their equilibrium, goes to zero. After this time we have good
bounds on the population sizes of all traits in V,, and it is therefore sufficient to trace back
the genealogy of new mutants to the last trait in V,, i.e. a trait in 9V,.

With this representation at hand, we are now able to define the cumulated number of mutant
individuals of trait v that arose as mutants of the progenitor ¥, along the path

t
uEw= [ [ oo, (o) Q8 (35, 80), (A.4.20)

as well as the respective occurrence times of these mutants

v,

TR = inf {t>0: ME (t) > i}, (A.4.30)

where we set T, 5707’K) = 0.

Our aim is to show that new mutants outside of V,, appear at the end of a mutation path
approximately as a Poisson point process with rate scaling with length of the path.

Lemma A.4.2. Suppose v and (85(0)) k>0 are an asymptotic ESC and let TJ% be defined
as in (A.4.2). Let v € V\V, and vy : OV, — v be such that |y| > L — |« and f(v;,v) <0,
foralli=0,...,|y|—1. Then there exist 0 < ¢,C < oo such that, for each € > 0, there exist

two Poisson point processes Még’i) with rates Rg?Ku%?HM such that

lim inf P (ME (@) < ME (#) < MED (@), vi < Tf) >1 - ce, (A.4.31)

where the rate parameters are defined as

lv]=1
Ryyy = ayob(y0)m(0:m) T] Ae(yy, v))m(vj,vi41), RS = (14 Ce)R,,.  (A4.32)
j=1

For the definitions of A(p) and p(v,v) we refer to (A.2.20) and (A.2.19) respectively, while
@, is the equilibrium size defined in (A.4.5)).
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Proof. Note that, throughout the whole proof, we assume that 7. <t < TﬁKX A eY=EK  where
7. and U, are defined in Lemma This can then be extended to all 0 <t < T; ﬁKX in the
limit of K — oo since Tf{f( < €YK with probability converging to 1 and, since pg — 0, there
is almost surely no mutation event during the finite time interval [0, 7.].

Let v € V'\ V, and v : 9V, — v be given as in the Lemma. To better distinguish from the
full path ~, we refer to the vertices of the path via v = (vg, v1, ..., ’UM). The idea of this
proof is to considered the path isolated from the remaining graph and adapt the tools from
[29, Ch. 7.3.] to the present situation. We refrain from adding much more notation to our
already complicated situation. We try to handle the far more general structure of our trait
graph by translating the notation of the central objects between the articles instead.

The first observation is that, for every t < Tf{)i, we can bound the mutant counting process
of trait v1 by

MES )y < ME_ ) < MED @) as., (A.4.33)

v1,Y v,y v,y

with the bounding processes being defined as

K +
Ul;’Y ) / / 0<pxb(vo) m(vo,m)NSé{'i)(s*)Qi(}O ’)7(58 56) (A434)

Note that the estimate corresponds to equation (7.42) in [29], while the definition is the ad-
apted version of (7.17) therein. In order make use of Lemma we continue temporarily
with the simplified processes

M // (m) (55,66 A.4.35
v1,’Y R+ 0<pxb(vo)m(vo,v1)E [ v(é(,i)(s_)} Qvo 'y( S, ) ( )

and
T =int {¢ 2 0: MEEDE) 2 1} (430

In fact, this turns out to be sufficient for our results since a standard application of Doob’s
martingale inequality shows that, with probability converging to 1, the difference of the
(K

processes Méf&i) and le,f) during the relevant time interval stays of sufficiently small
order. To be precise there exist sequences of numbers Ni(K) and No(K), with

Ni{(K) > (Kpk)™ and No(K) < (uk7lehy=1 (A.4.37)
such that
. K)o ) _
lim P <s<s],vulpK) (MM M{EH (5)| > NQ(K)> 0. (A.4.38)

For details, see [29, p.3583]. At each time T; 5f;§’i) an individual of trait vy is born. In order
to track its descendants until potentially a trait v}, individual is born, in a similar way as
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done in the previous section, we couple the k-mutant population, for 1 < k < |y| — 1, to
birth-death-processes with individual birth and death rates

™) (vg) = b(vg) (1 — Lz ye), (A.4.39)
d™ (vg,) = d(vy,) + > (v, w)at) (v) + lg——ye sup c(vg,W). (A.4.40)
wWEV weV\v

Note that in contrast to Section these subcritical processes do not gain from any
immigration and hence go extinct in finite time. However, there is a small probability
during such an excursion of the k-mutant population that an individual of trait (k + 1) is

born. Analogously to [29, pp. 3581-3582], we can use Lemma (see Appendix |A.5.1)
to derive

P (An excursion of trait vy produces exactly 1 mutant of type vgy1)
= pr Mp(vk, v))m(vi, ves1) (1 + O(e)),  (A.4.41)

while on the other hand

P (An excursion of trait vj, produces at least 2 mutants of vgy1) = O(u%). (A.4.42)
Hence, the probability that the i-th mutant of trait v; (i.e. the one triggering Tﬁf’ff’i))
produces a U},|-mutant is, for large K,

ly|—-1
u'g"l( 11 A(p(vk,v»m(vk,w) (1+0(e)). (A.4.43)

k=|a|+1

Since Lemma implies that Mffff) can be treated as a Poison process with intensity
K" ayb(vg)m(vo, v1), (A.4.44)

we get appearance of v},|-mutants also as Poison process with thinned intensity

ly[-1
K,u%v’vo)ﬂ’y'avb(vo)m(vm211) ( 11 /\(p(UmV))m(Uk,UkH)) (1+0(e)) (A.4.45)
k=la]+1
= RO Kt (A.4.46)

Eventually, the difference between Méf&i) and Méf&i) is of smaller order than (uf(_l_tod )t

and multiplying with the thinning probability (A.4.43)), which is of order M‘%‘_l_taJ, this
only changes the appearance rate for the v|,-mutants by a vanishing order. O

Remark 16. Note that in general there could be an overlap of two excursions of NJ;,W

associated to different incoming mutants. Nevertheless in the limit of K — oo this does not
happen since the time interval between the incoming mutants diverges, while the durations

of the excursions stay of order one, i.e. T, &ZIK) — Tlﬂ,if) > 1.
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A. A general multi-scale description of metastable adaptive motion across fitness valleys

As a direct corollary we can deduce the law of the appearance times of new mutants with
trait v € V\V,.

Corollary A.4.3. Suppose v and (8% (0)) k>0 are an asymptotic ESC. Let v € V\V, be a
trait such that all paths v : OVy — v of shortest length |7y| = d(Va,v) do only visit traits with
negative invasion fitness, excluding the last trait v, d.e.  f(y,V) < 0

Vi = 0,...,|v| — 1. Denote by qui’K) the appearance time of the i-th mutant of trait v

descended from an nearest neighbour trait. Then there exists a 0 < ¢ < oo such that, for
(27K7:t)

each € > 0, there exist sequences of iid. exponential random variables Ey , 1> 1 with
rates RSF) =(1+ Ca)}?v, where
~ lyl—1
Ry:= Y aypb()m(o,m) [ AMe(y,v))m(v,v41) (A.4.47)
7:0Va—v j=1

[vI=d(Var,0)

Such that

B i, K,— d(v,v i i— i i
lim inf P (BORD) < Kt (109 — f=1E)) < pUEA 700 < i) > 1 e
(A.4.48)

Proof. Due to Lemma we can describe the arrivals of new v-type mutants approxim-

ately as sum of Poisson point processes. Since the Poisson measures Q.(;.) in our representation
(A.4.27)) are taken as independent, the resulting mutation counting processes va are also
independent. Hence their sum can be approximated by a Poisson process with with intensity

S Ry Kt (A.4.49)
v:0Vo—v

Since each summand scales with the length of the respective path, the first order of the overall
rate is given only by the shortest paths (i.e. v such that |y| = d(V,,v) = d(v,v) — |a]). Asa
result, the first order becomes multiplied by K ud("’v). Finally, the waiting times of
homogeneous Poisson point processes are exponentially distributed with the same rate. [J

A.4.3. Proof of Theorem [A.2.7| and Corollary [A.2.8]

We have now assembled all the tools to finish the proof of Theorem and Corollary
A28

Note that, with the notation from the proof of Lemma all following considerations
are only valid up to the stopping time SEK A O'EK , for sufficiently small €. Since we have
seen previously that TﬁKX < SKE A oK with probability converging to one, as K — oo, we
do not condition on this anymore in the following. Moreover, constants ¢ and C' may vary
throughout the proof but are always assumed to satisfy 0 < ¢, C' < oo.

Both results assume that the initial conditions (3%(0))x>o compose an asymptotic ESC
associated to the coexisting traits v C V. In a first step, we study the time until the fixation
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of the first mutant trait outside of V,, := V4 (v), i.e. T&. Corollary implies that, for all
traits w € V'\V,, such that all shortest paths 7 : v — v only pass through unfit traits, new
mutants of this trait arise approximately according to a Poisson point process with rate R,,.
By assumption, 3% (0) = 0, for all K > Ky and w € V\V,, i.e. all traits outside of V,, are
initially extinct. As a result, individuals of such traits w are only present due to the above
incoming mutations.

We now argue why it suffices to consider traits w € V\V, such that f(w,v) > 0 and
d(v,w) = L(v), i.e. the w € Viqu := Vinut(V), as candidates to reach 3% = 1/a first and
trigger the stopping time Tf{;

For all w such that |a| < d(v,w) < L(v), the definition of L(v) yields f(w,v) < 0.
Therefore, the descendants of a mutant of such traits can be bounded from above by a
subcritical birth-death process with rates that do not depend on K, that dies out within a
finite time with probability 1. As a result,

lim P ( sup BE(t) > 1) = 0. (A.4.50)

K—oo te[O’TﬁI)((/\eUEK] «Q

For w such that d(v,w) = L(v) and f(w,v) < 0, the same argument can be applied.

Finally, for all w such that d(v,w) > L(v), for all T' < oo, Corollary implies that the
(1)

arrival time of the first w mutant, Ty, ’, satisfies

T
lim P (T(U < —Zw A Tﬁx> = 0. (A.4.51)
K—oo KNK

Focussing on the w € Vg, we can use couplings to supercritical birth-death processes
(similar to the arguments in the previous sections) to bound the different mutant populations.
Using classical results on branching processes (e.g. from [4, Ch. II1.4]) we can approximate
the probability that the descendants of a single mutant of a particular trait w do not go
extinct by (1+ Ce) f(w,v)/b(w). Moreover, conditioned on not going extinct, the time that
such a population needs to grow to a size of K/® can be bounded by (14C¢)In K/ f (w, V).

v)

It is therefore negligible on the time scale 1/K ,uf( , on which the w mutants arise.

Overall, we can deduce from Corollary that there is a constant 0 < ¢ < oo and expo-
nential random variables El(UKﬁf) with parameters (14 ce) Ry, f(w, v)/b(w) = (14 ce)R(v,w)
such that

. < KIU‘K( )TﬁX < Ewﬁx

w,fix

l}gn inf P <E(K BE(TE) = i) >1—ce. (A.4.52)

Since the mutants arising along different paths are independent (see the proof of Corollary

) the actual stopping time Ky (V))TK (without conditioning on a trait w) is roughly
exponent1ally distributed with the sum of all rates R(v) = >, v, B(V,w). In addition, the
probability that a certain trait w € Vi, triggers the stopping time Tﬁlfc can be approximated
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by R(v,w)/R(v). More precisely, there are exponential random variables E(5¥%)(¢) such
that

lim inf P (B (e) < KT < BEF () > 1 - ce, (A.4.53)

—00

R(v,w) ) K oK 1> R(v,w)

— 2 2 (1—ce) < =)< =" : 4.
R (I1—ce) < Kh—I}éoP <,6’w (Thy) 2) = R (14 ce) (A.4.54)

Since € can be picked arbitrarily small, this concludes the proof of Theorem

To deduce Corollary we note that at time T; ﬁKX the population sizes satisfy , for
some w € Vit (v). Hence the assumption of the corollary and Theorem imply that a
new ESC associated to vggo (v, w) is obtained within a time of order In K. We emphasise that,
although ~ Theorem [A.5.2] only implies that g& — 0 for traits
u ¢ Vo(vesc(v,w)) after this time, these subpopulations can be bounded from above by
subcritical branching processes that go extinct within a time of order 1, such that the con-
ditions of TEI§C are truly satisfied. This yields the first claim of Corollary Since this

time is again negligible with respect to the 1/K Mf((v)—time scale, the second claim follows
directly. For the last claim, we realise that a new ESC w might be reached from multiple
w € Viut(v), and we therefore add up all corresponding probabilities to obtain p(v, w). This
concludes the proof of Corollary [A:2.8

A.4.4. Proof of Corollary and Theorem

In order to derive results for the jump chain (v(k))kzo on Grsc, we observe that, after a
successful transition according to Corollary [A:2.8] the final state of the process again satisfies
the initial assumptions for another application of the corollary. We simply need to recompute
the state-dependent quantities (L(v), Vinut(V), etc.). As a consequence, the strong Markov
property allows us to use Corollary to construct the random sequence (v(k))kzo as

well as derive the asymptotics of the stopping times Télg’CK) by an inductive procedure. This

proves Corollary

To extract the limiting process on the time scale 1/K ,u%( for fixed L > «, take an initial
configuration of this stability degree, i.e. v € S. Considering the jump chain (v(k))kzo
with v(9 = v, Assumption [3| implies that, with probability one, (V(k))kzo reaches an
ESC of stability degree at least L within finitely many steps. We now consider such a
finite path I' : v.— w in Gggc, where L(w) > L. Without loss of generality we may
assume that the intermediate ESCs are of strictly lower stability degree, i.e. L(T';) < L
V1 < i < |I']. Otherwise we could shorten the path. Asking now for the time TE that it
takes to transition from v to w along I', we can simply add up the single step transition
times T(-K) — 7(@=LK) = By Corollary we know that, on the time scale 1/Kuf(m,

those are well approximated by exponential random variables EE’K). Since L = LW > L&),
for 2 < i < |T|, we can deduce that the rescaled transition time T K% is dominated by

the very first transition and thus well described by exponential random variables.

To compute the respective transition rates, notice that by Corollary on the time
scale 1/Kpuk, the rate to escape from v = Ty is given by R(v) = RU). Moreover, we
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have to take into account that we consider the case where the limit process (v("));>; takes a
particular path, i.e. v(0 =T, for 0 < i < IT'|. The probability of this event is simply given
by the product of the one-step-probabilities p(vi—1), v(?)). Similarly to previous arguments,
there might by different paths I' : v.— w and hence we add up their probabilities. This
yields the rates R (v, w) in and therefore the claimed dynamics of the jump process
(VL(t))te[(),T} on the L-scale graph G*.

To finally deduce the limit of the rescaled population process N /K, we note that there is
no macroscopic evolution during almost the entire waiting time for a transition on G¥. The
set of macroscopic traits {v cV:pEt)>1—¢ K} only changes after a new mutant fixates,

which happens at time T, éiK) . The rest of the transition time, which may consist of many
chances of the macroscopic traits, vanishes when rescaling with K ,u%{. Therefore, we obtain
the limit process of Theorem which jumps between the Lotka-Volterra-equilibria
associated to the state of (vL(t))te[()’T].

A.5. Technical results

The aim of this chapter is to collect some results on the O(1)- and O(In K)-time scale
behaviour of the population process. While Section explains the form of A(p), Section
justifies the notation vgsc(v,v). The statements have been derived in [29] and [48]
whereto we refer for detailed proofs.

A.5.1. Excursions of subcritical birth death processes

The first lemma quantifies the mean number of birth events before a subcritical birth death
process goes extinct, corresponding to A(p). Although we restate an existing result here, we
provide a short proof below. This proof is different to the more general scenario that is cited
in [29] and gives the reader an intuition behind the expression.

Lemma A.5.1. ([29, Lemma A.3]) Consider a subcritical linear birth death process with
individual birth and death rates 0 < b < d. Denote by Z the total number of birth events
during an excursion of this process initiated with exactly one individual. Then, for k € Ng,

2k)! b \F/ d \F!
P (k) =P(Z=k)= k!((k-|-)1)! <b+d) <b+d> (A5.1)

and in particular

& B %) (Qk‘)' b k d k+1
R e Y e NICEm Gva) Gra) (A.5.2)

Moreover, we have the following continuity result. There exist two positive constants c,eq >
0, such that, for all 0 < e < eg and 0 < b; < d;, if |by — ba| < € and |dy — da| < €, then

‘e(bl,dl) — elb2,d2)

< ce. (A.5.3)
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A
2 L
X
1 4 N
4 N
4 N
4 N
0 | | . | b | | [
T T T N T T —
1 2 ]v R 2k
—1 \\ .
\\ //
N s~
9 N // x
— A N

Figure A.13.: Original path = that prematurely goes extinct and its reflection Z.

Remark 17. Note that (C.5.16) corresponds to (A.2.19) via (> = X\(p), where p = b/(b+d).

Proof. Although the considered process takes place in continuous time, it suffices to focus
on the birth and death events as jump chain in discrete time. This is nothing but a simple
random walk on Ny with probabilities

e (A.5.4)

b
p($,$+1)_ p(xwr_l):m =

Cb+d
and absorbing state 0. From this point of view it is only a question of counting the number
of paths leading from one individual to extinction consisting of exactly k births and hence
k + 1 death events. As final step there has to happen a death since the population does not
vanish before. So the first 2k events form a walk from 1 to 1. There are (2,5) of such paths
but some of them would lead to extinction earlier. To determine their number we apply a
reflection principle in the following way. Let x = (g, z1,...,x9;) be a path leading from
one to one such that there exists a 0 < j < 2k with z; = 0. Then we define the partially
reflected path & by

‘ o
Fi = { zi fori < j, (A.5.5)
—x; fori>j.

This gives us a unique path from Zg = 1 to T, = —1 (cf. . Moreover, there is a one
to one correspondence between prematurely extincting processes and paths leading from 1
to —1. The latter ones consist of only k — 1 births and hence there are (kg_kl) different ones.
Finally the total number of legal paths is

k k k)!
#{x = (o, x1,...,wop) |0 = 1,0, = 1,2, > 0} = <2k> — <k2— 1) = k'((lf—i—)l)' (A.5.6)

We now achieve (A.5.1) by multiplying with the probability of k births and k + 1 death
events. The last statement is a simple consequence of the mean value theorem. O
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A.5.2. Fast evolution until ESC

In this subsection we discuss the first phase of evolution, where an ESC is obtained on the
In K-time scale. The convergence of NX(tIn K)/K and 5 (tInK), as K — oo, is studied
n [48]. In the following we cite the respective results in the notation of this paper.

For a finite graph G = (V, E) and under Assumptions[l]and[2] the trajectories (8, (t),w € V)
(which turn out to be the limit of (3% (tIn K),w € V)) are defined by an inductive procedure.
The construction is valid until a stopping time Tj.

Denote by v(©), ¢ > 0, the sequence of consecutive coexisting resident traits. We emphasize
that these are not to be confused with the sequence of resident traits v(¥), k& > 0, that are
associated to ESCs. The invasion times, at which the sets of resident traits change due to
upcoming mutant traits, are denoted by the increasing sequence (s7)¢>0.

For initial conditions /3 (0), the support of the unique asymptotically stable equilibrium of
the Lotka-Volterra system associated to the traits {w € V : 8,,(0) = 1} (if existent)
is denoted by v(9). The equilibrium 7(¥(?)) is reached within a time of order 1 and we set
s0 := 0. Moreover, we define 3,,(0) := maxy,ey [B,(0) — d(u,w)/a], as the initial condition
of the limiting trajectories. This reflects that, within a time of order 1, living traits produce
neighbouring mutant populations with the size of a ux-fraction of their own size. This time
of order 1 is negligible on the In K-time scale, which the limit 3 is defined on.

Assuming that so_1, v(~D such that LVE, (v(~D) = a(¥¢1), and B(s,_;) are known,
the next phase can be described as follows. The ¢! invasion time is set to

sgi=inf{t > s, : Jw ¢ vV B, (1) = 1}. (A.5.7)
For s;_1 <t < sy, for any w € V', 5,,(t) is defined by
d(u,w)

Bu(t) := max {Bu(s“) (= by A ) f(u, 7)Y — -

] V0, (A5.8)

where, for any w € V,

: . . _ _ 1 : _
bt i inf {t > s :3dueVidu,w)=1,5,>1) = a} if Bu(se—1) =0 (A5.9)
Sp—1 else
is the first time in [sy_1, s, when this trait arises. If we define Viying(t) :== {w € V

Buw(t) > 0} equivalently to Vh{fmg (on the In K-time scale), then this implies Sy (ty,¢) > 0
and Sy (tw,e + 0) > 0, for small § > 0.

The stopping time Tp, that terminates the inductive construction of the limiting trajectories,
is set to sy if

(a) there is more than one w € V\v\~1) such that B, (s¢) = 1;

(b) the mutation-free Lotka-Volterra system associated to vV and the unique w €

V\vD such that By (s¢) = 1 does not have a unique globally attractive stable equi-
librium (in particular, if such an equilibrium does not exist for {w € V : 5,,(0) = 1},
Ty is set to 0);
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(c) there exists w € V\v(~1) such that B,(s¢) = 0 and By (s, — ) > 0 for all § > 0 small
enough.

(d) there exists w € V\v{=1) such that sy = t,,.
These conditions are mostly technical and are discussed in [48].

With this construction, the results can be stated as follows:

Theorem A.5.2. ([/8, Theorem 2.7]) Let G = (V,E) be a finite graph. Suppose that
Assumption and |2 hold and consider the model defined by (A.2.1)) with pur = K/, Let
Vo C V and assume that, for every w € V

BE(0) = B,(0), (K — o0) in probability. (A.5.10)

Then, for allT > 0, as K — 0o, the sequence ((BE (tIn K),w € V),t € [0, T ATp)) converges
in probability in D([0, T ATy),RY) to the deterministic, piecewise affine, continuous function

((Bw(t),w e V),t €[0,T ANTp)), which is defined in (A.5.8).

Theorem A.5.3. ([48, Proposition 2.8]) Under the same assumptions as in Theorem
for allT >0, as K — oo, the sequence (NE(tIn K)/K,w € V),t € [0,T ANTy]) converges in
the sense of the finite dimensional distributions to a deterministic jump process ((Ny(t), w €
V),t €[0,T ANTp)), which jumps between different Lotka-Volterra equilibria according to

Nu(t) = > lycics lyegonn(9). (A.5.11)
EEN:Sngl <Tpy

Moreover, the invasion times sy and the times t,,, when new mutants arise are calculated
precisely in [48]. This is however not relevant to the discussion in this paper.

We notice that the constructed trajectories (3, (t),w € V) stay constant precisely once an
ESC is obtained. In this case, there is no more visible evolution on the In K-time scale.
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B. Publication: Effective growth rates in a
periodically changing environment: From
mutation to invasion

This appendix is to appear in Stochastic Processes and their Applications as joint work with
Anna Kraut [71],

M. Esser and A. Kraut, Effective growth rates in a periodically changing environ-
ment: From mutation to invasion. Stochastic Processes and their Applications,
Volume 184 , Number 104598, 2025. https://doi.org/10.1016/j.spa.2025.
104598

We consider a stochastic individual-based model of adaptive dynamics for an asexually re-
producing population with mutation, with linear birth and death rates, as well as a density-
dependent competition. To depict repeating changes of the environment, all of these para-
meters vary over time as piecewise constant and periodic functions, on an intermediate
time-scale between those of stabilization of the resident population (fast) and exponential
growth of mutants (slow). Studying the growth of emergent mutants and their invasion of the
resident population in the limit of small mutation rates for a simultaneously diverging popu-
lation size, we are able to determine their effective growth rates. We describe this growth as
a mesoscopic scaling-limit of the orders of population sizes, where we observe an averaging
effect of the invasion fitness. Moreover, we prove a limit result for the sequence of consecutive
macroscopic resident traits that is similar to the so-called trait-substitution-sequence.

B.1. Introduction

Mathematical approaches to understanding the long-term evolution of populations have a
long history and can even be traced back to ideas of Malthus in 1798 [I35]. The study of
heterogeneous populations is of particular interest as it allows to analyse the diversity and
the interaction of species as they adapt over time. The driving mechanisms, ecology and
evolution, which are addressed by models of adaptive dynamics, may strongly depend on the
environment a population is living in. Since realistically this environment cannot be assumed
to stay constant over time, we study the effects of periodic changes of the model parameters in
this paper. From an application point of view, this is for example motivated by the seasonal
changes of temperature, humidity, accessibility of nutrition and other resources, which may
effect the fertility of individuals and thus directly have an impact on the population’s growth
[78, 129]. Another interesting example is pulsed drug-based therapy for infectious diseases
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or cancer. Dependent on the treatment protocol, the concentrations of drugs may vary over
time. Assuming a regular supply of drug, this can be described by periodic changes, leading
to varying reproduction rates of the pathogen.

While in both of these cases the population’s dynamics are directly affected by the envir-
onmental changes on a short time-scale, it is reasonable to expect some averaging and thus
a macroscopic trend of growth or shrinking on a larger time-scale. This averaging effect is
what we study rigorously in the present paper. Starting from a model that describes the
individuals’ dynamics on a microscopic level, i.e. taking into account interactions between
single individuals, we derive results for the effective mesoscopic growth rates of subpopu-
lations of intermediate size, i.e. that consist of a larger number of individuals but are still
negligible with respect to the total population size. Moreover, we give an explicit description
of the macroscopic evolution of the whole population process, tracing the evolution of the
dominating trait, in the large population limit. A crucial aspect in this is to understand
under which conditions we can observe the emergence and growth of new types or even the
replacement of resident traits by fitter mutants.

We consider a variation of the stochastic individual-based model of adaptive dynamics that
has been introduced by Fournier and Méléard [83] and since then was studied for a broad
spectrum of scaling limits and model extensions (see e.g. [27] for an overview and [6] 158,
148, 28, 22]). Its aim is to study the interplay of ecology and evolution, i.e. both the short-
term effects of competitive interactions of different subpopulations and the long-term effects
of occurrence and fixation of new mutant species. Since our interest lies in analysing the
effects of time-dependent changes of ecological parameters on the long-term evolution of a
population, these models of adaptive dynamics are naturally helpful.

As one of the first results on the individual-based model, Champagnat was able to show that
certain assumptions on the scaling of large populations and very rare mutations lead to a
separation of the time-scales of ecology and evolution, which is a fundamental principle of ad-
aptive dynamics. Under the aforementioned assumptions, Champagnat derived convergence
to the trait-substitution-sequence (TSS) [40] and, together with Méléard, the polymorphic-
evolution-sequence (PES) [43]. On an accelerated time-scale, these sequences describe how
the macroscopic population essentially jumps between (monomorphic or polymorphic) equi-
libria of different Lotka-Volterra systems. A broader spectrum of more frequent mutations
was investigated by Bovier, Coquille, and Smadi for a simple trait space with a valley in the
fitness landscape [29]. This work laid the basis for the more general study of moderately rare
mutations in 48], under collaboration of Kraut. The latter provides both the description
of a macroscopic limit process, which consists of (deterministic) jumps between equilibrium
states, as well as a mesoscopic limit result for the growth and decline of all subpopulations,
observable on a logarithmic time-scale.

Despite the variety of different scenarios that have already been analysed, all of these pre-
vious works ask for the parameters of the population process to be constant over time. In
the present paper, we break with this assumption and allow for periodic parameter changes.
As before, we study the limit of a diverging carrying capacity K " oo, which scales the
order of the total population’s size, and choose moderate mutation probabilities g \, 0. In
addition, we introduce a finite number of parameter constellations, which repeat periodically
on time intervals (phases) with fixed length of order \g, to model a changing environment.
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These parameter constellations vary the individual birth, death, and competition rates,
which in particular determine the fitness, or growth rate, of the different subpopulations.
Consequently, both the sign of the fitness, resulting in growth or shrinkage of the subpopu-
lations, and the fitness relations between different types may change between phases.

We choose an intermediate time-scale of 1 < Ag < In K for these environmental changes.
As a result, the environment stays stable enough for the macroscopic resident population
to adapt to it in between parameter changes, but changes occur fast enough to influence
the growth of the micro- and mesoscopic subpopulations in between invasions. Under these
assumptions, we can observe an averaging effect on the level of mutant growth. Similarly to
[48], we prove a mesoscopic convergence result for the orders of population sizes K of all
subpopulations. In the limit of K * 0o, on the time-scale In K of exponential growth, these
exponents  converge to deterministic, piecewise affine functions 3 that can be described by
a recursive algorithm. The slopes of these functions are determined by the effective (time-
average) fitness of the subpopulations. Based on this mesoscopic characterisation, we further
derive a substitution-sequence on the same time-scale, describing the macroscopic jumps of
the population between successive resident traits.

The fact that the environmental parameters now change on an intermediate time-scale at a
first glance seems to be only a small variation of the former models. However, a couple of
non-trivial difficulties arise in all parts of the established proof strategies: First of all, since
time spans of order In K consist of asymptotically infinitely many parameter phases that need
to be concatenated, the way in which a large deviation principle is usually applied for these
types of processes to ensure stability of the resident population in between invasions (see
e.g. [40]) is not sufficient. To obtain a quantification of the speed at which the probability of
exit from a domain within a Ag-time span tends to zero, we instead use potential theoretic
arguments similar to Baar, Bovier, and Champagnat [7]. Moreover, to take care of the short
O(1) times of re-equilibration after a parameter change, we study the speed of convergence
in the standard convergence result of Ethier and Kurtz [75].

Second, we need to extend the general growth results for branching processes (with immig-
ration) of Champagnat, Méléard and Tran [45] to periodically changing parameters. This
in particular requires a careful consideration of small populations, i.e. in the case of ex-
tinction or a newly emerging mutant population. Here we study the distribution function
of the extinction time, making use of estimates on the probability generating function of
Galton-Watson processes.

Finally, we need to carefully consider the event of a mutant population becoming macro-
scopic. Here we need to choose the stopping time, after which we start the comparison to
the deterministic system, such that the invading mutant is guaranteed to be in a phase with
positive invasion fitness and successfully fixate as the new resident trait within a time of
order 1.

Changing environmental parameters have been previously introduced to a number of math-
ematical population models. While we cannot give an extensive review here, we want to
mention a few examples. One popular scenario is that of a shifting optimal trait (mostly in
deterministic ODE or PDE models), where the fitness of all other traits depends only on the
distance to the current optimum [107, 155, 87]. A common observation is the importance
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of the relation between the time-scales of environmental shifts and trait changes (mutation
speed and step size), which determines whether the population can successfully adapt or
not. A scenario similar to the one of the present paper is that of periodically changing envir-
onments, in both deterministic and stochastic models [145, 160}, 37]. Here, previous studies
have focussed on the dynamics of a fixed (usually small) number of competing traits without
mutation. As we observe in this paper, time-scales again play a crucial role, where all of the
above works find that sufficiently fast fluctuations lead to the population evolving according
to time-averaged effective parameters. Other questions have been addressed by various au-
thors, for example the dynamics of phenotypic switching and dormancy for non-competitive
multi-type systems in more or less randomly fluctuating environment [125] 134}, 64 [T11), [19].
To the best of our knowledge, the dynamics of stochastic models with periodically changing
environment, general fitness landscapes, and newly emerging mutant types are still an open
problem.

Similar to some of these approaches it will be interesting to extend the adaptive dynamics
model of this paper to more generally changing parameters. Modelling the environmental
parameters as continuous functions or as a stochastic process itself, where jump times and
transitions are random, can allow for a more realistic depiction of biological scenarios that
either only change gradually or less regularly. Our results in this manuscript are meant as a
first step to establish techniques of how to study this new class of models and lay the basis
for future research that is already in progress.

The remainder of this paper is structured as follows. In Section the individual-based
model for a population in a time-dependent environment is introduced rigorously. We point
out some key quantities, like equilibrium states and invasion fitness, in Section[B.2.2] Finally,
we describe the behaviour of the limit process in terms of an inductive algorithm in Section
B.2.3| and state our main convergence results. Chapter provides a discussion of the
general heuristics and the necessity of some of our assumptions. Moreover, we give an
outlook on possible extensions of this approach. The proofs of the main results of this paper
can be found in Chapter The technical results on birth death processes, which lay the
basis for these proofs, are discussed in Appendices [B.5] [B.6], and [B.7]

B.2. Model and Main Results

B.2.1. Individual-based model in a time-dependent environment

We consider a population that is composed of a finite number of asexual reproducing indi-
viduals. Each of them is characterized by a genotypic trait, taken from a finite trait space
that is given by a (possibly directed) graph G = (V, E). Here, the set of vertices V repres-
ents the possible traits that individuals can carry. The set of edges E' marks the possibility
of mutation between traits. We start out with a microscopic, individual-based model with
logistic growth.

To extend the basic model to one with a periodically changing environment, we consider
a finite number ¢ € N of phases. For each phase ¢ = 1,--- , ¢ and all traits v,w € V, we
introduce the following biological parameters:
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— bl € Ry, the birth rate of an individual of trait v during phase 1,
— di € Ry, the (natural) death rate of an individual of trait v during phase 1,

— Cf),w € Ry, the competition imposed by an individual of trait w onto an individual of
trait v during phase 1,

— K €N, the carrying capacity that scales the environment’s capacity to support life,
— ux € 10,1], the probability of mutation at a birth event (phase-independent),

— My, € Mp(V), the law of the trait of a mutant offspring produced by an individual of
trait v (phase-independent).

To ensure logistic growth and ensure the possibility of mutation only along the edges of our
trait graph, we make the following assumptions on our parameters.

Assumption 4. (a) Foreveryve Vandi=1,---4, ¢, , > 0.

(b) my, =0, for all v € V, and m,,, > 0 if and only if (v,w) € E.

Rescaling the competition by K (cf. (B.2.3)) below) leads to a total population size of order
K. We adapt the following terminology: As K — oo, subpopulations of certain traits are
referred to as

— microscopic if they are of order 1,
— macroscopic if they are of order K,
— mesoscopic if they are of order strictly between 1 and K.

For a new mutant, reaching a macroscopic population size through exponential growth takes
a time of order In K. For a resident population, it takes a time of order 1 to reach a
small neighbourhood of its new equilibrium after an environmental change. In order for
environmental changes to happen slow enough such that the resident populations can adapt,
but fast enough such that they influence the growth of mutants, we choose

1< g < InK (B.2.1)

as an intermediate time-scale for the length of the ¢ phases. For each ¢ = 1,...,¢, we assume
that the i-th phase has length T; Ak, where T; > 0. To refer to the endpoints of the phases,
we define sz =1 T.

Building on this, we define the time-dependent birth-, death-, and competition rates as the
periodic extension of

4

b’llf(t) - Z ]]‘tG[TZZLIAK,TiE/\K)b:fN (B22)
i=1

and analogously for dX (t) and ¢, (t). Note that b} and b/ are very similar in notation. To
make the distinction clear, we always use the upper index ¢ to refer to the constant parameter
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in phase 7 and the index K to refer to the time-dependent parameter function for carrying
capacity K, and use the same convention in comparable cases.

For any K, the evolution of the population over time is described by a Markov process N
with values in D(R;,N}). NX(¢) denotes the number of individuals of trait v € V that are
alive at time t > 0. The process is characterised by its infinitesimal generator

(£E0) (N) =Y (6N + &) = 6(N) (NM( (1= pr)+ > Nubly me,v>

veV wEV
+ D (6N —en) = ¢(N))N, < )+ > ol ) , (B.2.3)
veV weV

where ¢ : N — R is measurable and bounded and e, denotes the unit vector at v € V. The
process can be constructed algorithmically following a Gillespie algorithm [90]. Alternatively,
the process can be represented via Poisson measures (see [83]), a representation that is used
in the proofs of this paper.

B.2.2. Important quantities

In this paper we study the typical behaviour of the processes (N¥, K € N) for large popula-
tions, i.e. as K — 0o. A classical law of large numbers [75] states that the rescaled processes
N¥ /K converge on finite time intervals to the solution of a system of Lotka-Volterra equa-
tions. The study of these equations is central to determine the short term evolution of the
processes NX.

Definition B.2.1 (Lotka-Volterra system). For a phase i € {1,...¢} and a subset v C V,
we refer to the following differential equations as the corresponding Lotka- Volterra system:

ny(t) = (b; —d — Z c;wnw(t)) ny(t), vev, t>0 (B.2.4)

wev

In this work, we focus on the case of a sequence of monomorphic resident traits, meaning
that, apart from the invasion phases, only one single (fit) subpopulation is of macroscopic size
and fluctuates around its equilibrium size. This monomorphism is ensured by a termination
criterion in the construction of the limiting process for our main Theorem (criterion
(d), see also Remark . Taking into account the phase-dependent parameters, we denote
these monomorphic equilibria by n, := (b, — di)/c, ,

Talking about evolution, the most important quantity is fitness. For the individual-based
model of adaptive dynamics, the notion of invasion fitness has been shown to be useful. It
describes the approximate growth rate of a small population of trait w in a bulk population
of trait v in the mutation-free system. To adapt it to the present setting we have to include
the phase-dependence.
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Definition B.2.2 (Invasion fitness). For each phase i € {1,--- ,¢} and for all traits v,w € V
such that the equilibrium size of n!, is positive, we denote by

flow =0 — dly — ¢y 1L (B.2.5)
the invasion fitness of trait w with respect to the monomorphic resident v in the i-th phase.

Moreover, we define the time-dependent fitness and the average fitness by the periodic ex-
tension of

4 4 i
_ Zizl jjiflzv,v

Fow®) =3 Liers neapaofoo and fo = == (B.2.6)
i=1 ¢

Let us now consider multi-step mutations arising along paths within the trait graph
G = (V, E). We introduce the graph distance between two vertices v,w € V as the length
of the shortest (directed) connecting path

d(v,w) = min Y], (B.2.7)
where we use the convention that the minimum over an empty set is co. Note that d(v,w)
is not a distance in the classical sense, as it may not be symmetric in the case of a directed
graph.

Since a single birth event causes a mutation with probability ux, a macroscopic trait v (size
of order K') produces subpopulations of a size of order K pj of its neighbouring traits. These
traits themselves produce subpopulations of a size of order K u%( of second order neighbours
of v. In general, v induces mutant populations of trait w of size of order K ,u,;l((v’w). We study
mutation probabilities of the form

pr =K7Y aeRso\ N (B.2.8)

As a consequence all traits at a distance of at most |«| have a size that is non-vanishing for
increasing K, which means that they can survive. For technical reasons, we exclude o € N,
see the discussion in Section

B.2.3. Results

The main result of this paper gives a precise description of the orders of the different sub-
population sizes as K tends to infinity. It is convenient to describe the population size of a
certain trait v € V at time t by its K-exponent, which is given by the following definition.

Definition B.2.3 (Order of the population size). For all v € V and all ¢ > 0, we set

In(NE(sln K) + 1)
In K '

BE(s) = (B.2.9)
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Note that adding one inside the logarithm is only done to ensure that X (s) = 0 is equivalent
to NX(sIn K) = 0. Before we state the result below, let us describe the limiting functions
(Bu,v € V). We can define these trajectories up to a stopping time 7 by the following
inductive procedure:

Let vg € V' be the initial macroscopic trait. For simplicity, we assume that the initial orders
of population sizes converge in probability to (5,(0) satisfying the constraints

= = d(u,w
Bu(0) = ma [3,(0) - L] v, (B.2.10)
Buw(0) =1 & w=vp. (B.2.11)
The increasing sequence of invasion times is denoted by (sg)r>0, where so := 0 and, for
k>1,
sp=1inf{t > sp_1 : Jw € V\vp_1 : Bu(t) = 1}. (B.2.12)

Moreover, we set vy to be the trait w € V\vg_; that satisfies Bw(sk) = 1, which we assume
to be unique in order to proceed (cf. termination criteria below).

For s,_1 <t < s, for any w € V, Bw(t) is defined by

- - d(u,w)

Bu(t) = max Bu(sk—1) + (t = tug)+ frw,_, —

V0, (B.2.13)

where, for any w € V,

b i {inf{t >sp1:dueV rd(u,w) =1,B,(t) =L} if Bu(sp—1) =0 (B.2.14)

Sk—1 else
is the first time in [s;_1, sg] when this trait arises.

Remark 18. The formula in (B.2.13]) can heuristically be explained as follows: From time s;_1
on, on the In K-time-scale, every living trait « (i.e. traits such that ¢ > ¢, ;) grows/shrinks

at least at the rate of its own fitness f3 which would yield f,(t) ~ Bu(sp_1) + (t —

U,V —17
av -1/«

Sk—1)fiw,- On top of this, every living trait spreads a px = K portion of its population
size to its neighbouring traits through mutation. These then pass on a u%( portion to the
second order neighbours and so on. Overall, a trait w € V receives a ,ucfl{(u’w) = K-duww)/a
portion of incoming mutants from all living traits u, and its actual population size can hence
be determined by taking the leading order term, i.e. the maximum of all these exponents

Bulsr—1) + (t = sp—1) [y, — d(u,w)/a.

The stopping time Tp, that terminates the inductive construction of the limiting trajectories,
is set to sy if

(a) there is more than one w € V\vy_; such that B, (s;) = 1;

(b) there exists w € V\vj_; such that B,(sx) = 0 and B, (sp — ) > 0 for all £ > 0 small
enough;
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(c) there exists w € V\vg_1 such that sp =t k;

(d) there exists an i € {1,...,/} such that either f; >0or fi = 0;

V-1,V — VsV —1

(e) there exists an i € {1,...,¢} such that b, —di <O0.

Remark 19. Note that conditions (a)—(c) are purely technical (cf. [48]). The first part of
condition (d) is a sufficient criterion to ensure the principle of invasion implies fization, i.e.
any mutant trait that reaches a macroscopic populations size replaces the former resident
trait and there is no coexistence. The criterion is not necessary and there are other possible
scenarios where the invading mutant replaces the resident population (see discussion in
Chapter . The second part is again technical and ensures that the e K-threshold (needed
for the approximations by birth death processes) is reached at a time when invasion can
take place in finite time, i.e. the comparision to the deterministic Lotka-Volterra system is
possible (cf. the classical result in [75]) The last condition (e) ensures that the new resident
possesses a strictly positive monomorphic equilibrium ﬁ;k in all phases.

Theorem B.2.4 (Convergence of ). Let a finite graph G = (V, E) and a € R<\N be given
and consider the model defined by (B.2.3|). Let vg € V' and assume that, for every w € V,

BE(0) = Bu(0) in probability, as K — oo, where the limits satisfy (B.2.10) and (B.2.11)).
Then, for all fired 0 < T < Ty, the following convergence holds in probability, with respect

to the L‘X’([O,T],Rgo) norm

K _
(B (0w € Ve 3 (Bu(t),w € Ve, (B.2.15)
where By, are the deterministic, piecewise affine, continuous functions defined in (B.2.13).

Remark 20. Note that we only assume (B.2.10) to ensure convergence at t = 0. If the
BE(0) converge to initial conditions 3,,(0) that do not satisfy this constraint, the orders of
the population sizes stabilize in a time of order 1 at £,,(0) := max,cy {3u(0) - d(“i’w)} V0.

«

These new orders satisfy (B.2.10)). Because the X describe the population on a In K-time-
scale, this means that we still get convergence on the half-open interval (0, 7.

Building upon this detailed description of growth of all living traits, it is natural to ask for
the “visible” evolution of the population process, i.e. the progression of macroscopic traits
that dominate the whole system.

Corollary B.2.5 (Sequence of resident traits). Let
vE(t) = Z dw and v(s):= Z Ls, <s<spi19vk (B.2.16)
weV:NE (t)>eK keNg

denote point measures having support on the macroscopic traits. Then, under the assump-
tions of Theorem|B.2.4}, there exists an ey > 0 such that, for all0 < € < g9 and allp € [1,00),
the following convergence holds in probability, with respect to the LP([0,T], M(V)) norm

K K—o0
(ye (SIDK)>56[0,T] 2 (0(5)) s (B.2.17)

where M(V') denotes the set of finite, non-negative point measures on V equipped with the
weak topology.
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B.3. Heuristics and discussion

In this chapter, we give a heuristic idea of the proof strategy for the main Theorem
and discuss the necessity of some of the assumptions that are made. Moreover, we present
some specific examples for fitness landscapes that do not satisfy these assumptions, which
can still be treated with similar techniques.

B.3.1. Heuristics of the proof of Theorem [B.2.4]

As it is usually the case for adaptive dynamics models, the analysis of the limiting dynamics
is split into approximations for the resident and the mutant populations.

First, in Section[B.4.1], we prove that - as long as the mutant populations stay below a certain
small e K-threshold - the resident population also only deviates from its equilibrium state by
an amount of order e K. In previous papers, this is often done by applying large deviation
results that guarantee for the stochastic process to stay close to an attractive equilibrium
for an exponential time in K. In our case, to bound the probability of failure (i.e. deviating
too far from the equilibrium), we need to concatenate these results for an order of In K/\g
many Ag-phases that are necessary to observe mutant growth on the In K-time-scale. By
conditioning on not deviating too much during the previous phases, we can write the overall
probability of failure as the sum of the probabilities to deviate during specific phases. We
hence need the latter probabilities to converge to 0 faster than A\x/In K. In previous works,
this probability of exit from a domain was bounded through a large deviation principle that
ensures a vanishing probability of deviating within an exponential time as K — oo, but does
not specify the exact speed of convergence (see e.g. [40]). In the present paper, we instead
apply a potential theoretic approach similar to [7] to study the embedded discrete time
Markov chain and bound the probability of deviation during a Ax-phase in o(Ag/In K). We
combine this with a revised version of the standard convergence result to the deterministic
system of [75, Ch. 11.2] to address the short time spans of order 1 at the beginning of each
phase, where the resident population attains its new equilibrium. We prove convergence
in probability instead of almost surely but can again quantify the convergence speed and
bound the probability of failure in o(Ax/In K) in return. Overall, concatenating these two
results, which are derived in Appendix for O(In K/Ak) many phases yields a vanishing
probability for the resident population to stray from its respective equilibria.

With these bounds on the resident population, in Section we can couple the mutant
populations to simpler birth death processes (with immigration) to estimate their growth.
In [45] we find a collection of general results on the growth of birth death processes (with
immigration) which were formerly used to study similar coupling processes. These results
however only cover processes with constant parameters. In Appendix we argue that
we can essentially work with the time-average fitness f", as the mutants growth rate since
A < In K, i.e. the parameter fluctuations occur on a faster time-scale than the growth of
the mutants. This requires a careful rerun of the proofs in [45] to keep track of the error
stemming from this averaging approximation.
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Finally, based on the results on the coupling processes, we can derive the piecewise affine
growth of the orders of population sizes 85 of the mutant populations as in . The
equations for f,, combine the growth of a mutant at the rate of its own fitness f", with the
growth due to incoming mutants from other traits u (which themselves grow at least at rate

av )
u,v/

B.3.2. Discussion of assumptions

In the following, we address the necessity of some of our assumptions and discuss possible
extensions to more general cases.

Mutation kernel and probability

In Section we choose the mutation kernel (or law of the trait of a mutant) (m,.)yev to
be independent of the phases ¢ = 1, ..., ¢ and the carrying capacity K. Moreover, in Section
B.2.2] we choose the probability of mutation at birth as

pr =KV aeRso\N, (B.3.1)

which is independent of the phases and traits and depends on K in a very specific way. Both
of these assumptions are not necessary and purely made to simplify notation.

The important part is to ensure that, for each v,w € V, mng) > 0 either during all or

during none of the phases i (i.e. the mutation graph G does not depend on the phase), that
,u%’v) > 0 for all phases and traits and that the (additional) dependence on K does not
influence the order of the population sizes. Overall, we can allow for dependences of the
form

m(i’K),u%’U) = h(v,w,i, K)K~ Y, (B.3.2)

VW
where, for each (v,w) € E,

Inh(v,w,i, K)

h i, K 0 and
(v,w,i, K) > 0 an e

‘ = o(1) (B.3.3)

and, for each (v,w) ¢ E, h(v,w,i, K) = 0.

Under these assumptions, the mutation kernel and probability only contribute a (varying)
multiplicative lower order constant to the mutant population sizes (beyond the K -1/ ) and
do not affect the traits’ fitnesses. As a consequence, neither the asymptotic growth of the
order of the population size 5%, which determines the next invading trait, nor the outcome of
the invasion according to the Lotka-Volterra dynamics are affected. Therefore, the limiting
processes 3 and v would remain unchanged.

The technical assumption of o ¢ N allows for the dichotomy that either K ,u(;((v’w) > 1, if
d(v,w) < a, or Ku?((v’w) < 1, if d(v,w) > a. Hence, one can decide whether a w-population

gets founded by mutation or not. However, we think that the critical case where w-mutants
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arrive at a rate of order K = 1 and may go extinct due to stochastic fluctuations can be
handled as well. On any diverging time-scale (< Ax) we see an infinite number of mutations
and corresponding attempts to survive and fixate in the population, where survival is also
decided on the same short time-scale. As a result, one can heuristically expect fixation with
probability converging to one. This type of argument is part of ongoing research. Its details
are quite involved and diverge too far from the core of this paper. Therefore, we exclude
these cases in our present results.

Monomorphic resident population

Through termination criterion (d), we ensure that f{ik—lyvk < 0, for all phases ¢ = 1, ..., £. This
is a sufficient criterion to imply a monomorphic equilibrium of trait v, as the outcome of the
Lotka-Volterra dynamics involving the former resident trait vx_; and the newly macroscopic
mutant vy. While this criterion is not necessary (as shown in the first example below), we
do want to guarantee a monomorphic resident population at all times.

The reason for this is that our potential theoretic approach to proving good bounds on the
resident’s population size in Appendix (which is made use of in Sectionto derive the
bounding functions qb(K’E’i)), relies on estimating the influence of variations in the absolute
value of the population size. In the case of a monomorphic population, larger variations can
be attributed to either a severe over- or undershoot of the equilibrium population size. In the
case of polymorphy however, variations could stem from either of the resident subpopulations
or even a mixture of those, which makes the same estimates no longer useful.

We expect that these problems are more of a technical nature and an extension to poly-
morphic resident populations is part of our ongoing research.

B.3.3. Examples

In this section, we present two examples that provide some more insight into the assumptions
made to ensure a monomorphic resident population.

Ensured monomorphism despite temporarily fit resident trait

We consider the example of an invasion step (i.e. the last Lotka-Volterra like step of an
invasion, where an already macroscopic mutant population takes over a former resident
population) for ¢ = 3 phases, with resident trait v and mutant trait w, where termination
criterion (d) is triggered, i.e. faw > 0 for one of the phases i € {1,2,3}. We impose the
following fitness landscape:

wo >0, fyh, <0, (B.3.4)
w0, fow <0 fa,<0, fi,<0; fo, <0, fi,>0, (B.3.5)
Tofw+Tsf 0 <O0. (B.3.6)
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The first part of ensures that the mutant w population reaches a macroscopic pop-
ulation size of order K in the presence of a resident v population in the first place. Next,
the conditions on ffl,,v in imply that trait w can only invade the resident population
in phase 1 and f&w < 0 guarantees that a monomorphic equilibrium of trait w is obtained.
Moreover, the population of trait v drops to a mesoscopic size (strictly smaller order than K)
by the end of phase 1. In phase 2, due to the respective negative fitnesses, trait w stays in its
monomorphic equilibrium while the population size of v shrinks further with rate ff}w < 0.
In phase 3, trait v is indeed fit and can grow again (triggering termination criterion (d)).
However, together with the precise approximations in Appendix ensures that
this growth does not make up for the decrease in population size during phase 2 and hence
v will not reach the e K-threshold again. Finally, the second part of implies that the
v population shrinks overall and becomes microscopic on the In K-time-scale.

To summarise, we have shown that termination criterion (d) is not necessary to guarantee
a monomorphic resident population. However, formulating a sharp criterion is much more
complicated.

Different possible outcomes for two-phase cycles

As a toy example, to motivate our assumptions/termination criteria for the fitness landscape,
we consider all possible behaviours during an invasion step for ¢ = 2 phases with resident
trait v and macroscopic mutant w. For the latter to be able to reach a macroscopic size,
we need f7%, > 0, which implies that there is at least one phase during which fftw > 0.
Hence, excluding cases of fitness 0, there are seven possible scenarios (up to exchangeability

of phases):

scenario 1 2 3 4 5 6 7
ow d foy | -~ | /- [ H/+ [ H/+ ] - [+ +/-
fowand fo | +/+ | +/- | +/+ | +/- | +/+ | +/-|-/+

The analysis of the different scenarios again makes use of the estimates in Appendix [B.7 and
we only present the heuristics here.

Scenarios 1 and 2 are covered by our results and lead to a new monomorphic resident
population of trait w.

Scenario 3 yields a polymorphic resident population of coexisting traits v and w. This is
because in both phases the respective positive invasion fitnesses imply that there is a unique
stable equilibrium point of the two-dimensional Lotka-Volterra system with both components
being strictly positive (see e.g. [105, Ch. 2.4.3] for a discussion of stable equilibria for two-
dimensional Lotka-Volterra systems).

Scenario 4 does not lead to a fixed resident population. During phase 1, traits v and w obtain
a polymorphic coexistence equilibrium as in scenario 3. In phase 2 however, a monomorphic
v population is the only stable equilibrium state and the w population starts to shrink
again. Since fg%, > 0 is assumed, we have T} f&w + 15 fgw > 0, which implies that w
recovers from this decline in the next phase 1 and hence the system keeps switching between
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a coexistence equilibrium of both traits and a monomorphic equilibrium of trait v. (Note
that in the beginning of each phase 1, there is a time of order Ag during which v is still
the monomorphic resident trait, before w reaches a critical size to trigger the Lotka-Volterra
dynamics again).

Scenario 5 is in some sense the flipped scenario 4. However, we do not have information
about the sign of f77,. If fi%, > 0, this is indeed the opposite version and the resident
population switches back and forth between a coexistence equilibrium of v and w and a
monomorphic equilibrium of trait w only. If fJ7, < 0, then T3 fiw + 15 faw < 0. Hence,
once the pure w equilibrium is obtained during a phase 1, at the beginning of the next
phase 2, v starts to decrease in size. This decline can not be made up by its growth in
phase 1 and hence the v population becomes mesoscopic and shrinks on the In K-time-scale,
making w the new monomorphic resident trait. Note that this is an even smaller example
for the phenomenon described in Section [B.3.3] i.e. an ensured monomorphic new resident
population of the mutant trait despite the former resident trait being fit during some phase.
However, it is a little more complicated to describe the exact population sizes here (they
depend on whether w first becomes macroscopic during phase 1 or 2, where the previous
example guarantees invasion during phase 1). Hence we present both examples and treat
this one with less detail.

Scenario 6 gets more complicated. In phase 1, the only stable equilibrium is the polymorphic
state involving both v and w. In phase 2 however, both monomorphic equilibria of v or w
are stable. Hence the dynamics depend on the relation between the coexistence equilibrium
state and the regions of attraction for the two monomorphic states. If the former is attracted
to the equilibrium of v, the w population shrinks during phase 2 but can recover to re-attain
the coexistence state in phase 1 (i.e. the resident population switches between coexistence
and trait v alone). If the coexistence state is attracted to the equilibrium of w in phase
2, the outcome again depends on the fitness f7, and whether trait v can make up for its
decrease in phase 2 by its growth in phase 1, similarly to scenario 5.

Scenario 7 again has two possible outcomes. The Lotka-Volterra dynamics would lead to
monomorphic equilibria of v in phase 1 and of w in phase 2. It depends on the average
fitnesses though whether the respective invading traits reach the critical threshold size to
trigger these dynamics within these phases. In case of trait w, this is guaranteed by fi", > 0.
If also f77, > 0, both traits grow faster during their respective fit phases than they shrink
during their unfit phases. As a consequence, we observe a switching back and forth between
the monomorphic equilibria (not necessarily synced up with the phase changes but delayed
by a Ai time, as above). If £, < 0, trait v cannot recover during phase 1 and the system
stays in the monomorphic w equilibrium.

Overall, already in this minimal example of two phases, we can observe a variety of differ-
ent behaviours, ranging from monomorphic equilibrium states to coexistence and switching
between those. Which of these is the case not only depends on the invasion fitnesses of the
single traits but also on the precise relation between them and the timing of the different
phases.
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B.4. Proofs

In this chapter, we conduct the proofs of the main results of this paper, i.e. Theorem
and Corollary [B:2.5] We utilise a number of technical results on birth death processes with
self-competition or immigration. To maintain a better readability of the main proofs, these
technical results are stated and proved in the appendices.

This chapter is divided into several sections. In Section we discuss the stability of the
resident trait during the mutants’ growth phase. In Section [B.4.2] we prove Theorem
i.e. the convergence of the exponents S%. Finally, in Sectio we conclude the result
on the sequence of resident traits of Corollary

B.4.1. Stability of the resident trait

Since we are working in a regime of periodically changing parameters, we cannot expect the
resident population’s size to stay close to one fixed value. Instead, the population size is
attracted to the respective equilibrium sizes of the different phases. Since the population
needs a short time to adapt to the new equilibrium after a change in parameters, we define
two functions qb?(}K’a’Jr) and (bS)K’a’_) that bound the population size and take into account
these short transition phases of length 7.. We can then prove that, as long as the mutant
populations stay small and as K — oo, the resident’s population size stays between these

bounding functions for a time of order In K with high probability.
We define

¢£)K’6’+)(t) _ {max{ﬁilyﬁ%} + Me ifte (Tzzil/\Ka T;,‘Xil)\K + T€>’

iy, + Me if t € [T= Ak + To, TE Nk, o
S (1) = min{nl, ", n,} — Me ift € (T2 Ak, T2 Ak + T%),
v ﬁ%—ME iftE[TiXi1)\K+T€,T;Z)\K]’

with periodic extension, where ni! := 7! for i = 1, and <Z>§;K’E’i) (0) = i’ &+ Me. Note that
these functions also depend on the choices of M and 7. To simplify notation, we however do
not include those parameters in the functions’ names. To mark the time at which the mutant
populations become too large and start to significantly perturb the system, we introduce the
stopping time

S =inf{t>0: > NE(t)>eK p. (B.4.2)
wH#v

With this notation, the resident’s stability result can be stated as follows.
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Theorem B.4.1. There exists a uniform M < oo and, for all € > 0 small enough, there
exists a deterministic T. < oo such that, for all traits v € V such that b > d', 1 < i < ¢,
and for all T < o0,

K
Jim IP(H tel0,TInK A S N, UK(t) ¢ [p=) (1), qbgK’fv*)(t)]‘
K
N”K(O) € [¢=7)(0) + 2, 6= (0) - 5]) =0.  (B43)

Proof. The proof is based on couplings with bounding single-trait birth death processes with
self-competition. We proceed in several steps:

1) For a fixed i phase, prove that NX /K gets e-close to the new equilibrium 7¢ within a
finite time 7. and stays bounded until then.

2) For a fixed i phase, prove that Nf /K stays e-close to its equilibrium 7! after T, until
the end of the phase.

3) Use the strong Markov property to concatenate multiple phases to obtain a result for
In K times.

Note that in the following we conduct the proof for a fixed resident trait v € V. Uniform
values for M and T, can be obtained by taking the maximum over all such traits since we
work with a finite trait space. In steps 1 and 2, we prove that the desired bounds fail with a
probability in o(Ax/In K). This allows us to concatenate O(In K /A ) phases for an overall
time horizon of order In K in step 3.

Step 1 (attaining the equilibrium): We fix a phase 1 < ¢ < ¢ and, without loss of
generality, assume that an 7 phase starts at time ¢ = 0 and lasts until t = Tj g (we will
“reset” time with the help of the Markov property in step 3). We start by showing that
there are constants C*,C" < oo such that, for any ¢ > 0 and interval I = [a1,as] C (0, 00),
there is a deterministic time T/* < oo such that

, NE 4 4 A
IP(EI te 0,75 A S “K(t) ¢ [((n;, —eC*) Nar) —e,((n;, +eC) Vaz) + €]
) NE (T ) ) ) — NK
or TI < 5(Ke) g ”E{a) ¢ [l —eC® — 2e,n! +C" + 2] ”K(O) € [a1, a2]>
—o<>\K> as K — oo (B.4.4)
- \InK ' o

While these bounds seem quite unintuitive, they come up naturally by first comparing the
actual process NJ( to two branching processes and then comparing these to their determ-
inistic equivalent. These approximations are discussed in detail below and are visualised in
Figure The first line of corresponds to a worst case bound of the population up to
the time 7! when the new equilibrium is (almost) obtained. The second line corresponds
to (almost) reaching the new equilibrium at time 7 itself.
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Qa n € __o----mT7T 1
2 NAYA v _ ————————— !
al A“ 3 —‘_—"—_ E
PP - X([x’:&f,i) 1
K .

0 T],i -

Figure B.1.: Two steps of approximation: Original process N /K and new equilibrium 7! in
black. Bounding birth death processes with self-competition X /5% /K and X K&+ /K
in red. Limiting deterministic solutions 2= and z(&%) with respective perturbed equi-

1. . _(e,—,1 _ i _ i . —i .
librium sizes m(,e’ ) nt, —eC" and nSf’*’l) =n, +eC" in blue.

We want to apply the results from Appendix To do so, we couple the process NX to two
single-trait birth death processes with self-competition X (K.e:=1) and X USe+0) guch that

XEe=0(1) < NE(t) < xE=+H0(1), vt e 0,809 A7) ATk, (B.4.5)
where
i) = inf { > 0: NJ(t) < =K} (B.4.6)

ensures that the resident does not become too small and incoming mutants can hence be
approximated by additional clonal births. We let K be large enough such that px < e.

X (K.e,=i) agsumes the lowest starting value, maximal competition from other traits, maximal
loss due to outgoing mutants and no incoming mutants. It hence has

— initial condition X 5= (0) = |a1 K|,
— birth rate b} (1 — ¢),
— death rate di, 4+ € max,, ¢\, and

— self-competition rate ¢, /K.
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X (Keti) assumes the highest starting value, no competition from other traits, no outgoing
mutation and maximal incoming mutation. It hence has

— initial condition X 5:e+9(0) = [ap K],

i
w?

— birth rate b% + ¢ mMaXy£y b
— death rate d? and
— self-competition rate ci, /K.

These couplings can be explicitly constructed via Poisson process representations, see e.g.
[29, Ch. 7.2].

By Theorem on finite time intervals, the rescaled processes X554 /K and
XEe+9) /K converge uniformly on finite time intervals to the solutions (x5~ (t));>0 and
(2T (t))s>0 of the ordinary differential equations

#Hom(1) = 2B (1) (bz‘,u —2) = (d} + emaxcl,,) — 2™ <t>) . 2B (0) = ay,
WFV

(&) (t) = p(&ti) (t) (bfj + emix bl —d — cf,vx(s’+’i) (t)) , z(&) (0) = aq.
(B.4.7)

These equations have unique attractive equilibrium points

oy M=) — (b emaxugn ) B maxasch,

i
Ny, = v = tn, —eC”,
; 7;” ; ; o (B.4.8)
e+ = by + £ Mgy by = dy _ Al + e bu _, Al 4 C",
CU'U C’U'U
which their solutions will attain up to an e within a finite time T < oo, i.e.
‘m(e’_’i) (T — 7&=9| < & and ‘x(6’+’i) (T — et < e (B.4.9)
Moreover, due to the monotonicity of the solutions, for all ¢ € [0, TEI 4]
&0 (1) > ay AT and 2T (1) < ag v ST, (B.4.10)
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We can hence bound

K .
IP’(H t e [0, 71 A S A 7 (K9] Nl}{(t) ¢ [((Al —eC Aay) —e, (A +eC") V ag) + €]
, K (i ‘ , , : K
or T < §IKe) pr(Koe) & N gg )gé [l —eC'—2¢, 7l +eC" +2¢] UK(O) € [al,ag]>
) (K,e,—,i) ) ) (K,e,+,i) ) .
< IP’(EI telo, 717 XK(t) <((n;,—eC")Nay)—e or XK(t)>((ﬁf}+£€L)\/a2)+€
(K,e,— i) (1,i , , (K e, +0) (i . i
or S ) < ny, —eC" — 2 or XTI >y, +eC + 2¢
K K
) (K,e,—,i) ) (K,e,+,1) )
<P(3tel0, T : X2 &) > e or XTI 2ET (@) > e
K K
(K,e,—,i) ) (K,e,+,1) )
<P| sup X0 eS| >e | +P | sup X &) > e
<l K <1l K
— 0 (an> , (B.4.11)

where we apply Theorem in the last step.

Finally, we note that, if we choose € small enough such that & < ((2!, —C?) Aay) — 2¢, then
79 < 5 A S5 implies that N5 (¢)/K must have left the above intervals prior to this

time and hence we can drop the stopping time quK’E) from the probability on the left hand
side.

Step 2 (stability of the equilibrium): We still study a specific ¢ phase from time ¢ = 0
up to t = T;A g and now consider the time span [TEM,TMK]. Since this is a time span
of divergent length, we can no longer apply Theorem and the convergence to the
deterministic system. Instead, we apply Theorem on the stability of equilibrium points
for In K times to derive

NS (1)

o & ) —eC' — 166, + eC" + 16¢]

lim 2 IP’(E t e [TH Tixg A ST
K—oo AR

NJ(TE)

= € [ﬁi—eCi—Qs,ﬁi—i-eCi—i—Qe]) =0

(B.4.12)

We utilise the coupling processes X 5= and X K&+ ag in step 1, with the same birth,
death and self-competition rates but this time with initial conditions

XEemD () = (A} - e(C’ +2))K ] and XS (TH) = [(a] +2(C" +2))K].
(B.4.13)
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Then, if NX(T!4) /K € [l — e(C? +2), 78 +£(C" + 2)),

XWEe=D ) < NE(t) < xEetd(p), vie[TH, SED AT ED ANTIAK].  (B.4.14)

We apply Theorem with ¢/ = 16¢, and hence

. , . 'K 1K
‘XéK’E’i’Z)(Tg’Z) _ ﬁ1(f7i”)K < 2%K = £ < 5 \‘8 J , (B.4.15)

to obtain
Li (Ke) n Koy Ne@) i i i
P(3tell.", TiAk NSy ATy ]71( ¢ [n, —eC" — 16e,n., + €C" + 16¢]
NK(Ta“)

€ [l —eCl — 2e, 71 +eC" + 25])

X(K7€7_7i) t . . X(K787+7i) t . .
IP’(EItE [T5% TiMg] : K()<nf)—5C”—165 or K()>n;+sﬁ+165
X(K757_7i) t . X(K,&-‘r,’i) t A
P(H te] le ,TiAk] - ‘[{() —plEe=d s & or ’[(() — et S o
<P sup Ke,=i) (t)—ﬁ(a’_’i)K‘ > K| +P sup ‘X(K’E’J“i) (t)—ﬁ(a’J“i)K‘ >e'K
tE TE 7T)\K tE[Tgl’i,Ti)\K]
Y an) _ (B.4.16)
As in step 1, for sufficiently small ¢, we can again drop the stopping time quK’a) from the

probability on the left hand side.

Step 3 (concatenating multiple phases): We first piece together steps 1 and 2 to obtain
a result for an entire ¢ phase and then concatenate multiple phases to prove the final result
of the Theorem.
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Applying the Markov property (at T+ in the first step, we obtain

N (1)
K

IP(H te (0,1 A S ¢ (R —eCY ANay) — e, (i +2C) V ag) + ]

Li n a(Ke) Koy, No @) o i i
or 3t e [T NS Tidg NSy 0 —=—= ¢ [n;, — eC" — 16e, 1., + eC” + 16¢]
NE(©
v]{( ) S [al,a2]>

. NEK , , . i
< 1@(3 t € [0, T A SO . Ny () ¢ (R —eC) Aay) —e, (7 +C) V az) + ]
NK

K

or TH < S(Ke) & ¢ [al —eC' — 2e,m! + eC' + 2¢]

I,i (K,e) Nf(t) —i i —i ol
+P(3te [T, Tidg NS ]:Tgé[nv—eg — 16,1y, + C" + 16¢]

€ [n! —eC' — 2¢,n! + eC' + 25])

K
=0 (1211(() . (B.4.17)

Here, we impose stronger bounds in the first time period up to Tg(l’i) to ensure good initial
conditions for the remaining diverging time.

Note that these probabilities are in o(Ag/In K) uniformly in 1 <i < /.

Now we can finally link together multiple phases. For ease of notation, we index the phases
by i € N instead of 1 < i < ¢, where every (k¢ + )™ phase, k € N, is of type i and length
T;\k. Similarly, we extend the definitions of 7>, n¢ and T

Choosing T, = maxi<j<¢ Tgl’i and M = maxlgig(gi \/éi) + 17 in the definition of qﬁ,(jK’E’i),

and the intervals I = [af,a}] = [af — e(M — 1), 70} + e(M — 1)] as well as [ = [a},a}] =
[i~l —e(C*1 +16), 071 + 6(62_1 +16)], 7 > 2, in (B.4.17), we deduce the convergence for
any T < oo. See Figure for a visualisation of the concatenation of two phases.
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IP(H te[0,TInK A S AR ORI ]

N (0)

v

(K.e,—) (Ke+) () —
2 € [0lF<) (0) + 2, 6= 0) e])

= P<3 i€ N: T A\g < TnK A S and

K
It e (TP Ak, (T Ak + TH) A ST N”K(t) ¢ (Rt Anl) — Me, (pi7 val) + Me]
2 I (K&) S Koy No(t) _
or 3t e (T2 A +T2") NS TH A NSy e ¢ [nt — Me,n! + Me]
NE(0 _
K( ) € [ (0) + &, pe(0) —E])

< P(a ieN:T” Mg < TlnK A S and

. NE(t . . . L .
Ste T2k, (T2 A+ TN O g (3 -0 nad) e, (42T v a2

) NE (¢ ) ) L
or Ite[(TE Ak + TH) A SIS TENe A S(K)) K() ¢ [0l —eC'—16¢, 7! +eC" +16¢]

v ~

N, (0)

v

e €101ET(0) 4,615 (0) - e])
= Z P<3 te [Tz‘z—l)‘lﬁ (Tiz_1)\K + Tej’i) A SS)K’S)] :

1€N:
TR Ag<TInK

NS(@)

—2= ¢ (A —C') Aa}) — e, (), +¢0) V aj) + ]

: NE(t . ) o
or Jte [(EE_MK-FTEI’Z)/\&SK’E),EEAK/\SEK’E)] ”K()¢ [, —eC"—16¢, ny, +eC" +16¢]

NI{((T;Z—: )‘K) i i
—m A e [ aj)

= o(1), (B.4.18)

where we utilise that we have O(ln K/Ag) summands that are (uniformly) of order
o(Ax/In K) to conclude.

Note that, in contrast to the second to last expression, in the initial time of the
phase is set to 0. This however does not change the probability due to the Markov property
and the periodic time-homogeneity of the Markov process. Letting K tend to infinity, this
yields the proof of Theorem O
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L Ii+1
T: T!

Figure B.2.: Concatenation of phases i — 1, i and i + 1. Original process NX/K and
corresponding equilibria in black. Bounding birth death processes with self-competition
XEe—) /K and X(Ke+d) /K in red (fast re-equilibration from step 1) and orange (long

stability from step 2). Equilibrium sizes ﬁq(f’_’i) =l — eC and ﬁq(f’Jr’i) = nd + eC" of the

corresponding (perturbed) deterministic system in blue. Bounding functions (bS,K’E’_) and

K .
qbg, =)y green.

B.4.2. Convergence of the orders of population sizes

The proof of Theorem is based on an induction principle and similar to the proof of
the main theorem of [48]. We therefore do not repeat every single detail but point out how
to deal with the important difficulties arising from our extended model with time-dependent
growth parameters. This is done in five steps:

1) Define the main stopping times and set up the induction.
2) Use the convergence of B (0) for the base case of the induction.

3) Couple the process with non-interacting birth death processes to control the growth of
the mutant populations.

4) Ensure that mutants become macroscopic only in a fit phase i.
5) Finish the induction step by comparison to the deterministic Lotka-Volterra system.

Step 1 (preparation): The induction is set up in such a way that each step corresponds to
the invasion of a new mutant. We divide these steps into two alternating substeps. During
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the first one, the resident population is stable in a certain sense and we approximate the
growth of the mutant populations on the In K-time-scale. The second one is started when one
of the mutant populations becomes macroscopic and we therefore observe a Lotka-Volterra
interaction between the mutant and the former resident population.

In order to make this distinction into substeps rigorous, we introduce, for k € Ny, the pair
of stopping times (visualised in Figure |B.3)

K
t
ot imint {12 0l - 20 ¢ ey 1o gl o and YD NE() < K.
WHV
GK e f > K . Nl{}i(t) (K,Ek,—) (K6k1+) K
po1:=inf ¢t > oy, P ¢ | oo, (t), b, or Z N, (t) > e K,

WAV

(B.4.19)

where the €, > 0 are chosen at the very end, in reverse order. More precisely, to ensure good
estimates until the end of our time horizon [0,7'In K|, one has to keep the accumulating
error low from the very beginning and choose each ¢ small enough to provide good initial
bounds for the next invasion step.

This means that at time 0,5 the process has reached the monomorphic Lotka-Volterra-
equilibrium of trait vy € V, and v, remains the only macroscopic trait until time 915+1-
Moreover, its population size lies inside the e-tunnel described by ¢Fee:=) and ¢Uert)
during [ak a0k+1]

In step 3, we introduce the stopping times sfﬂ, when the first non-resident population
becomes almost macroscopic, i.e. attains a population size of order K1+ for some small
ek+1 > 0 (see Figure , as well as the appearance times tﬁk 41 of new mutants. The first
one is necessary for technical reasons and gives good bounds for Hfﬂ. The second one is
needed to keep track of these new populations. As in [48], let (7%),>0 be the collection of
both (sk k>0 and (t w, k,) k>0- The main part of the proof then consists of approximating the
growth dynamics in the mtervals [Th A Hk AT Th A Hk ' 1 AT]. Subsequently, we estimate
the time between Gk 1 and ak "1, Which completes the induction step.

Step 2 (base case): We set §f=0. Then the base case is reminiscent of [48] since, within
a finite time horizon [0, 7], the parameter functions b’,d" c/X stay constant, for K large
enough. Hence, we can apply Lemma A.6(ii) of [48] to get, for every g9 > 0, a T, < oo such
that

NE(T!)
lim P (H —pl

Ny
K—o0 0

<m>:1. (B.4.20)

Here, our g( corresponds to e2 in [48] and a lower bound of order K for the initial population
size of trait vg gives their 1 K. We use that our assumption on the initial condition (B.2.11))
guarantees that limg o 5y (0) < 1, for all w # vg. Hence limg o0 Bu(t) < 1 for all w # vy
and t € [0,77 ], and in particular Zw#}O NE(t) < €3K for such t. Therefore, Assumption
A5 in [48] is satisfied for standard couplings to birth death processes with immigration,

104



B.4. Proofs
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Figure B.3.: Substeps of the (k 4 1)** invasion: Resident population N2 (t) (blue), invading
mutant Nfiﬂ(t) (red) and new emerging subpopulation N5 (¢) (green), together with the

triggered stopping times and the corresponding bounds and thresholds.

d}) and c}
by more than EOC and immigration is bounded by e3 K u xC, for some C' < oo. Overall, we
obtain that of* < T/ < oo, for K large enough.

where the birth, death and (self)competition rates do not deviate from by, 0.0

Step 3 (growth of mutants): To show the induction step, let us assume that at time
0,5 the process has reached the monomorphic Lotka-Volterra-equilibrium of trait v, € V.
Our first goal is to estimate the competitive interaction between the subpopulations in the
interval [Uk 791€(+1]~ Recalling the rates of the different events for the population of trait
w € V, which has size NX(t) at time ¢, we have

— Reproduction without mutation:

5 (£) = b (1)(1 — ) N (1), (B.4.21)

— Death (natural and by competition):

0Bt = <dK(t) +> mzvﬂw) NE(#) (B.4.22)
w - w K u w 3 A

ueV
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— Reproduction from mutation:

= pk > bl (O)muwNL (t). (B.4.23)
ueV
Using the shorthand notation v := vy and ¢, = max,-, 1<i<¢ cwu, we can introduce the

approximating parameter functions, for w € V,

b (8) == b (1),
Ks — K
t):=(1—¢)b
o (1) wate. B2
) = diy (1) + e, (DO (),
dgoe T (t) = df (1) + e o (DU (1) + ue.
If K is taken large enough such that ux < e, we therefore have, for t € [a,f , 0£<+1],
bAE T (E)N (1) < bl (8) < BUOS T (N (1),
(B.4.25)
dy o (NG (1) <0 (1) < dyS= T ()N (8).
Moreover, defining f&{fja’i)( t) = piie i)( t) — dq(UK’E’i)(t), we have
f(K,s,—l-) (t) — 12;),1) + C@UME + Cfmv (ﬁ; - ﬁf)il)Jr ite [E%lAK,ﬂ§1AK + Te?)v
s flow+ ¢l o Me 1t € TP Ak + 1o, TP Ak ),

e () = o = (CopM + by ) e =y (M7 =) it e [7}21/\&7}2_1)\1(24- 12),
w,v fZ;},U_ 3,0 M+bZ +C’LU g ItE [TlflAK—i_TE)ZZ—IL AK).

(B.4.26)

v

We can use these new parameter and fitness functions to define suitable couplings to simpler
bounding branching processes to approximate the original processes Nf .

In contrast to the estimates of [48], we have to work with periodic functions instead of con-
stants.  Another peculiarity is that we only have good estimates in the intervals
[TZ A + T, T>\k). On the intervals [T° Ak, T A + T:), we have to deal with de-
viations staying macroscopic (i.e. not scaling with ¢). Fortunately, these bad estimates are
only given for a finite time 7T, (not increasing with A\x) and for the remaining time, which
scales with Ag, we have the estimates that are arbitrarily accurate, proportional to ¢ > 0.
In Appendix we work out how to capture both of these characteristics.

In order to make these results applicable, let us first define the stopping time when the first
non-resident population becomes almost macroscopic

sp Ly = inf{t >0l /MK :3w#uv:504)>1- 6k+1} , (B.4.27)
as well as the time of appearance of a mutant

g inf {t > of /K :JueV duw) =1,5() =1} if B (o /mK) =0,
Wk ol /InK else.
(B.4.28)
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Building on this, we can define the sequence of important events (75,)nen, via 78 = of’/In K
and, for off /In K <7<, < sf 4,

T = st Amin {ty py1 w € Vity g1 > Tho1 ) (B.4.29)

Moreover, we can then define the sequence of sets of living traits (M ,f( JheN, via
M = {w eV :pEEEY>0o0r if = tg’kﬂ}

:(M,f(_l\{wEV:ﬁg(Tf):O})U{wEV:T,{(:tikH}. (B.4.30)

After establishing these stopping times and estimates on the rate functions, we are in a
similar framework as in [48] but now adapted to the time-dependence of the driving para-
meters. We can couple the mutant populations Nl{f to time-dependent birth death processes
(with immigration) with parameters pioen®) (t) and dq(ﬂK’ak’i)(t). Together with the results
presented in Appendix one can now follow the arguments of Section 4.2 in [48]. To be
precise, we just have to replace their Lemma A.1 by our Theorem and their Corollary
A.4 by our Theorem and use similar inductive arguments to show that, for w € M ;{i 1

andt € [ff  ImnKAGF AT K, 7 In K A0, ATIn K], we obtain the bounds

d(u,w av
mas [0t ) - L ol )72, — Coc) (B4.31)
u€M,;* o +
K K K \__ d(u, w) K av
< By (t) < max | B (Th=1) + Cher + (= 7321) (far, + Cher)| - (B.4.32)
ueMy +

A heuristic for these bounds has already been given in Remark As a brief reminder,
without mutation, every living trait u € M, }{i ; would grow/shrink at the rate of its own
fitness 27 on the In K-time-scale, yielding 8X (t) ~ BE (7<) + (t — 7<) &, . Through

Vv
U,V U,V
. . . d _ . . .
mutation however, a trait w € V receives a MK(u’w) = K ~4ww)/a portion of incoming mutants

from all living traits u € M }f(_ 1, and its actual population size corresponds the leading order

K

term, i.e. the maximum of all these exponents 85 (7 ) + (¢t — 7)) f2%, — d(u,w)/a.

Note that these estimates on X are also where the errors accumulate. Namely, knowing the
initial value of 3% at time 75,_; In K allows for approximations until 75, In K but at a cost
of an additional error term of order €. To eventually ensure the convergence of Theorem
[B:2:4] which means having good estimates until time 7'In K, one has to choose the ¢j in
reverse order, such that every approximation step gives good enough bounds to the initial
values of the next one.

By analogous arguments to Section 4.3 and 4.4 of [48], we can deduce the formulas for and
the convergence of (17X — 7 ) and M, as well as for skKJrl and 9,5“. Note that we need to
introduce the stopping times SkK+1 for the following technical reason: At time 91€<+1 we only
know that the overall mutant population (summing over all non-resident traits) has reached
the threshold ;K. The above bounds on 85 only allow us to estimate a single mutant’s
population size up to a multiplicative factor of K*Cx which is not sufficient to imply that
vg+1 has a non-vanishing population size (when rescaled by K') at this time. This is however
necessary to have a good initial condition for the deterministic Lotka-Volterra approximation.
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B. Effective growth rates in a periodically changing environment: From mutation to invasion

Hence, skKH is chosen to guarantee the existence of one large mutant population, where we
choose a threshold slightly smaller than 3% = 1 to ensure that the Lotka-Volterra dynamics
are not triggered before this time either.

We can show that, in the limit of K oo and for small €41, the times Glﬁl/an and
5§+1 are arbitrarily close. Namely, following again the argument in [48], we can show by
contradiction that

st InK < 08 < (sf ) +ep10) In K. (B.4.33)

To be precise, let w,ﬁ_l be the mutant trait that triggers skKH and take
Neyr == 25k+1/(f3211m — Chep). (B.4.34)

If one assumes that (skJrl + 77k+1) InK < 9k+1, then (B.4.31)) would still be applicable and
directly lead to

B (skyr + i) 2 1+ epn. (B.4.35)

This however is a contradiction since limg oo 35 (s) < 1 for all w € V and s > 0, and hence
the upper bound in [B.4.33| is satisfied for C' = 2/(f% — Cheg). The lower bound is

k+1’

Vi

satisfied by definition of the stopping times.

Step 4 (time of invasion): Now the last difference to [48] that we have to address is
that the trait reaching a macroscopic size at time Qk 1, which is with high probability vg1,
might be unfit at that time. In the following, we show that this only happens with vanishing
probability. In order to track the sizes of the different subpopulations more carefully, let us
introduce the additional stopping times

R = int {t > of NI () > 1K and f{520 (1) > 0}, (B.4.36)

RS, =i {t > of - NJ_ (1) > }K ), (B.4.37)

. ~ t

Ri, | = inf {t > RE,, /RK fie ) (s)ds > 0} . (B.4.38)
k+1

The first time RkKH is the time we are ultimately looking for, namely the starting point for
the deterministic Lotka-Volterra system involving the resident trait vy and the (at that time
fit) mutant vg,q (see Step 5 below). The second time R,ﬁl gives us a first warning before
reaching 9,5“, with vg11 possibly being unfit. The last time Rfﬂ helps to estimate the first
one and can be computed deterministically in relation to the second one.

Our goal in this step is to prove that Rfﬂ < 9,€<+1, such that all branching process approx-
imations apply up to this point. While in the next step we deduce from the Lotka-Volterra
system o < Ri ;4 O(1).

We know that, for 5 > 0 small and K large enough,

RE 4 pT®
/ k41T AK f(K,Ekﬁ)( )ds > )\KTE (

Vk+1,Vk
RK
k+1

— Mey,) - (T2, C

Vk+1,Vk

>0,  (B.4.39)

Vk+1,Vk
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since f&v > 0. Which implies directly

Vk41,Vk
RE | < RE .+ \gT™. (B.4.40)

Moreover, since fé,ﬁ’fj;k) (s) is piecewise constant and the defining inequality of éi{;{-u is strict,
there is a small 6 > 0 (not scaling with K') such that, with probability 1,

FEEDRE L +1) >0 Ve (0,6). (B.4.41)
As argued above, the interval [Rfﬂ, fx’fﬂ + 0] is of length O(A\k). Hence from Corollary
and an application of the Markov property at time RkKH, we can deduce that, for §
small enough,

P sup > NE@) < erK Kogey, (B.4.42)
te[RE, | R, +6] wty,
B (N, (RE +6) > fK) = 1. (B.4.43)

The statement of (B.4.42)) tells us that the mutant population is still bounded from above
and thus the assumptions for Theorem are still satisfied up to time RkK_H + . Hence
we know that the resident population only fluctuates inside the ¢-tube. This implies

RE +6<0f,. (B.4.44)

Finally (B.4.43) together with (B.4.41)) leads to R,ﬁ_l < Rfﬂ + §. This eventuelly gives
RE <051, (B.4.45)

i.e. we are still allowed to use the couplings with birth death processes to approximate the
mutant population up to R£(+1.

Step 5 (Lotka-Volterra): At time RkKH, we are in position to use the convergence result
for the fast Lotka-Volterra phase. By definition of this stopping time, we know that the
invading trait vi4q is fit with respect to the resident vy and of a size that does not vanish
as K — oo when rescaled by K. Moreover, termination criterion (d) of the algorithm in
Theorem ensures that the resident trait is unfit with respect to the invading mutant.
By standard arguments, the corresponding deterministic system gets close to its equilibrium
in finite time and we have convergence of the stochastic process towards the deterministic
system on finite time intervals [75]. This implies the existence of a finite and deterministic
time T/ < oo such that

Ek+1

of < REL+T. (B.4.46)

Ek41"

Moreover, the condition f5k7Uk+1 < 0, for all i = 1...¢, guarantees that (with probability
converging to 1 as K — 00) the former resident population cannot reach the threshold e; 1 K

any more after time U,ﬁ_l.
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Overall, we have proved that, with probability converging to 1 as K — oo,

K K K K
Ry < Oy < op < R + 17, (B.4.47)
which means that on the logarithmic time-scale there is no difference between Rk RONE Hk 1

and ak 1 and dividing by In K they all converge to sg41 as claimed.

This finishes the proof of Theorem

B.4.3. Sequence of resident traits

We now turn to the proof of Corollary To prove the convergence with respect to
M(V'), equipped with the weak topology, we have to study the integrals (v, h) = fhdl/ of
all bounded and continuous functions h : V + R with respect to the measures v (sIn K).

Since V is discrete and finite, all finite functions satisfy these conditions. For later purpose
we denote h := max,ey |h(v)|. Under use of (B.4.19), we have

kzN: (~ Lo cocop 2P+ Log cocre h(vy)) < (vE (sl K), h) (B.4.48)
€No

< 3 (Uoprcaco 2+ Lo oo, Pler) )
keNg

<V(S)ah> = Z lsk§s<sk+1h(vk)- (B449)
keNg

Since we want to show convergence in LP([0,T], M(V)), for p € [1,00), we have to compute
the distance between the two integrals in the |[|-|[ (o 77)-norm, which can be estimated as

follows
p
H<V5K('ln K)’h> - ), h>‘ L»(0,T))
- 13 o - ok _ oK

< p| Tk _ "k p| %% _ P Y41
< X <(3h) Y Y B Y i R KR vy

k€Ng:s,<T
<(hRP N K/ + %—s (B.4.50)
= In K InK ) =

k€Ng:sp<T

Here the last step consists of an application of triangle inequality at s; to estimate the first
term, followed by a reordering of the sum. Since for fixed T' > 0 the sum in fact only
consists of finitely many summands and moreover o;; / In K — sj, and 0 +1/ In K — $11 in
probability, for K — oo, we deduce, for all § > 0,

(H< (I K), k) — {v().h)]

which is the claimed convergence.

K—oo

2200, (B.4.51)

> 6)
Lr([0,T])
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B.5. Birth death processes with self-competition

In this chapter, we prove some general results on birth death processes with self-competition
that are used to obtain bounds on the resident’s population size in Section In the
first section, we quantify the asymptotic probability of such processes to stay close to their
equilibrium state for a long time as K tends to infinity. In the second section, we derive
asymptotics for the probability of these processes to stay close to the corresponding determ-
inistic system for a finite time.

Both results apply to processes with constant parameters. More precisely, we study stochastic
processes (X{%)i>o with birth rate b, natural death rate d and self-competition rate c¢/K, i.e.
with infinitesimal generators

(LX) () = nb(F(n+1) = () +n (d + [C(n) (F(n—1) = f(n), (B.5.1)

for bounded functions f : Ng — R.

B.5.1. Attraction to the equilibrium

We study the probability of birth death processes with self-competition to stay close to their
equilibrium (b — d)K/c for a long time. In order to be able to concatenate this result for
infinitely many phases in Section we need to bound the probability of diverging from
the equilibrium by a sequence that tends to zero fast enough as K tends to infinity. We
start by proving a general result for time horizons . The proof uses a potential theoretic
approach, similar to the proof of [7, Lem. 6.3].

Theorem B.5.1. Let XX be a birth death process with self-competition and parameters
0<d<band0 < c¢/K. Definen:= (b—d)/c. Then there are constants 0 < Cq,Ca,Cs < 00

such that, for any e small and any K large enough, any initial value 0 < |z—[nK]| < % {%J,
any m > 0, and any non-negative sequence (0x)xen,

) l
IPI(H e [0,9[{] . |XK(t) B [’FZK-H > EK) < mC&e*ngzK 4 Z (4 (1 — eC;sKQK/l)l/2> .
l=m

(B.5.2)

Proof. We start by defining a couple of new processes based on X*. Let
VE@#) = | X5 () - [nK]| (B.5.3)

be the distance of XX from its equilibrium state 7J at time t. Note that this is no longer a
Markov process. For VX let (Y;X),cn, be its discrete jump chain (taking values in N, not
Markovian) and (SX),cy its jump times.

The proof is divided into multiple steps:
1) Bound the transition probabilities of YX.
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2) Define a discrete time Markov chain (ZX), ey, such that ZX > YK for all n € N.

n

3) Derive an upper bound for the probability of Z¥ hitting |eK | before 0.

4) Derive an upper bound for the probability of ZX returning to 0 at most m times before
hitting |eK|.

5) Consider a continuous time version ZX of ZX to deduce the final result.

Step 1: The discrete-time process Y& changes its state due to either a birth or a death
event in the original process X and hence moves by increments of +1 in each step. It is
therefore a random walk on Ny that is reflected in 0. For the boundary case, we obtain

PY,E, =1Y,F =0)=1. (B.5.4)
For any other 1 <i < e¢K, using that ¢[nK|/K € [b—d,b— d+ ¢/K], we can bound
=P(birth event if X* = [2K] + i or death event if X = [AK] — i)
b d+ #([nK]| —1)

“b+d+ f([nK]+i)  b+d+ ([nK] —1)

IR (1 g ) (1

20+ i 20 — i 2 20+ i 2 20 — &i

R R

<-—-—C—== -9
<Ll ok, (B.5.5)

for some constant C' > 0, as long as ¢ < n and hence ci/K < ce < b—d.
Step 2: Define a discrete-time process (ZX),cn, that is coupled to (Y;%),en, by
- ZE -y

— Whenever ZK =YK =iand Y, | =i+1, weset ZF | =i+ 1.

— Whenever ZK = YK =i and Yn[—(‘,—l =1 —1, we set Z,{(H = 1 + 1 with probability
(pf(z) - P(Ynlil =i +1|Y,f = i))/P(Yn{{kl =i —1]Y;" =) and ZT[L{Jrl =i—1else.

— Whenever ZF =i > YK weset ZF | =i+ 1 with probability p% (i) and ZX | =i—1
else.

Then ZX is a discrete-time Markov chain such that ZX > YK for all n € Ny, and

1 1=0, j=1,
Ki: - K G K P (9) 1>1, j=1i+1,
1,7) =P(Z =j|Z> =)= B.5.6
0 else.
Step 3: For the Markov chain Z%, we define the stopping times
74K = inf{n € Ng : ZX = j}. (B.5.7)

J
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By standard potential theoretic arguments (see [30, Ch. 7.1.4]), we obtain, for initial values
0<z<|eK],

= I p(j—1) 7, €exp (Z’ Lln (HZC%))
P (T(ZVK) < T(ZyK)> J=1p(Gj+D) _ 1-2C% (B.5.8)
Z2\'|eK| 0 ZLEKJ Hz 1 p(4,5—1) B4 i1 1420 4L ' o
3=1 p(j,j+1)  D.i—1 ©€XP Z 11n 1_202

Using that In(1 + &) = £+ O(£%), as € — 0, and j < |eK |, we can approximate, as € — 0,
" (%) =l <1+ 1 fié) 1 fc;éj O ((%)2)
K K/ K K
ik (124 ) o((2))
_ 40% +0 ((;{,)j _ 40% + 0. (B.5.9)

Plugging these asymptotics back into the above expression yields

Siexp (XI 404 + 0(eY))
S exp (SI21 404 +0(2))

. exp (401‘(;;;) +O((i — 1)52))
ZLEL i) X (40“1 U1 oG- 1)52))

P (riek) <) =

< FiJ exp (2[?} 22 rfr+ g;(J +O(K253))>
1 2C 1
Szep<‘m{ 5 J )
< Cre K (B.5.10)

for some uniform constants C7,Co > 0, as long as 0 < z < % {%J and ¢ small enough such
2
that {%J +O(K?%*3) < 3 {%J for large K.

Step 4: Let BX be the random variable that describes the number of visits to 0 of ZX
before first hitting |eK | (not counting the first visit/start in case Z{f = 0). First consider
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1<2z< % {%J Then, for € small and K large enough,
P, (BN =0) =P. (%)) < 7)) < Crem@=K (B.5.11)

and, for all [ > 1, due to the strong Markov property,

P (5% =) = B (4759 < r49) (1 By (458 < 290)) 7y (500 <75

< Cre”O°K, (B.5.12)
For z=0and [ > 0,

P, (BK _ z) — P, (BK - l) < Cre 02K
Hence, for 0 < z < % {%J, e small and K large enough, and any m > 0,

P, (BK < m) < (m+1)Cre =K

Step 5: Finally, let ZK Dbe the continuous time process that has (fo Jnen, as a jump chain
and the same jump times (SX),cn as the original process X*. By the above construction,
for all £ > 0, we have

Z5 () = VE (1) = X5 (1) - K|

We can therefore deduce that, for € small and K large enough, initial value z = [nK] £ z
such that 0 < z < % { J and any m > 0,

(0,05 + | X*(t) — [AK]| > eK)

€
€ [0,0x] : ZK(t) > eK)

IN
M8f§

[N |

~+~ o~

P.(3te0,0k]: ZK(t) > eK, BE =1)
l

Il
=)

IN

P.(BX <m—1)+ i P.(3te(0,0k]: Z5(t) > eK, BE =1) (B.5.13)

I=m
Now let (I]K)jzl be the times in between visits to 0 of ZX | i.e., for j > 1,

IK::inf{t>O:EIO<s<t:Zin i1 70, ZK i 11K:0}' (B.5.14)

J
zll i=1 "1

Then, since each return takes at least the time of a single jump in the original Markov chain
XK as long as ZK does not surpass 2nK > [nK] + K, there are independent identically
distributed exponential random variables (EJK )j>1 with parameter 4nK (b +d + ci) =: CK
such that, for each a € R,

P(IK <a) <P(EK <a) = (1—e %K), (B.5.15)
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To bound the probabilities P, (3 t € [0,0k] : ZK(t) > eK, BX = 1), we argue as follows: If
there were at least [/2 occurrences of I ]K > 20k /1 (out of the [ times between visits to 0),
the time until ZX first surpasses e K could be bounded from below by

I > o5 =k (B.5.16)
Hence, by contradiction we can bound

l
. l
. 7K K _ K _
P.(3te(0,0k]: ZX(t) >eK,BX =1) <P, (E 1:1,;(<29K/l>§,3 _l)
J:

l 1 ~ ) ) B
S]P’z< Z 1Ef<29;</z > ;) = Z <l> (1 _ e—cmeK/l)J (e—CKQQK/l>l J

j=1 j=fiy21 \

~Bin (I,1—e~CK20K /1)
< é2l (1- e—c_‘m‘)Kﬂ)l/2 < (4 (1- e—C‘K%K/’)l/Z)l , (B.5.17)
where we used that (Jl) <2l and 1/2 <2\
Combining this with step 4 yields
P.(3tc[0,0k]: | XK (t) - [aK]| > eK)

<P(BN <m-—1)+> P.(3te0,0k]: Z5(t) > eK,B" =1)

l=m
LO?K | e e\ M2\
<mCye” =K 1 % (4 (1-e w1 ) . (B.5.18)
l=m
This concludes the proof with Cs = 2C. O

From this general theorem, we can now derive the result necessary for the proof in Section
considering time horizons of size fx = In K as an upper bound for phases with length
of order Ag and bounding the probability of diverging from the equilibrium in o(Ag/In K)
to concatenate O(In K/Ak) many phases.

B .4

Theorem B.5.2. Let XX be a birth death process with self-competition and parameters
0<d<band0<c/K. Definen:=(b—d)/c and let 1 < \x < InK as K — co. Then,

.o K = 1 |eK
for € small enough and any sequence of initial values 0 < |z* — [nK|| < 5 {%J,

In K
lim —— Px(3te[0,InKk]: |XK(t) - [aK]| > eK) = 0.
K—o0 )\K
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Proof. We apply Theorem with x = In K and m’ = K? to obtain that, for ¢ small,

K large enough and 0 < |z% — [aK]| < 1 {%J,

P,x(3t€[0,InK]: |XE(t) - [aK]| > eK)

2 —Ca?K | N ek 2!
< K*Cie + > (4(1-e
I—K?

!
2 _Ch?K | N _ _OsKnK/K2\V/?
< K-“Cie + Z 411—e¢
I=K?

<1 for K large enough
2
< K20 e~ %K | (42 (1 _ e—C3Kan/K2>>K /2 1
1-4(1

— ¢—C3K1In K/K2)1/2

<(C4<oo for K large enough

2 In K K2/2
< K2Ce K 4 C4< 1605 —— >
—_——
<1 for K large enough
In K
< K2Cpe~CeK 4 041603%. (B.5.19)
Now, for fixed €2,
cORK o MK 2,0t o AR (B.5.20)
K2InK In K o
and 1 < Ag implies
(In K)? In K AK
A & —— —. B.5.21
K <L Ak K < LK ( )

Hence we obtain that, for fixed € > 0,

Px(3te(0,InK]: | XK@ - [aK]| > eK) = O(K2 %K) + O(In K/K) = o(Ax/In K),
(B.5.22)

which yields the desired result. O

B.5.2. Convergence to the deterministic system

We now provide a result on the convergence of stochastic birth death processes with com-
petition to the corresponding deterministic system, for finite time horizons. The proof is
similar to the one of [75, Ch. 11, Thm. 2.1]. Instead of almost sure convergence, we derive
convergence in probability, but are able to quantify the convergence speed in return, which
again allows us to concatenate the result for infinitely many phases in Section [B.4.1]
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Theorem B.5.3. Let XX be a birth death process with self-competition and parameters
0<d<band0 < c/K. Assume that X¥(0)/K — x¢ and 1 < \x < InK, as K — oo,
and let (x(t))e>0 be the solution of the ordinary differential equation

B(t) = 2(t)[b—d - c-z(t)] (B.5.23)

with initial value ©(0) = xo. Then, for every 0 < T < oo and € > 0,

r In K P
im — su
K—oo )\K tgg

X*(t)

— x(t)

> s) = 0. (B.5.24)

Proof. We start be writing X in terms of independent standard Poisson processes Y and

Yd7
K (s) toXK(s) XK (s)\?
ds>—Yd(K/Od i +c< = >d5>.

(B.5.25)

XK@ xK (o )+n<K

Note that we only have equality in distribution here, since we choose Y} and Yy uniformly
across different values of K and the XX stand in no specific relation to each other. We
will omit this from the notation for the remainder of the proof, as we are only proving
convergence in probability and equality in distribution is therefore sufficient.

Setting Yy (u) := Yj(u) — u and Yy := Yy(u) — u (i.e. centering the Poisson processes at their
expectations), this representation yields

XK(t) XK(0) XK(s) XK (s)
I % +/ (b d— ) % ds

K
XK (s 1. toXHK(s) XE(s)\?
( /b )—KYd<K/OdK+c<K> ds).

Now we introduce the stopping time

5 .= inf {t >0: X;(t) # |0, M]} , (B.5.27)

for some large M (e.g. M > 2(nV xp), where i = (b—d)/c). Up to time 7%, the population
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size of our process is bounded by KM and, using the integral form of (B.5.23]), we deduce

‘XK(t/\TK)_x(t/\TK)
K

K tAT Ks KS ?

_‘Xém_xm)+4 w+d4Xé)—-®)+c<Xéfv —z(s)?|ds
s2A4]§§¥fl—w(@
+% %(K/OWK bXI;S)dsN
tATE KS Ks 2
([ (50 )

K t K(snrk

< XI;O)—x(O) _|_/0 C"X(I{A)—x(s/\TK) ds

e U [t %)
(B.5.28)

Here, C := b+ d + 2Mc and in the last line we used that, even though the centred Pois-
son processes can take positive and negative values, we can bound their absolute value by
considering the supremum over all possible rates.

Next, Gronwall’s inequality implies that

K
‘X ATE) ot n k) (B.5.29)
K
XE(0) 1 2 Ct
< % —z(0)|+ = | sup ‘Yg KbMu)‘—i— sup ‘Yd( (dMu + cM ))‘ et
u€el0,t] u€(0,t]

Now fix a T > 0. With probability 1, for some large enough Ky and all K > K,
| XE(0) — 2(0)| < e “Te/2.
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B.6. Branching processes at varying rates

Hence, for ¢ < M/2 and K > K,

XK(t)
P | su —x(t)| <¢
<t<¥ K )= )
XKt
:P<sup ()—x(t) <5,TK>T>
t<r| K
XK t K
]P’(sup (EAT?) (AT Sa)
t<T K
1 -
ZIP([ x(0) —|—<Sup ‘Yb(KbMu) + sup ’Yd< K(dMu + cM?u ))D eCT§5>
K \uejo,1] wel0,T]
21[”( sup ‘Yb KbMu)‘—l— sup ’Yd( K(dMu + cM?u ))D eCT§€>
u€[0,T] u€[0,T] 2
~ K -CT
>1 <Sup ‘YE,(KbMu)‘—i— sup ’Yd< K(dMu + eM?u ))‘ H)
w€(0,T] u€[0,T] 2
Ke €T KeCT
>1 <Sup ’Y}, KbMu)’ €4€>—]P><sup ’Yd( thH—cM2 ))‘ 646>
elo,T uel0,T]
(B.5.30)

To finish the proof, it is left to show that the two probabilities in the last line are of order
0o(Ax/In K). We run through the calculation for Yj, the other summand works equivalently.

Since Y} is a martingale, |Y}| is a submartingale. We set T' = bMT and & = e=“T¢/4. Then,
using Doob’s maximum inequality [30, Thm. 3.87], we obtain

~ Ke CT¢ 2
P sup |V (KbMu)| > =—— ) =P | sup | Ku] > (K2)
u€e[0,T] u€[0,T]

1 1 - -
< — Y, (KT) E (Y, (KT
e ([5eD[) = B (aeT)
KT T Ak
— - _ — o £ ). B.5.31
(K22 ~ K2 (th) (B-5:31)
This concludes the proof. ]

B.6. Branching processes at varying rates

In this chapter, we collect some technical results for birth death processes with time-
dependent rates. These are used to approximate the micro- and mesoscopic populations
in the proof of the main result of this paper in Section In Section we focus on
pure birth death processes and then add on the effects of immigration in Section We
build on the results of [45] and work out the averaging effects of growth in a periodically
changing environment.
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The particular form of time-dependent parameters in this chapter depicts two different ef-
fects. Firstly, the system parameters jump periodically between finitely many values on the
divergent time-scale A\i. Secondly, after each parameter change, the macroscopic subpopula-
tion restabilizes at the corresponding equilibrium, which takes a finite time (independent of
K). During this short re-equilibration time, we only have weaker estimates on the effective
parameters for the growth of the micro- and mesoscopic subpopulations. However, part of
the following results is that the general behaviour of the branching processes is not effected
significantly by these short phases.

B.6.1. Pure birth death processes

Let us first consider pure birth death processes with time-dependent rates. As before, take
1< A < InK and ¢ € N. Let b;,d;,b;4,d; «,> 0, T; > 0and Ts; >0, fori =1,...,¢.
Writing TiE = ;-:1 T}, we define the rate functions for birth and death to be the periodic
extensions of

bK(t) _ { b*,i it [ i— 1)‘K, 1)\K+T* z)
b; : [Tzzl)\K +T* zaT )\K)
(B.6.1)
dK(t) _ { d*,i 0t [T 1)‘K7 1)\K + T 'L)
di : [Tzl)\K +T* uT )\K)
Moreover, for i = 1,...,¢, we write r; := b; — d; and r%(t) := b¥ () — d¥ () to refer to the

net growth rate. Finally, we define the average growth rate by ray := (Zle 1)) TF.

We analyse the processes (ZtK )t>0, which are Markov processes with Z(f{ = LK B _ 1J, for

some ( > 0, and with generators

(CEF) () = ¥ (0n (f(n+ 1) — F) + 5 (On ((n — 1) — f(n)). (B.6.2)

acting on all bounded functions f : Ng — R. We refer to the law of these processes by
7K ~ BD (bK,dK,ﬂ).

Our aim is to show that, under logarithmic rescaling of time and size, such population
processes grow (or shrink) according to their average net growth rate. Note that the process
becomes trivial if 8 = 0. We therefore exclude this case in the entire section without further
announcement.

Theorem B.6.1. Let ZX follow the law of BD (bK,dK,ﬁ), where 8 > 0. Then, for all

fized T € (0,00), the following convergence holds in probability, with respect to the L>([0,T])
norm,

In K

(m (2K, x+1)

) Kjo (B +ravs) V O)SE[O,T] . (B.6.3)
s€[0,T7]
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B.6. Branching processes at varying rates

The rest of this section is dedicated to the proof of this theorem and we split up the claim
into several lemmas.

Remark 21. To avoid complicated notation, we only conduct the proofs for the case of £ = 2
and Ty = 0. The general case is proven analogously and there is no deeper insight or
additional difficulty to it. This choice allows us to use the shorthand notation b, := by 2,

dy := dy 2, and T} := T, 2, which leads to the rate functions taking the form
bp te [O,AKTl), di te [O,AKTl),
bVE(t) = b t € [T, ATi + T, d¥(t) ={d. te T, \gTi+To),
by te[MgTi+ T, Ax(Th + 1)), dy te AT+ T, A (T1 + 1)),

(B.6.4)
with periodic extension.

We start by stating an explicit representation of the processes in terms of Poisson measures
and derive the corresponding Doob’s martingale decomposition.

Poisson representation: Let Q® (ds,df) and QD (ds,EiH) be independent homogenous
Poisson random measures on (RQZO, ds,df) and denote by Q) = Q™) — dsd#, for * € {b,d},

their normalized versions. Then we can represent ZX as

t t
7K — 7K & / / Tgepie(smyz Q) (ds, d9) — / / Ly g oy Q@ (ds, d0). (B.6.5)
0 RZO s 0 RZD s

In particular we have the martingale decomposition ZX = ZKX 4+ MK + AK where

t ~ t ~
ME = [ pepyzn QOs.d0) = [ [ Bggryzn Q9(dsid6). (B66)
0 RZO S 0 RZO s
and
t
AK = / (5 (s) — d¥(s)) 25 ds. (B.6.7)
0

In terms of Itd’s calculus this implies dZf = dMF + r%(t)ZKdt. Therefore, we directly
obtain the bracket process

(MK, = /0 "5 (s) + dF ()25 ds, (B.6.8)

Towards proving Theorem [B.6.1] we first determine the expected value of the process and
check that it satisfies the desired convergence.

Lemma B.6.2. Let ZX follow the law of BD (bK,dK,ﬁ>. Then

E [ZtK} = LKﬁ — 1J et (), where g (t) = /Ot r(s)ds. (B.6.9)
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Proof. Using the martingale decomposition and (B.6.7)) we obtain the integral equation

e[z & [z§] +E 4] = [ <1] + |

1trK(s)IE {Zf} ds. (B.6.10)

Due to existence and uniqueness of the solution to this integral equation, this directly gives
the claim. O

Lemma B.6.3. For all firted T < co we have the uniform convergence

K Sin
s In (Kﬁeg (s K))

s<T In K

K—oo

2200, (B.6.11)

- (5 + Tavs)

Proof. We slice the whole time span [0, T In K] into equal pieces of order A\g. Since r* has
a period of length Ag (77 4+ T») and is piecewise constant, we obtain, for all n € N,
gE (A (T 4+ T3)) = n[AgTiry + Tury + A To — T2 7]
= n[)\K(Tﬂ"l + TQTQ) + T*(T* — 7‘2)]. (B612)

Moreover, within such a period the growth of g% is linearly bounded, i.e. for all 0 < s < ¢
such that t — s < A (T} + T3), one has

97 (1) = g"(5)] < (t = s)max {1, ru, 75} < O, (B.6.13)
for some uniform finite constant C'. Hence, we can estimate (in the case of r,, > 0),

K K sln K
slnK) > ({
9 ( )29 T+ 1)

= {)\K(S]lil—i[—{Tg)J [)\K(Tl'r’l + Torg) + Ti(rs — 7’2)] — CAg
In K T, (ry —12)
where we use in the last inequality that the term in the brackets is positive for K large
enough. Similarly, we obtain

J/\K(Tl + T2)> - C)Ag

>rawsIin K + s

— 20k, (B.6.14)

In K T, (rs —12)

K
InK) <rypsln K 2C k. B.6.15
g (sInK) < rapsln —i—s)\K T 1T + K ( )
Both estimates can be achieved in the same way for r,, < 0. With this at hand, the claim
can be shown directly. O

Our next aim is to study the deviation of the original process ZX from its expected value.

Lemma B.6.4. For all T < oo and all § > 0, there exists a Ky € N such that, for all
K > Ky and alln € (0,5), it holds that

o 1
P < sup ‘e*9K<t>Z§< - Kﬁ‘ > K”) < (b+d)KPHo-2m— (1 — K*TavT) . (B.6.16)
t<TIn K Tav

where b := MAX [0 75 ) 5] bE(t) and d = MAX e (0, 752 1] d5(t).
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Proof. The main idea is to use Doob’s maximum inequality for a rescaled martingale. We
introduce the process

" t
M ::/ e 9" apmK, (B.6.17)
0

which is a martingale since M is a martingale. Following the techniques of proof step 1 of
[45, Lem. A.1] using It6’s isometry, 1t6’s formula and Doob’s maximum inequality, we get

_ _ Tln K
P( sup |e=0" Oz} — kP > K”) < (b+4d) K‘H"/ e 9" ()t
t<TIn K 0

= (b+d) go+o-m L (1-&T).  (B618)

7“aV
Here, for the last inequality, K has to be choosen large enough, such that
K
9= () t
L > —— —0 t Thn K B.6.1
Kk 2R ) vVt € [0, T In K], (B.6.19)
which is possible by Lemma [B.6.3] O

With the above results, we are now able to prove the desired convergence for populations
that tend to grow (i.e. for r,, > 0).

Lemma B.6.5. Let ZX follow the law of BD (bK, dx, ﬁ) and assume that ray > 0, then the
convergence of Theorem [B.6.1] holds true.

Proof. Fix T < oo and choose 6 = /4 and n = 3(/4. Moreover, define the set

O .= sup ]e*9K<f)Z§( ~ K| <K"¢. (B.6.20)
t<Tln K

Then limg o P (Q{( ) = 1 by Lemma |B.6.4|since 8+ J —2n < 0 and an analogous computa-

tion to proof step 2 of |45, Lem. A.1] together with Lemma and the triangle inequality
yield the claim. O

In order to study birth death processes with tendency to shrink (i.e. with ry, < 0), we
have to take care of the extinction event. Let us point out that in our situation of the
changing environment, this is a little more involved and we cannot use the results for time-
homogenoeus branching processes. To this end, we first determine the probability generating
function of general birth death processes with piecewise constant rates, which we then use
to establish bounds on the distribution function of the extinction time.

123



B. Effective growth rates in a periodically changing environment: From mutation to invasion

Lemma B.6.6 (generating function). For ¢ € N, let b;,d;,T; > 0, 1 < i < ¢, and write
T := Zle T; and r; :== b; — d;. We consider the birth death process (Xt)te[O,T] with initial

value Xog = 1 that is driven by the birth and death rates b;,d; on [ ;;11 T}, 3»:1 T]) Then
the (probability) generating function g of Xr is given by

g(s) =E [SXT} (B.6.21)

erTit+reTy
prg 1 —

b1 (o Th _ roTo++rT b2 (areTe _ r3l3+-+rpT, ... be (oreTy _ _ 1 -
rl(ell l)e ee+r2(e 1)@5 ele _|_T£(eee 1) -

Proof. For homogeneous birth death processes (Y}),~, with constant rates b and d and initial
value Yy = 1, the probability generating function at time ¢ > 0 is given by

d(s—1) —e " (bs — d)
b(s —1) —e " (bs — d)

rt
=l- (B.6.22)
Pl =) -5

F(s,t):=E [SYt‘YO = 1} =

Due to independence, for initial values Yy = k € N we obtain E {sYt Yy = k‘] = F(s,t)".

Let us first consider the case ¢ = 2. Studying X at time 77 + 75, we can interpret it as a
birth death process on [T1,T1 + T»] with rates by and do, initialized with X7, individuals.
Letting F} and F5 be the generating functions corresponding to the parameters of the two
phases (again assuming initial values of 1), this leads to

E [sXTwTQ} —E [E [SXT1+T2 ]XTIH —E [FQ(S,TQ)XTl} = Fy(Fy(s,T»),T})

e T
=1 b (@nTh — 1) 4 el -1/(e=1)
o1 Ti+r2Th
=1- b (o 1) eres 4 B (0T 1)~ L (B.6.23)
The claim for larger ¢ € N follows by induction. O

With this preparation, we can now prove the following helpful bounds for the extinction
time.

Lemma B.6.7 (extinction time). Let ZX be the birth death process with varying rates defined
above. Denote by T,ff := inf {t >0: 72K = O} the extinction time of ZX. Then, for all
0,01,02 > 0 and all M > (T4 |r1| + To |r2|)/(T1 + T3) there exists a Ky < oo such that, for
all K > Ko and allt > 0,

P(TZ > tmK|Z =1) <exp[((rav + 1)t + o) In K], (B.6.24)

€

P(TZ > tmK|Z{ =1) > exp [~ (Mt + ) InK]. (B.6.25)
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. . . . . K K K o K
Proof. Let us first consider a time discretisation (Yn )neNo of Z%, namely Y;* := Z~ i (Ty+T)"

Then, by periodicity of the rate functions, Y ¥ is a Galton-Watson process. An application
of Lemma (with ¢ = 3) yields that the one-step offspring distribution is determined by
the generating function

K
g(s) =E SZ/\K(T1+T2)|Z(§( =1 (B626)

e)‘KTlrl +T*T*+()\KT2—T*)T'2
— 1—

b1 (aAgriTh re T+ A To—Ti)ro bx (areTh AxTo—T)roy b2 (a(AgTo—T)ro 1) 1 °
rl(eKll 1)e Ak T2 )2_|_T*(e 1)e(K2 )2+T2(6(K2 )r2 1) 3

Therefore, the probability for ZX to go extinct in the first step is

py = g(0) (B.6.27)
AR T1iT 1+ Ters+ (A To—Ti)r2

% (AxmiTi 1) ereTet (A To=T)r2y % (er<Tx —1) e Ta=T)ray % (eCxT—To)r2 _1)4 1 :
Moreover, for the mean offspring we obtain
m =

K gl(l) — AT AT+ A T2 =T )r2 _ Ak (mTitr2T2)+Ti(re—r2) (B.6.28)

Denote now by g,(s) = E {sYnK} the generating function of the n-th generation of Y*. Then
it is well known [4] that g, = gn—1 09 = go gn—1. Since g : [0,1] — [0,1] is convex and
strictly increasing, we can deduce that (see Figure |B.4))

(1—pi)(1—5) <1—g(s) <mF(1—5s) Vs € [0,1]. (B.6.29)
This can be iterated (cf. [4, eq. 1.11.7]) to obtain
(1 —pi)"(1 —s) <1—guls) < (mMH)"(1 —s) Vs €]0,1],¥n € N. (B.6.30)

Together with ¢g,(0) =P YE=0)=P TYKSn ,WhereTYK =inf{n >0:YX =0} is
n n

ext ext
the extinction time of Y/, this leads to
(L—py)" <P (Teif > n) < (m")". (B.6.31)

Let us now check the upper bound. For ry, > 0, the claim is trivially satisfied since the
right hand side is larger than 1. In the case of r,, < 0, which, for K large enough, implies
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Po A

0

Figure B.4.: Generating function ¢(s) and the corresponding affine upper and lower bounds

from (B.6.29)).

m’ < 1, we can estimate

P(TZ >t K[zl =1) <P (Text > \;)\K(Tl - TQ)J/\K(Tl + )| 28 = 1)

tln K
—P (7Y% {J YK = 1)
( ext ~ Ak (Ty + Ty) Yo

tln K
< (R TRDHT ) |~ |

tln K _
< (e)\K(7"1T1+7’2T2)+T*(7"*—7“2)) (/\K(T1+T2) 1)

To(re —12)

)\K(Tl + Tg)
<exp[ravtIn K + §1tln K + 5 In K|

<exp[((ray + 1)t + d2) In K], (B.6.32)

<exp [ravtan—i— tln K + C)\K}

again for K large enough.

To obtain the lower bound, for r,, € R, we we first calculate that

-1 b by
(1 _p(f)(> — i(l _ e_>\KT17’1) + 7(1 _ e—T*T*)e—XKTlT‘l

*

+ @(1 _ e—()\KTQ—T*)TQ)e—)\KTN’l—T*T* + e—)\KTﬂ"l—T*’I‘*—()\KT2—T*)T’2
T2
b by b
< <|7}| T 1) exp AT ra| + 2 ] + (AT = 75) o]
1 *

= Cexp A (11 |r1| + To |r2]) + Ti(|rs| — |r2])]
< exp[Ag M], (B.6.33)
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for all M > Ty |r1| + Ty |r2| and K large enough. This gives 1 — p > exp[~AgM]. Using
again the connection between Z% and Y, we can finally estimate similarly to (B.6.32)

zK K _ _ M _ Y
P(TZ > tmK|Z =1) > exp [ oy WK = Al
>exp[—(tM + ) In K], (B.6.34)
for all M > (Ty|r1| + T2 |r2]) /(T + T2) and K large enough. O

Now we have collected all the tools to derive the convergence for shrinking populations and
thus conclude the proof of Theorem [B.6.1]

Lemma B.6.8. Let ZX follow the law of BD (bK, dx, ﬁ) and assume that ray < 0, then the
convergence of Theorem [B.6.1] holds true.

v

Figure B.5.: Graph of the limiting exponent 5 + r,,s and the time 7. that separates steps 1
and 2 of the proof of Lemma @

Proof. Fix e € (0,4) and set § =¢/4,n =0 —¢/3 and T, = (8 — €)/ |rav| (see Figure [B.5).

Step 1 We first show convergence on [0, 7¢]. The computations are very similar to the proof
of Lemma and proof step 3(i) of [45, Lem. A.1], respectively. Here one uses the event

oF .= { sup ’e_gK(t)ZtK - Kﬁ‘ < K"}, (B.6.35)
t<T.In K
which by Lemma has probability converging to 1.

Step 2 Next up, we show that extinction occurs before T, +3¢/ |ray|. From the previous step,
we know that, with high probability, the population at time ¢ = 7 In K can be bounded from
above by 2K¢, for large K. Moreover, the first part of Lemma provides an estimate
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B. Effective growth rates in a periodically changing environment: From mutation to invasion

on the extinction time of a subcritical birth death process initialized with one individual.
Thus, we obtain the upper bound

P(TZ > s K|z =2K°) =1 (1-P (T4 > s K| 2 _1))%
<1 — (1 —exp[((ray +81) s + 82) In K])*°
— (1 T’av+51 s+52)
=1-(1- K—Qa)
~ 2K = T2 . (B.6.36)

Here, the inequality is a consequence of (B.6.24]), while for the last equality we set

2402 3e
’Tav +51| |Taw’7

(B.6.37)

for proper choice of §1,d9 > 0. The final asymptotic behaviour can be deduced using the
limit representation of the exponential function and a first-order approximation.
This now allows to deduce

P (Text > In K|Z§ = 2K€> =% 0. (B.6.38)

"’"aV‘

Step 3 To finally conclude the convergence on the whole interval [0, 7], we have to ensure
that the process stays bounded in the time interval [T, 7. + 3¢/ |rav|]. To this end, it is
sufficient to consider the very rough upper bound obtained from the coupling with a Yule
process (a pure birth process) with constant birth rate b = max {by, b, ba}. Since those pro-
cesses are non-decreasing, we just need to control the endpoint. The size of a family at time
(T. 43¢/ |ray]) In K, stemming from a single (i*") individual at time 7. In K, is given by a geo-
metric random variable GX with expectation K 3be/Irav] - Since families evolve independently
of each other, we obtain by Chebyshev’s inequality, for d := b+ |ray|,

2K¢
P < sup zZE > K3d5/|"av|> <P (Z GE > K3d5/|”av|> K280, (B.6.39)
SG[T57T5+3€/|T3V|] =1

Overall, this means that, with probability converging to 1, we have

wp  OFZE) 3

< . (B.6.40)
S€[Te, Te+3¢/|rav]] In K |Tav

B.6.2. Branching processes with immigration

We now turn to the study of birth death processes with immigration. In addition to the
birth and death rates defined in the beginning of Section we introduce the following
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B.6. Branching processes at varying rates

parameters connected to the effects of immigration. Let ¢ € R describe the initial order
of incoming migration, i.e. initially immigrants arrive at overall rate K°¢. When applied in
Section [B:4.2] this is representing the initial size of the neighbouring population multiplied
by the mutation rate. Let a;,a.; € R, for i € {1,...,¢}, be the immigrants net growth rates
in the respective (sub-)phases. Thus, we define the time-dependent net growth rate of the
immigrants as the periodic extension of

LK ai 8 € [T2 Ak, T2 Ak + Thi),
= ’ : B.6.41
a” (s) { ai 18 € [TE Ak + Toi, TP Ak ( )
Moreover, (corresponding to gx (t) and 7,,) we define the time integral
t
oK (1) = / i (5)ds. (B.6.42)
0

and the average growth rate of the immigrants a,y := (Zle aiTi) / TZE. Hence, the overall

rate of immigration at time ¢ is given by K @™ (). We can define the Markov processes
(ZF)i>0 generated by

(£5F) () = (K + K™ O) (F(n+1) = f(n)) + d"(B)n (f(n = 1) = f(n)) (B.6.43)

and with Z£ = {Kﬁ — 1J . We refer to the law of such processes by Z%~ BDI (bK, dX, g, a¥, c).

As in the previous section, we derive a convergence result for the logarithmically rescaled
process.

Theorem B.6.9. Let ZX follow the law of BDI (bK,dK,ﬁ, aK,c>. Then, for all fixed

T € (0,00), the following convergence holds in probability, with respect to the L*°([0,T1])
norm,

n (14 25, ) e
_ 7 e B B.6.44
( In K — (5 )se[o,T] ’ (B.6.44)
s€[0,T7]
where
(c+ (ray V aay)s) VO cc> [,
B (B+ravs) V (c+ aays) V (c+Tays) VO 5 >0,c<p,
Bs =R (Tay V aay)(s — |¢| Jaay) VO :8=0,c<0,a. >0, (B.6.45)
0 B8 =0,c<0,as <0,
0 B =c=0,0ay < 0,75y <0.

Note that the one case that is not cover by this result is that of 8 = ¢ =0, a,y <0, oy > 0.

The remainder of this section is dedicated to the proof of this theorem. We first study a
number of specific cases in a series of lemmas and then outline how these can be combined
to prove the final general result.

K

Since a¥€ is of the same form as ¢, we directly obtain.
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B. Effective growth rates in a periodically changing environment: From mutation to invasion

Lemma B.6.10. For all fited T' < co we have the uniform convergence

In (KceaK(san))

K—oo
— . .6.4
ilﬁlg e (c+ aays)| — 0 (B.6.46)
Proof. See the proof of Lemma [B.6.3] O

As before, we can construct the processes Z¥ in terms of the Poisson random measures
Q" (ds, dd) and Q¥ (ds, df) and derive the martingale decomposition Zf = Z&K + MK+ AK
where

Z Z() +// ]]-6<bK(S )ZK +KceaK(s)Q (dS d9 // ]]'0<dK (s )ZK Q (dS d9)

(B.6.47)
/ R 0<bK ZK +KceaK(9)Q (dS d¢9 / / ]]‘9<dK (s )ZK Q (dS de)
>0
(B.6.48)
t
A =/ rK(5) 2K + Ko™ 9ds, (B.6.49)
0
t K
(M), = / (bK(s) + dK(s)) ZK 4 K" (9)ds, (B.6.50)
0
AZf =AM + (P () 2 + Ko ) at. (B.6.51)

Note that, as in Section |B.6.1, Q) := Q™) —dsdf and equalities only hold in distribution.
As in the case without immigration, we first take a look at the expected value. Moreover,

we derive a bound on the variance of the process.

Lemma B.6.11. Let ZX follow the law of BDI (bK, a5, B, a¥, c) and assume that ruy 7# Gay.
Then, for firted T < oo and allt € [0,T In K],

K=E[zf]~ (e’“avt (K7 —1)+ K et — eWD K39, (B.6.52)

Qay — Tav

Moreover, under the additional assumption of ruy # 0 and 27,y # aay, one obtains

KC 2Tavt_ Tavl A 7 Qavlt _ 2ravt
Var(Zt) l(ber)(Kﬁ_H )e e +KC<1_ b+d >e e ]K“

Tav — Qay Tav Tay — Qa Qav — 2T ay

(B.6.53)

Here and in the remainder of the appendix, these kind of approximation results are meant
in the following way: For any ¢ > 0, there exists Ko € N such that, for all K > Kj, plugging
in K139 yields an upper bound and K3 a lower bound for the left hand side.
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B.6. Branching processes at varying rates

Proof. As in Lemma [B.6.2] we use the martingale decomposition to derive the integral
equation

¢
K= {K’B - IJ +/ 5 (s)2K 4 K% (5)ds. (B.6.54)
0
By variation of constants, this leads to

t
2K = e () ({Kﬂ - 1J —{—KC/ e_gK(S)e“K(S)ds) . (B.6.55)
0

Using the convergence of g% and a® (Lemmas [B.6.3|and [B.6.10)), we can estimate, for any
t € [0,TIn K], fixed 6 > 0, and K large enough,

t
2 et (Kﬁ —1+K° / e(aav’“av>3ds) K+, (B.6.56)
0

This directly gives the first claim.

For the estimate on the variance, we see that

2
d(zf) =22 azl + q(z") = 225 aMl + 22 (VK () 2] + Koo D) dt+ d(25),.

(B.6.57)
2 2
Define uff ;== E {(ZtK) ], then uff = {Kﬁ - 1J and
afS = 0+ 20K (0uf + 2K O 1 (1) + d¥ (1)) 5+ Koo )
= 2 (tyuf 4 (20”0 4 0 (1) + A (1)) 2+ K", (B.6.58)

Using variation of constants, we deduce

2 t

ull = 20" (1) ({Kﬁ - 1J +/ e20"(s) [(QKCe“K(S) + b5 (s) + dK(s)) K4 KceaK(S)} ds) .
0

(B.6.59)

We now focus on the integral term, where we plug in and treat each summand
separately. For the first summand, involving 2K Ce“K(s), we obtain

t s
2KC/ e=9" (8)ga™ (s) ({Kﬁ — lJ + KC/ egK(w)eaK(w)dw> ds
0 0

t t s
=2 K7 1K [ e s 4 212 e O [Fos et s
0 0 0

:2[K5—1JKC/O

t t 2
o998 (5) g5 4 (K / e—gK<s>eaK<s>dS> , (B.6.60)
0
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2
Together with the term {KB - 1J and the prefactor 29" (®) from [B.6.59] this is equals to

the square of th . Thus, the other two summands of |B.6.59 give us the desired variance.
Overall, using the convergence of ¢ and a® as above and plugging in [B.6.55| this yields

Var (ZtK) =ulf — (2F)?

=20 () </t 020" (s) (bK(S) + dK(S)) Kds + K© /t e_2gk(s)eaK(5)ds)
0 0

_ - t s t
<2 () <(b+ ) / o0 () (K5—1+KC / egk<w>ea1‘<w>dw) ds+K° / e29K(S)eaK(S)ds>
0 0 0

_ iR t s t
§K5562T“t<(b—i— d) / e Tavs (Kﬁ—l—i—KC/ e’"a"“’e“"”wdw> ds+KC/ e2Tavseaavsds)
0 0 0

B R K¢ 27avt _ ATavt 5 Cz Aavt A 2Tayt
K5 (b+d)<K5—1+ )e ey ke[1- 27 ¢ © .
Tay — Qav Tav Tay — Qav Gay — 2Tay
(B.6.61)
]

Similar to the model without immigration (c.f. Lemma |B.6.4]), the starting point for proving
the different parts of Theorem [B.6.9]is an estimate on the bracket of the rescaled martingale,
which will be used in combination with Doob’s maximum inequality.

Lemma B.6.12. Let ZX ~ BDI (bK,dK,B,aK,c). Then the process
N 1= om0 0 (20— 2 (B.6.62)

with zl being defined in (B.6.52), is a martingale. Assuming that Tay & {Gay,2aay}, for all
T < o0 and all § > 0, there is a Ky € N such that, for all K > Ky, it holds that

K(aav—2raV)T -1

E [<MK>T1nK} K% < K°

Qay — 2Tay
_ . 1— K*’f‘avT K¢ K(aavarav)T -1 1— K*TavT
+ (b+4d) ((Kﬁ—1) + [ - .
Tav Gay — Tav Oay — 2Tay Tav
(B.6.63)
Proof. Using It6’s formula and the martingale decomposition (B.6.51)), we get
AN = e DM, (B.6.64)

which yields that MX is a martingale. Moreover, an application of It6’s isometry gives

AT, = 2 Ok, = =20 (05 (1) + 5 (1)) 28 + Ko™ D) dt. (B.6.65)

Thus,

E [(M")r | = /0 T e (@) +d @) o + Ko™ O) at, (B.6.66)
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and finally, using Lemma [B.6.11{ and the asymptotics of g*, we obtain, for K large enough,

Thh K Tln K (@av—Tav)t _
/ e—QQK(t)ZtK'dt < K55/ e—Tavt <Kce 1 + (Kﬂ _ 1)) dt’ (B667)
0 0

Qay — Tav

which yields the claimed estimate. O

Now we can start checking the convergence of Theorem [B.6.9]in the cases without extinction
or newly emerging populations.

Lemma B.6.13. The claim of Theorem holds true for ¢ < 3,8 > 0 and all T < oo
such that

inf avl) V avt) > 0. B.6.68
tg[%ﬂ(ﬁ*?" )V (c+ aat) > ( )

Proof. We split the proof into several steps. First, in step 1, we apply Doob’s maximum
inequality for the rescaled martingales M¥ to prove the convergence in most of the possible
cases. Next, in step 2, we make use of another maximum inequality to check the convergence
for some other cases. Finally, in step 3, we go through a case distinction of all the possible
scenarios of the lemma and explain the strategy of glueing together parts 1 and 2 with the
help of the Markov property to cover the remaining cases.

Step 1: Let us consider the case where we can find an 7 such that
1
3 BV (B —=7rayT) V (c+ (aay — 2ray)T)] < m < B. (B.6.69)

Then, applying Doob’s maximum inequality to MX and adapting the computations of case
1(b) of the proof of [45, Lem. B.1] one obtains the desired convergence.

Step 2: Let us now consider the specific case of 8 = ¢ and azy, > rav. Then we can
apply the maximum inequality of [60, Ch. VI.1.2. p. 66] to the supermartingales

e~ (@avt—ravt) N K to obtain, for K large enough,
t )0

—Qavt

P ( sup e zEK — th‘ > K”) =P (Vt < Tl K : e (Gavt=ravt) ‘]\Z[tK) > eravtng(t)Kn)
t<Tln K

<P sup e (Gaviradt) ’MtK’ > K9
t<Tln K

1
< LY emand sup e—(aavt—ravt)E [<MK>4 2
t<Tn K

< CK777+5 Sup Kf(aav*Tav)s‘i’%(5\/(6*"’3\/8)\/(C+(aavf27‘av)s)) .
o s<T
(B.6.70)

To conclude, we again proceed as in proof step 2 of [45, Lem. B.1].
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Step 3: Now we can check whether all cases are covered. Under the assumptions of the
lemma, i.e. B> 0,c < 3,1 € (0,00) and infyeg(o 7)(8 + ravs) V (¢ + aays) > 0, we see that the
constraint (B.6.69)) of step 1, which is equivalent to

Tay > —g and ¢+ (aay — 2ray)T < 20, (B.6.71)

holds true, if
() Tav > 0, Gay < 27y,
(ii) Tay > 0,aay > 2715y and T' < T™ := (28 — ¢)/(aay — 2Tayv),
(iii)
(iv)
)

(V) Tay < 0, aay > Tay, €+ @ay3/ |ray| > 0 and T < T* (in this case T* < B/|ray|).

Tav < 0, Qay < Tay,

<

v
av < 0, Gay > Tay, ¢ + aay 3/ |Tay] < 0 (in this case T < B/|rav|),

Hence the only remaining cases are (see Figure
— Tay > 0,Gay > 2ryy and T > T := (26 — ¢) /(aay — 27ay),
— Tay < 0,Gay > Tay, ¢+ aayfB/ |ray| > 0 and T > T™.

The strategy for these is the following: Take t* < T} < T*, where t* := (8—c¢)/(@ay —Tay) > 0
is the first time when (s +— S+ 74ys) crosses (s +— ¢+ aays). Now apply step 1 on the interval
[0, T1] to get the desired convergence up to T;. In particular, 1 + Z%(l e~ KetaaTiEe for
K large enough. On [T}, T] we apply step 2 to the approximating processes Z (K+) z(K-)
with parameters b;-t = bi,dli =d;, al-i = a;, for i € {*,1,2}, and B* = ¢* 1= c+ a, T} <.
Together with the Markov property these approximations give the claim. ]

A A

=

Figure B.6.: Illustration of the two remaining cases of step 3 of the proof of Lemma |B.6.13

Let us now collect some technical results on the (non-)emergence, extinction and instantan-
eous immigration of populations, as well as the continuity of the exponent, to complete the

proof of Theorem
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Lemma B.6.14 (Non-emergence of any new population). Let ZX ~ BDI (bK, ¥, B, a¥, c)
such that B =0 and ¢ < 0. Then, for all T > 0 such that ¢ + a,,T < 0 it holds

lim P (Vs € [0,7]: 2K, =0) = 1. (B.6.72)
K—oo
Proof. This can be shown by following the proof of [45, Lem. B.7]. O

Qav
‘ Ay < 0

c<0

Figure B.7.: Illustrations of the two possible situations for non-emergence of any new popu-

lation, as in Lemma

Lemma B.6.15 (Emergence of a new population). Let ZK ~ BDI (bK,dK,ﬁ, a’, c) such
that B =0,c = —e < 0 and ayy > 0. Then, for alln > (1V 2ryy/aay)e, it holds that

lim P (KE/Z -1< 7% < K" — 1) = 1. (B.6.73)

2
K—oo éan

Proof. Let us first consider the lower bound. The number of immigrant families that arrive
within the time interval [0, (2¢/aay) In K| and that survived up to time (2¢/aay) In K, is, by
thinning, a Poisson random variable with parameter

a%TEvan K 5K 2¢e ~
9= / K5 Op (Tit > " InK -tz = 1) dt, (B.6.74)
0 a

€
av

where ZK is the corresponding birth death process without immigration. Hence we can
apply the second part of Lemma and bound this from below, for all § > 0 and K large
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enough,

2e _ .
9 — /aav K—geaK(san)]P; (TZK > (28 _ 3) an’Zg{ = 1) In Kds
0

ext
Aay

2e
aav 2
> [ KTEK Ot N K oy [— (M (E — s) + 5) In K] In Kds
0 Qay
2

2e aav
:K_a_%_ME/ * glaavtM)sin Ky prgg
0

2e
= (aav+M)
2 aav —
K_6_26_7Mﬁ K ].

Qay + M
11 e M 254 2 (M)
T 2Qu + M
= CK=™%, (B.6.75)

Therefore, taking § > 0 small enough, we have

Jim P (Zé‘ — K2> =1 (B.6.76)
and can continue as in the proof of [45, Lem. B.8§]. O

8=0 .
/ 2e
¢ = —¢ Gay Gay

Figure B.8.: Illustration of the situation for emergence of a new population, as in Lemma

BS15

Lemma B.6.16 (Continuity of the exponent). Let ZX ~ BDI (bK, a5, B, a¥, c) such that
c < B. Then there exists a constant ¢ = 6(5, d, aay) such that, for all e > 0, it holds that

lim P (Vs 0,6 s kP~ —1 <z, < KPP —1) =1, (B.6.77)

Proof. Using the estimate of Lemma [B.6.10| one can adapt the proof of [45, Lem. B.9]. O

Lemma B.6.17 (Extinction). Let ZX ~ BDI (bK,dK,B, a’, c) such that ray < 0.
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(a) If in addition ¢ < 0 and ¢+ aayf3/ |Tay| < 0, then, for all 0 < n < T with the property
¢+ aay(B/ |rav| +T) <0, it holds that

B+n,ﬂ

lim P (Vs S {

K—oo

+ T] (78 Kk = 0) = 1. (B.6.78)

|Tav| |Tav|

(b) If in addition asy < 0 and ¢ + aa B/ |ray| > 0, then, for all 0 < n < T, we have

lim IP’(VsE { < +n,C+T} :ZﬁnK=o> =1 (B.6.79)

K00 |aay] |aay]
Proof. The proof follows the lines of the one for [45, Lem. B.10]. We emphazise, that the

results of Lemma [B.6.7] on the extinction time are crucial for the processes studied in the
present paper. O]

w

v
=
g_h;
EQ
£

L4

s

‘TaVI_

€+ Qay

c

Figure B.9.: Illustration of cases (a) and (b) for extinction in Lemma |B.6.17]

Lemma B.6.18 (Instantaneous immigration). Let ZX ~ BDI (bK,dK,B,aK,C) such that
0 < B <ec. Then, for alle >0 and all a > |ray| V |aay| it holds that

. K c—ae ctae)) —
lim P (280 € Ko™, Kor]) = 1. (B.6.80)
Proof. With the help of Lemma this is verified as for [45, Lem. B.4]. O

Having all tools at hand, we can now prove the main convergence result step by step.

Proof of Theorem[B.6.9. The previous lemmas cover all the different scenarios of Theorem
either directly or in combination, under application of the Markov property and the
continuity result in Lemma For convenience, we provide a summary of how to treat
each case:

First, we check all the different cases with ¢ < .
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— If =0,¢ <0 and a,y, <0, we apply Lemma [B:6.14]

— If 8 = 0,¢c < 0 and ayy > 0, we apply Lemma [B.6.14] up to time (|c| — €)/aay.

On [(|¢] — €)/aay, (|c| + €)/aay], we use Lemma [B.6.15 and finally, Lemma [B.6.13| on
[(lel + &)/ aay, T].

— If B > 0, the case 7,y > 0 is already checked in Lemma

— If B> 0,ra <0 and aay > 0 such that ¢+ aay3/ |ray| > 0, we can also apply Lemma

B.6.13

— If B> 0,75y < 0 and ayy > 0 such that ¢ + aayf/ |Tav] < 0, we use Lemma [B.6.13| on

[0, 8/ |rav| — €]. After that time, an application of Lemma [B.6.17| leads to extinction
until (|¢| — €)/aay. On [(|c| — €)/aay, (|¢| + €)/aay], we use Lemma [B.6.15, and finally,
Lemma [B.6.13| on [(|¢] + €)/aay, T-

— If 8 > 0 and either (roy < 0,aay < 0) or (ray < 0,asy = 0,¢ < 0), we use Lemma

B.6.13|on [0, B/ |rav| V ¢/|aay| — €] or [0, B/ |rav| — €], respectively. After that time, an
application of Lemma leads to extinction.

— Cases (B=c=0,aay >0), (B=c=0,00 < 0,75y <0), (8>0,ra <0,c=as =0),

as well as (8 > 0,ray < 0,aay > 0,¢ < 0,8/ |ray| = |c| /aay) can be treated using
comparisons.

Finally, for ¢ > [, we apply Lemma [B.6.18 on [0,¢] and then continue with the previous
results. O

B.7. Phase of invasion

In contrast to the results of Appendix in this chapter we focus on birth and death pro-
cesses with many individuals on shorter but still divergent time horizons. These restrictions
allow for relatively strong bounds on the growth of these processes. The results are used in
the proof of the main theorem of this paper to control the mutant population when it gets
almost macroscopic, to ensure that this happens in the right (fit) phase.

Lemma B.7.1. Let ZX be birth death processes with constant parameters b,d > 0 and
r =b—d. Moreover, for q € (0,00) and o € R, assume initial values Z = ek K . Then,
for all T >0 and all v € (0,1),

(a) P (25, <perTxz{)

K—oo

o(K™7) =0, forp e (0,1),

(b) P (ZYK)\K > perT)‘KZé() =o(K™7) K=2ge, forp e (1,00).
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Proof. For this proof we make use of the rescaled martingale MtK =e " ZK — ZI. Then
dMJE = e "tdM[K and thus d(MK); = e=2"td(MK); (cf. (B.6.8) and corresponding discus-
sion). Therefore, in the case of r # 0, we can compute

E [(N15),] = /Ot e (b+d)E 2] ds

= (b+d) z{ /Ot e "*ds
= (b+d) Zé(l_:_rt- (B.7.1)
An application of Doob’s maximum inequality [30, Thm. 3.87] yields that, for 0 < p < 1,
P (28, <pe ™z ) =P (TR ZE,, — ZE < ~(1 - p)Z)

<P ( sup \e*”ZtK - 7|~ q —p)Zg(>
t<TAg

:IP’< sup ‘MtK‘ > (1 p)Z(f{)
t<TAg

< (1 —p) 2 (25) [0 r, ]

‘e—’I‘TAK _ 1‘

= Ce M K1
7|

efoc)\K Kfle|r|T)\K

INA
Qr O

exp (—a g —In K + |r| TAk)
Cexp (—yIn K) "=5° 0. (B.7.2)

IN

The last inequality is true for every v € (0,1) and K large enough since, in the limit of large
K, one has (|r|T — a)A\x/In K <1 —~ in the limit of large K.

If we now consider r = 0, we see that in this case

E [(N)] = b+ d) 2§t (B.7.3)
Plugging this into the above estimate of the probability leads to an even better bound.
For p > 1, we adapt the first calculations as

P (Z%K > pe' T Zé() =P (e_mK Zire — 23 > —(1 = P)Zé()

<P ( sup ‘e—*tzf - z(ﬂ > (p— 1)Z§<> : (B.7.4)
t<TAg

from where we can continue as before. O

Remark 22. Note that we do not only prove the convergence to zero here but also determine
the speed of convergence, which is o(K~7), for all v € (0,1).
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Corollary B.7.2. Let ZX be birth death process with time-dependent rates b, d¥ as intro-
duced in Appendix and recall that g* (t) = fot K (s)ds, where r(s) = b8 (s) — d¥(s)
is the net growth rate. For initial values Z{{( =&2K, for all0 <p; <1< py, all T >0, and
all v € (0,1), we obtain

P (p1e9K<t>Zg< < ZK < pped O 7 i e o, T)\K]) =1-o(K 21, (B.75)

Proof. The corollary can be deduced easily by iterative application of Lemma com-
bined with the Markov property at the times Tiz. ]
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C. Preprint: Crossing a fitness valley in a
changing environment: With and without
pit stop

This appendix is available as a preprint as joint work with Anna Kraut [70],

M. Esser and A. Kraut, Crossing a fitness valley in a changing environment: With
and without pit stop. Preprint, arXiv:2503.19766.

We consider a stochastic individual-based model of adaptive dynamics for an asexually re-
producing population with mutation. Biologically motivated by the influence of seasons or
the variation of drug concentration during medical treatment, the model parameters vary
over time as piecewise constant and periodic functions. We study the typical evolutionary
behavior of the population by looking at limits of large populations and rare mutations. An
analysis of the crossing of valleys in the fitness landscape in a changing environment leads
to various interesting phenomena on different time scales, which depend on the length of the
valley. By carefully examining the influence of the changing environment on each time scale,
we are able to determine the crossing rates of fit mutants and their ability to invade the res-
ident population. In addition, we investigate the special scenario of pit stops, where single
intermediate mutants within the valley have phases of positive fitness and can thus grow to
a diverging size before going extinct again. This significantly accelerates the traversal of the
valley and leads to an interesting new time scale.

C.1. Introduction

Adaptation to the environment is one of the key factors of biological evolution. Condensed
in the principle of survival of the fittest, it is known since Charles Darwin [51], that among
several individuals of a species, the ones that are better adapted to their natural environment
transmit their characteristics to a larger number of descendants than the ones that are less
adapted. In the long run, this leads to the persistence of the adapted individual traits and the
disappearance of disadvantageous traits. This general principle seems to be nicely short and
satisfying. However, the observation of nature gives suggests that the underling mechanisms
are somewhat more involved. There are two specific aspects that we like to point out in the
following.

First, let us turn to the micro evolutionary perspective by looking at a cell’s DNA. Most of
the time, the DNA is replicated exactly during cell division, however, sometimes this process
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is effected by errors, called mutations. Changing a single base-pair can likely cause a defect
in the encoded gene, which makes us believe that most mutations are disadvantageous. In
some cases, the accumulation of multiple mutations can lead to an advantage by changing
the function of a particular gene. Since effective mutations (altering the coding region of the
DNA) are rare, these mutations have to be collected one by one. This means that, in order
to reach a state of higher fitness, there is a temporary decrease in fitness in between. This
phenomenon is called a fitness valley and is for example observed in the initiation of cancer
[137], the formation of the flagella apparatus of bacteria [I52], and other fields [50, 59} 133].

A second observation is that the environment that populations adapt to underlies ongoing
changes. Even if we restrict to purely abiotic factors such as temperature, humidity, or
accessibility and concentration of nutrients, fluctuations are ubiquitous and have a big impact
on the process of selection. In addition to random or chaotic fluctuations of the environment,
there are cases of regular and recurrent changes. One can think of seasonal changes or the
variation of drug concentration during medical treatment as simple examples.

The present article aims to study the interplay of these two aspects, extending the basic
picture of selection. Stochastic individual-based models of adaptive dynamics, as introduced
by Fournier and Méléard [83], have turned out to be a useful model type that allows to depict
many different mechanisms. A first key result about the basic model was the separation of
ecological and evolutionary time scales, studied by Champagnat [40]. In the last decades,
this model has been developed and extended in multiple directions, e.g. studying diploidy
[28, 126, 148], dormancy [22, 20], the canonical equation of adaptive dynamics [7, 42} [153],
or Hamilton-Jacobi equations [44]. At its core, these model rely on the simple biological
principles of asexual clonal birth, natural death, additional competition-induced deaths,
depending on the population density, and the possibility of mutation at birth.

From the various scaling parameters that have been studied for this class of models, we
focus on large populations of order K — oo and small mutation probabilities px — 0 that
vanishes as power law, i.e. ugx = K=Y/ for some o > 0. This regime has been studied in
various works e.g. [29] 48] 34 [153], [69, [71]. Under these assumptions, it has been shown that
the dominating types within the population move fast towards an equilibrium, in a time
of order 1, while newly appearing mutants with a positive (invasion) fitness need a time of
order In K to reach a macroscopic size.

To depict repeating changes of the environment, we let all of the model parameters vary over
time as piecewise constant, periodic functions and introduce a new parameter Ax to control
the speed of environmental changes. Branching processes in changing environments have
previously been studied in the discrete-time, single-type setting [15] 23], [113] [163], answering
questions about population size growth, genealogies and tree structures. A deterministic
differential equation model for a multi-type non-competitive population spreading across a
sink of negative fitness was considered in [9]. Other works have focused on either fast changes
on time scales O(1) (cf. [78, [87] for deterministic models of interacting populations), which
hinder the resident population’s ability to stabilize close to an equilibrium, or very slow
changes on time scales larger than the In K-times of mutant growth and invasion (cf. [49] for
a multi-type Moran-like model). Our work, on the other hand, allows for an intermediate
speed of environmental changes, choosing 1 < Ax < In K. As previously worked out in
[71], this means that the effective growth rates on the In K-time scale of mutant populations
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are given as weighted averages over all phases. On this time scale, the population’s traits
evolve until it gets stuck in a local fitness maximum. In this present work, we study how
the population can leave such a local maximum, traversing a valley in the fitness landscape
on a more accelerated time scale.

Based on the notion of phase-dependent and average fitness, we distinguish two scenarios.
We first consider a strict fitness valley, which means that all intermediate traits between the
current resident trait and the advantageous mutant are unfit in every phase, resulting in a
scenario as in the (constant environment) considerations of [29]. In this case, successfully
invading mutants can be observed on the time scale of 1/ Ky, where L describes the width
of the valley. Since the environment changes on a much shorter time scale, the rate of
crossing the valley is given by the weighted average of the crossing rates computed for
constant environments in [29]. The main difficulty arising in this case is the fact that the
probability for the mutant population to fixate and finally grow to a macroscopic size is not
only determined by its average fitness or its fitness in the phase of arrival alone. Instead,
it strongly depends on the arrival time within the phase since one has to ensure that the
new mutant grows enough during fit phases to not go extinct during potential unfit phases.
In our result, we make this precise by defining a set A C [0, 00) of possible arrival times of
successful mutants, and incorporating it when computing the effective crossing rate.

To relax the assumptions of the strict valley, the second scenario allows for a single pit stop
within the fitness valley. This means that there is a single trait w in the valley that has a
positive fitness during one phase, while maintaining a negative average fitness. In contrast
to the approximating subcritical birth death processes in [29], this trait can grow for a short
but diverging time of order Ax. Therefore, we see a speed up in the crossing rates for the
fitness valley and the respective time scale. Since the growth behavior of w, and hence also
the acceleration of the time scale, strongly depends on the equilibrium size of the resident
population, we need to derive more accurate estimates on the resident’s stability. Another
challenge in this second scenario is to distinguish typical crossings from other possibilities.
A crossing is more likely when the population of trait w can grow the most. This is exactly
the case when a mutant of trait w is born at the very beginning of its fit phase and hence
produces the next order mutants at the highest possible rate when it is at its peak population
size, at the end of the fit phase or the beginning of the next one, respectively.

The remainder of this article is structured as follows. In Section we introduce the
individual-based model for a population in a time-dependent environment and point out some
key quantities, such as equilibrium states and invasion fitness. Section and Section
[C:273] provide our two main convergence results for strict fitness valleys and valleys with a
pit stop, respectively. We discuss the proof heuristics, the necessity of some assumptions,
and possible generalizations of our results in Chapter Chapter is dedicated to the
proofs of the main results, and in the Appendix we collected some technical results on
birth death processes.
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C. Crossing a fitness valley in a changing environment: With and without pit stop

C.2. Model and Results

C.2.1. Model introduction: Individual-based adaptive dynamics in changing
environment

We consider a population that is composed of a finite number of asexually reproducing
individuals. Denote by V' = [0, L] := {0, 1,..., L} the space of possible traits, characterising
the individuals. To model a periodically changing environment, we consider a finite number
¢ € N of phases. For each phase i = 1,...,¢ and all traits v,w € V, we introduce the
following biological parameters:

— bl € Ry, the birth rate of an individual of trait v during phase 1,
— d! € Ry, the (natural) death rate of an individual of trait v during phase i,

— c&w € R, the competition imposed by an individual of trait w onto an individual of
trait v during phase i,

— K €N, the carrying capacity that scales the environment’s capacity to support life,
— ux € [0,1], the probability of mutation at a birth event (phase-independent),

— My, € Mp(V), the law of the trait of a mutant offspring produced by an individual of
trait v (phase-independent).

For simplicity, we focus on the situation of nearest neighbour forward mutation without
backwards mutation. That is m,. = 0yy1,., for v € [0,L — 1], and my. = 0r,., where ¢
denotes the Dirac measure. Moreover, to ensure logistic growth of the total population and
thus in particular non-explosion we assume that cfw >0,forallv e Vandalli=1,..., ¢

To describe the time-dependent environment, we take, for each ¢ = 1,...,¢, T; > 0 as the
length of the i-th phase and refer to the endpoints of these phases by sz =>4 _, T;. Now
we can define the time-dependent birth rates as the periodic extension of

l
bo(t) =Y Lyeprs | 1obi (C.2.1)
=1

and analogously for the death rates d,(t) and competition rates ¢, 4, (t).

In the following, we consider three scaling parameters. As already mentioned, K denotes
the carrying capacity of the environment and will correspond to the typical population size,
see below. The probability of mutation at birth is denoted by pux and is chosen as a power
law ppx = K~ for some a € R \Np, here. Lastly, we let Ax describe the time scale on
which parameter changes occur. In order for environmental changes to happen slow enough
such that the resident populations can adapt, but fast enough such that they influence the
growth of mutants, we choose

1< Ak <InK (C.2.2)
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as an intermediate scale and set

V() == by (t/Ni), dE(t) :=dy(t/ k), and ¢, (t) = cpu(t/AK). (C.2.3)

VW

This means that the parameters of the i-th phase now apply for a time of rescaled length
T;\k. Note that bi and b are very similar in notation. To make the distinction clear, we
always use the upper index ¢ to refer to the constant parameter in phase ¢ and the index
K to refer to the time-dependent parameter function for carrying capacity K, and use the
same convention for the other parameters.

For any K, the evolution of the population over time is described by a Markov process N
with values in D(Ry,NY). NX(t) denotes the number of individuals of trait v € V' that are
alive at time ¢ > 0. The process is characterised by its infinitesimal generator

(LK) (N) = S0 (6N + ) — 6(N) (vaf (1~ i)+ 3 Nubls (t)ume,v>

veV weV
cK
+ D (BN — ey) — (N))N, (dff O+ “’}‘;(t) Nw> , (C.2.4)
veV weV

where ¢ : N§ — R is measurable and bounded and e, denotes the unit vector at v € V.

Dividing the competition kernel by K in the quadratic term of the stated generator leads to
a total population size of order K. In the following, we will refer to subpopulations with a
size of order K as macroscopic, while we call populations with a size of order 1 microscopic,
and intermediate sizes of order strictly between 1 and K mesoscopic. We are interested in
studying the typical behaviour of the processes (N KK e N) for large populations (i.e. as
K — 00). A classical law of large numbers result states that the rescaled processes N¥ /K
converge on finite time intervals to the solution of a system of Lotka-Volterra equations.

ny(t) = (sz —di - Z cf,’wnw(t)> ny(t), veV,t>0. (C.2.5)

weV

We are interested in the process started with a monomorphic resident population of trait 0,
studying the transition towards a new monomorphic subpopulation of trait L. This means
that, apart from the invasion phase, only one single (fit) subpopulation is of macroscopic
size and fluctuates around its equilibrium size. Taking into account the phase-dependent
parameters, we denote these monomorphic equilibria by
. b —
ny = —4—2, veV,i=1,...,4, (C.2.6)
Cow
and introduce the corresponding time-dependent versions

l
o(t) =Y Liggs ey, and X (t)
=1

Ao (t/ A i) (C.2.7)

Starting with such a monomorphic equilibrium, a natural question is to ask for the approx-
imate growth rate of a smaller population of different trait w in the presence of the bulk
population of trait v. This leads to the concept of invasion fitness.
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Definition C.2.1 (Invasion fitness). For each phase i = 1,--- ,¢ and for all traits v,w € V
such that the equilibrium size of n! is positive, we denote by

L= —d — il (C.2.8)

w,v w,v'

the invasion fitness of trait w with respect to the monomorphic resident v in the i-th phase.
Moreover, we define the time-dependent fitness and its rescaled version by the periodic
extension of

J4
fw,v(t) = Z ]lte[TEl,TiE)f'Z),v and fgv(t) = fw,v(t/)‘K)' (0'2'9)
=1

C.2.2. Main Result 1: Strict fitness valley

Our aim is to study the crossing of a fitness valley of length L. By this we mean to start
initially with a monomorphic wild-type population of trait 0, near its equilibrium n{K,
and wait until mutants have transitioned through a number of unfit intermediate traits to
eventually produce a mutant of trait L that forms a subpopulation of macroscopic order K
and replaces the wild-typ as the resident trait. To depict this situation, we fix the initial
condition as follows.

Assumption 5 (Initial condition).
(i) Ng“(0) = [ngK ],
(i) NE(0) =0, for all v € [1, L].
Moreover, we introduce the following stopping time that marks the time when the L-trait
has taken over the population.
L—1

1
< e and e Z N]-K(t) <ep. (C.2.10)
j=0

K
Ti(nlj’s) =infdt>0: ‘N]}((t) — k(1)

To ensure that an L-mutant subpopulation is able to fixate and invade in a phase when it is
fit with respect to the resident O-trait, we make the following assumptions.

Assumption 6 (Guaranteed invasion).
(i) fé,L < 0, whenever fz,o > 0,

(ii) f1o#0, foralli=1,... ¢
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Note that while the first part of the assumption prevents coexistence, the second part is only
technical and avoids the situation of critical branching process approximations.

To precisely define the notion of a fitness valley, let us note that, as shown in [71], the growth
of a mutant subpopulation is effectively driven by its average fitness

L i ;
av . __ Z’Lzl ’U,Oﬂ

v,0 " TZE (C211)

One might now simply require this quantity to be negative for all intermediate traits in
[1,L — 1] to define a fitness valley. However, a negative average fitness only prevents long-
term growth on the In K-time scale, as studied in [71]. On the Ax-time scale of environmental
changes, there might still be phases ¢ of positive invasion fitness ff;’O > 0, for some trait
v € [1, L — 1], which would allow for temporary growth to a mesoscopic size of this mutant
subpopulation. Such a short-term growth significantly complicates the study of a fitness
valley transition. We therefore distinguish two scenarios: Our first result is restricted to
the case of a strict fitness wvalley in the sense that the traits within the valley are unfit
in every phase (cf. Assumption . In the second result we then present an extension by
allowing exactly one trait to have positive fitness in one phase (cf. Assumption |8) and call
this conditions a pit stop.

Assumption 7 (Strict fitness valley).
(i) ny >0, foralli=1,....7,
(ii) fho <O, forallwe[1,L—1]andalli=1,...,¢,
(iil) f&% > 0.
As outlined in the heuristics in Section[C.3.1] the crossing of the fitness valley is very rare but

itself a fast event. Therefore, we can treat it phase by phase and define the phase-dependent
crossing rates, for i =1...¢,

. o led . L1 . 1
Ry = nj (H ”_1) Lo ( 11 A(ﬂl)) <?);>+, (C.2.12)

1

v=1 |Jv,0 w=|a]+1
where
Pl = — —Y——— and A\(p),) = v = (C.2.13)
Yo b, i+ e ong w1 —2p, fle’O’

The effective crossing rate is then given by

1 (A
R = = /0 <Z Ry Lyeirs 17T;)> Tseadt, (C.2.14)
L =1
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where A denotes the set of possible arrival times of successful mutants and is given by

t+s

A= {t >0: fro(u)du >0Vs e (O,TZE]} . (C.2.15)

Again, we refer to Section for a heuristic explanation of these rates and the corres-
ponding time scale for crossing the fitness valley.

Using the above notation, we can describe the crossing times of a strict fitness valley as
follows.

Theorem C.2.2. Suppose that Assumptions[, [0, and[7 is satisfied. Then there exist ey > 0
and c € (0,00) such that, for all0 < € < &g, there are exponential random variables EUSF) (¢)
with parameters (14 ce)R$T such that

111?1 inf P (E(K’*)(E) < Tigv{’a)K,uf{ < pEH (E)) >1—ce. (C.2.16)
—00
Remark 23. Originally, it was introduced A(p) = > 52, %pk(l — p)*+1in [29], which

incorporates the combinatorial origin related to the number of birth events in a subcritical
branching process excursion. We decide for the simpler representation here, as it points
out the similarity to the other factors. Using complex integration, one can show that both
definitions are equivalent.

C.2.3. Main Result 2: Valley with pit stop

After the analysis of the crossing of a strict fitness valley in the previous section, it is natural
to ask how we can extend this result to more general fitness landscapes. In order to stay
in the setting of a fitness valley, we still ask for the traits within the valley to be unfit in
the sense of average fitness, i.e. fi() <0, for all v € [1,L —1]. In contast to the previous
setting, this does allow for a positive invasion fitness of intermediate traits in the valley for
some phases. Since this little change leads to a totally different development of the crossing,
we keep the situation manageable by restricting to an environment changing only between
two different phases and allowing only one stand-out trait w in the valley to be fit in one
of the phases. Moreover, we assume that the equilibrium size of the wild-type trait O is the
same in both phases. In Section we discuss some conjectures of how these assumptions
might be relaxed in future work.

Assumption 8 (Fitness valley with pit stop).
0) £=2,
(i) ng =ng >0,

(ii) foo >0, fa <0, for a unique w € [|o) +1,L — 1], and
fio <0, forallve[l,L—1]\{w}andi=1,2,

(iii) ffo >0, fori=1,2.
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The short but significant growth phases of trait w in phase 1, before going extinct again in
phase 2, give rise to a partially changed crossing rate,

L]
. b
itsto —1
RP™P = O(H )w( H )\Pz)
v=1 UO z=|a+1 wO
bl - flo = b2 (L_l 2>ffol 1
Ap ’ = Aps =~ —.
Lt (I o) 3 e (T ) 52

wO z=w+1 z=w+1
(C.2.17)

S

Moreover, the refreshments at this pit stop causes a speed up of the crossing that is depicted
in an additional term in the corresponding time scale. Overall, we obtain the following
result.

Theorem C.2.3. Suppose that Assumptions[, [0 and [ is satisfied. Then there exist £g > 0
and c € (0,00) such that, for all0 < e < o, there are exponential random variables EEE)(g)
with parameter (1= c) RV such that

lim inf P (B (e) < TN K e w0 e < BED(€)) > 1= ce. (C.2.18)
— 00

A heuristic explanation of the rate and the time scale can be found in Section

C.3. Heuristics and Discussion

The proofs in the field of adaptive dynamics are often quite technical. Therefore, we use this
chapter to first provide some heuristics behind the main results of this paper and work out
the details in the next chapter. Moreover, we have kept our results in their simplest form
to avoid even more technicalities but want to discuss possible extensions or generalizations
here.

C.3.1. Explanation of the main results
Theorem [C.2.2]

We begin by explaining the rational behind the phase-dependent crossing rate in (C.2.12)).

Under the assumption that o < L, all mutant traits within an a-distance of the initial
resident trait 0 (and beyond, up to trait L — 1) are initially unfit. As a consequence, their
population size is fed by incoming mutants from left neighbors but otherwise declines. During
a given phase ¢, and as long as all mutant traits are small enough such that they essentially
do not contribute to competitive interactions, we can hence iteratively estimate their sizes
as follows:
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C. Crossing a fitness valley in a changing environment: With and without pit stop

The resident trait 0, which does not get any incoming mutants, is approximately at its equilib-
rium size NI = 7§ K. Trait 1 has incoming mutants at rate N - b} ux and otherwise decays
at rate N{<- fI (0» Which yields an equilibrium size of Nl = NOKbOuK/|f1 ol = Kprnghy/| f1ol.
Trait 2 then has incoming Inutants at rate N - bl and decays at rate NI< f270, yield-
ing an equilibrium of N§* = Kpug-nf(b/|f{0l)(b5/]f30) and so on. Iterating, we obtain an
equilibrium of trait |« of

o) i
A =1 b%—
NE| = Kui i L (C.3.1)
v=1 fv,O‘

Note that, since K /LL o > 1, as K — 00, all of these traits have a diverging population size
and hence an argument via a deterministic approximation can be applied.

As above, trait |« produces mutants of type |a|+1 at rate N o] bt
o] +1

MK - This rate however

< 1. As a consequence, mutation events are separated and occur
on a longer time scale of order 1/K ,LLLaJ+1 > 1. Assuming that trait [a| 4+ 1 < L is unfit, its
population can be approximated by a subcritical birth death process and the descendants of
a single arriving mutant go extinct within a finite time of order 1. The only chance for an
|| + 2 mutant to occur is therefore the unlikely case that the [a] 4+ 1 population produces
a mutant in this order 1 time before its extinction. The probability of this event can be
estimated by )x(pimJH),uK, where )\(piLaj—i-l) is the expected number of birth events in an

is now of order Ky

excursion of a subcritical birth death process with birth probability of ,oiL 41

In order for an L-mutant to occur across the fitness valley, every mutant trait in between
o] and L must produce the next mutant before going extinct in finite time, which has a
combined probability of

L—1
T | ECA) (C3.2)
w=|a|+1

Note that, since extinction occurs within a time of order 1 and phases change on a time scale
of order A\ > 1, this crossing of the fitness valley will take place within a single i-phase and
hence all parameters are chosen accordingly.

Finally, if an L-mutant occurs in an i-phase, according to classical branching process theory,
it has a chance of (f} )+ /b} to initially survive and not go extinct within a finite time
due to random fluctuations (or being unfit, which is covered by taking only the positive
part of fﬂo here). Overall, the rate at which successful L-mutants - those that foster an
initially growing population - occur in phase ¢ can be found as the product of the rate at
which || + 1 mutants occur, times the probability of crossing the valley and producing an
L-mutant, times the survival probability of that L-mutant, i.e.

K LR’i _ K L =1 ﬁ 2)—1 7 Iﬁl )\( 7 ) (fL’0)+ (C 3 3)
Moy, = B [Ty L Tm 1] lel L Pw 7{)2 -9
v= v,0 w=|a|+1
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To conclude the effective rate at which an L-mutant occurs and not only initially survives but
invades the population - i.e. reaches a size of order K and out-competes the current resident
trait - we need to consider the growth dynamics of an L-population over the course of many
phases. During an i-phase, the L-population grows approximately at exponential rate fi,o-
Hence, starting with a size of order 1 at time T Ag, after a time SAg the population would
have grown to a size of order

(T+S)A
elrae IR e [T g pupau, (C3.4)

To guarantee survival, this order of the population size needs to stay larger than 1 (and in
fact almost sure extinction can be shown in the case where it drops below 1), i.e. one needs

(T+S)
A~ fro(u)du > 0. (C.3.5)

Since by assumption f7%; > 0, this can only fail within the first cycle of phases and we
therefore introduce the set of possible arrival times of successful L-mutants of

t+s
A:{tEO:

ﬁwWMu>0VsemﬂfG. (C.3.6)
Finally, the effective crossing rate, i.e. the rate at which L-mutants occur, initially survive,
and grow to a population size of order K, can be calculated by averaging the phase-dependent
rates over a full cycle of phases and taking the above set A into account, which yields

€ 1 TE
%{RLH — CZjEE/ (Z K/J’KRLILtE[TZ TE)) ]]_teAdt. (037)
=1

Since this is an exponential rate of order K uf(, the crossing event itself occurs on a time
scale of order 1/K uf{. The exponential growth of the L-mutant from a population size of
order 1 to a size of order K occurs within a In K-time and the Lotka-Volterra dynamics of
the L-mutant taking over the resident population plays out in a time of order 1 once both
populations are of the same order. Both of these events are negligible on the 1/K uk- time
scale, which leads to Theorem [C.2.2]

Theorem [C.2.3

We now turn to the case of a fitness valley with a pit stop trait |a] < w < L and the
heuristics for . For technical reasons, we restrict this result to the case of only two
parameter phases, where w is fit during phase 1 and unfit during phase 2. Possible extensions
are discussed below.

During phase ¢, new mutants of trait w occur at approximate rate

la] 74 ‘ w—1 .
Kpgag | T2 | bl | T AL (C.38)

i
v=1 |Jv,0 z=|a]+1
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and mutants of trait w + 1 foster a successfully invading L population with probability

L (w+1) < H A( Pz> (fLO) ’ (C.3.9)

i
z=w-+1 b

as in the previous case of Theorem (here the set A is dropped since L is assumed to be
fit in both phases). However, the probability of a trait w mutant fostering a w + 1 mutant
is only A(p!,)px in phase i = 2.

If the w mutant occurs in phase 1, it is temporarily fit and grows exponentially at rate

,3]70 until the next phase change. To get the average/effective rate of crossing the fitness
valley, one needs to average the crossing rate over all possible arrival times of the w mutant.
Since trait w produces w + 1 mutants at rate N, K b, 1k, the dominating rate - and hence
typical case - occurs when the w population reaches its highest possible population size before
becoming subcritical and going extinct again. This is the case when w mutants1 arise right
AT fy,

at the beginning of a phase 1 and hence grow to an approximate size of e 0 yielding

the maximal mutation rate of e < 1fw.0pi i pi at its highest peak at the transition from phase
1 to phase 2. Here both values of i = 1,2 are relevant since the w + 1 mutant typically
arises either right before or after the change from phase 1 to phase 2. The probability of
a w mutant to occur right at the beginning of phase 1 is of order 1/Ai since arrival times
are roughly uniform within a phase. Up to some remaining constants that stem from the
averaging integration and that we do not want to discuss in detail here, these heuristics
combine to the overall crossing rate of RpltsmpK uL AT 0 /AK in , which yields

Theorem [C.2.3]

On some simplifying assumptions

To simplify the already complicated proofs, we have made some assumptions on the ini-
tial condition of population sizes (Assumption [5) and the possible directions of mutations
(mMy,z = 0y+1,2). These are not necessary assumptions and we want to briefly explain why
relaxing them would not change the overall results.

First, we assume that the population starts out with a monomorphic population of trait 0,
close to its equilibrium size K#j. This assumption could be relaxed to a trait 0 population
of order K and traits v € [1, |a|] of any order smaller or equal to K uj . In this case, trait 0
gets close to its equilibrium within a time of order 1, following the deterministic single-trait
Lotka-Volterra dynamics. Within an additional time of order 1, traits v € [1,|«]] also
reach their respective (lower-order) equilibria due to incoming mutants from traits v — 1,
see Lemma [C:4:2] This order 1 time is negligible on the time scale of our result and the
probability of a fitness valley crossing to occur during this time converges to zero.

In addition, we could also allow for positive initial population sizes for traits
v € [la] +1,L —1], as long as they are of order 1, as K — oo. Any one of these fi-
nitely many individual has a probability of producing a successful L-mutant that converges
to 0, as K — oo, and hence the probability of all of their offspring going extinct (in a time
of order 1) without crossing the fitness valley converges to 1. The important heuristic here
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is that the each of the finitely many initial individuals only has a one time shot to cross the
valley (through its offspring) that is unlikely to succeed. A successful crossing only occurs
through infinitely many of such unlikely attempts, occurring on the diverging time scale of
our results.

Finally, note that we do need to assure that N 5 (0) = 0 in order to guarantee that a
successful L population stems from a crossing of the fitness valley and does not just start
growing immediately.

On another note, we assume that mutation can only occur to neighboring higher traits, i.e.
from v to v + 1. We could allow for backwards mutation, i.e. from v to v — 1, without
changing the outcome of the main results. This is true because the crossing rate of order
K ,u%( in Theorem and the respective adjusted rate in Theoremstem from tracking
mutations along the shortest possible path from 0 to L. Taking a “detour” via forwards and
backwards mutation would only add additional factors of pux due to additional mutation
steps and hence produce lower order crossing rates. When determining the overall crossing
rates in this case, one can write them as the sum of rates of L-mutants arising along different
paths from 0 to L, where the dominant summands will be exactly the respective rates of
our theorems here. We refer to [29] [69] for the precise arguments in the case of constant
parameters.

C.3.2. Possible generalizations of the pitstop result

There are a number of ways in which we conjecture Theorem could be extended and
that we briefly want to discuss in the following.

Non-constant resident trait

In contrast to Theorem for Theorem we require that 7 = 73 in Assumption
We conjecture that the same result is still true for nj # 73, as long as both equilibria are
strictly positive. However, this cannot be argued with our current proof techniques for the fol-
lowing reason: In order to ensure the correct order of the crossing rate of K ,u,%(e)‘K T1fu0 JAK,
one needs to approximate the w population by birth death processes with a fitness that only
deviates from fjj’o by an error that vanishes as K — oco. To do so, we pick a threshold of
ex K, where e — 0, to bound both the size of the mutant populations and the deviation
between the resident 0 trait and its equilibrium, since these two quantities are the source of
errors in the actual fitness of w. Now for Theorem [C.2.2] the proof relies on bounding the
resident population size N{* in two ways. Once the population is close to its equilibrium,
potential theoretic arguments are applied to ensure it staying close. Initially after a para-
meter change however, the approximating deterministic system is used to ensure that the
population gets close to its new equilibrium in a negligible time of order 1. If one requires
this “closeness” to be of an order ey K for the pitstop result, it would take a diverging time
in the deterministic system to be achieved. The classical results for deterministic approx-
imations are however only valid on a finite time scale and, moreover, this adaptation time
would now no longer be a negligible order 1 time, during which mutations do not occur with
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probability 1 (a fact that is necessary to justify using only the equilibrium population sizes
in the transition rate).

More than two distinct phases

When there are more than two parameter phases (¢ > 2), even if the target mutant trait
L remains fit throughout all of them, the description of the crossing rate becomes more
intricate and the proof would require a lot more notation. Heuristically, for every specific
example, one must determine the corresponding maximal possible population size of the
pitstop trait w, which replaces the factor e*<T1fu0 in the transition rate in Theorem
In accordance with (C.3.4)), and setting g.,(¢,s) = ttJrS fw,0(u)du, this population size can
be written as

max max e e 9u(ts) (C.3.10)
te[0,T}°] s€[0,T7]:
gw(t,s’)>0 Vs'€(0,s]

The maximizers t* and and s* correspond to the optimal time t*Ag of occurrence of a w
mutant with a successive growth period of length s* Ak, at the end of which the w population
reaches its peak size before shrinking again and eventually going extinct (see Figure for
an exemplary plot). Note that it is possible that the w population temporarily has a negative
fitness during this period, as long as it grows to a larger size afterwards and never shrinks to
a size of order 1 in between. Moreover, t* and t* + s* will always coincide with beginning and
endpoints of fit phases for trait w, respectively, in order to maximize the time of growth.

A 9u(0,5)

Figure C.1.: Exemplary plot of g,(0,s) for ¢ = 4 parameter phases. The blue dot marks
the optimal/typical occurrence time t* of a w mutant to initiate a population reaching its
highest possible size. The blue line marks this growth phase, at the end of which (at time
t* + s*), L-mutants are produced with the highest possible rate.

Temporarily unfit trait L

Another possible generalization of the pitstop result is to drop the assumption that trait L is
always fit. In this case, one needs to determine the maximal possible population size of the
transitional trait w within the times of set A, as defined for Theorem (see heuristics
above).
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For two parameter phases, there are two distinct scenarios, see Figure below (where gz, is
defined analogously to g, using fr, o(u)). If the fit phases of trait w and L are asynchronous,
the typical transition time from w to L is at the end of the fit phase of trait w, or rather right
at the beginning of the fit phase of trait L. This is when the w population has is maximal
population size, while the L trait is also fit and has a positive fixation probability. If the
fit phases are synchronized, the typical transition time would be at the point within the set
A, when w is not at its global maximum but the largest population size that also allows the
L-trait to survive the first cycle of phases (and hence long-term) after the transition.

In the general case of more than two phases, the typical transition time from w to L will
still either be the time of a phase change and/or at the boundary of the set A. To our
knowledge there is no nice and concise general formula to describe this time point and the
corresponding population size of w but for any specific case it can be determined similar
considerations to the above two-phase examples.

* 9uw(0, ) TE * 9uw(0,s) TIKE

v

4 92(0,5)

A

Figure C.2.: Exemplary plot of ¢,,(0, s) and g1.(0, s) for £ = 2 parameter phases, temporarily
unfit trait L and A) asynchronous or B) synchronous fit phases. Blue dots and trajectories
mark the optimal/typical occurrence time w mutants and their successive growth phase.
Dashed arrows mark the typical transition time to trait L and red dots and trajectories mark
the occurrence and growth of L-mutants. The set A of possible arrival times of successful
L-mutants is marked in orange.

Multiple pitstops

One could also study a scenario where more than one, e.g. two, intermediate pitstop traits
|la] < wy; < we < L exist. In the case of two parameter phases, with L always being fit, there
are again two scenarios. If the fit phases of w; and w9 are asynchronous, the considerations
are similar to above. The typical time to transition from w; to ws is the end of the fit phase
of w1, while the typical transition time from wy to L is at the end of the fit phase of ws.
Assuming that w; is fit in the first phase, this would then lead to a transition time scale of
Klu%(e)‘KTlfil*OekKTQf‘i%o/)\K.
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The case of synchronized fit phases becomes more involved. The transition from wy to L
will still occur at the end of the fit phase. For the transition from w; to L however, a late
transition in the fit phase would result in a large w; population but would not give wo much
time to grow, while the situation is reversed for an early transition. Which of these is more
beneficial (in terms of maximizing the corresponding factor of the transition rate) depends
on the relation between ﬁ;l,o and f110270. Essentially, the time span TiAx for growth gets
split between the two traits wy/, and the highest transition rate is obtained when the trait
with the higher fitness grows for almost the full duration of T1\i. Hence, the corresponding

1 1
time scale for crossings of the fitness valley ends up as K ,uf(eAK Tymax{fy,; 00fuy,0} /K-

Pitstop trait w < «

Lastly, one could also consider a pitstop trait w € [1, [«]]. This will be an interesting topic
of future research but will require quite different considerations to the present paper since it
is no longer a matter of small excursions of populations before going extinct again. Instead, a
temporarily growing w population would also trigger a temporary growth of the neighboring
w—+ 1 population through mutation, and so on. We hypothesise that, at least under similarly
restrictive assumptions of a single fit phase for a single intermediate trait, the transition rate
and time scale will look very similar to the one in Theorem This is because again
only the peak possible population size of trait w needs to be considered for the dominating
rate.

C.3.3. Beyond the valley

The results of this paper only consider the transition of a fitness valley up to the point when
the (single) fit trait L beyond the valley takes over the resident population. Similar to the
results in [29], one could also consider the following decay and eventual extinction of the
remaining traits on the In K-time scale. To ensure this extinction however, one would need
to make the additional assumption of f}, <0, for all v € [o, L — 1].

If this assumption is not satisfied, or if there were more traits beyond the valley (L+1, L+2,
etc), one could apply the results of [71] to study the following dynamics of consecutively
invading mutant traits on the In K-time scale in a changing environment. Note that, in case
there are multiple traits Li, Lo that have a positive average fitness with respect to trait 0,
the shortest fitness valley, i.e. the trait closest to 0, will determine the time scale of the first
transition.

These kinds of considerations, as well as the option of a more complicated trait space (e.g.
a finite graph instead of a simple line of traits) lead to considerations as in [69], where
metastable transitions through fitness valleys of varying width are studied as transitions
within a meta graph of evolutionary stable conditions. These results apply to the case of
constant model parameters but could be generalised to changing environments as future
work.

156



C.4. Proofs
C.4. Proofs

C.4.1. Proof of Theorem [C.2.2

The proof of Theorem is split into several steps:

— First, we ensure that the resident population stays close to its phase-dependent equi-
librium size, except for very short adaptation times at the beginning of each phase,

yielding bounding functions gb (Koe:d) (t)

— Next, we show that the subpopulations of traits close to 0 (v € [1, |a]]) follow a peri-
(K,+

odic equilibrium ay )(t), scaled with their respective mesoscopic orders of population
sizes K .

— These approximations allows us to precisely determine the rate R+ (t) at which
single L-mutants arise.

— We then analyze how and under which conditions a single L-mutant can fixate and
grow to a macroscopic size e2K.

— Finally, we show that a macroscopic L-mutant quickly outcompetes and replaces the
resident trait 0.

— Combining these steps allows for the computation of the overall time scale 1/ K /1%( and
effective rate RST of crossing the fitness valley.

Resident stability

To bound the population size of the resident trait v = 0, we define the threshold-functions

(K,e,+) (t) _ maX{ﬁéil’ ﬁ%)} +Me ifte (Tz 1)‘K7 2 1)‘K +T. ) (C 4 1)
0 | al + Me if t € [TZ Mg + To, T= Mg, o
55 () = min{ﬁgfl,ﬁg} — Me ifte (I}ZZ_I)\K,E_M;;—I— T.), (C42)
— Me ifte [Tz A + 1., T Ak,
with periodic extension, where, for i = 1, ¢! : , and d)(Ka ) (0) = g £ Me. Note that

these functions also depend on the choices of M and T.. To simplify notation, we however
do not include those parameters in the functions’ names. We denote the first time that these
bounds on the resident 0-population fail by

709 ing {t > 0: 28 g pyfrcey, <o )1}. (C43)

To mark the time at which the mutant populations become too large and start to significantly
perturb the system, we moreover introduce the stopping time

SIS . inf {t >0 Z Nf(t) > SK} ) (C.4.4)
w#0
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With this notation, the resident’s stability result can be stated as follows.

Lemma C.4.1. There exists a uniform M < co and, for all e > 0 small enough, there exists
a deterministic T, < oo such that, for all T < oo,

K
Jim P (TéK’E) < o 80| T € o2 0) 4 2,0 0) - s]> —0. (C45)
K

Proof. We can proceed exactly as in the proof of [71, Theorem 4.1] and make use of the
improved estimates of Corollaries [C.5.2| and [C.5.5| (replacing Theorems A.2 and A.3 in [71])
to concatenate the increased number of phases due to the longer time horizon. O

Equilibrium of mesoscopic traits

Despite the negative fitness of the traits v € [1, L — 1] inside the valley, we can observe
non-vanishing subpopulation of the traits v € [1,a] that are close to the resident trait 0.
This is due to the frequent influx of new mutants. Because of the changing environment,
these populations vary in size over time. By the following lemma, we can determine not
only their order of population size, which only depends on the mutational distance from the
resident, but also their exact equilibrium size that is reached (up to a small error) within
each phase.

Lemma C.4.2 (Equilibrium size of mesoscopic traits). Fiz € > 0, let the initial condition
be given by Assumption [5] and let the fitness landscape satisfy either Assumption [T or As-

sumption ? Then, for all v € [0, |a]], there exist constants c,, CiE, 75 € [0,00) and Markov

vIv
(K,%)

processes | Ny (t),t > O)K>1 such that, for all T < oo,

lim P (v € (0,(T/Kpfe) A 8U9)), o € [0, [f] : NI () < NS(1) < NED (1)) =1
—00

v

(C.4.6)
and
a0 K < B[N ()] < B [NED 0] < a0 K, (©A7)
where the bounding functions are the periodic extensions of
Cc* it e N T> AT PN
i ={ Gy 7€ i T B (€49
av’ 1t e [)\Kﬂfl—i_ZwZOTZ‘)’)\KCZ} )7
. N1
al"®) = (1 x epe)nh [ 75 (C.4.9)
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Remark 24. Note that for initial conditions N5 (0) = 0, v € [1, L], we need to choose C;” = 0
in . After the first phase however, C, can be chosen as strictly positive. Since the
number of traits is finite, the constants C:,c, can be chosen uniformly for all traits by
simply taking the minimum and the maximum, respectively. The same is true for the times

v —0Te, v € [0, |a]]. We therefore no longer indicate this trait dependence when applying
Lemma in the following considerations.

Proof. This proof follows the strategy of [29] and [69], which goes as follows: We first define
the event, on which we have good estimates on the resident population size for a sufficiently
large time horizon. Then we represent the process by an explicit construction involving
Poisson measures and use this to introduce the estimating processes NéK’i) by couplings.
Finally, we deduce an ODE for the expectation of the coupled processes that can be solved

approximately to derive the desired bounds.

Let us first define the event on which we have good control on the resident population

Q= {1/ Kpf) n S5 < T (C.4.10)

Since Lemma |C.4.1) states that limg_oo P (QK ) = 1, we can restrict our considerations to

this event for the remainder of this proof. Moreover, this already provides the desired bounds
— 1 (K»i) _ K g __ 3 3

for v = 0 with N = Ny, 75 = 1 from Lemma |C.4.1, and appropriate choices of ¢y,

CF.

To define the coupled processes, we follow the notation of [83] and give an explicit construc-
(d) ~(m) .

tion of the population process in terms of Poisson random measures. Let (ng), v s Quy
v,w € V) be independent homogeneous Poisson random measures on R? with intensity
dsdf. Then we can write

t
t
- (d)
/0 /R+ ]laﬁ[d{,((s)+zwevC{fw(s)Nf(s—)/K}Ng((s—)Qv (ds,dd)
t
+/o /]R+ leﬁuKbiil(s>N£1(s—>Q5—)1,v(d8, d). (C.4.11)

Using the shorthand notation ¢, := max,cy\o, i=1,....¢ Cf;,w and the same Poisson measures

as before, we inductively, for v € [1, |«]], introduce the coupled processes
t
(K’_) e K (b)
N0 = NEO)+ [ Ayeaangso, @Y (0s,49)

t
_ (d)
/0 /R+ les[df(swci(,o(swgf‘a*)(s)+eév1N£K">(s->Qv (ds, d6)

t
+/O/R %waﬁl(s)mﬁ,)(8,)@”1)1,”((13,d@) (C.4.12)
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and

N5K7+)( ) NK +/ R I[9<bK( )N(Kﬂ (s~ )Q (dS de)
+

(d)
// O<[dE (5)+cK o ()85 5 ()N (s )@ (ds, do)

/ / 0<urbX | (s) NP (s —)Q’S) )1v(d5 do). (C.4.13)

Restricting to the event O and times up to S, these coupled processes then satisfy

NED @) < NE@) < NED@),  wwell,|al], (C.4.14)

v

for K large enough such that pux < €.

On closer inspection, the approximating processes NéK’_),NéK”L) are nothing but sub-

critical birth death processes with immigration stemming form incoming mutations.

Similar to the proof of [29] Equation (7.8) et seq.], we can use the martingale decomposition
of NéK’Jr) and ngK’_) to derive the differential equation

%E (NI ()] = (B )1 =1 amye) = dl () = elo (D05 ()~ 1um g2, ) X B [N (1)
+ uxb 1 (OE [N (1)
= fo0 OF [N )] + bl (O [NIE (1)) (C.4.15)

where * = {+, —}\* denotes the inverse sign. Moreover, we introduce fgg’*) (t) as a shorthand
notation for the first factor to indicate that this is nothing but a perturbation of the invasion
fitness ffo(t).

The solution to this ODE is generally given in a closed form by the variation of constants
formula. However, it makes more sense here to study the solution phase by phase and use
the estimates we already have. To this end, assume that we had shown already for
the sub-population of trait v —1, for all times t € [0, 00), and for the trait under observation
v < a up to time AgT; 1, for some 1 < ¢ < £, which is the beginning of the i-th phase.
We now show that it also holds true for trait v < « during the interval [AgT> 1, A T5).
Since we only have rough bounds on the ancestor v — 1 and the resident 0 populations at
the beginning of the phase, up to time AgT> | + S u_ the ODE for the upper bound
can be estimated by

wva

d A o ‘ . )
- (K,+) R T 1 —i—1 A =i\ (K,+) i + v
th [Nv (t):| é (bv dv CU,O ((”o A nO) M‘S)) E [Nv (t):| + bv—lcv—lK:U’Ka

(C.4.16)
with initial condition
E [NEDORTE)] < ol Kt (C.4.17)
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This implies at most exponential growth for a finite time and thus we can bound the expect-

ation of NéK’H at the beginning of the phase by

v—1
E[NED@] <oy Kuge,  t<TE + Y 7 (C.4.18)

w=0

From this time on until the end of the i-th phase, we have good bounds on both the resident
and the ancestor. Hence the ODE for the upper bound reads as

%E [NUD@)] < (fio+2C) B [NID )] + byl Kl (C.4.19)

Together with the estimate on the initial condition, this gives

E [NEH @) < (ot (-OTE D) (o - Mot o)) gy
77;70 + eC
T K u.
1’)’0 +eC
(C.4.20)

Note that the term in brackets can be bounded uniformly, for € small enough, and is in-
dependent of K. Together with the fact that the perturbed fitness fg’o +eC < 0 is still
negative, for € small enough, the first summand can be made smaller than e Ky by waiting
an additional finite time 7, < co. Finally one just has to take ¢, slightly larger than ¢, to
bound this small term and the perturbation of the fitness to achieve the claim

E {N(K,Jr)(t)} < a DKy, t> AT+ Y 7o (C.4.21)

v = Uy
w=0

Note that during the additional time of length 7, we can still use the rough bound instead,
potentially taking C;" a bit larger. This procedure can now be continued periodically for

times t > AgT, E. Moreover, the estimates for the ngK’_)(t) follow exactly the same steps,
using the lower bounds for all relevant parameters. O

Crossing the fitness valley

To see a successful invasion of the mutant trait L, several attempts of crossing the fitness
valley might be necessary. We track this carefully by introducing the processes

t
Mj((t) :/0 /R l@guKbK (s)Nﬁl(s*)Qz(JT)lm(ds?de)a (C422)
+

v—1

which are the cumulative numbers of mutant individuals of trait v that arose as mutants of
the progenitor trait v — 1, as well as the respective occurrence times of these mutants,

Ty = {t > 0: M (1) > 5} (C.4.23)
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Lemma C.4.3. Fiz ¢ > 0, let the initial condition be given by Assumption [5 and let the
fitness landscape satisfy Assumption @ Then there exist constants 0 < ¢,C < oo (independ-
ent of €) such that, for each K € N, there exist two Poisson counting processes MEE) with
intensity functions t — RUSF) (t)Kuk such that, for all T < oo,

lim inf P (v € [0,(T/Kpk) A STD): MED (@) < ME () < MED (1) > 1 - ce,
—00

(C.4.24)
where the rescaled intensity functions are given by
L—-1 K
3 K+ by, (t
REH) (1) = a(mJ )(t ONIGE|| 7()(1105). (C.4.25)

w=|a]+1 |f1{;{70(t)|

Proof. We apply the same arguments as previously used in the case of a constant environment
(cf. [29, Ch. 7.3]). In order to reduce to this situation, we have to first ensure that, with
high probability, the mutants of type |«| + 1 appear after the living populations of types
0,..., |a] have adapted to the new environment in a particular phase. The second step is
then to show that, in the case of a successful cascade of accumulating mutations, the mutant
of trait L is born before the environment changes again.

On the event Qp, defined in the proof of Lemma we bound the mutant counting
process of trait |« + 1 by

M) < M) < MTI), V< (T/Kpk) A SU0), (C.4.26)

where the bounding processes are given by

LC“J+1 / / 9</LKbK (Ki) (s— )QLaJ LaJ+1(d5,d9). (0427)

(K,%)

Note that, in contrast to M, LI; | this definition is based on the bounding processes N Lo J’

from Lemma

+10

As explained in detail in [29] [69], for the following considerations it is sufficient to continue

with a simplified version of these processes, based on the expectation of N, L(KJ i),

_ (m)
o= fe Mo, e[t (o) Flebla (4540 (C.4.28)
and
PR i 200 ) 2 ), cam)

since they do not differ too much from the original processes, particularly on the considered
(K,%)
la]+1

are Poisson

time scales. For details, see [29, p. 3583]. Lemma |C.4.2 guarantees, that M

counting processes with intensity functions bounded by bL L j( )a (Li(J i)( HKp %?JH. Moreover,

we know that these functions are constant for phases with length of order O(Ag ), while the
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short adaptation intervals after an environmental change are only of order O(1). Therefore,
the number of possible mutants appearing within these adaptation intervals is negligible
compared to the ones falling into the long constant phases, as K — oo.

Now at each time T L( Jfl) an individual of trait |« |41 is born, e.g. during an i-th phase, and

its descendant populatlon can be approximated by classical sub-critical birth death processes
with constant rates

b(ﬁJ) = iLaJ—H? d(LZaTJ)A = diLaJ—&-l + ci[aj—l-l o(ﬁé — Me), (C.4.30)
bl = bl (1—e),  dioy ) =diy oy cla o)+ Me) + 2000, (C431)

Here we utilise that such processes go extinct within a time of order O(1) almost surely, i.e.
before the next phase change, and hence the parameters can be assumed to be constant.
This approximation allows us to continue exactly as in [29] and apply Lemma which
shows that a single mutant of trait |« + 2 is produced before the family of trait |« + 1
goes extinct with probability

aj+
1K d(Z 0D (C.4.32)
[a]+1 |_aJ+1

while the probability of two or more such mutants is of smaller order O(u% ). Since the total
excursion of the trait |a] + 1-population only lasts a time of order O(1), we conclude that
an |a] + 2-mutant, if it arises, does so shortly after T [ﬁfl)] and we can assume the same
constant phase-i-environment also for its descendants. Iterating this thinning mechanism
for the whole cascade of mutations from trait |« + 1 to trait L then yields that a mutant

of trait |a] 4+ 1 leads to a mutant of trait L with probability

L-1 i L-1 i
ol bt Clal— 2
Al v (14 0()) = p =1 T (1+0(e)) (C.4.33)
omlaj+1 B T Chomo = by v=laj+1 700

and this chain of mutations occurs within a finite time, not scaling with K.

Thus the mutant counting process MX can be approximated by the corresponding thinnings

of the processes M L(fvjﬂ We denote these thinnings by M%) to deduce the claim of
the lemma. The small correction term ce in (C.4.24)) stems from the approximation of the
birth and death rates used to compute the thinning-probability under use of (C.5.17)) (see

29]). O

Fixation and growth to a macroscopic size

From the previous lemma, we know that mutants of type L are born at a rate of order K uf(
with a specific phase-dependent prefactor. However, we cannot expect the L-individual
appearing first to necessarily be the ancestor of a successfully invading new subpopulation.
Instead, the subpopulation founded by a single L-mutant appearing might go extinct in finite
time. This can happen for multiple reasons: Firstly, we do not assume that the invasion
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fitness f£70 of trait L is positive in all phases. Secondly, even in phases of positive invasion
fitness, we have to account for the risk of extinction due to stochastic fluctuations. Lastly,
in the case of a changing environment, even if the L population initially survives with a
positive invasion fitness, it might still go extinct in a subsequent phase if the fitness becomes
too negative.

In the following, to simplify notation, we only study the fate of the first L-mutant’s subpop-
ulation and its probability to go extinct or reach a macroscopic size. It turns out that one
of these outcomes is obtained in a time of order O(Iln K'). Since new L-mutants arise on the
longer time scale of order O(1/Kuk), all later L-mutant subpopulations following previous
extinction events can be regarded as independent and the same probabilities of different
outcomes carry over (with probability tending to 1 as K — o0).

To state the lemma on the first mutant’s fate, we require a number of stopping times. Recall
that S(]9) is the first time when the total population of mutants of traits [1, L] reaches the

size of e K and that T(;K’E) is the first time that the bounds on the resident O-population fail.
In addition, we introduce the first time that the L-mutant population goes extict after the
J-th mutation,

T, =it {t > T NE (1) = 0}, (C.4.34)

ext,j
and the first time that the L-mutant population reaches a certain size M,
i =inf {t>0: Nf(t) > M}, (C.4.35)

Finally, to characterize the mutation times for which an L-invasion is possible, we introduce
the function

g(t) = /0 "o(wdu, te[0,00) (C.4.36)

and sets
A={t>0: 35 (0,T7]: g(t+s) < g(t)}, (C.4.37)
A={t>0: ¥Yse (0,T]:g(t+s) > g(t)}. (C.4.38)

These definitions allow us to distinguish the following cases in our lemma, where it will be
part of the claim to argue that these are exhaustive for large K:

] ; 2 K,
QA = {Tf /o € A {(Tfﬁ + fj_jvoan> AT < T A ST AT 8)}
(C.4.39)
QIAT = [T [Nk € A, (TE /A mod T7) € [T2,,T7)}
2
N { (Tgfl + aVan> ANTH e < TE, ST A T;K’E)} . 1<i<e (C.4.40)
L,0
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Lemma C.4.4. Fiz ¢ > 0 small enough, let the initial condition be given by Assumptwn
@ and let the fitness landscape satisfy Assumption E Then there exist constants C,C < oo
(independent of €) such that we obtain the following:

(i) The sets QKA and QFAT 1 <4 < {, are pairwise disjoint and

hm 1nﬂP’ (QKA U U QA Z) >1— 2ce, (C.4.41)
i=1

where ¢ < 0o is the constant from Lemma[C 4.3

(ii) The probability of extinction for a mutation event at a (rescaled) time in A satisfies

lim P (T8 < T + kTP | 054) = 1. (C.4.42)

€

(iii) The probability of extinction for a mutation event at a (rescaled) time in A satisfies

lim sup <Ce 1<i<U.

K—o0

: fio
P (Telit,l <(TE + ATP) A TS | QK’M) a (1 b
L

(C.4.43)

(iv) The probability of growth to a macroscopic size for a mutation event at a (rescaled)
time in A satisfies

lim sup
K—o0

<Ce, 1<i<l (CA4.44)

P (T, < TK, + +C€1 K | QFA —@
I b7,

Essentially, what this lemma entails is the following: If an L-mutant arises at a (rescaled)
time in A, its offspring is guaranteed to go extinct within one cycle of parameter phases. If
it occurs at a (rescaled) time in A, during an i-phase, its offspring can still go extinct, at a
probability of roughly 1 — fé,o / biL. It again does so within one cycle of parameter phases and
in the meantime never reaches a population size of e2K. If the offspring population survives,
which it does at the counter probability of roughly f};p /b4, it grows to a macroscopic size
of e2K within a time that is not much larger than In K/ fio- Moreover, these are all the
possible cases.

Proof. The proof can be broken down into six steps:

1. Proof of claim (i)

2. Introduction of coupled birth death processes N éK’i)

to bound Nf{

with time-dependent parameters

3. Proof of claim (ii)

4. Introduction of coupled birth death processes Z»* with constant parameters to bound
NE during an i-th phase
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5. Lower bound for extinction probability in claim (iii)
6. Lower bound for fixation probability in claim (iv) and conclusion of claims (iii)&(iv)

Step 1: By Lemma and the fact that all mutant traits [|«| + 1, L — 1] are unfit, at
the time when the total mutant population surpasses an K threshold, S the L-mutant
population is required to be of order K and all other mutant populations are of lower order.
In particular, this cannot occur before time Tgl or Tag K

Moreover, from the result of Lemma it is not hard to see that there exists a TE < o0
such that

lim inf P <T£<1 < Tg/K,u%{) >1—ce. (C.4.45)
K—oo ’
Taking T. < T. < 0 slightly larger,

l%nlnf]P’ (TLl + — Fav

1nK<T/KuK> >1—ce (C.4.46)
L,0

holds true as well. Again by Lemma we obtain that

lim inf P <T§1 + —InK <T} 2) >1—ce. (C.4.47)
K—o0 ’ f
Finally, from Lemma [C.4.1] we deduce that
lim P (S5 NT/Kpfe < T09) = 1. (C.4.48)
K—oo

Combining all of the above facts eventually yields

lim inf P ((TL 1 1nK)> AT < TF, A 85D AT )> >1—2ce.  (C.4.49)
L0

K—o0

Claim (i) now immediately follows since the rate of newly arriving L-mutants is bounded
uniformly (of order K pk) and, by Assumption @(ii), (AU A)Y is a Lebesgue nullset.

Step 2: To prove claims (ii)-(iv), we introduce coupled pure birth death processes to bound
the population N f . For € > 0 and some small § > 0 that will be fixed later, define

bi(t) = br(t), (C.4.50)

b (1) = bi(£)(1 - e), (C.4.51)

DF(t) = dp(t)+cro(t) l M€+Z ( o=, 1% s min{ag ! n0}+ﬂte[Tzl+6TZ)n%))] :
(C.4.52)

DZ(t) = dL(t)—|-€éL—|-CL olt lM€+Z ( Le[TE | TS | +5) maX{nO né}—i—ﬂte[Tiz_lJré’TiE)n%)] ,
(C.4.53)
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with periodic extensions, n := n!, ér, = maxi<y<ri1<i<t €y ., and M the (e-independent)

constant from Lemma Then, for € > 0 small enough, K large enough such that

T. < 6k and pui < €, and all times t < SU5e) A T(;K’E),
by (t/Ak) < bE (1) < b (t/ k), (C.4.54)
L el
Dp(t/Ak) > d (t) + 3~ Ny (t) = D[ (t/Ax) > D, (C.4.55)
w=0

for some D > 0. We can hence, for all K large enough, define a collection of pure birth
death processes (N }JK’i) (t))tZTf‘l with time-inhomogeneous birth rates by (t/Ax) and death

rates D (t/A\r), coupled to (Nf(t))tZTg(l such that
K,— K,
NYSTE) = NE(TE) = NSOk =1, (C.4.56)
N6 < NE@) < NEP @), for TE <t < TF A ST AT, (C.4.57)

This coupling can for example be constructed using a Poisson measure representation, as in

the proof of Lemma

Moreover,

(b, (t/Ax) = DL (t/Ax)) = fLo(t)]
_[e for t/Ak € T + T2, jTr +TE,+6), jEN, i=1,...,4,
T | Coe  fort/Ax € [jTF + T2, +6,jTF +TF), jeN, i=1,..,¢,
(C.4.58)

for some constants C7, Co < 0.

Step 3: With these couplings in place, we start by considering the case of claim (ii), i.e.
Tgl/)\;( € A. We set

gFB) () 1= /0 bE (u/Ak) — D (uf A )du. (C.4.59)
Then, for all s € [Tprfﬁ + TP k],
g (5) — g (TE)) < /T  Tro(u/Ak)du + /T B ) = D (ufak) = ()| du
L,1 L1

s/ Ak
< / A fro(uw)du + C1o0 ke + CoeTEN

Tgfl//\K

< i [9(s/2) = 9 (TE /K ) + Ca(0 +¢) (C.4.60)
for some C'3 < co. Since Tgl/)\K € A, there exists a ug € (TEP Tfl + T;*\k] such that

9(uo/Ar) = 9(Tf1 /M) < 0. (C.4.61)
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Note that the choice of uy depends on the random stopping time Tgl and is hence also
random. Since g is a continuous function, for §, e > 0 small enough, there exist 0 < u; < us <
T; and ¢ > 0 (each also dependent on Tgl) such that, for all s € [Tgl +u1 Ak, Tffl +u2 k],

g BEH) () — gt (Tfﬂ) < —\gec. (C.4.62)

Using an identity for the generating function of time-inhomogeneous birth death process from
[95, Ch. 6.12] and the fact that d/ds [g(K’i)(s) — g(KH) (Tfl)} = bE(s/ k) — DE(s/\k), we

conclude that, on the event QKA,

P (T, < TE + ATP | T) > B (N +06TF) =0 | T8

_( KA (TE 4\ TS)— g+ (TK )) Ti{,l-i‘/\}(TgE _( (K, 4) (5)— g ) (TK )) -1
=1—(e VW LaTAKL) ™I Ly +/ bi(s/Ak)e V! g L1/)ds

K
TL,I

TE 42T -1
1 (1 +/ LaTAKT; Dz(S/AK)e_(g(K,H(5)—g<K,+>(Tgl))dS>

Tgfl
K ) -1 K -1
>1-— /TL,I_MKTZ Def(g(K"H(S)*9<K’+)(T51))ds >1— /TL’1+u2/\K De*kcds
B Tgl o o Tgl-l—ul)\K T
1
=1— (C.4.63)

Ak (ug — up)Derxe’

which converges to 1 as K — oo. This convergence holds true for every T]ffl /AK€ A and
hence the conditioning on Tgl on the left hand side can be dropped.

Step 4: Next, we turn to the case of claims (iii) and (iv), i.e. Tgl/)\K € A, with the L-mutant
appearing during an i-th phase, such that bf (Tgl) = biL etc. Note that the definition of the

set A automatically implies that fi o > 0, hence we can make use of couplings to supercritical
birth death processes and existing results for the latter.

For the following argument, we restrict to the event of
QAT = AT {(Tgfl /A mod TF) € [TZ, +6,TF — 5)} : (C.4.64)

i.e. exclude the cases where T51 falls into the short A g-interval at the beginning of a new
phase or close to its end. Since, by Lemma L-mutants arrive at a uniformly bounded
rate of order K ,u%, it follows that

lim lim P (4|40 = 1. (C.4.65)

6—0 K—o00

Hence it is sufficient to derive the claim on Qf’A’i and pick > 0 arbitrarily small in the
end.

For large enough K, v/ Ax < 0\ and hence, on Q?’A’i, time Tffl + v Ak is smaller that the
time point of the next phase change. As a result, the i-phase parameters are applicable for
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the entire time horizon of [Tgl,Tgl + VAk). Moreover, during this time, for € > 0 small
enough,

bE(t/Ak) — DT (t/Ak) > f10 — Cog > 0. (C.4.66)

Considering the coupled processes defined above, this implies that (/V éK’i) (T,{fl +s)) 5€[0/A%)
have the same distribution as supercritical birth death processes (Z"*(s)) sefo/a) With
initial condition Z%*(0) = 1, birth rate b% or b% (1 —¢), and death rate d% + Ci[/’() (nh — Me) or
diL +eér + 0270(ﬁ6 + Me), respectively. Importantly, the same processes Z* can be chosen
for all (large enough) K here.

Step 5: One can now bound the probability of extinction from below by

lim P (TE,, < T + ATEI00M) > tim P (1K, < T, + Vgl

€ €

K—oo Koo
> lim P (NYSDTE, + Ak = 01055
K—oo )

= Jim F (2 (VA0 =0)
= lim P (2" (s) = 0)

S§—00

=P (Jim 2" (s) = 0). (C.4.67)

S§—00
By a standard branching process results (e.g. Theorem 1 in Chapter III.4 of [4]), this extinc-
tion probability is equal to

dj, + ¢l o(Rf — Me) 1 @ _ cpoMe >1_ fLo B
b b T 0

Ce, (C.4.68)

for some C' < oo independent of 7, € > 0, and ¢ > 0.

To ensure that this extinction occurs before reaching a threshold of €K, we can bound
(N]{((TLIf1 + 3))56[0,/\KTE) from above by a coupled pure birth process (Z(S))se[o,,\KTf) with

birth rate b = max;j<j<¢ b} and Z(0) = 1 and deduce

lim P (T£) + ATF < Ty | 90) > 1 - lim P(ZOKT)) > £2K)
K—oo ’

K—oo
=1 lim P(ZOKTP)e T > 2K e PeTE)
K—o0
(C.4.69)

On one hand, by Theorems 1 and 2 in Chapter II1.7 of [4], limg_, Zi(/\KTE)e_B/\KTe2 exists
almost surely and has expectation 1. On the other hand, since A\g < InkK,

lim g 0o 2K e ATy = 00, for any € > 0. Hence the limit on the right hand side above is
equal to 0 and consequentially, together with (C.4.67) we can conclude that

T,y < (T4 AT A T4 2110 o (aam)

lim P (T
L

K—oo (
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Step 6: Deriving the corresponding lower bound on the fixation probability of the L-mutant
is a little more involved and can be broken down into three substeps: First, we consider
the probability of initial survival, similar to Step 5, to prove . Second, once a small
but diverging population size is obtained, we can show that a size of order K¢V is reached
within a small In K-time, proving . Finally, once this positive K-power is reached,
the time to grow to a macroscopic size of order K can be approximated using results from

[71], concluding (C.4.84]).
(K,—)

To derive the lower bound, we consider the coupled birth death processes N} and Z5~.

On the event of Qi°*", setting f}' = bl (1 — ) — (i + ¢r + ¢ o(7ih + Me)) > 0,

tim P (VT + VA 2 SRR | A = i P (2R 2 fE0V )
K—o0 ) Koo
= lim P (Z%’v—(s) > efZ’,os/2>
S§—00
= lim P (Zi’_(s)e_fz’,os > e—fi’,osﬂ) '
S—00

(C.4.71)

Now again, by Theorems 1 and 2 in Chapter II1.7 of [4], lims_, Zi’_(s)effgags = W exists
almost surely (and hence in distribution), is non-negative, has expectation 1, and has a
density on {W > 0}. Moreover, P (W > 0) = f;,/(b%(1 —¢)). Consequentially, we can find
ce > 0 such that

lim P <N£K’)(Tffl +Vg) > efLoVAr/2 | fo“) > lim P (Zi’—(s)efilos > efilos/Q)

K—oo S—00

1o
>P(W>0)—c=—— —
W= g
> LU e, (C.4.72)
by,

where C' < oo can be chosen independently of i, ¢ > 0, and § > 0 (possibly larger than in
Step 5).

Recalling ((C.4.58)), for all s € [T51 + \/)\K,Tfl +VAx + )\KTez] we obtain
g (s) = g NTE + VoK)

> / KfL,O(u/AK)du—/s

- — K
. e [P C/A) = DL/ Ai) = fElo(w)] du

L, L,1
S/ Ak 5
> / A fro(u)du — CLo g — CoeTENK
(TE +VAR) e
>k (9(s/2) — g (T +VAK)/Ak) = Ca(0 +¢)) (C.4.73)
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for some C3 < co. Since Tgl/)\K € A, it follows that
9(s/ k) — g(Tf /A k) >0, Vs € (T, T + AT/ (C.4.74)

Since VAx/Ax — 0 and g is continuous, this implies that, for §,e > 0 small enough and K
large enough,

g (s) = gENTE + VAk) >0, Vs € (TF + VA, TE + Vg + AT} (C.A.75)
Hence we can apply Lemma to deduce that, since 1 < LoV K/ < K¢, for any
p€(0,1),

i (NS, 1 AR+ el K) > et ARt - T /50 15V

K—oo

MRS, + B0 i) 1.
(C.4.76)

Similar to above, for some Cy < oo,

gENTE + VA + el K) — gB(TE + k)

(TLKlJr\/EJrsan)/AK)\ fro(u)d T§1+\/AK+san‘b (/) — D (uf Ak fK( )‘d
>/ ’ xfro(u u—/’ “(u/Ag)—D7 (u/ k) — u)|du
(T /i) o TH R L L Lo

av > 7 av eln K 2
>elnKfry—T; Ak frgl?%(é‘fL,O_fL,O _CMT@ETK(D\K_CQg In K

>eln K (ff‘fo — Cy(0 + E)) > Eanf;’O, (C.4.77)
as long as d,¢ > 0 small enough and K large enough. This yields

lim P(NE(TK 4 Ag +eln k) > K2 | NE(TK 4 /3g) > eftovVAn/?) 2,

K00
(C.4.78)
Summarizing so far, setting v = f;/3 and
TS —inf{t >0: N) > My, (C.4.79)
the last limit and yield
dim P(TR57 < T+ ok +eln K | 9F4)

> lim P (T}fﬁ;‘) <TE + Vg +eln K | NS(TE 4+ k) > ef%mﬂ)
—00 ’ ’

x P (NéK")(Tii + V) > efio VA2 | Qﬁ“‘)

> @ — Ce. (C.4.80)
bL
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Finally, now that a population size of some positive power of K is reached, we can apply
Theorem B.1 of [71]. Setting

1 [T
r = [ b~ DE(OdE > [ — (342, (C.4.81)
Y] 0

for some ¢, < oo independent of € and J§, we obtain that, for any n > 0 and S > 0,

lim P (Vs € [0,8]: NI + sl K) > k7ol

K—o0
> lim P (Vs €1[0,9]: NéK’_)(TI(@;_) +snK)+1> K”*’”avs—’i)
K—o0

= lim P(Vs€[0,8]: In (NI + s K) +1) > (67 + ravs — ) In K)

K—oo

n (N HTET + s k) +1) (

> KIE)HOOP Vs € [0 S] i - 57+Tav3) < 77) =1
(C.4.82)
Hence,
1-— 1 2
1= Jim B (78D <o) Lo evrntlog(e) o
K—oo LO*CT((SJr&)
(K.=) _ mplK,-) L+n
<
[(IIE)IIOOIP (T < TKs'y + faV _ CT((S + E) In K)
1
< lim P (T( D ) Ly K) (C.4.83)
K—oo LO

for some ¢ < 0o and as long as 0 < 9,7 < € sufficiently small. Combining this with ((C.4.80))
yields

1+C
hmP<T2K<TL1+ ey, K|QK‘“>

K—oo f
1
> lim P(T;K V< TE + chgl K | QK“> > j;ﬁo Ce, (C.4.84)
—00

for some & < ' < 00.

Since all the above bounds in the limiting probabilities hold true for any choice of § > 0
small enough and C and C can be chosen independent of § > 0 and € > 0, we can pick ¢
arbitrarily small in the end and combine ((C.4.65)), (C.4.70), and to deduce claims
(iii) and (iv), for a possibly slightly larger choice of C.
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Lotka-Volterra step and conclusion

To finally conclude Theorem [C.2.2] we have to show that if a mutant population of trait L
has successfully grown up to the macroscopic size 2K, it invades and finally outcompetes
the resident trait 0 population very fast and with high probability.

Lemma C.4.5. For e > 0 small enough and under the Assumptions[3, [f| and[7, there exists
C < oo such that

. K7

lim P (75, < TN < TH + CAx|TE, < ST ATD) = 1. (C.4.85)

mv
K—oo

Proof. We would like to make use of the macroscopic population size of the L-mutant to
approximate the total population process under use of a law of large numbers for dynamical
systems, valid on time intervals of finite length (not scaling with K). However, this can
only be helpful if the mutant trait L is currently fit with respect to the resident and thus
has a positive growth rate, ensuring that the invasion takes place in such a finite time span.
Unfortunately, the assumptions only guarantee the average fitness f7%; > 0 to be positive.
We work around this by introducing the alternative stopping time

T = inf {t > 0: NE(t) > K and [y 7 (1) > 0}, (C.4.86)

which indicates the starting point of the approximation with the corresponding deterministic

Lotka-Volterra system. For the definition of fL{é’_)(t), we refer to (C.4.15)) in the proof of
Lemma [C.4.2] where we use analog bounding processes.

Following the lines of Step 4 in the proof of Theorem 2.4 in [7I], one can show that, condi-
tioned on fixation,

(K fit) _

Th < T, TS + O(\k). (C.4.87)

The main idea is to utilize that (/=) is a continuous function and, because of the assumption
fi% > 0, it holds that g& )(T + AT} — g(K’*)(TgK) > 0, for € > 0 small enough.
Looking at the first time after TEQ ¢ When this difference is positive, one can show that this
must fall into a phase of positive fitness, i.e. fﬂo > 0. Moreover, by Lemma the
population size of the mutants must exceed 2K, possibly shortly afterwards but still during
the same phase. Therefore, T’ gﬁ;ﬁt) is hit within a time of order O(\g) after TS .. Notably,

between Tg and T(K i) the total mutant population does also not exceed a size of e K and
hence the approxnnatmg birth death processes can still be used for this argument.

At time T( ﬁt), it is now guaranteed that on the one hand, exactly the resident trait 0
and the mutants of trait L have a macroscopic population size, and on the other hand,
the invading trait L is fit with respect to the resident trait while the resident is unfit with
respect to trait L. This puts us into the position to apply the standard arguments of [75] to
approximate the system by the corresponding deterministic two-type Lotka-Volterra system.
This yields the existence of a finite and deterministic time 7T'(¢) < oo such that

T < T (e, (C.4.88)

mv
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with probability converging to 1 as K — oo. For more details on this type of argument we
refer to e.g. [40, Prop. 2(b)]. O

We are now well prepared to put everything together and finally prove Theorem [C.2.2]
From Lemma we know that, until time S single L-mutants appear approximately
as a Poisson process with intensity function K M%R(K’i) (t). From Lemma remem-
bering that the claim transfers from Tgl to general TLIfj due to a separation of the time
scales of mutant appearance and invasion/extinction, we know however that not all of these
L-mutants lead to a macroscopic mutant population. Instead, there is a thinning probability
(dependent on the appearance time), that can be estimated by

Li/xped J;LKO(< ))(1 + Ce). (C.4.89)

Therefore, successful L-mutants are born approximately according to a Poisson process with
new intensity function given by the product of the former one and the thinning probability.

Now, asking for birth of the first successful mutant, we see directly that this happens on a
time scale of order 1/K ,uIL(. Moreover, we know that the new intensity function is periodic
with period length T@E)\K, which is much shorter than the expected waiting time. Thus,
effectively the intensity function can be replaced by its average over one period, i.e. for
every 1" < oo, we have

fLO( )

T/Kpj .
[ Kuk RS @)1 e 7h s (12 Coit
0

br (t)

T[T (ks K@) o) L
1+C t)b —_— 1 d O K
~rE O A T et Ok

T (T LKD) b (t) fro(t) L
(1 + Cg)Tg / I_O‘J (t)‘K)bLCMJ( )w E[+1 ‘wa( )| (t) :H-tEAdt+ O()\KKMK)

T [T7

¢

:T(lng)R‘i o(1 ). (C.4.90)

Here we utilize in the first equality the periodicity of all integrands and have to pay the
error of counting at most one integral too much. In the second equality we make a change of
variables to reduce from the K-dependent the functions b% (¢), fX 0, to the unscaled versions
by (t), fwo. The additional error of order 1/Ag stems from the short O(1) phases in the

definition of aﬁ’f Finally we realize in the last step, that all errors vanish as K — oo and
we remember the definition of RST in (C.2.14).

Lemma now states that, if the L-population reaches a macroscopic size, it directly
invades into the resident population and stabilizes near its equilibrium, with probability
converging to one. All in all, this means that the appearance of a single mutant of trait
L that grows and eventually invades and replaces the former resident population can be
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approximated by two exponentially distributed random variables with constant rate (1 +
Cf-:)ReLff, on the time scale 1/K uf(. Compared to this, the total growth time between birth
of the founding successful mutant and the final invasion time is of lower order, namely
O(In K) + O(1). Hence, it can be neglected and we can approximate the rescaled invasion
time Tgv{”a) K ,u%( by exponential random variables with rate (1ica)Rzﬁ, by possibly enlarging
the constant slightly. This observation implies the claim of Theorem

C.4.2. Proof of Theorem [C.2.3

For the proof of Theorem we can re-use some parts of the previous section, with
small extensions and refinements. To obtain better bounds on the resident population and
hence the approximate invasion fitnesses, we replace the previous € by an e — 0, satisfying
K-V maxd{e2t « o« A\~ In particular, this yields

U K€k, S%K > 1, exA g < 1. (C.4.91)

Assuming that the resident equilibrium sizes n§ = 73 coincide for both phases (Assumption
(i)), one can show that Lemma still holds true when using such an e and considering
the slightly extended time horizon 7'/ K ,uf;“l. Notably, the proof even slightly simplifies since
there is no adaptation step at the beginning of each phase and one only need to apply a
version of Corollary The introduction of a decaying ek is necessary to achieve better
approximations for the invasion fitness and a precise time scale at the end.

Moreover, for the traits v € [1, |«]] close to the resident, Lemma is still valid when

extending the time horizon to T/ K uk!.

The crucial part of proving Theorem lies in analyzing the probability of a successful
crossing of the valley. We proceed by first estimating the population size of the pit stop trait
w population in Lemma dependent on the time the first mutant arises. Second, in
Lemma we use this and arguments adapted from [29] to compute the probability that
a single w-mutant induces the fixation of an L-mutant population.

Due to the Assumption [6, we can conclude exactly as in Lemma [C.4:4] and [C.4.5] that
after fixation the L-population grows to a macroscopic size and finally replaces the resident
population quickly.

Growth of the pit stop population

Recall that Tf,j = inf {t >0: ME(t) = j} is the time when the j-th mutant the trait w is
born as offspring of an individual of trait w — 1. Since w is the only trait within the valley
that has some phases of positive invasion fitness ( &}70 > 0), the descendant population might
start growing significantly. However, due to the negative average fitness ( w0 < 0) it is clear
that it will die out again within one period. An explicit quantification is given in the following
Lemma. As before, in Lemma we focus on the case of the first arriving w mutant.
Due to separation of time scales, the results are transferable to all following mutants that
occur before the invasion of the L trait.
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C. Crossing a fitness valley in a changing environment: With and without pit stop

Similar to before, we can couple the population process of trait w to branching processes
such that

N () = NE@) = NFED@)y =0, vo<t<Tk, (C.4.92)
NED (1) < NE@) < NED (@), ¥ TK) <t < Ty ASE=O AT (C.4.93)

where N&K’_)(Tﬁl) = N (Tﬁl) = Nf(TJfl) = 1 and the coupled processes follow the
law of time-dependent birth death processes with rate functions

BED (@) =K ) (1 — pr), (C.4.94)
DSI(t) = di (1) + el o (86" (1) + Lo e, (C.4.95)

for * € {+, —} and * denoting the inverse sign. This coupling can be made explicit through
a construction via Poisson measures, as outlined in the proof of Lemma We refer to
this section for further details.

To formulate the growth results precisely, let us introduce the time-dependent invasion fitness
for the coupled processes, as well as their integrals, which appear as the exponent of the
expected population size.

F (1) = BED (1) — DD (1) = fE (1) + O(ex) (C.4.96)
hEB (1) = / £857) (s)ds (C.4.97)

Note that h(5*) depends on the random time Tf’l.

In what follows, we are only interested in the case of the first w-mutant being born in a
fit phase, i.e. there exists an n € Ny such that A\gnTs < Tfl < Ag(nT3 + Ty). In this

situation, we know that the function h5*) grows linearly with slope f&;,o + O(eg) until
the change of phases. At that time, an approximate value of ()\ k(T +Ty) — Tz{;(,l) f&hO

is reached. Afterwards, h&+) decays with approximate slope fio and crosses the z-axis
before the end of the second phase. Let us denote this time by

Ty = inf {t > 7[5, - B (1) = 0}, (C.4.98)
which is the predicted time when the subpopulation of trait w becomes extinct again.

Lemma C.4.6. Fiz ¢ > 0 small enough, let the initial condition be given by Assumption [J
and let the fitness landscape satisfy Assumption |8 Assume that Tu{fl falls into a fit phase,

i.e. there exists anm € N such that \gnTy < T\ < Ag(nTy +T1) — VAx. Then we have
the following limit results:

(a) (Fization probability)

lim P (NI (T +VAk) > efaaV?i2) > “1 , (C.4.99)
lim P (NI (Ti + VAK) = 0) > f (C.4.100)

w
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(b) (Initial boundedness) For every diverging sequence Ax — o0,

(1,4)
lim P (w c [TK L+ VA } ) < ofwo (= TK1>AK> =1. (C.4.101)

K—o0

c ort-term growt ere exist families of independent random variables n
Sh h) Th families of independ d bles (W) .
with distribution
) f(l ) £08)
W L e | @ Exp 12710 (C.4.102)
such that, for 0 < p <1< ps < 00 and IX := [Tjjl + VAR TE o = VARTL o/ ]f;O ]
lim P (vt e ¥ NS () > pre™ 0w o)) = 1, (C.4.103)
— 00
lim P (vt € I N{JED (1) < poe™ O EH)) < 1. (C.4.104)
—00
(d) (Extinction)
lim P (NS (T + Vak foof ‘ fﬁ,,OD =0)=1. (C.4.105)
e) (Final boundedness) There exists a constant C' < oo, such that,
(e) (
for JE = [T}{(:O - V)‘Kfqlu,o/ ‘fi,o ) K 11u,0/ ‘fi,o s
lim P <Sup NEH (1) < eCW> =1. (C.4.106)

Proof. (a) We imitate the strategy of Step 6 in the proof of Lemma and improve the
estimates slightly. To this end, fix some € > 0 and let

BED) = bl (1 —¢), D7) =dl + el oo + ¢ (Mc}u,o + éw) : (C.4.107)
be the time-independent rates of a birth death process Z (&=, Moreover, set fy (&) = B'l(us =)

Dgﬁ)_ Then fl(Lj'?v*) > fq}]70/2 for € > 0 small enough.

Since e — 0 and pg — 0, this process (Z7)(s))s>0 is stochastically dominated by the
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C. Crossing a fitness valley in a changing environment: With and without pit stop

processes (ngj )(TKl + 5))s>0, for K large enough. Therefore we can estimate

K—o0 §—00

lim P (NS (TH + VK > efeoV™s/2) > lim P(z(& Ns)e T 75 > (Fh0/2-£7)s )

> limsup lim P (Z( “)(s)e” w7 > 5)

510 S§—00

= limsupP < lim Z©7)(s)e” w7 > 5)

5J,0 S§—00 -
= limsupP (W(E’*) > 5) =P (W(Eﬁ) > 0)
510
_ fafua’_) - 1}),0 —Ce
- Bz(f’_) - blly(l —€>.

(C.4.108)

Here, W) = limg o0 Z(‘E’_)(s)e_fgﬁ)s, as in Theorems 1 and 2 in Chapter II1.7 of [4].
This gives a lower bound for every € > 0, and the limit on the left hand side is independent
of €. Hence, we can take the limes superior as € | 0 of the inequality to obtain the sharp
bound that is claimed in the lemma.

The opposite estimate for N1) can be shown in the same manner (similar to Step 5 in
the proof of Lemma [C.4.4]), under use of the birth death process corresponding to the rates

Bl(é:‘,Jr) — b11u7 DS7+) — d%u + Czlu,OﬁO — gMci}’O, (C4109)

(b) The proof is similar to Lemma C.1 in [71] and relies on an application of Doob’s maximum
inequality to the the rescaled martingales M5+ (t) = e~ N&K’H(t). By assumption,
the considered time interval is entirely part of the fit 1-phase. For the counter event of the

desired probability, we hence obtain

(1,+)
P(ate[Tf VK] N (1) > efed TKl)AK>

=P sup 'M(K’H(t)‘ > Ak
[ wl’TK1+F]

< AZPE [< M(K,+)>T51+N]

TS VAR 0, i
— AI_(?C/ e_fw,O (t_Tw,l)dt
T

K
w,1

— AP C (1 e t07VAR) K=o . (C.4.110)
f(l i)

which proves the claim.

¢) Again, this proof is similar to Lemma C.1 in [71], this time applying Doob’s maximum
(c) Again, p : pplying

— efh(K,i>(t)N’L(UK,:t) (t)

inequality to both rescaled martingales M (/%) (t) . As a preparation
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we remind ourselves of the results of [4, Ch. II1.7], already mentioned in the proof of part

(a), from which we deduce that, at the divergent time Tgl + VK, MEH) s close to a

random variable WT(LK’i). It has been shown in [68] that this random variable has exactly

the distribution stated in this lemma.

Let us focus on the first claim and consider the counter event. It suffices to condition on the
non-extinction-event from part (a) since under extinction the claim is trivial. Instead of com-
paring directly to W& =) we insert the exact rescaled population size of M&E:=) at the initial
time of the interval. We use the short notation I = {Tu{fl + Ak, T, — VAK [0/ ‘fi,o },

as introduced in the lemma. Then we have

p (3 Fe IK . NED(1) < preh 0= T 4V/ER) (o) (ng i m)
‘Nz(uK’_) (T»L{;(J + \/E))
<P (Sup e M ON ) 1) — o h D EE RO N (TK 4 )
teIk ’
> (U pr)e T IEVRING (T 4+ Ak) [NJ (T + V)
_p <sup NU) 1) — 310 (T8, 1 /3 )|
telK
> (1 - py)e ™7 (FlmvAR) N F) (Tf,l + m> ‘NI(UK’_) (Tf,l + m»
it o—rsmatital ™ T D N (T m)]
(= pr)e M VR NI (1, 1 /xg)]

_p(E, =) (TK _
. (1 B p1)e h (Tw,l""\/)\K)Nl(UK’ ) (qu;(,l + \/)\K) /Tfovkxfi,o/|fi,o| _pU—)
= €

= at
_ 2
{(1 _ pl)efh(K, )(T51+\/)\K)N1(UK7*) (Tf; + /TK)} TK +VAk
S Ceif'&),(] v )‘K/Zefi(ﬂl,yoi) v )‘K 1 + 1 e_fq(ﬂl,bi) v )‘K — e_ 1511;07) [AK(nTQE—i_Tl)_TIﬁI]
(177) (277)
fw,O fw,O
— CoThovAR/2 (1 _ e—ff::o>[AK<nT§+T1>—<T51+FAK>])
< CefuoVAx/2 K2 (C.4.111)

where the value of the constant C' < oo changes between lines. Here we apply Doob’s
maximum-inequality, make use of the bracket computations in [71] and recall that ex A < 1.
Finally, we utilize that, on the non-extinction-event, the population size at the beginning of
the interval can be bounded from below by NQ(UK’*) (Tff,l + \/E> > ef“}),omﬂ, for K large

enough.

The second claim is proven analogously.
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C. Crossing a fitness valley in a changing environment: With and without pit stop

(d) Using part (c) and noticing that
lim AU (T = vk ol | F2.0]) = B (T + V) = 0, (C.4.112)

since egAx < 1, we can bound the number of individuals being alive shortly before we
expect extinction from above by

lim IP(N( (1, - Ffwo/‘fwo‘) < ol FAK) =1, (C.4.113)

K—oo

for every diverging sequence Ax — 00.

We then remind ourselves that within the time interval

[T,{io — VA fio/ ‘ffj,o ;

2 H (C.4.114)

the process NqS,K’Jr) is just a subcritical birth death process with parameters Bg + < Dg +),

If we denote by Z(K:1) a process with the same birth and death rates but initialized with a
single individual, i.e. ZU) (0) = 1, it is well known for the probability of extinction up to
time ¢ (cf. [95]) that

‘ (2,+)’ SO

P (250 (1) = 0]Z(Kv+> 0)=1)=1- (C.4.115)

D) _ g

Since the families of all individuals alive at the beginning of the interval evolve independently
of each other, we can estimate the probability of extinction by

P (N (T + Ak o/ [120]) = 0)
fu VK
> [P (Z(K’+) (2\/Ef&;,o/ ’fi,o‘) = O)]e S

Fies +)\/—
e w ,0 A
’fféﬂ‘ efﬁ’oﬂ% AKfz}J,o/|f3;,0| "

D@ _ g 2K L o 1]
_ ’fféﬂ‘ e—2f,5,0\/ﬁ
1 _ )

1 /
efw,() )\KAK

Q

(C.4.116)

D’[(,UQ,J’_) _ Bq(u27+)e_2f5]70m
Here we used in the last line, that fi}l’bﬂ = fuo(l+ Cexk) and f(2 ) = = f20(1 = Cek) as
well as e K\/ Ax < 1. As the only condition on Ag is to be a diverging sequence, we choose

A = e2f woVAK Then, for K large enough, the above probability can be bounded by

o [ Ax° . R
K%oo 0
1- e = 1. (C.4.117)
D — B A - D@ AL o
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(e) The strategy is the same as in the proof of Lemma A.1 in [45], Step 3(iii). As already
seen in the proof of part (d), the number of individuals alive at time T,fio — \/AKfllu,o/ ‘fip‘

is bounded from above by A xel lebﬂm, which is still diverging. By the nature of branching
processes, we can consider the evolving family of each individual at this time independently.
Now we disregard possible death events, which leads to a collection of independent Yule-
processes Y; with birth rate b2 since the considered time interval lies entirely within the
second parameter phase. Since the Y; are monotonously increasing, it is sufficient to look
at their endpoints. We use the fact that these have the same distribution as iid. geometric

~2VARV L o/ [ 2.0

random variables G; ~ Geo(p) with p=-e An application of the law of

large numbers finally yields

(1)
ZAKe w0 VK (Gz o 2V>‘sz2ufi;,o/|fi,0|)

lim P =0

i < 2VAuuo/lfiol | =1, (C.4.118)

Choosing Ag appropriately and rearranging this estimate allows us finally to conclude the
claim. O

Crossing the fitness valley and fixation

Lemma C.4.7. Let the initial condition be given by Assumption [5 and let the fitness land-
scape satisfy Assumption [§ Then there exists a C < oo such that, for every e > 0 small
enough, for all 0 < p; <1 < p2 < o0, and K large enough,

1
PE(TE) =P (Tuff < T < TE + twc‘g In K ] TJﬁ) . (C.4.119)
b b fL7O K
satisfies

PE(Tpa) = 3 []IA nTE<TK1<AK(nTE+T1)p1W( g (C.4.120)

n=0

bl fI b2, f7 L) _
N\ oA T e (i b=l ).
fw,O L ‘fw,O ‘

0 ) < Z |:]l>\KnTE<TK1<)\K( TE+T1)p2W( )N%(_w (C.4.121)

n=0

1
fup L fw,b

K+ . . .
where WT(L +) are the same iid. random variables as in Lemma .
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C. Crossing a fitness valley in a changing environment: With and without pit stop

Proof. In order to simplify the following proof, we do not document the exact form of the
approximation error in every step. All estimates stemming from the branching process
approximation enter the proposed probability as a multiplicative error of the form (1+Ceg)
and can hence, for large K, be treated by slightly changing the choices of p; and ps.

We know from [29], for the case of fixed environments ¢ = 1,2, that once a mutant of
trait w + 1 is born the probability of accumulating further mutants during the subcritical
excursions and finally producing a mutant of trait L is approximately given by

. bt .. pt ,
i T Mo = g™ S e AL (C.4.122
v il | 1]

Moreover, we know that, if this happens, the transition of the valley takes only a short time
of order O(1) and thus is finished within one phase. This inspires us to introduce a time-
dependent periodic version of this probability in the same way as for previous quantities:

Al ite [0, )\KT1)7

C.4.123
A2 te [)\KTl,)\KT%:). ( )

AK(t) = {

The next question we address is the probability that a w-mutant born in the first phase
(which is the fit one) leads to a successfully growing population of trait L. To this end we use
the results of the preceding lemma to estimate the size NJ of the founded w-subpopulation
until its extinction, which is with high probability before the end of the period. During this
time, it produces w + 1-mutants at rate N5 (¢)b% (t)ug. These mutants then get thinned by
the probability A (t) and moreover we have to multiply by the probability that an L-mutant
fixates and invades successfully, which is the well known fixation probability (f 50 (t))+ /b5 ().
Overall, we obtain that, in the case of AgnT5* < TK| < Ag (nT5"+T1)—+/Ax, the probability
to observe a fixating L-subpopulation is approximately

Ak (n+1)T5 FE ()
PE(TE ::/ NEOBE (W) pge = AK (1) =22
(T \enT )by, () percpigc (t) DK (D)

dt. (C.4.124)

Our first observation is that the population size N vanishes before TwKJ and shortly after
TE , by definition and part (d) of Lemma respectively. Moreover, it is not hard to
see from part (b) and (e) of the same lemma that the contribution of the intervals

fu o
T, — \/)\KT’O, K, + \/)\KT’O (C.4.125)

[Tgl,:rfufl T \/Q] and
720 724

is negligible compared to the rest of the integral.

On the remaining interval, we can use the bounds of part (c) of the lemma already mentioned
to estimate NX(¢) < eh(K’H(t)ngT(LK’JF), with high probability. Inserting this bound into the
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integral yields, with probability converging to 1, as K — oo,

Ak (n+1)T5 (K,+) —w flf{o (t)
PE(TE)) < A ot WK OpK (1) Lw A K (1) b{{ 0 dt (C.4.126)
n 1 2
= p2W(K,+)NL—w />\K( TQEJI_Tl) eh(K7+) (t)bl Al @dt T T}{io eh(K,+) () b2 A2 fL,O ar)
n K Tgl w b}J A (nTQE-i-Tl) w b%

We notice that the only non-constant term in both integrals is A"+ (t), which is piecewise

)

linear. To be precise, in the first integral it growths linearly with slope fﬁgr
(2,+)

> 0 starting

at 0 and decays in the second integral with slope f,; 5" < 0 until getting close to 0 again.

Therefore, evaluating the integrals gives, with probability converging to 1,

—w bllu fllzo b?y f]%o (1,“!’) >\ n > _ 7K
Pr(Tiy) < p2 WP (f<17+> A \f@p’AQ 7] (efw,o [Pre(nT5+T) Tw,l]_l).
w,O w’o

(C.4.127)

By the same strategy we achieve a lower bound.

_ —w b%u f[llo b121) f%o (1,-) nT> _TK
Pzl e« ) (s b))
w,0 w,0

(C.4.128)

We notice that the dependency on T 1, only enters the bounds for PE(TL)) in the difference
A K(nTzE +T) T, wK 1- Consequently, only the point of time within the parameter phase, and
not the cycle n, is important. Hence we can approximate P% (t) by

> Pg(t)ﬂAKnTQE <t<Ag (nTE+TY) (C.4.129)

n=0

and conclude the claim. O

We can now argue to conclude the final result of Theorem The function PX(t)
in Lemma [C.4.7) can be seen as a thinning probability of the arrival rate of w-mutants.
Moreover, let us notice that mutants arriving in the second phase of a period are always
unfit and thus get thinned by a probability that is of strictly lower order than the PX,
namely u%{w. We can hence neglect those cases. By Lemma new w-mutants are
known to occur approximately as a Poisson process with rate function

w—1 K
I OLSIO | | b;{ ®) (1+ Ce). (C.4.130)
v=|a|+1 fv,O(t)‘
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Hence the birth times of successfully invading L-mutants follow approximately a Poisson
process with intensity function RX, which we can estimate by the product of the above
terms,

v=|a]+1 ff(o(t)

)

% b%u Al flluo + bIQU A2 fIQ/,O
(1,5) bl ‘fgbi)‘ b%

w—1 K
bE (1
RO (1) = Kufep, (1% Co)all5) (b () ( T \)

w,0

(1,%) 5
1 WUGE L) e (nTE+T1)—t
% Z ATy St<Ag (T +T1) r(z )(ef & P }1>

n=0
(C.4.131)

Here we set p, = p; for the lower bound and p, = ps for the upper bound. Due to our
previous observations, this is almost a periodic function. It differs between the periods only
by the iid. random variables T(LK’i). Moreover, we see that the leading order term is of
order K uf(ef woTIAK < 1, when integratet over one period of length A\T5°. We therefore

expect the first successful L-mutant to be born on the time scale Age TwoT1AK JKuk. As
argued in the final step of proof of Theorem the periodic variations of the intensity
function average out since these are on the much shorter time scale Ax. Effectively, for every
T < oo, we compute the Poisson intensity of successfully fixating L-mutants by

L

1
Tare TwoT K /gy,
/ RED) (1)dt
0

=p (1 + CE)K'LLL bilu Al fll'70 + b1211 A2 fg,o
RV
1
TAKeif“”OTIAK/K#;L( oo
(K,£) 1y K
8 /0 7;) HAKTLTQE St<>‘K(”TQE+T1)a\_OCJ (t)b\.od (t)

n

w—1
( m = ) — (efﬁ,bﬂhx(nT%Tﬂ—tJ _ 1) .

(C.4.132)
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If we now focus on the integral term, this can be rewritten and bounded from below by

nTs w—1 K -
S ><>bm<>( I )(efﬁ’o)MTf”ﬂt]—l)dt
A

n=0 wnTy v=|a+1 fqi(o (t)‘
{Tc—fi,oTﬂx
T3 Kpl T w1l K
1 (K,— by (tA 1,-)
= Z WéK’_))\K/ a(LSJ )(t)\K)bﬁj (t)\K) H % (efwl,o [T1>\K—t)\K]_1)dt
n=0 0 v=|a+1 fv,O (tAK))
T eifwvoTlxK
T RE

w—1 1
=Y Wi [ /Tla(ﬁ;ﬂbiaj( = )(f“ w0 ) ay
0

v=|a]+1 f'(i[)
(1 i) L]
+ ( Zw - w/)\K>]

1
T eifw,OTl)‘K
> L
T, K[J.K

2

w—1 1
_ 1 (1,-)
= > Wi [“&’J ol ( [ b” ) (f [f“’lo At —1] _Tl)
n=0

v=|a]+1
Le]
+O( (1 )Zw o w/)\K>]

Te‘fon”KJ
(1L-)1 bl 1 0oy R (K+) L
v w0 AKTL
=a oy |11 RIS ’ 2 WA o (1/Kpk ).
v=|a]+1 |/v,0 w,0 n=0

(C.4.133)

Here, in the first equality, we used the periodicity of the integrands and a change of variables.
In the second step, we reduced the K-dependent functions a(K i), bE, [7(0 to their unscaled
versions, which are constant. Note that this comes at the expense of adding an error of order
O(efw 12, i) Pato /AK), stemming from the short O(1) phases of adaptation in the definition
of a(@i) Finally, we just rearrange the constant prefactor at the front of the sum and
estimate the lower order terms.

L omia
A corresponding upper bound is obtained by considering the sum running up to {TTEGKZLIK—‘
2 K
(1,+)

and using the parameters @] etc., corresponding to the upper bounding branching pro-
cess.
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Putting things together, we obtain

£l oTiAK L
TAge "w0 /Kp
/ T RER) (1)at
0

b, 1fLo v QfLo g [T b ) !
2])1(1—0&‘)( a )A . )A alq) by | 11 1 1)
fw,O ’f ‘ v=|a]+1

T e_f&)aOTl)\K
(1,-) ok
X Kpgeeloo 57 WD (1)
n=0
w—1 bl 1 bl fl b2 f
= (1= Celai b, ] 0] AT e | 7
v=la)+1 7\ o b ‘f 0 ‘ by | Ty

< T e_f&;,OAKTl ) N 2 ZK (K—)

SOl [ — WK 4o(1)

T2E Kuf( or

K290 (1= Ce)TRES™P, (C.4.134)

Here, besides using the fact that fgoi ) ffv’o, for K — oo, we applied the law of large num-

bers to the sum of iid. random variables WT(LK’i), which have expected value 1. Implementing

the corresponding upper bounds results in a limit of (1 4+ Ce)TRY™P accordingly.

Choosing ¢ arbitrarily small and remembering that growth of the L-mutant population and
invasion of the resident population occur on a shorter time scale, as analogously to the proof
of Theorem yields the claim of Theorem

C.5. Appendix

In this chapter, we collect and prove a number of technical results about branching processes
that are related to the resident trait’s stability, excursions of subcritical processes, and the
short-term growth dynamics of mutants in a changing environment.

C.5.1. Resident stability

The following results build on and extend the results of [71]. They apply to what we refer to as
birth death processes with self-competition, i.e. birth death processes X with individual birth
rate b and a density-dependent individual death rate d 4+ cX. In the results, the competitive
term cX is rescaled by the carrying capacity K, as it is for the processes introduced in Section
We start by citing a bound for the probability of deviating from the equilibrium
population size on an arbitrary time scale 05, based on a potential theoretic argument.

186



C.5. Appendix

Theorem C.5.1 ([7T, Lemma A.1]). Let XX be a birth death process with self-competition
and parameters 0 < d < b and 0 < ¢/K. Define n := (b — d)/c. Then there are constants
0 < C,0Cy,Cs < oo such that, for any € small and any K large enough, any initial value

0< |z —[aK]| <3 {%J, any m > 0, and any non-negative sequence (0)ken,

s 12\ ¢
P, (3¢ € [0,6x]): XK () — [0K]| > eK) < mCre=C*K 43 (4 (1—emCorco/t) ) .
l=m

(C.5.1)

We can now apply this result to general time scales of the form KP?, p > 0, which in particular
covers the time scale of interest 1/K i, on which the crossing of the fitness valley occurs.

Corollary C.5.2. Let XX be the processes from Theorem|C.5.1. Then, for all p,q > 0,
P, (3t €0, k7] :|X" () - [0K]| > eK) = O(1/K"). (C.5.2)
In particular, for all L > «,

. 1 L] . vk _ _
lim mpm (3te01/Kpuf]: | X5 @) - [AK]| > eK) =0. (C.5.3)

Proof. We use the estimate of Theorem with fx = KP. Choosing m = my = KPTat!
we see that the first term mgCy e~ 02K g still exponentially decaying in K. Moreover, note
that, for [ > mg,

(4 (1 — eCBK9K/l)1/2)l < (4 (1 - eC;aKPH/mK)l/Z)Z < (4 (1 - 603/Kq)1/2)l . (C.5.4)

This allows us to estimate the sum by a geometric series

> (i (1—€CSK9K”)I/2)ZS > (s (1—603/Kq)1/2>l
I=mx Ml

<4 (1 — 6_03/K‘1)1/2>mK )
- mgK
: 1—4(1— e Ca/Ka)l/? <Gy (16 (1_6 Cs/K‘1>)

<Cy (1605 K~9)™/* < 16C5Cy K 1. (C.5.5)

1/2
Here we used that, for K large enough, 1 — 4 (1 — e‘C3/Kq) / > C4_1 to get rid of the
fraction. Moreover, we made use of the standard estimate 1 — e™ > z. This yields the

first claim. To conclude the second claim, we simply take p = ¢ = (L/a) — 1 and use that
A > 1. O

To estimate the process during the short adaptation phase after a parameter change, we
derive a comparison result to the corresponding deterministic differential equation. We begin
by providing two technical lemmas on properties of the Poisson distribution and Poisson
processes, respectively.
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Lemma C.5.3. Let Y be a Poisson distributed random variable with parameter A > 0 and
denote its central moments by

pp :=E[Y =X, peN. (C.5.6)
Then we have, for n € Ny, the following leading order result in A,
fion = ap A" + O (A’H) L el = bpA\"+ O (A’H) , (C.5.7)

where the prefactors are given by

n—1 n—1 k+1 k—1
an = [J(2k +1) = (2n - D)1, bn:Z%Jrl (H(2z'+1)>. (C.5.8)
k=0 k=0

=0

Proof. 1t is easy to verify that all moments exist. By differentiating with respect to A > 0,
we obtain, for p > 1, the recursion

dp
o = (G2 + b ). (C5.9)

From this, we get the induction step

foni2 = 20+ Da, A" O (WY, panes = [(n+ Dag + (2n + )b ] A"+ O (N,
(C.5.10)

which, together with the base cases g = 1 and p; = 0, directly implies the claim. O

Lemma C.5.4. Let Y ~ PPP ([0, 00),du) be a homogeneous Poisson point process on [0, o)
and denote by Y its compensated version, i.e. Y(u) = Y (u) — u. Then, for alln € N, all
1<T < o0 and all € € (0,00),

IP’( sup [V (u)] > 5) < Cpe 2, (C.5.11)
u€(0,T]

where Cy, € (0,00) only depends on n.

- 12
Proof. Since Y is a martingale, ’Y‘ "isa submartingale. Therefore, we can apply Doob’s
maximum inequality
- - 2
IP( sup ‘Y(u)‘ > §> = IP( sup ‘Y(u)‘

n 2n —2n \/ 2n —2nm
> ¢ )s& EUY(T)\ ]gcnf "
ue[0,T] u€[0,T]

(C.5.12)

Here we used in the last step that Y (7)) is a centered Poisson random variable with parameter
A =T and we know from Lemma that its (2n)-th moment is a polynomial of degree n
inT. O
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This bound now allows us to extend a previous result from [7I] on the convergence of the
stochastic process to the solution of the corresponding differential equation, which is itself a
quantification of the classical convergence result in [75].

Theorem C.5.5. Let XX be a birth death process with self-competition and parameters
0<d<band0<c/K. Assume that XX(0)/K — zo as K — oo and let (z(t))i>0 be the
solution to the ordinary differential equation

2(t)=x(t)[b—d—c-z(t)] (C.5.13)

with initial value 2(0) = xq. Then, for all n € N, there exists Cy, € (0,00) such that, for
every 0 < T < o0 and € > 0,

XK (t) ~ n_—2n gm—mn
P sup —z(t)| >e | <C,Te ""K™". (C.5.14)
t€[0,T] K
Proof. The proof follows along the lines of Theorem A.3 in [71], with the only difference of
using the higher moment estimates of Lemma in the final step. O

C.5.2. Subcritical excursions

The following result describes the distribution of the number birth events in a subcritical
birth death process before extinction. While the result is already derived in [29], we want
to mention a simplification of the expected value.

Lemma C.5.6 (extension of [29, Lemma A.3]). Consider a subcritical birth death process
with individual birth and death rates 0 < b < d. Denote by B the total number of birth events
during an excursion of this process initiated with exactly one individual. Then, for k € Ny,

o (2R b \F/ o a
P(B_k)_l-c!(kJrl)! <b+d> (b+d> (C:5.15)

and in particular

b

¢d) .~ E[B] = —.
€ Bl = 7=

(C.5.16)

Moreover, we have the following continuity result: There exist two positive constants c,eq >
0, such that, for all 0 < e < e and 0 < b; < d;, if |by — ba| < € and |dy — dz| < €, then

‘e(bhdl) _ elb2,d2)

< ce. (C.5.17)

Proof. The claim of (C.5.15)) and the continuity result can be obtained by studying a discrete-
time simple random walk on Z with probability of jumping up equal to p = b/(b+ d), which
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is the probability that the next event in the birth death process is a birth. Details can be
found for example in [69, Lemma 17]. This also implies that

= kgl = 1()2,]{(7,);+ i (=) (C.5.18)

This expression can be shown to be equal to p/(1 — 2p), for p < 1/2, e.g. by rewriting the
binomial coefficients using the residue theorem. Plugging back in the value of p then yields

b/(b+d) b

E[B] = 1—2b/(b+d) d—b

(C.5.19)

O

C.5.3. Short-term growth

Finally, we present a result on the short-term growth dynamics for birth death processes
with time-dependent rates on the In K-time scale. As introduced in the rates of the
birth death processes vary on the time scale 1 < A\g < In K with ¢ € N different parameter
phases, where /¢ is possibly different from the one in the main results. Denoting by T; > 0
the single and by TiE = j 1 T the accumulated lengths of parameter phases, and by bt
and d’ the corresponding birth and death rates, the time-dependent rate function are given
by the periodic extensions of

b(t) == Z Liers o), Z Licirs  13)d- (C.5.20)

We set r’ := b — d* and r(t) := b(t) — d(t) to refer to the net growth rate and r®’ :=
(X6, 7'T;) /T} to refer to the average net growth rate. Moreover, on the time scale Ax we
con81der bE(t) == b(t/ M), d5(t) :=d(t/Mg), and rE (1) := r(t//\K

To prove the desired result, we first derive an equivalent formulation of the set of possible
arrival times of successful mutants.

Lemma C.5.7. For a piecewise constant, right-continuous, periodic function r such as the
one above, let

g(t) = /Otr(u)du. (C.5.21)

The the following definitions of the set A C [0,00) of possible arrival times of successful
mutants are equivalent:

A = {t >0:Vse (0,T7] g(t+s) > g(t)} , (C.5.22)
Ay ={t>0:Vs € (0,00) g(t+s)>g(t)}, (C.5.23)
A3 ={t>0:3y>0Vse (0,00) g(t+s)>g(t)+7vs }. (C.5.24)

190



C.5. Appendix

Proof. The inclusions Ag C A; C Ay are somewhat trivial and we hence focus on Ay C As.
To this end, take ¢t € A; and note that it suffices to show that

o 9lt+ )~ g(t)
s>0 S

> 0. (C.5.25)

Since g is continuous and the defining inequality of A; is strict, it still holds true for f = t 4,
with € > 0 sufficiently small. Hence, for s € [¢,7}"], we get

glt+s)—gt)=gt+s)—glt+e)+gt+e)—g(t) >g(t+e)—g(t). (C.5.26)

Moreover, for such s, we can make the rough estimate

glt+s) —g(t) _ g(t+ 8)Z— 9@t) _. 550, (C.5.27)
S T;
Now, since r is piecewise constant and right-continuous, we can take € > 0 sufficiently small
such that r is constant on [t,t + €], which implies that g(t + s) = g(t) + r*s, for s € [0, ¢],
where r* € {r':i=1,...,¢}. The defining inequality of A; immediately implies that 7* > 0.
Lastly, we note that every s > TE can be split uniquely into s = nTeE + 5, with n € N and
0<§<T7. Thus

gt +s8) —g(t) > g(t +s) — g(t + 3) = r™¥nT}” (C.5.28)
and hence
g(t+s)—g(t) T rav
> > —>0. C.5.29
s (n+1)TF ~ 2 ( )

The positivity of 7 is a direct consequence of A1 # (). We can thus take v = min {7, r*, r®V /2}
to show that ¢ € A3 and hence A; C Ajs, which concludes the proof. O

With this characterization at hand, we can now prove the following lemma, which is an
extension of Lemma C.1 in [71].

Lemma C.5.8. Let ZX be birth death process with time-dependent rates b¥,d* and let
g5 (t) = [y r%(s)ds, where r’ is the net growth rate. Assume that r® > 0 and the initial
time lies in the set of possible arrival times of successful mutants defined in Lemma
corresponding to the growth function f =r, i.e. 0 € A. Then, for alle >0, 0 <p; <1 < po,
and all initial values satisfying 1 < Z¥(0) < K¢, we obtain

P (pre?" 25 (0) < Z5(t) < poe?” W Z5(0) Wt € [0,emK]) =1-0((2"(0))7") =371,
(C.5.30)
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Proof. Checking the counter probabilities, we observe that

P(3t<elmk: z(t) < et 025 (0))
=P(It<elmk: 25(0) - e " W25 (1) > (1-p1)2"(0))
<P ( sup [e™" (25 (1) — 2%(0)| > qZK(O)> , (C.5.31)
t<eln K

P (EI t<elnK: zK@t)> pgegk(t)ZK(O)>
=P(3t<elmK: e WZN@) — 25(0) > (po - 1)27(0))

<P ( sup ‘e*gK(t)ZK(t) - ZK(O)‘ > qZK(O)> , (C.5.32)
t<eln K

for some ¢ > 0. For both bounds we apply Doob’s maximum inequality to the rescaled
martingale MX () = ¢=9" ®) 2K (t) — ZK(0) to obtain (see [71, Lemma C.1] for details)

P < sup ’e_gK(t)ZK(t) - ZK(O)] > qu(0)> =P ( sup ]MK(t)] > qu(0)>

t<eln K t<eln K
C ean C eln K C 1—K™¢ Cf
< — 9" () ds < 7/ e ¥ds = <
- ZK(O)/O ~ ZK(0) Jo zZK©) v T ZE(0)
(C.5.33)

Here we used that, by Lemma g% (s) = Axg(s/ k) > s, for some v > 0 and all
s> 0, since 0 € A. O
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