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to engage in ‘modelling’? Second, what types of models are employed
within evolutionary biology? Third, how can models of evolution be
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to highlight how evolutionary biology and philosophy of biology can
usefully interact to understand conceptual and methodological problems
arising from modelling evolution.
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Modelling Evolution 1

1 Introduction

Evolutionary biology is a historical science with the goal of understanding
the origin and diversity of life. Evolutionary biologists have developed a
vast range of diverse and ingenious models to achieve this. The goal of this
Element is to understand why and how models are used in evolutionary
biology.

Before we begin, however, let me express a note of caution to any sci-
entists or students of evolutionary biology who are reading this Element:
This is not a practical guide for aspiring modellers on how to model evo-
lution. It is a text in the philosophy of biology that addresses some of the
deeper methodological and conceptual questions regarding an aspect of
evolutionary biology that most scientists remain silent about. These ques-
tions include:

* What are models?

* What does it mean to model evolution?

* What types of models are there?

* How can models of evolution be fested?

* How do different types of models interact with each other to advance
our understanding of evolution?

These are, of course, questions any scientist engaged in the process of
modelling evolution should think about, but they are rarely given space
to examine in depth. This Element, while short, is an attempt to examine
these questions in an accessible, yet rigorous manner that goes beyond a
mere survey of the existing literature.

A central, if not the central, activity in science is the construction of
models to represent real-world phenomena. It is unsurprising, then, that
the philosophy of models/modelling has grown into a substantial subfield
within the philosophy of science, with numerous articles published in this
area every year. Similarly, the theory of evolution, owing to its founda-
tional role in the biological sciences, has long been the core focus for phi-
losophers of biology. Yet despite the extensive attention both topics have
received from philosophers of science, comparatively little work bridges
these fields to deepen our understanding of how evolutionary processes
are modelled.

I am, of course, not denying that there are important exceptions to
this trend, which I will discuss throughout this Element. Rather, my
point is that one would expect a much broader philosophical literature
combining insights from these two fields to deepen our understanding of
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2 Philosophy of Biology

how evolution has been represented. Indeed, even my own work has not
typically performed this integration. While I have written articles in the
philosophy of (evolutionary) biology and the philosophy of models, and
even spent time in the labs of evolutionary biologists, relatively few of my
own articles have directly focussed on how models are used within evolu-
tionary biology. Most modellers that I spoke with had never even read a
paper in the philosophy of models, leaving me with the sense that there
is an unsatisfied need for an accessible synthesis of research across these
fields. The goal of this Element, then, is to overcome what I consider to be
a neglect of attention paid by philosophers of modelling, philosophers of
biology, and even evolutionary biologists themselves to the importance of
the philosophy of modelling evolution.

Finally, let me say something about my intended audience. This
Element is targeted at philosophers of modelling, philosophers of biology,
evolutionary biologists, and anyone interested in how models contrib-
ute to our understanding of evolution (and to some extent science more
generally). Since the Cambridge Elements in the philosophy of biology
are meant to offer a hybrid between a concise and well-organized intro-
duction to important subjects and the original and unique views of their
authors, I will not assume any prior knowledge in the three areas synthe-
sized in this Element: that is, (i) the philosophy of (evolutionary) biology,
(i1) the philosophy of modelling, and (iii) evolutionary biology. Each of
the target audiences of this Element is likely to be unfamiliar with at least
one of these areas, making it useful to explain each concept and method
as I go, without excessive jargon. My hope is that I have succeeded in
making this Element accessible and useful to a diverse readership, less
dry and more engaging than a standard introductory text, and with the
potential to inspire further integration between these fields and future col-
laboration between researchers.

For philosophers of modelling, evolutionary biology offers an incredibly
rich and diverse set of models to draw on as case studies to understand how
models work and the roles of modelling within science. For philosophers of
biology, this Element will offer a strong case for the thesis that evolutionary
biology can only be understood through the models and modelling-
practices employed by scientists. Finally, for evolutionary biologists, this
Element will invite them to reflect on their own methodology and how
different types of models can help them in the pursuit of knowledge about
the process of evolution.

With this introduction out of the way, let me offer a brief outline for the
rest of this Element.
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Modelling Evolution 3

1.1 Outline

This Element is structured as follows. Section 2 explores the conceptual
question of what ‘models’ are and what it means to be engaged in
‘modelling’. Section 3 examines the different types of models that can be
used to model evolution. Section 4 investigates the problem of how such
models can be tested. Finally, Section 5 concludes this Element by offering
a summary of the arguments advanced in this work and proposes further
directions for future research in this area.

2 What Does It Mean to ‘Model’ Evolution?

When writing about the philosophy of modelling and models of evolu-
tion, an inevitable conceptual question arises: What is meant by the terms
‘model’ and ‘modelling’? Biologists and philosophers of biology may hope
for a straightforward answer to this question, but the meanings of these
terms are highly contested within the philosophy of models. Colloquially,
as well as among researchers in biology and philosophy, these terms are
often taken as a shorthand for referring to mathematical entities and activ-
ities. This s, of course, hardly surprising given their ubiquity in both science
generally and evolutionary biology specifically. If you open any textbook
on evolution, it will be clear that much, if not most, contemporary work
in evolutionary biology involves models of this type. Anyone training to
become an evolutionary biologist today will inevitably encounter mathe-
matical models. Prestigious journals such as Nature Ecology & Evolution,
The American Naturalist, Evolution Letters, Ecology and Evolution, Journal
of Evolutionary Biology, or even Evolution are filled with articles featuring
such formal models of evolution. Yet this was not always the norm.

The work of Charles Darwin (1859) in The Origin of Species is an excel-
lent case in point showing that evolutionary biology, at least originally, did
not involve the kind of mathematical and highly idealized model-building
we associate with much of the work going on in the field today. Indeed,
some philosophers working in both the philosophy of models and the phi-
losophy of evolutionary biology, such as Peter Godfrey-Smith (2007), have
argued that Darwin’s work contained no models at all. But this is a mistake.
While Darwin’s work didn’t contain mathematical models, it is filled with
informal written models that later inspired biologists to create more precise
formal mathematical models, as well as simulations (Thomson, 2017).

We can thus begin this philosophical analysis by making a distinc-
tion between formal and informal models in evolutionary biology.
Formal models include mathematical models, computational models,
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4 Philosophy of Biology

and statistical models. Informal models can be written, verbal, pictorial,
and even mental. As cognitive scientists have demonstrated over the last
decades, much of how we operate in the world is based on mental models.
Thus, for any reader of this Element, there will be a mental model of how
they understand evolution to work, which may be more or less accurate,
given how widespread misunderstandings about evolution are among not
only students but also instructors (Abenes & Caballes, 2020; De Santis,
2021; Gregory, 2009; Nehm & Reilly, 2007; Nelson, 2008).

But before we discuss the diversity of models that evolutionary
biologists use to advance our understanding of evolutionary processes in
Section 3, we need to answer the question of what ‘models’ are and what
it means to ‘model’. Clearly, we cannot just refer to mathematical entities
and activities if models can also be informal. But ostensive definitions
(i.e. definition by pointing out examples) that merely list a variety of
models or model types are also not sufficient, since they provide us with
no deeper conceptual understanding of the general category. However,
is there anything that unifies entities that can range so widely? Can we
offer a definition of these terms by identifying necessary and sufficient
conditions that capture the essences of ‘models’ and ‘modelling’? Some
philosophers, such as Nelson Goodman, have expressed scepticism about
this question:

Few terms are used in popular and scientific discourse more promiscu-
ously than ‘model’. A model is something to be admired or emulated, a
pattern, a case in point, a type, a prototype, a specimen, a mock-up,
a mathematical description — almost anything from a naked blonde
to a quadratic equation — and may bear to what it models almost any
relation of symbolization. (Nelson Goodman, 1976, p. 171)

Given this, there appears to be nothing inherent to the properties of those
entities called ‘models’ that makes them models. Philosophers might call
this the ontology of models (i.e. their metaphysical structure of reality
similar to how H,O = water). Instead, philosophers have largely tried to
define ‘models’ in terms of their function or purpose in science. But what
could this function be?

While the philosophy of models literature is full of disagreements and
the recognition of a wide range of potential functions for models, there is
one answer to this question that has come closest to achieving something
resembling consensus, and that is: the function is to represent (Downes,
2020; Odenbaugh, 2018; Teller, 2001). An early expression of this idea came
from Hughes who argued that the ‘characteristic — perhaps the only char-
acteristic — that all theoretical models have in common is that they provide
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Modelling Evolution 5

representations of parts of the world, or of the world as we describe it’
(Hughes, 1997, p. S325). With the proliferation of new model types and
the ever-expanding range of modelling approaches proposed by philoso-
phers (far too many to discuss comprehensively here), it has become even
more common to think that only the notion of representation can unify this
diverse literature. As Downes puts it: “There is almost complete consensus
among philosophers of science working on models on only one idea: mod-
els are representations or models represent’ (Downes, 2020, p. 52).

This prevalent usage also reflects ordinary usage of the term ‘model’.
The Oxford English Dictionary, for instance, offers the following definition
of the term ‘model’: ‘A representation of structure, and related senses’
(Oxford English Dictionary, 2024). Similarly, the Encyclopeedia Britannica
defines ‘scientific modelling’ as the ‘generation of a physical, conceptual,
or mathematical representation of a real phenomenon’ (Rogers, 2023).
Accordingly, let me offer a first tentative definition of the central terms of
this Element as follows:

Models: To be a scientific model is to be a scientific representation.
Modelling: To engage in scientific modelling is to construct scientific
models.

With these definitions in place, let us now turn towards the new phil-
osophical problem of how to understand the concept of ‘representation’
that underlies the understanding of models and modelling.

2.1 Models as Representations

Modellers often talk about using their models to represent some
phenomenon, but what does that actually amount to? Reflecting the
difficulty of working this idea out in detail, there is now a fairly large
philosophical literature on the ‘models as representations’ view (see Frigg
& Nguyen, 2017 for an overview). Hughes, whom I mentioned before as a
defender of a representationalist view, himself admits that ‘the concept of
representation is as slippery as that of a model’ (Hughes, 1997, p. S325).
But while there is ongoing disagreement over how models achieve their
representational purpose, there is broad agreement that representations
require both a target phenomenon to represent and a specific purpose for
which the representations are put to use. Let us now examine both of these
ideas in order to understand the models-as-representations view better.
What is a model zarget? The target of a model is typically a mecha-
nism or process that scientists aim to understand better, but which is
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6 Philosophy of Biology

difficult or impossible to investigate directly. This scenario is often the
case in evolutionary biology. Since evolutionary processes often unfold
over timescales far exceeding the lifespans of scientists, models become
indispensable tools for advancing our understanding of evolutionary
biology. I say ‘often’ rather than ‘always’, because microbiology provides
an important exception to this trend. As we were able to observe during
the COVID-19 pandemic, the SARS-CoV-2 kept (and still keeps) evolv-
ing new strains that made it more resistant to vaccines, putting the idea
of evolvability into public discourse. Mathematical models predicting the
likely evolution of new strains were common during the pandemic (Yagan
et al., 2021) and nicely reflect how evolutionary biologists are not just
interested in modelling the past. Similarly, microbial populations in lab-
oratories receive a lot of attention from evolutionary biologists since they
allow us to observe evolution in real time (O’Malley et al., 2015). Indeed,
as I shall argue in Section 3, such microbial populations can constitute
experimental models or so-called ‘model organisms’ (though I prefer
the ‘model populations’ since the target isn’t individuals) to represent more
general evolutionary dynamics. But microbiology is not the only area where
we evolutionary biologists study non-geological timescales of evolution. In
the twenty-first century, evolutionary biology gradually shifted towards a
recognition of evolution even within our own timescales, studying rapid
evolutionary changes even in single generations, often due to events such
as climate change (Aguirre-Liguori et al., 2021).

What is the representational relationship between such models and their
targets? One of the most intuitive views in the literature spells out this con-
nection in terms of similarity or resemblance between models and their targets
(Giere, 1988; Weisberg, 2013). A successful model or representation is then
one that shares enough similarity (or rather, relevant similarities) with its tar-
get to be used as a placeholder or surrogate system that can be studied in its
stead. While a simple mathematical model may be strikingly different from
the complex biological phenomenon it is trying to represent, what matters
is that the relevant properties are captured in the variables of the model (e.g.
mutation rate, survival chance, and reproductive output in an evolutionary
model), to be useful to the modeller. Indeed, some models in evolutionary
biology are incredibly simple, representing only a few key aspects of the target.

Let us look at one of the best examples to illustrate this point: John
Maynard Smith and George R. Price’s Hawk—Dove Model, that pioneered
the field of evolutionary game theory (Maynard Smith & Price, 1973).
Imagine a population in which individuals have an interest in procur-
ing a territory, which yields a fitness payoff of V if they do. When two
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Modelling Evolution 7

Table 1 A payoff matrix for the Hawk—Dove Game

Hawk Dove
Hawk V=002,V -0)02 V,0
Dove 0,V Vi2, Vi2

individuals meet, they have a choice between acting aggressively (the hawk
strategy) or passively (the dove strategy) as shown in Table 1.

If both individuals are aggressive they split the territory but have to pay a
fitness cost C for the fight (e.g. injury or energy loss from the fight). If both
are passive they split the territory without having to pay that cost. If a hawk
meets a dove, however, the entire territory goes to the aggressive individ-
ual. Where would evolution lead such a population of hawks and doves?
Maynard Smith and Price (1973) proposed the solution through the concept
of an evolutionarily stable strategy (ESS). They define an ESS as follows: If
an incumbent strategy 7 is an ESS, then there cannot be another invading
strategy/mutant m whose fitness u is higher such that it would increase its
proportion in the population. If the payoff of an incumbent is equal to that
of a mutant, mutants must do worse when they play against each other than
if an incumbent plays against a mutant. This would allow the incumbent to
take over a mutant population. This can be represented as follows:

U@i)>U(m)

U(i,i)=U(m,i)and U(i,m) > U(m,m)

If V"> C, hawk becomes the dominant strategy, but if C > V, there will
be a mixed population of hawks and doves (or individuals will themselves
mix their strategy) because a population of pure doves or hawks could
always be invaded by the other. We will look at this model in more detail
in Section 4, but we can see here that this simple idealized model nicely
illustrates why resource conflicts in nature persist but are typically resolved
with minor complications. Furthermore, the model helps to illustrate the
general importance of frequency dependence in the evolution of traits in a
population. This model is useful despite leaving out many features of the
environment, which is not uncommon in evolutionary models. As Neto
et al. observe, environmental features in evolutionary models are often
‘highly idealized or abstracted away. If they are included in mathemati-
cal models they are typically subsumed within a single fitness coefficient’
(Neto et al., 2023, p. 18). What matters, despite all these idealizations and
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8 Philosophy of Biology

omissions of features of real target systems, is that our model is similar
enough to the targets being represented to yield explanatory insights.

One of the reasons why the similarity account has gained popularity is
that it accounts for misrepresentation. While models are typically designed
to be faithful to their target systems, they are also full of idealizations and
omissions, sparking extensive debate about how falsehoods in models can
play useful roles rather than always being negative. Potochnik (2017), for
instance, has argued that ‘idealizations aid in representation not simply by
what they eliminate, such as noise or non-central influences, but in virtue
of what they add, that is, their positive representational content’ (p. 50).
Indeed, a perfectly faithful model with complete similarity could only be
the target itself, which would make the testing of models irrelevant and the
model more generally pointless.

Here philosophers of science often use the analogy of a map offering
a model of a city, subway network, or hiking paths (Nguyen & Frigg,
2022). Maps necessarily idealize to be useful. A one-to-one mirroring
would be too complex to be usable, which is why we need to think about
fit-for-purpose. The same applies to the use of maps within evolutionary
biology, which I shall discuss in Section 3. What matters for models then
is not whether or not they are true, which isn’t even a question that can
be answered, but rather whether they are useful. Indeed, this leads us to
another crucial issue: the purposes of models.

2.2 The Purposes of Models

What is a model’s purpose? In order to evaluate whether a model is useful,
good, or successful, we must determine the purpose for which it is put to
use. As Wendy Parker argues, we need an ‘adequacy-for-purpose view’
of models, where they are evaluated not on how accurate their represen-
tations are, but whether they succeed in what they have been built for
(Parker, 2020, p. 457). We will return to this idea in Section 4 where we’ll
examine how models in evolutionary biology can be tested. Let us start
now by asking: what is the goal of the modeller? Depending on what goal
one has in mind for a model, it will achieve its representational function
in different ways. What makes something a relevant similarity between
model and target will come from the purpose we have for that model.
Importantly, the goals of models can vary radically.

Probably the first function many will think of is explanation. Models in
evolutionary biology can explain why certain patterns or traits evolved and
under which conditions they did so. In doing so, models make assumptions
about their target system that allow us to reason about the system, which is
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Modelling Evolution 9

why one often hears the phrase model-based reasoning in discussions about
the role of models. In principle this could enable evolutionary biologists
to reason about evolutionary processes in the abstract, without any direct
target. This is sometimes described as targetless modelling or the modelling
of a fictional system, such as a population with three or four sexes (Frigg
& Nguyen, 2016, 2021).

Indeed, some philosophers have argued for the importance of the
so-called exploratory models that help scientists to explore potential
scenarios without having to intervene in the target system itself
(Gelfert, 2019; Massimi, 2019). This is especially true for mathematical
models, where assumptions and parameters can easily be changed due to
the more abstract representations of the target. Such counterfactual rea-
soning can help us to understand, for example, why certain traits did not
evolve, for example.

While models in evolutionary biology are typically concerned with the
past, as I have already mentioned, how evolutionary biologists some-
times also use their models to predict the future, such as the evolvabil-
ity of new strains of viruses. With climate change constituting a threat to
many species, evolutionary biologists are now becoming more interested
in offering predictions for the extinction of species or adaptations species
may undergo (Chown et al., 2010; Munday et al., 2013; Pau et al., 2011;
Waldvogel et al., 2020; Wortel et al., 2023). This has made models in evo-
lutionary biology much more future oriented than it used to be, but this
has not yet entered into the public perception of the field.

Another purpose of many models is to directly represent or convey
important (and often complex) information condensed into a simpler
form. Since humans are visual creatures, many such models take the form
of diagrams, such as tree of life models, which ease the communication
and understanding of ideas and information. I will discuss these models in
more detail in Section 3. Many of these models also have an educational
function and are often found in textbooks, such as phylogenetic trees to
represent the relationships of different species.

Finally, modellers often also aim at intervention to study causation.
When real-world systems cannot be intervened on (e.g. most evolutionary
systems are too slow to study in the real world), models can illuminate
the possible effects of intervention. For example, microbiologists fre-
quently design experimental setups that are meant to model evolutionary
processes in the real world and which allow for causal intervention, to
determine processes of cause and effect. I will also discuss these in more
detail in Section 3.
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10 Philosophy of Biology

This list is far from exhaustive (see Frigg, 2022), but offers an elegant
illustration of the great variety of purposes models may have. Notably,
many of these goals need not conflict with each other and a single model
can be used for multiple ends. Even when they do conflict, modellers may
nevertheless be interested in building a model that at least partially satisfies
several goals that may trade-off against each other. Rather than just think-
ing about a single goal/purpose a model is designed for it is therefore often
more useful to think about a set of goals for which a model is designed.

Based on this consideration of the purposes of models, we can thus amend
our tentative definition of the terms ‘models’ and ‘modelling’ as follows:

Models: To be a scientific model is to represent a target for a scientific
goal or set of goals.

Modelling: To engage in scientific modelling is to construct representa-
tions of a target for a scientific goal or set of goals.

These definitions offer valuable insights to anyone wondering about how
models work and what they are — be they philosophers of science or prac-
ticing scientists. When examining what makes for a good model, or how to
improve one, we can now explicitly ask: (i) what the purpose is for which our
model is meant to be used/designed? as well as (i) whether it has relevant
similarities with its target system? However, philosophical inquiry rarely just
settles on a single solution — as wonderful as that may be! Before we move on
to discuss the different types of models employed in evolutionary biology,
let me first offer a challenge to the representationalist view of models.

2.3 Challenges to the Representationalist Consensus

So far, I have presented and defended a representationalist view of models
and modelling activities. Yet this view can be challenged. Although the
representationalist view of models is widely shared, in recent years it has
come under increasing fire. In this subsection, I will examine these argu-
ments and ultimately defend a weaker version of the representationalism
according to which many models in evolutionary biology have the role of
presentation, but not all.

Ironically, I find myself here in an odd position, as I have myself pre-
viously argued not only that the consensus view of models as represen-
tations i1s mistaken, but also that no alternative account can succeed in
its place. I called this position ‘model anarchism’, to capture the spirit of
Paul Feyerabend’s critical view of philosophers’ attempts to offer a unified
analysis of science while neglecting its diversity. This position can be sum-
marized in a single sentence.
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Model Anarchism: ‘models’, ‘modeling-practices’, and ‘model-based
science’ are too diverse, too context-sensitive, and serve too many scien-
tific purposes and roles, as to constitute unified kinds that would allow
for useful epistemic and ontologi[cal] analyses. (Veit, 2023, p. 226)

If this view is correct, one may wonder what the point would be of an
Element that sought to inspire a thriving literature in the philosophy of
models of evolution. I will therefore take this opportunity to critically
examine my own arguments before ultimately demonstrating why they
need not constitute a threat to the goals of this Element.

Earlier in this section, I emphasized that models are so diverse — and
of so many different types (see discussion in Section 3) — that the only
commonality to tie them together that has been accepted in the literature
is the notion of representation. But this representationalist account of
models can be regarded as both too broad and too narrow (Veit, 2023,
p- 226). We will look at the argument for each of these in turn.

Firstly, the account can be challenged as being too broad because it
fails to demarcate a unique scientific category. As Callender and Cohen
(2006) have argued in this debate, there is no unique sense of represen-
tation within science. This makes it puzzling as to why there has been
relatively little engagement from philosophers of science with the larger
philosophical literature on representation. Indeed, I have recently argued
elsewhere that philosophers have still paid too little attention to the simi-
larities between representations within science and the arts (Veit & Milan,
2021). Without such a fundamental demarcation between scientific and
other kinds of representation, however, it becomes less convincing that we
can understand the special epistemic (i.e. knowledge-generating) roles of
models within science simply by understanding representations.

The broader we stretch and deflate the concept of model to capture as
many instances as possible of scientists’ use of the term, the less clear it is
that such a highly abstract account could be informative and useful. As
I’ve outlined above, the notion of ‘representation’ is hardly more precise
than that of ‘model’. Many accounts have been proposed but there is little
agreement on how we should understand representations. Much work in
this field ‘begins with the assumption that there is a single relationship
that bears between models and the world’ (O’Connor & Weatherall,
2016, p. 626), such as similarity or isomorphism (i.e. structure-preserving
identity between model and target), but it is questionable that such a
reductive account can succeed. The diversity of alternative views may
simply capture genuine differences or multiplicities of ways in which mod-
els can be related to their targets.
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Representationalist views in philosophy have also faced more general
criticisms in the philosophy of mind (see for instance Myin & Hutto, 2015).
This work has been used to argue that the representationalist account of
models is by extension also ‘untenable and unnecessary, a philosophical
dead end’ (de Oliveira, 2021, p. 209). While we need not go so far, the
promises of the representationalist account of models — to resolve the
philosophical puzzles about how models work, explain, and succeed in
science — have not materialized. The view is too deflationary, without any
meaningful commitments to how these representations are meant to be
realized. If anything at all can be a model, it seems that the success of mod-
els within science becomes more philosophically puzzling rather than less
so. As I argued in my original article:

If almost every thing in science gets to count as a model and almost
every activity can potentially be seen as modeling, the deflationary view
may succeed in capturing all of MMM [models, modelling practices,
and model-based science], but the account must ultimately be hollow
and uninformative at such a level of abstraction — no less so than the
commonly to Thales’ attributed assertion that everything is water.
(Veit, 2023, p. 233)

Indeed, the view becomes even more problematic when it fails to cap-
ture even those things that are purported to be models, as we shall now
examine.

Secondly, the representationalist view can be challenged as being
too narrow by showing that there are models that play important roles
in science without any representational function. As Downes has per-
haps most forcefully argued over the years, ‘the role of models in science
is by no means exhausted by representation’ with there being ‘far more
expansive epistemic role[s] that models can play in forwarding scientific
work’ (Downes, 2011, p. 760). As the philosophical literature on models
grows, more and more of these epistemic roles are uncovered. A now
popular distinction in the literature between ‘models of” a target system
and ‘models for’ intervention provides a nice example (Downes, 2020;
Keller, 2000; Ratti, 2020). While interventionist models are admittedly
less common in evolutionary biology, the experimental models in micro-
biology I mentioned above can be understood as such models. As I will
illustrate in Section 3, an evolutionary biologist could be seen as interven-
ing in the evolutionary process itself, rather than as trying to represent
evolution in a different system, thus blurring the boundary between model
and experiment. Such models are deliberately designed for the purpose of
interventions, rather than to merely represent a target.
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The crux here seems to be a dependence on the goals of the biologist.
Are they trying to understand a different system through the means of
what is sometimes called a surrogate (or replacement) system, acting in
place of some other target (Bolker, 2009; Miki, 2009), or are they trying
to more specifically understand evolution in this bacterial population and
how it can be influenced? The single use of the term ‘model’ by Darwin
in On the Origin of Species comes closer to this latter understanding:
‘Breeders habitually speak of an animal’s organisation as something
quite plastic, which they can model almost as they please’ (Darwin, 1859,
p. 31). Here the word ‘model’ is used analogously to how one might model
clay into desirable shapes. While it may be possible to detect some repre-
sentational relationships in models built for interventions, the reduction
of all models to their representational roles is bound to obstruct crucial
differences between the things we call models. Indeed, with such vastly
different usages of the term ‘model’ it becomes less clear that scientists
are even trying to capture a unique form of scientific activity when they
use the word.

Perhaps there is no account that could capture the diversity of different
kinds of models. This sentiment has been forcefully expressed by O’Connor
and Weatherall, who note that: “The term [“Jmodeling,[”] much like the
term [“Jscience,[”] picks out a set of practices that do not constitute any
sort of natural category’ (O’Connor & Weatherall, 2016, p. 614). Frigg has
also recently expressed such scepticism after working within the represen-
tationalist framework of models for a long time:

[Nleither representation fout court nor inaccurate or indirect repre-
sentation offer a general functional definition of models. This is not
a proof that there is no functional definition of models. There could,
in principle, be a different functional definition, one not couched in
terms of representation, that captures all these activities under one large
umbrella. However, the variety of models we encounter in scientific
practice makes such a project look rather hopeless. (Frigg, 2022, p. 396)

Future work may well find a unifying umbrella under which to put all
models and modelling activities, but it has not been found yet. I contend
that we can leave this issue unresolved for the time being. We do not need
to decide whether model anarchism is correct in order to agree that the
representationalist account and definition of models offers a highly use-
ful and often accurate conceptualization (dare I say, model) for thinking
about the roles of models (see Veit, 2023 for a more extensive discussion
of model anarchism). This is even more true within evolutionary biol-
ogy, where non-representational purposes are typically rarer compared to
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14 Philosophy of Biology

other sciences. But it is good to keep in mind that these other purposes
exist and that we should remain vigilant not to overgeneralize from the use
of models in one area of evolutionary biology to another. We will explore
many of these additional roles in the coming sections of this Element.

To conclude, philosophers have mounted powerful challenges to the
representationalist consensus, though we were only able to scratch the
surface of this debate here. The important takeaway from this section as
a whole is that models in evolutionary biology serve important functions
(most often of a representational kind) and that we need to think about
the goals for which these models are intended in order to evaluate them.

2.4 Summary

The goal of this section was to answer the questions of what ‘models’ are
and what it means to ‘model’ evolution. While newcomers to these debates
may have hoped for a quick and easy resolution to these questions, in this
rough overview of the literature on these terms I hope to have successfully
shown that this debate is far from settled and deserves more attention than
I was able to give it here. Nevertheless, there are several key insights and
takeaways.

Firstly, models in evolutionary biology are typically representations of
a target. For evolutionary biology, these targets will typically be real or
imagined counterfactual populations. While the representationalist view
may not always apply, it nonetheless remains a good starting point. As
I have tried to emphasize in this section, in order to understand the roles
of models within science we will need to pay special attention to the goals
for which they are put to use. There is no independent sense of model eval-
uation to be had and Section 4 will be dedicated to discussing how best to
test models of evolution. Unfortunately, this Element will not settle the
question of what models are once-and-for-all. But instead of trying to find
a general account of models, we can simply turn to the perhaps less ambi-
tious, but scientifically more grounded approach of trying to understand
the philosophical particularities of different types of models within evolu-
tionary biology. This is the task to which we shall now turn.

3 Types of Models in Evolutionary Biology

At the beginning of this Element, I lamented the unexplored potential
for further engagement between the philosophy of models and the phi-
losophy of evolutionary biology. That there is this gap in the literature
is unfortunate, precisely because few scientific theories have employed
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such a diversity of representationalist devices as the theory of evolution
by natural selection. While mathematical models of evolution have admit-
tedly received plenty of attention by philosophers, there are many differ-
ent types of models employed by evolutionary biologists, and it is in their
unique functions that we can best understand the scientific toolkit of evo-
lutionary biology. Most of the literature on philosophy of models focusses
on formal models, mathematical, computational, and statistical, but this
focus may be misguided and reflect mistaken ideas about the inevitable
replacement of informal models (e.g. thought experiments) by informal
ones. As the Harvard biologist Jeremy Gunawardena notes:

Informal models pervade biology. They help to guide our thinking, and
experimentalists rely on them to design experiments. The model may
turn out to be nonsense, and an experiment may reveal that, but one
has to start somewhere. It is sometimes claimed that one starts with
data, from which a model is constructed. But why those data? And how
should those data be interpreted? The answers reveal informal models
that precede the acquisition of data. (Gunawardena, 2014, p. 3441)

Accordingly, this section will discuss different types of models accord-
ing to their level of formality. To emphasize how informal models often
lead to the creation of formal ones, we will begin with the mental mod-
els that precede all other models and move our way up to mathematical
models. This sequence is not only about what kind of models typically
come first in the investigation of a target phenomenon, but also the types
of assumptions they make. As Gunawardena notes, informal models can
also be distinguished from formal ones by how explicit their assumptions
are. He argues that informal models, unlike formal ones, ‘have two classes
of assumptions: those that are explicit in the model itself, or foreground
assumptions; and those that are only implicit but potentially significant,
or background assumptions’ (Gunawardena, 2014, p. 3441). As I shall
now argue, informal models have their distinct advantages and purposes
as compared to formal ones. We will begin with models that rely the most
heavily on implicit and background assumptions (i.e. mental models)
and work ourselves to models that rely on explicit assumptions only
(i.e. mathematical models).

3.1 Mental Models

Although evolutionary biologists often lament the misunderstandings
of evolution by members of the public (and even within sciences out-
side of evolutionary biology), it is clear that almost anyone familiar
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with evolution now has something like a mental model of the process of
evolution (d’Apollonia et al., 2004). This doesn’t mean that those mod-
els are sophisticated or accurate. The folk understanding of evolution may
involve many mistaken ideas and assumptions (see Abenes & Caballes,
2020; De Santis, 2021), such as evolution being goal directed and leading to
greater perfection, or the idea that natural selection is an agent selecting the
best and discarding the rest. But that doesn’t change the fact that evolution
is in some way represented in the minds of specialists and non-specialists
alike. It is therefore interesting to understand these mental models, since
they are ultimately involved in the building of diagrammatic, concrete, or
mathematical models of evolution.

Recalling the difference between foreground and background assump-
tions, it should be clear that mental models rely the most on background
assumptions; that is on the implicit knowledge and assumptions of the
‘modeller’. If you have ever had someone trying to explain a scientific con-
cept to you, you may have noticed gaps in their explanation coming from
implicit knowledge and assumptions on the part of the explainer. Indeed,
the main hallmark of a good teacher is the ability to make these implicit
assumptions explicit, in order to be understood by students. But this may
not be necessary for your own understanding and only becomes required
when you are trying to teach others and are trying to examine the assump-
tions of your own thinking in more detail.

When Darwin endeavoured to understand the origin of species, he did
not have a detailed and worked out idea of how long it would take for
species to evolve. Parallels with artificial selection gave him a comparison
class but his theorizing was largely vague on the question of timescales,
tying himself to current estimates in geology regarding the age of the Earth
as well as the durations of other time periods. This vagueness afforded
him the flexibility to model the gradual process of evolution by natural
selection in his mind, but suffered from an inability to make precise predic-
tions about how long it would take. Both due to his lack of mathematical
ability and fear of making his theory easily dismissible by including pre-
mature calculations about time, the Origin of Species has largely remained
free of precise predictions. Indeed, some of the few calculations and spec-
ulations Darwin did make about time prompted religious and scientific
opponents of his theory to offer damning attacks (Gunawardena, 2014,
p. 3442). Similarly, Darwin had little understanding of the mechanisms
behind inheritance, treating the similarity between offspring and parent
largely as a background assumption in his reasoning. This almost led
to the rejection of the theory, if it hadn’t been for the merger between
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Mendelian genetics and Darwinism that eventually filled this black box
in Darwin’s theory (Otsuka, 2019). Yet, by leaving these aspects of his
theory fairly vague, and including an element of chance, Darwin was able
to come up with many ideas and explanations for previously disparate
and strange biological phenomena that were later confirmed. Indeed, if
Darwin had left inheritance and time out of the informal models he pres-
ented in the Origin, he might have faced less criticism. However, if Darwin
had been forced to explicitly bring out all of his assumptions in the form
of even more precise and testable predictions, his theory could easily have
been rejected, without allowing for further refinements. Background and
implicit assumptions can thus play crucial roles for the creation of entirely
new research programmes. As Gunawardena argues:

Whether a particular fact is in the foreground or relegated to the back-
ground depends on the problem at hand and the questions being asked.
This allows us to tolerate much ambiguity. Does X mean chicken X or
fly X? Does it matter? When it does, background becomes foreground;
when it does not, foreground becomes background. The ever-present
inconsistencies in biological life can be managed by relegating some
findings to a background limbo until they can be reliably brought
into the foreground or rejected. Informal models are readily cor-
rected and updated and change organically with the changing context.
(Gunawardena, 2014, p. 3442)

The development of novel scientific theories, as exemplified by Darwin’s
work, hinges on mental modelling. Depending on what aspects of nature
one is trying to understand, some assumptions come into the foreground
whereas others move into the background. This is a fundamental feature of
how our minds cognitively represent things to model the world (Nehm et al.,
2009). It is easy to notice that even in one’s own theorizing some assump-
tions are delegated so far to the background that one isn’t even consciously
aware of them as soon as you are trying to explain your implicit model-based
reasoning to others. This is where communication with others is crucial for
refining mental models. In order to communicate mental models effectively
to others, whether verbally or in writing, many implicit assumptions need to
be made explicit and that allows one to recognize and describe them. As we
shall see now, this is what Darwin did when he tried to work out the general
process of evolution by natural selection in his writing.

3.2 Verbal and Linguistic Models

If there are mental models, then it should be easy to see that models can
also be verbal or written. This is not to suggest that words themselves
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are models in virtue of representing states in the world, but rather that
language can be used to create models. Indeed, as Dimech points out:
‘Darwin used models in the form of invented, idealized narratives to dis-
play how the process of natural selection works’ (2017, p. 20). The most
prominent case in The Origin of Species is perhaps Darwin’s usage of arti-
ficial selection as a model for natural selection. His mental model of the
similarities between the two types of selection enabled him to offer the
following linguistic model:

I have seen it gravely remarked, that it was most fortunate that the
strawberry began to vary just when gardeners began to attend closely
to this plant. No doubt the strawberry had always varied since it was
cultivated, but the slight varieties had been neglected. As soon, however,
as gardeners picked out individual plants with slightly larger, earlier,
or better fruit, and raised seedlings from them, and again picked out
the best seedlings and bred from them, then, there appeared (aided by
some crossing with distinct species) those many admirable varieties of
the strawberry which have been raised during the last thirty or forty
years. (Darwin, 1859, pp. 41-42)

Here, Darwin makes the case that varieties have always existed within
species, but that we typically didn’t notice the minor ones. It is only with
the advent of agriculture that even the most minor variations became
significant to us, triggering artificial selection and yielding marked
phenotypic changes within just a few years. With this mental model
constructed in the mind of his readers, Darwin moves on to use this model
as a surrogate by which to make us consider whether heritable variations
in nature could lead to similar accumulations of gradual change, giving
rise to natural as opposed to artificial selection:

No one supposes that all the individuals of the same species are cast
in the very same mould. These individual differences are highly impor-
tant for us, as they afford materials for natural selection to accumu-
late, in the same manner as man can accumulate in any given direction
individual differences in his domesticated productions. (Darwin, 1859,
p. 45)

This is more than just the provision of arguments in favour of his view.
Darwin deliberately builds an informal model with the ingredients of varia-
tion and selection within a population, using artificial selection as a surrogate
for natural selection to provide a proof of concept. Even today, numerous
evolutionary biology papers include stories of this kind to offer informal
models representing target phenomena of interest, before moving on to
offer experiments and formal models. As Gunawardena puts it: ‘Informal
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models do not necessarily lead to fast thinking, but they encourage intuitive
plausibility over logical deduction’ (Gunawardena, 2014, p. 3442).

Even philosophers of biology themselves sometimes admit to the use of
such models. Pierrick Bourrat for instance, in his recent Element on the
levels of selection, dedicates several pages to the elaboration of a ‘simple
verbal model to show that the conditions under which fitness [between
individuals and the groups constituted by them] could become indefinitely
decoupled cannot be met in most situations’ (Bourrat, 2021, p. 56). Yet,
because of the complexity of evolution, verbal models also allow a lot of
room ‘for error and oversight in verbal chains of logic’ (Servedio et al.,
2014, p. 2). While the assumptions are made more explicit in verbal models
than in mental models, the models nevertheless still rely on many unspoken
background assumptions. In this, they are similar to diagrammatic models,
which (while admittedly relying on a different medium) often do not make
their background assumptions explicit.

But before we turn to diagrammatic and pictorial models, let me empha-
size that the apparent weakness of verbal models can also be a strength.
Indeed, they ‘often derive their influence by functioning as lightning
rods for debate about exactly which biological factors and processes are
(or should be) under consideration and how they will interact over time’
(Servedio et al., 2014, p. 2). Thus, verbal and written models often func-
tion as a tool for social communication and refinement, that can lead
background assumptions of mental models to be made explicit and test-
able in more precise mathematical models.

Unfortunately, philosophers have paid scant attention to the roles of
such models. Some philosophers of models, such as (Weisberg, 2013),
only allow for verbal descriptions of models, not the existence of ver-
bal models themselves, but this artificial limitation on the typology of
models has been questioned (Dimech, 2017; O’Connor & Weatherall,
2016; Veit, 2023). As Darwin’s models nicely illustrate, verbal argument
is no mere placeholder for the description of some other model, whether
mathematical or otherwise. They constitute models in their own right
that may or may not also be turned into a different medium, such as a
mathematical model. As Dimech puts it, ‘what matters for determining
whether types of objects are models or not is whether scientists use such
objects as idealized intermediaries to study the world’ (Dimech, 2017,
p. 24). For a longer in-depth discussion of verbal models within Darwin’s
On the Origin of Species, see Dimech’s (2017) dedicated article on the
topic. Let us now turn to another informal type of models: diagrammatic
and pictorial models.
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3.3 Diagrammatic and Pictorial Models

Modern evolutionary biology abounds with diagrammatic and pictorial
models that fulfil their representational roles through two-dimensional
images. This is evident in contemporary doctoral studies in the field, which
lead many students to become experts at using modern software to create
such models; a stark contrast to earlier evolutionists who could only pro-
vide rough and ready drawings by hand unless they had significant artistic
talent. It has become increasingly common to offer diagrammatic mod-
els in leading journals such as Nature and Science, reflecting the unique
capacity of such models to represent a lot of information in a concise and
useful manner.

In Section 2, I mentioned that philosophers of science often use maps,
as a paradigmatic case for understanding how models can represent.
Evolutionary biologists interested in the distribution and evolution of
species naturally also have an interest in maps. In the fields of phylogeogra-
phy and biogeography, evolutionary biologists often use geographic maps
to explain the distribution and ancestry of species (Loughney et al., 2021).
This is perhaps most strikingly illustrated by the use of maps showing
the drift of continents, to explain species distributions such as the strik-
ing prevalence of marsupials in Australia and South America (Cotner &
Wassenberg, 2020, pp. 37-38).

However, when it comes to the dense forest of diagrammatic mod-
els within evolutionary biology, one tree stands out among rest. While
Darwin didn’t include any mathematical models in The Origin of Species,
he included a single diagram that visually represented the tree of life (see
Figure 1).

In Figure 1, the labels A to L on the horizontal axis represent different
populations, with time being represented on the vertical axis. This illus-
trates the branching species may undergo over time, aiming to explain
the diversity of species we find today. Some of the branches (representing
populations) go extinct due to variations in their traits (or chance events
such as a forest fire), whereas others are favoured by natural selection and
continue. For Darwin, it seems clear that this diagrammatic model was
useful to visualize and build a mental model for himself of the origin of
species diversity. Indeed, already in 1837 he had sketched his first version
of this tree (Darwin, 1837, p. 36).

Today, such figures are ubiquitous in evolutionary biology to help
visualize the relationships between species. We call them phylogenetic
trees. To use a thought experiment, we might imagine early evolutionists
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Figure 1 Darwin’s Phylogenetic Tree from On the Origin of Species
(Darwin, 1859, p. 116a(v)). Reproduced by the kind permission of the
Syndics of Cambridge University Library.

hypothesizing about the evolutionary relationships between hippopot-
amuses and elephants, creating phylogenetic trees depicting close relat-
edness based on their physiological similarities. However, subsequent
evidence from genetics, embryology, behaviour, and other areas could
quickly undermine such a model and lead to an updated phylogenetic tree,
as shown in Figure 2. We will use this example later in Section 4 to illus-
trate different methods of testing such models, but for now, it is important
to emphasize that such models are always partial, only offering a snapshot
of the tree of life.

While we could imagine a tree that specifies the histories of all species
from the present back through to the origin of life, such a tree would not
only be impossible to create (due to gaps in the data), but also useless in
the sense of being visually impenetrable except as depicting the tree of
life as a whole. Consider, for instance, the immense task of mapping out
the millions of contemporary species that would have to be presented at
the tips of such a tree. In any such model, there is a choice of how many
taxa to include, giving us a trade-off between a simple model depicting
only a limited number of taxa, or a more expansive one that is perhaps
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Figure 2 A very simplified evolutionary tree model depicting the

phylogenetic relationships between large aquatic mammals and their
closest relatives. The anthracotheres family of hippopotamus-like
ungulates went extinct, which is why their branch does not reach the
present. This diagrammatic model was kindly created by Erola Fenollosa
for this Element.

more accurate, but less useful to make a specific argumentative point,
which highlights how different goals for models can trade off against
each other.

Unfortunately, misconceptions about evolutionary trees are quite com-
mon, such as the belief that time represents progress or that some species
are more ‘evolved’ than others. This may in part be due to the way they
represent information (Gregory, 2008; Meir et al., 2007). Thus, we should
also be careful to also recognize the ways diagrammatic models may hinder
science. As Griesemer early on recognized:

Diagrams can also hinder theory-construction in virtue of their repre-
sentational power: they can become so entrenched in our way of theoriz-
ing that they outlive their theoretical usefulness. In serving to represent
causal theories which function heuristically in the background of a given
theory of interest, diagrams may provide strong ontological constraints
on the way the foreground theory is understood. (Griesemer, 1990, p. 81)

Some researchers have made just this point with the tree of life model, argu-

ing that it fits only poorly with microbiology for example, where speciation
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does not branch in the same way and gene exchange between lineages is
common (O’Malley & Koonin, 2011). This is why it is important to recognize
that phylogenetic tree models have a fit for purpose and are designed with
specific goals in mind, such as to depict the split between humans and our last
common ancestors with the other Great apes. Their usefulness will always be
relative to this purpose and should not be applied beyond this context.

Computational advances, however, can partially reduce these limits
and the trade-offs between alternative models of the tree of life. The first
attempt at this has been Open Tree of Life (Hinchliff et al., 2015), with
the most sophisticated version found in OneZoom (Rosindell & Harmon,
2012; Sack, 2018; Wong & Rosindell, 2022) allowing it to represent on
a single website over 2.2 million species via more than a hundred thou-
sand pictures that one can zoomed in and out from.' In this case, is this
still a single model or should we speak of a combination of thousands of
diagrammatic models?

With mathematical models in evolutionary biology, such as Maynard
Smith’s Hawk-Dove Game, one could easily be led to believe that it is
only a single model. Typically, however, even named models such as
The Hawk—Dove Model often refer to a broad cluster of models with dif-
ferent parameters and idealizations, rather than one particular model, to
show how a result or mechanism can be robust.

Admittedly, this is not what goes on in the OneZoom model of the tree
of life. This collection of individual models is not about testing the robust-
ness of a particular hypothesis, but rather about offering a comprehensive
and interactive model that can help illustrate the idea that all life has a
common origin.

Some computational models, such as those constructed in NetLogo
(a programming language for agent-based models), allow one to simulate
different evolutionary games, such as the prisoner’s dilemma (Wilensky,
2002) while changing parameters in a very easy to understand and accessi-
ble manner and accompanying visual models demonstrating changes in a
population. This could be similarly seen as offering an interactive model
to understand evolutionary dynamics. Playing around with models such
as OneZoom and these evolutionary game theoretic models, one cannot
help but feel a sense of deeper understanding and appreciation for evolu-
tion than with static models, whether in the form of a single diagram or

! OneZoom is being continuously updated with new features, such as guided tours. To play
around with this interactive visual model of the tree of life and enhance your mental model
of evolution, please visit: www.onezoom.org.
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mathematical model. These models effectively refine our mental models of
evolution, by offering visual models that represent more abstract relations
or processes, which is precisely why they are useful as teaching tools. Thus,
while we can immediately observe striking differences between the goals
behind pictorial and computational models and the means through which
they are achieved, such as their representational means, we can neverthe-
less discover important similarities between them, such as representing the
same target system.

This also highlights some of the questions we will try to address in
Section 4 of this Element: What is the relationship between models of
different types? And how can we test models of evolution? But before we
turn to these questions, there are still a few types of models that have yet
to be discussed.

3.4 Concrete Models

While mental, verbal, diagrammatic, and mathematical models are all
fairly abstract, this group of models are concrete. Following Weisberg, we
can define such concrete models as ‘real, physical objects that are intended
to stand in representational relationship to some real or imagined system,
set of systems, or generalized phenomenon’ (Weisberg, 2013, p. 24). Can
we build tangible models of evolution? Concrete models typically rely on
real-world equivalents of a target-system, such as a miniaturized version
of the San Francisco Bay, with real water. Surely, many will say that this is
not possible for evolutionary models. Creationist critics of evolution often
accuse that no one has seen evolution with their own eyes. Yet... Could we
imagine a special creator that plays around with the evolutionary process?
In their textbook on evolution, Bergstrom and Dugatkin ask students to
imagine an evolutionary biologist with special powers:

* Watch as tens of thousands of generations of evolution take place
before your eyes.

* Manipulate the physical environment to control nutrient availability,
temperature, spatial structure, and other features, and manipulate the
biotic environment, adding or removing competitors, predators, and
parasites.

* Create multiple parallel universes with the same starting conditions in
which to watch evolution unfold in replicate worlds.

* Move organisms around in a ‘time machine’ so that they can interact
with — and compete against — their ancestors or their descendants.

* Go back in time to rerun evolution from any point, under the same or
different environmental conditions.

» Easily measure both allele frequencies and fitnesses to accuracies of
0.1% or smaller. (Bergstrom & Dugatkin, 2012, pp. 78-79)
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This may seem like a dream outside of computer simulations, but this
is in fact what is frequently done in the field of experimental evolu-
tion. As they point out, no better example of this has been provided
than the Long-Term Evolution Experiment (LTEE) by Richard Lenski
and his collaborators, who have created such a model system with
Escherichia coli bacteria. As of their recent announcement on their ded-
icated LTEE website, they have now passed the incredible number of
80,000 generations.” The LTEE thus ‘encompasses more generations
than there have been in the entire history of our species, Homo sapiens’
(Bergstrom & Dugatkin, 2012, p. 79). While it would take many lifetimes
to observe evolutionary change in a species like ours, microbial popula-
tions in a lab may undergo evolutionary change in mere days, allowing
evolution to be observed, simulated, and intervened on right in front
of our eyes. E. coli, for instance, can reproduce around once every 20
minutes under ideal conditions. Populations can be frozen at any stage
during this process to allow a replaying of the evolutionary tape (Gould,
1990), such that we can observe whether evolution will lead to the same
or different outcomes from the same starting positions. The LTEE has
shown, for instance, that genetic drift plays a major role in shaping
populations, where future generations are strongly influenced by chance
and not just past beneficial adaptations (Plutynski, 2001). Such physical
simulations of evolution do not require the use of mathematical models,
but can operate directly on biological populations.

Nevertheless, we should be careful to uphold the distinction between
models, simulations, and experiments at least somewhat. Not every
experimental population undergoing evolution is necessarily a model;
otherwise, we might as well call all experiments models. This would render
the distinction between modeller and experimentalist obsolete. However,
sometimes experimental populations do indeed constitute models, when
they are intended to represent another target rather than examined for their
own sake. Biologists sometimes employ model organisms that are intended
as surrogate systems for other targets, such as the use of chimpanzees or
mice in human medical research (Ankeny & Leonelli, 2020). But these are
not evolutionary models. Evolution is not about individuals, but about
populations. Thus, we can analogously use the term model populations to
better describe experimental populations used to understand evolutionary
processes in another specific target or more generally evolutionary pro-
cesses as such wherever they may occur.

2 https://the-ltee.org/80000-generations-new-olympic-record/
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Thanks to several efforts by philosophers of biology, the importance
of such concrete models was recognized early on within the philosophy
of biology (Griesemer, 1990; Plutynski, 2001). But concrete models also
have a special role within the philosophy of models because of their unique
position as models operating in the same ontological realm as their target
systems. [For the non-philosophers reading this Element, ontology is the
metaphysical study of which category of the world things belong to. In
the case of a concrete model and its target system, it is the real world for
both.] Indeed, whereas all other models (especially mathematical) are often
viewed with a more critical stance by philosophers of science, concrete
models seem to get a pass. Frigg even calls all other models ‘ron-material
models’, which can include both formal and informal models (Frigg, 2022,
p- 248). This gives us another way of categorizing different types of mod-
els. But should such models be exempt from ontological criticisms?

Frigg goes so far as to state that ‘these models are commonplace mate-
rial objects and as such similarity is no problem for them’ from the per-
spective of ontology. Even if the similarity problem does exist for concrete
models ‘they do not give rise to ontological questions over and above the
questions that one can ask about every other material object’ (Frigg, 2022,
p- 248). Griesemer similarly states that material models ‘are robust to some
changes of theoretical perspective because they are literally embodiments
of phenomena’ (Griesemer, 1990, p. 80). This is because other models are
assumed to necessarily have higher degrees of abstraction and idealization,
due to their different mediums. Even biologists using model populations
express the idea that ‘only studies on natural populations can address the
issue of whether populations in the real world tend to show stable dynamic
behavior’ (Mueller & Joshi, 2000, p. 5). But model populations in evo-
lutionary biology are still highly idealized models when they are used to
model general evolutionary dynamics or dynamics within other species,
making this difference one of degree and not of kind.

For instance, Paul Rainey and his collaborators have spent a lot of
time studying the potential emergence of multicellular individuality in
the lab, using the bacterium Pseudomonas fluorescens (Hammerschmidt
et al., 2014). The goal of this work was not to argue that P. fluorescens was
at the origin of multicellularity individuality. This transition happened
several times in evolutionary history, but rather to investigate plausible
evolutionary scenarios and dynamics for how it might happen (Black
et al., 2020; Hammerschmidt et al., 2014; Rose et al., 2020). This approach
was explicitly interventionist, with the goal of biasing selection towards
mutations that may be conducive towards multicellular group formation,
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reproduction, and cohesion. This reflects the observation by Keller that
there are ‘models for’ intervention rather than just ‘models of” the target
(Keller, 2000).

It is hardly surprising, then, that the work of Rainey and his collabor-
ators has received a lot attention by philosophers (Neto et al., 2023; Veit,
2019b, 2022), including collaborative work that offers models for how this
transition from single cells to genuine higher-level individuals may have
happened (Bourrat et al., 2024). The goal of such research is not neces-
sarily to explain how things actually happened, but to offer a plausible
explanation for how something may possib/y have happened. Philosophers
of science have introduced the distinction between how-actually and
how-possibly explanations to emphasize that explanations can usefully
focus on plausible scenarios, without those necessarily having occurred in
the real world (Bokulich, 2014; Resnik, 1991). Indeed, due to the sparsity of
historical data, this is often what evolutionary biologists aim for instead. As
Plutynski points out, such model populations are not necessarily meant ‘to
prove the relative significance of one or another factor in the evolutionary
process, but to provide a plausibility argument’ (Plutynski, 2001, p. 233).
This will be of relevance in Section 4, when we discuss the ways in which
models of evolution can be tested.

In conclusion, model populations play incredibly important roles within
evolutionary biology. Indeed, they blur the supposed hard distinction
between models and experiments that is commonly made. The interaction
between these models and mathematical models is of central importance in
much of evolutionary biology, but has not yet been given sufficient atten-
tion by philosophers of biology, and I expect this literature to grow signif-
icantly in the future. For further reading, I recommend the book Stability
in Model Populations by Mueller & Joshi (2000), who offer a detailed anal-
ysis of laboratory studies on model populations (with a special focus on
flies such as Drosophila), as well as Plutynski’s (2001) analysis of Lenski’s
LTEE and similar model populations of Drosophila.

Let us now turn to the final type of models I discuss in this Element:
mathematical models.

3.5 Mathematical Models

We have moved our way from the most informal to the most formal types
of models. Philosophers of biology, as well as philosophers of models, have
spent most of their time thinking about mathematical models. This applies
even to this Elements series, with Otsuka’s (2019) Element on the role of
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mathematics in evolutionary biology and Odenbaugh’s (2019) Element on
ecological models, both of which focus on mathematical models and which
I recommend as further readings for this section. But it is precisely because
of a comparative neglect of non-mathematical models that I wanted to
first give the others some attention. While I haven’t dedicated the whole
Element to mathematical models, they nevertheless now play an irreplace-
able role within modern evolutionary biology. This is a significant change
from Darwin’s time. While Darwin provided verbal models of evolution by
natural selection, it is often said that it was only with the advancement of
mathematical models that the theory became precise, leading to the develop-
ment of a mature science of evolutionary biology (Bergstrom & Dugatkin,
2012; Otsuka, 2019). In the transition to mathematical models, assump-
tions implicit in verbal and mental models come to be specified, to allow for
collective usage. Indeed, as Gunawardena argues, in ‘marked contrast to
their informal counterparts, they cannot tolerate any form of ambiguity: all
assumptions are in the foreground, and there is no background. If it is not in
the equations, it is not in the model’ (Gunawardena, 2014, p. 3442).

Philosophers of science readily acknowledge that mathematical models
are now the primary tool in evolutionary theory. Lloyd, for instance, argues
that the ‘main reason that models should be considered in any description
of the structure of evolutionary theory is that models themselves are the
primary theoretical tools used by evolutionary biologists’ (Lloyd, 1994,
p. 9). It is simply not possible to create concrete models for the many pur-
poses for which mathematical models are designed and used. Biological
reality is many ways less flexible than mathematically constructed systems.
As Plutynski notes, ‘mathematical models can answer questions that lab-
oratory models cannot’ (Plutynski, 2001, p. 233). For instance, microbial
or insect populations may simply not be similar enough to bird popu-
lations to allow them to stand in a useful model-target relationship for
some questions. Here, a mathematical model may feature many more
of the relevant similarities, despite the target and model being different
kinds of objects altogether. In their textbook on evolution, Bergstrom and
Dugatkin praise college education in economics and physics for preparing
students to translate real-world questions into mathematics and figuring
out how to solve them, and take this as something to be emulated by evo-
lutionary biologists (Bergstrom & Dugatkin, 2012, p. xxii). We can thus
firmly assert that mathematical models play irreplaceable roles within evo-
lutionary biology and are therefore worth philosophical analysis.

To do their work, formal models typically rely on equations and math-
ematical symbols. This mathematical structure is generally meant to stand
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in a similarity relationship with a real-world target. Recall the Hawk—Dove
Model discussed in Section 2. Here we had the mathematical symbols
V' and C representing the fitness value of a resource in nature and the cost
of a resource conflict in a particular population. The payoff matrix shown
in Table 1 gave us the payoft values for different interactions in the game,
intended to represent real conflict situations as they may occur in nature,
but idealized so as to exclude other irrelevant factors. The expected payoff
of each strategy depends on the probability of encountering hawks or doves.

We can now break down this model mathematically. Let p be the
proportion of hawks in the population and 1 - p be the proportion of doves.

Expected Fitness for hawk: (U )

Conditional fitness of a hawk facing another hawk: % (probability p)

Conditional fitness of a hawk facing a dove: V (probability 1 - p)

Ug=p-(V-C)I2+(1-p)-V

Uyg=p +V-pV

Uy =V-pV+p

Expected Fitness for dove: (Uj)
Conditional fitness of a dove facing a hawk: 0 (probability p)
Conditional fitness of a dove facing another dove: % (probability 1 - p)

Up=p-0+(1-p)-Vi2
Up=(-pVi2

Both strategies should be equal in fitness in an equilibrium:

Up=Up
V-C vV
V—-pV+p > —(l—p)z
Solve for p:
y_py 2V V. _pV
2 2 2
V_,y_pV_pV_ pC
2 2 2
V. pC
2 2
v
r=c
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This shows that if the payoff V is higher than the cost C, hawks will
dominate, whereas the reverse situation will result in a mixed strategy.
If V=1 and C = 2, there will be an even split of hawks and doves. While
the Hawk Dove Game is highly idealized and only consists of simple
equations, it nevertheless provides a sense of explanation: a how-possibly
explanation (Resnik, 1991) that can in principle explain potential cases
of conflicts over resources (or, for that matter, the relative absence of
them), even if the actual explanation for real cases might differ. Indeed, as
Gunawardena points out, mathematical models are not typically used to
‘test” assumptions, but rather to aid us in precise and rigorous reasoning:

Formal models are extremely brittle, and the tiniest change in assump-
tions requires new conclusions to be derived, which may differ from the
previous conclusions. The value of a formal model does not rest on its
ability to deal with assumptions, in which it compares very poorly to an
informal model, but on its capacity for reasoning by logical deduction.
(Gunawardena, 2014, p. 3442)

This is one of the reasons why Maynard Smith (1982) dedicates a large
proportion of his book to discussing more complex versions of basic
games such as the Hawk—Dove Game. The initial model offers a so-called
proof-of-concept, a mathematical proof for an initially verbal argu-
ment about the dynamics of resource conflicts. This is far from trivial.
As Servedio et al. point out, when ‘hidden assumptions are altered or
removed, the predicted outcomes and resulting inferences of the formal
model may differ from, or even contradict, those of the verbal model’
(Servedio et al., 2014, p. 3). Many attempts to strengthen a verbal argu-
ment through a mathematical model will result in undermining the
original argument, either by highlighting mistaken assumptions or by
revealing a failure in the logic of the argument. But one of their most
useful roles is to make explicit the hidden assumptions that may differ
between scientists disagreeing on an issue. Such proof-of-concept models
are incredibly common in evolutionary biology and often do have little
connection to data, when long timescales are concerned (see discussion
in Servedio et al., 2014).

Nevertheless, by exploring a variety of more complex versions of the
same basic game, we can learn how different conditions may change basic
dynamics within evolutionary game theory, as well as which dynamics are
robust against different kinds of perturbations, thereby moving us beyond
a mere proof-of-concept. One of the most obvious changes that can be
made to such a model is the inclusion of genetic details or combination
with population genetics models (McGlothlin et al., 2022), though such
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models inevitably become more complex without the simple ‘/ike begets
like’ assumption that parents will give rise to identical offspring. As we
shall discuss in the next section, this kind of robustness analysis, which
changes aspects of a model to examine whether and how they change the
result, is fundamental to ‘tests’ of mathematical models of evolution. They
help us to reason through different biological scenarios without the need
to design new experiments altogether.

Let me now turn to statistical models and computer simulations. Earlier
in this Element, I identified them as instances of formal models, but we
may wonder whether they constitute different categories from mathemat-
ical models or should be considered as instances of them. I will first con-
sider the former option.

Statistical models are clearly mathematical in nature. Nevertheless,
they also function quite differently from the typical mathematical model
scientists might build to understand a system. As Sober notes, unlike sta-
tistical models, mathematical models are usually understood by scientists
to refer to ‘a simplified hypothesis; it purports to explain or predict a
set of observations without trying to represent all the factors that are
relevant’ (Sober, 2008, p. 80). Statistical models are instead largely used
to analyse large amounts of data and make inferences from them. This
can then allow us to find important relationships between variables, for
instance through a regression model. Frigg describes statistical models
as ‘a mathematical representation of the observed data’ from scientific
observations (Frigg, 2022, p. 473). This needs to be distinguished from
the more general modelling of the influence of chance in evolutionary
processes, where evolutionary biologists ubiquitously draw on many
statistical methods, such as Bayesian methods and maximum likelihood
methods (Romeijn, 2022). Indeed, it is worth emphasizing that evolu-
tionary biologists have innovated many statistical methods to deal with
their unique scientific problems, especially in population genetics models
(Bergstrom & Dugatkin, 2012).

While statistical models do typically have different goals from math-
ematical models, they often operate in tandem with them, such as when
data is used to test predictions of mathematical models of a target system.
However, they are still worth distinguishing in a philosophical analysis
of models. Statistical data models of the genetic code of different species
are, after all, often at the foundation for the construction of phylogenetic
trees, as discussed above, to represent such data visually. Indeed, they are
both data models, though in one case represented mathematically and in
the other visually.
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Just as with other models, statistical models still rely on idealizations,
such as the assumption that relationships between variables will be linear
or that there are no variables other than those. While statistical models
are typically closer to reality due to their use of real-world data, they can
in some cases be more idealized than mathematical models. Furthermore,
the line between these types of models can be further blurred when theo-
retical models are filled in with data in order to test them, as we shall dis-
cuss in Section 4. Moreover, mathematical models are not constructed
in a vacuum, but are often implicitly guided by the experience modellers
have gained from dealing with various biological data sets such as in
statistical models. Nevertheless, compared to some other fields of biol-
ogy that do not have to deal with the distant past, such as biomedical
research, evolutionary biology makes understandably less use of statis-
tical models due to a sparsity of data. But statistical methods themselves
could not be removed from evolutionary biology without collapsing the
entire field, emphasizing their importance and showing that there is no
way of drawing a sharp boundary between mathematical and statistical
models within the field. Statistical models are therefore best analysed
as a special subtype of mathematical models, rather than a separate
category.

Finally, we can look at computational models. Weisberg (2013) dis-
tinguishes between mathematical models and computational models.
Whereas mathematical models can be seen as consisting of equations that
can be solved analytically, computational models are meant to simulate
change across time through stepwise processes or computer algorithms.
However, O’Connor and Weatherall (2016) argue that the replicator
dynamics, which is a tool in evolutionary game theory for modelling the
change of frequency of strategies across time, can be described both as a
discrete trajectory or as a smooth trajectory than can easily be transformed
from one to the other, with modellers using them interchangeably
(pp. 620-621).° Is there a crucial difference here between the mathemat-
ical and computational version of the model? Consider the following
continuous-time equation from Weibull’s textbook in evolutionary game
theory (Weibull, 1995, p. 72):

dx; .
s [u(z,x)—u(x,x)]x,-

% Evolutionary game theory models have also been used to model cultural evolution, for
example, moral norms in human societies (Veit, 2019a), but within the confines of this
Element, I will restrict myself to biological evolution.
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Here, % stands for the rate of change of x; over time, which in turn
stands for the proportion of individuals within a population playing the
strategy i. The payoff of an individual playing i is represented by u(i, x)
whereas u(x, x) stands for the average population fitness. If the difference
is positive, i does better than the population average and will thus increase
in frequency. This in turn is impacted by how many individuals already
play the strategy, with the reverse happening when the difference is nega-
tive. This formulation can easily be turned into the following discrete-time

equation:
x,([+1) = x,»(l)+ Axi

Here, x;(¢) stands for the proportion of individuals playing i at time .
Ax; represents the change in frequencies of strategies across one discrete
step in time. As O’Connor and Weatherall (2016) argue, nothing in a
choice like this rests on a difference in actual representational content,
instead of ease of analysis, with the distinctions between mathematical
and computational models actually obscuring ‘the most important aspects
about how the models are used’ (p. 621).

This is a stronger argument than the more common one that compu-
tational models simply constitute a special case of mathematical models.
Consider, for instance, Giere’s reductive explanation of computer simula-
tions as just a special instance of mathematical modelling:

A computer simulation is just a fancy way of investigating the math-
ematical features of an abstract model characterized by a set of equa-
tions. The physical computer puts constraints on what sorts of functions
can be used in the characterization of the model and how fast they can
be solved. But this is no different in principle from the limitations of a
person solving differential equations by hand. The main limitation to
computer simulation is that literally everything has to be characterized
symbolically. If one wants to model an organism in an environment,
one has to model the environment as well. On the other hand, computer
simulations have the desirable feature that everything about the model
is explicitly represented. (Giere, 2001, p. 1060)

Agreeing with Giere, Frigg maintains that ‘computational models are also
mathematical models and the class of formal models in fact coincides with
the class of mathematical models’ (Frigg, 2022, p. 248). This is the view
I adopt within the context of this Element. While different applications of
formal models may require different approaches, that does not itself justify
the claim that there is some deeper categorical difference here. Weisberg
himself considers this option, admitting that ‘computational operations
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are at base mathematical operations’ and ‘are formally described in terms
of states and transitions’ that are explained within the context of ‘discrete
mathematics’ (Weisberg, 2013, p. 19). However, he maintains that we
should make an epistemological distinction, that is, in terms of how they
generate knowledge. Whereas the explanans in one case is an algorithm, in
the other it is the mathematical structure (Weisberg, 2013, p. 20). But as
O’Connor and Weatherall (2016) show, it is easy to turn one into the other,
thus making it questionable how much explanatory weight really hangs on
the way the model is specified. In the spirit of the model anarchism we
examined earlier, we should be careful not to confuse useful distinctions for
some purpose or other in a specific context where they may be useful,
with the establishment of genuine categorical differences that apply across
different contexts. In practice, mathematical models can often be solved
with parameters treated as symbols, whereas computational models need
to give these symbols numerical values. It thus seems best to also treat
computational models as a subcategory of mathematical models.

3.6 Summary

In this section, I distinguished between five types of models: mental models,
verbal and linguistic models, diagrammatic and pictorial models, concrete
models, and mathematical models. However, I have no doubt that some
will prefer a different typology of models. One could, for instance, follow
Weisberg’s distinction between mathematical, computational, and concrete
models (Weisberg, 2013), though I have offered some criticism of it here.
My goal was neither to offer an exhaustive typology nor to claim that there
are some ultimate distinctions to be made within the many things called
‘models’. For the purposes of this Element, I simply found the categories
presented here to be the most useful way of discussing the diversity of mod-
els within evolutionary biology. They serve both as a useful introduction to
the philosophy of models for biologists interested in methodology and an
illustration of the richness of models within evolutionary biology to philos-
ophers of science. While I haven’t discussed models in cultural evolution
here, it is worth mentioning that the difficulty of modelling cultural evo-
lution has given rise to fruitful collaborations between philosophers and
modellers. The typology offered here may prove useful for this context,
though I suspect that cultural evolution comes with its own challenges. For
an overview, consider the Element by Lewens (2024) on cultural selection.

I must also emphasize that this typology is not hierarchical. Different
goals and contexts may require different models with level of formality
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being one continuum along which different goals, benefits, and downsides
can be identified. Yet, even restricted to the context of evolutionary biology,
it appears that such answers would have to be context-specific to the goals of
the model. But some typologies are even more simplistic than this, giving a
universal ranking of different types of models. As Downes observes, the cat-
egorization in Futuyma’s (2006) evolutionary biology textbook into ‘verbal
models, physical models, graphical models, mathematical models, and
computer models’ is just one instance of the common idea that ‘alternate
models that can be improved upon by being presented mathematically’
(Downes, 2020, pp. 35-36). While I presented mathematical models last,
I hope to have made clear that they are by no means inherently superior to
other kinds of models. Their increased usage within evolutionary biology is
due to improvements in mathematical skill among evolutionary biologists,
not because mathematical models are the final endpoint of scientific model-
ling activity. Different models serve different goals and are complementary
to other kinds of goals. While it is true that a mature science will be full
of mathematical models to deal with a wealth of data and the complexity
of the world, this by no means implies that informal models have lost their
purpose(s). Indeed, as we shall see in the next section, different types of
models play crucial roles within the context of testing hypotheses.

4 Testing Models of Evolution

For people learning about evolutionary biology, it may come as a sur-
prise that the field is filled with models that make testable predictions.
The view of evolution as an untestable theory comes largely from the mis-
taken assertions by creationist critics, but also from the sheer timescale
of evolution, stretching all the way from the origin of life on the Earth,
estimated by some to be roughly 4.2 billion years ago (Moody et al., 2024).
Furthermore, unlike the largely deterministic nature of sciences such as
physics and chemistry, biology is filled with historical ‘accidents’ that have
led to the species that now exist around us. If we were to ‘replay’ the evolu-
tionary tape of life, starting over again from the same beginnings but with
slight changes to conditions along the way, things could look incredibly
different. Because of these long evolutionary timescales and the important
role of random historical chance, it might be easy to think that it is impos-
sible to test models of evolution. However, this would be a grave mistake.
Models of evolution are indeed testable; as we have already seen in the
case of the concrete model bacterial populations discussed in the previous
section, and as we will go on to discuss in this section.
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While philosophers of science, such as Karl Popper, once had dismissive
attitudes towards evolutionary biology, deeming it unfalsifiable (Popper,
1957), these attitudes quickly shifted when philosophers started paying
real attention to evolutionary theory, and biology at large. Even Popper
admitted to his mistake, praising Darwin’s achievement: ‘“The place of an
argument that really had no status whatever in science has been taken
by an immense number of the most impressive and well tested scientific
results’ (Popper, 1978, p. 341).* Coming from the influence of Popper and
others, the ability to make testable predictions is often seen as a necessary
component of a genuine science. Evolutionary biologists readily accept
this. In their textbook on evolution, Bergstrom and Dugatkin empha-
size that the ‘scientific process is all about postulating a series of testable
hypotheses, ruling out alternatives, and honing in on the hypotheses that
seem to best represent what is happening in nature (Mayr, 1982, 1983)’
(Bergstrom & Dugatkin, 2012, p. 14). They also list many sources of data
that can be used to test evolution, such as molecular genetic data, the fossil
record, anatomical morphological data, behavioural data, and data from
embryology (Bergstrom & Dugatkin, 2012, p. 5), illustrating the diversity
of evidential sources biologists may draw on.

Alternative models can be evaluated against each other by how well
they fit the available data coming from any of these sources of evidence.
In fact, this already gives us two ways for testing models of evolution that
are both widely recognized in the literature: (i) we can test the fit between
a model and evidence from one specific field and (ii) we can check how
well a model fits the available evidence from a variety of sources. It is
possible, for instance, for a model’s precise predictions to have a better
fit with new data from one area, while fitting worse with the empirical
data we have from other fields. Thus, it is important to consider the fit
of the model with all the available evidence, rather than just a specific
domain. As Odenbaugh emphasizes, a ‘model that fits a greater number
of data types is more confirmed than one that fits fewer ceteris paribus’
(Odenbaugh, 2019, p. 22). The question of data-fit is sometimes further
broken down into tests of the independent assumptions of a model ver-
sus their precise predictions, giving us three means to test models (Lloyd,
1994; Odenbaugh, 2019). But since there is no sharp boundary between
testing assumptions and predictions, and assumptions made by models
are routinely challenged by competing modellers in just the same way

* For a more in-depth discussion of Popper’s views on evolution, see (Elgin & Sober, 2017;
Sonleitner, 1986; Stamos, 1996).
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predictions would be, I will largely treat them here as a single type of test.
However, I will begin by offering a further justification for this group-
ing by highlighting what distinguishes modelling in evolutionary biology
from other fields.

4.1 Disciplinary Norms and Modelling Practices

Often, the philosophy of models literature is prone to overgeneralizations:
amodel is analysed in one field, giving rise to generalizations about models
as a whole (including in other scientific disciplines). But, as I argued earlier,
such extrapolation should be done with more caution. As Parker makes
clear, evaluation of models must always be sensitive to the purpose of the
models at hand (Parker, 2020). Scientific disciplines (and even sub-fields)
can differ greatly in their disciplinary norms and modelling practices,
especially regarding the proper goals of models.

This can be illustrated with an easy example. Fields like economics are
full of modellers who state that they are only interested in the predictive
accuracy of their models, not whether their assumptions are true. This
is not true of evolutionary biology, where assumptions are commonly
defended as being close enough to reality so as to not undermine the
model. As systems biologist Gunawardena emphasizes, formal models
‘are only as good as their assumptions; if you make the wrong assump-
tions, correct mathematics can still produce wrong science; it is more
important to understand the assumptions than to believe the conclusions’
(Gunawardena, 2014, p. 3444). For instance, Maynard Smith writes in his
1982 book on evolutionary game theory that the ‘basic assump-tion of
evolutionary game theory — that like begets like — corre-sponds to what
we actually know about heredity in most cases’ (Maynard Smith, 1982).
Detailed information about genetic inheritance can be idealized away to
assume that parents will simply transfer all of their traits to their offspring
(in the asexual populations typically represented in evolutionary game
theory models) because it is realistic enough even when applied to sexual
populations at long time horizons. This assumption, however, has not gone
without criticism and evolutionary biologists have recently proposed ways
to integrate evolutionary game theory models and quantitative genetic
models (McGlothlin et al., 2022), reflecting that biologist do care signifi-
cantly about the accuracy of their assumptions.

By contrast, compare economists such as Milton Friedman, who won
the Nobel Memorial Prize in Economic Sciences, and was described
by the Economist as the ‘most influential economist of the second half
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of the twentieth century (Keynes died in 1946), possibly of all of it’
(The Economist, 2006). His work turned many economists into militant
instrumentalists:

The difficulty in the social sciences of getting new evidence for this class
of phenomena and of judging its conformity with the implications of
the hypothesis makes it tempting to suppose that other, more readily
available, evidence is equally relevant to the validity of the hypothesis-to
suppose that hypotheses have not only ‘implications’ but also ‘assump-
tions’ and that the conformity of these ‘assumptions’ to ‘reality’ is a test
of the validity of the hypothesis different from or additional to the test by
implications. This widely held view is fundamentally wrong and produc-
tive of much mischief. (Friedman, 1953, p. 14)

This methodological approach could not be more different from the
approach described by Gunawardena: one emphasizes the correctness of
assumptions, the other the success of predictions.

Expectedly, Friedman has received a lot of criticism for his radical stance.
Rosenberg even argued that his naive instrumentalism ‘single-handedly
justified’ the need for a distinct academic field of philosophy of economics
(Rosenberg, 2009, p. 57). Gunawardena has similarly harsh words about
the modelling approach of economics:

It seems unlikely that biology will go the way of economics. In biology,
formal models rely on informal models to bridge the gap between reduc-
tionism and reality, between what we can logically infer about molecules
and what we can discover about life by observation and experiment. We
may need to be rigorous, but we had better be right. We need informal
models to keep our formal models on the straight and narrow. Our tails
need their dogs. Let us spare a thought in passing for our poor col-
leagues toiling in the ‘dismal science’ of economics, which seems, from a
safe academic distance, to be all tail and no dog. (Gunawardena, 2014,
p. 3444)

Informal models play a much larger role in biology than they do in eco-
nomics, but is that necessarily a flaw in economic science? Despite these
criticisms, and advances in empirical economic methods (such as behav-
ioural economics and econometrics), the norms in economic modelling
have remained influenced by Friedman’s approach that exclusively cares
about predictive power.

What to make of this? Must economists learn from evolutionary
biologists? Perhaps so, but we should at least allow for the possibil-
ity that distinct disciplinary norms may reflect genuine epistemic differ-
ences between models and modelling in different sciences. As Brown and

Downloaded from https://www.cambridge.org/core. IP address: 13.201.136.108, on 02 Oct 2025 at 09:18:15, subject to the Cambridge Core terms of
use, available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/9781009459983


https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781009459983
https://www.cambridge.org/core

Modelling Evolution 39

Thomson opened with in their article on the evaluation of models within
evolutionary biology: ‘Modeling is an exercise in explanation’ (Brown &
Thomson, 2018, p. 96). The predictions made by models within evolution-
ary biology typically serve primarily to arrive at better explanations and
improve our models, rather than to inform real-world action. This is why
this Element is restricted to models in evolutionary biology. While some of
the conclusions may extend to other subfields of biology and perhaps even
different sciences, I do not treat this as a given, nor do we have the space
here to engage with this question in more detail. Thus, whereas economists
make a strict distinction between the testing of assumptions and making
predictions, I do not see this difference reflected in the practice of evolu-
tionary biologists, where models are in the business of prediction as well
as explanation. The assumptions and predictions of models equally stand
against the tribunal of evidential support.

This is especially relevant when we consider the different types of mod-
els already discussed. In the previous section, we saw that models lend
themselves to the formation of new hypotheses. Admittedly, some of
the models we’ve discussed so far are not designed to make predictions.
Mental and linguistic models, for example, are often not precise enough to
be tested in a satisfactory manner, but they can inspire more formal mod-
els for that purpose. Some evolutionary game theory models are general
proof-of-principle models without any particular target in mind. Others
use these basic games and apply them to explain the phenotypes of actual
species, offering a pathway for tests. As Maynard Smith put it, ‘there is
a contrast between simple models, which are not testable but which may
be of heuristic value, and applications of those models to the real world,
when testability is an essential requirement’ (Maynard Smith, 1982, p. 9).
Again, even with the same type of models, we can see that their design will
differ drastically depending on the goals we have for them.

Phylogenetic tree models, by contrast, may be better understood as summa-
ries of existing data, which are to be updated if new evidence undermines our
current best hypotheses regarding the relationships of descent between differ-
ent species. For instance, it used to be common to think that hippopotamuses,
elephants, and rhinoceroses constituted a joint clade called Pachydermata
(meaning thick-skinned). We now know that they are not a monophy-
letic group, relegating the Pachydermata classification to a relic of the past
(Bergstrom & Dugatkin, 2012, p. 111). This came from genetic research that
revealed hippopotamuses to be the closest relative of cetaceans, such as whales
and dolphins (Gatesy et al., 1996; Nikaido et al., 1999). As Figure 2 illus-
trates, their last common ancestors with elephants lies much deeper in the
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animal branch of the tree of life. Similarly, it may be surprising to many that
manatees share a closer common ancestor with elephants than with cetaceans.

While some models, such as these phylogenetic trees, are effectively data
models, we can nevertheless treat them as explanatory and predictive in
nature, because their assumptions, as well as their representations of the
relations between taxa, remain continually subject to empirical revision.
Constructing a particular branching between different species is equiva-
lent to a hypothesis or at least assumption of a model that can be tested.
While the public may often think of phylogenetic trees as a largely settled
matter, Gregory points out that such models remain the subject of current
research:

[I]t is impossible to know with certainty that any given phylogeny is
historically accurate. As a result, any reconstructed phylogenetic tree
is a hypothesis about relationships and patterns of branching and thus
is subject to further testing and revision with the analysis of additional
data. Fully resolved and uncontroversial phylogenies are rare, and as
such, the generation, testing, and updating of phylogenetic hypoth-
eses remain an active and sometimes hotly debated area of research.
(Gregory, 2008, p. 123)

Due to gaps in the historical record, it is not uncommon for certain
branchings in phylogenetic trees to be conjectural and open to future
revisions. The assumptions of biological models are thus just as open to
tests as their predictions. While models may not be deliberately designed
to make predictions, they can nevertheless generate hypotheses or reflect
evidence-based estimates that make them testable.

But the role of models is by no means restricted to the generation of new
hypotheses. Indeed, the interplay of models with empirical work is quite a
bit more complex within evolutionary biology than the common contrasts
made by theoreticians and experimentalists may make it seem. As we shall
see shortly, it is a mistake to think that the former researchers are in the
business of generating hypotheses, whereas the latter are committed to
testing them. I will argue that models themselves can be used to test the
predictions of other models, while experimental work can lead to new pre-
dictions. For simplicity, however, let us begin by surveying how empirical
work can test models of evolution.

4.2 Empirical Tests of Evolution

The simplest way models are typically tested is to look at their predic-
tions, using empirical results to examine whether the predictions are cor-
rect. However, for the complex systems studied by evolutionary biologists
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it is often far from straightforward to derive predictions that can prove a
model to be ‘correct’ or ‘incorrect’. As mentioned above, models in evolu-
tionary biology are simultaneously examined for both their assumptions
and their predictions. One might thus conclude that the most straightfor-
ward way of empirically testing a range of alternative models in evolution-
ary biology is to assess how accurately they describe their target system.
Models will be silent on many aspects of the real world, but the relevant
features they include should map onto the features of the real-world target
they are employed to understand. This may also be described as model fit,
although we have to be careful to distinguish fit to a target system from
fit to data (Downes, 2020, p. 73). Target systems, such as SARS-CoV-2,
may provide us with data that our models can be fitted towards. This pro-
vides us with data fit, but not necessarily fit with the target system. After
all, data gathering may have been inconclusive, partial, or simply faulty.
Thus, comparing data with the predictions and assumptions of our models
is far from a neutral enterprise. The data itself has to be assessed in terms
of how relevant it is to our models.

Perhaps due to the sparsity of data that Darwin and his contemporar-
ies had available to them, evolutionary biology has become quite adept
at uncovering plenty of resources for generating data to validate their
models. However, there is one source of evidence that largely trumps
all others, viz genetics. It was long hypothesized that chimpanzees
(Pan troglodytes) were our closest living relatives, but research in compara-
tive genetics has suggested bonobos (Pan paniscus) as a possible contender
for this spot, thus updating their position in the tree of life to sit equally as
close to humans (Gibbons, 2012; Mitchell & Gonder, 2013; Priifer et al.,
2012). Molecular genetics effectively invalidated the assumption made in
many phylogenetic tree models that bonobos were more distantly related
to us than chimpanzees. The primatologist Frans de Waal aptly com-
mented that the ‘[t]he story that the bonobo can be safely ignored or mar-
ginalized from debates about human origins is now off the table’ (quoted
in Gibbons, 2012). The revolution in molecular genetics has been perhaps
the most significant change in evolutionary biology, allowing challenges to
many phylogenetic tree models that were built based on data from the fos-
sil record, behavioural and morphological similarities, and ecological data
on the regional habitats of species, among other forms of evidence. No
matter how strong the combined evidence from these sources may have
been, molecular genetics had the power to undermine even the most well-
supported evolutionary hypotheses and assumptions due to its reliability
of preserving evolutionary history in the genetic code.
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For instance, returning to the previous example, it was found that ceta-
ceans and hippos communicate underwater using similar clicking noises
(Barklow, 1995), as well as having many other behavioural and physiologi-
cal similarities (Gatesy et al., 1996). But despite this, the most significant line
of evidence was the genetic analyses showing the similarity of hippos and
cetaceans (such as their milk casein genes) that ultimately settled the case for
their close relatedness (Gatesy et al., 1996). But what gives genetics such a
privileged role?

In classifying different species, biologists had to routinely learn that the
visual similarity between different species, such as birds, is no guarantee of
their close relatedness. For instance, the Australian magpie (Gymnorhina
tibicen) was so named by Europeans due their close similarity in appear-
ance to Eurasian magpies (Pica pica), but has turned out not to be closely
related at all, not even belonging to the Corvid family. Because of con-
vergent evolution, different species that are only distantly related to each
other can exhibit striking parallels in physiology and behaviour. Genetic
sequencing studies do not suffer from this ambiguity found in other
sources of evidence, providing more objective evidentiary support. While
it is important to gather evidence from a variety of sources to test and
evaluate models, evidence from molecular genetics can nevertheless often
trump other sources of evidence. We can consider it as a kind of gold stan-
dard for testing evolutionary models, though this by no means implies that
other sources of evidence have become irrelevant.

This point is perhaps the most easily illustrated within the context of
palaeontology, which is the study of the fossil record and relies primarily
on non-genetic data. Unfortunately, although modern advances in
molecular biology have made it possible to gather of some genetic mate-
rial from fossilized remains (Abdelhady et al., 2024; Briggs et al., 2000;
Dobson, 2012; Oskam et al., 2010; Rohland et al., 2018), success is rare
and estimated to be restricted to a time horizon of 1.5 million years, due
to degradation of DNA strands over time (Kaplan, 2012). Thus, fossilized
bones have largely remained as the only remnants of many extinct species.

Consequently, many phylogenetic tree models describing species such as
dinosaurs have to rely on the fossil record as the primary line of evidence
to support their models. The discovery of feathered dinosaur fossils, for
instance, provided increasing support over the years for models that consid-
ered birds to have evolved from dinosaurs (Chatterjee, 2015; Chiappe, 2009;
G. Mayr, 2016; Rashid et al., 2014; Zhou, 2004). Indeed, because the fossil
record is incomplete, new findings often lead to revisions, or indeed to fur-
ther support for our best hypotheses about the relationships between species.
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The location of fossils is also used to gather information about the dis-
tribution and migration of species in the past, so it is unsurprising that the
study of the distributions of contemporary living species (biogeography)
can also be a source of evidence. Additionally, evidence for homologies
(similarities) between species can come from embryological and develop-
mental data, anatomical studies, and even behavioural observations and
tests (such as the clicking noises made by cetaceans and hippos), to sup-
port or undermine hypotheses in tree of life models.

While these data sources are useful for testing phylogenetic models,
what about the concrete models we discussed earlier, where evolution
itself is simulated in a population, in order to model some other target or
a general evolutionary dynamic? Often, these systems are used precisely
because no experiment could be run in the target population and thus no
data gathered. So how are these models validated? What modellers do in
such circumstances is to study the relevant similarities between their model
populations and target populations using various sources of data. When
they are similar enough for the purposes at hand, that gives us reason to
think that our model populations can help us to explain and predict evolu-
tionary patterns in the target population.

In some concrete models designed to examine more theoretical aspects
of evolution, such as microbial models of the evolution of multicellularity,
there is often no clear target. It is precisely because we do not know how
this transition happened, that we use model populations to examine the
possible scenarios for how things might have happened and to examine the
plausibility of alternative scenarios. Recall the earlier distinction between
models for and models of. The latter are assessed in terms of accurate rep-
resentations, but the same cannot be said for the former (Ratti, 2020).
Concrete models in such cases often function very similarly to highly ide-
alized mathematical models that do not have clear biological targets that
would allow for traditional empirical tests. Both of these types of models
need to rely instead on other methods of testing. Indeed, as we shall now
see, such concrete models are tested in a very similar way to mathematical
models: theoretically through possibility proofs and robustness analysis.

4.3 Theoretical Tests of Evolution

When one thinks of testing, it will typically be experiments, or at least
observational studies, that come to mind. But not all kinds of testing oper-
ate in this manner. As was shown in our discussion of concrete models of
the evolution of multicellularity, some models do not have a respective
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target system from which we could derive data to test the models. Some
models seem to not be testable through any of these empirical means.
This applies especially to mathematical models that are often so highly
abstracted and idealized that it becomes hard to see what would even con-
stitute a test.

Maynard Smith’s book on models of evolutionary game theory provides
a striking example. He makes little reference to actual data and yet the book
is considered a founding text for an important subfield of evolutionary biol-
ogy. Mathematical models and simulations of the evolution of cooperation,
for instance, involve so many idealizations in their game-theoretic models
that it would be hard to see how they can be tested empirically. Though we
know that cooperation has evolved in many lineages, this cannot serve as
confirmation for these models, since testing has to happen after a model is
created and not before. Indeed, doing the opposite is often considered close
to scientific fraud. Scientists who change their models after running experi-
ments, in order to make them better fit the data and/or because their hypoth-
esis was not supported by the results, are often criticized for engaging in
‘HARKIing: Hypothesizing after the results are known’ (N. L. Kerr, 1998).
Admittedly, there can be a blurry boundary here between refining models to
improve their accuracy and retroactively fitting them to the data for the pur-
poses of publication. One involves retrofitting models while pretending that
this was the original form of the model, just to gain a publication. The other
makes this refinement process explicit, to allow for transparency.

In our new age of artificial intelligence and machine learning, it will
become more and more common to feed vast amounts of empirical data
into machine learning algorithms to come up with new predictive and
explanatory models, which raises unique scientific and philosophical chal-
lenges (Greener et al., 2022). The use of Al and machine learning algo-
rithms to help evolutionary biologists to create better models is only in
its infancy (though see Callier, 2022; Feltes et al., 2018; Kuzenkov et al.,
2020; Liirig et al., 2021; Tarca et al., 2007), but I am confident that this
is an area where the philosophy of models will need to pay a lot of atten-
tion in the future. One of the most promising uses of this technology is
in training machine learning algorithms to distinguish the effects of drift
and selection in shaping changes of the genome of a species (Callier, 2022,
p- 2). Nevertheless, while it is worth mentioning these tools here due their
plausible future importance, it is currently not yet significant enough to
give them more space within the confines of this short Element.

What is significant, however, is that despite the lack of direct empirical
confirmation for most models of the evolution of cooperation, scientists
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continue to create new models and find this activity meaningful. This
might seem mysterious if not for the fact that models can receive theo-
retical support through other models, which is an idea I shall now turn
towards:

[TThe ability of theory to circumvent practical obstructions of experi-
mental tractability in order to tackle virtually any problem is a benefit
that should not be underestimated. Science is a quest for knowledge,
and if a problem is, at least currently, empirically intractable, it is very
unsatisfactory to collectively throw up our hands and accept ignorance.
Surely it is far better, in such cases, to use mathematical models to
explore how evolution might have proceeded, illuminating the condi-
tions under which certain evolutionary paths are possible. (Servedio
etal., 2014, p. 5)

Mathematical models can show us possibilities, as well as allow us to exam-
ine how stable/robust the dynamics or effects in our models are. Whether
we should really call such theoretical work testing is up for debate. As
I mentioned before, in the minds of many, testing implies empirical tests.
Ever since Quine’s attack on logical positivists in his article “Two Dogmas
of Empiricism’ (Quine, 1951), however, the seemingly sharp boundary
between analytic statements (true by definition) and synthetic statements
(true in virtue of correct descriptions of the world) statements, or theo-
retical and empirical work, has been contested. The results of theoretical
models, just like those from empirical work, can become parts of our net-
work of beliefs. If modellers create a broad range of models with altered
assumptions and parameters to show that a particular process or outcome,
such as the evolution of cooperation, is robust, then this can strengthen
our confidence just as experimental work would. Whether we ultimately
call this ‘testing’ or not, we have to acknowledge that models can be sup-
ported through theoretical work. This doesn’t deny that empirical tests
may still play unique and perhaps more important roles in the scientific
validation of models, only that we shouldn’t draw too sharp a boundary
here between the types of support. As Lloyd notes, a mathematical model
is often used ‘as a substitute for a real system on which experiments are
done’ (Lloyd, 1994, p. 9). In this discussion, I have mentioned the idea of
robustness analysis a couple of times without going into more detail, but
we shall turn to this now.

In an influential 1966 article, titled ‘The Strategy of Model Building
in Population Biology’, Richard Levins brought robustness analysis to
the attention of biologists and philosophers of models. He argued that
if models ‘despite their different assumptions, lead to similar results we
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have what we can call a robust theorem which is relatively free of the
details of the model’ (Levins, 1966, p. 423). This was initially puzzling to
philosophers of science, who struggled with the idea that models involv-
ing idealizations and literal recognized falsehoods could provide us with
true insights into reality. Levins described robustness analysis as pro-
viding us with truths at ‘the intersection of independent lies’ (Levins,
1966, p. 423). This sense of testing models no longer considers only single
models but moves us towards sets or collectives of models. While a lot of
highly idealized models may not by themselves be considered very useful
or epistemically insightful, it is when they come together and collectively
point at a stable mechanism or prediction that is immune to variations
in the assumptions of a model, that they can be considered to be rep-
resenting something real. But, as I alluded to before, this is no unique
feature of mathematical models. Experimental model systems of the evo-
lution of multicellularity are also engaged in changing the conditions
within the model to see if they influence the aggregation of individual
cells. While these results are typically not robust and often break down
fairly quickly, experimental modellers are nevertheless also engaged in
robustness analysis. Does this undermine the distinction between theo-
retical and empirical tests?

Not necessarily, but once again we should highlight that the similari-
ties between the two cases are more important here than the differences
between theory and empirical work in modelling. Both concrete and math-
ematical models are used to explore how-possibly scenarios as well as to
examine how robust a result is within one model once we vary the assump-
tions. Indeed, sometimes robustness analysis involves creating a concrete
version of a mathematical model, or vice versa; such as the mathematical
models created by Rainey and his collaborators to further explore hypoth-
eses arising from their experimental work (Black et al., 2020). However,
some may criticize the idea that this experimental work could constitute
robustness analysis since the models differ in kind. This may well be true if
we conceive of robustness analysis in a narrow way. As [ have argued in an
article titled ‘Model Pluralism’, the epistemic benefits of multiple models
go far beyond robustness analysis (Veit, 2020).

It’s not an extreme claim that some phenomena may have aspects that
are too complex to be understood or explained within a single model.
After all, science makes progress through a combination of the many
models we discussed in Section 3. Scientists don’t restrict themselves only
to the use of mathematical models when working to understand the ori-
gins of multicellular organisms. They also employ mental models, verbal
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models, diagrammatic models, and concrete models. We can distinguish
this moderate view on the usefulness of a plurality of models from a more
radical thesis that I dubbed strong model pluralism: ‘For almost any aspect x
of phenomenon y, scientists require multiple models to achieve scientific
goal 2’ (Veit, 2020, p. 96). It would be a naive and overly reductive picture
of the philosophy of science if we tried to restrict science to the creation
of individual model, each corresponding to a particular goal. After all,
as we have discussed, mental and verbal models precede the construction
of other kinds of models. Similar to how evolutionary biologists think of
populations rather than individuals as the centre of their attention, phi-
losophers of modelling need to engage in population thinking, that is, by
treating sets of related models as changing populations of models, with
particular names of models counterintuitively referring to sets of models
rather than just one particular model (Veit, 2020, p. 107).

The analogy to population thinking is, of course, a loose one since
such sets of models used for a particular purpose may have no ancestral
relationship and may have been independently created. However, I believe
that as this metaphor is familiar to evolutionary biologists, it will be help-
ful in avoiding too much emphasis on individual models. Variation of
populations — just like for models — should be the starting point of our
investigations. If we talk of the scientific importance of the Hawk—Dove
Game, for instance, we do not mean just a particular form of the game, but
hundreds of variations of the basic setup. A verbal model that comes to be
explicated in precise mathematical form without losing its core argument
may be considered at least as a soft confirmation of a theory. And verbal
and mental models may be used to check whether slight alterations will sig-
nificantly change the result of a (fairly simple) model without necessarily
requiring it to be modelled mathematically. Scientific articles in evolution-
ary biology frequently feature sets of models (e.g. concrete, verbal, dia-
grammatic, and mathematical, see Kerr et al., 2002) of very different types
to argue for a particular explanation and we should therefore be careful
not to reduce all progress in evolutionary biology only to specific mathe-
matical and concrete models that have undergone tests.

Philosophers of models have only scratched the surface of the ways in
which different kinds of models interact with each other to solve episte-
mological problems, but we can at least attest that we should not priori-
tize formal models in a sort of hierarchy over more informal models, even
when it comes to their testability. As Gunawardena notes, if the assump-
tions in a formal model ‘are at odds with your informal model, then life
gets interesting, and you have to decide which to change; formal and

Downloaded from https://www.cambridge.org/core. IP address: 13.201.136.108, on 02 Oct 2025 at 09:18:15, subject to the Cambridge Core terms of
use, available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/9781009459983


https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781009459983
https://www.cambridge.org/core

48 Philosophy of Biology

informal models ought to work together, each influencing the other in a
virtuous cycle; but this may be harder than it looks, if evolutionary biol-
ogy is any guide’ (Gunawardena, 2014, p. 3442). With this in mind let me
now summarize this section.

4.4 Summary

This section highlighted many of the ways in which models in evolution-
ary biology can be tested and yet we have only scratched the surface.
Creating testable models is uniquely challenging within evolutionary
biology, due to the slow and hidden nature of the processes of interest.
As Maynard Smith once put it, ‘Evolution is a historical process; it is
a unique sequence of events. This raises special difficulties in formulat-
ing and testing scientific theories, but I do not think the difficulties are
insuperable’ (Maynard Smith, 1982, p. 8). As we have seen in this sec-
tion, evolutionary biologists have come up with many ingenious ways
to provide data to test their models. Models are not just products of
science, and they also play fundamental roles in scientific practice. As
Plutynski argues, ‘the diverse types and functions of models and model-
ling in biology are not easily categorized as either product or process’
(Plutynski, 2001, p. 225). However, is the purpose of models in evolu-
tionary biology simply to generate new hypotheses that are then tested
through empirical work?

As I have shown here, this is a far too reductive take, with many mod-
els being supported through theoretical means such as robustness anal-
ysis, as well as through their relationships to whole sets of models more
generally. Indeed, while the importance of testing is often emphasized by
modellers themselves, they often have very liberal views on what testing
consists in. This deflates the notion almost to the extent that we are merely
capturing all the methods for evaluating whether a model is good or bad
(or at least better than its alternatives). If we restrict the term ‘testing’ to
specific empirical tests of particular hypotheses, we may well want to dis-
tinguish it from various forms of data fitting, robustness analysis, and the
more general fit of a model with other models. Depending on the particu-
lar purpose(s) of a model, we will be interested in different forms of evalu-
ation. Are we interested in explaining the evolution of a particular trait in
the real world? Or might we be interested in modelling a fictional trait that
has never been observed in the biological world? How general is our model
meant to be? All of these questions will change how the model is being
evaluated, without there being a general methodological answer for how
to proceed. A general model, of cooperation and the evolution of altruism,
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for instance, can draw on significantly more data than a model restricted
to altruism in honeybees. The particular goals of the modeller, as well
as context of the problem at hand will determine how models should be
tested, and this will almost always lead to the creation of further models.

5 Conclusion and Further Discussion

This Element concerned three broad themes. Firstly, what it means
to be a ‘model’ and what it means to engage in ‘modelling’? Secondly,
what types of models are there in evolutionary biology? Thirdly, I exam-
ined the question of how models of evolution can be tested? While this
Element hopes to have made progress on all of these questions, many
puzzles remain. I hope that philosophers of models, philosophers of
biology, and evolutionary biologists get away from this Element with
an appreciation for the richness and difficulties in the philosophy of
modelling evolution, and perhaps the motivation to contribute to this
literature themselves. Some readers may have hoped that philosophers
have settled all these questions conclusively and that this Element would
simply serve as a summary of the conclusions philosophers of model-
ling have arrived at. But philosophy unfortunately rarely leads to such
simple progress. Often, we investigate a problem only to learn that it is
even more complex than we might have anticipated. Frequently, I was
only able to scratch the surface of further questions that arise from a
philosophical examination of these questions, but I hope that this only
emphasizes how rich this literature is and how much work has to be
done. Nevertheless, I hope that I have succeeded in showing that prog-
ress in our understanding of ‘models’ and ‘modelling’ in evolutionary
biology can be made.

One central idea in understanding models was the notion of represen-
tations. There is a broad consensus that it is useful to understand models
as representations of a particular target system for a certain purpose. For
instance, as is common in evolutionary biology, we might be interested in
investigating a kind of placeholder system, such as microbial population
models of evolutionary dynamics, or to summarize data as in phylogenetic
tree models for the purposes of education. Crucially, it is the goal of the
modeller here that matters for considerations of whether a model succeeds
or not — there is no independent model evaluation from that. However,
once we examine the purposes of models in more detail the representation-
alist view of models appears on shaky ground. Firstly, it is too broad to
capture a unique scientific category. Secondly, the view is too narrow and
misses out on a plurality of other ways in which models are used in science
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that have little to do with their representational roles, such as models for
interventions. We also considered the radical thesis of model anarchism,
that what we call ‘models’ and ‘modelling’ is simply too broad, capturing
too many different things, as that a unifying philosophical account could
be given. But even with the possibility that these terms may just reflect
sociological facts about how scientists decide to call particular scientific
tools conditional on their discipline and field, it is nevertheless a useful
framework to think of many models used by evolutionary biologists as
representations for specific targets. Where the goals of models deviate from
this we will need to examine the cases more carefully, but it remains a use-
ful approximation.

From phylogenetic trees, model populations, and thought experi-
ments, to game-theoretic models, there is an incredible wealth of rep-
resentationalist devices that have been developed to not only advance
the scientific understanding of evolution, but also to convince the public
of the truth of Darwin’s theory of evolution by natural selection. That
there is a plurality of ways in which evolution can be modelled has
admittedly been recognized as early as 1983, when Maynard Smith made
‘a plea for pluralism in the ways in which we model evolution’ in an
article fittingly titled Models of Evolution (Maynard Smith, 1983,
p- 315). By this he largely meant the assumptions, idealizations, and
omissions that go into mathematical models of evolution. But as I hope
to have shown in this Element, there are many different types of models
evolutionary biologists can employ to advance our understanding of
evolution. Mental models stand at the beginning of much scientific
theorizing as the most informal kind of model. Just like verbal and
linguistic models, their background assumptions are often implicit, but
may come to the forefront in discussions with others or in trying to spell
them out in writing. Evolutionary biology is full of diagrammatic and
pictorial models representing ancestral relationships and species that are
long extinct, which are not only used in education, but as crucial tools
of scientific reasoning in scientific publications, which have come a long
way from simple drawings by hand. We also discussed concrete models
which can help us to study evolution directly in the lab. Finally, we dis-
cussed mathematical, computational, and statistical models, as the most
formal types of models there are, with a kind of precision other types
of models lack. This typology was not hierarchical but simply meant to
order models from the least formal to the most formal. They have their
unique benefits and drawbacks, which need to be carefully considered
depending on the goals of the modeller.
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Next, we discussed the many forms models can be ‘tested’ in practice,
which requires a careful examination of the particular purpose(s) of the
model. Tests are often empirical in nature, drawing on many different areas
such as the fossil record and physiological studies, but I also emphasized
the important role of theoretical tests to examine how-possibly scenarios
within evolutionary biology and robustness tests of models to examine
how stable these results are even with changing assumptions. Yet, some
models such as model populations for the study of multicellularity blur
the boundary between theory and practice also relying on robustness tests
for their how-possibly explanations. We also learned that models typically
work in tandem with other models more generally and that much work
remains to be done for philosophers of modelling to uncover how differ-
ent types of models interact with each other. A diversity of different forms
of evidence will often be what we are after, but evolutionary biology also
gives special priority to genetic evidence from molecular biology due to its
reliability and historical record-keeping.

At the beginning of this Element, I set out my goal to write an interest-
ing synthesis of the philosophy of models and evolutionary biology that
would appeal to philosophers of modelling, philosophers of biology, and
evolutionary biologists. But writing an introduction for distinct audiences
brings unique challenges. For philosophers of science and modelling my
discussion will perhaps seem pitched at too low a level, whereas evolu-
tionary biologists may consider some of the material too philosophical.
I hope to have found a good mid-way point between these audiences that
emphasizes (i) how philosophers of modelling can learn much from the
unique modelling strategies in evolutionary biology and (ii) how evolu-
tionary biologists can use the insights from the philosophy of models to
inform their own modelling practice and theorizing. Evolutionary biology
is full of rich case studies that deserve much more detailed treatment by
philosophers than I was able to offer here and that should entertain them
for the decades to come. Conversely, evolutionary biologists will benefit
from studying the philosophy of models literature on specific modelling
goals depending on what they are currently aiming to achieve. For phi-
losophers of biology this Element should have made clear that we need to
pay more attention to the models employed by evolutionary biologists to
make progress in the field I also hope that this Element will enable future
collaborations between philosophers and evolutionary biologists to make
progress on many of the unsettled questions I have raised here. But all
of these more ambitious hopes aside, I simply hope that my readers have
enjoyed this Element on modelling evolution.
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