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Chapter 1
Explanation in Biology: An Introduction

Pierre-Alain Braillard and Christophe Malaterre

Abstract Explanation in biology has long been characterized as being different
from explanation in other scientific disciplines, in particular from explanation in
physics. One of the reasons was the existence in biology of explanation types that
were unheard of in the physical sciences: teleological and functional explanations,
historical and evolutionary explanations. More recently, owing in part to the rise
of molecular biology, biological explanations have been depicted as mechanisms.
This profusion of explanatory patterns is typical of biology. The aim of the present
volume Explanation in Biology. An Enquiry into the Diversity of Explanatory
Patterns in the Life Sciences is to shed some new light on the diversity of explanation
models in biology. In this introductory chapter, we recall the general philosophical
context of scientific explanation as it has unfolded in the past seven decades, and
highlight the specific issues that models of explanation have faced in biology. We
then show how the different essays gathered in this collective volume tackle aspects
of this important debate.

Keywords Scientific explanation ¢ Biological explanation * Nomological expla-
nation ¢ Causal explanation ¢ Mathematic explanation * Mechanistic explana-
tion * Explanatory pluralism

1 Introduction

Among the different achievements of science — such as prediction, control or
simply description — explanation is generally understood as occupying a very
central and special location on the epistemic chessboard. Yet, explanation has also
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raised numerous questions and controversies among scientists and philosophers,
especially since the development of the deductive-nomological model (Hempel
and Oppenheim 1948; Hempel 1965). Though not everybody agrees, it is largely
assumed that it is part of the task of science to explain natural phenomena, and
that its methods enable it to do so incomparably better than common sense. But
then what is a scientific explanation? What distinguishes an explanation from
something that is not an explanation? And what distinguishes an explanation that
is scientific from one that is not? Understanding what scientific explanations consist
of has been one of the most central issues in the philosophy of science as it
has developed throughout the twentieth century, and more recently as analyzed
in the realm of biology. Part of the agenda has been to identify necessary and
sufficient criteria that would enable distinguishing genuine scientific explanations
from pseudo-explanations. Hence the issue is not only a matter of descriptive
adequacy (accounting for the practice of science), but also has normative ambitions.
Another strongly debated topic is whether there exists a single model of scientific
explanation or several different ones, possibly depending on specific explanatory
practices across disciplines. If what is accepted as an explanation varies across
disciplines, if what is sought after in elaborating an explanation also varies, as well
as the reasons why one pursues such an explanatory quest, then wouldn’t all of this
be good reasons to be skeptical about the existence of a single model of explanation?
This debated issue has proven to be of much relevance in biology, both in light of
the specificities of this multifaceted discipline compared to physics — the latter being
often taken as a discipline of reference in philosophy of science — and in light of the
heterogeneity of explanatory practices within biology itself. In this seventh decade
since Hempel and Oppenheim’s “Studies in the Logic of Explanation”, the present
volume Explanation in Biology. An Enquiry into the Diversity of Explanatory
Fatterns in the Life Sciences proposes a collection of essays that discuss some of
the most recent philosophical perspectives of scientific explanation in light of the
specificities of modern biology, including such a broad range of sub-disciplines as
molecular biology, systems biology, evolutionary biology or developmental biology.
In this introductory chapter, our objective is to set the context within which these
latest developments on philosophical models of explanation have taken place. The
chapter is organized as follows. We first provide a brief overview of the major
models of scientific explanation that have been developed in the past six decades,
and their “universalist” aspirations (Sect. 2). We then review the key issues that
these models generally face in biology (Sect. 3). These issues are often taken as
good reasons for developing philosophical models of explanation that are more
narrowly tailored to the claimed specificity of biology and of its sub-disciplines;
incidentally, they are also taken as good reasons against any universalist model of
explanation. They therefore shape the debate — which is notably salient in biology —
between “universalists” who argue in favor of a unified account of explanation, and
“pluralists” who argue in favor of a profusion of explanatory patterns. We then show
(Sect. 4) how the different contributions of the volume address facets of this impor-
tant debate, be it by documenting a profusion of explanatory patterns, analyzing
the specific heuristics at work in biology, or critically assessing mechanistic-type
explanations and exploring alternative approaches.
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2 Six Decades of Scientific Explanation

Elaborating a model of scientific explanation is a long-lasting aim of philosophy
of science. However, accounting for what a scientific explanation really is has
turned out to be much more difficult than one might have initially expected. As
reviewed by Salmon in his Four Decades of Scientific Explanation (Salmon 1989),
the literature on the topic is vast, triggered in one way or another by Hempel and
Oppenheim’s (1948) essay. Two decades later, scientific explanation is still a matter
of much debate. Since Hempel’s DN model, the general question of characterizing
scientific explanation has branched out to address three types of problems that
have structured the debate in the past six decades, and still structure it today: (1)
Are there unique characteristics to scientific explanations? Can we define a set of
necessary and sufficient conditions for scientific explanations? (2) Is causation a
primitive notion for scientific explanation? (or should causation be construed on
the basis of explanation?) And if yes, which account of causation is suitable? (3)
Which role does context play in explanation, if any? The debate also concerns the
ways models can or cannot address canonical counter-examples that range from
flagpole shadows (as an illustration of explanatory asymmetry) to hexed table salt
(explanatory relevance), syphilitic mayors (low probability explanations) and storms
and barometers (correlations). The current debate about explanation in biology has
inherited from all of these questions. Our aim here is to map the general context
within which this debate arose, and to survey some of the most salient models of
scientific explanation.

Typically addressing problems of type (1) above, the model of scientific expla-
nation that has been the most discussed and that has influenced nearly almost all
subsequent work is the deductive-nomological (DN) model, mainly developed by
Carl Hempel (Hempel and Oppenheim 1948; Hempel 1965). As is well known, the
DN model construes explanation as consisting of a deductive argument, the premises
of which must contain at least one law-like generalization. According to this
model, scientific explanation involves two epistemic elements: an explanandum —
the phenomenon to be explained — that appears as the conclusion of the argument,
and an explanans that consists of the set of premises that do the explaining. Several
criteria constrain the explanandum and the explanans. In particular, the explanans
must deductively entail the explanandum, and the deduction must make essential
use of general laws; the explanans must also have empirical content. The decision to
define explanation as a logical argument involving laws (or law-like generalizations)
originated in part from empiricist worries about other concepts such as causation,
found to be metaphysically too loaded. But of course, the whole approach depends
on the ability to properly define what a law is, and this has proven to be far from
straightforward (e.g., Ayer 1956; Dretske 1977; Cartwright 1980). We will see how
this question is especially problematic in biology. Because many cases involving
statistical generalizations are not covered by the DN model (and most special
sciences are not based on deterministic laws), Hempel added an account of what
he called inductive-statistical (IS) explanations (Hempel 1965). Similarly to a DN
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explanation, an IS explanation takes the form of an argument. Yet contrary to a DN
explanation where the argument is deductive, the argument of an IS explanation is
inductive. Explanation of the IS type thereby works by showing that the explanans
confers a high probability onto the explanandum. This, however, has somehow
proved to be a weakness of the model, as there happen to be many cases where
explanation is deemed satisfactory despite involving statistical generalizations that
only confer a low probability to the explanandum (e.g., Salmon 1965). The DN
and the IS models share one essential feature: the general idea that explaining is
showing that the occurrence of a phenomenon is to be expected on the basis of
lawful generalizations.

As is well-known, the DN and IS models of scientific explanation have faced
many counterexamples, which have suggested that they do not properly capture
what a scientific explanation really is (see Salmon 1989 for a review). Two of the
more salient problems are the problem of explanatory asymmetry and the problem
of explanatory relevance. The first problem refers to cases where it is possible to
switch the explanandum and a premise of the explanans while still fulfilling the
formal criteria of the DN model, thereby leading a counter-intuitive explanatory
argument. This is illustrated, among others, by the famous example of the flagpole
and its shadow: the height of the flagpole and the laws of optics and trigonometry
explain the length of its shadow, but one would not say that the length of the shadow
and the laws of optics and trigonometry explain the height of the flagpole, despite
the fact that this argument also fulfills the DN criteria (e.g., Bromberger 1966;
van Fraassen 1980). This suggests that the DN model lacks criteria to capture the
directionality we see in many explanations. The second problem refers to arguments
that are valid according to the DN criteria despite the fact that the explanans includes
factors that are totally non-relevant to the explanandum, thereby leading to counter-
intuitive explanations. For instance, the dissolving of a sample of table salt would
be explained by the fact that it has been hexed and that all samples of hexed salt
dissolve in water (Kyburg 1965). What these examples seem to suggest is that the
DN model is at best incomplete. As we will see below, for several philosophers, the
problems faced by the DN and IS models come from a very foundational issue: the
fact that these models do not make causation a central feature of explanation (e.g.,
Scriven 1962; Salmon 1978). Much of subsequent work on explanation can be seen
as addressing these type (2) questions.

A first answer to this problem has been the statistical-relevance (SR) model,
chiefly developed by Wesley Salmon (1971). The idea behind the SR model
of explanation is to include a condition that captures the causal relevance of a
factor, causation being understood in probabilistic terms. According to the model,
explanation is a matter of identifying the set of factors that are statistically-relevant
to the explanandum. Generally stated, the criterion of statistical relevance offered
by Salmon is the following: given some class or population characterized by A,
an attribute C will be statistically relevant to another attribute B if and only if
the probability of B conditional on A and C is different from the probability of B
conditional on A alone. This is meant to capture the fact that C makes a difference
with regards to elements of the population characterized by A having the property
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B. In other words, C causally explains why elements characterized by A have B.
The obvious advantage of this model of explanation is to solve the problem of
explanatory relevance that affects the DN model. To cite another famous example,
taking birth control pills is non-relevant when it comes to explaining a man’s failure
to get pregnant, because it is statistically non-relevant to a person becoming pregnant
if this person is a man (but it is statistically relevant if this person is a woman).
Similarly, the SR model solves the problem of explanatory asymmetry that affects
the DN model (see Salmon 1971 for details). Another advantage of the SR model is
that, unlike the IS model, it can account for explanations of low probability events.

The SR model however also faces a number of problems. One of the con-
sequences of the SR model that Salmon endorses but that many take to be
counter-intuitive is the fact that, in some cases, a set of statistically relevant factors
can be used to explain both an event and its opposite (take the simple example
of why someone catches a cold or why he/she does not, given that there is a
certain probability of catching a cold in given circumstances). More fundamentally,
there is the question whether causal relationships can indeed be captured by
statistical relevance relationships (Cartwright 1979; Salmon 1984; Spirtes et al.
1983). Indeed, it appears that causal relationships are greatly underdetermined by
statistical relevance relationships. This can happen, for instance, when the causal
relata are characterized as too coarsely grained. And it has also been shown that
the same statistical relevance relationships can account for different sets of causal
relationships. These deficiencies have led Salmon to develop another type of causal
model of explanation: the causal-mechanical model.

The central idea of the causal-mechanical (CM) model of explanation is to
construe explanation in terms of causation, and causation in terms of interactions
of causal processes (Salmon 1978, 1984). Within this framework, explaining
an event is showing how it fits into a causal nexus, this causal nexus being
constituted by causal processes that interact at certain points. According to Salmon,
causal processes are physical processes that are capable of propagating marks or
modifications imposed upon them (see Reichenbach’s mark criterion in his 1958).
This characteristic makes it possible to distinguish them from pseudo-processes,
such as moving shadows, that cannot transmit a mark and are hence explanatorily
irrelevant. A car traveling along a road with a scraped fender is a paradigmatic
example of a causal process. Causal interactions are then construed as spatio-
temporal intersections of causal processes that produce modifications in the very
causal processes that intersect. And a car accident is just such a causal interaction.
According to the CM model, explaining an event consists of tracing the causal
processes and interactions leading to that event.

The CM model certainly has several merits, including the fact of fitting quite
nicely with intuitive ideas about what explains an event. It also proposes a satisfying
criterion for distinguishing causal processes from pseudo-processes. However, it
has been markedly criticized for not providing a precise enough characterization
of the very causal processes and interactions that do the explaining, as opposed
to those that carry little or no explanatory force (the bug hitting the car fender a
few seconds before the accident certainly constitutes a causal interaction, but one
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that has no explanatory import with regards to the accident itself). In short, the
fact that a causal process can transmit a mark says nothing about its explanatory
relevance. This general problem of sorting out the explanatorily relevant processes
and interactions from the irrelevant ones has been identified as one of the major
flaws of the CM model (e.g., Hitchcock 1995).

In more recent work, and in order to counter some of the problems identified
above, Salmon developed a modified version of the CM model in which he replaced
the mark-transmission characterization of causal processes by a conserved-quantity
characterization (e.g., Salmon 1994; see also Dowe 2000). In this modified version,
a causal process is a physical process that propagates a non-zero amount of a
physical conserved quantity (such as momentum, charge, energy etc.). And a causal
interaction is a spatio-temporal intersection of physical processes during which there
is an exchange of a conserved quantity. This modified version of the CM model,
however, has been shown to face the same problem of explanatory relevance as the
previous one (Hitchcock 1995).

Another worry that is especially salient for explanation in biology is that the CM
model locates explanation at the level of the physical causal nexus. A consequence
is that explaining higher-level phenomena with higher-level processes, for instance
biological, is not an option since these processes do not correspond to spatio-
temporally continuous causal processes in Salmon’s sense (e.g., Woodward 1989).
This is, of course, particularly important for biology, because what seem to be
explanatorily relevant factors in many cases do not fulfill the CM model.

On the other hand, this is no argument against any general theory of causal
explanation. Though it might be the case that the theory of causation that Salmon’s
CM model builds upon is not adequate, this is not to say that no theory of causation
can serve as a basis for developing other causal models of explanation. Indeed, the
topic of causation has seen several key developments lately, including Woodward’s
influential interventionist account (2003), upon which novel models of explanation
are being elaborated.

While both the SR and the CM models of explanation have been developed to
counter the problems faced by Hempel’s DN-IS model, and do so by making the
notion causation central to that of explanation, an alternative route has been explored
by Kitcher (1981, 1989 — see also Friedman 1974) who has proposed construing
explanation in terms of unification. It is argued that, of the most central virtues of
science, is its ability to unify phenomena that look completely unrelated at first,
and thereby providing some understanding of the workings of nature. In biology
for instance, Darwin’s theory of natural selection unifies phenomena as diverse
as fossil records, animal development and animal instinct, and it gives a general
explanatory scheme able to account for all these various features of the living world.
The unificationist model of explanation thereby defines explanation on the basis of
the epistemic notion of unification.

More specifically, whereas, for Hempel, explaining is deriving the explanandum
from an explanans (that includes laws of nature), for Kitcher explaining consists in
showing that the derivation that leads to the explanandum is made according to an
argument pattern that belongs to a very specific set of patterns: the “explanatory
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store”. The key characteristic of this explanatory store — and the reason why,
according to Kitcher, argument patterns that belong to it have explanatory force —
is that it consists solely of argument patterns that maximally unify the set of beliefs
that are accepted at a particular time in science. In other words, explaining is a
matter of deriving as many explananda as possible from as few argument patterns
as possible, these argument patterns belonging to the explanatory store.

As with its predecessors, this model has not won general agreement, because
it raises various problems. One of these problems is that it is not clear how
causal relationships can be derived from the concept of explanatory unification.
This problem shows especially in cases that hinge on the problem of explanatory
asymmetry. For instance, it has been argued that retrodictive derivations might
be done using as few argument patterns as predictive derivations, hence making
retrodictions as explanatory as predictions (e.g., Barnes 1992). Most importantly, it
seems that unification is a broader notion than explanation, thereby implying that
not all unifications are explanatory. This is illustrated by the use of a common
mathematical formalism to describe different kinds of unrelated systems, or by
the elaboration of broader classificatory schemes: such formal unification that is
achieved by using the same argument patterns is often observed in science, and yet
does not have any explanatory import (e.g., Morrison 2000; Sober 2003).

Parallel to the development of these models of explanation, some have sought
to investigate the way explanations are provided so to speak in real life. This has
led to developments that take type (3) problems — about the role context plays
in explanation — as central. A classical objection to the DN model is that actual
explanations are rarely set as a formal deductive argument (e.g., Scriven 1962). For
instance, we tend to accept some historical narratives as explanatory despite the fact
that these narratives do not make it possible to elaborate an argument that would
show that the explanandum follows from a set of premises. As a response, some have
looked into explanatory acts and the pragmatics of explanation as another means to
characterize scientific explanation (e.g., van Fraassen 1980; Achinstein 1983). For
instance, for van Fraassen, solving the puzzles of explanation can only be done if
we have a clear understanding of the why-questions that are at the origin of the
requests for explanation. Van Fraassen therefore construes explanations as answers
to why-questions that he defines as ordered triples of the form <Py, X, R>, P, being
the topic of the why-question, X its contrast class, and R the relevance relation that
the answer A to the why-question must bear to <Py, X>. Modeling requests for
explanation in this way highlights the contrastive nature of why-questions (why Py
rather than P,, or P,). It also highlights the contextual nature, made apparent both
in the contrast class and in the relevance relation.

This model, however, has been criticized for not offering enough constraints as to
what should really count as a proper explanation. Because the relevance relation, in
particular, is not strictly specified, van Fraassen’s account of explanation suffers
from a risk of trivialization that would make any statement count as a proper
explanation of a well-chosen why-question (Kitcher and Salmon 1987). On the other
hand, it has been proposed that van Fraassen’s non-formal criteria as to what should
count as a good explanation could be rendered more formal, thereby alleviating
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parts of Kitcher and Salmon’s criticisms (e.g., Richardson 1995). In any case, van
Fraassen’s account is often viewed as a key contribution that takes into account the
pragmatics of explanation by specifying how we elaborate requests for explanation,
yet one that fails to appropriately characterize what is offered as explanation.

So, what are we left with, six decades after Hempel and Oppenheim’s essay?
The harsh reality is that there does not seem be much consensus on how best to
characterize scientific explanation. Several models have been proposed. And yet,
each one has been shown to be plagued with imperfections. As a response, at least
two different strategies can be pursued.

The first is to continue searching for an even better model of scientific expla-
nation, be it one developed on the basis of yet another theory of causation, or one
that would combine several features of existing models, or that would even explore
radically novel avenues. In a way, this is still trying to solve the three major types
of problems identified above. A presupposition of this strategy is that scientific
explanation comes in one sort. In turn, this presupposition makes it possible to
envision a set of conditions that would be jointly necessary and sufficient to single
out scientific explanations from things that do not deserve such labeling (recall that
there is also a normative aspect in this philosophical project). However, it is not at
all clear that what counts and/or should count as a scientific explanation in domains
as different as fundamental physics, genetics, ecology, sociology or economics, can
be accounted for by a single model of explanation.

Arguing that this is indeed not the case leads to a second strategy for pursuing
the debate: the strategy of defending some form of pluralistic view about scientific
explanation. In short, the idea is to say that accounting for scientific explanation
requires different models, possibly depending on the scientific disciplines or the
types of explananda or both. Explanatory pluralism raises several questions: Are
there good reasons to endorse pluralism, beyond the fact that so far no unique model
of scientific explanation has been found? If one accepts explanatory pluralism,
how are the different models related to each other? Do they stand in competition
with each other, possibly offering different explanantia to the same explanandum?
Do they complement each other by targeting specific types of explananda, or by
being linked to scientific disciplines or fields, for instance via their methodological
components? Should they be considered components of a (yet to come) more unified
model of explanation that would be capable of capturing all these points while
avoiding fatal counterexamples? Or should we rather acknowledge that no universal
model might be able to capture all the dimensions of what a scientific explanation is?

Investigating how scientific explanation works in biology is one way to tackle the
questions that arise when one adopts either one of these two strategies. In particular,
there is a general worry as to whether the models of scientific explanation that have
been mostly developed with physics as paradigmatic source of inspiration are indeed
applicable to the biological sciences. As it has often been noted by commentators,
until recently contemporary philosophy of science has been very much influenced by
the physical sciences and many discussions have been somehow biased and possibly
non-transposable to biology. A relative lack of interest in the special sciences in
general has led to the ignoring of their peculiarities, including when it comes to



1 Explanation in Biology: An Introduction 9

investigating models of scientific explanation. Yet, there are obvious differences
between explanations in physics and in biology. After all, contrary to physics and
to most of chemistry, biology is held by many to have few very general theories
based on universal laws and that make fundamental use of mathematical language.
So the worry is that even if one (or several) of these models of explanation were
able to capture adequately how explanation works in the physical sciences, it is
not clear that the same could be said when it comes to biology or other special
sciences.

Furthermore, because of a profusion of different schools of thoughts and research
traditions within biology, different types of explanations seem to be pervasive
across all of biology, ranging from historical narratives in evolutionary biology, to
functional explanations in anatomy or to causal-mechanisms in molecular biology.
This situation can be taken as an argument in favor of explanatory pluralism, not
just by making explanation models specific to scientific disciplines, but by making
explanation models even vary within a discipline, and possibly depending on finer
elements such as problem types, heuristics, methodologies, cognitive and epistemic
context and so forth (e.g., Sterelny 1996; Plutynski 2004; Brigandt 2013). Of course,
it might just turn out that what superficially looks like rather peculiar forms of
biological explanations are in fact only particular cases that would all fit a more
general model in the end. Nevertheless, biological explanatory practice requires
specific attention in this respect, and has indeed started to become the focus of a
rich array of work.

3 Thinking About Explanation in Biology

Thinking about explanation in biology with the background mentioned above raises
several kinds of questions and suggests at least that all of the proposed models of
explanation need some revision if they are to work properly in biology. We will
outline four of the most salient problems in the current debate. These problems are
related to (1) whether natural laws exist in biology, (2) whether causation plays a
specific explanatory role in biology, (3) whether other forms of explanation — e.g.,
functional or teleological — are also needed, and (4) whether the recent mechanistic-
type model of explanation that brings together some form of law-like generalizations
and of causation fulfill all expectations.

A major potential problem for the application of nomological models of expla-
nation in biology is indeed the rarity (or perhaps even the absence) of natural laws,
at least as they have been often conceived in philosophy from the study of the
physical sciences. Of course, we find many generalizations in biology that appear
to be involved in explanation, but they do not meet most criteria of lawfulness.
These generalizations usually admit exceptions; they are spatio-temporally limited,
or do not support counterfactuals (e.g., Smart 1962; Ruse 1970; Rosenberg 1994;
Brandon 1997). Even the few generalizations that are called laws in biology, such
as Mendel’s laws, are problematic for DN types of models of explanation.
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One reason for the absence of strict laws in biology stems from the nature of
the biological world. Biological entities are the product of a long history, partly
driven by natural selection and dependent on historical contingencies. Although this
is a very difficult question in evolutionary biology, it is arguable that evolutionary
history could have been different and that, as a consequence, the biological
generalizations we now have could have been different too. This argument, made
forcefully by John Beatty (1995), highlights the fact that evolutionary contingency
undermines the very possibility for biological laws. All generalizations that are
distinctively biological describe contingent outcomes of evolution. And yet, natural
laws must be more than just contingently true. For instance, it is a very general
biological fact that genetic heredity is encoded in nucleic acids (DNA or RNA).
However, this might be only one possible solution that has been retained at the
beginning of evolutionary history and that has then become universal (at least on
our planet). If we think about other possible forms of life that might exist elsewhere
in the universe, heredity might be handled in different ways and it is not clear at
all whether our most general biological models (about say heredity or metabolism)
would apply to them. Contrary to physics, biological generalizations seem to lack
nomic necessity.

Another way to describe the problem is to recognize that many biological
explanations are historical in nature. Explanations are obviously possible in the
historical sciences, but they have peculiar features and raise several issues (e.g.,
Dray 1977; Clayton 1996). Most notably, explananda consist of unique events
situated in the past. This does not preclude their explanation, but likely requires
a different style of explaining, typically based on narratives. Authors like David
Hull (1992) have argued that historical narratives in biology have a strong explana-
tory force, that does not depend much on general laws but more on particular
circumstances: they tell stories that describe causal sequences of events. Historical
explanations are legitimate, yet the impossibility to have direct empirical access to
these causal chains give them a problematic status, which has led some scientists and
philosophers to deny them the status of proper scientific explanation or at least to
give them a lower explanatory status (e.g., Schaffner 1993). A particular and much-
discussed case of historical explanation in biology is the explanation of traits as
adaptation, i.e., as the product of natural selection. Following Gould and Lewontin
(1979) famous criticisms, many have come to consider them as unfalsifiable “just-
so-stories”’, which do not satisfy the criteria for genuine scientific explanation. It is
indeed easier to imagine possible adaptive scenarios than to test them. This is of
course not a fatal flaw for these explanations, but a sign that historical explanations
must be offered with caution.

Coming back to the role of laws in explanation, their apparent absence in
biology has led to various answers. One possibility is to relax the criteria for
lawfulness and accept that biological generalizations are laws, but different from
what we know from physics or chemistry (e.g., Sober 1993; Lange 1995; Mitchell
1997). In other words, the concept of scientific law can be redefined so as to
accommodate the generalizations found in biological explanations. This move
can save conceptions in line with the DN model, that make explanations depend
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on laws. Another response is to propose to drop the requirement for laws and
accept that other kinds of generalizations can support genuine explanations (e.g.,
Woodward 2000). According to Woodward’s account, the important feature for
a generalization to be used in an explanation is not its lawfulness but rather its
invariance. Invariance of a generalization means that it would continue to hold
under a relevant class of changes. Conceiving explanation in terms of invariant
generalizations has the advantage of avoiding several problems, including the
restricted validity of generalizations in biology and the existence of exceptions. By
acknowledging different degrees of contingency between laws and accidents, this
strategy offers a more nuanced account of how generalizations work in scientific
explanation. Yet another line of response might still be to argue that the arguments
against laws in biology are mistaken, and that there exist indeed distinctively
biological laws (Elgin 2006). In any case, the debate is still open and all the more
so as the very notion of ‘law of nature’ is a delicate one to tackle (e.g., DesAutels
2009; Haufe 2013).

The problems raised by nomological accounts in biology give strong reasons
to turn to alternative models of explanation, and in particular to those that center
on causation. Indeed, causal accounts of explanation have been offered as a
solution to many of the problems traditionally encountered by nomological models.
Furthermore, many explanations in biology do involve citing causes and causal
regularities (e.g., Schaffner 1993; Waters 1998). The question then becomes whether
existing causal models of explanation fit the explanatory practice as found in biology
and in all its sub-disciplines.

Concerns have been raised as to the applicability of Salmon’s causal-mechanical
(CM) model, be it under its mark-transmission form or under its more recent
conserved-quantity version. As noted above, the mark-transmission model faces
serious difficulties, leaving the conserved-quantity model as the only likely con-
tender. Yet, the conserved-quantity model focuses very heavily on the physical level,
in particular by situating causation at the level of conserved physical quantities.
In this respect, explanations that fit this model must include physical details
that are usually not considered relevant in biological explanations. Of course,
causal relations at higher biological levels should in principle be analyzable in
terms of physical processes. Yet, this is almost always unmanageable in practice.
Furthermore, explanations that would be so framed at the level of conserved physical
quantities would differ notably from what is usually taken as explanatorily relevant
in biology (e.g., Woodward 1989; Glennan 1996).

An alternative solution would be to turn to the recently developed interventionist
model of causation (Woodward 2003) as a basis for construing a causal model of
explanation that would suit the practice of most — if not all — domains of biology.
On this conception, a causal explanation consists in the exhibition of patterns of
dependency between the factors cited in the explanans (causal factors) and those
cited in the explanandum. These patterns of dependency are revealed by means
of interventions onto the different causal factors — variables in a causal model —
and the identification of subsequent changes in the effect factors. The main idea
behind the interventionist account of causation is that causal relationships are
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revealed by the fact that when one intervenes on a given factor — while holding
fixed a proper set of background conditions — one witnesses changes in another
factor. One of the key motivations for such an account is to capture the practice of
experimental science, which is characterized by specific interventions onto systems
that are placed in well controlled set-ups. Another advantage is that interventionism
does not require causal relationships to be exclusively located at the physical level.
Rather, causal relationships are possible at any level of investigation, provided
the variables that enter the relevant causal models fulfill the formal conditions of
interventionism. Furthermore, as Woodward argues by looking at specific biological
explanations, causal relationships that fulfill additional conditions of stability,
proportionality and specificity are those that are usually called upon in proper causal
explanations (Woodward 2010; see also Waters 2007). While the interventionist
account of causation has generally been well adopted by proponents of mechanistic
explanations in biology (see below — yet see also Weber 2008), the feasibility of
developing a satisfactory model of explanation on this basis hinges on the viability
of interventionism in general as a theory of causation. This is a matter of intense
debate, with such questions concerning the circularity of the account (causation is
defined by means of interventions, that are themselves causal), the possibility of
interventions in cases of supervenient properties or foundational assumptions that
relate to modularity and the Causal Markov Condition (see for instance Cartwright
2006; Glymour 2008; Mitchell 2008; Strevens 2008; Baumgartner 2009).

Whatever the merits of various theories of causal explanation, one ought not
assume that all explanations are necessarily causal. One example that has received
much attention in the philosophy of biology is the case of equilibrium explanation
(e.g., Sober 1983; Potochnik 2007). Equilibrium is a stable state of a system that
has a domain of attraction larger than the state itself, so that when the system is
perturbed it returns to this equilibrium state. Using Fisher’s explanation of sex-ratio
equilibria, Sober (1983) has argued that equilibrium explanations are not causal.
They are explanatory because they show that many initial conditions lead to this
state, but they are not causal because they do not cite the actual causes that have
produced that state. Tracing the actual causal history is not explanatorily relevant
here. It seems that the same could be argued about a number of mathematical
explanations in biology and in science (e.g., Baker 2009). Among them, models
of patterns and allometric scaling laws, which describe how processes scale with
body size and with each other, seem to capture essential properties of living systems
without appealing to causes. However, it is not exactly clear what explanatory
work they actually perform. Moreover, rather than genuine explanations they might
be considered as observations in need of explanation, for example by physical
principles (West et al. 1997).

Another type of explanation that immediately comes to mind in biology is
functional explanations. Indeed a central part of the explanation of an organism
structure and of its parts (traits) features and organization involves the concept
of function. Organs are explained by their function and this explanatory pattern
is omnipresent down to the molecular level (genes and proteins). Some have
argued that this is even part of what gives biology its explanatory autonomy,
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since more fundamental sciences such as physics and chemistry simply do not
possess such explanatory concepts (e.g., Hull 1974; Mayr 1988). Though they
seem indispensable in biology, functional explanations are problematic because they
imply the notion of goal, hence of teleology. And teleologically describing the world
is not acceptable since the rise of modern science. Of course, by showing that the
apparent teleological nature of organisms can be explained by the action of natural
selection, Darwin has offered a solution to this problem. And philosophers such
as Nagel (1961) and Hempel (1965) have accordingly tried to define “function”
in terms that make functional explanations unproblematic. However, things have
turned out to be more complicated and competing views about how to best define
biological function have been proposed. In particular, two main accounts have been
defended. The etiological account (e.g., Wright 1973; Millikan 1989) defines the
function of specific traits by referring to what those traits were selected for doing
in the organisms’ ancestors. Such a construal of function is thus fundamentally
historical. On the other hand, the systemic account of function (e.g., Cummins 1975)
defines the function of some trait in terms of what this trait does in the organism that
possesses it (for instance the role it plays in maintaining the overall organization
of the organism in its present state). These two accounts are not necessarily
incompatible, but a unified theory of function and of functional explanation still is
the focus of much debate. The corresponding literature needs not be reviewed here
(but see Wouters 2005), but it shows that the nature of this central type of biological
explanation still raises questions, in particular regarding its relation to other models
of explanation.

We have noted above that explanation in biology is often claimed to incorporate a
strong causal component. In some domains of biology — such as molecular biology,
cell biology, or physiology just to name a few — these causal explanations often take
the form of mechanistic models. This has led a growing number of philosophers in
the last 20 years to develop mechanistic models of explanation (e.g., Bechtel and
Richardson 1993; Glennan 1996; Machamer et al. 2000; Craver 2007; Bechtel and
Abrahamsen 2012; Craver and Darden 2013).

One of the motivations was to bring philosophical analysis closer to the reality
of scientific research. Examining the explanatory practices of biologists reveals
that phenomena are often explained by identifying the mechanisms that produce
these phenomena. Although several alternative definitions of mechanism (and of
mechanistic explanation) have been offered in the recent literature, they tend
to converge on their most critical features. A mechanism can be thought of as
being composed of parts that interact causally (usually through chemical and
mechanical interactions) and that are organized in a specific way. This organization
determines largely the behavior of the mechanism and hence the phenomena that it
produces. Explaining a phenomenon in a mechanistic way involves decomposing
the system that is at the origin of that phenomenon into interacting parts, and
giving a description of how the organization and activities of these parts produce
the phenomenon to be explained. A key difference from nomological models of
explanation is that neither laws of nature nor logical derivations play any significant
role in mechanistic explanation. Mechanisms can be formalized in different ways,
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including with the help of diagrams and schemas, and are usually supplemented by
causal narratives that describe how the mechanisms produce the very phenomena
to be accounted for. Explaining results from rehearsing how the different parts of a
mechanism causally produce the explanandum.

The interest for mechanistic explanation also corresponds to a broadening of the
discussions on scientific explanation. While analyses have traditionally focused on
the context of justification, a lot of recent work has been devoted to elucidating
how mechanistic explanations are actually developed (but see also Schaffner
1993). Close attention to heuristics and experimental methods (manipulation of
biological systems) has thus enriched the understanding of explanatory practices,
and especially in biology.

Since causation plays a significant role in mechanistic explanation, a theory
of causation is an implicit assumption of this model of explanation. As noted
above, several mechanistic philosophers tend to endorse an interventionist account
of causation (e.g., Woodward 2002; Craver 2007 — but see also Bogen 2005). It
is debated however whether mechanistic explanation requires such an account of
causation. It is also debated whether mechanistic explanation so construed fits
the increasingly complex and dynamic systems that are now uncovered in many
domains of biology, and whether the mechanistic model of explanation needs to
be extended in some way or another (e.g., Kaplan and Bechtel 2011). As many of
the contributions to this present volume show (see below), the topic of mechanistic
explanation currently receives a lot of attention.

4 The Seventh Decade of Explanation: Insights from Biology

When we look back at research on scientific explanation in philosophy of science,
we cannot help but see a gap between two lines of investigation. On the one hand,
there is a very central objective that was and still is pursued in general philosophy of
science that consists in characterizing any scientific explanation, be it by addressing
type-1, type-2 or type-3 problems as outlined above in Sect. 2 (Are there necessary
and sufficient conditions for any scientific explanation? What role does causation
play in explanation? What role does context play in explanation?). Underlying most
approaches is the assumption that there must be a general model of explanation, and
that one of the goals of philosophy of science precisely is to find that model. On the
other hand, most of the work on explanation that has been done in the philosophy
of biology has followed a less ambitious path, mainly attempting to characterize
particular types of explanations as found in the practice of biology at large,
from evolutionary biology to molecular biology, including developmental biology,
systems biology or synthetic biology to name a few, and somehow structuring itself
around the four major questions identified above in Sect. 3 (Are there natural laws in
biology or other forms of explanatorily relevant generalizations? Which role does
causation play in biological explanation? Are other forms of explanation needed?
What are the strengths and weaknesses of the recent mechanistic-type model of
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explanation in biology?). For instance, all proponents of the new mechanism-based
model of explanation are cautious to emphasize that they do not claim that all
explanations in biology, let alone in other scientific domains, ought to take the
form of mechanisms. Similarly, the same caution characterizes the debate about
functional and teleological explanations and other types of explanations identified in
biology. The objective that is generally pursued is to propose models of explanation
that capture the specificities of each important sub-class of explanation we find
here or there across all of biology. Recent debates have shown that this objective
is already difficult to reach. However, it also gives the impression that the original
question about explanation pursued by general philosophy of science has been given
up by philosophers looking at biology. For this reason, rethinking the relationships
between the different models of biological explanation and of general scientific
explanation is crucial.

There is another reason for extending further the recent lines of research about
explanation in biology. As mentioned earlier, mechanistic analyses have come to
dominate the scene in the last decade. Based on the intuition that many explanations
we find in the biological sciences fulfill mechanism-based models, several authors
have offered various accounts of how these models are characterized, how they
get their explanatory force, how they are built, and so forth. Though probably no
philosopher would seriously argue that all biological explanations are mechanistic,
the frequency of such mechanistic explanations in biology makes it tempting to
adopt a rather expansionist attitude and develop an extremely broad conception of
mechanistic explanation that would apply to an extended domain of science. For
instance, some authors wonder whether historical and evolutionary explanations,
despite their characteristic contingency and their populational character, might be
considered particular cases of mechanism-based explanation (Skipper and Millstein
2005; Barros 2008; Glennan 2009). Because not everyone agrees on this view,
it is worth clarifying once again the core of the concept of mechanism-based
explanation, and, most importantly, determining its specific application domain and
limits. In other words, it is needed to have a clearer view of what mechanistic
explanations can really explain and of what falls outside of their explanatory range.
It is also crucial to identify the reasons why certain biological phenomena might
resist mechanistic explanations, and by the same token, to investigate whether the
mechanism-based model of explanation might be extended to handle such difficult
cases. Another question that arises is whether mechanism-based explanations might
not simply be also subsumed under a broader model of explanation, such as one of
the more general models investigated in general philosophy of science.

Such questions about the unity vs. diversity of explanation are particularly press-
ing in biology for several reasons. Although biology is certainly not completely
unique from that point of view, it does offer a striking variety of explanatory
practices and can be seen as the locus where very different explanatory patterns are
indeed put to work, sometimes jointly, sometimes independently of each other. This
specificity of biology with regards to the concept of scientific explanation originates
from at least three sets of reasons.
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First, the biological sciences cover a huge variety of phenomena studied at broad
range of levels, from molecular entities all the way up to ecosystems. Models of
explanation must therefore be able to adapt to the different scales at which these
phenomena unfold. Note that these variations of scales are also temporal, as biology
encompasses phenomena that span over billion of years, such as the evolution of
unicellular organisms, as well as phenomena that unfold in much less than a second,
as is the case, for instance, of a synaptic neuro-transmission.

Second, biology is a scientific discipline in which numerous diverse approaches
to science coexist. Some may advocate reductionist methodologies, as is often said
to be the case in molecular biology, while others favor more holistic views, as is the
case in some approaches to developmental biology. Analysis is said to drive most of
the research done in general biology, while at the same time synthesis is claimed as
major methodological approach in some novel branches such as synthetic biology.
The diversity of methodologies or heuristics in biology is also visible in the diversity
of complementary disciplines that contribute to the development of biological
knowledge, and that range from applied mathematics and computer science to
engineering and complex systems science. Because such heuristics determine how
biological phenomena are approached, it is important to understand also to which
extent they might in turn determine shifts in what is taken to be explanatory.

Third, biology is also characterized by a lack of theoretical unifying principles
or laws, except perhaps for the principle of evolution by natural selection. As a
result, explanation takes the form of a patchwork of different explanatory practices
that are related to each other in complex ways that require clarification. Moreover,
as sub-disciplines within biology appear and disappear, reorganize, merge or split,
these relationships between explanatory practices often change rapidly. Recently
for instance, two interesting cases have attracted much attention: on the one hand,
evo-devo considers as central the question of articulating evolutionary and devel-
opmental explanations; on the other hand, systems biology pursues the explanatory
integration of mathematical and computational modeling with biologically relevant
considerations.

The present volume Explanation in Biology. An Enquiry into the Diversity of
Explanatory Patterns in the Life Sciences aims at addressing parts of these complex
questions. Though some issues are tackled in several essays across the volume — for
instance, the limitations of mechanistic explanation — we have organized the essays
into five parts that echo the broad range of questions that the notion of explanation
addresses in biology today, in this seventh decade of philosophical investigations
about scientific explanation. The ordering could have been done otherwise, but we
have tried to sort out the essays according to their main philosophical theses (e.g.,
explanatory pluralism, emendations of mechanistic explanation, role of mathematics
and of heuristics in explanation, new theories of explanation) as opposed to
the biological sub-disciplines from which they borrow examples (e.g., molecular
biology, evolutionary biology, systems biology, environmental biology etc.).

Part I of the volume explores explanatory pluralism in biology, be it by looking
at research traditions in biology or by investigating some of the explanatory
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specificities of particular branches of biology, such as systems biology, evolutionary
biology, or developmental and molecular biology.

Michel Morange (Chap. 2) argues that explanations are plural in biology and
often compete against each other. This has been amply documented, for instance,
in the field of evo-devo, but the situation is common to all branches of biology.
For Morange, this multiplicity of explanations has three sources. First, many of
the explanation-seeking questions raised in biology are ambiguous and can be
interpreted in different ways. This leads unavoidably to the search for different
answers, hence different explanations. Second, the objects investigated by biology —
e.g., biomolecular processes, cells, organisms, ecosystems etc. — are the product of
a historical evolutionary process. As a result, and despite similarities, these different
objects exhibit unique features that require unique explanations, hence resulting in
a plurality of explanations of apparently similar phenomena. Third, biology is a
discipline in which long lasting explanatory traditions compete against each other,
such as the reductionist tradition versus the holistic one. This leads to a multiplicity
of approaches when it comes to explaining biological phenomena.

By reflecting on case studies borrowed from systems biology, Constantinos
Mekios (Chap. 3) argues that this biological sub-discipline is the locus of a rich
plurality of types of explanations. These types of explanations include a profusion
of mechanistic explanations that target specific minute domains of enquiry, but also
of more systemic explanations that aim at providing a broader integrative view, as
well as of explanation patterns borrowed from other sciences, physics in particular
as well as mathematics. While mechanisms do play an important explanatory role,
they are not sufficient to capture the richness of the explanatory endeavor in systems
biology, be they bottom-up or top-down. As Mekios argues, integrating or patching
together many explanatory schemes of different nature, some of them of ambiguous
status, is the only method of reaching intelligibility in systems biology. Mekios
also shows that explanatory pluralism is not just a matter of abstract theoretical
considerations, but is driven by real practical problems that arise in the actual
practice of systems biology.

As Derek Turner reminds us (Chap. 4), many explanations in evolutionary biol-
ogy are of historical nature. These have received some attention from philosophers
in the past, but Turner takes a fresh look at paleontology and macroevolutionary
theory in order to clarify the explanatory relation between two central issues, the
contingency of evolutionary history and the passive vs. driven nature of large-scale
evolutionary trends. These issues are important when we think about explanation
in biology because the role of contingency in evolution has direct consequences
for our ability to predict evolutionary outcomes and for the possibility to make
generalizations, and also because the existence of trends has been accounted for very
differently, both in adaptive and non-adaptive terms. Turner explores the hypothesis
that the contingency of evolutionary history explains why some evolutionary trends
are passive. He also discusses what sense of contingency is adequate in this context.
According to Turner, the relation between these two issues reveals a deeper unity
in macroevolutionary theory than it is usually recognized. This is important for
the potential explanatory contribution of macroevolutionary models and concepts
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in evolutionary biology, a question that has been much debated since the 1970s.
Turner’s argument thus supports the view that macroevolutionary theory has a
genuine and irreducible explanatory role to play.

In her contribution to this volume, Francesca Merlin (Chap. 5) examines how
explanation is a matter of linking an explanandum to an explanans. Interestingly,
specific phenomena sometimes act as explanandum and sometimes as explanans.
Merlin points at the particular case of developmental noise as studied by devel-
opmental biology. Sometimes, developmental noise is considered an explanans,
for instance when it comes to explaining the particular physical characteristics of
individual organisms. And at other times, Merlin argues, developmental noise is
considered an explanandum that is addressed typically from a selective-evolutionary
history, but also from a physico-chemical perspective in terms of noise-reducing
constraints. Such a case study highlights in particular the plurality of possible
explanations linked to a same phenomenon.

Part II of the volume gathers contributions that investigate the applications
of the mechanism-based model of explanation in biology, while also looking at
some possible emendations. These limits are apparent, for instance, in molecular
biology when faced with the tantamount complexity of the systems that are
analyzed, but also in other areas of biology such as developmental biology where
classic mechanisms are supplemented with other models when used to formulate
explanations. Such situations can in turn be used as stepping-stones to elaborate
extensions of the mechanism-based model of explanation.

Molecular biology, one of the most successful biological domains of the last
century, has provided philosophers with numerous examples of how explanations
work in biology and has been interpreted as supporting the mechanistic framework.
However, by looking at recent research on genetic regulation by microRNA,
Frédérique Théry (Chap. 6) argues that explanation in molecular biology (and
functional biology in general) cannot be reduced to mechanistic explanation,
as it has been characterized in recent philosophical discussions. Biologists are
increasingly interested in properties of living systems that the concept of mechanism
fails to capture. Théry describes two alternative types of explanation involved
in microRNA research that go beyond the limits of mechanistic explanations.
First, quantitative explanations fully take into account the fact that molecules are
present in cells as populations. Mechanistic explanations primarily deal with the
qualitative component of causal relations and largely ignore that the function of
many molecular components depends on the relative cellular concentrations of
the different molecules involved in the process. Second, systemic explanations go
beyond the idealization of mechanisms producing a function autonomously and
show how different causal processes are interconnected at the cellular level. These
alternative explanations do not contradict classical mechanistic models, but are
rather meant to complement them. By recognizing the specificities of the various
explanatory schemes in functional biology Théry thus invites us to embrace a more
pluralistic perspective.

Ingo Brigandt (Chap. 7) explores in turn the limits of philosophical accounts
of mechanistic explanation in evolutionary developmental biology. Contrary to the
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classical account that distinguishes explanatory from phenomenological models,
and that classifies mathematical models among the latter, Brigandt argues that
mathematical models are often indispensable components of mechanistic explana-
tions, and therefore have specific explanatory value. In particular, Brigandt argues
that quantitative models are required as a complement to mechanisms to provide
proper explanations not only of quantitative features but also of qualitative features
of mechanisms. To support his case, Brigandt draws on the scientific literature
of the evo-devo field. For instance, he shows that mechanistic explanations —
when conceived in the classical fashion — cannot account for the evolutionary
origin of morphological features like the cusp number and shape of the teeth in
mammals, or the development of segments in vertebrates: indeed, explanations
of such phenomena cannot be achieved by rehearsing the causal roles of the
entities of the underlying mechanisms, but do require mathematical models that
make it possible to understand the emergence of the spatio-temporal behaviors that
constitute the explananda. Brigandt extends his case to other evo-devo phenomena,
like the explanation of robustness, of plasticity and of modularity.

As Fridolin Gross recalls (Chap. 8), the mechanistic explanatory framework is
often taken to consist of entities and activities characterized by change-relating
relationships construed along a manipulationist account of causation. These change-
relating relationships occupy a central role in explaining why the mechanisms
behave the way they do, and this picture of mechanistic explanation assumes
that only relationships of dependence have explanatory value. But, as Gross
points out, relationships of non-dependence may sometimes also play a crucial
explanatory role in systems biology. Gross argues that this is typically the case
when it comes to explaining such behaviors as stability at an equilibrium point,
transition from one stable equilibrium to another, or robustness in the face of
perturbations. In this contribution, Gross argues that non-dependence relationships
cannot be deemed explanatorily irrelevant simply on the basis of not being change-
relating relationships (as the classic account of mechanism would require). Rather,
depending on contexts, non-dependence relationships also play an explanatory role
alongside change-relating relationships.

A peculiarity of mechanistic explanation is its apparently restricted scope.
Biologists study particular mechanisms in particular model organisms, which makes
generalization difficult and always uncertain. However, generality seems to be an
important explanatory virtue. William Bechtel (Chap. 9) shows how the use of new
tools, in particular graph-theoretic representations of mechanisms, provides a basis
for developing more general accounts of mechanisms organization and behaviour.
Bechtel focuses on two strands of research, the first concerns the broad topological
organization of large networks, while the second is interested in the structure
of small network motifs, which are specialized for specific types of processing.
By enabling the formalization of organization patterns, these tools facilitate the
identification of a common abstract graph structure in different mechanisms and
hence allow generalizing knowledge gained on particular mechanisms.

Because of the complexity of many biological phenomena, explanations in
biology often make ample use of mathematics and mathematical tools, and, hence,


http://dx.doi.org/10.1007/978-94-017-9822-8_8
http://dx.doi.org/10.1007/978-94-017-9822-8_9

20 P.-A. Braillard and C. Malaterre

the question whether mathematics play a specific role in explanation arises. Part I11
consists of a set of essays that investigate this question through different angles.
Biology appears to be an interesting discipline to carry out such investigations:
the types of mathematical problems are highly diverse; these problems are also
complex but not too complex, and they trigger tools and solutions from several
branches of mathematics. Biology therefore is a most relevant place to ask the
question whether there exist or not distinctly mathematical explanations in science,
but also to investigate the relationships between “abstract” mathematical theorems
and derivations on the one hand, and “empirical” biological explanations on the
other, be they of the causal-mechanical type or otherwise.

Alan Baker (Chap. 10) focuses on the explanatory role of mathematical objects,
especially when mobilized in the context of biological phenomena. This is for
instance the case when mathematics play a critical role in explaining the periodical
life-cycle of certain North American species of cicada, or the hexagonal shape
of bee honeycombs. More generally, Baker proposes to distinguish three types
of genuine mathematical explanations in science (MES): (1) Constraint MES that
explain why some physical outcomes are impossible by showing that they are
mathematically impossible, (2) Equilibrium MES that explain why some physical
outcomes occur by showing that they are mathematically inevitable across a range
of starting conditions, and (3) Optimization MES that explain why some physical
outcomes occur by showing that they are mathematically optimal. Baker argues that
the crucial role that mathematics play in some recent and controversial explanations
of puzzling biological phenomena calls for an even finer characterization of these
different types of genuine mathematical explanations that permeate science.

By looking at the case of systems biology, Tobias Breidenmoser and Olaf
Wolkenhauer (Chap. 11) argue that organizing principles — which typically take
the form of specific mathematical theorems — are an indispensable complement to
mechanistic explanation when it comes to explaining key behavioral features of
biological systems. Breidenmoser and Wolkenhauer distinguish phenomenological
models —that only “save the phenomena” by providing curve fitting of some sort —
from mechanistic models — that explain by describing underlying molecular and
cellular processes. Yet they argue that mechanistic models are limited in that
they fail to account for specific explananda that are of major interest in systems
biology, such as the origin of robustness. Breidenmoser and Wolkenhauer argue
that explanation of such features must appeal to analytic theorems, such as the
“robustness theorem”. More broadly, they propose that certain types of explananda
require the use of organizing principles as a complement to mechanistic models.

For Tarik Issad and Christophe Malaterre (Chap. 12), the plurality of explanatory
patterns should reflect in the ways these explanatory patterns get their explana-
tory force. Issad and Malaterre investigate the explanatory force of (classically
construed) mechanistic explanations (e.g., Machamer et al. 2000; Glennan 2002)
and of dynamic mechanistic explanations (e.g., Bechtel and Abrahamsen 2012).
They argue that, whereas mechanistic explanations get their explanatory force
from rehearsing a causal story, dynamic mechanistic explanations are explanatory
in virtue of displaying mathematical warrants that show how the explanandum
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follows from a mathematical model. Dynamic mechanistic explanations therefore
are not causal explanations, even if elements of the models they rely on may
receive causal interpretations. Despite this apparent difference in explanatory force,
Issad and Malaterre argue that mechanistic explanations and dynamic mechanistic
explanations can be construed as limit cases of a more general pattern of explanation
that they name “Causally Interpreted Model Explanations” and in which the
explanatory force of causation and of mathematical derivation are redistributed.
Such pattern of explanation draws its explanatory force from a model, a causal
interpretation that links the model to biological reality (but does not necessarily
extend into a causal story), and a mathematical derivation that links the model to the
explanandum phenomenon (and that may, in simple cases but not in complex ones,
be reformulated as a causal story).

Several essays stress the role that different heuristic strategies in biology play
when it comes to formulating explanations. We have gathered them in Part IV of the
volume. The debate concerns the question whether current models of explanations
are sufficient or not to account for how explanations are developed in science, and
particularly in biology. In also concerns the question whether heuristic strategies
impact or not the ways explanations are formulated. These questions arise in the
context of the discovery of more and more complex systems in biology that require
novel conceptual tools for their investigation, be they from mathematics, computer
science or engineering.

Carlos Zednik (Chap. 13) recalls that much of the philosophical debate about
mechanisms has focused on heuristic strategies used to build mechanistic explana-
tions. Bechtel and Richardson’s analysis in terms of decomposition and localization
has been particularly influential. However, Zednik argues that the classical examples
on which most discussions have been based offer only a limited view on the
strategies actually used by scientists. In particular, the application of mathematical
and computational modelling has deeply changed heuristic methods and explanatory
practices. Using examples from contemporary research in neurobiology and evolu-
tionary robotics, Zednik shows that the discovery and description of mechanisms
involve more than the principles of decomposition, localization and diagrammatic
representation. He focuses in particular on the use of tools from graph theory and
dynamical systems theory, which have been recently, increasingly put to work in
different domains of biology. An important consequence of these new heuristic
strategies is that they increase the scope and power of mechanistic explanation,
by enabling the discovery and description of very complex mechanisms that were
beyond the reach of classical models.

Pierre-Alain Braillard (Chap. 14) explores how transfer of methods, models and
concepts from engineering in the context of the emergence of systems biology, has
influenced biologists’ explanatory practices. In particular, mathematical modelling
methods developed by engineers have been increasingly put to use in order to
capture biological systems complex dynamic properties that are difficult or even
impossible to analyze and represent with traditional mechanistic approaches. But
more than simple mathematical tools, Braillard shows that it is a whole view of
how to best decompose and explain complex systems that engineering-oriented
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scientists have brought to biology. Based on the assumption that biological systems
are modular in the same way that many complex engineered systems are, this
heuristic and explanatory framework offers promising solutions to deal with the
complexity biologists are facing. However, part of the validity of these approaches
depends on important assumptions made about biological systems structure, which
remain hypothetic.

Tudor Baetu (Chap. 15) argues that models of mechanisms and mathematical
models, rather than being antagonistic, play a complementary role in explaining
biological phenomena such as those stemming from molecular networks in systems
biology. Baetu’s thesis can be understood as mediating the positions of Craver
who argues that mathematical models are explanatory only to the extent that they
identify the physico-chemical entities that causally produce the phenomena (e.g.,
Craver 2007), and of Weber who argues that explanation requires the derivation
of the phenomena from mathematically formulated law-like regularities (e.g.,
Weber 2005). As Baetu explains, (quantitative) mathematical models cannot replace
(qualitative) mechanistic models, but rather complement them in so far as they
are required for formulating a broad range of predictions that mechanistic models
alone cannot formulate, and as they offer insights into the temporal dynamics of
certain systemic parameters. This complementarity, Baetu explains, also shows
when considering the development of biological explanations over time and the
associated heuristics: because molecular networks are abstract representations of
molecular mechanisms, revisions of the latter entail revisions of the former. But the
converse is also true in that mathematical models may reveal unsuspected anomalies
or holes in previously accepted mechanisms, thus prompting also their revision.
For Baetu, the molecular networks studied in systems biology show that a mixed
approach to explanation is needed, one that associates models of mechanisms with
mathematical derivation from law-like regularities.

An alternative path to probing the limits of mechanistic explanation and elabo-
rating emendations to this model is to explore models of explanation within which
mechanisms are not central. Part V of the volume gathers several essays that propose
to think anew some of the classical models of explanation — such as Hempel’s
covering law model — in light of biological specificities, or that investigate, for
instance, how causation is mobilized in explanation, in particular when several
causal factors act together.

Despite the apparent heterogeneity of explanations in biology, especially when
compared to physics, Joel Press (Chap. 16) argues that an underlying unity in all
scientific explanations can be found in the form of a “cursory covering law” model
of explanation. As the name suggests, the cursory covering law model builds upon
Hempel’s covering law — or deductive-nomological — model of explanation, and
the criticisms this latter model received when it was tentatively applied to biology.
Because biology lacks generalizations of the sort required by laws of nature, it
has often been argued that the covering law model cannot account for the types
of explanations that one finds in biology, thereby prompting either a revision of
what laws are in biology (e.g., Brandon 1997; Mitchell 1997), or a dismissal of laws
as explanatorily relevant in biology (e.g., Machamer et al. 2000). Press proposes
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to reconsider the covering law model and relax some of the constraints that bear
on the explanans so as to include approximating statements about laws, somehow
extending Hempel’s idea of partial explanations. The proposed “cursory covering
law”” model subsumes, Press argues, alternative accounts of explanation in biology,
be they based on modified accounts of what laws are or articulated without appeal
to the notion of laws of nature.

For Melinda Bonnie Fagan (Chap. 17), the analysis of research on stem cells
provides illuminating examples of explanations-in-progress linked to developmental
processes. Stem cell research broadly construed aims at explaining the branching
process of cell development, from a single initiating “stem”, through intermediate
stages, to one or more termini. By looking more specifically at the case of stem
cell reprogramming, Fagan investigates how explanations are constructed in this
domain of biology. In light of this analysis, she reviews three major accounts of
explanation: a broad interventionist account (based on Woodward 2003), a more
focused gene-centered account (based on Waters 2007), and a mechanistic account
(based on Craver 2007). She argues that all three accounts encounter limitations
when it comes to explaining stem cell reprogramming in so far as the explananda
typically require the joint action of several causal factors, and not just their separate
listing as causal contributors. She proposes that explanation — at least in the case of
stem cell reprogramming — requires appeal to a notion of jointness which appears
to be key in explaining how experimental interventions onto already differentiated
cells result in pluripotent cells, through the joint action of several factors.

Laura R. Franklin-Hall (Chap. 18) also takes causation to be a central feature of
explanation, and in particular of explanation in biology, but she tackles a different
issue: she addresses the question of how we select some causal factors as being
explanatory relevant rather than others. This causal selection problem has two
facets: a horizontal one that concerns the omission of background conditions,
and a vertical one that concerns the omission of low-level details. Franklin-Hall
proposes a Causal Economy account according to which explaining an event is
citing precisely the causal factors that “cost less” in virtue of being more abstract,
and “deliver more” in virtue of making the event to be explained more stable under
variations of other causal influences. While applying her account to the explanation
of biological phenomena such as signalling systems and biological development, she
also suggests that the Causal Economy account could offer a single principle that
would guide explanation construction across the sciences, and in particular across
the sub-disciplines of biology, thereby subsuming their apparent heterogeneity and
plurality.

5 Beyond the Seventh Decade

As a collection of essays, Explanation in Biology. An Enquiry into the Diversity
of Explanatory Patterns in the Life Sciences is bound to be exploratory. It would
be unrealistic to ask that all problems raised by such a rich question as that of
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“explanation in biology” be solved. Nevertheless it is our hope that the volume
addresses at least some of these problems and contributes interesting and challeng-
ing ideas about how to tackle them. There is, no doubt, much more to be said about
explanation in biology, and each one of the volume’s essays branches out further
to novel research directions. The plurality of explanatory patterns and practices
in biology remains puzzling. We see it as a springboard for future investigations
about whether such pluralism reveals something deeper about the notion of scientific
explanation. If this is so, then the quest for a unified account of scientific explanation
is likely to be ill grounded. If not, such a unified account might still be possible,
yet the role of pragmatics in shaping the explanatory context would certainly
deserve further studying. One possible way to go is to continue investigating the
limitations of the mechanistic model of explanation and, by so doing, to possibly
identify means of extending this model beyond its current limitations. Some may
prefer going the route of exploring alternative models, either in the direction of
nomological models (hence focusing on the role law-like generalizations may play
in explanation), or in the direction of causal models (thereby addressing questions
about the necessity of causation in any model of explanation as well as about
the modalities of its explanatory force). Others still may opt for investigating the
heuristics of explanation as a means to a deeper analysis of explanation itself, and in
this respect, looking at the actual practice of science and how this practice currently
evolves under the pressure of more and more complex objects of investigation
might very well also generate radically novel insights about how science now
explains nature. The complexity of biological objects may also point to the need
for better articulation of explanation and understanding, and all the more so as some
phenomena — say the behavior of complex molecular networks — may somehow
challenge our capacity for understanding nature despite being amenable to some
form of explanation or another. In any case, scientific explanation remains a key
target for philosophical analysis, and its study from the biological angle continues
to uncover issues that were previously not considered.
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Exploring Explanatory Pluralism
in Biology



Chapter 2
Is There an Explanation for ... the Diversity
of Explanations in Biological Studies?

Michel Morange

Abstract The multiplicity of explanations in the biological sciences has already
been amply discussed by philosophers of science. The field of Evo-Devo has
been a focus of much attention, with the obvious coexistence and competition
of evolutionary and developmental explanations. In this contribution I borrow
examples from hugely different areas of biological research to show that this
multiplicity of explanations is common to all branches of biology. I will emphasize
three explanations for this diversity. The first is the ambiguity of the questions
raised, which can be understood in different ways and require different answers.
One recurring ambiguity concerns the local or general nature of the questions (and
answers). The second explanation is in the historicity of life, which makes every
situation unique, and may require different models for the explanation of apparently
similar situations. Another cause of this plurality is the existence of long-lasting
competing traditions of explanations. These traditions result from the existence of
distinct approaches to reality in scientific thinking, such as the opposition between
reductionism and holism, and from a complex history of scientific ideas, models,
and theories proper to each biological field. The multiplicity of explanations in
the biological sciences therefore has a heterogeneous origin, both epistemic and
ontological.

Keywords Historicity ¢ Holism ¢ Plurality of explanations ¢ Research tradi-
tions * Reductionism ¢ Themata

1 Introduction

This contribution has a dual objective. It aims to understand the origin of the
multiplicity of explanations of a singular phenomenon in science, but also to explain
why this diversity is particularly high in the biological sciences. This question is
not new. In 1961 Ernst Mayr clearly distinguished two types of explanations in
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biology, those answering to “how” questions by describing mechanisms, and those
responding to “why” questions by proposing evolutionary scenarios (Mayr 1961).
The distinction was not new, but it was clearly outlined by Ernst Mayr. Later,
Nikolaas Tinbergen distinguished two kinds of questions within each category, one
concerning the appearance of the trait, and the other its present state (Tinbergen
1963). These first contributions underlined the relation between the diversity of
explanations and the multiplicity of the questions that can be raised concerning a
unique phenomenon. In 1983, John Dupré launched a wide philosophical debate
about the ontological origin of the “disunity of science” (Dupré 1983) that persisted
for many years (Dupré 1993). This debate had a wider scope than the one I want to
address in this contribution, and a different one since it raised ontological issues
that will not be discussed here. Nevertheless, interesting clues emerged during
this debate about the origin and nature of the plurality of explanations in the
biological studies that were nicely summarized and extended by Sandra Mitchell
in 2003 (Mitchell 2003). One of the most demonstrative examples of the plurality of
explanations in biology presented in her book concerned the origin of the division
of labour in insect colonies.

A very important perspective on the issue underlined by Sandra Mitchell and the
one that I will describe first is that the diversity of explanations originates in part
in the diversity, explicit or more often implicit, of questions that are raised. The
second point that I will discuss is the relation between the diversity of explanations
in biology and the historical nature of the biological objects.! This question was
present in Mitchell’s book through the notion of biological complexity, but I prefer
to focus the discussion on the origin of this complexity, that is, the historical process
that generated it, in order to show that interesting lessons can be borrowed from
the work of historians. But the diversity of explanations in the biological sciences
also emerges from the existence of different types of explanations. They are not
Kantian categories, but instead belong to long-lasting scientific traditions. The time
when these traditions reveal themselves in the most obvious way is when the
question to be answered remains vague and strategies to address it are progressively
elaborated. Conceiving them in different ways illuminates more about the plurality
of explanatory schemes than the simple observation of competing explanations.

To discuss these three points, I will use examples from different branches of
biology, not from Evo-Devo, where this plurality of explanations has been the
most extensively scrutinized,” but from other fields, from research on ageing and
cancer, and even from well-established and apparently non-problematic disciplines
as biochemistry. I will also use many historical examples.

In contrast, three alleged reasons for the plurality of explanations in biological
sciences will receive only limited attention in this contribution. I consider not only
that they have already been amply studied, but also that they are peripheral to the

'The historical and contingent nature of biological objects and processes is also discussed by
Turner (2015, this volume).

2See Brigandt (2015, this volume) for a discussion of the explanatory diversity in Evo-Devo.
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main issue: the involvement of different disciplinary approaches within biology;
the existence of “levels” in biological objects; and the importance of mechanistic
explanations in biology. While different disciplines within biology may favour
different types of explanations, one discipline, and even one unique type of research
within this discipline, such as the study of social insects discussed by Sandra
Mitchell, may harbour many different coexisting and/or competing explanations.
So appealing to multi-disciplinarity to explain the plurality of explanations is not
sufficient. Certain explanations are limited to one level of organization of biological
objects, and different explanations correspond to the numerous levels at which
the phenomenon can be studied, but different explanations can also compete at
the same level. In addition, the distinction between levels is nothing less than
problematic. Finally, the importance of mechanistic explanations in biological
sciences is obvious, but mechanistic explanations are a heterogeneous category: a
reference to machines can be a metaphor or a precise comparison, and very different
types of machines can be used.’

2 In Many Cases, the Diversity of Explanations Originates
from the Diversity of Questions That Are Raised

This point was raised by Ernst Mayr (1961) and discussed at length by Sandra
Mitchell (2003). I will illustrate it by the case of the explanation of cancer. Different
explanations are currently in competition. In the somatic mutation theory, cancer
results from an accumulation of mutations in tumour cells, whereas in the stem cell
theory cancer results from the proliferation of a small fraction of the cells present in
the tumour called stem cells, and these stem cells are responsible for the tumours’
resistance to the treatments tested so far. To explain the origin of cancer by the
occurrence of somatic mutations or by the existence of a small subpopulation of
stem cells does not exactly answer the same set of questions, although these two
sets are overlapping. To be simple, let us say that the somatic mutation theory
explains the progression of tumours, whereas the stem cell model mainly explains
why treatments have so far been unsuccessful. In fact, the two explanations are fully
compatible, and can be combined: these mutations occurred in a population of stem
cells.

The existence of two different explanations can be the result of the nature —
general or particular — of the answer that is expected. There is a heated debate about
the function of what some have called “junk” DNA: the large fraction of the genome
that does not give rise to functional RNAs or proteins and has no known regulatory
functions. Two explanations coexist. The first is that this DNA has no functions and

3For critical discussions of mechanistic explanations see (Mekios 2015, this volume; Théry 2015,
this volume; Zednik 2015, this volume; Baetu 2015, this volume; Issad and Malaterre 2015, this
volume).
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persists for generations because its presence is neutral, and is therefore not sieved
by natural selection. The second type of explanation is that this DNA has a role in
organizing the genome or controlling its expression in one way or another that has
not yet been discovered. Since it has been recently shown that a large part of this
DNA is copied into RNAs, a new debate has emerged concerning the role of this
transcriptional process.

The answer may be different for different fragments of this “junk” DNA. One
fragment may have an essential role in the regulation of the expression of a gene
localized elsewhere in the genome; and another fragment may have no obvious role,
its presence being the result of contingent DNA rearrangements, and its persistence
the consequence of its invisibility to the control exerted by natural selection.

If the answers can be different, depending upon the fragment that is examined, an
overall quantitative answer nevertheless has its place. It would, at least theoretically,
be possible to estimate quantitatively the percentage of “junk” DNA that has a
function. For instance, 10 % of the “junk” DNA could be shown to have a function,
and 90 % to have no function. In this case, it would be possible to state that, in
general, “junk” DNA has no function. It is interesting to notice that, in the case of
“junk” DNA, the two explanations are incompatible, whereas they were compatible
in the case of cancer.

An additional layer of complexity comes from the fact that this “junk” DNA
was introduced in the genome at a specific time in the evolutionary history of
organisms. To the question of the present function of such a fragment of “junk”
DNA can be added another: What explains the progressive invasion of the genomes
of eukaryotic organisms by “junk” DNA? According to Michael Lynch, the increase
in the size of the genomes of eukaryotes, concomitant with the increasing percentage
of “junk” DNA, was the result of contingent events, and of the neutrality of this
increase towards natural selection (Lynch 2007). This event is independent of the
later acquisition by some of these sequences of regulatory functions, by a process
of exaptation whose importance was emphasized by Stephen Jay Gould (Gould
and Vrba 1982). Therefore, as I emphasize in the next section, the diversity of
explanations is also the result of the historical trajectories of organisms: the extant
presence of a sequence of “junk” DNA can be explained both by a neutral process
that allowed its acquisition, and the selection of its present function.

Another example — in which the historical dimension has not yet been intro-
duced — is the origin of the catalytic power of enzymes. Traditionally, the catalytic
efficiency of enzymes has been explained by their capacity to stabilize, through the
formation of specific weak bonds, the transition state of the reaction, and by their
direct participation in the catalytic mechanism, for instance, by providing protons
at some specific steps in the catalytic process. More recently, it has been proposed
that it was necessary to appeal to quantum physics, to strange phenomena such
as the tunnel effect, to explain the catalytic efficiency of enzymes. Other quantum
effects would explain the high efficiency of photon capture by photosynthetic
systems (Scholes et al. 2011), or the measurement by migrating animals of the
weak magnetic field of Earth in order to position themselves (Arndt et al. 2009). Do
these recent results require a “revisionist’s view” of enzymology? Is enzymology
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at a turning point? And is it correct to say that the “origin of enzyme catalysis
has remained unresolved”? (Nagel and Klinman 2009, 543). In this case, as in the
previous one, it seems possible to reconcile the two opposite visions of enzymatic
catalysis: the catalytic power of most enzymes can be accounted for by “traditional”
chemistry, but in some cases, quantum effects have a dominant role that gives the
previous explanatory schemes a limited contribution to the catalytic power. Some of
the parties to these controversies present the debate as the necessary choice between
two opposed and incompatible explanations; this can only be understood by the fact
that the two types of explanations belong to long-lasting, different, and opposing
scientific traditions (see below).

The coexistence of different explanations is also the consequence of the often
long causal chains responsible for the production of the phenomena under study. In
the case of cancer, the explanation of the formation of a particular lung tumour is
the accumulation of mutations in the cells of the lung tissues. But the explanation
of cancer is also the numerous cigarettes that the patient has smoked. The two
explanations are in fact a single one, but the attention is focused on different steps in
the long causal chain that led from the cigarettes to the development of the tumour.
The explanation by the smoking habit will be probably favoured, not only because
smoking precedes the occurrence of mutations in the causal chain, but also because
this explanation offers concrete ways to reduce the incidence of lung cancer.

In the previous example, different explanations concern different steps in a linear
causal chain. The situation can be more complex. One explanation may target one
step in the causal chain, whereas the other describes the context that permitted the
deployment of the causal chain. In a search for an explanation of the emergence of
life on Earth, some researchers will put forward the role played by self-replicating
macromolecules (RNAs or other types of nucleic acids). Others will argue that the
explanation of the emergence of life on Earth is to be found in the abundance of
liquid water on its surface. The two explanations are of a different nature. The first
explanation concerns what is considered as the most important step in the formation
of the first organisms; the second is simply a description of the conditions without
which life would not have been possible — and that explain what specialists call the
“habitability” of Earth. Both explanations are partial and necessary, and they are not
in competition. The first may appear more central, but the second is also essential.
If the causal chain leading to the formation of the first organisms is a deterministic
one, the second type of explanation will receive more attention because, once the
conditions for life were present, life would automatically arise. It is the present
credo that guides the work of astrobiologists. But if the causal chain leading to the
formation of organisms is a complex one, a mixture of deterministic and historical,
contingent, events, the formation (or not) of life will be explained only through a
precise description of the succession of events that led to the first organism, and not
by a description of the conditions that obviously were not sufficient to explain its
later formation.

Thermodynamic explanations belong to the second type of explanation. The
laws of thermodynamics explain the whole of metabolism. The role of ATP, as
well as the mechanisms of its production, is explained by thermodynamics. But
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the characteristics of the metabolic map cannot be deduced from knowledge of
thermodynamics: a molecule different from ATP might have been selected by
evolution, and ATP can be produced by different pathways (and may well have
been produced by an even greater number). Without water or the existence of
thermodynamic laws, life or the central role of ATP would not have been possible.
This type of explanation corresponds to the sine qua non rule that lawyers use
to ascribe responsibilities in trials. Often, in human affairs, the sine qua non
explanations are more important than the direct causal explanations: when an
airplane crashes, the errors of the pilot will be considered as less important, at least
less likely to be sanctioned, than the indirect unfavourable conditions that made the
occurrence of the catastrophe possible.

In this case, as in the previous one, it is obvious that the way the question is
formulated will lead to one or another type of explanation. If the question is: “What
explains the formation of life on Earth?” the answer will be automatically directed
towards a description of the physicochemical conditions at the surface of Earth that
favoured the emergence of organisms. If the question is: “How can we explain the
formation of the first organism?” the answer will seek to describe the causal chain
leading to this organism.

The situation is exactly the same in the field of cancer research, with the supposed
opposition between the somatic mutation theory and the tissue organization field
theory of cancer (Soto and Sonnenschein 2011). In the latter, disorganization of the
tissues is considered as the cause of cancer. Its authors refuse to accommodate the
observations in favour of their theory within the somatic mutation theory, convinced
that the two theories are incompatible. In contrast, I have the feeling that the two
explanations are fully compatible but of a different nature. Somatic mutations are
the cause of cancer, but the disorganization of the tissue creates the conditions
favourable for the occurrence of the mutations, their selection and their expression.

I will discuss a final example of an ambiguous question that can elicit different
answers, and different explanations, because of the importance it had in the history
of biological thought. The (simple) question is: “What is the explanation for the
presence in organisms of a particular mutation?” It is a question that is often raised
in Evo-Devo. This question has two different meanings: what is the explanation
for the occurrence of such a mutation? And what is the explanation for its
continued presence? The first question could (theoretically) receive a deterministic
physicochemical answer, such as the specific impact of radiation on a precise part
of the genome, the wrong incorporation of a nucleotide at a specific place in
the genome, the absence of a repair process during replication, etc. The answer
to the second question will be of a very different nature: this mutation gave the
organisms in which it was present a specific advantage in the conditions in which
they were living at that time, or, possibly, this mutation had no obvious effect, but by
contingent sorting during reproduction has invaded the population. In both cases, the
second explanation leaves much room for contingency: the occurrence of mutations
and the effects they have on organisms belong to different causal chains, the meeting
of which is unpredictable. The ambiguous nature of the question generated a lot of
confusion in the answers. The wish of many biologists to give a non-deterministic
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explanation for the presence of mutations in organisms led them, as did Jacques
Monod in Chance and Necessity, to propose that the contingency of evolution had its
origin in the quantum indeterminacy of nucleotide electronic structure and the errors
it generates during DNA replication (Monod 1971). While quantum indeterminacy
can explain some mutations, it is clearly not the one and only cause of mutation, and
obviously does not explain the contingency of the evolutionary process.

3 The Diversity of Explanations as the Natural Consequence
of the Historicity of Life

Sandra Mitchell nicely described the competition between evolutionary and devel-
opmental explanations in Evo-Devo. Whereas evolutionary explanations were
dominant until the 1970s, Stephen Jay Gould, Pere Alberch and many others argued
in the following years in favour of the importance of developmental explanations:
many traits cannot be explained by the action of natural selection, but are a
consequence of the programme of development.

Sandra Mitchell suggests a piecemeal approach: a choice between the two
explanations may be possible — at least in some cases — but has to be made
independently in each case. Ideally, every situation might be located somewhere
on a line running from “fully explainable by evolutionary explanations” to “fully
explainable by developmental ones”. This impossibility of establishing general rules
originates in the complexity of the developmental process as well as in the diversity
of situations faced by different organisms. The diversity of explanations is the
consequence of the diversification process generated by the complex history of life.

The situation is even more complex since each of the characteristics of organisms
that have to be explained is the result of a causal chain formed of different steps, each
of which may receive a different explanation. For instance, the origin of a trait can
be due to developmental constraints, the side effect of another modification in the
developmental programme; but the precise characteristics of the trait observed today
can be the result of a selective process that has altered later steps in development, a
situation similar to that we described in part one.

This situation is familiar to historians. When they try to explain a historical
event, such as the Battle of Waterloo, they know that what happened that day
was the result of long heterogeneous causal chains, containing events of a very
different nature and apparent importance. The error against which historians had
to fight was the introduction of an a priori hierarchy between the different steps and
their explanations (Veyne 1984). For instance, for Marxists, economic and social
transformations were used to explain events such as the French Revolution. But the
errors made by the Governor of the Bastille had a major role: no one knows what
would have happened if the Bastille had not been taken!

The absence of a predetermined hierarchy in the explanation of historical events
is a lesson that not all biologists have yet learned. The development of an epidemic
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or of a pandemic is the result of long causal chains, including events that differ
greatly in nature and importance. However, these tiny events can have dramatic
consequences. Many epidemiologists overlook this when they are questioned about
whether or not an epidemic or pandemic will develop, and their answers are
awkward and incautious.

Historians have also learned to be very cautious in the way they ask (or do
not ask) questions. Most would be reluctant to ask general questions such as:
“What is the explanation of the French Revolution?” They would either provide
multiple explanations in parallel, or limit their scope to one episode, and give a
precise explanation of it. This back-and-forth movement between general and local
explanations is also valid, as we have seen, in the biological sciences.

Another reason for the multiplicity of explanations in the biological sciences is
the place occupied by etiological explanations. Initially, this type of explanation was
put forward in medicine to explain the development of a disease. More generally,
they consist in the construction of likely scenarios to account for the transformations
that occurred in the past, and are no longer observable. The constraints on the
elaboration of these scenarios are weak; this, in conjunction with the highly
developed spirit of contradiction of scientists, leads to the proliferation of conflicting
hypotheses.

The resulting multiplicity of explanatory hypotheses will not endure indefinitely.
New observations, or new possibilities to test some of these scenarios by synthetic
experimental evolution (Erwin and Davidson 2009), will limit the number of
competing scenarios to one or a small set.

4 The Diversity of Explanations as a Consequence
of the Existence of Competing Types of Explanations

The diversity of explanations in the biological sciences also stems from the
coexistence of different types of explanations. What appears at a given time as
transiently competing explanations may on a longer timescale be seen as different
ways of looking at reality and of searching for explanations. One example will
illustrate what I mean by “types of explanations”. Accounting for the functions of
organisms by the existence within them of mechanisms has a long tradition initiated
in antiquity by Aristotle and Galen, pursued in the Renaissance by William Harvey,
Galileo Galilei, and René Descartes, and continued today in the life sciences through
the mechanistic explanations of molecular biology.

But another tradition has coexisted with the previous one, which might retro-
spectively be called a “chemical” tradition. As early as antiquity, a comparison was
made between the progressive formation of organisms and the action of ferments
responsible for the production of wine and bread. Present during the Renaissance
within the alchemical tradition, it gained a dominant position in the first part of
the twentieth century with the so-called “enzyme theory of life” (Olby 1974).
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Epigenetics is probably an extant avatar of this tradition. Such an opposition is
reminiscent of the themata studied by Gerald Holton (1978). However, I will diverge
from the approach of Gerald Holton on two points. The first is that I will emphasize
their continuity rather than their alternance. The second is that I will show that
they may coexist at the same time, and even in the same person. For instance,
the mechanical and chemical explanations of the properties of organisms coexist
in Aristotle’s writings.

In most cases, it is difficult to precisely designate these types of explanations.
They do not fit perfectly with the opposition of categories favoured by philosophers
such as the one between holism and reductionism. The reason is that they are
a combination of historical traditions and categories of thinking. They certainly
correspond to different “styles” and “epistemic cultures”, but they transcend these
categories. They are the result of this complex history of disciplines, and for this
reason their characteristics are partially contingent. The best way to characterize
them and to show their importance is through examples, and by looking at an early
step in the formation of scientific knowledge, at the time when scientists, faced with
a phenomenon they wanted to explain, looked for the best strategies to discover
these explanations.

A good example is the search for the nature of the gene in the 1930s. After the
“rediscovery” of Mendel’s laws at the beginning of the twentieth century, genes
played an increasingly important role in the explanations of biological phenomena
over the following three decades. They were considered the “atoms of biology”
localized on the chromosomes. The nature (and structure) of genes had become a
central issue in biology.

The first approach to this question, developed by Max Delbriick, one of the
founders of the American Phage Group and later a leader in the young science
of molecular biology, was indirect. It consisted in targeting the genes with X-
rays and deducing the gross characteristics of the gene from the effects of this
irradiation. Results of this experimental approach were published in what was called
the “Three-Man Paper” (Sloane and Fogel 2011). The second strategy, developed
the same years by the Russian biologist Nikolai Koltzoff (Kol’tsov), was simply
to use the chemical knowledge accumulated on the constituents of the cells and,
in particular, of the nucleus, to elaborate a reasonable model of the gene (Koltzoff
1928, 1939; Morange 2011a). Both attempts were unsuccessful, but for different
reasons. However, the discovery of the double helix structure of DNA by Jim
Watson and Francis Crick in 1953, based on a precise chemical knowledge of
the constituents of this macromolecule, obviously belonged to the same chemical
tradition as the one favoured by Koltzoff.

This dual approach was not limited to the gene. In the same period, two different
methodologies were also developed to gain information about the structure of
proteins. One, initiated by Emil Fischer at the beginning of the twentieth century,
consisted in progressively improving the description of the building blocks of the
proteins, the amino acids, and the way they are linked within proteins. The second
physicochemical approach was more global and external, and focused on the study
of the shape of proteins and of their electric properties.
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This second tradition did not become immediately obsolete with the development
of X-ray diffraction studies, and the elucidation of the first precise three-dimensional
structures of proteins. In the 1960s, a new category of proteins, the allosteric pro-
teins, was identified. The activity of these proteins is regulated by interaction with
molecules distinct from their substrates. This interaction triggers a conformational
change that alters the activity of these proteins. What was the best experimental
approach to explain the remarkable properties of allosteric proteins? One strategy
was to describe their three-dimensional structure, i.e., the precise position of the
different atoms forming them. The second strategy, favoured by Jacques Monod, the
father of the allosteric theory, was indirect. It consisted in altering the equilibrium
between the different conformations of these proteins to extract from the results
of these perturbation experiments information on the global organization of the
proteins.

These two related examples illustrate the persistence of similar approaches
despite transformations in the nature of the objects under study, and dramatic
changes in the state of knowledge. Interestingly, as seen previously, the same
scientist could successively choose the two different approaches. In 1941, Max
Delbriick proposed a model of gene duplication in which he identified the gene
with a long protein chain (Delbriick 1941).

Despite the fact that these experimental approaches differ greatly, they cannot
easily be put into simple categories. The first, that of Delbriick and Monod, was
more “physical”, and the second, Koltzoff’s, more “chemical”. The first was global,
whereas the second paid more attention to the details of the chemical structure.
The proponents of the first were more interested by the search for principles of
organization, the existence of symmetries and rules that would have simplified the
description of the structure, while the proponents of the second were not intimidated
by the terrible chemical complexity of the objects under study. But to contrast
the two attitudes as holist versus reductionist is clearly not the appropriate way to
investigate their differences.

This does not mean that these general categories cannot be useful in some cases
to contrast different types of explanations. Let us consider again the question of
the origin of the catalytic power of enzymes. Those who support the hypothesis
that quantum effects play a major role clearly belong to a long-lasting reductionist
tradition that seeks to discover the secrets of life at the most fundamental level. In the
1960s, some researchers unsuccessfully advocated the conversion of biochemistry
to quantum biochemistry (Pullman and Pullman 1963). Recent observations on the
“tunnel effect” in catalysis can be viewed as the accomplishment of this reductionist
programme, simply postponed by the absence of appropriate technologies.

Symmetrically, the emphasis placed by Emmanuel Farge and other researchers
on the role of mechanical deformations in development (Brouzés and Farge 2004;
Farge 2011) aims to show that the molecular descriptions are not sufficient, and that
a more global view of development is required to understand it fully.

As we have already seen, these contrasts are hardened by the participants. Both
sides demand that a choice be made between the different explanations. In most
cases, the need for a choice vanishes when knowledge of the system under study
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increases. Since their first description, mechanical deformations and tensions now
have a recognized place in cell biology, and the discontinuity between mechanical
and molecular explanations is progressively disappearing: mechanical effects can
alter the production or the activity of molecular signals, or change protein confor-
mations, two categories of phenomena familiar to molecular biologists. Another
interesting contrast that provides some clues to understanding many debates in
biology is between a static and a dynamic vision of biological phenomena. At the
beginning of the twentieth century, the gene was considered by many geneticists not
as an object, but as a dynamic process. Another illustration of the contrast between
these two different views is to be found in the explanation of the phenomenon
of memory. The first mechanisms of memory that were favoured in the 1950s
were dynamic: memories corresponded to the stabilized circulation of the nerve
impulse in neuron circuits. This dynamic view was challenged in the 1960s by the
identification of memories and behaviours with certain types of macromolecules,
RNAs, or proteins (Morange 2006). After some years of intense debate, these static
models of memory disappeared, and a dynamic model of memory re-emerged —
although the dynamics of the circulation of the nerve impulse may be dependent on
the structural modifications occurring at the synaptic junctions between neurons.

The way I have presented the debate about the existence of memory macro-
molecules is not the usual one. However, it casts some new light on the controversy,
and in particular explains the major role played by George Ungar at the beginning
of the 1970s. Many observers conclude that Ungar’s results prolonged a debate
that, without him, would have ceased earlier, with the abandonment of the idea that
macromolecules can be bearers of memories. Is this prolongation explained by the
quality of Ungar’s results? The harsh criticisms of his experiments obviously show
that the answer is no. The reason is different: Ungar proposed a model in which
the peptides (small proteins) that he characterized as the bearers of memories were
“signposts” present in the membranes of neurons. With this model he apparently
reconciled the static and dynamic views, and made the hypothesis of “bearers of
memories” acceptable to all.

This contrast between the static and dynamic visions of biological phenomena is
still present in current biological debates. One of the reasons for the present success
of epigenetics — the study of the modifications of DNA and surrounding proteins
that do not alter the sequence of the DNA but have an effect on its expression —
is that epigenetic marks are unstable, dynamically added and erased in response to
signals from the organism and from the environment, whereas genetic information
appears, in part erroneously, as static. To harden this opposition, the supporters of
epigenetics include in it dynamical genetic regulatory models such as the operon
model, although this model was considered to fully belong to genetics when it was
initially proposed!

Similarly, the static vision of protein structure is progressively being replaced
by a dynamic one in which proteins oscillate between different conformations
(Morange 2012a). The present interest in this dynamic view of protein (and
macromolecular, in general) structure is the consequence of the development of
new technologies, such as NMR, which permit direct access to molecular dynamics.
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But these technologies were developed because some researchers were convinced
that the static, rigid view of proteins was unable to account for their properties.
Philosophers have recently wondered whether dynamic models are alternatives or
complements to mechanistic explanations (Kaplan and Bechtel 2011). Both types
of models are related: what distinguishes them is simply the emphasis put on
structures, or on their variations.

To conclude this survey of the long-lasting competing types of explanations, I
want to discuss the recurrent opposition between models and explanations in which
the final state reached by a system is the result of a “positive” process, and those
in which the system evolves “by default”, simply through the loss of its previous
characteristics.

One historical example of this “evolution by loss” was the model proposed
by Theodor Boveri at the beginning of the twentieth century to explain the role
of chromosomes in development and differentiation. For Boveri, development
was linked with the progressive loss of chromosomes during cell division. The
specialization of the cells was the direct consequence of this loss of genetic material.

A similar model “by loss” explains ageing (Morange 2011b). In the simplest
evolutionary models, ageing results from the progressive loss of functions with
age, or increase in dysfunctions, defects that have not been eliminated by natural
selection because they occur too late in the life of organisms to alter reproduction.

Interestingly, various positive models of ageing have been proposed regularly
since the Renaissance, such as ageing being the result of poisoning of the body by
toxins that accumulate during life. At the beginning of the twentieth century, Elie
Mechnikov thought that he had discovered the source of those toxins in the microbes
present in the gut, and he designed a special diet to eliminate them. Today, many
researchers believe that the formation of protein aggregates during ageing, which
is well demonstrated in Alzheimer’s and Parkinson’s diseases in the brain but that
in fact occurs in all the tissues of ageing organisms, has toxic effects. Negative
and positive explanations of ageing are not incompatible: the toxic effects of these
protein aggregates might explain the dysfunctions observed in ageing. As previously
seen, what is significant is negative (the effects) or positive (the existence of a toxic
substance) emphasis of the explanations.

In the case of evolution, the situation is the same, but the dominant place of
the positive explanations — evolution by the emergence of novelty — is obvious.
This has not prevented recurrent support among biologists for an alternative model,
evolution by loss. In the 1940s, the French biologist André Lwoff proposed a
model of evolution by loss of biochemical functions (Lwoff 1944). More recently,
human evolution was explained by the loss, in our ancestors, of genes involved
in specialized functions (Olson 1999) or of their regulatory sequences (McLean
et al. 2011). Gene loss is seen as the way for the organism to free itself from the
constraints accumulated during evolution.

Explanations by loss have also recurrently been used to explain the origin of
tumours. Cancer has been considered as a loss of the differentiated characteristics of
the cells, their return to a “primitive” stage and/or a loss of regulation — cancer cells
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escaping the body’s control (Morange 2012b). The vision of cancer as a deregulation
was dominant in the 1970s, before the adoption of the somatic mutation theory
(Morange 1997).

An explanation by loss does not require further explanations. It can be limited
to a description of the obstacles that had to be overcome to reach the basal level.
This is obvious in the case of cancer. When John Cairns looked for explanations of
cancer in his book Cancer: Science and Society published in 1978 (Cairns 1978), he
found them in the failure of the mechanisms that prevent cells from returning to an
uncontrolled state of proliferation.

The fact that explanations by loss are self-sufficient has been contested by Daniel
McShea and Robert Brandon who propose that the loss of homogeneity between
different cells — a process characteristic of multicellular organisms called cell
differentiation — is in fact the result of what they called “a zero force” or “biology’s
first law” (McShea and Brandon 2010). A similar debate concerns innovation in
evolution. Must innovation be specifically explained, as Marc Kirschner and John
Gerhart among others propose (Kirschner and Gerhart 2005), or is it the unavoidable
consequence of any process of evolution by variation (and selection)?

I have, in previous publications, tried to list the different types of explanations
(Morange 2009, 2012c). Today, I am more sceptical about the success of such
a project. Some types of explanation are relatively well defined, such as the
mechanistic and Darwinian types, but others, such as what I have called “chemical”
explanations, are much more difficult to delineate. The reason is simple: types of
explanations are also the result of a complex historical process. Some have acquired
a well-defined shape, whereas others have successively existed under different, more
or less well defined, avatars.

5 Conclusion

The plurality of explanations in the biological sciences has different causes. One
is ontological, linked with the historical dimension of biological objects. Two
others are epistemic. The first is mundane, the consequence of the formulation of
ambiguous questions. In particular, it is not always obvious whether a question
concerns a particular phenomenon, or an ensemble of similar phenomena. The
second epistemic origin of the plurality of explanations is to be found in the
existence of long-lasting traditions of explanations that persist and recurrently
conflict with one another, despite the transformations of scientific knowledge. These
two epistemic causes of plurality are not totally independent. The description of the
conditions that allowed the occurrence of the phenomena under study, what I have
called the sine qua non explanations, answers a particular type of question. But it
can also be considered as a specific type of explanation, competing in some cases
with other explanations such as mechanistic explanations. This complex conjunction
gives to the landscape of explanations in biology its richness and diversity. My
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description is clearly at odds with the too simple vision that many scientists have
that knowledge is acquired through the simple fitting of scientific facts to alternative
theories and models (Soto and Sonnenschein 2012). Data have a major role in
the evolution of scientific knowledge, not simply as a means of choosing between
competing explanations, but through the far more indirect process of reshaping the
complex landscape of biological explanations.
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Chapter 3
Explanation in Systems Biology: Is It All About
Mechanisms?

Constantinos Mekios

Abstract As the mechanistic understanding of how biological systems function
continues to become more refined, the power of scientists to manipulate and control
them for the sake of achieving concrete practical goals increases. Proponents of the
recent movement for a new mechanistic philosophy of biology have taken up the
task of defining the theoretical conditions that would promote such understanding.
In this paper, the case of systems biology serves to highlight some of the limitations
of the explanatory models that are grounded on their philosophical accounts of
mechanism. In light of the prominent role played by mechanisms in top-down
and bottom-up systems biology, I argue that a purely mechanism-based framework
that complies with the constraints stipulated by the new mechanists is adequate
for producing useful explanations of biological phenomena in the context of the
systems approach. Nevertheless, this framework remains limited in its capacity
to carry out the comprehensive explanatory integration demanded for the holistic
understanding of complex biological systems whose attainment constitutes systems
biology’s most ambitious objective. In addition, in their current formulation the
models endorsed by the new mechanists are not sufficient for capturing the rich
explanatory pluralism that characterizes the practice of systems biology. The fact
that a pragmatic view of the practice of systems biology reveals its pluralistic
character suggests that moving beyond theoretical considerations provides useful
insights into the nature of explanation. I propose, however, that philosophers do not
need to make a choice between adopting either a theoretical or a pragmatic attitude:
both perspectives contribute in a mutually complementary way to constructive
thinking about explanation in biology.
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1 Introduction

A general presupposition made in the philosophical discourse concerning expla-
nation is that to explain a phenomenon means to render it intelligible. Regardless
of whether the explanation is correct or not, it establishes a relation between the
explanans and the explanandum which gives rise to some understanding of the
phenomenon under consideration (Machamer, Darden, and Craver 2000; MDC
hereafter). For scientists, to understand the phenomena that they study constitutes
the ultimate end of their work and the main motivation behind it. Hence, in the
introductory paragraph of his recent book on scientific explanation Michael Strevens
(2008) writes:

If science provides anything of intrinsic value, it is explanation. Prediction and control are
useful, and success in any endeavor is gratifying, but when science is pursued as an end
rather than as a means, it is for the sake of understanding — the moment when a small,
temporary being reaches out to touch the universe and makes contact. (Strevens 2008, 3)

The verb “to understand” dominates biological talk, since biologists use it
regularly to define their experimental objectives. Statements to the effect that a
proposed set of experiments could help us “understand the regulation of glucose
metabolism in yeast,” or that the experimental data may afford us “a novel
understanding of wing development in Drosophila,” are as commonplace in the
literature as they are in informal exchanges among biologists. In the contextin which
such statements are used, the claim that something is understood usually means that
an answer to the question about how that thing might possibly work can now be
provided. Contemporary biologists generally treat the postulation of a mechanism
as the most suitable method for fulfilling this explanatory requirement. Mechanism-
based explanations have, therefore, acquired a central role in the biological sciences:
they have come to be regarded as the primary sources of intelligibility.

In this essay I set out to show how the case of systems biology (SB) draws
attention to the explanatory limitations of the types of mechanism-based models
offered by proponents of the growing movement for a new mechanistic philosophy
of biology.! The widespread appeal to mechanisms in SB has produced practically
useful and experimentally confirmable insights into the behavior of complex bio-
logical systems. A strictly mechanism-based explanatory strategy, however, defined
by theoretical constraints like those found in the various articulations of the new
mechanistic philosophy, relies on models that can only capture a fraction of the rich
pluralism that characterizes the practice of SB. The paper begins (Sect. 2) with a
brief overview of the origins of mechanistic explanation in biology, as well as of the
main philosophical features of its new mechanistic agenda. In Sect. 3, the focus turns
on SB: an analysis of top-down and bottom-up versions of the approach shows that

"For related discussions of possible limitations of mechanistic models in systems biology, see
Baetu (2015), Breidenmoser and Wolkenhauer (2015), Issad and Malaterre (2015), and Théry
(2015).
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in both of these cases mechanisms play an important role for providing explanations
at different levels of a system’s organization. The discussion that follows (Sect. 4)
consists in a critical assessment of the implications of these examples from the
practice of SB for the adequacy and completeness of purely mechanism-based
explanations. Finally, in Sect. 5, after exploring the limited capacity of such
theoretical schemes for making sense of biological complexity in the context of SB’s
pluralistic implementation, I examine the contributions of some recent pragmatic
philosophical approaches to thinking about what SB’s methodological pluralism
means for the fulfillment of its explanatory objectives. By means of this analysis,
I attempt to draw attention to the value of taking into account both theoretical and
pragmatic constraints for addressing questions about explanation in biology.

2 Mechanism-Based Thinking in Biology: Conceptual
Origins, the New Mechanistic Philosophy, and a First Taste
of Explanatory Pluralism

The influence of mechanism-based thinking on the development of science has
a long and thoroughly studied history. Scholars generally agree that it goes as
far back as the seventeenth century, when the mechanical philosophy of eminent
thinkers such as Rene Descartes, Galileo Galilei, Pierre Gassendi, Robert Boyle,
and Isaac Newton, among others, propelled the scientific revolution which gave
rise to a mechanistic natural science. The late seventeenth century also marks the
beginning of mechanistic biology, which has its origins in the same philosophical
tradition. But the relationship between mechanism and biology is not simple, nor is
its history as straightforward as one might have anticipated on the basis of what
seems to be the case with other natural sciences. This is primarily because in
biology the term “mechanism” has not been used consistently. Instead, it has taken
different meanings depending on the context of its use (Allen 2005; Nicholson
2012). Accordingly, mechanistic biology has had various incarnations in the 350
years since its emergence (Nicholson 2012, 153). The different conceptions of
mechanism that remain operative in today’s biology and in the philosophical
discourse pertaining to it correspond to distinct approaches to explanation, all of
which can legitimately be claimed to be mechanism-based. This constitutes a first
manifestation of explanatory pluralism within the generally construed realm of
mechanistic biology. The potential for a more fundamental kind of explanatory
pluralism, however, emerges from the features of recently articulated philosophical
theories of biological mechanism that will be examined later in this section.

For Nicholson (2012), a tripartite distinction between “machine mechanism,”
“mechanicism,” and “causal mechanism,” accurately captures the variability in the
historical use of the term “mechanism” in biology. To directly relate the notion
of mechanism to that of an actual machine is to most closely adhere to the literal
meaning of the term. A relation of precisely this kind, Nicholson suggests, is at
the heart of what he calls the machine mechanism understanding of mechanism-
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based biology. Implicit in the conception that living beings admit of descriptions
and obey principles analogous to those that apply to clocks, steam engines, or
computers, is a strong ontological claim: organisms, that is, are not only completely
explainable in the same manner that machines are — i.e., by means of an account
of their parts and their interactions — as the proponents of mechanicism would have
it, but they constitute themselves mechanical contrivances. Placing the emphasis
on epistemological considerations rather than on ontological determinations is what
distinguishes mechanicism from machine mechanism. Hence, mechanicism stands
as a philosophical program preoccupied with the task of providing explanations by
appealing to the ontological picture painted by machine mechanism. According to
Nicholson’s analysis, throughout its history mechanistic biology has identified with
this program and its influence remains strong, as indicated by the methodological
features of biological fields such as molecular and cell biology, which have
flourished during the twentieth century, or of the currently emerging field of
synthetic biology. Lastly, causal mechanisms represent the most recently articulated
alternative sense of “mechanism” in biology. They capitalize on the explanatory
power of elucidating the causal relations among the activities and structures that give
rise to biological phenomena. Because of their attention to the explanatory role of
causal sequences, Allen (2005, 263) chooses to label these mechanisms “operative
or explanatory”: they consist in a “step-by-step description/explanation of how the
components in a system interact to yield a process or outcome.”

The prospect of providing adequate accounts of biological phenomena through
the investigation of causal mechanisms has recently sparked new interest in the sub-
ject among philosophers. Despite the fact that it includes a variety of perspectives,
the overall discourse has come to be known as the “new mechanistic philosophy”
after Skipper and Millstein (2005) baptized it using this term. But contrary to the
earlier description of the mechanistic approach as involving the study of machine
mechanisms, this new movement is concerned primarily with the examination of
causal mechanisms. For this reason, Nicholson takes issue with the use of the
designation “mechanistic” in this context and suggests instead that the new program
for the study of causal mechanisms in biology be called “mechanismic” (Nicholson
2012, 154-155). In order to avoid the conflation of meaning that could result from
failing to notice this distinction, I adopt Nicholson’s recommendation and refrain
from using the term “mechanistic” to refer to explanatory approaches that rely on
causal mechanisms for the rest of this essay, with the exception of instances in
which I am either quoting philosophers who take a more flexible approach to its
use, or refer directly to the implications of the popular designation “new mechanistic
philosophy.”

The new philosophical discourse concerning the role of mechanisms in biology
has developed around two distinct conceptions of causal mechanism: one articulated
by Glennan (1996, 2002a, b, 2005) and the other by MDC (2000). Glennan takes
mechanisms to be actual entities: they are “complex-systems” and should therefore
be treated as “things (or objects)” (Glennan 2002a, S345). In addition, mechanisms
as complex-systems consist of parts whose interactions produce the behavior(s) of
these organized entities (Glennan 2002b, 126). These observations are incorporated
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in the following revised version of the definition of mechanism that Glennan had
first offered in 1996:

A mechanism for a behavior is a complex system that produces that behavior by the
interaction of a number of parts, where the interactions between parts can be characterized
by direct, invariant, change-relating generalizations. (Glennan 2002a, S344)

The behavior of a mechanism, “Glennan (2005, 445) clarifies, is simply “what
the mechanism does.” Thus, he continues, using language that brings to mind
functionalist accounts,”> “[a] heart is a mechanism for pumping blood, a Coke
machine is a mechanism for dispensing Cokes in return for coins, and so on
(Glennan 2005, 445).

Among the aspects that stand out in this brief overview of Glennan’s conception
of mechanism, the most relevant for the purposes of our discussion is that his
account does not break with the ontological assumptions of machine mechanism
and mechanicism. While the examination of the causal interactions among the parts
of mechanisms is indispensable for characterizing the brand of mechanism-based
behaviors described by Glennan, his analysis depends fundamentally on an onto-
logical commitment to the claim that mechanisms are things: the complex-systems
whose behaviors are to be understood by means of mechanisms are themselves these
mechanisms. The emphasis, then, remains on highlighting the ontological status of
mechanisms rather than their explanatory capacities. Also deserving attention in
Glennan’s definition of mechanism is the central role reserved for interactions of
parts. Since systems are “collections of parts” (Glennan 2002b, 128) — i.e., they
amount ontologically to the sum of their constitutive elements — their behavior, as
well, arises from the interactions between their parts, whose relations are governed
by invariant generalizations. This description implies, moreover, that a bottom-up
view is required for explaining how system behavior is produced. Taken together
these features of Glennan’s vision of causal mechanism indicate that the spirit of
reductionism remains deeply engrained within it, both with respect to its ontological
claims and in so far as explanation is concerned.

The second and most frequently cited conception of causal mechanism in biology
was provided by MDC (2000), who criticized Glennan for his interactionist view
of mechanism. As their definition shows, for MDC the key to thinking about
mechanisms is to concentrate on activities rather than on interactions of parts:

Mechanisms are entities and activities organized such that they are productive of regular
changes from start or set-up to finish or termination conditions. (MDC 2000, 3)

The mechanism of chemical neurotransmission, for example, consists in the descrip-
tion of the way by which the termination condition — the depolarization of the

2Glennan admits that his analysis resembles in many respects functional analysis but notes that,
while it is tempting to substitute the term “behavior” by the term “function,” he avoids it because
“(1) the function of an entity is often construed as its role within a larger system, and (2) it is also
sometimes assumed that entities can have functions only if they have this function as a result of
design” (Glennan 2005, 127).



52 C. Mekios

postsynaptic neuron — is produced by the set-up conditions and intermediate stages —
the release of neurotransmitters into the synapse by the presynaptic neuron and their
binding to receptors of the postsynaptic cell, respectively (MDC 2000, 3). MDC
recognize that a description of this mechanism could not have been provided without
reference to entities — e.g., neurons, neurotransmitter molecules, and receptors — and
to their properties. Ultimately, however, activities — in this case the release of the
neurotransmitters and their binding to receptors — are the effectors of the changes
leading up to the transmission of the signal. Their function within the mechanism
renders them essential to its description. In addition, MDC stipulate that “to give
a description of a mechanism for a phenomenon is to explain that phenomenon”
(2000, 3). Both entities and activities, then, play an important explanatory role in
MDC’s account of causal mechanism, which has for this reason been characterized
as dualistic.

In contrast to Glennan’s interactionist paradigm, the MDC model establishes
the conditions for a mechanism-based biology with a non-reductive orientation.’
By capitalizing on the study of activities in multilevel mechanisms it provides an
explanatory alternative to classical reductive strategies that rely exclusively on the
study of the interactions between a mechanism’s elementary components. Further-
more, Craver (2005) and Darden (2005) have both argued that methods involving
mechanisms at different levels of biological organization can allow for interfield
integration without formal reduction of theories. At the same time, the MDC model
represents a turn away from the traditional deductive-nomological explanatory
paradigm of mechanistic science. In particular, MDC relax the relatively stringent
condition for “laws,” or other “invariant generalizations,” that persists throughout
Glennan’s articulations of his definition of mechanism. Mechanisms are regular,
they write, “in that they work always or for the most part in the same way under the
same conditions” (MDC 2000, 3). Lacking references to laws or generalizations,

3Mechanistic biology is often placed firmly within the tradition of reductionism. Indeed, the
conceptual roots of reductionism overlap with those of mechanistic biology: they can be traced
back to the corpuscularian doctrine of the pioneers of mechanical philosophy, who sought to
account for physical phenomena by referring exclusively to the “interactions between impenetrable
particles of matter” (Sarkar 1998, 16). In addition, reductionism and mechanism share a similarly
tortuous conceptual history, primarily because of the various meanings that both concepts have
acquired through their participation in long-standing philosophical debates about the nature of
biology. In these debates, “mechanism” has often played the role of the polar opposite of
“vitalism,” while, similarly, “reductionism” has been construed as the antagonist of “holism” and
“organicism.” But these juxtapositions alone cannot fully illuminate the nature of the relationship
between the concepts involved: they capture the roles that these concepts have assumed within
a specific historical and philosophical context, but at the same time they conceal the context-
dependence of these roles. Thus, with respect to the causal mechanisms under consideration,
to the extent that Glennan’s model retains many of the assumptions of mechanicism it remains
more closely linked to a traditional conception of reductionism, which regards biological systems
as explainable through a description of the interactions among their components, than MDC’s
account, which distinguishes itself more clearly from the mechanicist conception of mechanism
by emphasizing the role of activities. In that sense, the MDC model may be taken to provide the
conditions for non-reductive mechanism-based explanations, if the conception of reductionism that
is used to make this pronouncement is properly qualified.
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this is a weaker appeal to regularity in comparison to Glennan’s. Following along
the trajectory set by MDC, other proponents of the new mechanistic philosophy
have taken further steps towards a fully irregularist conception of mechanism:
Bogen (2005) proceeded to explicitly reject the need for regularities in mechanists’
accounts, Bechtel and Abrahamsen (2006) proposed a definition of mechanism
free from appeals to regularities of any type, and, interestingly, Machamer (2004)
himself has argued in favor of dropping the condition that genuine mechanisms must
be regular (DesAutels 2011).

Taken together, the elements of the conceptual history of mechanism and the
recent theoretical developments concerning causal mechanisms that were consid-
ered in this section offer us a first illustration of pluralism in biological explanation
and in the philosophical discourse surrounding it. The evidence showing that in
contemporary biology mechanism-based explanatory strategies are as dominant and
ubiquitous as is talk about mechanisms would appear to undermine this assessment;
it would seem to indicate that a univocal sense of mechanism prevails. Nevertheless,
the preceding examination of the different senses of mechanism that continue to be
operative in biological practice and in the accounts of the new mechanists, suggests
instead that mechanistic explanation itself is pluralistic. At a first level, the reference
to pluralism concerns the simple observation that several distinct conceptions of
mechanism are integral to different mechanism-based explanations and to theories
about mechanism-based explanation in biology. In addition, however, the possibility
of a second level of explanatory pluralism presents itself in the details of the
MDC account and of the accounts that have followed in its footsteps. Notably, this
possibility appears to be borne out by MDC’s break with regularist, interactionist,
or strictly mechanicist conceptions of mechanism, as well as by their generally non-
reductive orientation. Specifically, the flexibility of MDC’s mechanism, owed to
its somewhat abstract emphasis on activities, the relaxation of the requirement for
regularity, the often incomplete “mechanism schemata” or “mechanism sketches”
(MDC 2000, 15-16) that it employs, and its capacity to accommodate multiple-
levels of explanation, renders it compatible with a pluralistic explanatory framework
for biology. While frequently the characterization “pluralistic” is reserved for a sce-
nario in which different types of explanation are taken to provide equally legitimate
but separate insights into a given phenomenon, in the context of MDC pluralism
consists in the accommodation of multiple explanatory accounts of the same type
within a larger mechanism-based scheme. In this case, all the explanations are
mechanisms. Each one of them, however, accounts for a different level of a given
biological system’s organization. One might refer to this state of affairs as deep-
level explanatory pluralism, not as a way of suggesting that it is more authentic than
other instances of pluralism but simply to convey the sense in which mechanism-
based explanation itself encompasses a plurality of distinct and irreducible partial
mechanisms. We proceed with a study of the case of SB, in order to evaluate
the suitability of the multilevel mechanisms of the new mechanists for adequate
explanation of complex biological systems and to determine the implications of
their use for explanatory pluralism.
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3 Mechanism-Based Explanation in Top-Down
and Bottom-Up SB

The recently coined term “systems biology” has been used somewhat loosely to
characterize a wide range of biological research projects, as well as an emerging
multidisciplinary approach for the study of biological systems. In light of this
observation, Fischbach and Krogan (2010, 1) have pointed out that “systems biology
means different things to different people.” Nevertheless, a number of shared
methodological features, along with an underlying theoretical commitment to the
idea that a global view of biological systems could provide new insights into their
complex organization, stand out upon closer examination of SB’s diverse practice.
More specifically, in pursuit of its primary objective to produce an understanding of
“biological systems as systems” (Kitano 2001, 2), SB in its various incarnations
seeks the formalization, quantification, and integration of the properties of the
systems that it studies. In a review regarding the practice and the challenges faced
by SB, one of its pioneers, Alan Aderem, strongly echoes the assessment that
integration is central to the systems approach and provides a description of the kind
of integration that it must bring to fruition:

[I]f one had to summarize the essence of the ISB [Institute for Systems Biology], it would
be integration: integration of the various technologies, integration of the various hierarchical
levels of biological information, integration of technology and biology, integration of
crossdisciplinary scientists, integration of industry and academia, and, finally, integration
of discovery and hypothesis driven science. (Aderem 2005, 513)

In Systems Biology in Practice (2005), Edda Klipp and her coauthors concur and
amplify:

Systems biology relies on the integration of experimentation, data processing, and
modeling. Ideally, this is an iterative process. (Klipp et al. 2005, 4)

Despite the general consensus on the indispensability of integration, iteration,
and model construction for SB among its proponents, however, other conceptual
differences have produced divergent views regarding the optimal implementation
of the approach. Those who perceive and practice SB as a “top-down” approach
begin the examination of the system studied by adopting a bird’s eye view
(Bruggeman and Westerhoff 2006). They first consider the whole system — the
top — and use the high-throughput, genome-wide experimentation that characterizes
the “-omics” analyses (genomic, transcriptomic, proteomic, etc.) that initiated the
systems approach in biology to elucidate and characterize lower level biological
mechanisms. A different strategy is adopted by those who maintain that the role of
SB is to characterize biological systems using the principles of physical chemistry
and starting from the molecular components at the bottom of these systems (Hyman
2011). Instead of using induction to gain insights into the higher levels of biological
organization, “bottom-up” SB aims to deduce the functional properties of organisms
from a detailed mechanistic analysis of the behavior of their smallest manageable
parts. The subsequent integration of formal expressions of component properties
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by means of mathematical and computational methods, leads to the construction of
a mechanism-based model that predicts behavior at higher levels of the system’s
organizational hierarchy.

The methodological shift towards the global perspective that characterizes SB
coincides with the emergence of the new mechanistic philosophy of biology. In
addition, the two movements are linked by their common preoccupation with
integration. Granted, the kind of integration the new mechanists had originally
set out to account for differs from the nature of integration currently pursued by
SB, both qualitatively and in terms of scope. The new mechanists were motivated
by philosophical interest in defining the theoretical features of a mechanism for
explanatory integration within the relatively narrow framework of molecular and
cell biology, whereas systems biologists have been seeking larger scale integration
as a means to the fulfillment of their principal research objective: the attainment
of a comprehensive view of complex biological systems. To the extent, however,
that practice can help put theory in perspective and vice versa, the development of
a closer relationship between these two distinct integrative projects might prove
mutually beneficial.* Thus, SB has the potential to serve as an informative test
case for philosophers inquiring about the limits of the new mechanists’ explanatory
models with the intention of producing more accurate theories of mechanism.
Correspondingly, SB itself stands to benefit from theoretical developments in
mechanism-based explanation, to the degree that normative statements about the
best explanatory models could facilitate the pursuit of its practical objectives. In
what follows, the nature of the relationship between mechanism and SB is examined
in more detail with the help of two case studies. The first illustrates the role of
mechanism in a “top-down” approach to SB, while the second highlights the
strong influence of mechanistic thinking to the practice of “bottom-up” SB. The
anticipated philosophical gain from this exploration is that it will put us in a better
position to address questions about the sufficiency of the new mechanists’ models
for supporting the broad explanatory integration sought by the systems approach in
biology.

3.1 Top-Down SB Relies on Mechanisms and on Abstract
Phenomenological Models

A relatively early example of the implementation of a top-down strategy for SB is
the Baliga et al. (2004) study of the response to UV radiation in the Halobacterium
NRC-1. Preliminarily, the authors gathered any previously available information

4Should this prove to be the case, this example would illustrate paradigmatically what some regard
as the ideal relationship between philosophy and applied science: the agenda of the former is tested
and defined by the pragmatic demands of the latter and, conversely, the development of the latter
is shaped and facilitated by theoretical contributions of the former.
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pertaining to the stress response to UV radiation both in eukaryotic organisms and
in bacteria. Although the precise mechanism by which the Halobacterium NRC-
1 strives to counteract the effects of UV radiation was practically unknown at the
beginning of the project, the few facts about the process that were at the researchers’
disposal allowed them to identify target genes and other macromolecules that could
be perturbed in the course of a systems analysis.

The study’s next step involved registering and integrating the effects of UV
irradiation at various levels of organization, both in selected mutant strains of
Halobacterium NRC-1 and in wild type cells. The researchers relied primarily on
data from the mRNA level, obtained through micro-array experiments. Algorithmic
computational methods were used to integrate system-wide experimental results
at the mRNA level with data about inferred interactions at the protein level
and to visualize them together on a network of interconnected nodes and edges
(Fig. 3.1). Specifically, Baliga et al. used Cytoscape, a software tool that permits the
construction of “integrated models of biomolecular interaction networks” (Shannon
et al. 2003, 2498), for the visualization of the protein data. The program displayed
the interactions between proteins as edges between nodes that represent the genes
encoding for these proteins. The mRNA data were then incorporated into this model.
Changes in mRNA levels were visualized by using different node colors (displayed
in Fig. 3.1 as different shades of grey), whose intensity depended on the magnitude
and the direction (up-regulation or down-regulation) of each change. Moreover,
protein function annotation allowed the grouping of the nodes of the network
using functional proximity as a criterion. The model generated, combined with
other predictions about the function of various halobacterial proteins and previous
observations about interactions between them, led to the identification of “several
putative repair mechanisms in Halobacterium NRC-1” (Baliga et al. 2004, 1026).
Moreover, the integration of the obtained data permitted not only the identification
of 33 proteins participating in the stress response to UV radiation, but also the
assignment of specific putative functions to 26 among them, which were previously
unannotated.

The protocol described in this case is typical of the most widely applied version
of SB. It faithfully follows basic prescriptions for the implementation of the systems
approach in biology that were offered by some of its pioneers (e.g., Kitano 2001;
Hood 2002), capitalizing on integration, iteration, data processing, and construction
of models. Especially relevant to our discussion, however, is the observation that
mechanisms retain an important role in the application of top-down SB as carried
out by Baliga et al. The identification of putative mechanisms at the level of
macromolecular interaction, ultimately permitting the assignment of functions to the
macromolecules that participate in them, is explicitly mentioned by the researchers
as a measure of the success of their experimental work. The implicit conclusion is
that an understanding of the stress response of Halobacteria to UV radiation — of the
way that this process works — could be reached by appealing to such mechanisms,
generated by integration of the data that reflect behavior at the system level, with
data concerning the properties of the system’s components. It is worth noticing
that, on the one hand, a tentative representation of the whole system as a network,
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Fig. 3.1 System-level view of the Halobacterium NRC-1 response to UV irradiation (Baliga et al.
2004)

generated on the basis of computational processing of system-wide measurements of
behavior following irradiation, precedes the elucidation of mechanisms that could
explain how it works. On the other hand, the availability of preliminary putative
mechanisms that are based on prior knowledge and account for causal interactions
between the system’s components is an essential prerequisite for the construction of
a high-level model of the system. Since the approach is iterative, more sophisticated
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high-level models give rise to increasingly precise mechanisms at lower levels
of the system’s hierarchy, which are, in turn, used in further global analyses. In
addition, each high-level model is phenomenological (Bruggeman and Westerhoff
20006). It constitutes, that is, a relatively abstract schematic representation of the
whole system in its complexity, which highlights the frequently non-linear and non-
sequential relationships between its components without characterizing their precise
causal interactions. This suggests that the models simulating the system’s high-
level function and organization in top-down SB lack the basic features of traditional
mechanisms. Only if used in a broad sense could the term “mechanism” be applied
to such models, which are primarily of mathematical origin. The conclusion that
characterization of system function in the special case of top-down SB hinges on
representations whose mechanistic status is ambiguous, raises questions about the
suitability of pure mechanisms for the explanatory purposes of SB, in general:
Could an explanatory strategy that, like many of the explanatory schemes proposed
by the new mechanists in other biological contexts,” would depend exclusively
on successful interlevel integration of mechanisms produce adequate explanations
in the context of SB? Furthermore, could such explanations suffice for rendering
complex biological systems intelligible? Since these related questions are not only
relevant to the case of top-down SB but they concern the explanatory role of
mechanisms in all varieties of SB, we should be in a better position to address them
after considering the following example from bottom-up SB.

3.2 Bottom-Up SB: From Lower-Level Mechanisms
to Stochastic Models of Complex System Behavior

To illustrate the main methodological features of bottom-up SB we appeal to a study
of gene regulation in the bacterium E. coli by Guido et al. (2006). The authors, who
openly proclaim that they will be taking a bottom-up approach, describe the general
objective of their work by stating that they seek to demonstrate how “the properties
of regulatory subsystems can be used to predict the behavior of larger, more complex
regulatory networks” (Guido et al. 2006, 856).

The regulatory subsystem in question is a synthetic gene network, under the
control of a promoter that was designed so that it could be activated and repressed
in a complex pattern within the cellular environment of E. coli. This subsys-
tem’s behavior was tested under various conditions: in the absence of regulatory
molecules, in the presence of repressors only, in the presence of activators only
and, finally, in the presence of both repressors and activators. Quantitative data of
gene expression under these conditions were collected. In addition, a deterministic
mathematical model predicting the in vivo behavior of the modular system was cre-
ated. The model simulated the expected mean transcriptional response of the three

3See Craver (2005) for a relevant example from neuroscience.



3 Explanation in Systems Biology: Is It All About Mechanisms? 59

a Unregulated system b Repressor-only system € Activator-only system d Repressor-activator system
Arabinose Arabinose
N i N ] Co
. ® =
e =k PTG o5 . a0 ' . 1.1 > .
o o ™ T ) T RS w
X Ol OO
2 8
8 fe -y
- g 5
g% | §s® gs|h
] PO — [P
306/ ( | B4 £ 5. e
€ . - ) = ¥ ‘
Ll - By 1 & 2
E | [P ———r E 2| 8 | E— E 2| [ e—
o Goal 2 Y e —
| il 05 % % e ® | i -} 5 1
. . ¥ £ ol " 5 - EO0 € ol -
[/} 20 40 &0 80 100 g 0 20 40 B8) BO W0 5 1] 05 1 ] 1] 05 1
Flucrescence IPTG (mM) = Percontage arabinose (x 10+ Percentage arabinose [x 10-4)
00 0.0

Normalized cell count
Normalized coll count
o
2
G

E
3
;

0 200 400 600
Fluorescence

0 100 200
Fluorescence

Fig. 3.2 (i) (a—d) Are causal mechanisms of transcriptional regulation of the synthetic gene
network. (ii) (e-k) Represent mathematical models of the system’s behavior under different
regulatory conditions (unregulated, repressor-only, regulator-only, and repressor-activator). In
these graphs, model predictions are represented by darker grey lines whereas lighter grey lines
are used to indicate the actual experimental data (Guido et al. 2006, Reprinted by permission from
Macmillan Publishers Ltd: Nature Reviews Molecular Cell Biology, copyright (2006))

regulated systems (repressor-only, activator-only, repressor-activator) and it was
based on formal expressions of the kinetics of their components under conditions
of equilibrium. When the transcriptional data actually gathered by the researchers
in the laboratory were fitted to these expressions, which were derived theoretically,
an estimate of the mean transcriptional response of the system under each of the
conditions tested was generated (Fig. 3.2). The fitting involved computer software
permitting the solution of non-linear least squares problems using a gradient-based
optimization algorithm (Guido et al. 2006, Supplementary Information 5). With the
help of algorithmic computational methods, once more, the initial deterministic
model of this modular subsystem was ultimately extended to include stochastic
effects in order to become capable of predicting quantitatively the behavior of a
more complex system which involves regulatory feedback (Fig. 3.3).® The authors
conclude by presenting experimental evidence that verifies the accuracy of the
predictions made on the basis of the extended model.

6As stated by Adalsteinsson et al. (2004), the developers of the software package used for
simulating the extended regulatory network studied in this example, stochastic models are
necessary to predict the activity of engineered gene networks that include promoters regulated
through various types of feedback due to the stochastic nature of the biochemical reactions
involved. The stochastic effects encountered in complex systems such as these synthetic gene
networks cannot be ignored when attempting to model their behavior because small changes in
the number of the regulatory molecules have a major impact on transcriptional activity.
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As this example demonstrates, bottom-up applications of SB are strongly com-
mitted to the mechanistic methodology of molecular biology. Initially, at least, the
concern is with the mechanistic details of the behavior of lower-level components
of the system studied. Guido et al. begin their project with an experimental practice
that follows the principles of mechanistic molecular biology: they test hypotheses
about the regulatory properties of the promoter that controls the transcription of
their synthetic gene network by correlating gene expression levels to different
regulatory conditions (i.e., to interactions of the promoter with different repressors
or activators). Reference to a preliminary basic mechanism, representing a causal
relationship between the interaction of the promoter with specific regulatory
molecules and its ensuing repression or activation, is a prerequisite for proceeding
with the design of the experiment’s next steps. The appeal to a causal story, that is,
is very much what directs the experimental procedure early on.

The transition from characterizing the properties of this relatively simple sub-
system on the basis of straightforwardly causal mechanisms to thinking about the
larger, more complex regulatory network to which it belongs, however, involves the
development of models by means of mathematical and computational techniques.
First, a deterministic model that predicts the subsystem’s behavior on the basis
of theoretical expressions of the kinetics of its parts is required. Subsequently, an
extended stochastic model that, as the authors claim, can provide insights into the
behavior of a complex system with regulatory feedback must be developed. Neither
of these models is causal in nature. They both might be better characterized as
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mathematical. Elsewhere in this volume, Issad and Malaterre (2015) argue that
models of this type confer explanatory power to dynamic mechanistic explanations,
which must be regarded as distinct from conventional mechanisms, whose explana-
tory power is derived from their capacity to provide a causal story. In the way that
Guido et al. utilize them, mathematical models seem to be well-suited for prediction
of complex system behavior. If they are not ultimately reducible to mechanisms,
then the sufficiency of mechanism-based models for explanation in bottom-up SB
is called into question.

Philosophical accounts that aim to accommodate the mathematical explanations
of complex systems exhibiting non-sequential, cyclic organization within a
mechanism-based framework have recently been offered (see Bechtel and
Abrahamsen 2010; Bechtel 2011). Bechtel, more specifically, claims that “the
additional tools needed to understand such systems are computational modeling
and dynamic systems analysis” (Bechtel 2011, 552). Both of these methods, in
Bechtel’s view, still have their foundations in a mechanistic account. Nevertheless,
just as with top-down SB, finding purely mechanism-based ways to integrate lower-
level mechanisms with higher-level models, even when ensuring that the latter could
also meet the criteria for qualifying as mechanisms, remains a significant challenge
for bottom-up SB.

4 Adequacy and Completeness of Mechanism-Based
Explanation in Systems Approaches

The challenges identified in the previous section point directly to the issues of
adequacy and completeness of mechanisms for explanation in SB. More precisely,
since integration of multiple explanatory approaches is a condition for successful
explanation in SB, we must consider whether the requirements for such integration
to occur could be fully satisfied within a purely mechanism-based theoretical
framework. In what follows, I argue that although the multi-level causal models
of the new mechanists can serve as heuristically adequate tools for applied SB, in
their current formulation they remain limited in their capacity to carry out the broad
integration demanded for understanding not only how complex biological systems
work, but also why they work in a given way.

To recapitulate, the evidence considered shows that appeals to mechanisms for
explanation at each of the various levels of biological organization are commonplace
in SB. But models of ambiguous status, that may not qualify as mechanisms even
when evaluated on the basis of relatively flexible standards such as those stipulated
by the MDC account, are also integral to the approach. If the interlevel experi-
ments — bottom-up or top-down — by which SB seeks to produce a comprehensive
understanding of biological systems as systems generate results that cannot be fully
accommodated by mechanisms, then could the requisite explanatory integration
take place? Furthermore, could this task be accomplished without stipulating an
overarching mechanism for bringing together mechanism-based insights from the
system’s different levels?
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According to the MDC account, the specification of an all-inclusive mechanism
is the first condition for any adequate explanation. For a consistent mechanist,
SB cannot be treated as an exception to the rule. Hence, in this context, too,
a continuously productive mechanism must do the explanatory work by relating
the system’s levels. For Richardson and Stephan (2007), MDC-type mechanisms
that serve this purpose are not only required, but also sufficient for successful
explanatory integration in SB. Their suitability for SB, they argue, is owed to their
multilevel constitution which enables them to explain without referring exclusively
to proximate causes. Their constitutive features, in turn, allow them to account
for context-dependent system behaviors that are often described as emergent.
But Richardson and Stephan’s position in favor of the explanatory sufficiency of
mechanisms for SB also depends on the presumption that explanation at each of
a biological system’s distinct levels is nothing but mechanism-based. I suspect,
therefore, that their response to the question that was posed first would be negative:
explanatory integration in systems approaches to biology cannot be carried out
successfully unless the system-wide networks of top-down SB, as well as the
deterministic and the stochastic models of bottom-up SB, qualify as legitimate
mechanisms.

It is unclear whether the aforementioned models that are essential to the
methodology of SB could indeed be regarded as mechanisms on the basis of
mainstream interpretations of the conditions set by the MDC account. In particular,
the extent to which they could be described as representations consisting of entities
and activities that bring about regular changes in a sequential order is what is at stake
here. Because they constitute idealizations of dynamic complex systems, whose
function is not characterized by productive regularity or linearity, their capacity
to strictly comply with the MDC criteria is questionable at best. Besides, the
mathematical origins of these models’ indicate that they might be better understood
as mathematical explanations rather than as mechanisms. Mathematics is frequently
thought to amount to nothing more than a language for describing phenomena or
objects. According to this nominalist view, the category “mathematical explana-
tions” is redundant: since mathematical expressions are merely descriptions, they
could be fully integrated within the explanatory framework that is appropriate for
the phenomena that they describe. Thus, when a mathematical formalism describes
a mechanism, it ought to be possible to accommodate it within a mechanism-
based framework. This conception of the role of mathematics in explanation has
been challenged by philosophers who, like Colyvan (2001) and Baker (2005,
2015), have defended the claim that in some cases mathematical formalisms may
be explanatory in their own right. In such cases, it would be justified to speak
of genuine mathematical explanations. If the networks and stochastic models of
SB depend indeed on mathematical components that play a distinct and essential
explanatory role, then their description as mechanisms can be legitimately disputed.

"Two different mathematical modeling approaches have been used extensively in SB: one involves
ordinary differential equations (ODE) and the other relies on stochastic process algebras (SPA).
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The sufficiency of an exclusively mechanism-based framework for explanation in
SB becomes problematic, as well, in this case, unless it could somehow integrate
genuinely mathematical explanations of biological phenomena.

For some philosophers of the new mechanistic movement who are convinced
that biological explanation should depend on a purely mechanism-based frame-
work, however, the move that would guarantee that such an outlook could be
maintained in contemporary biology is the expansion of the notion of mechanism.
As mentioned in Sect. 3, Bogen (2005), as well as Bechtel and Abrahamsen
(2006), took significant steps in this direction by offering accounts of mechanism
that could accommodate models of systems that do not display regularities or
sequential execution of operations. More recently, Bechtel (2011) has proposed
that the mathematical explanations provided by dynamic systems analysis ought
to be included within a sufficiently expanded mechanistic framework. This broader
conception of mechanism is, therefore, intended to lift theoretical obstacles to an
exclusively mechanism-based understanding of biological systems.

Mechanisms can be regarded as adequate explanations, if adequacy is measured
by the fruitfulness of the explanation. Capitalizing on the causal relations among
entities and activities in biological phenomena, rather than on ontological claims
about the real constitution of organisms, the multilevel mechanisms to which
contemporary biology appeals serve as powerful explanatory tools with concrete
practical applications. By means of such models, we gain insights into how complex
biological systems work, enabling us to manipulate, control, and predict their
behavior with increasing reliability and efficiency. On the other hand, much like the
classical mechanistic models of molecular biology, the various mechanism-based
explanatory schemes offered by proponents of the new mechanistic philosophy are
limited in their capacity to produce answers to questions that go beyond the issue
regarding how things work but also deal with the problem concerning why things
work in that particular way. Consequently, MDC (2000) are correct in contending
that to describe a mechanism for a phenomenon amounts to explaining it, only if
what they mean is that mechanism-based descriptions are adequate explanations.
Such explanations can be legitimately characterized adequate in the narrow sense
that they can be used reliably in a practically beneficial way, to the extent that
they inform us about the manner in which the phenomenon in question was
produced. The stronger claim that mechanism-based explanations of phenomena are
not only adequate but also exhaustive or complete, however, would have required
additional support: it would have required evidence showing that mechanism-based
accounts can also be used to address the question regarding why the phenomenon
was produced in that particular way. In biology such questions typically entail
evolutionary and developmental explanations.

Skipper and Millstein (2005) have argued convincingly that Glennan’s and
MDC'’s theories of mechanism are insufficient for supplying mechanism-based
explanations of evolutionary processes, given that they cannot characterize natural
selection. Nevertheless, they have also explicitly stated their assessment that “the
basic resources for characterizing the mechanism of natural selection may be found
in the new mechanistic philosophy” (Skipper and Millstein 2005, 345) and urged
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its proponents to explore the possibilities for developing a mechanism that could
accomplish this goal. Similarly, a recent argument by Braillard (2010) defends the
position that mechanism as conceived by the new mechanistic philosophers cannot
fully capture a type of non-causal explanations — design explanations® — that is
important for explanation in the context of SB. As understood by Braillard, design
explanations are not concerned with explaining “how a dynamical process occurs
but why a certain structure is present” (Braillard 2010, 50). In both of these cases,
the evidence presented suggests that the main philosophical views of mechanism
fail to account for types of explanation required for responding to “why questions”
about biological systems. The comprehensive understanding of living beings that
is sought by strategies like SB requires such explanations. Without them, accounts
of the organization and the function of the systems examined that are heuristically
valuable for science can still be provided via the currently available mechanism-
based models, but explanations that fully capture their behavior remain out of reach.
The current doctrine of mechanism appears, therefore, to be both instrumental to the
progress of SB and limited in its capacity to produce the explanatory integration that
would be required for the actualization of its more ambitious objectives.

Braillard, as well as Skipper and Millstein, are careful to point out that such
conclusions are not meant to undermine the explanatory power of mechanism,’ nor
are they meant to suggest that fully mechanism-based explanations for evolution
and SB are in principle impossible. I concur with these authors that quite the
opposite is the case: expanded mechanisms that would succeed in this task might
be developed. Nevertheless, it is important to be aware of the pitfalls of invoking
expanded mechanisms as the antidote to the limitations of versions such as MDC’s
or Glennan’s without specifying their detailed characteristics and the precise
way by which they could overcome the current explanatory insufficiencies. Insuffi-
ciently defined mechanisms whose scope is expanded at the expense of explanatory
clarity and reliability, would not help in disclosing the phenomena by making
them more intelligible but could further obscure them, hindering the explanatory
task. Consequently, manifesto statements such as Bechtel’s (2011), proclaiming that
expanded mechanisms need to include dynamic systems analysis and computational
modeling, accurately identify the challenges faced by the new mechanists but must
be followed by additional work in the direction of developing a full account of
the specifics of mechanisms that could address them. Their proponents must also

8For a detailed discussion of “design explanations” and of their role, see Arno Wouters’ (2007)
“Design Explanations: Determining the Constraints on What Can Be Alive.”

°In this anthology, Braillard (2015) elaborates on ways in which traditional mechanisms can be
simplified and thus rendered more powerful in dealing with the task of explaining complex biolog-
ical systems, thanks to the contributions of mathematical dynamical models. The construction of
the latter is made possible by the application of methods originating from engineering.
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consider whether such mechanisms would advance understanding of the systems
represented or they would simply amount to models that are as complex as the
systems under scrutiny themselves.

In short, the lack of conclusive evidence that mechanisms substituting for types of
explanation that have traditionally been considered non-mechanistic are in principle
unattainable does not diminish the force of criticisms concerning the fitness of
the current models of the new mechanists for achieving complete explanatory
integration in SB. Systems approaches in biology aim to attain a global perspective
from which complex organisms could be understood as whole systems. To construe
this explanatory task as dependent exclusively on the integration of mechanisms at
different levels of a biological system’s organizational hierarchy would be to ignore
the limits of the current mechanismic framework. In addition, it would amount to a
disregard for the significance of the richer pluralism that is revealed by the practice
of SB.

S Integration of Many Explanatory Perspectives in the
Practical Implementation of SB

The constraints imposed on mechanism-based explanation by the theories of the new
mechanistic philosophers are compatible with a non-reductive explanatory approach
that allows for pluralism. As argued in Sect. 2, this is a pluralism that consists of
different explanatory mechanisms, each focused on a different system level and
together all contributing to the same all-encompassing mechanism.' It is also not
a trivial or fleeting pluralism since the distinct contributions at various stages of the
system are not eventually eliminated, or substituted by a lower-level description,
but their role is preserved within the larger explanatory mechanism. To the extent
that multi-level causal mechanisms allow for non-reductive, pluralistic explanation,
they fit well within the holistic agenda and the multidisciplinary strategy of SB.
At the same time, however, their potential as non-reductive alternatives to classical
reductionist mechanisms is limited due to their mechanistic roots and the scope of
the pluralism that they can support is relatively narrow. More specifically, multi-
level mechanisms are only one step removed from reductionism because of their
continued reliance on basic principles of mechanistic explanations, which “are
inherently reductionistic insofar as they require specifying the parts of a mechanism
and the operations the parts perform” (Bechtel 2011, 538). Furthermore, the degree
of pluralism of which they can admit is restricted by their current inability to include
evolutionary and other historical explanations, whereas it is unclear whether they
could efficiently incorporate mathematical explanations. In addition, the adoption
of multi-level mechanisms in biology might ultimately promote a type of pluralism

10What I have in mind here is a mechanism-based explanatory scheme for non-reductive interlevel
integration like the one described by Craver (2005).
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similar to that designated by Sandra Mitchell (2004) as “isolationist pluralism,”!! if
it simply accepts different mechanism-based explanations of phenomena at various
levels of analysis as independent and equally legitimate but fails to effectively
integrate them by showing how they are related. Precisely this kind of effective
explanatory integration is, of course, the goal of the new mechanistic philosophers —
as well as of systems biologists — but the mechanisms that they have at their
disposal for achieving it, as well as the theoretical framework upon which these
mechanisms are based, appear insufficient in light of the limitations mentioned
above. In Mitchell’s view, the desired integrative pluralism is an alternative to
both reduction and isolation and its attainment requires a diversity of approaches:
“[n]o single theoretical framework, no simple algorithm, will suffice” (2004, 87).
Accordingly, the attention of philosophers must shift from theories of single,
overarching, mechanism-based models, to theoretical developments in the direction
of diversification of explanation.'?

At this point, it is worth noting that effective explanation in biology is not entirely
a matter of compliance with certain well-articulated theoretical requirements. Most
working biologists, at least, do not treat it as such. Instead, they regard the
degree to which biological explanations reflect and promote the practical aims of
the discipline to be the most relevant measure of their effectiveness. This view may
be criticized, but its implication for thinking about the question of explanation in
SB is clear: the explanatory method that it employs should also reflect the pluralism
that characterizes its application. Since SB is practiced as a multi-disciplinary
science and explanatory integration in its context is pursued by means of different
strategies that are followed by different researchers, one could argue that the systems
approach in biology demands a richer sense of pluralism than the mechanism-based
framework of the new mechanistic philosophers could support.

The popularity of the view that a more pragmatic approach, concentrating on
the implications of scientific practice for explanation, is more productive for the
discussion of epistemological problems than inquiries that develop around purely
theoretical concerns, has been increasing among philosophers of biology. Alan Love
(2008), for example, has proposed an epistemological framework within which
multidisciplinary contributions are coordinated around problem agendas. Criteria
of explanatory adequacy are essential for the integration and prioritization of these
contributions, or for the exclusion of certain explanations, but these standards, Love
argues, are not universal but rather associated with particular problem domains.
According to this account, pluralism in explanation is not defined by abstract
theoretical requirements but it is driven by real practical problems demanding
multidisciplinary solutions. Applied to SB, a problem-centered epistemological
scheme would treat explanation as a matter that depends on the integration of
independent explanatory contributions from disciplines such as genetics, chemistry,

For Mitchell (2004, 86) the strategy of isolationist pluralism is to encourage “the pluralism of
questions and the consequent independence of answers.”

2Morange (2015) offers a discussion of explanatory diversity in biology.
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mathematics, computer science, and evolutionary biology. In this framework, the
relative weight of the contributions is determined by the set of problems that is being
addressed in each experimental project rather than by the theoretical constraints of
a mechanism for interfield integration.

From a pragmatic point of view, the exploration of the wide range of practices
that can be encountered in the various projects that are carried out under the
banner of SB is crucial for understanding how explanatory integration might take
place in the process of conducting scientific research within this growing domain
of biological inquiry. O’Malley and Soyer (2012), who embrace this perspective,
base their account of integration in SB on a thorough investigation that capitalizes
on the exposition of the multidimensionality of the integrative activity and the
diversity of practices that characterize the developing systems approach in biology.
Examples that illustrate the diversity of exploratory questions and the plurality
of data, methods, and models encountered in various fields of molecular systems
biology, can be used to paint a more accurate picture of integration than the one
offered by studies of the theoretical aspects of this process, the authors argue.
The picture of integration that emerges from these examples is a compelling
representation of the explanatory pluralism that permeates every case of SB’s
application. Consider, for instance, the study of vesicle transport by Schuster et al.
(2011) that O’Malley and Soyer present in order to illustrate the nature of integration
that occurs in molecular systems biology. The problem explored in the selected
study belongs traditionally to the domain of cell biology. But a conventional cell
biology project is transformed into a case of molecular systems biology — of
“mathematical cell biology,” as O’Malley and Soyer (2012, 62) prefer to describe
it — by importing a mathematical model that was previously used in the context of
the physical sciences to simulate the process of “particle hopping” and using it in
order to conceptualize data from biochemical assays. As a result the transport of
vesicles along microtubules in fungal hyphae, which was originally regarded as a
deterministic process, is now understood more accurately as a stochastic process.
The description “multidisciplinary” would not have accurately conveyed what
is distinctive about the systems approach that produced this new understanding.
Instead of integration of independent disciplines, in this case the strategy involves
transferring an explanatory model from one discipline to another to achieve a more
fundamental kind of integration, transforming the discipline that adopts it and its
traditional methods of explanation. The more fundamental integration identified
in this example suggests that in its practice SB is not merely a multidisciplinary
approach but it is characterized by a deeper pluralism that penetrates the individual
disciplines that participate in its frame.

Several contributors to this collection of papers discuss either in passing or in
detail the issue of explanatory pluralism in biology. Regardless of their conclusions
regarding the current status of explanation in various biological disciplines —
regardless, that is, of whether they read the evidence as indicative of pluralism —
many of them include considerations about the role of mathematical models in their
arguments. Baetu (2015), Brigandt (2015), and Théry (2015), for example, maintain
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that mathematical models'? play an important role in complementing mechanistic
explanations. Similarly, Braillard (2015) and Zednik (2015) demonstrate the notable
heuristic function of dynamic mathematical models for improving the efficiency
of traditional biological mechanisms, while Issad and Malattere (2015) observe
that in biology explanatory power can be drawn both from causal interpretation
and from mathematical derivation. In all of these accounts, the examination of
different aspects of the relationship of mathematical representations to mechanisms
provides a relevant basis for addressing the question regarding the state of affairs
of explanation in biology. In this paper, the evidence considered supports the
claim that mathematical models are indispensable for explanation in both top-
down and bottom-up varieties of SB. The possibility of full integration of these
models into a mechanism-based framework of explanation in SB remains open,
but at this stage of development of the systems approach such integration remains
incomplete. In addition, the analysis I have presented does not disqualify the view
that in certain occasions mathematical explanations are not merely descriptive of
biological phenomena but they constitute stand-alone explanations in their own
right (Baker 2015). Should the latter be conclusively established, what must also
be acknowledged is that explanation in SB involves at least one more type of
explanation besides mechanisms. But even the prospect of mathematical models
becoming successfully subsumed under expanded mechanisms does not necessarily
negate explanatory pluralism. Integration of mathematical models in a mechanism-
based framework that preserves the independence of their explanatory contributions
alongside with those of causal mechanisms — and potentially of other irreducible
explanatory sources — is still compatible with an integrative pluralism of the kind
that was proposed by Mitchell (2004) and was discussed earlier in this section.
Therefore, both of these alternatives regarding the role that mathematical models
could play in the context of contemporary SB are compatible with the conclusion
that explanation in biology, more generally, is a pluralistic affair.

Overall, our examination of the case of SB suggests that one possible way
of dealing with the difficulties involved in explaining complex systems is by
further investing on theoretical developments. For instance, an expanded theoretical
account, capable of specifying how historical and mathematical explanations may
be incorporated into mechanisms, could open up new possibilities for overcoming
practical obstacles to understanding non-linear biological phenomena. The example
of SB, however, also alerts us to the useful insights that are gained when we
move beyond strictly theoretical considerations and think about the problem of
explanation from a pragmatic viewpoint. As discussed, by shifting the focus on
the practice of SB, the pluralism that characterizes the approach — a pluralism that
may be too broad to be captured by any purely mechanism-based idealization —

3Théry (2015) distinguishes between quantitative and qualitative explanations in the context
of the special case of molecular biology. I take mathematical models to be integral to the
quantitative explanations, which, as Théry argues, complement qualitative explanations provided
by mechanisms.
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is revealed and can be properly appreciated. Construing the choices available to
those who think about explanation in biology as a dilemma between pragmatic and
theoretical approaches, however, constitutes a misrepresentation of their options.
Besides, this dilemma appears to be artificial: in the context of an inquiry that is
motivated by a genuine philosophical attitude, both perspectives contribute in a
mutually complementary way to a richer understanding of the phenomena studied.
Therefore, with respect to the issue of explanation in SB, on the one hand, a
pragmatic orientation produces fruitful insights into the practical influence of
pluralism and its significance for explanatory integration. Theoretical reflection and
abstraction, on the other hand, are the means by which we reach awareness of the
epistemological limitations of explanatory mechanisms and of the conditions for
the possibility of explanatory integration. In addition, a theoretical attitude allows
us to identify and evaluate the criteria for distinguishing between good and bad
explanations. And yet, it could be legitimately argued that practice is a better
guide for adjudicating these matters and that, in any case, theory has little real
impact on the actual methodological choices made by scientists. Both of these
claims are defensible and they may often be demonstrated to be factually true. But
the most important contribution of theories of explanation in science is perhaps
less related to their impact on the sciences themselves than it is linked to their
significance for thinking about the ways in which humans explain and about the
limits of intelligibility. The epistemological implications of theories of explanation,
then, should not be neglected, regardless of whether the understanding gained from
studying them is capable of directly promoting successful scientific practice.

6 Conclusions

In summary, the preceding discussion suggests that the new mechanisms proposed
by philosophers of biology hold promise for advancing the purposes of SB,
especially because of their potential to accommodate the many levels of analysis
that are characteristic of its methodology. In their current constitution, however,
mechanisms are limited in their capacity to explain important aspects of the
behavior of complex biological systems because, despite recent progress, they
have not yet successfully incorporated evolutionary, more generally historical, or
even mathematical explanations into their framework. In addition, the practical
applications of SB are pluralistic in a sense that is incommensurable with the
pluralism that could be captured by such mechanism-based explanations.

The identification of some of the limitations of current accounts of mechanism
does not preclude the possibility that expanded mechanisms that could serve
as fully adequate explanations of complex system behavior may eventually be
developed. The evidence does not show that such mechanism-based models are in
principle impossible; it simply suggests that, as they now stand, the models of the
new mechanists alone are insufficient for carrying out the explanatory integration
demanded by SB. But the question that remains open has to do with the normative
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implications of this assessment for the future direction of SB with respect to
explanatory strategy. The results of this study do not commit us to a strong normative
conclusion in favor of either pluralism or unification of explanatory perspectives.
They do, however, indicate that at this stage of its development SB can offer
practically adequate explanations of biological phenomena by relying heavily on
mechanisms, but also depending on a variety of other types of explanation. If
taken as evidence of the viability of a tolerance for explanatory pluralism, then
this observation could also be regarded as an argument against the usefulness of
a dogmatic commitment to explanatory unification through theoretical accounts
of mechanism. On the other hand, mere reference to the currently diverse status
of explanation in SB does not constitute sufficient proof in favor of the opposite
dogmatic view, which urges the pursuit of pluralism at any cost for attaining the
holistic understanding sought by systems approaches. The picture that emerges,
therefore, concerns more the present rather the future of SB. It reveals a deeply
pluralistic explanatory landscape, which is tolerated by scientists insofar as it can
support productive research. The latter presupposes that this framework both allows
for successful integration of diverse explanations and averts the threat of uncritically
endorsing all explanations, described by Sandra Mitchell (2004) as “anything goes”
pluralism. Theoretical constraints and pragmatic guidelines play an equal part in
securing that these conditions for a productive pluralism in the biological sciences
can be satisfied. Similarly, theoretical reflection and a pragmatic view of scientific
practice can contribute in a mutually complementary manner to more constructive
philosophical thinking about explanation in biology.
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Chapter 4
Historical Contingency and the Explanation
of Evolutionary Trends

Derek Turner

Abstract One “big question” of macroevolutionary theory is the degree to which
evolutionary history is contingent. A second “big question” is whether particular
large-scale evolutionary trends, such as size increase or complexity increase, are
passive or driven. Showing that a trend is passive or driven is a way of explaining
it. These two “big questions” are related in both a superficial and a deep way.
Superficially, defending historical contingency and showing that major trends are
passive are two complementary ways of downplaying the importance of natural
selection in evolutionary history. A passive trend is one that’s not explained by
selection. In order to appreciate the deeper connection between the two issues, it
is necessary to distinguish different senses of contingency (especially sensitivity to
initial conditions vs. unbiased sorting). It’s plausible that passive trends are gen-
erally due to unbiased sorting processes. Serendipitously, thinking of contingency
as unbiased sorting also helps to clarify its relationship to species selection, which
some think of as biased sorting. Macroevolutionary theory thus turns out to have
considerable unity.

Keywords Contingency ¢ Convergence ¢ Evolutionary trends ¢ Historical expla-
nation * Macroevolution * Passive trends ¢ Species sorting

1 Introduction

In this contribution, I explore the relationship between two major issues in
macroevolutionary theory. The first issue, which Stephen Jay Gould highlighted
in his 1989 book, Wonderful Life, is the degree to which evolutionary history is
contingent. This issue has been the subject of some debate among paleontologists.
Simon Conway Morris—who, ironically, was one of the heroes of Gould’s book
on the Burgess Shale—has argued that convergence, rather than contingency, is the
hallmark of evolutionary history (Conway Morris 2003a, b). The issue has inspired
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some experimental work by Richard Lenski and colleagues (Lenski and Travisano
1994; Travisano et al. 1995). Gould’s argument about contingency has also had
a significant, albeit indirect impact on the philosophy of biology, by way of John
Beatty’s classic paper arguing that the contingency of evolutionary history means
that there are no distinctively biological laws (Beatty 1995). The debate about
the degree to which evolutionary history is contingent is also a good example of
what Beatty (1995, 1997) has called a “relative significance debate” in evolutionary
biology. No one would ever deny that there are some fascinating examples of
evolutionary convergence, and even the most loyal partisans of convergence would
admit that some aspects of evolutionary history are contingent. They disagree over
which is the dominant theme in the history of life.

The second major issue has to do with explanation in macroevolution and with
the distinction between passive and driven large-scale evolutionary trends (McShea
1994; for a good introduction, see Rosenberg and McShea 2007, Ch. 5). When
paleontologists identify a large-scale trend in the fossil record—size and complexity
increase are good examples, but see McShea (1998) for some others—one of the first
questions they ask about it is whether the trend is passive or driven. Where a trend
is driven, the assumption is that some force is “pushing” evolutionary change. A
passive trend, by contrast, involves a random walk away from some fixed starting
point. The passive/driven distinction marks two different ways of explaining trends
(Grantham 1999). Here, too, one can find a Beatty-style relative significance debate.
Most scientists who work on these issues try to focus on tractable questions, such as
whether a morphological trend in a given clade, over a given time interval, is driven.
Stephen Jay Gould (1996, 1997) has suggested that larger-scale evolutionary trends
are mostly passive. Everyone acknowledges that some trends in evolutionary history
are driven. And there are also some well-documented cases of passive trends (see,
e.g., Jablonski 1997). But the existing body of empirical work on the subject leaves
plenty of room for disagreements of emphasis.

How are these two issues—contingency vs. convergence, and passive vs. driven
trends—related? One possibility is that the two issues are largely independent of
one another. For example, suppose we knew that evolutionary history is highly
contingent. That might make no difference at all to the question whether passive vs.
driven trends are more prevalent. Or suppose we determine that passive trends are
the rule. That might be compatible with either the convergentist or the contingentist
pictures of macroevolution. In these cases, we’d have a theory of macroevolution
that is compartmentalized. We’d have no story to tell about how our answers to
different questions about macroevolution are related. It might turn out that this
outcome is just unavoidable. But my aim here is to show that there really is an
interesting and heretofore underappreciated connection between these two issues.
An initial clue is that Stephen Jay Gould was consistent in his defense of both
contingency and passive trends. Though he nowhere (to my knowledge) explicitly
discusses the possible connections between these ideas, Gould is nothing if not a
systematic thinker.

Is there a special connection between the concept of historical contingency and
the concept of a passive trend? I’ll begin, in Sect. 2, by showing how this rather
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narrow issue is related to broader questions about the nature of explanation in
historical science. Section 3 focuses on a superficial connection between the notions
of contingency and passive trends. Both are, broadly speaking, non-selectionist
ideas, and so defending them might be one way of downplaying the importance of
natural selection. Section 4 introduces, as a working hypothesis, the suggestion that
the contingency of evolutionary history explains why some evolutionary trends are
passive. One immediate problem with this working proposal is that ‘contingency’
has different meanings. In Sect. 5, I argue that the plausibility of the working
proposal depends on which sense of ‘contingency’ we have in mind. If we think of
contingency as sensitivity to initial conditions, then the working proposal does not
fare too well. However, things look better if we think of contingency as unbiased
sorting. Section 6 explores the relationship between unbiased sorting and passive
trends in greater detail and argues that unbiased sorting can (partly) explain passive
trends.

2 Explaining Evolutionary Patterns

When we think about historical science, it’s natural to suppose that the explanatory
targets must be particular events. For example, one might think that the explanation
of the end-Cretaceous mass extinction in terms of an asteroid impact is paradig-
matic. In many cases, though, paleontologists are more interested in explaining
patterns and trends that show up in the fossil record, rather than particular events.
One example of such a pattern is the so-called “Lilliput effect” (Harries and Knorr
2009). The animals that show up in the fossil record in the aftermath of mass
extinction events tend to have smaller body sizes than the animals that preceded the
mass extinction. One potential explanation of this pattern invokes species sorting.
It could be that large body size increases extinction risk during calamitous times.
Another possible explanation invokes within-population sorting processes: Perhaps,
in the lineages that survive mass extinction events, there is strong selection pressure
in favor of smaller body size (Harries and Knorr 2009, p. 7). Of course, these
two hypotheses about process are not necessarily incompatible. Species sorting is
compatible with natural selection working to cause dwarfism within populations.
It’s possible that both of these processes contribute in some way to explaining the
Lilliput effect. I offer this merely as an example of the sort of explanation that
is quite common in paleobiology, where the goal is to explain pattern in terms of
process.

An evolutionary trend is just one kind of pattern in the fossil record. A trend is
usually defined as a persisting, directional change in some variable of interest. In his
classic (1994) paper, McShea treats the passive/driven distinction as a distinction
between two different “mechanisms” or processes that can generate trends, so in
claiming that a trend is, say, driven, one is trying to explain a pattern in terms of
an underlying process. McShea’s use of the term “mechanism” differs somewhat
from the more familiar usage (e.g. in the contributions to Part II of this volume).
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The rough idea is that if you wanted to design a computer simulation that produced
a directional trend, there are two fundamentally different ways of doing so (i.e. two
kinds of trend mechanisms). The more general point is just that the investigation
of passive vs. driven trends fits neatly into the larger paleontological practice of
explaining patterns in terms of evolutionary processes.

One would think that if evolutionary processes were contingent, as Gould, Beatty,
and others have claimed, that would matter somehow to the overall project of
explaining patterns in terms of evolutionary processes. My goal here is to explore
some of the ways in which contingency might matter to that explanatory project.
Would the contingency of evolutionary processes make any difference at all to the
way in which those processes help explain patterns and trends?

It’s easier to see how the contingency of evolutionary processes might make a
difference to the explanation of particular events. There are at least two ways in
which contingency might constrain the explanatory options when it comes to par-
ticular events. First, suppose that contingency does imply (as Beatty 1995 argued)
that there are no distinctively biological laws. That, presumably, would mean that
explaining particulars by subsuming them under general biological laws is not in
the cards. And some philosophers have indeed tried to show there are distinctively
historical or narrative styles of explanation that do not invoke laws (Gallie 1959;
Hull 1975). Second, Sterelny (1996) draws a distinction between actual sequence
explanations and robust process explanations. A robust process explanation claims,
counterfactually, that a given event would have happened even if initial conditions
had been different. If history is highly contingent, where ‘contingency’ is taken
to mean that later outcomes are sensitive to variations in initial conditions, then
that would seem to rule out robust process explanations by definition. Although
historical contingency has the potential to constrain explanation in at least these two
ways, these issues both concern the explanation of particular events.

So the goal in what follows is to see if contingency matters at all to the larger
project of explaining evolutionary patterns in terms of evolutionary processes. 1’1l
pursue this by zeroing in on the somewhat narrower issue of how contingency is
related to passive trends. We’ll see in the next section that there is a superficial
connection between the two. In order to get to the bottom of things, however, it will
be necessary to examine some of the different possible meanings of ‘contingency’.

3 The Non-selectionist Spirit

It’s well known that Gould was skeptical about the prospects for using natural
selection to explain many of the patterns of evolutionary history (see especially
Gould and Lewontin 1979, but also Gould 2002). Much of Gould’s thinking about
evolution is anti-selectionist—or perhaps just non-selectionist—in spirit. Gould was
also a consistent critic of the idea of evolutionary progress. One can hold that natural
selection is the major cause of evolutionary change without necessarily believing
in evolutionary progress. For example, one could argue that selection usually only
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adapts populations to local environmental conditions, without driving evolutionary
change in any particular direction over longer timescales. But it is much harder
to see how one could believe in evolutionary progress without emphasizing the
power of natural selection. So one way to attack the notion of progress is to
attack selectionism. Because progress is (partly) a normative notion, it raises further
issues that might render the discussion unmanageable. So I won’t say much more
about progress here (but see Turner 2011, Ch. 6, for an overview). One can see
contingency and passive trends as two components of a larger Gouldian critique of
the power of natural selection.

To begin with, convergent evolution is usually thought to occur when distantly
related lineages evolve similar adaptations under similar selection regimes, or come
to occupy similar ecological niches. For example, ichthyosaurs and dolphins have
remarkably similar body designs. Both have features that look like adaptations for
sustained, fast swimming. Both evolved from terrestrial ancestors that returned to
the water where they confronted the same biomechanical constraints. Defenders of
convergence, such as Simon Conway Morris, are explicitly pro-selectionist. Clearly,
one way of downplaying the importance of natural selection in evolutionary history
is to downplay evolutionary convergence, and to argue that contingency is relatively
more significant.

In addition, most paleontologists take it as obvious that there is a connection
between natural selection and driven trends. For example, if we were to find that
size increase in a given group is driven (see, e.g. Alroy’s 1998 study of mammals),
it would seem reasonable to conclude that natural selection is the driver. That is,
the trend toward larger size is driven because natural selection is, for whatever
reason, favoring larger body size. Hone and Benton (2005) discuss some of the
ways in which larger body size might confer survival or reproductive advantage.
Thus, for many paleontologists, investigating whether a trend is passive or driven
is just an indirect way of investigating natural selection’s role in evolution. There
are some exceptions. McShea (2005) has argued that driven trends need not be
driven by selection, and this idea also shows up in McShea and Brandon’s (2010)
argument that complexity increase is a driven trend, but one that’s not driven by
selection. Nevertheless, in spite of these recent developments, it’s fair to say that
most paleontologists just assume that selection is what “drives” large-scale trends.
In this context, arguing that many trends are passive is another way of downplaying
the importance of natural selection.

Here, then, is one interesting connection between passive trends and contingency:
both ideas pose challenges to strong selectionist or adaptationist views of evolution-
ary history. Or coming at things from the other direction, we might say that both
convergent evolution and driven trends are typical signatures of natural selection.
Having made this observation, it might be tempting to stop here. But I want to press
on in hopes of being able to say something deeper about the relationship between
contingency and passive trends. We can say that the greater the significance of
contingency and passive trends, the less important natural selection is in shaping
evolutionary history. But that leaves open whether there is any tighter conceptual
connection between contingency and passive trends.
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4 1Is There a Deeper Connection Between Contingency
and Passive Trends?

Consider, as a first pass, the following working proposal, which is suggested by
Gould’s defense of both passive trends and contingency:

WP Passive evolutionary trends generally result from contingent evolutionary
processes. Driven evolutionary trends generally result from non-contingent
evolutionary processes

My plan of attack will be to investigate WP in a systematic way. It will turn out
to require some clarification and revision. But I’ll argue that with some adjusting,
tweaking, and disambiguation, WP gets things basically right. Moreover, if WP
is indeed correct, then contingency does matter to the explanation of larger scale
evolutionary patterns and trends. Where trends are passive, the contingency of
historical processes would help explain why.

Although my main concern here is with the unity of macroevolutionary theory,
WP might prove to be interesting for another reason. Scientists have developed
several good empirical methods for determining whether evolutionary trends are
passive vs. driven (McShea 1994). These include (i) the ancestor/descendant test,
(i1) the subclade test, and (iii) the stable minimum test. Suppose, for example, that
we know that mean body size increases in a certain clade over a specific time
interval. Is that because there is an underlying bias toward larger size? One way to
check this is by comparing ancestors with their descendants (assuming we know
the phylogenetic relationships). Are the descendant species typically larger than
their ancestors? Another way to check this is by looking at the size of the smallest
members of the clade. Does the size of the smallest-bodied lineage of the clade
increase over time? If not—if the minimum is stable—then that might suggest that
the trend is passive, and that the clade is “bumping against” a fixed minimum size
boundary. A third approach is to look at the size distributions in a subclade (or
a sample of subclades) that is far removed from the hypothesized minimum size
boundary. A pattern of size increases in those subclades suggests that the trend is
driven. These methods give paleobiologists a great deal of traction when it comes
to the question whether trends are passive vs. driven. There may be other questions
about the causes of trends that are more difficult to answer (Turner 2009), but it is
often possible to determine whether the basic dynamic is passive or driven.

Notice that WP makes specific reference to evolutionary processes. That reflects
a decision to restrict the focus here to evolutionary theory. However, evolution is
by no means the only context in which it makes sense to ask whether history is
contingent or convergent. One can ask this about any historical processes. One
especially interesting example is the history of science. Many realist philosophers
of science share C.S. Peirce’s faith that if scientists apply their methods consistently
over the indefinitely long run, they will eventually converge on the same results no
matter where their inquiries started. Anti-realists see more contingency in the history
of science, and they are more open to the thought that our current scientific picture
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might have been very different, and yet equally well supported by the evidence
(Radick 2005). Furthermore, there are many different fields of study in which
researchers seek to document and explain the occurrence of historical trends, from
economics to climate science. The passive/driven distinction is entirely general: any
time we identify a trend, we might ask whether it is passive or driven. Thus, the
relationship between historical contingency and trend dynamics is one that could
be of interest to researchers in virtually any field that’s concerned with historical
processes. Although I will continue to focus rather narrowly on evolutionary theory,
because that’s where these issues have been discussed, the issues themselves could
be said to belong to the philosophy of historical science more generally, an area that
has received a lot of philosophical attention in recent years (Cleland 2001, 2002,
2011; Jeffares 2008; Tucker 2004, Turner 2007; among others).

If WP is correct, then these methods of determining whether a trend is passive
or driven might give scientists an indirect way of addressing questions about
contingency. Contingency is not easy to get a grip on empirically. Conway Morris’s
(2003a) approach is to provide a lengthy catalogue of examples of evolutionary
convergence. But Sterelny (2005) has observed that one problem with that approach
is that it’s not always clear whether two traits in different lineages ought to count
as the same: Is the evolution of agriculture in humans and ants an instance of
convergent evolution? Experimental work has yielded fascinating results, but it’s
not clear what conclusions we can draw about macroevolutionary history on the
basis of observations of E. coli populations in the lab. Even more pressingly, it’s not
entirely clear how to assess counterfactual claims about evolutionary history (e.g.,
“If this or that had been different in the past, humans would never have evolved.”)
If, as WP says, passive trends result from contingent processes, then our methods
for determining whether trends are passive could also be put to use on the question
of contingency. Thus, WP could conceivably have some empirical payoff.

S Varieties of Historical Contingency

As it stands, however, WP contains a crucial ambiguity because there are several
different senses of ‘contingency’ (Beatty 2006; Turner 2010; DesJardins 2011). The
ambiguity even shows up in Gould’s original presentation of the thought experiment
of replaying the tape of history. At times, Gould has us imagine what it would be like
to rewind the tape of life to some point in the distant past—say, the Cambrian period,
some 540 mya—and then play it back again after tweaking the initial conditions.
In his 1989 book, Gould describes in rich detail some of the bizarre creatures of
the Burgess Shale, including the unimpressive Pikaia, a possible ancestor of the
chordates. Suppose that Pikaia had gone extinct, but that some of the other strange
organisms of the Cambrian had persisted—say, Anomalocaris or Wiwaxia? Things
on Earth would look very, very different today. This idea—namely, that seemingly
minor changes in upstream conditions can have major downstream consequences—
is what many writers mean by contingency (see, e.g., Ben Menahem 1997).
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It is also very close to Beatty’s (2006) notion of contingency as causal dependence.
It’s what we have in mind when we say that later outcomes are contingent upon
earlier historical conditions. The claim that evolution is contingent, in this sense,
is also what Conway Morris (2003a) takes himself to be arguing against. His view
is precisely that evolution by natural selection is usually insensitive to variations
in initial conditions. Let natural selection start out with insects, reptiles, birds, or
mammals, and it will find a way to design wings every time.

There are also moments when Gould imagines replaying the tape of history
multiple times from the same starting point, without altering the initial conditions.
He suggests that if history were contingent, one would still see different downstream
outcomes. This version of the thought experiment comes very close to a defense of
causal indeterminism. One concern here is that if the contingency vs. convergence
issue is supposed to be a matter of empirical scientific investigation, we might want
to avoid equating contingency with causal indeterminism. The latter at least seems
like a metaphysical, rather than a scientific issue, although some naturalists might
think that the latest physics is our best guide to the question whether determinism
is true. At any rate, it’s not entirely clear why issues in evolutionary biology
should hinge on the truth or falsity of causal determinism. Beatty (2006) suggests
that it may be helpful here to think of contingency as unpredictability. On this
interpretation, to say that history is contingent is merely to say that downstream
outcomes are not predictable given knowledge of the upstream conditions. However,
whether outcomes are predictable depends on various facts about who is doing the
predicting: how much background knowledge does the predictor have, for example?
How good is the predictor at processing large amounts of data? Interestingly, the
degree to which the outcomes of historical processes are predictable could also
depend on the degree of sensitivity to initial conditions, and perhaps also the
degree of sensitivity to external disturbances. So it’s possible that both versions
of Gould’s famous thought experiment help illustrate the view that the outcomes
of evolutionary processes are unpredictable. The two versions just give different
reasons for the unpredictability. For present purposes, though, I will follow Beatty’s
usage, and say that the unpredictability sense of contingency has to do with the
second sort of case, where different outcomes result from the same initial conditions.

Gould was likely influenced by the MBL model, an early attempt by a group
of paleontologists meeting at the Marine Biological Laboratory at Woods Hole,
Massachusetts, to simulate macroevolution using computers (Raup et al. 1973; Raup
and Gould 1974; Sepkoski 2012, Ch. 7). The MBL model treats species sorting as
a stochastic process, so that it’s a matter of chance whether a species goes extinct,
speciates, or persists with no change during each time step of the model. This is a bit
speculative, but it seems plausible that when Gould talks about “rewinding the tape
of history” he may well have in mind the early magnetic tape that was used in com-
puters. This suggests another way of thinking about contingency as unbiased species
sorting (Turner 2010, 2011, Ch. 8). On this reading, when Gould says that evolution-
ary history is contingent, he’s making a very specific claim about macroevolutionary
mechanisms—namely, that macroevolution works in somewhat the same way as the
MBL model. This interpretation has the advantage of drawing a connection between
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Gould’s views about contingency and his defense of what is sometimes known as the
hierarchical expansion of evolutionary theory, or his view that in order to understand
macroevolutionary patterns, we need to consider distinctively macro-level processes
such as species selection. Although different theorists think of species selection in
different ways (see Turner 2011, Chs. 4 and 5), one view is that species selection
is merely biased species sorting. Biased vs. random species sorting would then be
analogous to the processes of natural selection and drift at the population level. The
precise nature of the relationship between natural selection and random drift has
been the subject of much controversy in recent philosophy of biology, and so one
must tread very carefully here. However, some do think of the difference between
selection and drift as a matter of biased vs. unbiased sorting (or sampling). Putting
all of this together, Gouldian contingency might be a kind of macro-evolutionary,
species-level drift. I'll call this contingency as unbiased sorting.

We have, then, three different senses of historical contingency: sensitivity to
initial conditions, unpredictability, and unbiased sorting. What happens when we
plug these different senses of contingency into WP?

5.1 Contingency as Unpredictability

WP says that passive trends usually result from contingent processes. If we plug in
the unpredictability sense of contingency, WP does not fare very well. The problem
is that passive trends are eminently predictable. If you take a computer simulation
designed to generate a passive trend—that is, one where increases and decreases
in the value of the variable being tracked are equally probable, and where the state
space is structured by a fixed boundary—and let it run over and over, you will see
much the same pattern on each run, even though it’s impossible to predict whether
the value being tracked will increase or decrease over one “turn” or time interval.
The simulation will do a random walk away from the fixed boundary. Passive trends
are predictable in precisely the same sense in which the distribution of heads and
tails in a series of coin tosses is predictable: We may not be able to predict the
outcome of a single toss, but we can predict that as the number of trials increases,
the ratio of heads to tails will approximate 50:50. If we think of contingency as
unpredictability, then WP comes out false.

5.2 Contingency as Sensitivity to Initial Conditions

WP fares much better when we think about contingency as sensitivity to initial
conditions. The issues here are a little more complicated, however, because the
notion of sensitivity to initial conditions has more moving parts. There are, as
it were, a variety of different initial conditions that one could hypothetically
manipulate:
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(i) The starting value of the trait.

(i1) The strength of the directional bias in the state space. (The directional bias is
akin to the probability that an unfair coin will come up heads. The probability
of heads might be 0.6, or it might be 0.8, or it could have any number of other
values.)

(iii) The location of the fixed boundary in the state space.

With respect to (i), sensitivity to variation in the starting value of the trait, there
is an interesting difference between passive and driven trends. A passive trend with
respect to some variable, such as mean body size, is indeed sensitive to the starting
value of the variable. A passive trend requires that the initial setting for the variable
be at or near the fixed boundary in the state space, so that there is nowhere to go but
up. A driven trend, on the other hand, is less sensitive to variations in the starting
value of the variable in question. If natural selection always drives increases in body
size, then it doesn’t really matter what the starting body size of the clade might
be; whatever the starting size, the mean body size will subsequently increase. Thus,
there does seem to be a connection between passive trends and contingency, in the
sense that passive trends are sensitive to variations in the starting value of the trait.

What about (ii) sensitivity to variations in the strength of the directional bias in
the state space? Note that in principle, the strength of the bias could remain constant,
but that it could also change over time, creating what I have elsewhere called a
“shifting bias” trend (Turner 2009). It might help to think of a passive trend as the
limiting case in which the bias is set to zero. If you introduce a bias at all, the trend
is technically no longer passive. Changing the strength of the bias can certainly
also change the shape of the resulting driven trend. Differences in the strength of
the directional bias could reflect differences in the strength of natural selection.
For example, it’s possible that while organisms are small, there is strong selection
in favor of larger body size, but that as size increases, the strength of selection
flags. The shape of the resulting trends will be sensitive to changes in the strength
of the bias. By analogy, the expected distribution of heads and tails in a series of
coin tosses will differ depending on whether one is using a mildly weighted coin
(Prob heads = 0.6) vs. a strongly weighted one (Prob heads = 0.8). Pulling all of
this together, driven trends are sensitive to changes in the directional bias in a way
that passive trends are not.

A third parameter that can be set in different ways is (iii) the fixed boundary in
the state space. There is, plausibly, a minimum size for mammals, below which
the mammalian Bauplan just isn’t biomechanically or physiologically feasible.
The smallest mammals living today—the pygmy shrew or the bumblebee bat—are
probably at or near that size minimum. What if the size minimum were different?
For example, what if it were a great deal smaller? Imagine a hypothetical scenario
in which mammals start out the size of house cats, but where much smaller, insect
sized mammals are biologically possible. In that case, the starting body size would
be far away from the fixed boundary, and so the conditions would not be right for
a passive trend. For passive trends, what matters is the distance (in the state space)
between the fixed boundary and the starting value of the trait, so passive trends are
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sensitive to changes in both of those variables. Driven trends could, however, also
be sensitive to the presence or absence of a fixed boundary in the state space. Instead
of a size minimum, imagine that there is a maximum size for a given clade that’s
similarly imposed by biomechanical or physiological constraints. We can imagine
that natural selection would drive the mean body size of the clade upward until it
hits the ceiling of biological impossibility, so to speak. Change the location of the
ceiling, or the floor, and you can change the resulting trend. Elsewhere I call such
trends shifting boundary trends (Turner 2009).

The relationship between passive trends and sensitivity to initial conditions
is thus rather messy and complicated. There are three different sorts of initial
conditions to which trends might be sensitive. It’s only in case (i) that we get a
result that looks good for WP—namely the result that passive trends result from
contingent evolutionary processes while driven trends do not. But (ii) and (iii) also
represent potentially interesting kinds of sensitivity to initial conditions.

There is another obstacle that confronts any attempt to understand WP in terms
of sensitivity to initial conditions. Sensitivity to initial conditions comes in degrees
(Ben-Menahem 1997). In the limiting case, virtually any initial condition would
result in the same outcome. This limiting case is well illustrated by a simple
equilibrium model provided by Sober (1988), who imagines a ball released from
some point along the rim of a bowl. It makes no difference what the release point is;
the ball will always come to rest at the same place at the bottom of the bowl. Think
of this as a simplified landscape (Inkpen and Turner 2012 develop the landscape
metaphor as a way of thinking about historical contingency). In a more complex
landscape—say, a basin with an uneven floor—the point of release would make
more of a difference to the outcome. The sensitivity of the outcome is a matter
of degree, and it depends on the nature of the topography. The trouble is that the
distinction between passive and driven trends does not seem to be a matter of degree.
Because the strength of the “driver” can vary, we can distinguish between stronger
and weaker driven trends (Rosenberg and McShea 2007, p. 148). And of course,
trends themselves can be more or less pronounced. But the passive/driven distinction
seems like an either/or distinction.

One scientist has argued that passive and driven trends “represent extremes of
a continuum” (Wang 2001, p. 851). However, Wang’s point has to do with scaling
effects (see Turner 2011, pp. 134-5 for discussion). For example, if mean body
size increase in a clade is driven, it might be driven in 75 % of the subclades and
passive in the other 25 % of subclades. So we might want to say that the trend
is “mostly” driven. Contingency is also scale-dependent in much the same way
(Inkpen and Turner 2012). If we resolve to focus on a given clade at a particular
temporal scale, the question whether the trend is passive at that scale will often
have a yes/no answer. For example, the stable minimum test might show that the
trend in a particular clade at a particular level of resolution is passive. By contrast,
contingency, understood as sensitivity to initial conditions, always comes in degrees.

Because contingency as sensitivity to initial conditions is a matter of degree while
the passive/driven distinction is not, the contingency/inevitability distinction does
not map onto the passive/driven distinction in the way that WP suggests. In many
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contexts, it is illuminating to think of contingency as sensitivity to initial conditions,
but if we want to understand how contingency is related to passive trends, we should
keep looking.

5.3 Contingency as Unbiased Sorting

Some proponents of species selection take the view that all that’s required for
species selection is biased sorting of lineages. That just means that different lineages
have different probabilities of branching, persisting, or going extinct. If it helps to
do so, we can think of those probabilities as species-level fitnesses. Some theorists
think that more than this is required for species selection (see Turner 2011, Ch. 5,
for an overview). For present purposes, we don’t need to worry about what does
and does not count as species selection. It’s enough to work from some simple
and hopefully uncontroversial observations: First, lineage sorting does in fact occur
in nature. Lineage sorting is the process that generates the Darwinian tree of life.
Second, lineage sorting can (indeed, must) be either biased or unbiased. The MBL
model of the early 1970s shows what unbiased lineage sorting would look like.
One thing we might mean when we say that history is contingent is that it involves
unbiased sorting processes. Indeed, I suspect that this is one thing that Gould (1989)
did mean by contingency. One major theme of Wonderful Life is that the sorting of
Baupline in the early history of the metazoans was unbiased. Beatty (2006, p. 345)
has also observed that Gould seems to be talking about something like “sampling
error at the level of lineages.” Gould (1993, p. 307) also writes sympathetically
about the “random model” of lineage sorting during mass extinction events, though
he doesn’t use the term ‘contingency’ in that context.

Some of the puzzles that arose when we tried to understand the second version
of Gould’s thought experiment disappear if we think of contingency as unbiased
sorting. If one were to “rewind” the MBL model and play it back again in a series
of trials—and that, in fact, is just what the MBL group did—then the unbiased
sorting process would lead to different outcomes on every run, even when the model
runs from the same starting conditions. And although it might look like Gould was
flirting with causal indeterminism in the second version of his thought experiment
(and maybe he was), Millstein (2000) points out that unbiased sorting processes can
occur in a metaphysically deterministic universe. A series of fair coin tosses is an
unbiased sorting process. But no one thinks it possible to refute determinism by
tossing a coin.

At the very least, there is a strong analogy between (a) the distinction between
biased and unbiased sorting processes, and (b) the distinction between driven and
passive trends. The claim that some historical trend is passive amounts to the claim
that history is chancy or unbiased, or more precisely, that changes in one direction
are no more or less probable than changes in another. The claim that history is
contingent, on the current proposal, also amounts to the claim that history is chancy
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or unbiased. This suggests that there is a more general issue about whether historical
processes are biased or unbiased. Unbiased sorting and unbiased directional change
are just two ways in which history can be chancy.

My view is that both unbiased sorting and sensitivity to initial conditions are
extremely interesting and important concepts in evolutionary biology. And both of
these concepts are in play in Gould’s classic (1989) discussion. Both are interesting
and important because of the way in which they generate empirical questions. Once
we appreciate that historical processes can vary with respect to their degree of
sensitivity to initial conditions, then it’s an empirical question how much sensitivity
to initial conditions is exhibited by any particular historical process. Likewise, once
we appreciate that sorting processes can be biased or unbiased, then it’s a live
empirical question whether any particular sorting process is unbiased.

The main claims of this section can be stated without using the term ‘contin-
gency’ at all: The relationship between the notion of a passive trend and the notion
of a process that exhibits sensitivity to initial conditions is not at all straightforward.
We cannot explain why a trend is passive by pointing out that the historical processes
that generated it are sensitive to initial conditions. By contrast, I’ll argue in the next
section that the relationship between passive trends and unbiased sorting processes
is much more straightforward. I tend to think of both of these notions—unbiased
sorting and sensitivity to initial conditions—as different senses of ‘contingency’,
and part of the reason for that is historical. Gould used the term ‘contingency’ in
both ways. Since Gould, however, philosophers and scientists alike have tended
more to use ‘contingency’ to refer to sensitivity to initial conditions. If someone
wanted to insist on that usage and to deny that unbiased sorting is really one
kind of historical contingency, that terminological disagreement would just require
me to reformulate the take-home message of this paper. For those who insist that
contingency is sensitivity to initial conditions, the claim would be that it’s not quite
right to say (without a lot of qualifying and clarifying) that passive trends result from
contingent processes. The claim that passive trends result from unbiased sorting
processes has much more going for it.

6 Passive Trends and Unbiased Sorting

Substituting “unbiased sorting processes” for “contingent evolutionary processes”
in WP yields the following:

WP* Passive evolutionary trends generally result from unbiased evolutionary
sorting processes with proper fixed boundary conditions. Driven evolutionary
trends generally result from biased evolutionary sorting processes

WP* seems plausible. I won’t try to offer a full defense of it here; I just want to
suggest that it has some advantages, and that it represents an improvement over WP.
To begin with, the second half of WP* coheres extremely well with the standard
understanding of driven trends. As noted earlier, most scientists assume that the
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“driver” of driven trends is cumulative natural selection. And natural selection is
readily understood as a biased sorting process. Body size increase will be a driven
trend if body size makes a difference to (or biases) the sorting processes going on at
the population level.

WP#* also preserves the analogy between micro- and macroevolutionary theory
that animated some of the efforts of the scientists who participated in the “paleo-
biological revolution” of the 1970s and 1980s (see Stanley 1975 for an especially
clear example). Trends in gene frequencies in a population can be passive or driven.
Passive trends in gene frequencies are usually associated with random genetic drift,
whereas driven trends are associated with selection. Some philosophers of biology
have at times seemed to want to identify selection with driven trends in gene (or trait)
frequencies, arguing that is not a cause of evolutionary change but rather a certain
sort of statistical trend (Matthen and Ariew 2002; Walsh et al. 2002). One could
similarly say that drift just is a passive trend. Or one could say that driven trends in
gene frequencies are caused by selection, whereas passive trends are caused by drift.
The precise nature of the relationship between selection and drift is much contested.
For present purposes, all that matters is that at the micro-level, it’s plausible to say
that biased sorting generates driven trends in trait frequencies, whereas unbiased
sorting generates passive trends.

I argued above that the distinction between passive and driven trends does
not map neatly onto the distinction between historical contingency (understood as
relative sensitivity to initial conditions) and historical inevitability or convergence.
That’s because sensitivity to initial conditions comes in degrees. We avoid this
problem completely when we think of contingency as unbiased sorting. The
distinction between biased and unbiased trends perfectly parallels the distinction
between passive and driven trends. Biased sorting does come in degrees, since the
strength of the bias can vary, but this, as we saw earlier, is also true of driven trends.

In Sect. 2, I observed that no one had really shown how the contingency of
evolutionary processes might be relevant to the explanation of evolutionary patterns
and trends. WP* makes this much clearer. Suppose we find that a trend (in a given
clade, over a given time interval) is passive. This tells us something about the
processes that generated the trend, but we might wish to know more. Why is the
trend passive? One part of the answer to that question will be a story about the
fixed boundary in the state space. For example, why might there be a minimum size
for mammals? Is that lower bound policed by natural selection? Is it due rather to
biomechanical or physiological constraints? But even if we knew the cause of the
fixed boundary, we would not have the whole story about why the trend is passive.
We might also want to know why there is no directional bias in the state space. For
example, why are size decreases and increases equally probable? One answer to that
question is that the relevant sorting processes are unbiased with respect to size. That
might be true of the sorting processes occurring within the relevant populations
(at the “micro” level), and it might also be true of the sorting among lineages. If
we think of contingency as unbiased sorting, then it turns out that the contingency
of history really is relevant to the larger project of explaining patterns in terms of
processes.



4 Historical Contingency and the Explanation of Evolutionary Trends 87

As noted at the end of Sect. 5, some philosophers might prefer to reserve the
term “contingency” for sensitivity to initial conditions. That’s just a terminological
issue. What I hope to have shown here is that from the perspective of explanation
in paleobiology, the concept of unbiased sorting is more helpful than the concept of
sensitivity to initial conditions.

7 Conclusion

There are four or maybe five big ideas in macroevolutionary theory, depending on
how you count: punctuated equilibria, species selection, historical contingency (a
term that may cover two rather different concepts), the distinction between passive
and driven trends, and perhaps also idea that evolutionary history is characterized
by major transitions (Maynard Smith and Szathmary 1995). To the extent that
scientists wish to develop a unified account of how evolution works at large scales,
it is important to explore the relationships among these ideas. This is a highly
theoretical undertaking to which philosophers of biology may have something
to contribute. Here I have tried to shed some light on the connections between
two of these big ideas: historical contingency and the distinction between passive
and driven trends. The issues are complicated owing to the different senses of
contingency. Although it’s common—and in many contexts, very useful—to think
of contingency as sensitivity to initial conditions, I’ve argued that we can make
more headway by thinking of contingency as unbiased macro-level sorting. Not
only does that help illuminate the connection between contingency and passive
trends, but it serendipitously highlights a tight conceptual connection with yet
another of the big ideas of macroevolutionary theory: species selection. Recall that
on some of the looser conceptions of species selection, it is nothing other than
biased species sorting. Roughly: Contingency is to species selection as drift is to
selection. Eldredge and Gould’s theory of punctuated equilibria is also related to
these ideas, though as I’ve argued elsewhere (Turner 2010), that connection is a
weaker one that’s best understood in terms of theoretical “suggestiveness.” The
connections between these ideas and the major transitions have yet to be explored
(though Calcott and Sterelny 2011 provide a good starting point). The theory of
macroevolution that paleontologists have forged and refined over the last couple of
decades has its share of unity and elegance.

Beginning in the 1970s and 1980s, in an episode in the history of science
that David Sepkoski (2012) has documented, a number of paleontologists self-
consciously undertook to show that their discipline had something significant
to contribute to evolutionary theory. In order to accomplish that goal, these
paleontologists—including Gould, Niles Eldredge, David Raup, Jack Sepkoski,
Thomas Schopf, Elisabeth Vrba, Steven Stanley, and others—had to do two things.
First, they had to make some theoretical innovations. Because the fossil record is the
special purview of paleontology, and the fossil record also happens to be our main
source of evidence concerning macroevolution, most of the new theory had to do
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with macroevolution. Second, they had to show that these new ideas could do some
explanatory work that could not be done in any other way, and that you really need
punctuated equilibria, species selection, etc., in order to make sense of patterns in
the fossil record. One of the things at issue here is the overall explanatory power of
macroevolutionary theory. If I am right, and (some of) the theoretical innovations
that paleobiology has seen over the last few decades turn out to hang together very
well, then it might make sense to talk of a single body of macroevolutionary theory
that can be deployed to explain a wide variety of patterns in the historical record.
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Chapter 5
Developmental Noise: Explaining the Specific
Heterogeneity of Individual Organisms

Francesca Merlin

Abstract Recent research in molecular developmental biology has shown that
the stochastic character of development (i.e., developmental noise) can produce
phenotypic heterogeneity even in the absence of any other source of change
(genetic and environmental). More precisely, developmental noise triggers phe-
notypic heterogeneity amongst the members of a clonal population (synchronic
heterogeneity) and even within an individual organism over time (diachronic
heterogeneity), in a stable and homogeneous environment. This paper deals with
such stochasticity in order to explore its epistemological relevance and role, both
as explanans and as explanandum. First, I investigate whether developmental noise
is part of the explanation of the physical characteristics of individual organisms
(i.e., the phenotypic outcome of development). Then, I try to assess whether or
not heterogeneity due to stochastic events in development can be explained by
a selective-evolutionary history. My final aim is to argue for the two following
theses. First, from the developmental point of view, I argue that developmental
biologists need to take into account developmental noise in order to explain the
uniqueness of each individual organism and its own heterogeneity over time, at the
phenotypic level at least, that genetic and environmental changes cannot explain
alone. Second, from the evolutionary point of view, I critically evaluate explanations
of developmental stochasticity in term of adaptation, in particular the idea that noise
is a trait that has been selected to increase the capacity of natural populations to
evolve (“evolvability”). Then, I identify other ways in which biologists should try to
explain developmental noise. I conclude by highlighting the limits of any univocal
explanatory approach in biology.
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1 Introduction

Recent research in molecular developmental biology has started to acknowledge the
stochastic character of development, also called “developmental noise”, showing
that it can produce phenotypic heterogeneity even in the absence of any other
source of change (genetic and environmental). More precisely, developmental noise
triggers phenotypic heterogeneity amongst the members of a clonal population
(synchronic heterogeneity) and even within an individual organism over time
(diachronic heterogeneity), in a stable and homogeneous environment (Johnston and
Desplan 2010). The present paper deals with such stochasticity in order to explore
its epistemological relevance and role, both as explanans and as explanandum,
respectively from the developmental and the evolutionary point of view.

I will address the two following questions. The first is about whether devel-
opmental noise participates in the explanation of the characteristics of individual
organisms. In other words, is developmental noise part of the explanans of why
each individual organism is as it is? In light of recent advances in molecular
developmental biology, the answer seems to be yes. But, more specifically, what
does developmental noise account for? I will address this more specific question
as well.

The second question is about developmental noise as explanandum (i.e., the thing
to be explained); more specifically, it is about the hypothesis of an explanatory
link between developmental noise and the capacity of living systems to evolve
(evolvability). In this context, I will try to assess whether or not heterogeneity due
to stochastic events in development could provide an advantage at some level of
biological organization (genes, organisms, groups, etc.), and so be explained by
a selective-evolutionary history. This will lead me to critically evaluate current
predominant explanations of developmental noise in terms of adaptation, and to
point to other possible kinds of explanation biologists could and should appeal to in
order to account for it.

The paper is organized as follows. I start by briefly introducing recent results
of research on developmental noise in multicellular and unicellular organisms. In
fact, biologists have started to talk of a developmental process, broadly speaking,
for colonies of unicellulars as well. I then examine whether or not noise is part of
the explanans of the developmental outcome. Finally, I critically evaluate noise as
an explanandum of the theory of evolution by natural selection. I conclude the paper
by underlining the limits of any univocal explanatory approach in the life sciences.

2 Past and Recent Research on Developmental Noise

What do biologists refer to when they talk about developmental noise (developmen-
tal stochasticity or instability)? A first, loose definition can be formulated as follows:
little random perturbations occurring during the developmental process, affecting
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its normal progression and its outcome at the organismic level, i.e., the physical
characteristics of the individual organism (its phenotype). These perturbations are
hard to predict and are not due to genetic nor environmental changes, but are internal
to the individual organism concerned. Note that this definition does not say anything
about the origin of these internal random perturbations of development.

I do not intend to provide here a revisited account of development, even though
it would be interesting to evaluate traditional definitions of this process.! Rather,
in this context, I uncritically assume the classical view of what development
is: the set of molecular and cellular mechanisms initiating and constructing the
individual organism, from a single cell (the zygote) to the adult. This definition
of development applies to multicellular organisms. Biologists have started talking
about the development of unicellular organisms, too. More precisely, after Shapiro’s
proposal to talk about bacterial multicellularity in 1998, which was based largely
on the study of colony morphology (Shapiro 1988), the discovery of cell-cell
communication mechanisms (e.g., “quorum sensing”) has led more and more
microbiologists to think about unicellular colonies as multicellular organisms
characterized by elaborate morphological architectures (Shapiro and Dworkin 1997;
Aguilar et al. 2007).

Biologists started investigating the phenomenon of developmental noise at the
end of the first half of the twentieth century. In particular, in the 1950s and 1960s,
the observation of morphological asymmetries between the two sides (left and right)
of bilateral organisms — for instance, differences between the number of bristles
on the left and on the right side of the body in drosophila (Wright 1952; Reeve
and Robertson 1953; Thoday 1956; Latter 1964) and between the geometrical
patterns on the left and on the right wing of butterflies (Mason et al. 1967; Soulé
1982) — led them to formulate the following hypothesis: as these differences, which
they called “fluctuating asymmetries”, were not due to genetic nor environmental
modifications, they must be produced by some internal perturbation or instability
affecting the developmental process. Indeed, observations and experimental results
were based on isolated singular individual organisms or groups of clonal organisms
in homogeneous and stable environments.?

From the 1970s, and on a larger scale starting from the end of the 1980s, results of
(stochastic) mathematical modeling and computer simulation of the developmental
processes came to support the hypothesis that “fluctuating asymmetries” in mor-
phological characteristics of clonal organisms, and even between specular parts of
the same organism, are due to molecular random events taking place inside the cells.
More precisely, microscopic random events affecting the process of gene expression
are considered one of the most important components of developmental noise
and of the variation it produces at the phenotypic level (Rigney and Schieve 1977,

'For a critical analysis of traditional definitions of development, see Pradeu et al. (2011), Minelli
and Pradeu (2014).

2For a complete bibliography of the study of developmental noise, see Markow 1993; Palmer 1996;
Polak 2003; Hallgrimsson and Hall 2005.
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Rigney 1979; Berg 1978). Gene expression is the mechanism whose final result
is the production of different types of proteins that are the building blocks of
living organisms: it is involved in cell fate decision and, more broadly, in the
developmental process.

From the 1990s until now, the hypothesis that the origin of developmental noise
lies in microscopic random events affecting gene expression has been massively
corroborated by theoretical and experimental research and is now well warranted
(McAdams and Arkin 1997; Samoilov et al. 2006; Maheshri and O’Shea 2007,
Johnston and Desplan 2010; see also Klingenberg 2005), but is still to be tested
in certain specific cases. Nowadays, a slightly more precise definition of develop-
mental noise is the following: non-genetic, non-environmental random fluctuations
taking place at different levels inside the individual organism (at the level of
molecules, cells, tissues, etc.), in particular at the intracellular level of the process of
gene expression that is involved in cell fate decision (differentiation). These random
fluctuations affect the normal progress of development and its phenotypic outcome.

What does happen inside the cell during gene expression (protein synthesis) and
how do biologists deal with fluctuations affecting this process?

The two main steps of gene expression are the following: (1) transcription, i.e.,
the synthesis of a variable quantity of RNA molecules from a single DNA strand
and (2) translation, i.e., the synthesis of a variable quantity of proteins from single
ARN strands. Each of these two steps includes many intermediary stages consisting
in specific physico-chemical interactions between two (or more) molecular species.

A variety of microscopic events can take place during transcription and trans-
lation: they produce stochastic and unpredictable fluctuations, and so have an
impact on gene expression, in particular on the number of proteins produced. For
instance, errors can occur during the transcription of DNA to RNA and during
the translation of RNA to proteins. Moreover, during transcription, genes are
activated and repressed by the association-dissociation of transcription factors,
which occurs randomly, depending on the concentration, the localization, and the
state of different molecular species inside the cell. Indeed, all these variables change
randomly and in an unpredictable way over time because of the following reasons.
First, the fact that a low number of molecules are involved in gene expression
and the non-homogeneous character of the intracellular environment produce time
delays in some steps of the process. Second, the fact that the molecules in the
intracellular milieu are always in thermal agitation, i.e., continuously moving
around and colliding randomly, is another source of such random and unpredictable
changes. Third, quantum fluctuations could also have some effects at the molecular-
biochemical level and so produce stochasticity in gene expression.

As I have noted above, biologists started to take noise in gene expression into
account in the 1970s, even though the phenomenon of noise was well known since
the beginning of the twentieth century, at least in physics. This has led biologists
to acknowledge the limits of deterministic models of intracellular processes (e.g.,
gene expression) taken from deterministic chemical kinetics and to complement
them with probabilistic models taken from stochastic chemical kinetics (Gillespie
2007) and with stochastic simulations too (see Fig. 5.1).
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Fig. 5.1 The broken line in this figure (From Kaern et al. 2005, Reprinted by permission from
Macmillan Publishers Ltd: Nature Reviews Genetics, copyright (2005)) represents time series
of proteins concentrations generated from stochastic simulations taking into account noise in
gene expression and the resulting variation around the average protein abundance produced in
an individual cell over time. The straight line represents the result of deterministic simulations. (a)
Low amplitude fluctuations in protein abundance; (b) & (c¢) Large fluctuations in protein abundance
due to a lower level of ARNs expression

Nowadays, they use the expression “noise in gene expression” (or “intracellular
noise”) to refer to microscopic random events taking place inside the cell and
producing fluctuations in one or more steps of this molecular intracellular process.
More precisely, biologists talk about noise in gene expression to designate the
random variation around the mean value of this process (i.e., around the average
amount of proteins produced inside the cell, in the absence of any genetic and
environmental change). They statistically measure it, calculating the coefficient of
variation of protein abundance (i.e., the standard deviation by the mean) at the
populational level at some point in time (synchronically) or at the individual level
during a certain lapse of time (diachronically).

It is also interesting to say a few words about the consequences of noise in
gene expression and so, at a higher level, of developmental noise (Raser and
O’Shea 2005). Broadly speaking, noise produces phenotypic differences in isolated
individual organisms over time or between members of clonal populations, even in
the absence of genetic and environmental modifications. For instance, look at the
two cats in the figure below (Fig. 5.2).

They are clones (they have the same genome), they developed in the same
environment, but are phenotypically different. Why is it so? The answer given
by researchers working on developmental noise is that the phenotypic differences
between these two cats are due to stochastic fluctuations in the expression of some
of their genes (i.e., noise).

Developmental noise is currently the object of a large amount of studies
performed by biologists and by physicists as well.> All investigate, from bacteria to
humans, the fact that some cell fate decisions are made at random (or stochastically)
due to microscopic stochastic events taking place inside the cell and affecting gene
expression. Let us briefly look at two representative studies as examples.

3For a review, see Johnston and Desplan (2010).
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Fig. 5.2 Example of possible stochastic influences on the phenotype (From Raser and O’Shea
2005, Reprinted by permission from the author): the first cloned cat and its genetic mother display
different coat patterns and personality

The first is about what biologists call the “bet-hedging” competence in bacteria
Bacillus subtilis. Competence is the ability of taking up DNA from the environment
and incorporating it into the chromosome by recombination. Theoretical and
experimental research (for instance, see Maamar et al. 2007; for a review, see
Johnston and Desplan 2010) has shown that, in B. subtilis colonies, each bacterium
stochastically “choose” the competence or non-competence state. What does the
expression “stochastic” mean in this context? It refers to the fact that the cell state
depends on the level of the expression of some gene that randomly fluctuates from
cell to cell, and even in the same cell over time. In the specific case of B. subtilis
competence state, it depends on the expression of the comK gene, involved in the
production of the binding protein ComK. More precisely, it is the number of ComK
proteins produced that randomly varies. So, as far as the cell state (competent or
not) depends on the fluctuating abundance of this protein (indeed, above a certain
threshold, the cell becomes competent), the choice is made stochastically: it is
not univocally determined but the competent or non-competent state can happen
with some specific probability. That is why, in a colony of isogenic B. subtilis,
in a homogeneous and stable environment, we can observe competent and non-
competent cells (see Fig. 5.3).

The second study is about the development of Drosophila melanogaster’s
color vision system. Drosophila is characterized by compound eyes, which are
composed of multiple units (around 800) called “ommatidia”. In each ommatidium,
a stochastic “choice” is made in one of the eight photoreceptor cells to become
one of two possible cell subtypes. For instance, the two ommatidial subtypes Rh3
(“pale”) and Rh4 (“yellow”) (Fig. 5.4a, on the left), are stochastically distributed in
R7 neurons; the subtypes Rh5 (“blue”) and Rh6 (“green”) (Fig. 5.4a, on the right),
are stochastically and exclusively distributed in R8 neurons and their expression is
coupled to the subtype specification in R7.
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Fig. 5.3 Stochastic
distribution of cell states in B.
subtilis bacteria (From Losick
and Desplan 2008, Reprinted
with permission from
AAADS). The fluorescence
reveals the subpopulation of
bacteria that are competent
(they are active for the
expression of comK gene)

Rh3

Signal

— Melt

‘pale’

Fig. 5.4 Stochastic distribution of cell states in drosophila photoreceptors (© Dr. Brent Wells and
Dr. Jens Rister). On the left, stochastic distribution of Rh3 and Rh4 in R7 neurons and of Rh5 and
Rh6 in R8 neurons. On the right, stochastic differentiation of ommatidia in R7 neurons and its
influence on the differentiation of ommatidia in R8 neutrons
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It has been shown (e.g., see Wernet et al. 2006; Bell et al. 2007; for a review,
see Johnston and Desplan 2010) that variation in the expression of some specific
genes involved in the production of sensory visual receptors (Rh3 and Rh4 in R7,
Rh5 and Rh6 in R8) has a causal role in the differentiation of the cells composing
drosophila’s compound eyes. For instance, in the case of R7 subtype specification,
the differentiation of each ommatidium into the yellow or the pale subtypes depends
on stochastic fluctuations in the expression of Rh3 and Rh4 genes. Then, the
stochastic ommatidial subtype decision made in R7 is conferred upon R8 and comes
to specify the distribution of the blue and green subtypes in R8 neurons (Fig. 5.4b,
at the bottom). More precisely, in the pale subtype, Rh3 is expressed in R7 coupled
with Rh5 expression in R8. In the yellow subtype, Rh4 is expressed in R7 coupled
with Rh6 expression in R8. Thus, as in the case of the “bet-hedging” competence in
bacteria, the cell state “decision” depends on random fluctuations in gene expression
(i.e., noise).

So, why is it important to investigate the explanatory role of noise and its
explanation, both from the developmental and the evolutionary point of view?
Because, as shown by these two studies, developmental noise can produce “new”
variation randomly (“new” in the sense of “ignored before” the introduction of
stochastic modeling in molecular biology at the end of the 1970s), variation which
is more easily reversible (and so less risky for the organisms concerned) and less
stable than variation due to genetic changes, but still potentially important both from
the point of view of the fate of the individual organism and/or of the population it
belongs to. In other words, developmental noise has been shown to play an important
role in the origin of differences in the phenotypic characteristics of each individual
organism over time and in the origin of phenotypic variation in populations, even
when they are isogenic and in homogeneous and stable environments. This is a big
novelty with respect to the traditional way to account for the origin of phenotypic
variation (by genetic changes or by the environment).

These considerations naturally lead us to the first question I want to address
in this paper, i.e., to consider noise as part of the explanans of the developmental
outcome.

3 The Explanatory Role of Developmental Noise

Does developmental noise have any explanatory role? Is it part of the explanation
of the physical characteristics of the individual organism, that is, the explanation of
why each individual organism s as it is? One way to answer this question is to assess
whether developmental noise plays any particular role in the way a developmental
system develops, in other words, whether noise is part of it. Oyama (2000)
in particular defines a developmental system (DS) as containing all the factors
(“developmental resources”) explaining the construction of the characteristics of
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the individual organism, i.e., one isolable organism. This includes both individual
traits that are common to other organisms (e.g., species-specific traits) and unique
traits (note that “individuality” is different from “uniqueness”). It is clear that
Oyama epistemologically defines the DS in terms of explanation.* The question
at stake here is the following: is developmental noise included in such a system of
explanatory factors of development?

Let us give a simple but meaningful example in order to understand which kind of
developmental resources belong to the DS of an individual organism. For instance,
let us look at my DS, that is, the set of factors explaining why I am as I am. My genes
belong to it, as they are involved in the production of proteins inside the cells of my
body. My mother’s immune system is part of it too, because it was transmitted to me
when I was a fetus in her womb and triggered the development of my own immune
system. With Oyama, we can also say that the “surgeon’s knife” also belongs to
my DS because it explains the scar I have on my knee. And even Chopin is part of
my DS because it is one of the resources explaining why I am as I am, in particular,
why I’m sensitive to a certain kind of music (i.e., romantic music). The question
at stake here is the following: is developmental noise part of my DS (according to
Oyama’s account) and, more generally, of the DS of an individual organism? And,
if that is the case, what does it explain?

In the light of recent research advances on developmental noise, the answer to the
first part of the question seems to be: definitely yes! In fact, noise has been shown
to be at the origin of phenotypic random variation we can observe in individual
organisms over time and in populations of organisms, even in the absence of genetic
and environmental changes. But what does developmental noise account for more
precisely? I argue that it contributes to explanations of the phenotypic uniqueness
of each individual organism, i.e., its unique characteristics or traits (remember
that, as I said before, an individual organism is characterized both by common
traits, e.g., species-specific, and by unique traits). In other words, with genetic
and environmental differences, noise explains why two individual organisms are
not phenotypically identical to one another. I would say that it even provides the
ultimate explanation of that fact as far as it is the only factor that can account for the
phenotypic uniqueness of individual organisms in the absence of any genetic and
environmental difference amongst them (e.g., as in the case of two or more clonal
organisms developing in a homogeneous and stable environment).

The explanatory role of developmental noise is clearer if we look at the way
biologists investigate it. Remember that they use single individual organisms that
do not genetically change over time and are in a stable environment or isogenic
populations in a stable and homogeneous environment. In this context, they observe
phenotypic variation (over time in individual organisms or at some point in time
in populations). How can they account for it? Not by invoking gene mutation

“For a critical evaluation of Developmental Systems Theory, in particular its formulation by
Oyama, on the one hand, and Griffiths and Gray, on the other hand, see Barberousse et al. (2009).
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nor environmental changes, but developmental noise (i.e., stochastic fluctuations
perturbing the normal progression of the development of each individual organism).
In other words, we need to include developmental noise in the DS if we want
to explain such a variation and, more precisely (from the point of view of
development), both the unique characteristics of each individual organism and its
inherent heterogeneity over time.

One could ask why it is important to account for the uniqueness of each isolated
individual organism. Does it have to be one of the tasks of developmental biologists?
Traditionally, variation between individual organisms is not of interest, and is even
an annoyance, in developmental biology. As Lewontin (2000, p. 9-10) claims,
the focus is rather “the set of mechanisms that are common to all individuals
and preferably to all species” and are at the origin of their common traits. In
other words, as he critically continues: “Developmental biology is not concerned
with explaining the extraordinary variation in anatomy and behavior even between
offspring of the same mother and father, which enables us to recognize individuals
as different. Even the large differences between species are not within the concerns
of the science. (...) The concentration on developmental processes that appear to
be common to all organisms results in a concentration on those causal elements
which are also common” (p. 10). Nevertheless, as far as unique (phenotypic)
characteristics can be relevant for the fate of each individual organism — from the
developmental perspective and, as we will see later, in the evolutionary fate of
the natural population the organism belongs too — I maintain, with Lewontin and
Oyama, that biologists involved in developmental issues have to account for the
uniqueness of individual organisms in order to fulfill their task in a satisfactory way,
i.e., in order to account for the construction of the characteristics of an individual
organism throughout its life. I argue that biologists should integrate developmental
noise into the DS of the individual organism to account for its characteristics (both
common and unique).

Last but not least, taking into account developmental noise and the “new”
(“ignored before”) phenotypic variation it can produce revives the traditional task
of developmental biology, i.e., explaining the common characteristics of individual
organisms and the common set of mechanisms at their origin. More explicitly,
research on developmental noise could represent a challenge for the question of
the regularity (e.g., morphological) of developmental outcomes across organisms
belonging to the same species despite stochastic and unpredictable events perturbing
the development of each individual. In other terms, the fact that microscopic random
events continuously take place inside individual organisms and affect the course
of their development renews the question of how it comes about that different
organisms share a certain number of common (species-specific) characteristics.
Moreover, research on developmental noise calls us to reconsider the explanation
of developmental canalization, defined by Waddington (1942) as genetically con-
trolled, and more broadly, of developmental robustness. More precisely, it represents
a further challenge for the explanation of how the process of development is able to
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pass through all its stages, maintaining the function of each of them, regardless of
variability due to internal (i.e., noise) and external perturbations.’

Before turning the focus on developmental noise as an explanandum, let us
look at some consequence, apparently problematic, of considering it as part of
the explanans of the unique characteristics of each individual organism. Indeed,
one may object that, as far as developmental noise (i.e., stochasticity or, in other
words, chance) plays an explanatory role, chance is considered an explanans of the
developmental outcome. Can it really be the case? Can chance play an explanatory
role? The answer to this question depends on what chance is; in other words, on the
way chance is defined.

Do biologists characterize developmental noise as stochastic (chancy, random)
fluctuations because they do not know the causal origin of such fluctuations (their
causes), and so they cannot precisely predict them but only make predictions in
probabilistic terms? Or, on the contrary, does it mean that such fluctuations are
fundamentally random, i.e., non deterministic, and so the probability biologists
attribute to them are objective? In other words, does stochasticity refer to their igno-
rance about the variety of factors perturbing the developmental process (i.e., some
subjective chance), or does it refer to some specific property of the mechanisms
involved in development (i.e., some objective chance)?

I suggest that if the stochastic character of noise refers to some kind of subjective
chance (e.g., chance as the ignorance of the causes of developmental perturbations
and their phenotypic effects), noise does not seem to be a good candidate to
explain such perturbations and their consequences at the level of the developmental
outcome (i.e., the characteristics of individual organisms). The underlying causes,
once discovered, would play such an explanatory role.

This issue becomes more delicate if the stochastic character of noise refers to
some objective chance. Indeterminism at the quantum level, often called “pure
chance”, is a typical example of it. At first glance, it seems possible to attribute
an explanatory role to developmental noise because chance is conceived here as
a property of fluctuations affecting development (e.g., quantum fluctuations at the
molecular-biochemical level), that is something happening in the natural world
preceding and producing some further event.

However, with Paul Humphreys (1989), some could object that chance, and the
probabilities used to mathematically describe it, leaves a gap in the explanation, a
gap that cannot be fulfilled because it is by definition, in the case ofobjective chance,

SSuggesting that noise could also play the role of “capturing some typical features, stages, or
mechanisms of development”, an anonymous reviewer pointed at the fact that developmental
noise is common to all organisms: rather than a challenge, it could represent an additional,
relevant, element for the explanation of developmental processes that different organisms have
in common. Moreover, it could provide an explanation of why development is so robust to external
perturbations. For instance, it could be argued that, as source of internal variability, developmental
noise could provide living systems with a certain amount of flexibility, allowing them to cope with
external disturbances, and so reliably develop regardless of environmental contingencies.
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a gap of indetermination in the sense of absence of causation. And if explanation
is conceived in causal terms, as Humphreys does, this implies that chance cannot
explain anything.

In response to such an objection, one could deny that biological explanations are
causal. However, it seems difficult to find convincing arguments in favor of such
thesis, especially in the light of the large amount of publications in the last 10 years
that argue for (causal) mechanistic explanation as the distinctive kind of explanation
in biology and, more specifically, in molecular biology (e.g., see Machamer et al.
2000; Tabery 2009).

A more promising strategy to face Humphrey’s objection consists in showing that
objective chance does not necessarily correspond to the idea of absence of causation.
Actually, the history of chance reveals that this idea is just one way to conceive it.
Furthermore, one could argue that defining chance as the absence of causation is
misleading. Amongst others, Millstein (2011) makes this point by using the example
of radioactive decay, which is usually considered a fundamentally indeterministic
phenomenon of the quantum level (in other terms, an event without any cause at
its origin). She argues that the half-life of a given element (for instance, uranium-
238), and so the fact that it decays at a particular moment in time, are caused by the
structure of the atom in question. Thus, she argues that objective chance does not
correspond to the absence of causation, even when it refers to something happening
at the quantum level.®

In the same article, Millstein shows that chance can be characterized in causal
terms by considering seven different notions of it. This represents a further, powerful
argument against Humphreys’ idea that chance is not a cause and, that therefore
cannot provide causal explanations. Actually, according to Millstein, the definition
of each notion of chance consists in identifying different types of causes she calls
“considered” causes, “ignored” causes, and “prohibited” causes. Let us take as an
example the specific (biological) notion of “evolutionary chance”, which is at the
core evolutionary theory since Darwin (Merlin 2010), in order to understand Mill-
stein’s thesis. To say that a genetic mutation occurs by “evolutionary chance” means
that, starting from a specified sub-set of causes, the mutation can be advantageous,
disadvantageous, or neutral for the organism concerned in a given environment. The
considered subset of causes includes any cause that does not proceed primarily in an
adaptive direction (“‘considered” causes) and excludes causes that, on the contrary,
act in an adaptive way and so would produce directed mutations (“prohibited”
causes). Moreover, some causes can be ignored, for instance, for pragmatic reasons,
but still belong to the subset of causes considered. Thus, the notion of “evolutionary
chance” is defined in causal terms — primarily by the causes it forbids — and so can
play an explanatory role, i.e., accounting in causal terms for the fact that genetic
mutations do not occur in an directed adaptive way.

SFor a direct critical argument against Humphreys’ position in the specific case of the explanatory
role of random genetic drift, see Millstein (1997).
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I maintain that Millstein’s argument for the causal characterization of
every notion of chance represents a good argument against Humphrey’s denial
of any role of chance in causal explanations and so a good point for attributing
explanatory relevance to it. Therefore, developmental noise can play a role in the
explanation of why each individual organism is as it is, in particular accounting for
its unique traits and its intrinsic heterogeneity over time.

4 The Explanation(s) of Developmental Noise

Let us now look at the explanation of developmental noise, in particular at noise
as explanandum of the theory of evolution by natural selection. In recent studies,
biologists tend to treat and explain developmental noises as an adaptive trait whose
presence is due to evolution by natural selection. More precisely, we can find the
two following accounts of it. First, sometimes developmental noise is interpreted
as a by-product of selection for something else, another trait which plays a causal
role in differential survival and reproduction (the selective process). This is the
case of noise at the origin of the “bet-hedging” competence in B. subtilis bacteria
(see Sect. 1). In other words, the idea is that there is a correlation, necessary or
contingent, between the selected trait (“selection for””) and noise (“selection of”)
(Sober 1984). The second account holds that, other times, developmental noise is
conceived as an adaptation for what biologists call “evolvability”, literally speaking,
the capacity of living organisms to evolve. Actually, by providing a certain amount
of random variability, developmental noise could enhance the chances of natural
populations to survive and reproduce over time, in particular when the environmen-
tal conditions fluctuate in a certain way. Adopting the “insurance hypothesis”, which
comes from the diversity-stability debate in community ecology (see Diamond
and Case 1986), it could be considered as a sort of “insurance policy” or “pre-
adaptation” to environmental contingencies (Thattai and Oudenaarden 2004).

Are such explanations of developmental noise in terms of a selective-
evolutionary history, in particular, the second one in terms of evolvability,
legitimate and well warranted or, on the contrary, do they represent the kind
of questionable explanations characterizing the adaptationist program? With the
expression “adaptationist program”, I refer to Gould and Lewontin’s critique (1979)
of the following evolutionary trend: the tendency biologists have to consider each
trait separately from the others, attributing to it a function, and to invent a selective
(adaptive) history — what Gould and Lewontin critically call “just-so-stories” — in
order to explain its presence. I argue that’s exactly what actually happens in the
study of developmental noise.

Here are two examples of this tendency. The first is a study of intracellular noise
in yeast Saccaromyces cerevisiae. Fraser and his colleagues (2004) have evaluated
the noise level in the expression of each gene of this unicellular organism. On this
basis, they have observed that noise in the expression of essential (housekeeping)
genes and of genes involved in the production of multi-proteins complexes is lower
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than noise affecting genes with no vital role. They conclude that noise in gene
expression is subject to natural selection, is detrimental to organismal fitness, and
so its minimization in the expression of important genes is a selected adaptation.

The second study is about noise in E. coli bacteria. Kussel and Leibler (2005)
have examined the switch mechanism from antibiotic-sensible to antibiotic-resistant
phenotype: in this way, clonal individual bacteria can become resistant to antibiotics
even in the absence of any mutational event and so in a more easily reversible way.
Kussel and Leibler have theoretically and experimentally shown that such a switch
mechanism is due to noise in the expression of some particular genes and mimics
the distribution of environmental changes over time. More precisely, they maintain
that, when the environment changes infrequently, the stochastic switching due to
noise is likely to be favored (i.e., selected) over a different strategy consisting in
sensing the environmental changes and reacting to them.

These two studies provide two clear examples of the presence of adaptationist
explanations in research on developmental noise: actually, their common conclusion
is that noise in gene expression is an isolated trait and is likely to evolve by
natural selection. In other words, both of these two groups of biologists suggest
an explanation of noise in terms of a selective-evolutionary history by considering
noise from the point of view of the advantage/disadvantage it could provide to the
living system concerned, i.e., from the point of view of its adaptive value.

If this kind of explanation is right, it follows that the conditions for the principle
of evolution by natural selection to occur (Lewontin 1970) apply in the case of
“developmental noise” conceived as a trait. More explicitly this means that, first,
in a population of organisms there’s variation in terms of developmental noise,
i.e., differences between organisms in the level of fluctuations perturbing their
developmental process (phenotypic variation). Second, organisms characterized by
different levels of developmental noise have different survival and reproductive
propensities (fitness differences) or, in causal terms, differences in developmental
noise cause differences in survival and reproduction among organisms. Third, there
is a correlation between differences in the level of developmental noise of parents
and of offspring (heritability).

Do these three conditions apply in the case of developmental noise considered
as a trait? And, more generally, are selective-evolutionary explanations of develop-
mental noise well grounded (and even possible), both from the theoretical and the
experimental point of view? I maintain that the answer to this question depends on
a certain number of issues, fundamental in the evolutionary context, that have rarely
been addressed by biologists.

The first issue is about the level of selection: at which level does the selective
process at the origin of noise take place? This is the question of the units of selection,
which can be, for instance, a gene, an individual organism, or a group. This first
question has to come with the identification of the entity that is the beneficiary of the
adaptation. In fact, the beneficiary does not necessarily correspond to the biological
unit of selection. As an example, selection for some level of developmental noise
can take place at the level of individual organisms (some of them survive and
reproduce more than others because of the selective advantage provided by the
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characteristic noise of the expression of their genes); nevertheless, at the same time,
the real beneficiary of the adaptation can be the group because the presence of
variation among the individual organisms composing it (the phenotypic variants due
to developmental noise) enhances its chances to persist and to evolve more rapidly
in changing environmental conditions.

Another fundamental question in order to legitimately suggest a selective-
evolutionary explanation of developmental noise is about whether developmental
noise is a heritable trait, that can be transmitted from one generation to the next and,
if so, how (genetically, epigenetically, etc.). This sends us back to the third condition
for evolution by natural selection to take place. In fact, if a certain level of noise is
the result of evolution by natural selection, it means that it has to be heritable over
generations and likely to be cumulatively selected over time. The question of the
heritability of developmental noise is rarely addressed; nevertheless, note that some
evidence in favor of this hypothesis has been produced recently (e.g., see Kaufmann
et al. 2007).

More specifically, if we consider developmental noise as a result of selection at
the level of groups and not at the individual level, other fundamental issues should
be addressed. First, we need to show that the selective process at the level of groups
can really take place and be effective. This is an empirical question, of course,
and it needs to be addressed each time one argues that some particular trait (e.g.,
developmental noise) is the result of evolution by natural selection at the group
level. In fact, group selection is effectively possible if a certain number of conditions
are fulfilled. For instance, the advantage that the trait provides to the group has to
be higher than any conflicting selective pressure at the individual level; in other
words, the selective pressure between the individual organisms of the group cannot
be stronger that the selective pressure between groups (Sober and Wilson 1998).
Moreover, remember that group selection is still a controversial notion in biology,
even though in the 1960s—1970s it was unanimously rejected (Williams 1966). This
is another reason to address this question.

Second, and more particularly, if we want to explain developmental noise as an
adaptation for evolvability, we also need to answer the question of what evolvability
is and, above all, the question of how there can be selection for a capacity that does
not provide any immediate advantage but may potentially in the long term and at
the group level (as far as populations, and not individual organisms, evolve). Many
different and ambiguous definitions of what evolvability is have been suggested
during the last 20 years (Pigliucci 2008): it would require another paper to introduce
and analyze them in detail. With regard to the aim of the present paper, just note that
there is no real consensus on this notion: this makes the issue of evolvability a real
urgent one, in particular if biologists want to account for developmental noise as an
adaptation for evolvability.

In sum, I argue that biologists cannot legitimately account for developmental
noise by formulating a selective-evolutionary history if they have not addressed
and answered the questions I have just mentioned (there are surely others I've
not pointed out). If it is not the case, their explanations, in particular explanations
appealing to evolvability, cannot escape the qualification of “just-so-stories”, expos-
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ing themselves to the vigorous critique addressed to the adaptationist program more
than 30 years ago (Gould and Lewontin 1979). This is, I maintain, the weakness
of predominant (adaptive) accounts of developmental noise: they are not legitimate
explanations in terms of adaptation because they are not warranted enough.

Are there alternative explanations to developmental noise and, if so, do they have
to be considered first with respect to selective-evolutionary explanations? Yes, there
are. I want to point at two of them.

The first possible alternative is represented by non selective-evolutionary expla-
nations. They still consist in telling an evolutionary history to account for the trait
considered. However, in this context, noise is not considered as the result of a
selective process, but as due to chance: it is the result of evolution by random genetic
drift. As far as I know, this kind of explanation is not present in the literature on
developmental noise.

The second alternative explanations can be called explanations in terms of
constraints, where the trait in question is considered as due to different kinds
of restrictions on the possible structural and dynamical organization inside the
cell and at the intra-organismal level. More precisely, constraints can be due to
physical laws but can also be developmental (i.e., principles of construction that
have been historically retained) and architectural (i.e., necessary consequences of
materials and designs selected to fulfill some function); they act on intracellular
networks of genes and proteins and on intra-organismal networks of cells. Contrary
to evolutionary explanations by chance, explanations in terms of constraints are
rare but present in the scientific literature on developmental noise — in particular, in
papers describing theoretical models and simulations of this biological phenomenon
(Hasty et al. 2001; Rao et al. 2002). Nevertheless, in these studies, physical factors
constraining noise (e.g., the structural and dynamical organization of gene networks)
as noise itself are always treated, in the end, as an explanandum of evolutionary
biology, and not as the result of some other physical process. Why is this so? It
would be worth investigating the reason of such a tendency and assessing whether
or not this is inevitable.

I argue that biologists should consider these two alternative kinds of explanation
of developmental noise prior to selective-evolutionary ones. Why? It is, first of
all, a matter of parsimony. An explanation that is more parsimonious is simpler,
more economical (i.e., it makes less assumptions) than other less parsimonious
explanations, which are consistent with the given empirical data. This is the case
for non selective-historical explanations with respect to selective ones: they do
not postulate any possible function for developmental noise, but look at what
happens by default, in a null hypothesis where no causes but only chance has a
role. The same is true for explanations in terms of constraints: biologists should
consider them first because, again, they are more parsimonious than selective-
evolutionary explanations (they do not require to postulate any direct selective
process). Moreover, explanations in terms of constraints allow delineating the space
of physico-chemical possibilities where evolution, and more specifically, evolution
by natural selection, can take place. This is the main reason why biologists should
explore and test them before appealing to other possible evolutionary explanations.
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Finally, these alternative explanations need to be taken into account in the present
situation where selective-evolutionary explanations of developmental noise are not
yet well warranted, the reason being to avoid the charge of “just-so-stories”.

To conclude, another limit of actual research on developmental noise that I want
to mention is that biologists rarely distinguish between the origin, the diffusion,
and the maintaining of noise in a population. That’s why they rarely consider
more than one possible explanation of this trait and so they fail to explore the
possible articulation of different ways to account for it. In contrast to such current
explanatory practices, I want to strongly underline the importance of articulating
different types of explanation, whenever it is possible, of a given biological
phenomenon (e.g., developmental noise). For instance, the origin of noise in gene
expression could be a simple by-product of physico-chemical laws, and so the way
networks of genes and proteins are structurally and dynamically organized inside
the cell. The diffusion of a certain level of noise in the expression of some gene
could be due just be a matter of chance (i.e., random genetic drift), especially in
small populations; and its maintaining over time could be due to a selective process
because the variability it provides at the populational level has turned out to be
adaptive in fluctuating environmental conditions. These three explanations are not
incompatible: they look at different aspects of developmental noise and respectively
answer a specific question about its presence in a natural population.

The limit of any univocal explanatory approach is primarily due to the fact
that biologists having different disciplinary backgrounds and practicing in distinct
fields tend to limit their analysis of a given phenomenon to a specific biological
perspective: the explanation changes depending on the level at which biologists
describe the phenomenon, on the question they raise about it, on the explanatory aim
motivating their research, and on the methodology they adopt. The limited scope of
each disciplinary perspective in biology is just one of the reasons to maintain that
different types of explanation, and their articulation, are needed in biology in order
to provide a comprehensive and satisfactory explanation of the living world.”

5 Conclusion

This paper examines two questions. The first is about whether or not noise is an
explanans of the outcome of development at the level of individual organisms (for
instance, as part of Oyama’s DS). The answer is yes! More precisely, we need
developmental noise in order to explain the uniqueness of each individual organism,
that genes and the environment cannot account for, and its intrinsic heterogeneity
(phenotypic, at least), that genetic and environmental changes cannot explain alone.
One possible objection to the attribution of an explanatory role to developmental
noise is to argue, with Humphreys, that noise — i.e., some form of chance — cannot

7For a discussion of such explanatory diversity see Morange (2015, this volume).
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play such a role because it has no causal power. I maintain that it is possible to resist
such an objection showing that chance can always be characterized in causal terms.

The second question is about current prevalent explanations of developmental
noise in terms of a selective-evolutionary (i.e., adaptive) history. Are they legitimate
or not? I argue that they are not warranted enough (at least, not yet) because the
biologists suggesting them have not addressed a certain number of fundamental
issues, in particular the issue of the units of selection, such explanations should be
based on. Moreover, other possible explanations of developmental noise have to
be taken into account before selective-evolutionary explanations in order to fully
account for this developmental phenomenon.
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Chapter 6
Explaining in Contemporary Molecular Biology:
Beyond Mechanisms

Frédérique Théry

Abstract Over the past decade, the concept of mechanism has drawn considerable
attention in the philosophy of biology. This interest stemmed from the recognition
that mechanistic explanations are central to the practice of biologists. So far, most
discussions have aimed at defining the mechanism and characterizing mechanistic
explanations, rather than assessing the genuine significance of these explanations
in the overall explanatory activity of biologists. This reinforced the view that in
functional biology, and in particular in molecular biology, explaining a phenomenon
mostly consists in showing how this phenomenon is produced by its causes, by
describing the mechanisms that maintain and underlie it. From this perspective,
mechanistic explanations appear to be the most relevant causal explanatory scheme
in functional biology. However, in this chapter, I argue that causal explanations
have been mistakenly reduced to mechanistic explanations. I focus on current
research on the regulation of genetic expression by microRNAs to suggest that in
contemporary molecular biology, explanations increasingly describe some features
of causal processes that mechanistic explanations are not meant to grasp. Given this,
I characterize two types of explanations — namely, quantitative explanations and
systemic explanations — that do not rely on the concept of mechanism. Altogether,
these considerations prompt the reconsideration of the status of the concept of
mechanism in biological practice, as well as the development of a pluralistic
approach of explanations in molecular biology.
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1 Introduction

Since the twentieth century, the mechanistic perspective has been used successfully
to explain how a wide range of biological phenomena is causally brought about.
This perspective has distinctly dominated research in the field of molecular biology,
following its rise in the 1950s. Recently, the realization by philosophers of
science that the concept of mechanism plays a crucial role in biological practice
has motivated discussions about the characteristics and the explanatory value of
mechanistic explanations. These discussions hold the concept of mechanism as
central to explanations in neuroscience, molecular biology, cell biology, and genet-
ics. Remarkably, the debate intersects with major philosophical issues, including
causation, reduction, and function, bringing interesting new perspectives to these
issues.!

Here, I wish to examine how the mechanistic perspective fits into the explanatory
activity in contemporary molecular biology,? following the recent development of
postgenomic biology and of systems biology. To address this issue, I focus on
recent work on microRNAs, a class of small non-coding RNAs that appear to be
key players in the regulation of gene expression. Over the past decade, research on
microRNAs has spawned an abundant literature that overlaps with many biological
issues. This research has already been proven to be an excellent case study to
show the need for exploratory experimentation in post-genomic molecular biology
(Burian 2007), and to develop a pluralistic model of scientific inquiry (O’Malley
et al. 2010). I shall argue that microRNA research also provides solid ground for
defending a pluralistic account of explanations in contemporary molecular biology.*
Indeed, central explanations of the regulatory role of microRNAs do not rely on
the concept of mechanism. They have their own explanatory specificities, which
lead me to define what I call quantitative explanations and systemic explanations.
These types of explanations are becoming increasingly important in molecular
biology, because they compensate for some limits of the concept of mechanism
to grasp particular features of molecular processes.* In the end, my analysis leads
to a reconsideration of the status that has so far been ascribed to the concept of
mechanism by philosophers, as well as to the development of a pluralistic account
of explanations that more accurately fits biological practice.

I'See for example: Machamer et al. (2000), Machamer (2004), Craver (2001), and Craver (2005).
21 define molecular biology broadly as the study of biological processes at the molecular level.

3The issue of explanatory pluralism in contemporary biology is also discussed in this volume:
Mekios (2015), Morange (2015), Brigandt (2015).

“For related discussions of possible limitations of mechanistic models in systems biology, see in
this volume: Baetu (2015), Breidenmoser and Wolkenhauer (2015), Issad and Malaterre (2015).
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2 Explaining with Mechanisms in Contemporary Molecular
Biology

2.1 The Concept of Mechanism in the New Mechanistic
Philosophy

In the philosophy of science, issues about the nature of scientific explanation have
long been dominated by the deductive-nomological model, according to which
explanation takes the form of a deductive argument with at least one natural law
among its premises. The debate took a decisive turn when Machamer et al. (2000)
claimed that much of the explanatory activity in the biological sciences implies the
discovery and the description of mechanisms, which they defined as “entities and
activities organized such that they are productive of regular changes from start or
set-up to finish or termination conditions” (p. 3). Their analysis triggered important
discussions about the characteristics of mechanisms and mechanistic explanations.
More specifically, philosophers have debated the possibility of providing a unified
characterization of the concept of mechanism across biology, and several accounts
of this concept have been proposed (Bechtel and Abrahamsen 2005; Glennan 2002;
Torres 2009). Despite their differences, these accounts all share the following core
elements (reviewed in Craver and Bechtel 2006):

(i) A mechanism explains how a phenomenon is produced, how some task is
carried out, or how some function is performed.

(i1)) A mechanism is composed of parts, entities, or component parts, with their
properties.

(iii) In virtue of their properties, the parts of the mechanism inferact, engage in
activities, or perform component operations. Activities or operations are the
causal components of mechanisms.

(iv) The parts of the mechanism and their causal relations are spatially and
temporally organized, so that they produce the phenomenon.

This new mechanistic philosophy arose from the realization by philosophers of
science that the concept of mechanism plays a central role in biological practice.
Therefore, the development of the mechanistic framework is meant to grasp scien-
tific practice more adequately, especially in the fields of neuroscience, genetics, and
molecular and cell biology, where mechanism-talk is pervasive. However, this recent
interest in the concept of mechanism does not stem from new developments within
biological sciences, since the mechanistic perspective has been used to explain
biological phenomena throughout the twentieth century. Rather, the introduction
of the concept of mechanism in philosophical debates was prompted by the need to
offer an alternative to the traditional law-based approaches of scientific explanation
that fail to account for most of biological practice (Bechtel and Abrahamsen 2005).

A widely shared assumption within the new mechanistic philosophy is that
describing mechanisms is the bulk of explanatory activities in biology. Although the
possibility that researchers may draw on other types of explanations is not denied,
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it seems to be taken for granted that, at least in functional biology, explaining
a phenomenon usually requires the identification of the mechanism responsible
for this phenomenon. For instance, Bechtel (2006) asserts that in many domains,
“the aim of inquiry leads to meticulous accounts of complex mechanisms. This
is particularly true in the functional domains of biology” (p. 2). Craver, who is
interested in explanations in neuroscience, makes a similar claim: “in the final
analysis, even if it is false to state that all explanations must describe mechanisms,
many of them do” (2007, p. xi). In what follows, I offer a critical examination
of this widely shared, mechanism-centered account of biological explanations by
examining current research on the regulation of gene expression by microRNAs.
As I shall argue, this case study provides an illuminating insight into explanatory
activities in contemporary molecular biology.

2.2 Explaining miRNA Regulation with Mechanisms

MicroRNAs (miRNAs) are a class of small non-coding RNAs, approximately 21-23
nucleotides long, found both in plants and animals. They have emerged over the last
decade as key regulators of gene expression that act post-transcriptionally to inhibit
gene expression. The total number of human miRNAs is estimated to be close to 800
(Bentwich et al. 2005), and about one third of all genes are predicted to be under
miRNA regulation (Lewis et al. 2005). MiRNAs are involved in the regulation of
virtually all biological processes, including development, cell proliferation, immune
responses, and metabolism, to give but a few examples.’

After miRNAs were reported to represent a wide class of small non-coding
RNAs in animals (Lau et al. 2001; Lee and Ambros 2001; Lagos-Quintana et al.
2001), research efforts mainly concentrated on the mechanisms responsible for their
biogenesis and their regulatory role.® It appears that in animals, miRNA genes are
transcribed into primary miRNA transcripts that undergo processing in the nucleus
by the Microprocessor complex to generate precursor miRNAs. Precursor miRNAs
are then exported into the cytoplasm, where they are further processed by the
Dicer enzyme to form mature miRNAs. MiRNAs associate with the RISC complex
(RNA-Induced Silencing Complex) and bind to mRNA targets in a sequence-
specific manner, thereby guiding the RISC to these mRNAs. This results in either
translational repression or mRNA degradation by the Argonaute protein of the RISC
complex.

This description is a simplistic outline that does not reflect the complex accounts
of miRNA biogenesis and regulatory action found in scientific literature. However, it
provides sufficient grounds to claim that at least part of the research on miRNAs fits

3See for example: Stefani and Slack (2008), Lodish et al. (2008), Rottiers and Nér (2012).

For a review on miRNA biogenesis and function, see: Ghildiyal and Zamore (2009), Pasquinelli
(2012).
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the mechanistic framework. Indeed, the explanation above involves parts, such as
miRNAs, Dicer, Argonaute, that engage in activities, such as binding or processing.
These parts and activities are organized so that their productive order is responsible
for miRNA biogenesis or miRNA regulation. However, although the mechanistic
perspective is undoubtedly successful in explaining miRNA-mediated regulation, I
shall later demonstrate that explanations in the field of miRNA research encompass
far more than describing mechanisms. Before doing so, I shall briefly review
how philosophers conceptualize the diversity of explanatory schemes in biological
sciences.

2.3 Mechanisms, Nothing But Mechanisms?

The new mechanistic philosophy has undeniably improved our understanding of
scientific inquiry and explanatory practice in the biological sciences. Neverthe-
less, the claim that explaining biological phenomena consists in identifying and
describing mechanisms seems to rule out, or at least downplay, the extent to which
biologists draw on a variety of types of explanations. This perspective seems to be at
odds with the one advocated by Morange (2005), who distinguishes between three
explanatory schemes in biology: the mechanistic scheme, the Darwinian scheme
and the physical non-causal scheme. Morange argues that these different types of
explanations should be articulated in order to provide complete explanations of
biological phenomena.

More recently, Braillard (2010) pointed out that part of the explanatory practice
in systems biology cannot be accounted for by the mechanistic framework. He
characterizes a non-causal type of explanation that consists in showing how a
system’s function determines its structure. Braillard’s work highlights how the
development of systems biology has influenced and transformed the explanatory
activity of biologists. Following this analysis, it seems legitimate to wonder how the
transition from classical molecular biology to postgenomic biology has impacted the
way biologists explain phenomena at the molecular level. This issue is particularly
relevant to our concern, since miRNA research has greatly benefited from genomic
and transcriptomic analyses. Indeed, these analyses allow researchers to systemati-
cally identify all miRNAs and their targets in organisms, as well as study the impact
of miRNA-mediated regulation on gene expression at a large scale, in different cell
types and under various conditions. However, the consequences of the transition to
post-genomic biology regarding the explanatory practice in molecular biology have
been poorly investigated. More precisely, philosophers have insufficiently explored
the possibility that the status of the concept of mechanism in scientific investigation
may have significantly evolved during the last decade.” In this regard, the strong
emphasis placed on mechanistic explanations by the new mechanistic philosophy

THowever, see: Moss (2012).
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seems problematic. The concept of mechanism has undoubtedly been at the core
of research in classical molecular biology; however, the centrality of this concept
in contemporary molecular biology has still to be assessed. I shall indeed suggest
that the current role played by the concept of mechanism in biological practice has
been overrated, and therefore, that the explanatory weight of this concept has been
wrongly assessed, at least in molecular biology.

One reason for this failure, I contend, results from the misleading view that at the
molecular level, causal explanations boil down to mechanistic explanations. This
view is most salient in Craver’s work. Following Salmon (1984), Craver defends a
causal-mechanical account of explanation in neuroscience, according to which good
explanations in neuroscience show how phenomena are situated within the causal
structure of the world, by describing mechanisms. In line with this perspective,
Craver alludes to causes and mechanisms in an interchangeable way: “Mechanistic
models describe the relevant causes and mechanisms in the system under study”
(Kaplan and Craver 2011, p. 608). Similarly, when mentioning the “virtue of the
causal or mechanistic view of explanation” (Kaplan and Craver 2011, p. 606), he
seems to conflate causal and mechanistic explanations. This opinion is not peculiar
to Craver. Nicholson (2012) recently noticed that “it is increasingly the case that
philosophers employ the term ‘mechanistic’ simply as a synonym for ‘causal’
when characterizing scientific explanations” (p. 154). Even Morange, who is most
concerned with the diversity of explanatory schemes in biological sciences, seems
to take for granted that causal explanations accounting for biological functions at the
molecular level are basically mechanistic explanations. However, in what follows,
I show that explanations of the regulatory roles of miRNAs do not solely consist
in describing mechanisms. I sketch out a richer account of explanations in the field
of miRNA research, by characterizing two explanatory contexts in which biologists
avoid using the concept of mechanism. This leads me to define two kinds of non-
mechanistic explanations, namely, quantitative and systemic explanations, which
overcome some limits encountered by the concept of mechanism when describing
causal processes at the molecular level.

3 Explaining miRNA Regulation with Quantitative
Explanations

3.1 Beyond Mechanisms: Molecular Populations and Their
Quantitative Properties

In molecular biology, the basic idea underlying the use of the concept of mechanism
is that of a description of the causal patterns that bring about the phenomenon of
interest. In that respect, the process of discovering a molecular mechanism always
requires identifying the parts involved in the production of the phenomenon. To
put it differently, it always involves a qualitative description of causal patterns.
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Only some mechanistic explanations also describe quantitative features of molecular
systems. By quantitative, I mean here exclusively either the number of copies or
the concentration of a molecule or molecular complex.® My point is that in con-
temporary molecular biology, the concept of mechanism is basically used to place
emphasis on the qualitative component of the causal structure of molecular systems,
rather than on its quantitative component.’ For instance, mechanistic explanations of
miRNA biogenesis or miRNA regulatory action describe the molecular components
responsible for these phenomena, but they do not specify the concentrations of these
parts, such as miRNA or mRNA concentrations. Thus, in order to provide an account
of the concept of mechanism that properly grasps contemporary biological practice,
one should stress the qualitative component of causal relations, rather than their
quantitative component.

Yet, at the molecular level, quantitative properties of living systems are of
crucial importance, since most molecules inside cells are present in multiple copies.
Therefore, it is appropriate to talk about ‘populations’ or ‘pools’ of molecules.
For instance, many miRNAs are present at levels more than 1,000 molecules per
cell, some of them exceeding 50,000 molecules per cell. As I shall now argue,
quantitative features of miRNA regulation have become a major focus of attention
in miRNA research. I will suggest that there has been a concomitant shift in
the explanatory discourse toward explanations that depart from the mechanistic
framework.

3.2  Quantitative Explanations of miRNA Regulation

Research on miRNAs encompasses far more than a mere qualitative description
of the causal processes in which these RNAs are embedded. Many quantitative
studies based on accurate assessments of miRNAs and mRNAs concentrations
are currently performed. This interest in the quantitative features of miRNA-
mediated regulation straightforwardly stems from the phenomenon to be explained,
namely the regulation of gene expression. Indeed, explaining gene regulation can be
addressed from two complementary perspectives: a qualitative one, which consists
in describing how particular molecular components are responsible for the activation
or inhibition of gene expression; and a quantitative one, which consists in explaining
how a gene product is expressed at a given level. This quantitative aspect should not
be deemed less important than its qualitative counterpart. Indeed, alterations in the
precise level of most proteins can impair cell functions and cause diseases, such

8However, it is clear that many other features of molecular systems can be quantitatively
characterized.

9This does not mean that mechanistic explanations never assume some quantitative characteriza-
tions of the activities, but rather that the qualitative description of causal patterns is the common
core of all mechanistic explanations in molecular biology.
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as cancers. Up to now, aberrant miRNA expression has been reported in various
diseases, ranging from cancers to metabolic disorders (Lujambio and Lowe 2012;
Rottiers and Naidr 2012), and therapeutic strategies that aim at restoring normal
miRNA levels are currently developed (Esteller 2011). Thus, quantitative analyses
of miRNA-mediated regulation are fully relevant in order to gain insight into the
regulatory roles of miRNAs, and to account for their involvement in diseases.
These analyses have become easier to perform in the post-genomic era, due to
the development and improvement of techniques allowing precise measurements
of the expression levels of individual miRNAs and of their mRNA targets. Besides,
the advent and refinement of microarray and sequencing technologies have made
it possible to carry out high-throughput transcriptome analyses that provide an
overview of miRNA expression on a large scale and under various conditions.

Quantitative studies have brought very interesting results regarding the quanti-
tative features of miRNA regulation. First, the effect of miRNAs on the expression
of their targets is usually modest, with most targets being down-regulated by less
than a half (Baek et al. 2008; Selbach et al. 2008). This result is consistent with
a role of miRNAs as fine-tuners of gene expression. Nevertheless, the effects of
miRNAs on their targets expression actually exhibit some kind of diversity, and,
based on these effects, miRNA-mRNA interactions can basically be categorized
into three classes (Bartel 2009; Wu et al. 2009; Ebert and Sharp 2012). First, a
miRNA can repress its target expression to inconsequential levels, thereby acting
as a ‘switch’. Switch interactions have been shown especially to help sharpen
developmental transitions and maintain cell fates. Second, a miRNA can adjust the
mean expression level of its target to a lower level, thereby acting as a ‘fine-tuner’
of gene expression. Third, a miRNA can reduce the variance of its target expression,
thus contributing to buffer stochastic fluctuations in gene expression. A recent study
has further clarified how miRNAs can act either as switches or as fine-tuners of gene
expression, by demonstrating that miRNA regulation establishes a threshold level of
target mRNA (Mukherji et al. 2011). Below this threshold, translational repression is
high, and the miRNA acts as a switch; near the threshold, the protein output responds
sensitively to target mRNA transcription, and the miRNA acts as a fine-tuner; above
the threshold, translational repression is weak. Therefore, given a miRNA-mRNA
interaction, the miRNA can either act as a switch or as a fine-tuner, depending on
the mRNA concentration. This can be accounted for by titration effects: as target
abundance increases, target mRNAs interact with available miRNAs and titrate them
away, so that fewer free miRNAs are able to repress additional targets. This titration
effect highlights that the relative concentrations of a miRNA and of all its targets
are important to explain miRNA regulation. Indeed, since miRNAs partition among
all their target mRNAs, miRNAs that have a higher number of available targets in a
cell will repress each individual target to a lesser extent: this effect is known as the
dilution effect (Arvey et al. 2010).

Recently, the discovery of competitive endogenous RNAs (ceRNAs) has further
complicated the overall picture of the quantitative characteristics of miRNA regula-
tion (Salmena et al. 2011). ceRNAs are targets of common miRNAs, and they can
therefore compete with each other for the same pool of miRNAs, which results in
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a reduction of the inhibitory action of these miRNAs on other targets. Competition
between different targets for binding to the same miRNA may widely influence the
regulation efficiency for each individual target.

Altogether, these data show that a qualitative description of the interactions
between miRNAs and their targets is not sufficient to provide a complete explanation
of miRNA regulation. Indeed, the regulatory function of miRNAsS crucially depends
on the relative cellular concentrations of these small RNAs and of their targets. The
basic reason underlying this property is that molecular components are present in
cells as populations. However, the concept of mechanism is not primarily meant to
grasp this property. In line with this interpretation, biologists tend to avoid using the
concept of mechanism in this research context. They have to think of miRNAs and
of their targets as populations of molecules, and this conceptual shift is mirrored in
the literature by the idea that these molecules form ‘pools’ inside cells. I refer to
the resulting explanations as quantitative explanations. Such explanations describe
the relations between quantitative properties of populations of molecules that are
causally related: changes in miRNA concentrations cause changes in the expression
level of their targets.

Quantitative explanations have their own explanatory specificities. Whereas
mechanistic explanations focus on the qualitative interactions between miRNAs
and mRNAs, as well as the properties in virtue of which these interactions occur,
quantitative explanations focus on the quantitative features of these interactions.
To put it differently, mechanistic and quantitative explanations study biological
phenomena from two different perspectives: the former are mostly interested in the
qualitative relations between molecules, whereas the latter deal with the quantitative
relations between populations of molecules. I contend that when the phenomenon
to be explained includes a quantitative component, as it is the case for the regulation
of gene expression, an adequate explanation of this phenomenon will require both a
mechanistic explanation and a quantitative explanation.

3.3 Mechanistic Explanations and Quantitative Explanations

Quantitative explanations highlight features of miRNA-mediated regulation that are
not accounted for by the descriptions of parts and activities that lie at the core of
mechanistic explanations. As such, they bear genuine explanatory relevance, and
they successfully overcome a major limit of the mechanistic framework. Since
mechanistic and quantitative explanations provide insights into different aspects
of biological phenomena at the molecular level, they complement each other, and
are to be articulated. Thus, quantitative explanations should not be considered as
an alternative to mechanistic explanations. They are interested in properties of
molecular systems that are not the primary focus of mechanistic explanations.
However, one could argue that instead of distinguishing between two different
types of explanations, the mechanistic framework could be extended so as to
include quantitative explanations. To support this view, it could be stressed that
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quantitative explanations describe relations between populations of molecules that
are related in a mechanism. For instance, mRNA concentrations depend on miRNA
concentrations because there is a mechanism of post-transcriptional gene silencing
in which miRNAs causally interact with mRNAs to inhibit translation.

This solution has recently been advocated by both Craver and Bechtel (Kaplan
and Craver 2011; Bechtel and Abrahamsen 2010; Kaplan and Bechtel 2011), who
consider mathematical descriptions of dynamical systems as part of mechanistic
explanations in cognitive neuroscience. Craver elaborates a model-to-mechanism-
mapping constraint, according to which a dynamical or mathematical model
explains a phenomenon if elements in the model plausibly map onto elements in
the mechanism. In so doing, he states that “mechanisms are frequently described
using equations that represent how the values of component variables change with
one another” (Kaplan and Craver 2011, p. 606). He later supports the view that,
in successful mechanistic explanations, “the (perhaps mathematical) dependencies
posited among these variables in the model correspond to the (perhaps quantifi-
able) causal relations among the components of the target mechanism” (Kaplan
and Craver 2011, p. 611). Bechtel and Abrahamsen have developed a similar
perspective. The growing use of the tools of quantitative computational modeling to
investigate the dynamic behavior of mechanisms led them to extend the mechanistic
framework to accounts of dynamics. Dynamic mechanistic explanations, as they
refer to them, do not merely describe the parts, operations, and organization of the
mechanisms responsible for biological phenomena; they also explain how the parts
and operations of complex mechanisms are orchestrated in real time to produce
dynamic phenomena. Bechtel clearly endorses the view that dynamic descriptions
should be embedded in mechanistic explanations: “the mechanistic perspective on
dynamical models is uniform and remarkably clear: dynamical explanations do not
provide a separate kind of explanation; when they explain phenomena, it is because
they describe the dynamic behavior of mechanisms” (Kaplan and Bechtel 2011,
p. 440). The mechanistic account defended by Craver and Bechtel conflicts with
my claim that quantitative explanations should be articulated rather than conflated
with mechanistic explanations. I shall provide grounds for holding mechanistic and
quantitative explanations distinct in molecular biology. Before doing that, though, it
is worth pointing out that Craver and Bechtel have developed their ‘quantitative
mechanistic’ framework in response to claims that dynamical models explain
phenomena independently of the mechanisms underlying these phenomena, and
consequently that dynamical models are an alternative to mechanistic explanations.
There is no such need to defend the explanatory relevance of the mechanistic
framework in molecular biology, where the concept of mechanism remains strongly
entrenched in the explanatory practice. Instead, my analysis stems from a careful
examination of the specific research contexts where biologists favor or avoid the
use of the concept of mechanism. This examination is, I believe, necessary in order
to develop a mechanistic perspective that is consistent with biological practice.
However, the fact that biologists distinguish between mechanistic and quantitative
descriptions in their explanatory discourse does not legitimate my claim that
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these descriptions should be held distinct in a philosophical account of biological
explanations. Thus, I now provide some grounds for this claim.'?

First, from a pragmatic standpoint, mechanistic and quantitative analyses are
often carried out separately. Indeed, because they investigate different aspects of
the same phenomena, they usually rely on different sets of techniques. Quantitative
analyses of miRNA regulation involve techniques that allow accurate measure-
ments of concentrations or copy numbers of miRNAs and mRNAs. They are not
designed to investigate the precise mechanisms responsible for the regulatory role
of miRNAs. Rather, they complement mechanistic studies by providing quantitative
features associated with these mechanisms. Besides, quantitative studies have
therapeutic implications on their own, since they lead to develop treatments that
could restore adequate levels of miRNAs. The basic principle underlying such
treatments is not to change the processes occurring in cells qualitatively, but rather
to change their quantitative features.

Second, a hallmark of miRNA regulation lies in the diversity it exhibits in dif-
ferent cell types, at different developmental stages, and in various physiological and
pathological conditions. This diversity is both qualitative, since different miRNAs
may be expressed in different environmental conditions, and quantitative, since the
same miRNA may be expressed at different levels in different conditions. In this
latter case, the same qualitative pattern of entailment operates, but with various
quantitative characteristics. However, if one chooses to extend the mechanistic
framework so as to include quantitative relations between parts of mechanisms,
then it is legitimate to wonder whether quantitatively different occurrences of
the same interaction between parts should be treated as different mechanisms.
Unfortunately, this issue has not been addressed by the new mechanistic philosophy.
Nevertheless, it should be kept in mind that in molecular biology, the concept
of mechanism is used to emphasize some kind of regularity in the occurrence
of a causal sequence of events. This regularity requirement is central to the role
played by mechanisms in biological explanations, since it provides the basis for
generalizations from one instance to another (Andersen 2011). Because of the
quantitative variability exhibited by biological processes, conflating mechanistic
and quantitative explanations might weaken the ability of the concept of mechanism
to stress such regularity, which in turn might lead to give up on a major epistemic
interest of this concept.

Third, according to my analysis, mechanistic explanations at the molecular level
can be regarded as idealized representations of causal processes, in which the
idea of ‘pools’ of molecules is generally irrelevant. They describe how molecular
components engage in activities, with little regard for the populations of molecules
in which these components are embedded. It follows that mechanistic explanations
are mostly interested in properties of molecules, whereas quantitative explanations

1Tn this volume, Baetu (2015) discusses how mathematical modeling relates to mechanistic
explanations. Issad and Malaterre (2015) also offer an interesting critical examination of the
concept of dynamic mechanistic explanation.
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are interested in properties of populations of molecules. Philosophical accounts of
the concept of mechanism rightly insist on the properties in virtue of which parts
engage in activities. However, it is important to distinguish between properties
of parts and properties of populations of parts: the quantity or concentration of
a molecular component is a property of the population of this component, not
of the component itself. As such, quantitative properties of molecular systems
do not fall straightforwardly within the scope of the mechanistic framework. In
the recent refinement of their account of mechanistic models, Bechtel and Craver
inadvertently conflate these two kinds of properties. This is most apparent in
Bechtel and Abrahamsen’s revised definition of the mechanism, according to which
“the orchestrated functioning of the mechanism, manifested in patterns of change
over time in properties of its parts and operations, is responsible for one or more
phenomena” (p. 323). In this definition, the properties of the parts actually refer
to the properties of the populations of parts. This is probably why Bechtel fails to
identify the different contributions of mechanistic and quantitative explanations to
the explanatory practice of biologists.

Finally, the parts and operations involved in quantitative explanations may
not be confined within the boundaries of a particular mechanism. For instance,
explanations involving dilution effects, which rely on the relative concentrations
of miRNAs and of all their targets, span multiple mechanisms, and could be seen
as relating to the system level. In this regard, a major limit of the concept of
dynamic mechanistic explanation developed by Bechtel is that it only fits cases
where dynamical models are used to understand the behavior of a particular
mechanism. Yet, if one takes into account the diversity of quantitative explanations,
it becomes clear that it is not relevant to merge the quantitative and the mechanistic
perspectives. When quantitative explanations relate to the system level, it could,
however, still be argued that the mechanistic perspective adequately accounts for
explanations at this level. I now discuss whether explanations at the system level
should be considered mechanistic explanations.

4 Explaining miRNA Regulation with Systemic Explanations

4.1 Explaining miRNA Regulation at the System Level

After the discovery of miRNAs and of their regulatory action, specifying how
cellular functions are regulated by miRNAs has become a pressing issue. As the
connections between particular miRNAs and these functions have been uncovered, a
new terminology has emerged to account for the roles of miRNAs. Explanatory texts
describe how miRNAs “orchestrate” cellular functions, how they are “integrated” in
cellular “networks” or “circuitry”, how they “mediate” biological phenomena, how
the miRNA pathway “crosstalks” and is “coordinated” with other cellular pathways.
Concomitantly, the concept of mechanism tends to be less frequently used. This
terminological shift has already been noticed by Moss (2012), who rightly relates
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it to a scientific interest in interrelatedness of function: “the hallmark of leading
edge research in biomedical sciences has become that of seeking to understand
how the very many low-level basic pieces of chemistry are responsively, flexibly,
and contingently weaved together (orchestrated, mediated, regulated, etc.) into
coherently global responses to developmental and environmental cues, internal and
external perturbations.” (p. 168). In miRNA research, the current interest in the
interplay between miRNA-mediated regulation and cellular processes results in a
shift from mechanistic explanations to a type of explanation that emphasizes how
causal processes interact with one another. I shall outline the main features of this
explanatory scheme, and highlight its importance with regard to miRNA biology.

Current research on miRNAs investigates how previously characterized mecha-
nisms, those responsible for miRNA regulatory action and those involved in various
cellular functions, are interconnected. Interactions between miRNA-mediated gene
silencing mechanisms and other cellular mechanisms directly follow from the
regulatory function of miRNAs. Indeed, miRNAs have an impact on the cellular
functions in which their target genes are involved. Far from being incidental, this
impact is widespread, due to the high number of genes that are targeted by miRNAs.
Descriptions of the interactions between miRNAs and cellular functions are not
detailed mechanistic descriptions. Rather, they span multiple mechanisms, and they
characterize causal relations in cells at the systemic level. That is why I refer to them
as systemic explanations. Surprisingly, Moss did not insist on the importance of a
systemic thinking in this explanatory framework.

It has been suggested, quite provocatively, that the impact of miRNAs is always
at the system level (Jost et al. 2011). The reason underlying this claim is that most
miRNAs target multiple genes, which results in the coupling between the expression
of genes involved in the same cellular function, or in a crosstalk between seemingly
unrelated biological processes. Moreover, since many protein-coding genes are
predicted to be targets of multiple miRNAs, distinct miRNAS can act cooperatively
to regulate gene expression. This systemic perspective of miRNA regulation has
implications for the explanatory discourse. Braillard (2010) has stated that both
mechanistic and systemic approaches aim at explaining biological phenomena “by
studying the molecular components, their properties and their interactions”, and that
“systems biology is clearly concerned with large and complex mechanisms, but they
are still mechanisms” (p. 45). I wish to point out some limits of this assertion, by
stressing important differences between mechanistic and systemic explanations in
the context of miRNA research. Consider the following explanation of the role of
miRNAs in the resolution of inflammation:

Later, the induction of miR-146a!! and miR-9 resolves the pro-inflammatory response
by targeting TNFR-associated factor 6 (TRAF6) and IL-1R-associated kinase 1 (IRAK1),
which are key components of TLR signaling pathways, and the nuclear factor-kB (NF-xB)
subunit p50, respectively. miR-132 expression has also been shown to be increased by TLR
signaling and would limit the antiviral response by targeting p300. (O’Neill et al. 2011,
p. 172)

"'Under the standard nomenclature system, the prefix «miR» refers to mature miRNAs.



126 F. Théry

This explanation differs from detailed mechanistic explanations in several important
respects. First, it only reports two kinds of molecular components, miRNAs and
their targets, without much interest in their binding, or in the properties by virtue of
which this binding occurs. Moreover, most of the causal chain responsible for the
inhibition of gene expression, such as the sorting of miRNAs into the RISC complex
or the interaction between the RISC and mRNA targets, is not described. Rather,
this explanation shows how previously characterized mechanisms (the mechanisms
responsible for the expression of specific miRNAs and those involved in immune
responses) interact with one another to resolve inflammation. In this respect, there
is no need to describe the complete causal processes, since mechanistic descriptions
already did so. Instead, in systemic explanations, biologists only focus on portions
of the causal processes they deem relevant to explain how these processes interact
to fulfill the biological function of interest. Here, in order to explain how cellular
functions are regulated by miRNA:, it is only relevant to describe the set of miRNAs
that regulate the expression of the genes involved in these functions. The resulting
explanation is not at a higher hierarchical level than mechanistic explanations, but at
a systemic level. More importantly, this explanation possesses its own explanatory
specificities, especially regarding the features of the patterns of entailment that are
picked out as relevant.

The concept of network is particularly well equipped to describe the interactions
between mechanisms that lie at the core of systemic explanations. Accordingly, this
concept has become ubiquitous in miRNA research. Sometimes, it is used in a loose
way to convey the idea that biological processes are interconnected in an intricate
way:

Clearly, miRNAs cannot independently perform a single task in cells. Instead, miRNAs

regulate cellular networks as network components in many cellular functions. (Li et al.
2011, p. 1)

More frequently, the concept of network is used to describe specific gene regulatory
networks involving miRNAs. These networks usually depict the interactions either
between miRNA regulation and cellular functions, or between the regulation by
miRNAs and by transcription factors. They consist of nodes that can be genes,
proteins, mRNAs, or miRNAs, and of links connecting the nodes that indicate the
regulatory relations (activation or inhibition) between nodes. These networks do not
exhaustively describe the causal processes of interest, but they show how several
causal processes interact with one another.

4.2 Mechanistic Explanations and Systemic Explanations

In molecular biology, mechanistic explanations are used to describe continuous
causal chains that produce or maintain the phenomenon to be explained. Con-
sequently, they satisfy two requirements. First, the description of the component
parts, their relevant properties, and the activities they engage in must be exhaustive.
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Second, mechanistic explanations only describe the relevant causal relations that are
responsible for the production of the phenomenon under investigation. Craver has
formulated these requirements: “Complete explanatory texts are complete because
they represent all and only the relevant portions of the causal structure of the world”
(Craver 2007, p. 27). Systemic explanations describe how previously characterized
processes that together perform a function interact with one another. In miRNA
research, they tackle the issue of the biological functions of miRNAs from a
different perspective than mechanistic explanations do, and accordingly, they often
draw on a different set of investigative tools. As such, they fruitfully complement
the mechanistic approach, but they should not be conflated with it.

In contemporary molecular biology, the concept of mechanism is primarily used
to individualize some portions of the causal structure of the cell. This fragmentation
of living systems into autonomous mechanisms has a heuristic interest that has
already been put forward by Nicholson (2012): “The idea of autonomous causal
mechanisms operating within the organism is, I suggest, nothing more than a
pragmatic idealization that biologists appeal to in order to narrow their focus on
the particular parts of the organism they happen to be investigating” (p. 159).
However, in the case of miRNA-mediated regulation, the description of a regulatory
mechanism does not provide, on its own, a complete explanation of how a cellular
function is regulated by miRNAs at the molecular level. This is why researchers
are currently increasingly interested in the interrelatedness of causal processes,
which is better investigated and described with the concept of network than with
the mechanistic framework.'?

So far, I have characterized two explanatory schemes that do not rely on the
concept of mechanism. This analysis has important implications regarding the status
of the concept of mechanism in contemporary molecular biology.

5 Reassessing the Status of the Concept of Mechanism
in Contemporary Molecular Biology

My account of the explanatory practice in miRNA research ensues from a careful
examination of explanatory texts and diagrams found in scientific literature. This
perspective has been motivated by the assumption that in order to provide a charac-
terization of the mechanistic framework that is grounded in biological practice, one
has to bear heavily on these texts and diagrams. This focus on explanatory texts,
rather than on the causal structure of the world, departs from the perspective adopted
by Craver. Indeed, Craver places much more emphasis on objective explanations,
which are the mechanisms in the world, than on explanatory texts, which describe
these mechanisms:

2For a different perspective regarding networks and the mechanistic framework, see Bechtel
(2015) in this volume.
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There are perhaps many interesting things to be said about explanatory texts, but one crucial
aspect of their adequacy has to do with whether explanatory texts accurately characterize
the causal structure of the world. (Craver 2007, p. 27)

Giving more prominence to explanatory texts results in a mechanistic framework
that differs from the one offered by the new mechanistic philosophy in two important
respects. First, it shows that in biological practice, causal explanations do not boil
down to mechanistic explanations. Second, it highlights the epistemic component
of the concept of mechanism. In what follows, I provide more details about these
claims.

5.1 Causal Explanations in Contemporary Molecular Biology

I previously argued that in the context of miRNA research, biologists tend to
not use the concept of mechanism when quantitative or systemic properties of
molecular systems are being investigated. Accordingly, I distinguished between
three explanatory schemes in contemporary molecular biology: mechanistic, quan-
titative, and systemic explanations. New mechanistic philosophers have failed to
notice the explanatory shift that resulted in this diversity of causal explanations in
postgenomic biology. This may be because they embrace a causal-mechanical view
of scientific explanation, according to which the causal structure of the world is
characterized through the concept of mechanism. Besides, little attention has been
paid to the specific research contexts in which researchers actually use the concept
of mechanism and those in which they prefer employing other concepts. This could
result in accounts of scientific explanation that somehow move away from actual
explanatory practice.

I do not claim that explaining a phenomenon does not require showing how it
is produced by its causes, although it should be kept in mind that not all biological
explanations are causal (Morange 2005; Braillard 2010). Rather, my critical exami-
nation of some claims made by new mechanistic philosophers aims at developing an
account of explanations that more adequately characterizes explanatory practice in
contemporary molecular biology. Indeed, in this field, the concept of mechanism is
less prevalent than it used to be in classical molecular biology. This is because biolo-
gists increasingly study molecular causal processes from different perspectives, each
focusing on a specific feature of these processes: their qualitative component, their
quantitative component, or their interrelatedness. Therefore, I advocate a pluralistic
approach of biological explanations that accurately fits explanatory practice in
contemporary molecular biology in two important respects. First, it emphasizes the
fact that mechanistic, quantitative and systemic studies of molecular systems are
often performed separately, and rely on different methodological and conceptual
backgrounds. Second, it is consistent with explanatory texts, in which biologists
prefer articulating the results coming from these studies, rather than merging them
into a unique complete explanation.
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The categorization of explanatory schemes I sketch out offers a basis for
developing a richer and finer conceptual framework of explanations in molecular
biology. However, it should be stressed that it is also simplistic, insofar as the
different types of explanations overlap to some extent. Indeed, some explanations
belong to more than one of these types. For instance, explanations involving the
dilution effect can be regarded either as quantitative explanations or as systemic
explanations. Indeed, they focus on the relative concentrations of miRNAs and of
all their targets, and as such, they deal with the systemic level. This overlap suggests
that the different types of explanations should not be conceived of as mutually
exclusive, but rather as a continuum of explanatory practices.

5.2 The Epistemic Component of the Concept of Mechanism

I related the use of the concept of mechanism to specific research contexts where
qualitative aspects of causal patterns are the primary (but not necessarily the
sole) focus of attention. If this analysis is correct, it implies that the concept of
mechanism is used to make salient some properties of the living system under
investigation, and consequently that this concept has an epistemic component that
should not be ignored. When molecular biologists study causal processes, they
often decompose their properties into several categories for heuristic purposes. In
this respect, the concept of mechanism makes it possible to put some properties
of biological processes in the foreground, while other properties are overlooked.
Concomitantly, it helps mobilize methodological and conceptual tools that are well
equipped to study these properties; it also provides a conceptual background to
analyze experiences and to draw up explanations. Therefore, the wrong appreciation
of the status of mechanistic explanations by the new mechanistic philosophy may
be related to its defense of an ontic view of the concept of mechanism. Craver
and Bechtel, who consider mechanisms as real things in the world, explicitly
advocate this view. This may be why they fail to realize that the concept of
mechanism is mostly used to place emphasis on specific features of the patterns of
entailment occurring inside cells. This may also account for their choice to include
quantitative explanations into the mechanistic framework. As a matter of fact, their
conceptualization of mechanisms includes the three features of causal patterns I
distinguished. The problem is that in so doing, their definition of the mechanism
does not grasp what most biologists mean when they use this concept.

Other philosophers have already stressed the epistemic component of the concept
of mechanism. According to Nicholson, mechanisms are epistemic models used
to explain how biological phenomena are produced. In this view, mechanisms are
idealized representations of causal processes, which capture some features of living
systems at the expense of others. More precisely, mechanisms are individuated both
temporally and spatially in the specific context of the explanation, and consequently,
mechanistic explanations abstract away the complexity of the organismic context.
Powell (2012) also rejects an ontic conception of mechanisms. Instead, he develops
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a characterization of mechanisms that heavily relies on cognitive and psychological
dispositions. Nicholson and Powell’s views both have attractive features. Yet, the
characterization of mechanisms I am most sympathetic to is the one embraced by
Moss (2012). According to Moss, mechanism-talk in biology draws metaphorically
on the knowledge of the workings of macroscopic machines. This helps biologists to
grasp and make intelligible phenomena occurring in the microscopic world. Moss’
assumption is supported by the fact that biologists never define (nor try to define) the
concept of mechanism. Rather, this concept seems to be used quite intuitively, more
as an explanatory metaphor than as a scientific concept. Accordingly, Moss denies
the possibility (as well the philosophical interest) of offering a normative account
of mechanistic explanations that would specify standards to evaluate explanations.
Moss’ thesis is helpful to make sense of the idea that mechanistic explanations
are primarily used to foreground the qualitative component of causal patterns,
rather than the quantitative features and interrelatedness. Indeed, if he is right,
then the concept of mechanism cannot be satisfactorily accounted for without
reference to the workings of machines. This view strongly contrasts with the
new mechanistic discourse, which insists on differences between mechanisms and
machines (Craver 2007; Craver and Darden 2005). Keeping in mind that biologists
do not provide any definition of the concept of mechanism, it follows that the
way biologists conceptualize mechanisms must be at least partly influenced by
their individual experience of machines, and most certainly by their knowledge
of emblematic machines such as the clock. In this respect, it is noteworthy that
describing the working of a clock consists in a qualitative description of how its
component parts interact to perform a task. A quantitative characterization would
not be relevant, because these parts are not present as ‘populations’. Besides, one
can straightforwardly describe all the parts and operations of the mechanism of
the clock, with no need to examine how different mechanisms are interconnected
in an intricate way. Therefore, it is tempting to come to the conclusion that the
working of emblematic mechanical devices has been heuristically transposed onto
the descriptions of molecular mechanisms. In this respect, the current conceptual
shift towards explanations that depart from the mechanistic discourse highlights
some limits faced by the metaphor of the machine to accurately describe causal
patterns occurring in cells.

6 Conclusion

Throughout the twentieth century, the mechanistic framework has been very
successful in providing explanations of a wide range of biological functions.
The new mechanistic philosophy has rightly shed light on this success. However,
recent developments in molecular biology reveal that biologists are, with increasing
frequency, investigating properties of living systems that the concept of mechanism
captures only poorly, and that provide different insights into biological phenomena.
This gives rise to explanatory schemes that stress the quantitative and systemic
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properties of molecular systems and that have their own explanatory specificities.
Rather than considering these schemes as part of the mechanistic framework, a more
fruitful standpoint consists in developing a pluralistic approach of explanations that
better fits biological practice. Such a pluralistic approach requires us to give more
emphasis to the epistemic properties of the concept of mechanism.
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Chapter 7

Evolutionary Developmental Biology
and the Limits of Philosophical Accounts
of Mechanistic Explanation

Ingo Brigandt

Abstract Evolutionary developmental biology (evo-devo) is considered a ‘mech-
anistic science,” in that it causally explains morphological evolution in terms of
changes in developmental mechanisms. Evo-devo is also an interdisciplinary and
integrative approach, as its explanations use contributions from many fields and
pertain to different levels of organismal organization. Philosophical accounts of
mechanistic explanation are currently highly prominent, and have been particularly
able to capture the integrative nature of multifield and multilevel explanations.
However, I argue that evo-devo demonstrates the need for a broadened philosophical
conception of mechanisms and mechanistic explanation.

Mechanistic explanation (in terms of the qualitative interactions of the structural
parts of a whole) has been developed as an alternative to the traditional idea
of explanation as derivation from laws or quantitative principles. Against the
picture promoted by Carl Craver, that mathematical models describe but usually
do not explain, my discussion of cases from the strand of evo-devo which is
concerned with developmental processes points to qualitative phenomena where
quantitative mathematical models are an indispensable part of the explanation.
While philosophical accounts have focused on the actual organization and operation
of mechanisms, properties of developmental mechanisms that are about how a
mechanism reacts to modifications are of major evolutionary significance, including
robustness, phenotypic plasticity, and modularity. A philosophical conception of
mechanisms is needed that takes into account quantitative changes, transient entities
and the generation of novel types of entities, feedback loops and complex interaction
networks, emergent properties, and, in particular, functional-dynamical aspects of
mechanisms, including functional (as opposed to structural) organization and dis-
tributed, system-wide phenomena. I conclude with general remarks on philosophical
accounts of explanation.
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1 Introduction

Evolutionary developmental biology (evo-devo) is sometimes hailed as a “mech-
anistic science” (Cafiestro et al. 2007, p. 940; Wagner et al. 2000, p. 819). The
notion of the “mechanistic framework of evolutionary developmental biology”
(Laubichler 2010, p. 208) stems from the fact that evo-devo does not just lay out
phylogenetic transformation sequences of morphological characters, but offers a
causal explanation of how those character transformations occurred by means of
changes in developmental mechanisms. Advances in developmental genetics endow
evo-devo with an enormous degree of scientific promise. Moreover, evo-devo is
clearly an integrative approach, in that its explanations make reference to entities
and processes on several levels of organismal organization and use contributions
from several fields in an interdisciplinary fashion (Love 2013).

Multilevel and multifield explanation can be captured by current philosophical
accounts of mechanistic explanation (Bechtel and Abrahamsen 2005), as mech-
anisms contain entities on several levels (where the entities stand in relations
permitting systematic accounts), and different fields contribute to elucidating dif-
ferent components of a mechanism (Craver 2007). Thereby philosophical accounts
of mechanistic explanation offer a model of epistemic integration as opposed to the
traditional idea of reduction (Brigandt 2013a; Brigandt and Love 2012b; Craver
2005; Craver and Darden 2013; Darden 2005).! And rather than just analyzing
the result of science (reductive or integrative explanations), such philosophical
approaches also take into account the process of scientific research, such as the
change between reductive episodes and integrative strategies (Bechtel 2010; Craver
2005).

While philosophical accounts of mechanistic explanation have been developed
in the context of molecular biology, cell biology, and neuroscience (Bechtel 2006;
Craver 2007; Darden 2006), evo-devo is another scientific domain exhibiting
interdisciplinary research and multilevel, mechanistic explanations. However, in
this chapter I argue that some aspects of evo-devo mandate a revised, broadened
philosophical conception of mechanisms and mechanistic explanation. First, philo-
sophical accounts tend to give a stereotypical portrayal of mechanisms (Machamer
et al. 2000). The image conveyed is that a mechanism consists of a fixed stock of
entities, it has structural parts in a spatial organization, the activities among the
parts are qualitative, there is a linear causal sequence from start to termination state,
and what has to be studied is the actual organization and regular operation of the

'A complementary epistemological way of articulating integration is in terms of problem agendas
that structure how contributions from different fields are to be coordinated (Brigandt 2010;
Brigandt and Love 2010, 2012a; Love 2008a, b).
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mechanism. Based on my evo-devo case studies, in the concluding section I will
lay out how this stereotypical construal is erroneous and what important aspects of
mechanisms it omits.

Second, accounts of mechanistic explanation have been developed as an alterna-
tive to the covering-law model, according to which an explanation is the derivation
from laws or quantitative principles. As one of the main proponents of the
mechanistic approach, Carl Craver (2006, 2007, 2008) has argued that quantitative
models can describe and predict, but they usually do not explain. The main part of
my discussion will take issue with this, as I will point to cases where mathematical
models are explanatorily indispensable. Some strands of evo-devo show it is
possible to integrate mechanistic explanation (in terms of the concrete structural
components of a developing organism) and mathematical modeling. This thesis is in
line with William Bechtel and Adele Abrahamsen’s notion of ‘dynamic mechanistic
explanation’ (Bechtel 2011, 2013; Bechtel and Abrahamsen 2010, 2011). I improve
upon previous philosophical accounts which claim that mathematical modeling
plays some epistemic roles by specifically arguing that mathematical models can
be indispensable in biological explanations (see also Baker 2015 on mathematical
explanations in biology). Moreover, besides the cases from chronobiology that
Bechtel and Abrahamsen address, I look at evo-devo as a distinct biological domain.
I have recently made analogous points in the context of systems biology (Brigandt
2013c; on systems biology and its use of molecular data and mathematical models
see also Baetu 2015; Gross 2015; Isaad and Malaterre 2015; Mekios 2015; Théry
2015).

The following section lays out a description of evo-devo, emphasizing its
interdisciplinary nature and the fact that its explanatory frameworks go beyond the
study of gene regulation. Section 3 discusses how equations can be explanatory
components of mechanistic accounts. Since mathematical models play an obvious
explanatory role in evolutionary genetics, my case studies on evo-devo focus on
its developmental aspects. It is unsurprising that an account of all quantitative
aspects and the full temporal dynamics of a developmental process mandates the use
of quantitative models. However, my case studies point to gualitative explananda
where equations are still required. Section 4 analyzes mathematical models of the
development and evolutionary origin of morphological structures. Developmental
properties of major significance for morphological evolvability are robustness,
phenotypic plasticity, and modularity. Section 5 discusses how mathematical models
are involved in explanations of robustness, and prepares my point that robustness,
phenotypic plasticity, and modularity go beyond the philosopher’s typical focus
of a mechanism’s structural aspects and its actual organization and operation. The
concluding section describes the broader philosophical conception of mechanisms
required, and makes relevant general observations about the nature of scientific
explanation.
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2 Evolutionary Developmental Biology: Integrative
and Diverse

Though evo-devo’s new molecular-experimental techniques have fueled its scien-
tific promise and prominence, it is not these new techniques which best characterize
the discipline, but the intellectual problems it addresses, problems which were
neglected by neo-Darwinian evolutionary theory concerned with adaptation and
speciation (Love and Raff 2003). Evo-devo does not just study the evolution of
developmental processes, but it addresses evolutionary questions where develop-
ment is essential to the explanation. The claim is that these questions cannot be
answered using a traditional framework focused on the dynamics of genes within
populations (Miiller and Wagner 2003; Wagner 2000).> One core item on the evo-
devo agenda is the evolutionary origin of morphological novelty (Brigandt and Love
2010, 2012a; Miiller and Newman 2005). An evolutionary novelty (or innovation) is
a morphological trait that is qualitatively different from traits of ancestral lineages,
which is often expressed by the definition that a novelty is a trait that is not
homologous to any ancestral feature. Examples are the origin of fins in fish and—
to mention a trait on a lower level of organization—the evolution of vertebrate
neural crest cells, which among other things form craniofacial bone, smooth muscle,
and some types of neurons, so that after its origin the neural crest came to be
involved in the evolutionary modification and generation of a variety of structures.
Explaining the origin of novelty involves an account of how ancestral developmental
mechanisms were so modified as to give rise to a new developmental system that
produces the novelty in question (Brigandt 2010).

Another related issue that evo-devo attempts to explain is morphological evolv-
ability (Brigandt 2015; Hendrikse et al. 2007). Evolvability is the ability of
biological systems to evolve, and a core aspect of morphological evolvability is
the generation of heritable phenotypic variation on which natural selection can
subsequently act (Gerhart and Kirschner 2003; Kirschner and Gerhart 1998). A
key question in the study of evolvability is how a sufficient amount of viable
and functional morphological variation could have been created so as to permit
the significant morphological change that has occurred in evolution (Gerhart and
Kirschner 2007; Kirschner and Gerhart 2005). One contributing factor is that
organismal structures are organized as trait complexes, where individual phenotypic
traits in a complex tend to change together upon mutation, e.g., the particular
covariation structure among the individual traits in the mammalian skull (Jamniczky

2« .. mechanistic models of how developmental systems produce phenotypes and how changes

within these systems contribute to corresponding changes in phenotypes. This differs from the
Modern Synthesis view that evolutionary processes are driven largely by (random) genetic changes,
on the one hand, and by functional interactions of organisms with their environment, on the other
hand, ... What the molecular analysis of developmental processes and regulatory gene networks
provides is a mechanistic understanding of both the development and evolution of phenotypic
characters.” (Laubichler 2010, pp. 202 and 208, my emphasis)
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and Hallgrimsson 2011). Such an integration of individual traits permits coordinated
change of several phenotypic traits based on a few genetic changes. The reverse
situation is that some traits are uncorrelated and thus one can be modified by natural
selection without impacting other traits and diminishing their fitness contribution.
Even traits on different levels of organismal organization, such as developmental
processes and morphological structures, can evolve independently of each other
(Brigandt 2007). It is the particular mechanism of development that explains how
among organisms of a species functional morphological variation can be generated,
how complex traits can change in an integrated fashion, and how some traits can
vary and evolve independently of each other.

Evo-devo is an integrative approach that is currently making a lot of progress,
yet its future disciplinary nature is not yet settled (Brigandt and Love 2010, 2012a).
Typically, evo-devo is portrayed as an emerging synthesis of evolutionary biology
and developmental biology (which were unrelated for most of the twentieth cen-
tury), with developmental genetics creating the link. However, the label ‘synthesis’
suggests the merging of different fields into a single field. This is inconsistent
with the plurality of partially independent disciplines and subdisciplines within
contemporary biology. There are also open questions of how to relate evo-devo
(and developmental biology) to more traditional approaches within evolutionary
biology (Laubichler 2010; Wagner 2007), with some tending to describe evo-devo
as an autonomous discipline that has its own questions, explanations, and methods
(Hendrikse et al. 2007). In any case, one can capture evo-devo’s integrative nature
by highlighting that it is an interdisciplinary approach (Love 2013). The complex
explanatory problems it addresses require the use of ideas from many different
biological disciplines (Brigandt 2010; Brigandt and Love 2012a; Love 2008a, b). In
addition to evolutionary genetics and developmental biology—which are explicitly
noted by the notion of a synthesis of evolution and development—accounting for
evolutionary novelty involves intellectual contributions from paleontology (fossil
data on ancestral morphological change), phylogeny (trees of species to determine
character polarity and phylogenetic junctures relevant to a character change), and
morphology (composition of structures and performance of anatomical functions),
among other fields. Explanatory frameworks in the context of evo-devo coordinate
data, ideas, and explanatory models from a variety of fields, and evo-devo reveals
its integrative potential by setting up new connections between such items of
knowledge (Brigandt 2010).

Evo-devo is a diverse field including different methodological and theoretical
perspectives (Brigandt 2012b; Love 2015). Though many experimentally minded
evo-devo biologists may not recognize it under the ‘evo-devo’ label (Green et al.
2015), there is the mathematical modelling of phenomena studied by evo-devo,
and my discussion will pay particular attention to such mathematical models due to
their relevance for philosophical accounts of mechanistic explanation. Evo-devo’s
diversity holds even for its development component. Many studies of development
focus on the regulation of individual genes (Prud’homme et al. 2011; Shigetani et al.
2002), or complete gene regulatory networks (Davidson 2006, 2010; Linksvayer
et al. 2012), so that morphological evolution is conceived as change in gene
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regulation (Carroll 2008; Davidson and Erwin 2006; Erwin and Davidson 2009;
Laubichler 2009). However, not all explanations are restricted to developmental
genetics. Epigenetic processes in development, and their role in morphological
evolution, are often taken into account (Forgacs and Newman 2005; Hallgrimsson
and Hall 2011; Hallgrimsson et al. 2007; Miiller and Newman 2003; Newman
and Miiller 2000, 2005; Schnell et al. 2008). Though causally enmeshed with
gene activity, epigenetic processes are any influences on development that do not
solely depend on the expression of genes, for example biophysical interactions
among cells, mechanical influences on tissues, and physical and biochemical
processes of self-organization. The environment can also influence epigenetic-
developmental processes (Gonzalez et al. 2011) and this is particularly important
in the case of phenotypic plasticity, the ability of organisms to develop several
phenotypic outcomes depending on environmental factors (Gilbert 2001; Whitman
and Agrawal 2009). Phenotypic plasticity can be significant for the evolution of
novel morphological traits, and shows that sometimes morphological evolution is
initiated by phenotypic change, with genetic change only subsequently taking place
(Palmer 2004; West-Eberhard 2003, 2005). There are also contexts in which the
active behavior of an organism during its development or its adult life-time is
instrumental in the evolution of novelty (Miiller 2003; Palmer 2012).

Overall, evo-devo studies development and its impact on evolution in terms of
the relations and interactions among entities and processes on several levels, from
the molecular and cellular to the organ and whole-organism, which (apart from
being interdisciplinary) is an additional way in which evo-devo’s explanations are
integrative. The idea championed by many of its practitioners that evo-devo is a
mechanistic approach obscures that beyond explaining morphological evolution in
terms of changes to developmental mechanisms, explanatory contributions from
several other disciplines than developmental biology are needed, requiring scientists
to take a balanced approach that does not neglect considerations about historical
patterns for questions about causal processes, and that addresses both empirical
and theoretical issues (Brigandt and Love 2012a). While some evo-devo biologists
contrast explanation in terms of developmental mechanisms with traditional evolu-
tionary theory’s explanation in terms of the dynamics of allele frequencies within
populations, there are possible connections between developmental and population
processes (Rice 2008, 2012; Wagner 2007).

3 Explanatory Relevance and How Mathematical Models
Can Mechanistically Explain

Philosophical accounts of mechanistic explanation have been developed as an
alternative to seeing explanation as the derivation from laws (Brigandt 2013a). In
molecular and experimental biology, there are hardly laws, and instead research
involves breaking a whole system down into its concrete structural parts. Rather
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than being able to logically deduce an explanandum from laws and other premises,
explanatory understanding stems from mentally simulating how a mechanism’s
components are organized and interact so as to bring about the phenomenon to be
explained (Bechtel and Abrahamsen 2005).

The availability of different philosophical models of explanation does not
necessarily entail that explanation in terms of mechanisms and quantitative prin-
ciples are incompatible. However, Rasmus Winther (2006) distinguishes between
compositional biology (which produces explanations in terms of the parts of a
whole) and formal biology (which explains using mathematical theories) as distinct
styles of theorizing used in different fields (but see Winther 2011). As one of
the main developers of accounts of mechanistic explanation, Carl Craver (2006,
2007, 2008) has gone so far as to claim that while mathematical models are widely
used and indeed represent and predict, unlike mechanistic accounts they typically
do not explain. At least, Craver contends for every mathematical model he has
considered that it is merely a phenomenological model, which represents without
explaining. He has illustrated his position in the case of the Hodgkin and Huxley
model which describes how action potentials are generated and transmitted along
the surface of neurons. As a characteristic change of a neuronal membrane’s electric
potential, there is a quantitative aspect to an action potential, and the original work
by Hodgkin and Huxley modeled this phenomenon using equations. Yet Craver
claims that the Hodgkin and Huxley model merely represented the phenomenon,
and the explanation came with later research, in particular the discovery of the
molecular structure and mechanistic operation of transmembrane ion channels
(Craver 2006, pp. 364-367, 2007, pp. 54-58; for arguments that the Hodgkin and
Huxley equations are explanatory see Levy 2014; Weber 2005, 2008).

Craver maintains that only causal-mechanistic accounts explain, and his vision
of a mechanistic explanation involves entities, qualitative activities, and sufficient
detail about their organization and physical interaction (as opposed to the rep-
resentation of how a change in one entity quantitatively relates to some other,
non-contiguous entity without a consideration of intermediates).

Mechanistic models are ideally complete when they include all of the relevant features of
the mechanism, its component entities and activities, their properties, and their organization.
(Craver 2006, p. 367)

Complete descriptions of mechanisms exhibit productive continuity without gaps from
the set up to termination conditions. (Machamer et al. 2000, p. 3)

Craver’s argument for his dichotomy between mechanisms and mathematical
models is that since not every representation is an explanation, there have to be
normative constraints on when a representation is explanatory (Craver 2006, pp.
357-358). But philosophical proponents of mathematical modeling cannot provide
such constraints:

My objection to the covering-law model ... is that [it is] foo weak to capture the
distinctions between description and explanation, between explanation sketches and (more)
complete explanations, and between how-possibly and how-actually explanations. (Craver
2008, p. 1024, my emphasis)
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... the strong predictivist has difficulty expressing the explanatory limits of mere how-
possibly models or theories ... that could produce the phenomenon in question but that, in
fact, do not produce the phenomenon. (Kaplan and Craver 2011, pp. 608-609)

Craver’s (2007) mechanistic approach is able to provide constraints for when an
account is explanatory. Not any physical part of a whole qualifies as a component
of a mechanism; instead, on his account something is a component if it is causally
relevant to the mechanism’s behavior, in that changing this component would lead
to a change in the mechanism’s activity. To spell this out, Craver relies on James
Woodward’s (2003) interventionist theory of causation.

I agree that not every representation is an explanation, in fact, some mathematical
models are not even meant to be explanatory. The use of models and equations
serves various epistemic purposes (Bogen 2005; Weisberg 2013). Some models
aim at capturing data as precisely (and simply) as possible, so as to highlight
statistical trends, without the assumption that the model reflects the causal origins
of the represented features. A quantitative model may be needed to represent a
phenomenon that is explained by a different representation. A model may also
be set up for heuristic purposes and serve theoretical discovery by revealing what
(surprising) phenomena follow from assumptions that need not be realistic.

However, some mathematical models are intended to be explanatory. A clear
counterexample to Craver’s mechanisms/models dichotomy is systems biology,
an approach that, among other things, studies molecular and cellular processes
by developing mathematical models based on experimentally acquired molecular
data (Baetu 2015; Boogerd et al. 2007a; Brigandt 2013c; Fagan 2012a, b; Gross
2015; Isaad and Malaterre 2015; Mekios 2015; Théry 2015). Mathematical models
can be explanatory by representing causally relevant factors. Craver’s reservation
about quantitative models ignores that Woodward’s account of causation and causal
explanation, on which Craver’s mechanistic approach relies, is formulated for
quantitative generalizations. Woodward (2003) represents putative causes as vari-
ables that may take quantitative values, and possible causal relations are equations
involving variables (he includes examples from physics and economics). His central
notion—to which Craver likewise appeals—is ‘invariance under intervention,’ as A
is a cause of B only if the quantitative relation between A and B is invariant under
some interventions on A. The idea is that while an intervention on A changes the
value of B, the relation among A and B is thereby not broken. In fact, one can
change B by manipulating A precisely because this causal relation is still intact.
Invariant generalization is Woodward’s proxy for laws of nature, as his goal is to
develop an account of explanation for scientific domains where there are no laws.
A universal law holds across an enormous range of conditions. A generalization
between A and B may be invariant only under some small range of changes to A, but
this generalization still serves the purpose of causal explanation.

Moreover, Woodward (2002) has applied his account specifically to mecha-
nisms, laying out conditions “for a representation to be an acceptable model of
a mechanism” (p. S375). One condition is ‘modularity,” the situation where one
quantitative generalization can be changed by intervention without modifying other
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generalizations. This condition means that different generalizations represent non-
overlapping parts of an overall mechanism. While Craver (2008) complains that the
proponents of mathematical models do not provide criteria for what constitutes an
explanation, Woodward (2002) emphasizes that his account has normative impact.
While many models in psychology (unlike in biology) may not reveal actual causes,
his account specifies what would count as a cognitive mechanism.

In mathematical modeling contexts, there is a good deal of talk about making
‘predictions’ from models. The biological cases discussed in the following sections
are no exception (e.g., Fisher et al. 2007; Manu et al. 2009b). While Craver tends
to view prediction and explanation in opposition, in the below and many other
cases where mathematical models are based on molecular data, the model and its
predictions are to hold not only for the naturally occurring organism, but also for
different experimental modifications to the organism, typically the phenotypes of
various mutants. Since the model is meant to capture the effects of interventions on
molecular components internal to the biological system modeled, the model is meant
to get at causal features, so that the ‘predictive model’ is explanatory (assuming
that it is fully realistic). In some cases a model-derived prediction about a novel
modification to the organismal system motivates the experimental creation of a new
mutant, so as to test the prediction about the intervention in turn (Herrgen et al.
2010; Manu et al. 2009b).

To Woodward’s account of when equations represent causes, I add the following
considerations about explanatory relevance, which 1 discuss in more detail in
Brigandt (2013c). A biological system may contain a variety of causes, and my
point is that which of them are explanatorily relevant depends on the particular
explanandum considered, and thus on the epistemic goal.

(ER) A component of an account representing causal features (including a mathematical
equation) is explanatorily relevant, if omitting it or changing it results in an account
from which the particular explanandum does not follow any longer. Features that are
not explanatorily relevant for the explanandum at hand (and the criteria of explanatory
adequacy) are to be excluded from the explanation.

By this criterion, not every quantitative detail is significant. If the explanandum
can be derived not only given a mathematical model’s precise parameter values
(representing the actual quantities in nature) but still follows under a range of values,
what explains is the fact that the parameter values are within a particular range,
since being inside vs. outside of this range makes the difference to the explanandum
(Strevens 2008). But molecular-mechanistic detail can likewise be explanatorily
irrelevant. Mathematical models of molecular and cellular processes may represent
the relations among genes and gene products as networks, without including the
structure of these molecules (network nodes) and how one molecule mechanistically
affects another through intermediate steps and structural interactions (see Footnote
4 below; Bechtel 2015; Levy and Bechtel 2013). This exclusion of detail is
legitimate—and in fact mandatory—if from the structure of the network and
the individual functional relations among the entities modeled the explanandum
phenomenon follows.
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An analogous point pertains to situations in which one does not have to
reductively break down a causal factor into its lower-level components. Recently
David Kaplan and Carl Craver (2011) have acknowledged that mathematical models
can explain, if they represent entities and activities of mechanisms and the equations
correspond to causal relation. This suggests that it is not their being mathematical
that has motivated Craver’s reservations about mathematical models, but that he
deems most of them non-explanatory on the following (though invalid) ground:

... the variables [dynamical models] posit are not low level (e.g., neural firing rates) but,
rather, macroscopic quantities at roughly the level of the cognitive performance itself ...
If so, they are phenomenal models. They describe the phenomenon. They do not explain it
any more than Snell’s law explains refraction or the Boyle-Charles gas law explains why
heat causes gases to expand. (Kaplan and Craver 2011, p. 616)

This appears to confuse being explanatory and being a reductive explanation.’ The
Boyle-Charles gas law does explain why the gas volume expanded by reference to
an increase in temperature. If A causes B, then B can be explained in terms of A,
regardless of them being on the same level. To be sure, explaining why this causal
relation holds requires an appeal to lower-level entities (statistical thermodynamics
in the case of why the temperature-volume relation of the Boyle-Charles law
obtains). But this is a different explanandum, and if it was the explanandum Craver
actually had in mind, the above quote would assert that the Boyle-Charles laws does
not explain the Boyle-Charles law and Craver’s challenge to mathematical models
would be the trivial observation that they do not explain themselves. In the case
of the (non-trivial) explanandum of why the gas expanded, according to criterion
ER, the lower-level entities should not be included as they are not explanatorily
relevant in the sense of making a difference to the given explanandum (see Footnote
7). Mathematical models can legitimately abstract away from some molecular-
mechanistic detail, for instance by aggregating the effects of many individual
molecular events (Levy 2014). Abstraction is explanatorily virtuous, not because
it makes models simpler or more general and unified (by having more concrete
instances), but because upon proper abstraction a model includes precisely those
factors that are relevant to the explanandum (Putnam 1975; Strevens 2008).

The lesson is that one cannot categorically say that a model is non-explanatory
or—to use Craver’s label—phenomenological. Models are always developed for
certain epistemic purposes, and a model’s explanatory credentials depend on the
particular explanandum considered (and on additional standards of explanatory
adequacy). In Sects. 4 and 5 I use criterion ER to argue that for some explanations

3Likewise, in his argument that the Hodgkin and Huxley equations are merely phenomenological,
Craver (2006) acknowledges that the equations “allow neuroscientists to predict how current
will change under various experimental interventions” (p. 363, my emphasis)—which given
Woodward’s interventionist account of causation entails that the equations capture some causal
factors and thus explain. Craver still rules them to be non-explanatory, apparently on the grounds
that they do not provide an account of how the quantitative relation is brought about by lower-level
constituents.
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found in evo-devo equations are indispensable, in that without the use of any
equations the explanandum phenomenon does not follow at all. As it may seem
trivial that quantitative models are needed if the explanandum is the precise temporal
dynamics of a system, I will point to qualitative explananda where quantitative
equations are still needed as part of the explanans. For instance, when a qualitative
phenomenon is an emergent property resulting from nonlinear interactions among
the components of a system, the phenomenon cannot be anticipated by the com-
ponent’s qualitative interactions—on which philosophical accounts of mechanistic
explanation have focused. Such a qualitative property can only be predicted and
explained by citing the quantitative nonlinear interactions. (Further examples of
qualitative explananda requiring equations are discussed by Brigandt 2013c in the
context of systems biology.)

Given Craver’s worry that too many mathematical models are merely phe-
nomenological and black-box a system without representing its internal causal
workings, I highlight that the quantitative models discussed below were devel-
oped based on molecular-mechanistic data and in many instances are tested
against the properties of mutants and other experimental interventions. A mismatch
between theoretical models and biological systems motivates changes of a model
or further experimental investigation, so that there is interplay between molecular-
experimental research and mathematical modeling (see also Baetu 2015).

4 Mathematical Models of the Origin of Morphological
Structures

In addition to the experimental investigation of the development of morphological
structures and its explanation in terms of the spatial organization and qualitative
interactions among molecular and non-molecular entities, there are mathematical
models of developmental processes (Morelli et al. 2012; Murray 2003; Schnell et al.
2008). Several such developmental models are relevant to evolutionary issues or
explicitly meant to be evo-devo accounts, as they explain how developmental pro-
cesses create phenotypic variation within a species, how developmental mechanisms
can be changed so as to result in morphological change across species, and how a
novel morphological structure and its underlying mode of development originated
in evolution.

Many models of the temporal formation of patterns and morphological structures
involve reaction-diffusion equations. These nonlinear equations are partial differ-
ential equations (representing change in both space and time) containing terms
representing local chemical reactions and terms expressing the spatial diffusion
of reaction products. A common version is activator-inhibitor systems, which—
while having two molecular entities at its core—are compatible with the situation
that the entities are the products of gene activation (rather than a simple chemical
reaction) and are spatially transported across cells by active mechanisms (rather than
passively diffusing in a non-cellular medium). By positive feedback the activator
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enhances its own production—locally increasing its concentration—and it also
positively regulates the inhibitor, which because of its higher diffusion rate acts in
surrounding regions and there inhibits the activator. Over time this process can lead
to spatial waves of substance concentrations and the formation of stable patterns,
such as stripe patterns or regularly spaced spots, as seen in sea shell coloration
patterns (Meinhardt 2003, 2009). As the labels ‘activator’ and ‘inhibitor’ pertain
to the mutual relations between these two components, both the activator and the
inhibitor may either activate or suppress downstream developmental pathways,
depending on the biological case. This means that the spatial distributions of the
activator and inhibitor can cause the developmental formation of morphological
features (Meinhardt 2012). As first proposed by Alan Turing (1952), over most
of their history reaction-diffusion systems have offered speculative, how-possibly
explanations of the biological development of patterns, as the underlying molecular
substances and interaction properties were unknown. But nowadays experimental
evidence for the presence of activator-inhibitor systems exists, for example the
interaction of pigment cells in zebrafish (Nakamasu et al. 2009), the regeneration
of hair stem cells in mice and rabbits (Plikus et al. 2011), and palate growth in mice
(Economou et al. 2012).

Of evolutionary significance are mathematical models of the development of
mammalian teeth. The cusp number and shape of the teeth of a mammal are quite
distinctive, making them a criterion for taxonomically distinguishing species. Teeth
develop based on the signaling among epithelial and mesenchymal tissues, where
the tooth crowns form based on a limited number of epithelial signaling centers
called the enamel knots. The model of Salazar-Ciudad and Jernvall (2002) proceeds
from prior experimentally generated information about the relations among several
molecular components, i.e., genes producing proteins which in turn affect the
expression of other genes and their products (Fig. 7.1a). From this causal network,
a basic activator-inhibitor-system is abstracted, where in this case the activator
suppresses epithelial growth and induces epithelial cells to differentiate to form an
enamel knot, while the inhibitor promotes growth and represses knot differentiation
(Fig. 7.1b).* The computational model predicts the three-dimensional tooth shape
and the activator and inhibitor distributions across developmental time (Fig. 7.1c¢).
These predictions can be compared with empirical, in vivo data (Fig. 7.1d). Not only
does the prediction align with the developing tooth shape in mice, but the predicted
activator and inhibitor distributions roughly align with the expression patterns of
p21 and Fgf4, respectively, seen at different developmental stages of mice and voles,
which suggests that the mathematical model is realistic.

“Note that the model abstracts away from entities mediating the interaction of the activator and
inhibitor, e.g., DAN (Fig. 7.1a, b). This omitting of molecular-mechanistic detail is licit assuming
that it does not alter the functional interaction and dynamics of the activator and inhibitor. If so,
by my criterion ER such (for the target phenomenon) explanatorily irrelevant detail ought to be
excluded from the explanation. This shows that a mechanistic account of ~ow an effect is produced
(citing all intermediate steps and structural interactions) and an explanation of why it occurs are
consistent, but not identical.
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Fig. 7.1 Modeling of the development of mammalian teeth. An experimentally obtained causal
network of molecular components (a) forms the basis of a simplified activator-inhibitor system
(b). The mathematical model’s prediction of the three-dimensional tooth shape and the distribution
of the activator and inhibitor across developmental time (c¢) is compared to empirical information
about mice teeth (d); EK enamel knot (From Salazar-Ciudad and Jernvall 2002)
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Importantly, Salazar-Ciudad and Jernvall’s (2002) model is able to generate teeth
with different cusp numbers, cusp positions, and overall shapes by a variation of
some of the parameters, yielding clues to the developmental basis of morphological
evolution across species. Salazar-Ciudad and Jernvall (2010) present an improved
model, that apart from gene activation by molecular signaling, takes into account the
mechanical forces that tissues exert on cells. This model is compared to empirical
data in ringed seals and used to account for the large variation in tooth shape found
within this species. According to these mathematical models of tooth development,
large morphological differences can often be achieved by small developmental
changes. This shows that the correct mechanistic explanation of why a tooth with a
certain cusp number and position develops requires the use of a mathematical model
with precise parameter values.

One of the best-studied cases of vertebrate morphological development is the
limb skeleton, which is essential to understanding the evolutionary origin of fins
in fish and their subsequent evolutionary modification, in particular the fin-to-
limb transition in land-living vertebrates (Hall 2006). In addition to a plethora of
fossil studies and experimental investigations in extant species (e.g., chicken), the
formation of the broadest aspects of the shape of different skeletal elements and their
basic spatial position has been mathematically modeled using activator-inhibitor
systems (Hentschel et al. 2004; Newman et al. 2008; Newman and Miiller 2005).
This basic skeletal pattern in the adult organism is a fairly qualitative phenomenon
and its developmental explanation involves quantitative models. For it needs to be
understood how relatively undifferentiated tissues give rise to a highly structured
pattern. The spatial pattern resulting from the operation of biological processes
involving nonlinear interactions (as in the case of activator-inhibitor systems) cannot
be predicted from the qualitative organization of the system’s components, so that
some equations are explanatorily necessary (criterion ER from Sect. 3).

Zhu et al. (2010) present a mathematical model of limb development which
not only replicates the normal development of the basic skeletal features of the
chicken wing, but also different instances of modified development, including the
experimental removal of the apical ectodermal ridge (a causally crucial zone at
the tip of the growing limb bud) at different points in early development, and the
expansion of the early limb bud either by tissue graft or as seen in two different
genetic mutants. This indicates that the mathematical model gets at some causal-
mechanistic aspects of the actual phenomenon studied. In any case, the attempt to
capture the effects of interventions shows that the model is meant to be explanatory
(see the discussion from Sect. 3). With their model, Zhu et al. (2010) are able to
generate several quite different fin skeletal patterns known only from distinct taxa
of fossil fish.

Mathematical approaches of a quite different type model genetic oscillations,
which are regularly oscillating levels of gene activity and thus of gene products.
This is the molecular basis of the development of segments in vertebrates, and of
relevance to an evolutionary explanation of the origin of the vertebrate body plan
and the diversity of segment number in different vertebrates (30 in some fish to
hundreds in snakes). In early embryonic development, these segments originate as
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somites, which then guide the formation of vertebrae and ribs. Crucially, somites
develop in a rhythmic pattern, where one somite forms temporally after the other,
from the anterior to the posterior end of the embryo, until the species-specific somite
number is reached. The basic explanation of this rhythmic development of somites
of equal length is the clock and wavefront model (Dequéant and Pourquié 2008;
Oates et al. 2012). It involves the interaction of two processes, a segmentation clock
consisting of synchronized cellular oscillations in the tissues where somites form,
and a wavefront of a molecular substance moving at constant speed from anterior
to posterior end (where somites yet have to form). When the wavefront passes
by oscillating cells, it arrests their clock at the present stage of the cycle, so the
temporal pattern of the clock is transformed into a repeated spatial molecular pattern
along the anterior-posterior axis. In a nutshell, the clock determines the timing of
the formation of a new somite, and the constantly moving wavefront determines
the position of the somite boundaries. The length of each somite is the speed of
the wavefront multiplied by the period of the clock, which is 30 min in zebrafish
embryos (the experimentally best-studied model organism in this context) but longer
in different land-living vertebrates.

In the last decade, many of the molecular components and pathways making up
the wavefront mechanism and the segmentation clock have been identified by the
analysis of mutants with defective segmentation, among other techniques (Dequéant
and Pourquié 2008; Oates et al. 2012). Figure 7.2 shows major components of the
segmentation clock in mice. Apart from the mechanistic interaction between the
wavefront and the segmentation clock, research efforts are devoted to investigating
how oscillations are mechanistically generated within each individual cell and
how the oscillations are synchronized across cells by means of cell-cell signaling.
Different aspects of somite formation have also been mathematically modeled
(Baker and Schnell 2009; Baker et al. 2008; Mazzitello et al. 2008; Santillan and
Mackey 2008).

Mathematical models that focus on oscillations within an individual cell are gene
regulatory network accounts, which by means of differential equations represent the
interaction among the levels of mRNAs (transcribed from oscillating genes) and of
proteins (some of which are regulating gene transcription). Even the explanation of
the oscillation of one such gene’s activity requires a mathematical account. Take
the mouse gene Hesl, whose oscillating transcription has been directly shown by
real-time imaging studies (Masamizu et al. 2006). A non-mathematical mechanistic
account can lay out the various entities involved and how they qualitatively interact
with each other, e.g., whether there is positive or negative causal interaction. But
this alone does not yield the phenomenon to be explained. Figure 7.2 shows that the
protein produced from Hes! in turn inhibits the transcription of Hes!, so as to create
a negative feedback loop.”> Negative feedback loops are known to yield oscillations.
However, whether this results in stable oscillations or damped oscillations that

SFigure 7.2 schematically depicts the four oscillating genes Hesl, Hes7, Hes5, and Hey2 (all of
which engage in negative feedback) together.
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Fig. 7.2 The segmentation clock in mice. Apart from components involved in the signaling and
synchronization with another cell (top), the figure shows the basic causal network of one cell’s
components underlying the generation of oscillations. Three major signaling pathways (FGF,
Notch, and Wnt) are represented, where the area with light background highlights oscillatory
genes, their mRNA transcripts, and their protein products (From Dequéant and Pourquié 2008;
dashed lines are regulatory interactions that were inferred from other species or microarray data)

fade out after some while, depends on the quantitative interaction parameters, so
the explanation has to include some of this quantitative detail.® Moreover, the
explanation has to show why—beyond the presence of one negative feedback
loop—Hes1 stably oscillates in its actual mechanistic context which includes other
components influencing its transcription. Overall, the various oscillating genes of
the FGF pathway and of the Notch pathway oscillate in phase, while the genes of the
Whnt pathway (see Fig. 7.2) are in antiphase to this (Dequéant et al. 2006). This fact
likewise requires explanation. The mathematical model by Goldbeter and Pourquié
(2008) addresses this synchronization among the FGF, Notch, and Wnt pathways by
modeling the quantitative interactions among several of the components involved.

SExplaining why the oscillation has a period of 120 min (in mice) would definitely necessitate a
quantitative account (see also Baetu 2015). In the related context of circadian rhythms (genetic
oscillations with a period of about a day), for a philosophical account indicating the relevance of
mathematical modeling see Bechtel and Abrahamsen (2010, 2011) and Bechtel (2013).
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Another important aspect of somite formation is that the oscillations of different
cells are in synchrony. Notch-Delta signaling among adjacent cells is one mechanis-
tic component underlying this, but an explanation of why synchronized oscillations
occur requires a mathematical account. Mathematical models of between-cell syn-
chronization are typically phase oscillator models. These represent each cell as one
oscillator with a certain phase, so as to abstract away from the complex gene regula-
tory mechanism generating oscillations within the cell (which has the advantage that
the many interaction values within a cell need not be experimentally known). The
models mathematically study how the phases of different cells influence each other
with a time-delay, showing that the coupling between adjacent cells results in overall
synchrony (Morelli et al. 2009). Such mathematical modeling can accompany
experimental studies of manipulated synchrony behavior, by means of changes to
the timing of Delta-Notch signaling across cells (Riedel-Kruse et al. 2007). Using
a phase oscillator model approach, Herrgen et al. (2010) theoretically predicted
how the segmentation clock period would change in a novel zebrafish mutant.
Their prediction was borne out upon creation of the mutant. It is experimentally
known that the individual oscillating cells move, changing their relative position,
and that synchronization across cells is recovered upon perturbations that initially
destroy synchrony. Uriu et al. (2010) present a quantitative model that shows that
synchronized oscillations can be maintained under random cell movement, and that
such random movement in fact reduces the time needed to reestablish synchrony
upon perturbation.

The questions of why somites of identical length develop and why stable gene
activity oscillations of a regular period occur (be it within a single cell, or in
synchrony across cells) are qualitative explananda. Knowledge of the structure of
the mechanism alone, including the molecular components and their qualitative
(positive or negative) interactions, is insufficient to predict that regular oscillations
will in fact occur. Thus, by my criterion ER, the mechanistic explanation of why
somites of identical length develop and of why periodical oscillations occur (in the
actual, quite complex system) requires the involvement of equations laying out the
quantitative and dynamic influences among the components.

S How Mechanisms Adaptively React to Modification:
Robustness, Phenotypic Plasticity, and Modularity

Robustness, phenotypic plasticity, and modularity are developmental properties—
an organism exhibits them because of its particular mode of development—but
because of their evolutionary implications, they are highly important for evo-devo.
All three properties pertain to how developmental systems adaptively react to
modifications or how they permit modification while remaining functional, and thus
yield morphological evolvability and provide the basis for the evolution of structural
novelty (Sect. 2). In the following section, I will examine the implications of such
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dispositions to react to modification for philosophical conceptions of mechanisms,
while the present discussion on robustness also continues the theme on the relevance
of mathematical models.

Robustness is the ability of a cellular or developmental system to produce
certain traits despite perturbations to the system. Robustness to non-genetic changes
means that a phenotype develops regardless of certain environmental disturbances or
internal developmental perturbations. Robustness to genetic changes is also possible
if upon mutation the same phenotype is still present in other organisms possessing
the mutation. The latter is often encountered in experimental contexts. Knockout
studies, in which a particular gene is deactivated in a model organism, are conducted
to trace the developmental effect of this gene. When there are good reasons to
assume that a gene is part of a developmental pathway leading up to a phenotype, it
comes as a surprise that the knockout hardly shows any phenotypic difference. But
this is possible when the knockout organism adjusts the regulation of other genes so
as to compensate for the deactivated gene.’

Robustness is of evolutionary significance for the following basic reasons (Kitano
2004; Wagner 2008). In the case of robustness to genetic modifications, some
mutants will still have the same phenotype and not be removed by natural selection,
so that this type of robustness leads to the accumulation of cryptic variation,
i.e., genetic variation without phenotypic variation. Though it does not make any
phenotypic difference for the time being, such increased genetic variation sets the
stage for rapid future evolution, once the cryptic variation is uncovered by further
genetic or environmental changes (Delattre and Félix 2009; Masel and Siegal 2009).
Robustness to non-genetic modifications allows organisms to survive in changing
environments, and is thus the product of evolution. But this ability to develop a
functional phenotype in the case of environmental impact also has the side-effect
that even in the case of a genetic change, the resulting phenotype is likely to be
functional. The presence of such new genotypes yielding functional phenotypes—
some of which may be preserved by natural selection—enables morphological
evolution, in other words, evolvability (Gerhart and Kirschner 2007; Kirschner and
Gerhart 2005; see also Merlin 2015).

Robustness can be found on various levels of organization, from the genetic code
and the structure of RNAs and proteins, up to more complex organismal subsystems
(Wagner 2005b; Huneman 2010; see also Breidenmoser and Wolkenhauer 2015).
Individual metabolic pathways and complete metabolic networks can be robust in
that the overall metabolic flux is maintained even if the reaction rate of individual

7 At the end of Sect. 3, I pointed out that not every explanation requires the reductive decomposition
of a mechanism’s components. According to my criterion ER, if the component is explanatorily
relevant—if changing it would lead to a change in the surrounding mechanism’s features to
be explained—but the component’s lower-level constituents are not relevant to the particular
explanandum, then the explanation should cite the component but not its constituents. The
component exhibiting robustness is a clear way in which this can be the case, as a change in the
component’s constituents does not make a causal difference to the component’s robust properties
(which are relevant to the explanation).
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enzymes is significantly decreased. With a robust gene regulatory network, the
phenotypic trait (e.g., a spatial pattern of signaling molecules, eventually giving
rise to anatomical structures) forms regardless of whether some the network’s genes
are altered or deactivated. Robustness can result from redundancy, where two copies
of a structure (e.g., a duplicated gene) are present so that the loss of one structure
does not have any impact (Dean et al. 2008). Even in such cases, there often have to
be functional amendments, as an active mechanism has to turn on the second gene
copy which is normally not expressed (Baggs et al. 2009; Kafri et al. 2005). Often
robustness is not just due to structural redundancy, but is a distributed process in
that the overall system undergoes various functional changes to compensate for the
loss of one component (Thmels et al. 2007; Wagner 2005a, b). A case in point is
developmental regulatory networks which contain several feedback loops so as to
buffer against perturbations (Li et al. 2009).

Another example is exploratory behavior, which yields robustness on several lev-
els of organization through its ability to generate many, if not an unlimited number,
of phenotypic outcome states, any of which can be physiologically stabilized if it
is adaptive to the organism (Gerhart and Kirschner 2007; Kirschner and Gerhart
2005). Microtubules generate the shape of eukaryotic cells as each of the many
microtubules grow and shrink in an exploratory fashion, until some of their lengths
are stabilized by a signal from outside the cell. In this fashion, many cell shapes
can be produced in an individual organism, permitting the remodeling of cells. The
vertebrate limb consists of various skeletal elements, muscles, blood vessels, and
nerves, which need to be arranged in a certain way to yield a functioning limb. This
organization is not represented in some organismal blueprint; rather, it emerges by
means of exploratory developmental processes, in which blood vessels and nerves
grow from the body core toward the developing limb, guided by chemical signals
and their surrounding milieu, with those nerves that do not find a target degenerating
by cell death. Many perturbations to development will have a temporary impact,
but not prevent the development of the final anatomy. Apart from illustrating
that exploratory behavior robustly produces functional phenotypes by means of
a distributed process, this kind of robustness to non-genetic modifications also
enhances evolutionary change. The size and placement of limbs differs dramatically
across vertebrates, but given the mode of limb development a simple genetic
change to the placement of the limb is likely to yield a functioning limb with all
its components properly connected, and thus a heritable, complex morphological
change (Kirschner and Gerhart 2005).

Beyond the analysis of natural variation within a species, experimental studies
offer a clear causal way to demonstrate a developmental mechanism’s robustness
(Baggs et al. 2009). Sometimes such experiments are very hard to conduct in higher
organisms; and exhaustively showing that a mechanism is robust to changes in
several components (each across a specific range) requires considering all possible
component state combinations. While such a large number of modifications to
a mechanism cannot be produced experimentally, a computational model of the
system permits different factors to be independently varied to any quantitative
degree. Apart from showing that a system is robust, the issue I want to emphasize
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is that sometimes a mathematical model is needed to explain why the system is
robust—in line with my general thesis that equations may be needed as part of mech-
anistic explanations. A mechanism’s robustness in some properties with respect
to certain modifications can count as a gualitative phenomenon to be explained,
at least the explanandum is not the temporal change in all of the mechanism’s
quantitative properties. Robustness as a distributed process can be explained only
by accounting for the structural and functional organization of a larger organismal
system. Some mathematical approaches attempt to infer robustness of a network
from the topology of causal relations (Barabdasi and Oltvai 2004; Huneman 2010). In
scale-free networks (where there are few nodes with many connections) the network
topology is likely to be such that the system is robust to the elimination of individual
nodes (Greenbury et al. 2010; Jeong et al. 2000). However, in general the biological
impact of modifications cannot be inferred from gene network topology alone, so
that an actual explanation of robustness involves the dynamical modeling of the
perturbed mechanism’s behavior based on experimental data about quantitative
interactions and gene functions (Gross 2015; Siegal et al. 2007).

There are several robustness studies which integrate mathematical modeling and
experimentally obtained molecular data. In various unicellular organisms whose
genome has been sequenced and molecular functioning has been well-characterized,
including the bacterium Escherichia coli and the eukaryotic yeast Saccharomyces
cerevisiae, the robustness of metabolic networks has been mathematically modeled
(Edwards and Palsson 1999, 2000a; Smart et al. 2008). Edwards and Palsson
(2000b) show that the rate of two individual enzymatic reactions in E. coli can be
reduced to 15 % and 19 %, respectively, of the optimal rate, without significantly
diminishing the system’s overall metabolic flux (if an individual reaction’s rate
goes below these values the system’s flux drops rapidly). In contrast, for a third
reaction, the threshold rate above which overall metabolic flux is largely unaffected
is 70 %. A quantitative explanation is required as the system’s response to change
(with changes to different reactions having a different impact) depends, among other
things, on the quantitative rates of the various reactions in the metabolic network.

The nematode Caenorhabditis elegans is among the six most prominent animal
model organisms in developmental biology. There are many studies pertaining to the
vulva (in hermaphrodites), and its development exhibits robustness. While originally
the laser ablation of individual cells was one of the primary experimental methods
for investigating the causes of development and the impacts of developmental
perturbations, nowadays accounts of the robustness of vulva development can rely
on experimental data about molecular pathways and signaling networks (Braendle
and Félix 2008; Milloz et al. 2008). Based on information about gene interactions,
Fisher et al. (2007) present a mathematical model of vulva development, which is
additionally validated by the subsequent experimental verification of two model-
derived predictions (one about the wild-type, the other about a mutant). The
computational model sheds light on the mechanistic basis of stable cell fate patterns
as an instance of robust development.

In the fruit fly Drosophila melanogaster, many studies attempt to uncover the
molecular interactions and networks underlying the formation of the basic body



7 Evolutionary Developmental Biology and the Limits of Philosophical. . . 155

axes and the different body segments in early embryonic development. One case
of robustness is the segment polarity network, which determines in each body
segment its anterior and posterior part. The classical study by von Dassow et al.
(2000) quantitatively modeled this mechanism involving 48 interaction parameters
representing such features as gene transcription rates, decay rates of gene products,
and the degree of cooperative interaction among entities jointly affecting gene
transcription. Their analysis shows that a functional network results in about 90 %
of random interaction parameter value assignments, so that the mechanism is robust
to a large number of modifications. More recent accounts incorporate additional
molecular detail into their mathematical models to yield clues about different
molecular aspects underlying the robustness of the segment polarity network (Albert
and Othmer 2003; von Dassow and Odell 2002). The mathematical model of Ingolia
(2004) entails that the final segment polarity gene expression pattern forms a stable
steady state that is due to the presence of distinct expression states, where each
individual cell can be in one such expression state, corresponding to different cell
types. Positive feedback among components—which is a qualitative, topological
property of a gene regulatory network—is a necessary condition for the existence of
distinct stable states. Ingolia, however, argues that positive feedback is not sufficient,
as different stable states are present only if the interaction parameters satisfy
certain inequalities. Thus the explanation of robustness has to include quantitative
information about the interactions of gene network components.

A different aspect of Drosophila segment development are gap genes, each of
which is expressed in a specific continuous region of the early embryo, where a
deactivation of a gap gene results in the loss of the corresponding body segment.
The mathematical model of gap gene regulation by Manu et al. (2009a, b) is based
on and tested by data from high precision gene expression studies. It explains the
robustness of gap gene pattern formation by showing that gap gene expression
patterns form dynamical attractors, i.e., quantitative states toward which the system
evolves and that the system tends to occupy even if temporarily removed from such
an attractor state by disturbance. (For a review of models pertaining to different
aspects of Drosophila segmentation and spatial patterning see Umulis et al. 2008.)

Phenotypic plasticity, as the situation where different phenotypes develop in
different environmental conditions for one genotype/organism, is in a sense the
opposite of robustness. But in either case, the issue is the ability of a devel-
opmental system to develop a functional phenotype. Phenotypic plasticity is not
just an environmental change of a passive developmental mechanism, but an
adaptive response to external conditions, so that overall a developmental system
can produce one phenotype despite environmental perturbations if this is the most
adaptive phenotype (robustness), or it can produce different phenotypes in different
conditions (plasticity). Of additional evolutionary significance is that phenotypic
plasticity makes it possible for a novel phenotype to originate, not by means
of genetic mutations, but through environmental changes and only subsequently
being genetically stabilized. In such a case phenotypic change precedes genetic
change in evolution (Palmer 2004; West-Eberhard 2003, 2005). Phenotypic changes
in response to environmental circumstances concern not only physiological and
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behavioral traits, but even morphological structures. Vertebrate bone can change its
size, shape, and density in response to frequency of use and intensity of load, so that
a human’s asymmetric arm use can lead to a different bone size and mineral density
in the right versus left arm (as seen in tennis players), and the developed morphology
of fish jaws can be contingent upon the hardness of the particular organism’s diet
(Miiller 2003; Palmer 2012).

While these are instances of continuous phenotypic variation, there are many
cases of plasticity consisting in the development of two (or more) qualitatively
distinct alternative morphologies, so-called polyphenisms (Gilbert 2001; Whitman
and Agrawal 2009). Daphnia (waterfleas) have two morphs. If they are in water
containing chemicals indicating the presence of predators, juveniles develop with
a large helmet-like extension of their head and an elongated tail which makes
them less likely to be swallowed by a predator. The parasitic wasp Trichogramma
semblidis develops either of two distinct morphologies, one with, the other without
wings, depending on whether it grew up inside a butterfly or alderfly host. The
genetically identical individuals of insect societies can have cast-specific mor-
phologies (e.g., soldiers and small workers) depending on how they were reared
(Whitman and Agrawal 2009). Most aphids are cyclically parthenogenetic and
viviparous. During the summer, females reproduce asexually and offspring develops
from an unfertilized oocyte inside the mother, who gives birth to live young. After
several such asexual generations, in response to environmental cues during the fall,
asexual females produce sexual males and females, where sexual females make
frost-resistant eggs that are fertilized by male sperm. These eggs overwinter before
asexual females hatch from them in the spring. Since in asexual females the oocytes
produced do not have a half set of chromosomes, which would result from the
reduction division of meiosis found in sexual reproduction, there are also major
differences in chromosomal and cellular activities between the sexual and asexual
morphs. An interesting question arises: how, depending on the environmental cues,
can two such divergent developmental programs be executed by one organismal
mechanism using one genome (Davis 2012)?

The final property to be discussed is modularity, which is the organization
of a developmental system into partially dissociated modules (Braillard 2015).
These modules are moderately independent component structures or processes,
such that one component can change in evolution without a change in the others,
making modularity a developmental property of evolutionary significance and
thus of concern to evo-devo (Callebaut and Rasskin-Gutman 2005; Schlosser and
Wagner 2004). Modularity can result if the degree of functional integration (number,
strength, and complexity of causal relations) within a module is greater than
between modules, so that natural selection can adaptively modify one module
without diminishing the functionality of others (Wagner 1996). Modules can be
present at various level of organization, from gene regulatory networks and signaling
pathways, to developmental processes and morphological structures (Bolker 2000;
Glass and Bolker 2003; Prum 2005; von Dassow and Munro 1999). Some evo-devo
discussions focus on how different modules can be rearranged so as to generate
novel phenotypic outcomes, more precisely—since it is not a spatial shuffling of
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structures but a change in the procedural relations among developmental processes
operating at different points in time—how one module that was once causally
connected with a second module becomes functionally detached from the latter and
causally connected with a different module.

Some instances of modularity have a structural or simple functional basis.
Multicellular organisms are spatially arranged into different cells, each of which
structurally contains its own DNA, so that corresponding genes can be differentially
activated in different cells, making different cell types and cellular behaviors
possible. A protein may be structurally arranged so as to have two separate sites of
functional interaction, so that one can be modified without the other. For example,
in allostery, the protein’s active site (and the reaction it catalyzes) is distinct from
its allosteric site, where effector molecules can bind so as to enable or disable
the operation of the active site. In a similar vein, though triggering a complex
developmental and morphological outcome, many cellular signals do not contain the
information for the complex response. The signal may lead to a simple response of
a receptor, as in case when the receptor either activates or deactivates a downstream
developmental process, which actually embodies the complexity. As a result, a
highly integrated (and internally hard to modify) developmental process can, by
a change of the receptor, become tied to and activated by a quite different signal
(Kirschner and Gerhart 2005). Some gene regulatory networks are arranged into
separable components, such as input/output switches and plug-in subcircuits, which
can be deployed in different combinations (Davidson and Erwin 2006; Erwin and
Davidson 2009).

However, for evo-devo modules are not the same as the spatial parts of organisms.
Rather, something is a module to the extent to which it can change independently
in evolution. Modularity is not just due to an organism’s structural arrangement,
but due to its functional-developmental organization, where a module’s partial
dissociation results from the larger developmental context in which it figures
(Breuker et al. 2006; Gonzalez et al. 2011; Jamniczky and Hallgrimsson 2011).
The different body segments of segmented animals are structurally distinct and
can evolve independently, but many developmental pathways are involved in the
formation of all segments. Thus, attention to the underlying developmental process
is required to understand what makes segments separate modules.

It is instructive that sometimes traits on different levels are separate modules.
A morphological structure is generated by a developmental process which is
orchestrated by the activity of genes. Despite the presence of such close functional
and developmental connections among levels, features on different levels can
evolve independently of each other. There are many instances in which a gene
is involved in different developmental pathways and the formation of different
morphological structures in different species, and, conversely, where the same,
homologous structure develops by means of different developmental processes,
from different tissues, or by the involvement of different genes in different species
(Brigandt 2007; Brigandt and Griffiths 2007; Wagner and Misof 1993). A case
in point is digit identity in the bird forelimb. In the hand of typical land-living
vertebrates, the bones of the five digits DI to DV develop from precartilage cell
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condensations CI to CV, respectively. In the evolution of birds, two digits have
been lost, where paleontological evidence indicates that the remaining digits are DI,
DII, and DIII. However, developmental evidence seems to suggest that the digits
of extant birds are DII, DIII, and DIV. This conflict is resolved by the hypothesis
that in extant birds there remain condensations CII, CIII, and CIV, but that digits
of the identity DI, DII, and DIII develop out of them—the so-called frameshift
hypothesis, which is strongly supported by current evidence (Wagner 2005¢; Young
and Wagner 2011). In other words, while in the ancestor condensation CII developed
into digit DII, CII came to develop into DI during the evolution of birds due to
a developmental frameshift, raising interesting questions of what features make
such a dissociation of a developmental precursor and the structure it gives rise
to mechanistically possible. Whether a developmental process and the resulting
structure make up one module or are distinct modules, depends on the dynamics
of an overall developmental system.

Apart from the point that mathematical models are needed to explain why a
developmental mechanism is robust, this discussion has also dealt more generally
with robustness, phenotypic plasticity, and modularity as they pertain to the ways
developmental systems react to modifications and permit modification. In the
concluding section I discuss how this goes beyond the philosophical focus on the
actual organization and operation of mechanisms, and offer further considerations
of what revised vision of mechanisms and mechanistic explanation is called for.

6 A Broader Philosophical Conception of Mechanisms
and Mechanistic Explanation

Although some of the preceding discussion focused on the explanatory relevance
of mathematical models, the examples from evo-devo I have analyzed suggest
the need for a broader philosophical conception of mechanisms and mechanistic
explanation more generally. The considerations I adduce may not be objectionable
to philosophers, but they go beyond stereotypical philosophical portrayals of
mechanisms. Apart from indicating where such stereotypical characterizations are
wrong (at least for developmental processes), the aim here is to point to important
aspects of biological mechanisms that philosophers have neglected, so as to lay out
a more adequate account of how biologists explain using mechanisms.

While philosophers have focused on the qualitative structure of mechanism
components and their qualitative interactions (e.g., binding, activating, opening),
this neglects the quantitative properties and quantitative changes of these entities
and activities. Apart from the specific reaction rates of enzymes and quantitative
changes in the concentrations of various metabolites, of particular interest is that
rather than just being switched on or off, a gene produces a certain copy number of
its transcript per time unit, a quantitative amount that varies among cells and changes
in a cell over time. Beyond the precision of cellular processes, these quantitative
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features are vital for the complexity of developmental processes, which is enhanced
by the fact that the regulation of a single gene is often influenced by many
transcription factors which interact in a cooperative fashion (Wang et al. 2009).
Such synergistic interactions can transform a transcription factor concentration to
gene expression rate curve that is shallow (for a single transcription factor binding)
into a threshold-like curve where a quantitative difference in a cell-cell signal yields
a qualitative cellular response and developmental effect. Quantitative changes of
mechanism components are important to the mathematical models of structure
formation and robustness discussed in Sects. 4 and 5.

Simplistic portrayals suggesting that a mechanism consists of a fixed stock
of entities (that move around and interact) are erroneous in that there is the
disappearance of entities and generation of novel entities. Many molecular entities
of the cell are quite transient, with biochemical reactions rapidly transforming
one molecule into a different kind of molecule, forming complexes of several
proteins, and breaking down entities into smaller molecular components.® This
also holds for entities on higher levels of organization. In neuronal pruning,
individual synaptic connections and axons are removed. Whole cells disappear due
to apoptosis, i.e., controlled cell death in which the cell systematically disassembles
itself and its remaining fragments are removed by the immune system. Chunks of
tissue can disappear based on apoptosis, a process which is instrumental for the
formation of morphological structures in normal development. For example, in the
limbs of land-living vertebrates, the different digits form by the removal of soft
tissue in between the forming digits (Abud 2004). The pathological death of cells
and tissues occurs in autoimmune and neurodegenerative diseases. Of particular
relevance in our context is the generation of new entities, in fact, of new types of
entities. New cell types are generated by means of differentiation. During ontogeny
(developmental time), tissues, morphological structures and organs are formed that
the developing organism did not previously possess. Evo-devo likewise studies
the phylogenetic origin of novel structures (not present in ancestral species) in
the course of evolutionary time. Although such higher-level entities originate by
changes to lower-level entities, the generation of new types of entities has to be
a solid ingredient of any philosophical conception of mechanisms, given that the
formation of new structures in development and evolution is a major explanatory
target for developmental biology and evo-devo, respectively.

When the operation of a mechanism is described as consisting of “regular
changes from start or set-up to finish or termination conditions,” where “what
makes [the mechanism] regular is the productive continuity between stages ...
represented schematically by A—B—C” (Machamer et al. 2000, p. 3), such a
stereotypical characterization creates the impression that every mechanism consists
in a single causal sequence. Yet causal pathways may branch or merge, and in fact

8Baetu (2015) points out that the functioning of a mechanism can be due not so much to stable
entities, but to a stable concentration (of a type of entity), where individual entities are very short-
lived and constantly replaced.
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form complex networks of causal interactions among components. This is reflected
by biologists stating that they study ‘gene regulatory networks’ and by the recent
terminological shifts from ‘metabolic pathway’ to ‘metabolic network’ and from
‘signaling pathway’ to ‘signaling network.” Researchers emphasize that since there
is ‘cross-talk’ between what used to be considered separate pathways, the larger
network needs to be studied (Barabasi et al. 2011; Fraser and Germain 2009;
Jgrgensen and Linding 2010; Layek et al. 2011; Wing et al. 2011). Moreover, the
organization of causal interactions is not unidirectional and acyclic, but mechanisms
have feedback loops (Bechtel 2011). This complex causal structure of mechanisms
(the topology of functional relations) needs to be taken into account because it
is vital for the mechanism’s actual behavior and the higher-level properties it
generates. The case of the generation of synchronized oscillations across cells as
the molecular basis of vertebrate segment formation (Sect. 4) and the robustness in
gene regulatory network activity (Sect. 5) illustrate this point.

Related to the generation of novel entities, another relevant aspect of mechanisms
is emergence (Bedau 2003; Boogerd et al. 2005; Huneman 2012; Mitchell 2012). I
do not require a strong ontological type of emergence to be tied to the concept of
a mechanism. Rather, I use emergence to refer to situations in which some of a
system’s qualitative properties can only be predicted if the full system dynamics
are simulated, or more loosely, if qualitative properties cannot be foreseen from
the system’s components and their basic interactions. For example, bistability
occurs when a subsystem is in either of two distinct states (though switching
from one to the other state is possible), so that continuous processes and the
components’ quantitative interactions yield some discontinuous and qualitatively
different properties (Eissing et al. 2004; Ferrell and Xiong 2001; Goldbeter et al.
2007). The presence of distinct Drosophila segment polarity gene expression
patterns corresponding to different cell types, mentioned in Sect. 5, is an instance
of bistability (Ingolia 2004). In Brigandt (2013c), I discuss spontaneous symmetry-
breaking, which occurs when extremely small stochastic fluctuations in a system
eventually lead to the crossing of a threshold that determines which of two branches
of a bifurcation (in possible states of the system) is taken. Found also in molecular
and cellular biology contexts, spontaneous symmetry-breaking makes it possible for
a nearly homogeneous state to give rise to a distinct and stable structural pattern.

Emergent properties can result from nonlinear interactions among mechanism
components combined with the presence of a complex organization with feedback
loops (Bhalla and Iyengar 1999). Emergence even in the above weak sense is
scientifically important because it entails the need to study the mechanism’s
complete organization, not just its structural, but also its functional organization.
Moreover, while the operation and resulting features of some mechanisms repre-
sented by diagrams can be understood be means of mental simulation, complex
mechanisms with feedback loops or nonlinear interactions require a mathematical
treatment (Boogerd et al. 2007b; Brigandt 2013c; Ihekwaba et al. 2005; Noble 2002;
Westerhoff and Kell 2007).

The discussion so far about the appropriate ontological construal of a mechanism
has already relied on scientifically, and thus epistemically, important aspects of
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mechanisms. Now I comment explicitly on the epistemological issue of mechanistic
explanation. Philosophers typically assume that a mechanistic account explains
in terms of the mechanism’s structural components, the component’s spatial
organization, and their qualitative interactions. Carl Craver (2006, 2007, 2008) has
promoted the picture that unlike mechanistic accounts in this sense, mathematical
models describe but typically do not explain. In contrast, in Sect. 3 I laid out
a criterion for equations being indispensable components of an explanation and
applied it in Sects. 4 and 5 to different cases from evo-devo, arguing that there are
even qualitative explananda about developmental mechanisms where quantitative
models are a necessary part of the explanans (see also Brigandt 2013c). Overall,
mathematical modeling is needed for two related reasons. First, according to crite-
rion ER, if omitting or changing a feature results in the explanandum not following
any longer, this feature is explanatorily indispensable—and thus has to be included
in the explanatory model. And some such features can only be mathematically
represented or are even quantitative. In some cases the mathematical model may
represent qualitative relations of the molecular entities involved, e.g., the topology
of a complex network showing positive or negative regulatory influence among
components. However, if the property of the system to be explained is sensitive to
quantitative parameters, a quantitative model is explanatorily indispensable (Sects. 3
and 4 mentioned instances of this). Second, beyond a model representing different
components of a mechanism and their organization, the explanation has to shows
how (or at least that) the explanandum results from this. If the mechanism’s
operation cannot be understood by mental simulation, a mathematical analysis of
the model or a computer simulation is needed.

My examples illustrate that some studies in developmental biology and evo-devo
integrate concrete molecular knowledge gained from experiments with mathe-
matical modeling. As a result, mechanistic explanations can—and sometimes
must, depending on the explanandum—include quantitative considerations and
mathematical models (see also Baetu 2015; though Gross 2015; Isaad and Malaterre
2015; Théry 2015 analyze the differences between mechanistic explanation and
explanations using mathematical models). I have focused on the developmental
prong of evo-devo, as developmental mechanisms pertain to molecular and experi-
mental biology for which philosophical accounts of mechanisms are meant to hold.
For a full picture of explanation in evo-devo (regardless of whether all aspects
qualify as mechanistic explanation), one needs to bear in mind that developmental
processes are not the only features of evo-devo. Other explanatory contribu-
tions are involved, including phylogenetic trees, historical patterns of change in
morphological structures, considerations about natural selection (e.g., organism-
environment and organism-organism interactions),” and the dynamics of genotype

There is disagreement on whether philosophical accounts of mechanisms can capture natural
selection (Barros 2008; Skipper and Millstein 2005). My view is that explanations in terms
of natural selection (in particular when using mathematical models) abstract away from many
concrete properties and activities of individual organism. But abstraction from mechanistic detail
happens even in mathematical models in molecular and developmental biology (Sect. 3; Bechtel
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and phenotype distributions within populations. In the latter case, mathematical
models from population genetics, quantitative genetics, and evolutionary ecology
can be components of evo-devo explanations (Rice 2008, 2012).

My discussion has highlighted the functional aspects of mechanisms, for instance
in the contexts of robustness, phenotypic plasticity, and modularity. Such properties
go beyond spatial organization on which many philosophical discussions have
centered. The functional organization of a mechanism need not align with its
structural organization, as shown by the case of modularity. It may be easy to
recognize the structures involved in a developmental process, but something is a
module to the extent to which it can be modified or rearranged in morphological
evolution. While there are clear developmental-functional connections between
genes and anatomical structures (as structures on different levels of organization),
these functional relations can sometimes be rearranged so that genes and anatomical
structures evolve independently of each other. As a result, modularity can be a
very complex kind of organization determined by an organism’s developmental-
functional dynamics. Functionality can also be distributed across a mechanism,
so that beyond local interactions the system has global causal properties.'” A
mechanism may be robust in maintaining one component while another component
is modified, but this potential may not just reside in the relations among a few
components but in a more system-wide response (Sect. 5; Mitchell 2009). Pheno-
typic plasticity is likewise due to the functioning of larger developmental processes.
While modularity means that two components are sufficiently developmentally
dissociated (to be able to be rearranged in evolution), a look at the larger functional
context may be required to account for why this dissociation exists.

Philosophical accounts have emphasized the actual organization and the actual,
regular operation of a mechanism, given that a how-possibly mechanism postulated
does not in fact explain (Craver 2006, 2007). But robustness, phenotypic plasticity,
and modularity pertain to the mechanism’s modified organization and modified
operation. For these are dispositional properties of how a developmental mechanism
reacts to perturbations or permits modification. In evo-devo explanations of why a
developmental process exhibits robustness, phenotypic plasticity, or modularity, the
very explanandum is the response to a mechanism’s modification—so that there
are important scientific questions that are not just about the actual behavior of a
mechanism, but also its dispositions.

2015; Brigandt 2013c; Levy 2014; Levy and Bechtel 2013), so that the broad conception of
mechanistic explanation advocated here is more likely to accommodate natural selection. One
difficulty is that natural selection is about fitness differences among phenotypes. Even if each of two
phenotypes is part of a mechanism (by each phenotype being possessed by concrete organisms),
what matters is how the phenotypes differ and the phenotypes’ differential behavior across time,
which is a complex and unusual aspect of a ‘mechanism.’

190n related grounds, Baetu (2015) argues that molecular mechanisms are not neatly individuated
objects.
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Section 5 indicated why these dispositional aspects of developmental mech-
anisms are scientifically important by discussing how robustness, phenotypic
plasticity, and modularity increase morphological evolvability and the potential for
the generation of structural novelty. Now I emphasize this issue again by tying it to
intelligent design ideas against evolution (Brigandt 2013b). According to Michael
Behe (1996), a biological system is irreducibly complex when the removal of any
part leads to the system ceasing to function (the alleged implication being that such
a system cannot have evolved gradually but must have originated with all parts
in place). This is actually a resurrection of Paley’s (1802) watchmaker argument,
though Behe claims irreducible complexity of molecular systems. But robustness
is the very opposite of irreducible complexity. The prevalence of robustness shows
that organisms are not like Paley’s watch which breaks down upon modification
(Kirschner and Gerhart 2005). In contrast to the machine and artifact metaphors
that intelligent design creationists use to portray cells and organisms, developmental
systems are highly flexible. The flexibility of developmental mechanisms is also of
evolutionary significance, and since biologists have it in view, flexibility and active
response to perturbations must be part of philosophical conceptions of mechanisms.

Let me conclude with some general remarks on scientific explanation (see also
Brigandt 2013c). Evo-devo shows that not only is each explanatory account a work
in progress with new contributions constantly being added, but explanatory accounts
are so complex that they do not consist in and cannot be captured by a single
representation (O’Malley et al. 2014). Accounts of morphological evolvability and
the evolutionary origin of novelty coordinate a plethora of descriptions, explanatory
ideas, and models. Such individual representations come from different biological
fields, pertain to different levels of organization, focus on organismal structure or
address function, consist in qualitative-mechanistic accounts or quantitative models,
provide empirical data or theoretical models, and address change in developmental
time or change in evolutionary time. To reflect this complexity, it is better to
speak of an explanatory account or framework than one explanation. While past
philosophical theories such as the deductive-nomological model (Hempel and
Oppenheim 1948) attempted to characterize a scientific explanation by laying
out conditions for what makes a set of statements an explanans, no such simple
philosophical account is possible.

In the last three decades there has been a laudable trend in philosophy of
science to not just studying the content and results of science, but also the practice
and changing activities of scientists (Brigandt 2013a, b). In the present context,
beyond analyzing explanatory theories, this involves philosophically studying how
scientists develop and use explanations. Accounts of mechanistic explanation are
already tied to the process of discovery by paying attention to the discovery of
mechanisms and the shifts between reductive research episodes and integrative
strategies (Bechtel 2006, 2010; Craver 2005; Craver and Darden 2013; Darden
2006). In my argument that some mathematical models are explanatory, I have
heeded Carl Craver’s admonition that not every representation is an explanation.
However, one also has to point out that a single model can be used for both
explanatory purposes and non-explanatory purposes (describing a phenomenon,
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predicting to test a hypothesis, exploring conceptual possibilities) depending on the
context.!! Likewise, in their research geared toward the generation of an explanatory
account, scientists make use of many representations, some of which are non-
explanatory. Since in scientific practice, explanations and other representations
are jointly used (guided by epistemic aims and values; Brigandt 2012a, 2013a),
philosophical theories of explanation have to be related to other epistemological
notions, including description, prediction, model, standard, and method. Since the
scientific activity of explaining is related to such other activities as predicting,
confirming, modeling, and choosing theoretical and experimental strategies, isolated
philosophical accounts of discovery, confirmation, and explanation are impossible.
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Chapter 8
The Relevance of Irrelevance: Explanation
in Systems Biology

Fridolin Gross

Abstract In this chapter I investigate explanations in systems biology that rely
on dynamical models of biological systems. I argue that accounts of mechanistic
explanation cannot easily make sense of certain features of dynamical patterns if
they restrict themselves to change-relating relationships. When investigating the use
of such models, one has to distinguish between the concepts of causal or constitutive
relevance on the one hand, and explanatorily relevant information on the other. I
show that an important explanatory function of mathematical models consists in
elucidating relationships of non-dependence. Notably, the fundamental concept of
robustness can often be accounted for in this way, and not by invoking separate
mechanistic features. Drawing on examples from the scientific literature, I suggest
that an important aspect of explaining the behavior of a biological mechanism
consists in elucidating how in the systemic context components are not, or only
weakly, dependent on each other.

Keywords Systems biology ¢ Mechanism ¢ Dynamical system ¢ Explanatory
relevance * Robustness ¢ Invariance

1 Introduction

The molecules inside a living cell do not behave like the molecules in a gas. In
a gas the single particles freely move around and interact randomly (if at all),
while showing no apparent organization. A gas seems to be the perfect example
of a simple aggregate (Wimsatt, 1997, 2007) whose macro-level properties are
invariant under various kinds of changes at the micro-level. Obviously, the cell
is not such a simple aggregate. However, a cell does not appear to behave like a
mechanical clock either. The mechanism of a clock almost certainly breaks down
if we remove one part or try to exchange two different components, whereas living
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systems are often surprisingly stable under a wide range of perturbations.! From
this one may infer that on the spectrum of organizational complexity cells assume
a position somewhere between gases and clocks. But arguably many people would
strongly object to this classification. Aren’t biological systems much more complex
and organized than the artifacts of mechanical engineering? And aren’t there very
specific kinds of perturbations, such as mutations, to which living systems react
in very sensitive ways? Isn’t it more plausible to assume that living systems are
very complex mechanisms, but differently from clocks they have additional features
that account for their particular ways of resisting perturbations? The coexistence
of extreme complexity and robustness is undoubtedly one of the most fascinating
features of life. As the physiologist Walter Cannon remarked:

When we consider the extreme instability of our bodily structure, its readiness for
disturbance by the slightest external forces and the rapid onset of its decomposition as
soon as favoring circumstances are withdrawn, its persistence through many decades seems
almost miraculous. (Cannon, 1932, 20)

Cannon and many others have shown that the stability of physiological processes
can often be explained with reference to particular mechanisms. For example, the
homeostasis of blood sugar levels can be explained with reference to a simple
feedback mechanism involving the hormones insulin and glucagon.

Systems biology has recently started to investigate similar phenomena at a more
fine-grained level, such as the robustness of genetic or metabolic networks. Is it
obvious that the robustness of such fundamental structures of living systems can
be understood in the same way? In what follows I want to show how some of
the insights gained by systems biologists challenge widely held intuitions about
mechanistic explanations in the life sciences. By doing so, I do not want to suggest
that systems biology will eventually give rise to an alternative, non-mechanistic
paradigm of explanation in biology. I merely want to draw attention to certain
issues that mechanistic accounts will need to address in order to capture the
explanatory ambitions of systems biologists. The relationship of systems biology
to the framework of mechanistic explanation and the particular importance of the
concept of robustness have already been discussed elsewhere (e.g. Braillard, 2010;
Breidenmoser and Wolkenhauer, 2015; Brigandt, 2015). Here, I want to pursue
some of the already developed ideas further and address some of the issues from
a different angle by focusing on the idea of “non-dependence.”

The currently most refined accounts of mechanistic explanation link the under-
standing of systemic behavior to manipulationist criteria of causal or constitutive
relevance (e.g. Craver, 2007; Woodward, 2010). The claim I want to defend in this
chapter is that these accounts rely on a clock-like picture of biological mechanisms
by assigning importance solely to change-relating relationships. I argue instead for

! An impressive example of such robustness is revealed, for instance, in the experiments of rewiring
the E. coli gene regulatory network by Isalan et al. (2008).
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the explanatory value of relationships that are not change-relating,” especially when
it comes to explanations of the behaviors of very complex mechanisms. Examples
of explaining biological robustness by means of dynamical modeling will provide
the right kind of illustrations for this point.

The chapter is organized as follows. In Sect. 2, I introduce the manipulationist
account of mechanistic explanation and discuss how biological robustness might be
accounted for from this perspective. Section 3 takes a closer look at Woodward’s
concepts of invariance and stability, which seem to be closely related to robustness,
and investigates their role in manipulationist explanations. For illustrative purposes,
a toy example of gene expression is presented in Sect. 4. Here my aim is to show
that the significance of non change-relating relationships arises especially in the
context of dynamic modeling. Dynamic (or steady-state) equilibrium is arguably
the simplest case of dynamic stability, and it reveals some typical features of
explanations that are given in systems biology. Then, in Sect.5, I will present a
real case study from systems biology that illuminates how information about non-
dependence plays an essential role in our understanding of biological mechanisms.
After this more formal discussion, these issues are connected in Sect. 6 to a general
perspective on robustness and the global architecture of living systems.

2 Mechanistic Explanation

It seems natural to think that real understanding of a system implies the ability
to predict how it will respond to various kinds of interventions. To understand a
phenomenon means to know how changes in it can be brought about, and this idea
seems, at least implicitly, to underlie many of the recent conceptions of mechanistic
explanation in the philosophy of science. The relationship between intervention
and explanation has been made most explicit by James Woodward (2002, 2003) in
his manipulationist account of causation and explanation which was subsequently
adopted and further developed by some of the main proponents of mechanistic
explanation (e.g. Craver, 2007; Glennan, 2002). On Woodward’s account a causal
relationship holds between two variables or events, roughly speaking, if it is
possible (at least in principle) to systematically bring about changes in one by
intervening on the other. The importance of these relationships for explanation,
according to Woodward, lies in the fact that they allow us to answer a range of
counterfactual what-if-things-had-been-different questions about the explanandum.
We may, for instance, explain why a particular person has contracted lung cancer
by referring to the fact that the person was a heavy smoker. The causal knowledge
that the occurrence of cancer can be influenced by intervening on smoking behavior

2T will synonymously speak of “non change-relating relationships” and “relationships of non-
dependence”.
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increases our understanding since it allows us to infer the counterfactual claim that
the person (probably) wouldn’t have gotten the cancer if she hadn’t smoked.

However, mechanistic explanations are not necessarily explanations of effects
in terms of their causes, but usually are understood as explanations of the activity
of a whole in terms of the properties of its parts. This distinction can be further
illuminated by considering the different types of questions that different explana-
tions are supposed to answer. While explanations of effects in terms of their causes
are directed towards why-questions, such as ‘why did this person get lung cancer?,’
the description of the mechanism underlying a behavior may be understood most
intuitively as answering a how-question, such as ‘how does the heart pump blood?’.
In this context, Wesley Salmon referred to explanations in terms of underlying struc-
ture as constitutive and distinguished them from etiological explanations that cite
the causal history of an event or phenomenon (Salmon, 1984, 275). More recently,
Craver (2007) has argued that constitutive dependencies between mechanisms and
their components are metaphysically distinct from causal dependencies holding
between objects at the same level. He argues, however, that usually both causal and
constitutive relationships are employed in mechanistic descriptions, and that both
can be understood within Woodward’s general manipulationist perspective.

Mechanistic accounts are often presented as an alternative to nomological models
of explanation. According to the latter, explanation consists in logically deriving
the explanandum from premises that include law-like generalizations. Mechanistic
accounts, by contrast, hold that the explanation does not lie in a derivation, but
is directly given by objective relationships, causal or constitutive, that account
for the explanandum phenomenon. The core idea of applying the manipulationist
framework to mechanistic explanations can be illustrated with the following quote
by Carl Craver:

One need not be able to derive the phenomenon from a description of the mechanism.
Rather, one needs to know how the phenomenon is situated within the causal structure
of the world. That is, one needs to know how the phenomenon changes under a variety
of interventions into the parts and how the parts change when one intervenes to change
the phenomenon. When one possesses explanations of this sort, one is in a position
to make predictions about how the system will behave under a variety of conditions.
Furthermore when one possesses explanations of this sort, one knows how to intervene
into the mechanism in order to produce regular changes in the phenomenon. (Craver, 2007,
160)

Craver thus thinks of explanatory relevance (which components and relation-
ships should figure in a mechanistic explanation) in terms of manipulationist
relevance (which factors can be manipulated to change the phenomenon). The
proponents of the manipulationist view argue that, restricting oneself to change-
relating relationships one obtains a criterion for explanatory relevance that avoids
many of the problems afflicting both nomological accounts and traditional versions
of causal-mechanical explanation (e.g. Railton, 1981; Salmon, 1984).

If one conceives of biological systems as clock-like, it is plausible to equate
manipulationist relevance with explanatory relevance. In a clock it seems that
exactly those interventions that bring about changes in the overall behavior are
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the ones that reveal the relationships one needs to know in order to grasp the
underlying mechanism. For instance, if the balance spring in a clock is replaced by
an otherwise similar spring with greater stiffness, the balance wheel will oscillate
with increased frequency, and, as a consequence, the hands of the clock will move
faster. Generalizing from this example, one may say that in a certain sense machines
like clocks are extremely fragile because changes in the components are rigidly
connected to changes in systemic behavior. The observation that clocks do not easily
fall apart, in spite of this fragility, is explained by the fact that the properties of the
parts are not easily changed in the first place. Consider the effect of temperature on
a clock. A clock made of metal can work reliably both in most climates because the
temperatures that could significantly deform its components lie outside the typically
encountered range. Similarly, most mechanical devices owe their robustness to
the fact that properties of their parts are insensitive to a wide range of external
perturbations or changes in external conditions. ‘Mechanical robustness’ therefore
can be taken to mean that the components of a system are insensitive to interventions
on external conditions.

It seems that biological systems are not fragile in the same sense. Biological
robustness means roughly “that some property of the system remains the same under
perturbation” (Gunawardena, 2010, 35). However, in this context ‘perturbation’
is understood not as a change in external conditions, but as a change in the
components or the organization of the system itself. Thus biological robustness
implies that certain interventions on the components do not bring about changes in
a phenomenon, which in turn means that there are relationships between properties
of the system and its components that are not change-relating. What role do such
relationships play in our attempts to understand biological systems? And how could
they be interpreted within a manipulationist account of mechanistic explanation?

There seem to be two strategies of dealing with such relationships from within
the manipulationist framework. On the one hand, one may argue that they simply fail
to meet the criterion for explanatory relevance. For example, a clock’s behavior will
not be altered by changing the color of the balance spring. Consequently, the color of
the spring is considered irrelevant when it comes to explaining how the clock works.
On the other hand, there might be occasions where the observation that something
doesn’t change itself is of explanatory interest. The manipulationist will then set
out to look for an explanation of this behavior in terms of underlying relationships
that actually are change-relating, such as in the case of blood sugar homeostasis
(see Issad and Malaterre, 2015). Insofar as robustness is a somehow “surprising” or
“almost miraculous” (Cannon, 1932) property of living systems, she will attempt to
explain it by looking for specific mechanisms that are responsible for the resistance
to change. In any case, change-relating relationships are the fundamental building
blocks of mechanistic explanations for the manipulationist. Relationships that are
not change-relating either are irrelevant or themselves have to be explained in terms
of change-relating relationships.

By investigating examples of dynamical modeling in systems biology, I will show
that relationships that are not change-relating (relationships of non-dependence)
point to something deeper and draw our attention to complementary aspects of sci-
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entific understanding that have been neglected in recent discussions on mechanistic
explanation. Before turning to these examples, however, I will have to say a bit
more about the connection between change-relating relationships and explanation
according to the manipulationist picture and the problems it raises for explaining
biological robustness.

3 Explanation and Invariance

To illustrate his counterfactual account of causal explanation, James Woodward
(2003, 187) makes use of a simple example from physics that probably can be
found in any textbook on electrostatics (Fig. 8.1). A very long straight wire carries
a uniformly distributed electric charge with density A. The explanandum in this
example is the force of the electric field on a test charge at position P at a
perpendicular distance r from the wire. Woodward describes a derivation that is
based on Coulomb’s law and determines the strength of the field at P by summing
up the contributions dg from all the infinitesimal sections dx of the wire. As a result
he obtains the following expression:

1 A
E = —. 8.1)
2mweg 1

Woodward argues that this relationship, together with its derivation, explains the
field intensity at P because it allows us to predict how the value of E changes
if we intervene on the system in various ways. For instance, if we increase the
distance between the wire and the test charge, the formula tells us that the field
intensity decreases proportionally to the reciprocal of the distance. Changing the
relative charge A, on the other hand, results in a proportional change in intensity.
Generalizing from this example, Woodward proposes that explanation amounts
to exhibiting the systematic patterns of counterfactual dependence that can be
expressed as functional relationships between variables. In doing so, however, he
restricts himself to relationships that are change-relating, that is, to relationships
in which an intervention on one variable brings about a change in the other. If
we consider the derivation of (8.1), however, we notice that it also elucidates
relationships that are not change-relating. For instance, we learn that moving the test

Fig. 8.1 Woodward’s g
example of the charged wire. &[ 9%y
Reprinted by kind permission %13
of Oxford University Press, s
Oxford, from Woodward r
(2003, 188) d
+++ +++++ ++++ [ ++ ]
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charge to a new position P’ at the same distance from the wire will not change the
value of the field intensity because, as can easily be shown, such a transformation
would not affect the result of the calculation. Likewise, we can infer that the x-
component E, of the field vector will never change to a value different from zero,
no matter how we intervene, provided that we do not destroy the symmetry of the
geometrical setup.

In Woodward’s picture information about such non change-relating relations
plays no direct role in explanation. However, the notion of invariance, that figures
prominently in his account, seems closely related. He argues that causal claims are
always associated with claims about invariant relationships:

Invariance under at least one testing intervention (on variables figuring in the generalization)
is necessary and sufficient for a generalization to represent a causal relationship or to figure
in explanations. (Woodward, 2003, 250)

The idea is roughly the following. A generalization on which a causal claim is
based can be described as a functional relationship between two variables of the
type Y = G(X). It is not necessary that such a generalization holds under all
circumstances, instead it is required only that there are some possible changes of
X under which it continues to hold. Invariance obviously comes in degrees, but as
long as there is a minimum of invariance, a relationship is causal and, therefore,
potentially explanatory. Highly invariant generalizations, such as the fundamental
laws of physics, do not necessarily give rise to better explanations, even though they
might have other desirable features.

In a more recent article Woodward uses the terms of invariance and stability
interchangeably, and gives a slightly different characterization in terms of back-
ground circumstances. He argues that in order to qualify as causal, it is sufficient
that a relationship of counterfactual dependence holds in some set of circumstances
B;. He then states:

The stability of this relationship of counterfactual dependence has to do with whether it
would continue to hold in a range of other background circumstances By different from the
circumstances B;. (Woodward, 2010, 291-292, emphasis in original)

According to this characterization, a claim of invariance or stability can be formally
expressed as:

Y = G(X, B;) = G(X, By)for all k in some set K , (8.2)

which obviously implies the existence of a relationship F(B) = G(X, B) of non-
dependence, that is, F(By) = F(By) even if By, # B;. Thus Woodward’s account
actually relies on both change-relating and non change-relating relationships. How-
ever, the two kinds seem to play very different roles. Change-relating relationships
on Woodward’s view are the crucial elements; they provide the content of the
explanation, so to speak, and elucidate the features of the explanandum phenomenon
by providing patterns of counterfactual dependence. Relationships of invariance, on
the other hand, largely keep in the background; they are necessary for specifying the
range of application, or generality, of an explanatory claim, but strictly speaking do
not provide any explanatory information.
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There is thus a clear conceptual separation between the two types of functional
relationships reflecting Woodward’s distinction between causal explanatory claims,
on the one hand, and claims about invariance, on the other hand. However, if we
think again of the derivation of the field strength in the wire example, we recall that
it also provides information about interesting relationships of non-dependence. If
we keep track of both the x- and y-components of the field strength, we notice that
all the infinitesimal contributions to E, exactly cancel each other out, independently
of the position P at which the field is evaluated. The relationship

E<(P) = 0 forall P, (8.3)

however, does not play the role of an invariance condition, and it does not seem to
be irrelevant in the same way as, for instance, the color of the wire. At least for
mathematical structures it seems that both change-relating and non change-relating
relationships are potentially important for our understanding. It is not obvious why
one type of relationship should be more interesting or more informative than the
other. The reason why non-change-relating relationships are often neglected might
be due to the following feature: they can be represented in a very compressed way,
or simply be left implicit. As Herbert Simon put it: “Mother Hubbard did not have to
check off the list of possible contents to say that her cupboard was bare” (1962, 478).
But the fact that non-change-relating relationships lend themselves to descriptive
economy does not imply that they are explanatorily irrelevant.

Woodward’s account suggests that change-relating relationships exhaust all that
is needed for explaining the behavior of a system. But if relationships of non-
dependence can contribute to our understanding of mathematical models, why
shouldn’t they be taken as contributing to our understanding of phenomena that
are explained by means of such models?® As will be further illustrated later in this
chapter, the functional relationships that play a role in the models of systems biology
often are change-relating in some particular range of values while being non-change
relating in a different range. I will show that usually both types of information are
crucial for an understanding of complex behavior, without one necessarily being
reducible to the other.

By that I do not want to deny the important role that change-relating relationships
play in determining the causal or constitutive links within a mechanism. There is
no doubt that these relationships provide explanations by allowing us to answer to
why-questions of a particular type. But this alone does not entail the equivalence
of information about manipulationist relevance and explanatory information when
it comes to more complex mechanistic explanations.

A related issue, that Woodward’s account leaves unclear, is how invariance or
stability itself is explained. As Robert Batterman notices:

3For a more sophisticated analysis of the role of mathematics in scientific explanation see Baker
(2015).
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Woodward stresses the importance for explanation of a kind of invariance and robustness
that may be present in a given regularity to some degree or other. Thus, he discusses how
“nonlaw-like” regularities may, because of their robustness, play crucial explanatory roles.
Woodward is not concerned to answer why-questions about the universality or degree of
universality of the regularities that he discusses. That is, he does not, as far as I can tell, ask
the question why the regularity has the robustness that it has or has it to the degree that it
has. (Batterman, 2002, 59)

Batterman argues that in the explanation of a phenomenon one has to distinguish
between two different kinds of why-questions:

A type (i) why-question asks for an explanation of why a given instance of a pattern
obtained. A type (ii) why-question asks why, in general, patterns of a given type can be
expected to obtain. Thus, a request to explain an instance of universality is a request to
provide an answer to a type (ii) why-question. (Batterman, 2002, 23)

Batterman’s ambition to explain universality and Woodward’s efforts to elucidate
explanation in terms of contingent causal generalizations point to different but
possibly complementary aspects of scientific curiosity. These may be seen as loosely
related to the different types of questions that are typically asked in the physical and
the biological sciences, respectively. It is a philosophically interesting question how
the new field of systems biology locates itself on this spectrum since, with regard to
its methodological and explanatory resources, it has often been perceived as pushing
biology more towards a physics attitude (see e.g. Poon, 2011). A closer look at some
examples may help to shed light on this issue.

4 Explaining Equilibria

Let us start with a very simple case and consider the following minimal model
of gene expression. The system consists of a protein with concentration X that is
synthesized at a constant rate S = o, while its degradation rate, D = § - X, is
proportional to the concentration. Figure 8.2 graphically represents the qualitative
features of this model. The dynamics of X is captured by the following differential
equation:

dX

—=8S-DX)=0-6-X. (8.4)

dt
Solving this equation allows us to obtain the temporal behavior of X depending on a
given initial concentration X, at time ¢t = 0. As can be checked, the explicit solution
is given by:

X(t, Xo) = (Xo _ ;—’) exp(—81) + % . (8.5)

After sufficient time, the value of the exponential will become very small and the
first part of the right hand side of (8.5) can be neglected. Formally,
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Fig. 8.2 Rate balance plot
for the simple gene
expression model. Synthesis — —
is constant, while degradation Degradation .*”
depends linearly on protein .
concentration. Both can be
represented as straight lines.
The intersection of the two
lines corresponds to the
equilibrium state. The .
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can be inferred from the sign L’
of the resulting rate when ~ . -
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synthesis ‘ 1
0 Xs
Concentration

Rate

X(t,Xo)—>% for 1 — o0. (8.6)

Note that the expression to which X converges does not contain Xy. This means
that the protein concentration in the long run does not depend on its initial value,
but assumes an equilibrium (or steady state) value X5 = o/§ that depends only
on the rates of synthesis and degradation. A further consequence is that, whenever
the system is perturbed by changing the concentration to some value X # Xy, it
will always return to Xg eventually. At first sight this derivation seems to provide a
perfectly satisfactory explanation of equilibrium.

The model just described is very similar to an example that Elliott Sober
(1983) has used to raise some questions about causal-mechanical approaches to
explanation. He refers to an explanation given by R. A. Fisher for the 1:1 sex ratio
observed in many sexually reproducing species.* Instead of providing a particular
causal history for the occurrence of the ratio, Fisher points out why the long run
ratio in many sexually reproducing populations does not depend on particular causal
details. As Sober reports:

Fisher’s account shows why the actual initial conditions and the actual selective forces don’t
matter; whatever the actual initial sex ratio had been, the selection pressures that would have
resulted would have moved the population to its equilibrium state. Where causal explanation
shows how the event to be explained was in fact produced, equilibrium explanation shows
how the event would have occurred regardless of which of a variety of causal scenarios
actually transpired. (Sober, 1983, 202)

Sober concludes that equilibrium explanations are not causal explanations of the
etiological type:

“4Baker (2015) briefly mentions the same example and identifies equilibrium explanation as one of
three general classes of mathematical explanation in science.
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The causal explanation focuses exclusively on the actual trajectory of the population; the
equilibrium explanation situates that actual trajectory (whatever it may have been) in a
more encompassing structure. It is in this way that equilibrium explanations can be more
explanatory than causal explanations even though they provide less information about
what the actual cause was. This difference arises from the fact that explanations provide
understanding, and understanding can be enhanced without providing more details about
what the cause was. Equilibrium explanations are made possible by theories that describe
the dynamics of systems in certain ways. (Sober, 1983, 207)

Sober thus hints at a discrepancy between information about particular causal
events and information that is relevant for explanation. He suggests that explaining
equilibrium means showing why particular causal facts do not make a difference
to the outcome. The question thus arises how this idea relates to Woodward’s
account according to which such facts are simply explanatorily irrelevant. Is it
straightforward to capture equilibrium explanations within the manipulationist
framework?

Before trying to determine what kinds of explanations they are—or aren’t, we
should clarify what it is that equilibrium explanations are supposed to explain.
Regarding the sex ratio, the general question is “Why is there an equilibrium at a
sex ratio of 1:1 in so many species?.” However, this question can be interpreted as
actually including three different calls for explanation, depending on where we put
the stress in the sentence.’ First, it may be read as the question of why it is one
and the same ratio that is observed across a wide range of sexually reproducing
species. In other words, why does the rate not assume different values for different
species? Second, as the question of why that ratio has the particular numerical value
of r = #males/#females &~ 1, and not some other number in the interval (0, co).
And third, as the question of why the observed ratio represents an equilibrium point,
that is, why it is stable and adjusts itself after perturbations.

Each way of interpreting the initial question calls for an account that makes use
of different explanatory resources. The first interpretation, even though interesting
in its own right, is not relevant for the current discussion since it seems to mainly
depend on empirical facts that are specific to evolutionary biology. For this reason,
my focus will be on the differences between the second and the third interpretation
that more directly pertain to the phenomenon of equilibrium in general, and roughly
correspond to Batterman’s type (i) and type (ii) why-questions. I will discuss these
differences in more detail using the particularly clear example of the gene expression
model.

Let us therefore look at the explanation-seeking question and the two relevant
interpretations when transferred to this example. The question is, “Why is there an
equilibrium at a concentration X = Xg?’, and it can be interpreted as expressing
an interest either in the particular numerical value or in the fact that there is an
equilibrium. Responding to the first, the derivation of (8.6) can be taken to show
why the protein concentration at steady state is given by the particular ratio o/4.

3See Morange (2015) for a general discussion of how the ambiguity of questions can lead to
explanatory diversity.
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This seems to represent a paradigmatic case of a Woodwardian explanation since
the steady state concentration is explained in terms of the dependency relations
characterizing the system. It clearly allows us to answer a range of counterfactual
what-if-things-had-been-different questions. For instance, we can predict how the
steady state value would change if we were to intervene in ways that change the
rates of synthesis or degradation. Differently from the type of causal explanation
that are the target of Sober’s argument, however, this explanation refers to structural
features of the model rather than to causal history. In the terminology introduced
earlier, this explanation might, therefore, best be understood as constitutive. This
is the way in which Kuorikoski (2007) interprets equilibrium explanations within a
manipulationist framework:

If explanations indeed track dependencies instead of persistence, the interesting explanatory
relationship cannot be the one between the initial conditions and the equilibrium state,
as might first be surmised, and indeed as seems to have been Sober’s view. Instead,
what the equilibrium state does depend on are the structural features of the system.
Equilibrium explanations are not causal explanations of events but structural or constitutive
explanations of system-level properties. (Kuorikoski, 2007, 154, emphasis in original)

However, stating the dependency relations between parameters and steady state
value alone does not give an answer to Batterman’s type (ii) question of why
the pattern, in this case equilibrium, obtains in the first place. Instead, as we
have seen, equilibrium seems to be explained precisely by deriving a relation of
non-dependence between the initial conditions and the long-run concentration. Is
there another way in which we can understand this aspect of equilibrium within
a manipulationist framework of causation while avoiding Sober’s puzzle about the
irrelevance of particular causal facts?

To maintain a contrastive focus, one may try to interpret the existence of a
single stable equilibrium as a property that systems either do or do not possess,
and determine exactly what this property depends on. It turns out that in the present
example this property depends only on the structure of the model.® This dependency
may be expressed in terms of a binary variable P € {0, 1} in the following way:

P ({S.D}.{X}.{0.6}) =1, 8.7

where S = o and D = § - X represent the particular types of functions used
to express the dynamic relationships, while {X} and {0, 4} stand for the sets of
variables and parameters that appear in the model. By modifying this structure in
particular ways, one may obtain a different model for which P = 0, that is, a
model without an equilibrium state, or perhaps with more than one. An example of
such a modification is the complete disruption of degradation, i.e. setting D = 0, or
the addition of a more complex dependency S(X) of synthesis on the concentration.

%Since the equilibrium is global it does, for instance, not depend on the initial concentration
being within a particular range. However, similar arguments can be made for cases of non-global
equilibrium.
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This reasoning suggests that in principle it might be possible to find a representation
of the (potentially very complicated) dependency relation between P and the
structural properties of the model. Subsequently, one could make use of this relation
to explain why a particular instance of the model does or does not possess the
equilibrium property P. Furthermore, one may argue that P’s structural dependency
explains equilibrium by showing how it appears when the structural parameters are
changed in particular ways. But have we thereby really explained equilibrium? It
seems that by using the complex dependency relation, we have at best been able to
give a more sophisticated answer to a type (i) why-question. We have explained that
a particular system shows equilibrium because it belongs to a particular structural
class. If we intervene on the structure of the system in such a way that it no longer
belongs to this class, it will exhibit qualitatively different behavior.” We have not
explained the behavior itself. It seems that by using a manipulationist strategy, we
do not reach beyond the explanation of instances of equilibrium.

To summarize, a satisfactory explanation of equilibrium in causal-etiological
terms fails for the reasons discussed in Sober’s paper. In order to explain equilibrium
constitutively, the manipulationist may invoke relationships that relate quantitative
or qualitative changes in behavior to changes in structural features of the system, but
thereby fails to give an account of how the behavior is produced in the first place.
As I argue, and as Sober suggests, equilibrium is best explained by referring to a
relationship of non-dependence. The case of equilibrium thus shows how knowledge
about such relationships can be explanatorily relevant.

5 Dissecting a Dynamical Switch

After these initial considerations about relationships of non-dependence, one may
ask whether they are of any importance for the description of actual scientific
explanations. For this reason I will now turn to a real example taken from the
scientific literature. The biological phenomenon I will discuss is an instance of so-
called bistable switching which plays a role in many important biological processes,
for instance in the control of gene expression, in cellular differentiation, cell-
cycle progression, and in neural signaling. It is thus representative for a class of
phenomena that are biologically relevant and widely discussed among theoretically
minded molecular biologists (see e.g. Bhalla and Iyengar, 1999; Ferrell and Xiong,
2001; Novak et al., 2007; Savageau, 2001). My aim is to show how in the
explanatory practice of systems biology manipulationist reasoning about causal
mechanisms is integrated with dynamical modeling. Notably, it will become clear

"In the theory of dynamical systems the investigation of equilibrium states when varying the
parameter values is known as bifurcation analysis. This type of analysis is carried out to investigate
the circumstances under which a system shifts between qualitatively different behaviors, not to
explain the behaviors themselves.



188 F. Gross

that relationships of non-dependence are crucial for an understanding of systemic
behavior, and not only used to establish the invariance of the causal or constitutive
relationships. Conveniently, the philosophically interesting features of this example
can be elucidated without going into the mathematical details.

At a particular stage during the process of egg formation in the frog Xenopus
laevis, oocytes are arrested in an immature state. When exposed to the hormone
progesterone, they undergo maturation and complete the first meiotic division. This
maturation has been observed to occur in a switch-like manner: cells are either
in the immature or in the mature state, but apparently cannot be in intermediate
states for extended periods of time (Ferrell and Machleder, 1998). A crucial step
in triggering maturation, and a convenient read-out, is the phosphorylation of the
protein kinase p42 MAPK. When treating individual oocytes with intermediate
doses of progesterone, Ferrell and Machleder observed either very high (>90 %)
or very low levels (<10%) of phosphorylated p42 MAPK. In the following
they were interested in understanding how “a continuously variable stimulus—the
progesterone concentration—is converted into an all-or-none biological response”
(Ferrell and Machleder, 1998, 895). They hypothesized that the all-or-none character
of the phenomenon is due to bistability, that is, the system can shift between two
alternative stable equilibrium states. In what follows I will present the way in
which these and other scientists have explained the switching behavior in oocyte
maturation.

Bistability can arise in certain types of dynamical systems that involve nonlinear
relationships.® It is easy to see how the existence of multiple equilibria is possible
when we consider a rate balance plot which, in contrast with the case of simple
equilibrium discussed in Sect. 4, is not restricted to straight lines. Figure 8.3 shows
the balance of phosphorylation (forward reaction) and dephosphorylation (back
reaction) of the kinase p42 MAPK in the oocyte system. The two curves indicate
how the rates of these reactions depend on the fraction of phosphorylated kinase
(denoted by A*/A). While the back reaction curve is simply a straight line,
the forward reaction curve is essentially flat in the left portion of the plot and
has a pronounced maximum when about half of the total amount of kinase is
phosphorylated. The particular nonlinear behavior of the forward reaction curve is
due to an underlying positive feedback: the phosophorylation reaction is slow unless
there is a considerable fraction of kinase that is already phosphorylated.” Since the
slope of this curve is initially less steep than the slope of the back reaction curve,
there are three intersections of the two curves and hence three equilibrium points.

$Nonlinear relationships are not necessarily change-relating. It is perhaps as a result of the hype
around chaos theory that ‘nonlinearity’ is usually associated with the idea that small changes can
have large effects. However, in nonlinear dynamical systems the converse is also possible: large
changes with negligible or small effects.

9Ferrell and Xiong (2001) suggest that several mechanisms are jointly responsible for this effect.
Notably, p42 MAPK is involved in a positive feedback loop by contributing to the accumulation of
Mos, its upstream activating kinase.
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Fig. 8.3 Rate balance plot for the oocyte maturation model. Due to non-linearities the forward
reaction is not a straight line. The three intersections correspond to three equilibrium points.
The one in the middle is unstable. Note that, instead of balance of degradation and synthesis,
equilibrium in this case requires equal rates of forward and back reaction. Reprinted by kind
permission of AIP Publishing LCC, from Ferrell and Xiong (2001, 232)

The middle one is unstable, however, since in its vicinity the system will always be
driven away from it, towards one of the two outer equilibria, which are both stable.

In this way we have established that there are two stable equilibria at low and
high concentrations of phosphorylated kinase, respectively. These can be interpreted
as off and on-states of a switch; but how can this maturation switch actually be
effectuated? It turns out that such a shift from off to on occurs at a critical level
of progesterone concentration because the basal rate of the forward reaction is
proportional to the level of the activating progesterone stimulus. The basal rate is
the rate at which the reaction would proceed in the absence of the positive feedback
mechanism, and its dependence on the stimulus affects the shape of the total forward
reaction curve as shown in Fig. 8.4. With increasing stimulus the off-state and the
unstable equilibrium point move closer together until the two points finally coalesce.
The curves corresponding to even higher levels of stimulus each have only one
intersection with the back reaction curve. Therefore, if the system is initially in the
off -state, it will at some critical level of stimulus jump to the on-state which then is
the only remaining equilibrium. This explains the observed all-or-none behavior in
the maturation of oocytes.

The behavior of the switch can be further illustrated by representing the position
of the stable equilibria as a function of the stimulus (Fig. 8.5). This plot elucidates
another important property of the switch: After the system has been driven from the
off -state to the on-state by continuously increasing the stimulus, it will remain in
the on-state even if the stimulus is subsequently withdrawn. Thus, once an oocyte
has received a hormonal stimulus of sufficient size, it is irreversibly committed to
maturation and does not shift back and forth between the two states. Obviously, this
irreversibility is crucial for the reliability of developmental pathways.
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Fig. 8.4 Rate balance plot
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Let us now try to understand in more detail how the given account explains
the initiation of maturation. If we first consider only the “switching on” part of
the story, we can represent the mechanism in terms of a simple causal relationship
between two binary variables: A stimulus variable that can take on the values ‘below
threshold” or ‘above threshold’, and a kinase activity variable that accordingly
assumes either of the values ‘on’ or ‘off’. Obviously, this is exactly what we expect
from a simple switch. Note, however, that this behavior is exhibited by a system
with a high number of degrees of freedom. The simplicity of the behavior, as will
be shown, arises from the fact that possible dependencies among the variables are
removed or attenuated.

Let us go back to Fig. 8.4 from which we can infer how the total forward reaction
rate curve changes as the stimulus is varied. The first thing to notice is that the
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important changes concern only the lower left portion of the plot. Which are the
relevant features for the behavior of the switch? First of all, it is necessary, as
we have seen, that there exists a threshold level for the stimulus above which the
curves do not intersect in this region of the graph. The value of this threshold is
biologically important since it determines the sensitivity of the switch. A very low
threshold would cause the system to shift already at small levels of hormone, which
might lead to premature differentiation. Second, it is crucial that the highest value
of phosphorylated kinase in the off-state, is not so high as to already activate the
maturation process. As long as these conditions are met, however, the details of
the relationship between stimulus and off-state concentration do not matter. The
organization of the mechanism, notably the positive feedback, ensures that there
is a range within which the level of phosphorylated kinase depends only weakly
on the stimulus (corresponding to the branch of off-states in Fig. 8.5) and ensures
that the system remains in the off-state even if the progesterone level is varied
significantly.!” Only around the threshold level there is sensitive dependence on the
stimulus. But as soon as the system has switched, the level of phosphorylated kinase
becomes virtually independent from the level of hormone (the branch of on-states
in Fig. 8.5). The reason is that the stimulus does not significantly affect the reaction
rates at high levels of phosphorylated kinase and cannot destabilize the equilibrium.

Thus in order to explain the phenomenon, we have to invoke both the non-
dependence of the off- and on-states on the stimulus as well as the very sensitive
dependence around the threshold. What the example shows is that the explanation
of complex dynamical behaviors requires information both about relations of
dependence and of non-dependence. In order to understand features of persistence,
such as robustness or memory, we have to illuminate how some variables in certain
ranges do not or only weakly depend on others. Moreover, this kind of knowledge
allows us to explain how systems built of many parts may show behaviors that can
be described in comparatively simple terms. The simplicity of the behavior at the
level of the whole mechanism is due to the fact that many changes at the level of
the components are not constitutively relevant, in the sense of not being change-
relating. We cannot fully comprehend how this behavior is brought about if we
restrict ourselves to information about manipulationist relevance. This suggests that
the manipulationist conception of mechanistic explanation is insufficient to account
for many aspects of phenomena that involve dynamical patterns.

As already noted, the description of the switching behavior itself represents
a change-relating generalization. Therefore, it can be used as a basis for further
explanation. For example, one may explain why one particular oocyte did not initiate
maturation by referring to this generalization plus the fact that the given hormonal
stimulus was not sufficient. Relationships of non-dependence partly account for
the invariance of this generalization. They illuminate, for instance, why different

10Note however, that the role of feedback is not merely to confer robustness to the system. Instead,
it is an integral part of the switching mechanism since in its absence the system would not show
bistability in the first place.
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oocytes initiate maturation even when given slightly different doses of stimulus. It
might be argued, therefore, that information about change-relating generalizations
is sufficient to explain the phenomenon of interest, and that information about non-
dependence comes into play only if we want to generalize for further purposes of
explanation. But as I hope to have shown, both kinds of relationships are in fact
already used in the explanation of the basic features of the switch. The mechanistic
explanation that shows how the system brings about the behavior contains answers
to both types of Batterman’s why-questions. Systems biologists want to understand
the factors on which changes in observed dynamical patterns depend, but they also
want to explain why these patterns obtain in the first place.

The discussion of this particular mechanism has touched upon the concept of
robustness on several occasions. In the following section I will return to the idea of
robustness as a fundamental property of living systems and show that relationships
of non-dependence play an important explanatory role here as well.

6 Robustness and the Architecture of Living Systems

Investigating robustness is often invoked as one of the key motivations for research
in systems biology. Hiroaki Kitano, for instance, holds that “[it] is one of the
fundamental and ubiquitously observed systems-level phenomena that cannot be
understood by looking at the individual components” (Kitano, 2004, 826). How
does this idea of robustness as a fundamental property of living systems connect
to the discussion about relations of non-dependence in the preceding sections? We
have seen in the example of the switch that the particular dynamical organization
of a mechanism can lead to weak relationships between variables or components,
which in turn confers reliability and robustness to the system as a whole. However,
in the just cited article Kitano notes:

Robustness is often misunderstood to mean staying unchanged regardless of stimuli or
mutations, so that the structure and components of the system, and therefore the mode
of operation, is unaffected. In fact, robustness is the maintenance of specific functionalities
of the system against perturbations, and it often requires the system to change its mode of
operation in a flexible way. (Kitano, 2004, 827)

This seems to imply that it would be overly simplistic to explain robustness by
referring to the causal or the constitutive irrelevance of particular factors under
certain conditions. Instead, the quote suggests that the reliable performance of
a system requires sophisticated underlying structures. A more refined view of
the mechanistic structure of living systems would, therefore, consist in holding
that robustness can be explained by invoking particular ‘robustness mechanisms.’
Indeed, Kitano mentions four different features that could play the role of such
mechanisms: system control, redundancy, modularity, and decoupling (Kitano,
2004, 827). Even though it may not have been his intention, the fact that Kitano
is speaking of “mechanisms that insure the robustness of a system” (Kitano, 2004,
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827) suggests a particular picture: A living system may at its core be clock-like, but
its reliable functioning in environments that are characterized by uncertainty and
noise is guaranteed by an intricate machinery of additional features that has evolved
around this core. If this picture were accurate, the general strategy of understanding
mechanisms in terms of change-relating generalizations alone would be justified
after all. Robustness would not be a fundamental property of the mechanisms
themselves, but rather a separate phenomenon that could be explained by referring
to independent mechanistic features. Yet, we have seen in the previous section that
there are at least some cases where it is not possible to separate the explanation of a
behavior from an explanation of its robustness. Moreover, a closer look at Kitano’s
alleged robustness mechanisms suggests that this conceptual separation might in
general not be obvious. What he means, for example, by ‘systems control’ is the use
of certain control strategies in the building of biological circuits, something that also
fits the example discussed in the previous section. So his robustness ‘mechanisms’
are probably better understood as ‘design features’ of biological mechanisms. Just as
in the case of oocyte maturation, robustness is often in-built and not in any obvious
way added to the mechanism. In the remainder of this section, I will illustrate
how mathematical modeling has recently been applied to elucidate the features
underlying biological robustness of this kind.

In the attempt to simulate the interactions among the genes responsible for
segmentation in Drosophila, von Dassow et al. (2000) developed a dynamical
model and systematically investigated its behavior under changes in parameters. The
segment polarity network described by this model generates a periodic expression
pattern across cells early in development. Initially, von Dassow et al. had hoped
that the requirement to reproduce the behavior of the target system would impose
sufficient constraints on the model to obtain reasonable estimates for the nearly 50
parameters of the model. Consequently, they expected that only a relatively small
subset among all the states in the high-dimensional parameter space would lead to
biologically meaningful versions of their model. Strikingly, however, they found
that solutions in this space were not rare at all:

Among 240,000 randomly-chosen parameter sets we found 1,192 solutions (~ 1 in 200).

This is very frequent; as this search involved 48 parameters, on average a random choice of

parameter value has roughly a 90% chance of being compatible with the desired behaviour.
(von Dassow et al., 2000, 189)

Apart from their abundance, solutions were apparently not isolated in parameter
space. For many of them the model was found to be tolerant to variation of individual
parameters over several orders of magnitude. Thus the scientists concluded that the
model’s ability to reproduce the target behavior was “intrinsic to its topology rather
than to a specific quantitative tuning” (von Dassow et al., 2000, 189).

The case of the segment polarity network, therefore, supports the idea that
robust behavior is not always achieved by adding structural components to an
otherwise fragile mechanism. Robustness, therefore, cannot necessarily be analyzed
as a separate feature, but instead appears to be entangled with a system’s overall
functionality. We have also seen this clearly in the example of the bistable switch
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in Sect.5, where the positive feedback is necessary both for the robustness and
for the basic behavior of the mechanism. In general it seems that the molecular
organization of biological mechanisms can lead to a weak dependence of system
behavior on the behavior of the components. The following quote nicely illustrates
how the scientists’ initial assumptions about the robustness of the segment polarity
network were overturned by their detailed investigation of the mathematical model:

We originally expected the core topology to be frail and easily perturbed, and expected to
achieve robustness only by adding additional complexity; we expected the reconstitution
approach to tell us which architectural features confer robustness. Confounding that
expectation, the simplest model that works at all emerged complete with unexpected
robustness to variation in parameters and initial conditions. (von Dassow et al., 2000, 191)

Robustness of this kind does not seem to be restricted to the generation of
developmental patterns in Drosophila. Gutenkunst et al. (2007) investigated 17
different systems biology models and systematically examined the sensitivity of
their behavior to parameter changes. Their set of models covers a wide range
of different biological mechanisms and, aside from von Dassow et al.’s network,
includes models of circadian rhythm, metabolism, and signaling. In all of them
they found what they call ‘sloppy parameter spectra:’ the behavior of the model is
sensitive to variation along a few ‘stiff’ directions in parameter space, but insensitive
along a large number of ‘sloppy’ directions. It is important to emphasize that
these directions (or ‘eigenvectors,” mathematically speaking) do not correspond to
individual model parameters but rather to combinations thereof:

Naively, one might expect the stiff eigenvectors to embody the most important parameters
and the sloppy directions to embody parameter correlations that might suggest removable
degrees of freedom, simplifying the model. Empirically, we have found that the eigenvectors
often tend to involve significant components of many different parameters. (Gutenkunst
et al., 2007, 1873)

This essentially means that the investigated systems do not react in a clock-like
fashion to most perturbations on individual components. In order to bring about
significant changes in systemic behavior, it is necessary to intervene on multiple
components simultaneously.

The observed ‘sloppiness’ of biological systems provides resilience towards
many disturbances at the molecular level and therefore appears to be beneficial
for the survival of the organism, but it is not necessarily an evolved feature of
living systems. Daniels et al. (2008), for example, conjecture that sloppiness might
be a universal property of a particular class of dynamical models which naturally
accounts for many types of robust behavior. With regard to von Dassow et al.’s
model of the segment polarity network they note:

The model is robust in these [sloppy] directions not because of evolution and fitness, but
because of the mathematical behavior of chemical reaction networks, which are naturally
weakly dependent on all but a few combinations of reaction parameters. (Daniels et al.,
2008, 393)
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In general, however, it is clear that the investigation of biological robustness must
pay attention both to evolved robustness mechanisms and to generic features of
biological organization.

The results of Gutenkunst et al. suggest that the relation between components
and system behavior is often not as straightforward as analogies to machine-like
mechanisms would make us believe. Information about non-dependence is highly
relevant for the explanation of the behavior of many biological mechanisms, and
their robustness is not just an interesting feature that requires separate explanation.
Thinking about robustness may have a profound influence on the way in which we
conceive of mechanistic explanations in the life sciences.

7 Conclusion

In this chapter I have tried to assess particular accounts of mechanistic explanation,
according to which explanatory relevance relies on change-relating generalizations,
by looking at dynamical modeling in systems biology. The motivating question
was whether this manipulationist framework can adequately account for what
we know about the robustness of living systems, a property that is extensively
studied by systems biologists. I have argued that certain aspects of the explanation
of dynamical patterns, first and foremost simple dynamical equilibrium, are not
captured by approaches that solely focus on change-relating relationships. Instead,
the explanation of such features relies on information about relationships of non-
dependence, that is, on information about factors or relationships that are irrelevant
from a manipulationist standpoint. By presenting the example of a bistable switch
in the maturation of Xenopus oocytes, I have shown that this kind of reasoning
is actually applied in mechanistic explanations as they are found in the scientific
literature. I have tried to illuminate how in the case of this mechanism the discussion
of robustness cannot be separated from its functional behavior. I have then turned
to a more general discussion of the concept of robustness. There is evidence that
at least some of the robustness we find in biological systems cannot be accounted
for by invoking separate ‘robustness mechanisms.’ Instead, it can often be explained
by the fact that interactions among components of a system are reducible to only a
few significantly sensitive dependencies. Therefore, if we want to mechanistically
explain how these systems work, we have to understand how biological organization
results in weak dependencies and leads to coherent behavior and robustness at the
systemic level.

Robustness is often presented as one of the paradigmatic examples of an
emergent property; at least systems biologists frequently describe it as such. The
ideas discussed in this chapter may shed some light on the reasons for this usage.
Philosophical accounts of emergence have mostly focused on system properties that
somehow ‘exceed’ the capacities of the components, or are unpredictable based on
information about individual parts (e.g. Bedau, 1997; Boogerd et al., 2005; Kim,
1999). However, as the French philosopher Edgar Morin has noticed, a system is
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not only more than the sum of its parts, it is also /ess than the sum of its parts
in certain respects (Morin, 2008). The behavior of the components is constrained
in various ways by the structure and organization of the system, which keeps
them from exhibiting many of the properties that they might show in isolation
or in different contexts. Robustness is thus a striking example of a restriction of
component potential. What scientists mean by ‘emergence’ might often simply be
the idea that the system is different from the sum of its parts. Restricting ourselves
to change-relating relationships may prevent us from understanding how such kinds
of emergent behavior are brought about.

I briefly discussed in Sect. 3 that the manipulationist picture might be defended
by maintaining that a relationship of non-dependence simply expresses the fact that
some element is explanatorily irrelevant. For instance, even though physics tells us
that the current positions of remote stars exert a non-vanishing gravitational force
on objects on the earth, we do not mention them in biological explanations because
they are not considered to make significant differences to biological phenomena.
However, many phenomena sensitively depend on factors that we would not want to
include in their explanations either. The croaking of a frog, for instance, depends on
whether or not the frog has just been run over by a car, yet we do not cite facts about
cars when we explain how frogs croak. Acknowledging this problem of extravagant
causes, Carl Craver resorts to a pragmatic solution by restricting himself to changes
that typically occur in a system. But extravagant causes are a threat only if we insist
on equating the notions of manipulationist and explanatory relevance. If it is true,
as I have tried to argue, that information about causal or constitutive irrelevance
can be explanatory, then the line between what is relevant for explanation and what
is not must be drawn elsewhere anyway. I propose that there are interesting ‘non-
dependencies’ just as there are uninteresting dependencies. The question of what
makes a relationship interesting, however, may not be answered so easily.
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Chapter 9
Generalizing Mechanistic Explanations Using
Graph-Theoretic Representations

William Bechtel

Abstract Mechanistic explanations appeal to the parts, operations, and organiza-
tions of mechanisms to explain the phenomena for which they are responsible.
Scientists have developed accounts of myriads of mechanisms thought to be
operative in biology, each involving distinctive parts and operations organized
in idiosyncratic ways. The focus on specific mechanisms (e.g., those found in a
particular cell type in a given model organism) appears opposed to the idea that
explanations ought to be generalizable to new instances. Some generalizability
can arise from the fact that many biological mechanisms inherit their parts and
operations from mechanisms found in ancestral species and one can often identify
commonalities in these parts and the operations they perform. But organization
seems to be idiosyncratic to specific mechanisms, thwarting attempts to develop
generalizations about how mechanisms organized in a specific way will behave. For
example, as a result of different genes being expressed, the organizational pattern
of interactions between proteins varies in different tissues or in the same tissue
in different strains of a species. This poses an even greater problem when it is
recognized that many biological mechanisms exhibit non-sequential organization
of non-linear operations, making it difficult to use mental simulation to determine
the behavior of the mechanism. Instead researchers resort to computational models,
resulting in dynamic mechanistic explanations that integrate mathematical modeling
with empirically ascertained details of parts and operations. These models, though,
appear to be even more idiosyncratic, revealing only the behavior of the specific
organization employed in a specific mechanism.

Inrecent years, however powerful tools have been developed for abstracting from
the details of individual networks, providing a basis for informative generalizations
about how networks employing the same abstract design will behave. These
involve developing graph-theoretic representations of mechanisms and analyzing
the properties of classes of graphs. Watts and Strogatz, Barabdsi, and Sporns have
shown that large networks (e.g., neural circuits or gene networks) often exhibit
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a scale-free, small-world organization capable of efficient, flexible coordination
of operations and appeal to these properties to explain behaviors of specific
mechanisms. Alon and Tyson, focusing on sub-networks with just two to four nodes,
have identified different motifs (distinctive micro-architectures such as feedforward
loops and double negative feedback loops) that are specialized for particular types of
processing. These tools offer abstract organizational principles to which researchers
appeal in their efforts to explain the behaviors generated by the mechanisms in
which they are implemented. In this paper I show how these projects provide a basis
for developing generalizable accounts of complex mechanisms and their dynamical
behavior.

Keywords Dynamic mechanistic explanations ¢ Generalizing explanations ¢
Graph-theory formalizations * Motifs ¢ Scale-free small worlds

1 Introduction: Formalizing Mechanisms in Graphs

In a broad range of biological disciplines the explanations researchers have pursued
over the past two centuries have taken the form of characterizing the mechanisms
responsible for various phenomena and demonstrating how they are able to generate
the phenomenon. For example, metabolic research has described mechanisms for
phenomena such as glycolysis or fatty acid metabolism, molecular biology has
proposed mechanisms for cell division and protein synthesis, and neuroscience
has investigated mechanisms for generating action potentials in neurons and for
spatial navigation by animals. Although during much of the past two centuries
philosophers had little to say about such explanations, over the last two decades
several philosophers have advanced accounts of what mechanistic explanations
are, how they are discovered and revised, and how they are evaluated (Bechtel
and Richardson 1993, 2010; Bechtel 2011; Craver 2007; Glennan 1996, 2002;
Machamer et al. 2000)."

A fundamental step in developing a mechanistic account is to characterize the
phenomenon to be explained and to identify a mechanism taken to be responsible
for its occurrence in the situations in which it occurs. This is often a non-trivial
endeavor requiring experimental manipulation and quantitative analysis of the
results. Research then seeks to decompose this mechanism into its components
and operations. Biologists have developed powerful tools and inference strategies
for decomposing mechanisms into their component parts and determining the
operations for which these parts are responsible. But explanation also requires
recomposing the mechanism to show that, in a given situation, it is able to produce
the phenomenon (Bechtel 2011; Bechtel and Abrahamsen 2009). Recomposing the

ISee Théry (2015, this volume) for a critical assessment of mechanistic explanations. See also
Baetu (2015, this volume) and Brigandt (2013) about how mathematical models and mechanistic
explanations may mutually support each other.
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mechanism requires determining how the mechanism is organized and demonstrat-
ing that when so organized the operations identified are capable of jointly producing
the phenomenon.

Researchers often approach the task of recomposition by assuming that the
operations are organized sequentially. In such cases researchers can simulate the
behavior of the mechanism mentally by representing the effects of each operation in
the mechanism successively. In many cases, however, researchers come to recognize
that sequential organization is insufficient—multiple operations may be performed
simultaneously and individual components may have effects on other components
responsible for other operations. The result is that individual components function
differently depending on the context within the mechanism or beyond it. As various
operations modulate the execution of other operations, the behavior of the whole
mechanism may begin to produce a complex dynamic pattern such as oscillatory
behavior or synchronization of independent oscillators. Mental simulation, even
when assisted by a diagrammatic representation of the mechanism, commonly fails
to provide accurate accounts of how such mechanisms will behave. In these circum-
stances it often proves highly useful to represent the mechanism in a computational
model and to run computer simulations to determine how the mechanism will
behave. I refer to explanations that rely on computational models to understand the
dynamic behavior of a mechanism as dynamic mechanistic explanations (Bechtel
and Abrahamsen 2010, 2011).2 In the case of complicated mechanisms, these
models may involve dozens or hundreds of differential equations. If appropriate
parameter values are employed, these equations may together accurately simulate
the behavior of the target mechanism. But often this accuracy comes at the expense
of reducing the intelligibility of the explanation.?

A further problem with mechanistic or dynamic mechanistic explanations of
mechanisms is that they are often developed for specific instances of the mechanism
that have been investigated. Typically in biology mechanistic research is pursued on
specific model systems or model organisms, which may not be the target of interest.
A model organism may be chosen because of what is already known about the model
organism, tools that have been developed for intervening on it, and the hope that the
mechanisms in it will be simpler (although not simple) and so more tractable than

2While recognizing that one might integrate them, Woodward (2013) emphasizes the differences
between more prototypical mechanistic approaches and those that adopt a more holistic perspective
in, for example, explaining the robustness of a biological system or the dynamical behavior of
a complex network. Woodward is right to emphasize the difference in research strategies and
assumptions of the two approaches. More traditional mechanistic approaches assume modularity of
the mechanism and dependence on the fine-tuned details of the system. In developing dynamical
models of integrated systems researchers typically abstract away from these details. My reason
for emphasizing their integration in dynamic mechanistic explanations is that many contemporary
biological explanations draw on both details about the components of the mechanism and the
dynamics of the integrated system, attempting to integrate the approaches that on their own make
different assumptions and pursue different research strategies.

3See Issad and Malaterre (2015, this volume) for a discussion of the explanatory force of dynamic
mechanistic explanations.
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those in the target. This raises the question of whether the mechanistic or dynamic
mechanistic account developed on the basis of research on the model system will
generalize to the target system. Typically there will be differences between the
model system and the target system, and researchers must assess whether these
differences matter. Researchers working with computational models involving non-
linearities recognize that often small changes lead to unpredicted major changes in
the behavior of the model. This points to the challenge in generalizing from the
model to the target.

To support generalizing results from the model to the target, researchers often
appeal to the conservation of the mechanism through phylogeny—the mecha-
nisms in contemporary are treated as variants that evolved through descent with
modification from a common ancestor. When the model organism has evolved
fewer additional components (as a result, for example, of gene duplications), it is
expected to provide a less complicated version of the mechanism of interest in the
target organism. The fact that the model is less complicated, however, points to
differences between the model and the target, making it important to independently
test the applicability of the explanation in the target system. The important issues
in generalizing from model organisms are increasingly the focus of philosophical
inquiry (Ankeny 2001; Ankeny and Leonelli 2011; Leonelli et al. 2014; Meunier
2012).

Another mode of generalization, which will be my focus here, is to abstract
from the specific details of the mechanism to identify the pattern of organization
(Levy and Bechtel 2013; Overton 2011). This has proven particularly valuable when
the non-sequential organization of a mechanism results in dynamical behavior and
researchers can explain that dynamical pattern as an expected consequence of a
particular mode of organization. As I will demonstrate, computational modeling
of the abstract mode of organization can contribute to the explanation of why
mechanisms implementing the form of organization exhibit the behavior they do.
But the key step is abstraction—Ileaving out details about the component parts and
operations so as to focus only on the organization and determine its implications.
Generalization then applies the information acquired through analyzing the abstract
pattern of organization to different mechanisms that implement that pattern.

A particularly powerful means of identifying the abstract organization of a
mechanism is to formalize the organization of the mechanism in graph-theoretical
terms.* A graph consists of a collection of nodes connected by edges. The nodes
represent entities, which in the case of a mechanism will include the component
parts but may also include any other entities with which the mechanism or its parts
interact. By treating different types of entities as nodes, a graph abstracts from the

“4Jones (2014) discusses graph representations of the topology of a system that are not intended to
be mechanistic but to identify such things as vulnerabilities of a system to disruption. While the
diagrams he discusses and those discussed below often abstract from the details of the mechanism
and thus provide a different type of understanding than do accounts of the parts and operations
of a mechanism, they nonetheless play an important role in understanding how, as a result of its
organization, a mechanism behaves either normally or when disrupted.
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specific nature of the parts. Edges represent relations between nodes, which in many
cases will be causal, although they may reflect correlations or even just the presence
of physical connections. When the edges are causal, they are directional and in the
case of a mechanism reflect the fact that an operation performed by one part or entity
has effects on another. As in the case of nodes, edges abstract from the specific
character of the operation.

As a basis for the discussion in subsequent sections, I present two examples
in which, in the pursuit of research on a mechanism, researchers formalized the
organization graph-theoretically. My goal at this stage is not to discuss the ways
in which such graphs are analyzed, but simply to show contexts in which they are
introduced. Working from slices examined with the confocal electron microscope,
White et al. (1986) mapped the entire nervous system of the nematode worm
Caenorhabditis elegans. The researchers identified 302 neurons and over 7,000
synapses. In the course of presenting their analysis, they employed many figures,
including microscopic images, showing individual neurons and their projections
in context. The last set of figures, however, abstracts from this detail and offers
six circuit diagrams of the nervous system, of which the one relating amphids
involved in chemoreception is shown on the top in Fig. 9.1. This circuit diagram
does maintain some detail of the actual nervous system (chemical synapses are
distinguished by arrows whereas gap junctions are represented by bar-ended lines,
sensory neurons are shown as triangles and interneurons by hexagons, and the
prominence of synapses is indicated by the number of cross-hatches on arrows using
ascale from 1 to 4), much of the detail has been removed so as to focus on the pattern
of connections.

Graph representations have also been developed to represent interactions
between genes and proteins in a number of organisms (for pioneering work in
this project, see Kauffman 1969, 1974). In developing the graph on the bottom in
Fig. 9.1, Jeong et al. (2001) drew upon four datasets of possible interactions between
proteins in Baker’s yeast Saccharomyces cerevisiae. The datasets mostly relied on
two-hybrid analyses to determine which proteins could interact. The nodes in this
graph represent 1,870 individual proteins and the edges show 2,240 interactions
(the coloring of the nodes will be discussed below).

In the sections that follow I will focus first on graphs such as these representing
whole mechanisms or even the larger systems in which mechanisms of interest
might be situated. In a later section I will turn to sub-graphs that show relations
between components within the larger graphs. In both cases, the focus will
be on how graph-theoretic tools for analyzing network organization reveal how
mechanisms that instantiate the organization exhibited in the graph will behave.
Although such analyses often employ mathematical models and simulations using
those models, I focus on the qualitative conclusions that are reached. In the final
section I show how the tools for sub-graphs can be employed after performing
suitable manipulations of whole-graphs of a mechanism.
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Fig. 9.1 On the top White et al. (1986) constructed a graph representation of that part of the
nervous system of C. elegans involved in chemoreception. chemoreception (Reprinted from White
et al., The Structure of the Nervous System of the Nematode Caenorhabditis elegans, Proceedings
of the Royal Society B, Biological Sciences, 314, Figure 21, by permission of the Royal Society).
On the bottom Jeong et al. (2001) proposed a graph representation of the largest cluster in the
protein interaction network of Saccharomyces cerevisiae, containing approximately 78 % of all
proteins (Reprinted by permission from Macmillan Publishers Ltd: Nature, copyright (2001))
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2  Whole-Graph Organization: Scale-Free Small Worlds

Since graphs such as those shown in Fig. 9.1 are based on evidence about a
particular set of entities and their connections or interactions, each is different.
At first it might not be apparent that one could develop generalizable insights
into how different networks will behave. Instead, one might expect that when
mechanisms have sufficient parts, the graph showing the interactions will be
different for each mechanism. Researchers might take advantage of the graph to
develop a computational model of how a mechanism instantiating that graph might
behave (Jones and Wolkenhauer 2012, demonstrate how scientists utilize graph
representations as guides in developing computational models), but not be able to
use them to generalize results from one mechanism to another. But pioneering graph
theorists in the mid-twentieth century developed ways of analyzing the behavior
of a few idealized forms of network organization that have proven very useful. A
common concern for much of this work was to understand how individual entities
(neurons or fireflies) that exhibit oscillatory behavior are able to synchronize their
oscillations depending on how the nodes are connected. Winfree (1967) developed
one of the first analyses by assuming that each of the nodes in the network is an
oscillator with its own intrinsic frequency and that each is weakly connected to
all the others. In his mean field model, each oscillatory node is treated as being
affected by the mean activity of the other nodes. He investigated what happened as
the strength of the connections between nodes is increased and demonstrated two
global transitions. At first some of the oscillators begin to exhibit synchronization
in their oscillation while later all of the oscillators become phase and amplitude
locked. Kuramoto (1984) further advanced the analysis of mean field models.

Although the mean field approach is often used as a first approximation, a
connection between each pair of nodes is not common in actual biological systems.
Connections are more likely to develop between some pairs of nodes than others.
Accordingly, Erdos and Rényi (1960) investigated networks in which connections
are established randomly and showed that if the number of connections is much
less than the number of nodes, only small, disconnected clusters of connected
nodes appear in which oscillators would synchronize. However when the number of
connections increases to approximately half the number of nodes, a phase transition
occurs and a single giant cluster emerges in which nodes all synchronize. Even
though most biological networks do not appear to exhibit random connectivity, the
idea that a giant cluster will emerge at such a phase transition has been applied
in analyzing networks such as protein interaction networks in yeast; the network
shown on the right in Fig. 9.1 shows such a giant cluster and leaves out nodes not
included in the giant cluster.’

3 A special case on which extensive research has been conducted are Boolean networks (networks
in which the behavior of a node is a Boolean function of the state of other nodes). See Derrida and
Pomeau (1986), Flyvbjerg (1988), Kauffman (1993), Luque and Solé (1997), Rohlf and Bornholdt
(2002) for analyses of Boolean networks.
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Yet other graph theorists focused on networks organized as regular lattices in
which nodes are connected only to their neighbors around a ring. Ermentrout and
Kopell (1984) demonstrated that such networks could generate traveling waves in
which oscillatory nodes around the ring would reach their maximum in succession.
This approach provided a powerful tool for explaining the traveling waves exhibited
in neuromuscular rhythms in the mammalian intestine as well as in the motor
behavior of species such as the lamprey (Kopell and Ermentrout 1988).

Not only do random networks and regular lattices exhibit different types of
behavior (synchronized activity versus traveling waves), they also exhibit patterns
of connectivity that have enabled subsequent researchers to place them along a
continuum. In the giant cluster of a random network, the number of edges that
must be traversed on average to get from one node to another (referred to as the
characteristic path length) is quite small whereas in regular lattices it is much
greater. On the other hand, around each node in a regular lattice there is a cluster
of highly interconnected nodes, whereas in a random network these clusters are
much smaller. The clustering coefficient measures the size of these clusters. The
short characteristic path length of random networks entails that activity across such
a network is integrated over a relatively short period of time but the low clustering
coefficient entails that there are no concentrated sets of nodes able to work together.
With the high clustering in regular lattices, nodes can collaborate on a given process,
but it takes much longer to relate the activity in one cluster to that occurring in
others.

Watts and Strogatz (1998) explored the region between these endpoints. Starting
from a regular lattice such as is shown on the left of Fig. 9.2 they investigated
what happened as they replaced local connections with long-range connections and
discovered that the characteristic path length dropped rapidly as the percentage of
connections were replaced but that the clustering coefficient remained high until
a much higher percentage was replaced. Watts and Strogatz referred to networks
in this intermediate range as small-world networks. They argued that a host of
real world networks exhibited small-world properties including not only the neural
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Fig. 9.2 The graphs on the left illustrate how small world networks are intermediate between
regular lattices and random networks. One can view small-world networks as resulting from
rewiring a few edges in a regular lattice. As illustrated on the right, as the probability of rewiring
increases, the characteristic path length drops rapidly but the clustering coefficient remains
high. This intermediate region is where small worlds are found. (Reprinted by permission from
Macmillan Publishers Ltd: Nature, copyright (1998))
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network in C. elegans shown in Fig. 9.1, but also the electric power grid of the
Western U.S. and networks of co-appearance of actors in films. They also addressed
the functional significance of small-world organization, showing for example that
infectious diseases would spread much more rapidly in a small-world network than
in a regular lattice. In addition, they highlighted the computational power of such
networks. The key idea is that nodes that are highly clustered can be organized into
appropriate sub-networks for executing particular information-processing tasks but
that, as a result of the short characteristic path length, the nodes can be modulated
by activity occurring elsewhere.

The two measures Watts and Strogatz introduced—characteristic path length and
clustering coefficient—provide potent general measures for assessing the behavior
of any systems, including mechanisms, organized in such networks. Subsequently
Barabasi and his colleagues addressed another measure of network architecture—
node degree. This is a measure of the number of edges linking a given node.
Specifically, Barabasi focused on how node degree is distributed in a network.
Investigations of random networks by researchers such as Erdos and Rényi assumed
that node degree was distributed in a Gaussian fashion over a fairly narrow range. In
such cases there is a characteristic scale at which the network can be analyzed—that
is, at which component patterns can be identified. But Barabdsi and Albert (1999)
discovered that in many real world networks, including the protein interaction
network shown on the bottom in Fig. 9.1, node degree is distributed according to a
power-law function so that most nodes have only a limited number of connections to
other nodes while a very few have a very large number. These networks are referred
to as scale-free since there is no characteristic scale at which the pattern of network
activity can be identified. Barabdsi’s initial interest seemed to be in the robustness
of scale-free networks to random damage. A random removal of a node or edge
would typically have little effect on the overall network. For example, mutations in
the proteins shown in yellow and green in the protein interaction network in Fig. 9.1
have little or no detectable effects on the life of the yeast. These are by far most of
the proteins. Those shown in red, on the other hand, are required for the cell to live
while eliminating those shown in orange significantly affect growth. The red and
orange nodes typically have a far higher node degree.

When node degree is distributed according to a power-law, networks tend to have
modules organized around hubs. Hubs are highly connected nodes through which a
large amount of the activity in a system flows. Two different types of hubs can be
distinguished. Those with high clustering coefficients serve to coordinate activity
within a module and are often referred to as provincial hub. Others, however, serve
primary to link between modules, and are referred to as connector hubs. In many
networks, including brain networks that I discuss below, there are not sufficient
numbers of units to demonstrate true scale-freeness. But as long as some units have
many more connections than others, hubs will likely result and will be important
for understanding the behavior of the network. These networks can thus be regarded
as having scale-free characteristics even if they are too small to show true scale-
freeness.
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I will illustrate the use of these different tools for understanding the functioning
of mechanisms by focusing on research on the primate brain. Beginning with
the pioneering research of Hubel and Wiesel (1962, 1968), who recorded from
individual neurons in the region now known as V1 while presenting visual stimuli
and demonstrated that neurons in this region responded to edges in visual scenes,
researchers have identified a large number of brain regions important to visual
processing, extending from the occipital lobe into the parietal and temporal cortex,
and including a few frontal areas. Felleman and van Essen (1991) synthesized
information about 32 cortical regions in the Macaque monkey involved in visual
processing and the anatomical connections between them into the matrix shown on
the left in Fig. 9.3. Pluses indicated the existence of a connection between the area
listed on the left of each row and the area indicated at the top of each column. Visual
inspection reveals clusters of areas that are interconnected. Although Felleman and
van Essen did not themselves apply the measures discussed above, Sporns and Zwi
(2004) calculated path length and clustering and showed the network described
met the conditions for a small world. They applied similar measures and reached
a similar conclusion about the matrix they developed for the whole Macaque
brain based on data from Young (1993), shown on the right in Fig. 9.3. They
also focused on sub-regions in these matrices and showed that some regions have
different properties. Thus, V4 exhibits both a short path length and a low clustering
coefficient, characteristic of random networks. This suggests it is a connector hub.
Area A3a in the somatosensory cortex, on the other hand, is only connected to
Al and A2, which are themselves connected, giving it a long path length but high
clustering. It is a provincial hub.

Techniques such as diffusion imaging and tractography have made it possible
to identify in non-invasive ways interconnections of brain regions, enabling the
extension of the approach to humans. Analyses of the networks identified through
these techniques indicate again the existence of a small-world architecture with
scale-free properties. Sporns et al. (2005) introduced the term connectome for these
efforts at identifying and analyzing connectivity of the brain. One particularly
intriguing finding from these studies which exhibits the usefulness of analyzing
brain connectivity in a graph-theoretical manner was the discovery by Hagmann
et al. (2008) of a set of hub regions along the anterior-posterior medial axis of the
human brain which includes the rostal and caudal anterior cingulate, the paracentral
lobule, and the precuneus. These regions are connected to each other and taken
together connect to virtually all the other cortical areas in both hemispheres. This
suggests the existence of a central network that is important for directing and
coordinating information processing throughout the brain. Focusing on these areas
promises to reveal how the brain coordinates specialized processing mechanisms
located in different areas of the brain, enabling them to work together as needed to
perform specific tasks.

The connectome project has focused primarily on anatomical connections, but a
major reason for identifying anatomical connections is the assumption that these
connections are likely to be important in coordinating functional activities in
the brain. Bullmore and Sporns (2009) have proposed a strategy for developing
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Fig. 9.4 Bullmore and Sporns (2009) proposal of a method for integrating structural and
functional connectivity analyses. From each approach a graphical representation is constructed
whose similarities can then be accessed. Reprinted by permission from Macmillan Publishers Ltd:
Nature Reviews Neuroscience, copyright (1991)

comparable graphs of functional relations that can then be correlated to the structural
graphs (see Fig. 9.4). The key to doing so is to employ techniques that provide time-
series data of brain activity. EEG, which detects oscillations in electrical potentials
in the 1-100 Hz range, offers one such measure. However, it is difficult to link EEG
activity to specific brain regions. fMRI provides far greater localization of activity
in the brain, but in initial applications was not used to support time-series analysis.
When Biswal et al. (1995) did perform time series analyses on successive scans,
they discovered ultraslow oscillations (<0.1 Hz) in sensorimotor areas that were
correlated across hemispheres. At about the same time Raichle and his colleagues
began studying people lying quietly in the scanner not performing a task (a condition
referred to as the resting state). Shulman et al. (1997) identified several regions
that exhibited greater BOLD signal in the resting state than in task conditions: the
junction of precuneus and posterior cingulate cortex, the inferior parietal cortex,
the left dorsolateral prefrontal cortex, a medial frontal strip that continued through
the inferior anterior cingulate cortex, the left inferior frontal cortex, the left inferior
frontal gyrus, and the amygdala. Since these areas were more active in the absence
of a task, they interpreted them as constituting the brain’s default mode network
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(the network of brain regions active in non-task conditions).® Cordes et al. (2000)
developed the technique of functional connectivity MRI (fcMRI) analysis in which
they identified correlations in the oscillations in resting state BOLD signal between
regions and interpreted those areas whose activity was correlated as constituting
functional networks. Greicius et al. (2003) applied this approach to the default
mode network and demonstrated correlated resting state activity between the regions
identified as part of the default mode network. In a subsequently study Greicius
et al. (2009) integrated fmMRI studies to diffusion tensor imaging of structures to
establish structural connections between regions identified as parts of the default
mode network, thereby implementing Bullmore and Sporns’ proposed approach.

Other researchers have identified several additional networks whose activity
is correlated in the resting state (Mantini et al. 2007). van den Heuvel et al.
(2009) directly compared nine networks found in the resting state with diffusion
tensor imaging scans and found that “well-known anatomical white matter tracks
interconnect at least eight of the nine commonly found resting-state networks,
including the default mode network, the core network, primary motor and visual
network, and two lateralized parietal-frontal networks.” Analyzing these networks
graph-theoretically, He et al. (2009) found that the combined networks exhibited a
small-world architecture with modules characteristic of scale-free networks, but that
the individual modules exhibited different architectures that might be appropriate for
the computations each performs.

In this section I have focused on graph-theoretical formalization of whole
networks that represent mechanisms either individually or as constituents of larger
systems such as the brain. Starting with tools to analyze random networks or regular
lattices, graph theorists have developed measures such as the characteristic path
length, the clustering coefficient, and the distribution of node degree. Using these
measures, they have revealed small-world networks with scale-free characteristics
such as nodes and hubs in many biological systems. Appeals to such features
support generalizing conclusions about how mechanisms behave across different
mechanisms that instantiate the same graph structure with different component parts
and operations.

3 Sub-graph Organization: Motifs

In addition to ways of characterizing the organization found in whole graphs
and showing the consequences different organizations have for the functioning of
mechanisms exhibiting such organization, researchers have also begun to focus on
sub-graphs embedded in these larger graphs that can be shown to yield specific

5The one type of task that yields comparable activation in these regions are episodic memory tasks,
resulting in the suggestion that while resting quietly in the scanning individuals are remembering
events in their lives or planning future events (see Buckner et al. 2008).
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types of behavior. Until near the end of the twentieth century, only one such pattern,
negative feedback, in which an edge from a subsequent node in a pathway has
an inhibitory effect on one earlier in the pathway, had been subject to systematic
analysis. Pioneering cyberneticists saw this as a mode of organization that could
keep a process at a target level and Rosenblueth et al. (1943) argued that it was a
design capable of explaining the apparent teleology or goal directness of various
biological or engineered systems. While negative feedback was soon recognized
as a common mode of organization in many biological systems, few biologists
attended to another feature of negative feedback that physicists and engineers had
identified—its capacity to support oscillations. Among the exceptions was Goodwin
(1965), who analyzed negative feedback with a particular emphasis on conditions,
such as non-linear interactions, that would generate sustained oscillations.

A major impetus for research on additional sub-graph structures with char-
acteristic effects on mechanism behavior was a mode of analysis developed by
Alon in his investigation of gene transcription and protein interaction networks
in bacteria and yeast (for a comprehensive overview, see Alon 2007a). Figure 9.5
shows a network that represents about 20 % of the transcription interactions in E.
coli; the nodes are genes and edges are included when the product of one gene
regulates the transcription of another. Alon and his collaborators identified a number

Fig. 9.5 Network representation of approximately 20 % of the transcription interactions in E. coli.
The nodes represent genes and an edge indicates that the product of one gene exhibits regulatory
effects on those of another. (Figure from Professor Uri Alon, who kindly has provided permission
to reproduce it here)
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of “recurring, significant patterns of interconnections” within sub-graphs (of 1-
4 nodes) that appeared far more frequently than would be expected by chance
(Milo et al. 2002, p. 824). He calculated the frequency expected by chance by
counting how often these patterns occurred in randomly constructed networks of the
same degree of node connectivity and devised an algorithm for searching databases
specifying network connectivity for unusually frequently occurring subgraphs.
Shen-Orr et al. (2002, p. 64) applied the term motif to these sub-graphs: “We
generalize the notion of motifs, widely used for sequence analysis, to the level of
networks. We define ‘network motifs’ as patterns of interconnections that recur in
many different parts of a network at frequencies much higher than those found in
randomized networks.”’

Figure 9.6 illustrates three variations of a three-node sub-graph known as the
feedforward loop that Mangan et al. (2003) reported as occurring in “hundreds of
non-homologous gene systems” in the full transcription network of E. coli. This
motif consists of three nodes representing operons in which the first (X) responds to
an input signal (S) by producing a transcription factor that both regulates an operon
for producing an output protein (Z) and an intermediate operation (Y) which also
produces a transcription factor that regulates the output. The edges between operons
can represent situations in which the first activates or inhibits the second. Making

Coherent Feedforward Loops Incoherent Feedforward Loop
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A AND-gate —3  Activation

Fig. 9.6 Three versions of the feedforward loop motif investigated by Alon and his collaborators

OR-gate — Repression

7See also Braillard (2015, this volume) for a discussion of the heuristic and explanatory role of
such motifs and more generally of modules in biology.
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only very general assumptions about the component parts and operations (e.g., that
each node represents a molecule that is synthesized proportional to the input that
is received on the edges coming into it, that it takes time for the concentration of
the molecule to build up, and that the triangular nodes operate as either AND or
OR gates), Shen-Orr et al. (2002) demonstrated with a Boolean analysis that the
motif on the left operates as a persistence detector. That is, it ensures that synthesis
of product Z does not begin unless the input to X endures for some time. Only then
will Y also accumulate so that both inputs to the AND-gate regulating Z are present.
If the input to X is transient, by the time Y responds sufficiently to provide input to
Z the input from X will have degraded.

By changing the AND-gate to an OR-gate, as illustrated in the middle of Fig. 9.6,
the motif provides a buffer against interruption of the input to X. Keeping an AND-
gate for the output operon but making the effect of Y on Z repression results
in a motif that generates pulses.® These motifs are simple enough that one can
simulate their functioning mentally. But Alon and his collaborators also provide
computational simulations to support their assessment. They further identified
specific instances in which the motif occurs in E. coli and showed how the imputed
function is appropriate for controlling the particular operon occurring at Z. Thus,
Mangan et al. (2003) identify the network on the left in Fig. 9.6 as occurring in the
operon regulating the arabinose operon in which it is important not to commence
the synthesis of the enzymes required to metabolize arabinose unless the absence of
glucose, that plays the role of X, is sustained. Kalir et al. (2005) report that the motif
in the middle occurs in the system regulating the construction of the flagellum where
it ensures that the construction will continue until completion even if the initiating
signal is interrupted. Finally, Mangan et al. (2006) identify the motif on the right
as occurring in the galactose utilization system to generate a pulse of the needed
enzyme galE when glucose is absent and galactose is present.

Alon and his colleagues have explored various ways in which motifs can be
extended (Alon 2007b). For example, X could be replaced by two units, each
of which sends inputs to Y and Z. This pattern occurs frequently in the E. coli
transcription network. Or Z could be replaced by two or more outputs. This occurs
frequently in the C. elegans neural network. A variant occurs in the mechanism
for creating the flagellum in bacteria such as E. coli. The flagellum is a complex
structure of nearly three-dozen parts that is built, for the most part, from the
membrane out (Berg 2004; Macnab 2003). Each part must be added in sequence,
which Shen-Orr et al. (2002) demonstrate can be achieved by a multi-output
feedforward loop where the different outputs are regulated by parameters that set
thresholds for response (see Fig. 9.7). By increasing threshold parameters K; to

8In his analysis of the neural network in C. elegans that he helped identify (discussed above),
White (1985) identified the frequent occurrence of the feedforward loop and considered the case in
which the connection from Y to Z was inhibitory. He proposed X would initially elicit a response
from Z, but this would be soon be suppressed as a result of the negative connection from Y to Z.
He suggests: “The whole system would therefore act as a differentiator, the output from [Z] being
proportional to the rate of change of stimulus. As the animal is constantly moving, this reformation
is probably of more value to it than an absolute measure of the stimulus.”
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Fig. 9.7 Multi-output feedforward loop. Threshold parameters K; to K, determine the order in

which operons Z; to Z, are activated while threshold parameters K/1 to K; determine the order in
which they are turned off

NN

Fig. 9.8 Five different 3-node subgraphs that occur especially frequently in different networks
and so qualify as motifs on Alon’s approach

K, on the connection between X and each of Z; to Z, it is possible to begin
each synthesis in order as the input from X increases over time (each successive
Z becomes active only when the input from X has exceeded its threshold). If K;
to K, were the only thresholds employed, when X declined, Z,, would be the first
to stop. But it is also important to stop the activity required to build the first part
when it is completed. This is achieved by decreasing the parameters K/1 to K; on the
connection between Y and each of Z; to Z,,. Now the first Z, to fall below threshold
will be Z;. The resulting arrangement Shen-Orr et al. refer to refer to as first in, first
out.

A key point of Alon’s analysis is that different sub-graphs meet the frequency
condition for being a motif in different systems. Of the 13 possible sub-graphs
connecting 3 nodes, in the E. coli transcription network only variants of the
feedforward loop occur at a frequency more than 10 standard deviations above the
mean frequency found in randomly constructed networks (and just 1 of 199 possible
sub-graphs connecting 4 nodes, the bi-fan, meets this condition). But in food web
networks, a simple chain (shown on the top in Fig. 9.8) meets this standard, and in
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electronic circuits the feedback loop (second from the left) qualifies. In their analysis
of the connectivity of brain regions in the cat and monkey cortex, Sporns and Kétter
(2004) report that the dual dyad (middle) occurs frequently, although its occurrence
is most frequent when the apex node is a hub region.’ In the C. elegans nervous
system the two sub-graphs shown on the right are especially frequent.

In differentiating sub-graphs as motifs, Alon required that they occur in a given
graph far more frequently then would be expected by chance. The motivation for this
appears to be to provide the basis for proposing that motifs are adaptations promoted
by natural selection. Several commentators have challenged use of random networks
as a basis for establishing that motifs are adaptations (Artzy-Randrup et al. 2004;
Solé and Valverde 2006).!° However, one need not be an adaptationist to look to
the analysis of sub-graphs to understand the design principles found in biological
mechanisms (see Green et al. 2015). The analysis that Alon provides as to how
sub-graphs function does not depend on motifs being adaptations or even occurring
frequently. Even if a sub-graph occurs infrequently in a network, it can still perform
the function revealed by mental or computational simulation of it. Accordingly,
several researchers have generalized the concept of a motif to apply to small sub-
graphs independently of their frequency of occurrence. Tyson and Novak (2010),
for example, have developed differential equation models to explore the behavior of
all two and three unit sub-graphs over a range of parameter values. A particularly
interesting example from their analysis is the double-negative feedback sub-graph
shown on the left in Fig. 9.9. For a range of parameter values, as illustrated on the
right, this motif yields a bi-stable toggle switch—it has two stable configurations
between which it can flip between but where the activation of S needed to turn on
unit R is much higher than that which turns it off. In the case shown, S must be
increased above Q,¢qvae to turn R on, but it must decrease below Qjpactivate tO turn
R off. Such a sub-graph is extremely useful in situations in which it is important
to maintain directionality in a process that will eventually repeat (such as the
eukaryotic cell cycle) as it prevents temporary drops in the input from reversing
the output but allows substantial drops to do so.

Beginning with Alon’s work, researchers have analyzed sub-networks of 2—4
units and shown distinctive ways each functions by means of mental simulations
and computational analyses. This provides a powerful tool for analyzing how
different modes of organization found in mechanisms will affect the behavior of
these mechanisms. As with whole-graph analyses, these analyses abstract from the
details of the components found in the network and so, subject to certain minimal
conditions, can be applied to any networks in which the sub-graphs are found.

9They report that computational analyses show that dual dyads are particularly effective in
promoting zero phase-lag synchrony over long distances, which is important if hubs are to
coordinate synchronous activity between brain regions.

10Ward and Thornton (2007) propose a possible origin of feedforward loops from another motif
the authors term the bi-fan array to genome-wide duplication followed by random rewiring. This
provides an explanation for their occurrence that doesn’t depend on selection, although Ward and
Thornton do not deny that selection may have also favored these motifs.
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Fig. 9.9 The double negative feedback loop. The signal S and the response R each inhibit the
other. With appropriate parameter values, this motif gives rise to a bi-stable switch in which the
value of the signal must rise above Q,ctivaee for R to turn on, but once on it must decrease below
Qinactivate before R turns off

4 Manipulating Whole-Graph Representations
to Extract Motifs

In the examples discussed above, motifs were identified directly by analyzing
the graphical representation of the mechanism. But in some cases investigators
need to perform a series of operations on an initial graphical representation to
identify motifs. I offer an example from circadian rhythm research in which such
manipulations of a graphical representation have provided new insights into the
working of the mechanism.

Circadian rhythms are endogenously generated oscillations of approximately 24-
h that can be entrained to local cues such as light exposure and that regulate a wide
range of physiological activities and behaviors. The critical mechanism is located
within individual cells. As a result of the discovery of a gene (period or per) in which
mutations resulted in aberrant circadian behavior in fruit flies (Konopka and Benzer
1971) and subsequent discovery that the mRNA and proteins synthesized from
this gene oscillated with an approximately 24-h period, researchers hypothesized
a transcriptional-translational feedback mechanism (Hardin et al. 1990). On this
proposal, the protein PER synthesized from per mRNA feeds back to inhibit the
transcription of per by interfering with activities at its promoter site (see the left
side of Fig. 9.10). When PER finally breaks down, the inhibition is relaxed and
transcription begins again. With appropriate time delays and non-linear interactions,
Goldbeter (1995) showed that this mechanism could generate sustained circadian
rhythms. However, subsequent research has revealed many more components to
the mechanism involving multiple interacting feedback loops. The feedback loop
involving Per is shown in the upper quadrant of the diagram on the right in Fig. 9.10
where it is now accompanied by, among other things, a positive feedback loop that
produces the CLOCK:BMALI dimer that binds to the promoter on Per-.
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Fig. 9.10 The simple transcription-translation feedback loop as initially proposed by Hardin et al.
(1990) is shown on the top. On the bottom is a representation by Zhang and Kay (2010) of the
mammalian clock mechanism as it was understood circa 2005. (Reprinted by permission from
Macmillan Publishers Ltd: Nature Reviews Molecular Cell Biology, copyright (2010))

A notable feature of both representations in Fig. 9.10 is that time is not explicitly
represented. Rather, the viewer must follow through the sequence of operations
to understand how the processes are carried out over a 24-h period. With one
feedback loop, as on the fop in Fig. 9.10, this is not too difficult, but with multiple
feedback loops, as shown on the bottom, this becomes increasingly challenging.
Activities are occurring in several feedback loops at the same time, and the figure
provides no support for determining when each occurs in relation to the other. As
a result, it becomes increasingly hard to understand what about the mechanism
generates oscillation. In an attempt to understand the systemic organization of this
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mechanism that generates oscillation, Ueda and his colleagues developed a different
technique for representing the mechanism. Instead of focusing on the feedback loops
themselves, they focused on what they call clock controlled elements (CCEs): the
short DNA sequences shown near the promoter region of clock genes on the right in
Fig. 9.10 and labeled E-box, D-box, and RRE. Each of these adjoins the promoter
of a number of clock genes and in turn is regulated positively or negatively by
another, partially overlapping set of clock genes. Using a cell-culture system in
which a firefly luciferase reporter was inserted downstream of the clock-controlled
promoters, Ueda et al. (2005) determined the circadian time of peak activity for each
CCE: the E/E'-box regulates gene expression in the morning, the D-box regulates
gene expression 5 h later in the evening, and the RRE regulates expression 8 h later
during the night.

Given the distinctive timing at which each CCE regulates transcription, Ueda
and his colleagues put them at the center of their graphical formalization of the
mechanism (see the left side of Fig. 9.11). Time can be visualized as moving
clockwise around the triangle formed by the three CCEs. The various transcription
factors that regulate a CCE are shown around it—those that serve to activate a
particular CCE are shown in green ovals and linked to it with green arrows while
those that repress it are shown in red ovals and linked to it with bar-ended lines.
There is a grey line from the node for the CCE to the transcription factors of
the genes with which the CCE is associated. As an illustration, there are grey
lines between the E/E’-box and the D-box to Perl (indicating that both boxes
figure in its regulation). There is also a red arrow back to the E/E’-box, indicating
that Perl represses the E/E/-boxes. This graphical formalization renders the clock
genes/proteins simply as intermediaries between the three CCEs. This is further
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Fig. 9.11 On the left is Ueda’s re-representation of the mammalian circadian clock mechanism
in which the clock controlled elements (CCEs) are shown as rectangles in the center with grey
lines linking the CCEs to the transcription factors whose genes they regulate and green and red
arrows represent the effect of these transcription factors on other CCEs. On the right the details of
the intermediary transcription factors are removed to reveal the minimal circuit shown at the fop,
which is then decomposed into two component circuits (Reprinted from Minami et al. 2013, With
kind permission from Springer Science and Business Media)
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illustrated by the minimal circuit diagram shown on the right in which there are
excitatory and inhibitory arrows between two CCEs if there is a gene/protein
associated with one CCE that has such an effect on the other CCE. For example,
there is a green arrow between the E/E’-box and the D-box since the E/E-box is
associated with Dpb and DPB is an activator of the D-box.

The point of this graphical formalization of the clock mechanism is to advance
an explanation of how this mechanism is able to generate oscillatory behavior. Ueda
shows that the minimal circuit can be treated as a composite of the two component
circuits shown on the bottom right in Fig. 9.11—the repressilator and delayed
negative feedback. Although these circuits are intended to be simplifications of
complex networks, they have the same form as motifs for specific circuits. In both
computational models and synthetic models, each has been shown to give rise to
sustained oscillations (Elowitz and Leibler 2000; Stricker et al. 2008). When their
analysis reveals the same circuit structure in these larger networks, Ueda and his
colleagues conclude that the occurrence of the circuit structure in those networks
explains their oscillatory behavior.

As this case indicates, researchers sometimes find it useful to modify the initial
graphical formalization of a mechanism to reveal the underlying graph structural
that explains the behavior of the mechanism. Thus, in this case, researchers started
with a graph formalization in which all of the transcription factors were indicated
(although this formalization already simplified by not distinguishing between the
genes and the transcription factors). This was already an innovative formalization
since it put the CCEs at the center. But the researchers then abstracted further,
collapsing all the transcription factors linking one CCE to another into a single
edge. This resulted in a minimal circuit that the researchers could further decompose
into two motifs, already known from work on sub-graphs to be able to generate
oscillations. The fact that they were able to reduce the whole network as formalized
in a graph to two motifs known to generate oscillations enabled researchers to
advance an distinctive explanation of how the much more complicated whole
mechanism operates as a circadian clock. On their account, it is the fact that
the relations between CCEs instantiate appropriate motifs that explains circadian
rhythmicity.

5 Conclusions

A challenge in mechanistic research is how to generalize explanations developed
for particular mechanisms occurring in specific tissues or organisms to mechanisms
that employ similar modes of organization. Each type of mechanism (e.g., the
mechanism for generating circadian rthythms in mouse SCN cells) employs its own
mode of organization and this would seem to require an idiosyncratic explanation
for each specific mechanism. When mechanisms employ parts that behave similarly,
this knowledge can be generalized, but it has not been clear how one could do this
for organization. Graph-theoretic approaches, however, are providing powerful tools
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for formalizing organization patterns. By formalizing a given mechanism in a graph
in which the parts are nodes and the interactions are edges, investigators abstract
from the details of the specific parts and operations. Making minimal assumptions
about the operations represented in edges, researchers can often draw inferences
about how any mechanism exhibiting that organization will behave. Moreover, they
can generalize across graphs by showing, for example, that despite differences, a set
of properties is shared by the graphs that result in the same pattern of behavior. Once
researchers have analyzed how mechanisms instantiating a graph structure or related
graph structures behave, they can generalize that explanation to other mechanisms
that instantiate the same abstract structure.

I have focused on graph theoretic analyses both of graphs representing whole
mechanisms or networks of mechanisms and of sub-graphs found within larger
graphs. By employing measures such as the characteristic path length, the clustering
coefficient, and degree distribution, researchers have been able to classify whole-
graphs and demonstrate some of the expected properties of these graphs when
realized in different systems. In particular, research on scale-free small-world
networks provides ways to understand both the specialized processing capacities
within a larger system and the ways in which these modulate each other to achieve
coordinated function. By focusing on sub-graphs of just a few nodes, researchers
have demonstrated patterns of behavior different sub-graphs or motifs are expected
to produce such as buffering against noise or executing operations in sequence.
These can be applied to any network in which the motif is realized. I concluded with
an example that showed how researchers have found ways to manipulate whole-
graphs to reveal patterns of organization whose behavior is well understood. They
then appealed to these organizational patterns to explain the behavior of the whole
mechanism.

As biologists have discovered more and more complicated mechanisms incor-
porating non-linear interactions of components, the challenge of explaining their
behavior has increased. Computational modeling has resulted in dynamical mech-
anistic analyses that attempt to integrate details about parts and operations and
information about how these are organized. Graph theoretic approaches provides
additional resources, enabling researchers to identify common abstract graph
structures in different mechanisms and generalize the results developed for one
mechanism to other mechanisms sharing that structure.
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Chapter 10
Mathematical Explanation in Biology

Alan Baker

Abstract Biology has proved to be a rich source of examples in which mathematics
plays a role in explaining some physical phenomena. In this paper, two examples
from evolutionary biology, one involving periodical cicadas and one involving bee
honeycomb, are examined in detail. I discuss the use of such examples to defend
platonism about mathematical objects, and then go on to distinguish several different
varieties of mathematical explanation in biology. I also connect these discussions to
issues concerning generality in biological explanation, and to the question of how
to pick out which mathematical properties are explanatorily relevant.

Keywords Mathematical explanation * Biology ¢ Indispensability ¢ Optimization

1 Introduction

As is the case for most areas of contemporary science, biology is permeated with
mathematics. This situation has potentially interesting implications both for biology
and for mathematics. My focus in this paper is on explanation, and in particular on
the explanatory role that mathematics sometimes plays in the context of biological
theorizing. Philosophers interested in scientific explanation have started to look in
more detail at biology as a potential source of test cases for more general theories
of scientific explanation. And recent philosophical debates over the nature and role
of scientific models have engaged with the issue of the explanatory role of models,
in biology and elsewhere.

Philosophical investigation of the role of mathematics in empirical science
has the potential to cast light not only on scientific methodology but also on
epistemological and metaphysical issues concerning mathematics itself. Interest
among philosophers in the topic of applied mathematics has been steadily increasing
over the past several decades, spurred on initially by Quine and Putnam’s so-called
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“Indispensability Argument” for platonism about mathematics.' In its contemporary
guise, platonism is the view that abstract mathematical objects exist in some
objective sense, and that the goal of mathematics is to give a true description of
the realm of mathematical abstracta. According to the Indispensability Argument
(IA), we ought rationally to believe in the existence of mathematical objects if we
are scientific realists, because quantification over such objects is indispensable to
our best scientific theories. Put another way, our grounds for believing in numbers
are analogous to our grounds for believing in electrons. Each kind of object plays
an indispensable role in science.

Early reaction to IA focused on the further reaches of theoretical physics, because
it is here that the most complex and sophisticated mathematical apparatus tends
to be employed. Philosophers unsympathetic to platonism (often referred to as
nominalists, or — more recently — as fictionalists) tried to show how quantification
over mathematical objects might be avoided. Perhaps the most well-known example
of this kind of project is that undertaken by Hartry Field in his book, Science
Without Numbers, where he showed — among other things — how Newtonian
gravitational theory might be formulated in a manner that was free of ontological
commitment to mathematics.” Defenders of IA pointed out that physics has become
much more entangled in mathematics since Newton’s time. What about the curved
geometries of general relativity, or the infinite-dimensional Hilbert spaces of
quantum mechanics?

Rather than meet this challenge head on, a second wave of nominalists took a
different tack, arguing that more attention needs to be paid to what role mathematics
is actually playing in science. Returning to the earlier analogy between numbers and
electrons, electrons are not merely indispensable but they also play an explanatory
role in science. For example, we can explain the track in the cloud chamber by
positing that an electron was emitted by the source material. Quine’s holism led him
to largely ignore the details of which role was played by which theoretical posits
in science. For the second-wave nominalists, this was a crucial mistake: we can
legitimately resist commitment to abstract mathematical objects unless they play an
indispensable explanatory role in science. According to such nominalists, there are
no genuine mathematical explanations in science. Hence nominalism can be upheld
without any need to reformulate our scientific theories.’

With this new twist on IA, attention switched away from theoretical physics to
other areas of science, and to biology in particular. I shall return in Sect. 4 to consider
the question of why biology is such a fertile ground for putative mathematical
explanations. For the moment, however, I simply note that the most widely discussed
examples of mathematical explanation in science have biological subject matter, as

IColyvan (2003) gives a good overview of the Indispensability Argument.
2Field (1980).
3Melia (2000, 2002).
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we shall see shortly.* As a consequence, the nature of biological explanation has
become a topic of considerable interest to many philosophers of mathematics.

The plan for this paper is as follows. In Sects. 2 and 3, I present and briefly
discuss two cases of mathematical explanation in biology that have been prominent
in the recent philosophical literature. The first concerns the life-cycles of periodical
cicadas, and the second concerns the honeycomb-building behaviour of bees. In
Sect. 4, I discuss the role of generality in explanation, and say a bit more about the
different types of mathematical explanation within biology. In Sect. 5, I take up the
question of why biology is so rich in mathematical explanations. In Sect. 6, I look
at how to determine which mathematical features of a given biological phenomenon
are genuine targets of explanation. I conclude, in Sect. 7, with some remarks about
future directions for philosophical investigation into the role of mathematics in
biological explanation.

2 Periodical Cicadas

The first case study, featuring a genuinely mathematical explanation of a biological
phenomenon, is drawn from evolutionary biology. Its subject is the life-cycle of
the North American ‘periodical’ cicada. Three species of cicada of the genus
Magicicada share the same unusual life-cycle. In each species the nymphal stage
remains in the soil for a lengthy period, then the adult cicada emerges after either
13 or 17 years depending on the geographical area. Even more strikingly, this
emergence is synchronized among all members of a cicada species in any given
area. The adults all emerge within the same few days, they mate, die a few weeks
later and then the cycle repeats itself.

Biologists have long found features of the life-cycle of periodical cicadas
mysterious, and this is reflected both in the substantial literature devoted to this
topic and in biologists’ specific remarks.> There are at least five distinct features of
this life-cycle for which explanations have been sought by biologists;

(1) The great duration of the cicada life-cycle.
(i) The presence of two separate life-cycle durations (within each cicada species)
in different regions.
(iii) The periodic emergence of adult cicadas.
(iv) The synchronized emergence of adult cicadas.
(v) The prime-numbered-year cicada life-cycle lengths.

4See for instance Breidenmoser and Wolkenhauer (2015, this volume) who stress the importance
of theorems such as the “robustness theorem” in biology, and Issad and Malaterre (2015, this
volume) who emphasize the explanatory force of mathematical derivation in dynamic mechanistic
explanations.

SFor example, that “periodical cicadas are among the most unusual insects in the world”
(Yoshimura 1997, p. 112).
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Features (i) and (ii) concern the temporal range of the life-cycle. Biologists have
argued that the long life-cycle of Magicicada is due both to the poor availability
of nutrients for nymphs, and to the low soil temperatures for much of the year.
Together these environmental stresses force nymphs to spend several years maturing
into adults. Thus both (i) and (ii) seem explicable in terms of specific ecological
constraints.

Features (iii) and (iv) concern coordination of the life-cycles of different individ-
uals. Given that cicada nymphs require several years to develop into adults, and that
the adult stage is very brief, having a fixed periodic emergence is advantageous
in terms of maximizing mating opportunities. It ensures that the offspring of a
particular mating generation will all appear at the same time, several years down the
line. Synchronization makes sense for the same reason. Especially in areas which
can support only a sparse population of cicadas, staggering different subpopulations
to emerge at different times may produce so few adults at any one time that it is
difficult to find mates. These explanations of (iii) and (iv) rely on (evolutionary)
biological ‘laws’ which potentially apply to any organism with a long life-cycle and
brief adult stage.

This leaves feature (v) to be explained, and with it one key question to be
answered: why are the life-cycle periods prime? In other words, given a synchro-
nized, periodic life-cycle, is there some evolutionary advantage to having a period
that is prime? In seeking to answer this question, biologists have come up with two
basic alternative theories.

An explanation of the advantage of prime cycle periods has been offered by
Goles, Schulz and Markus (henceforth, GSM) based on avoiding predators. GSM
hypothesize a period in the evolutionary past of Magicicada when it was attacked
by predators that were themselves periodic, with lower cycle periods. Clearly it is
advantageous — other things being equal — for the cicada species to intersect as rarely
as possible with such predators. GSM’s claim is that the frequency of intersection
is minimized when the cicada’s period is prime;

For example, a prey with a 12-year cycle will meet — every time it appears — properly

synchronized predators appearing every 1, 2, 3, 4, 6 or 12 years, whereas a mutant with a
13-year period has the advantage of being subject to fewer predators.®

A second explanation, proposed by Cox and Carlton and by Yoshimura, concerns
the avoidance not of predators but of hybridization with similar subspecies.” A
crucial factor for periodical insects is to have sufficient mating opportunities during
their brief adult stage. Almost as important, however, is to avoid mating with
subspecies that have different cycle periods to their own. For example, if some of a
(hypothetical) population of synchronized 10-year cicadas were to mate with some
15-year cicadas then their offspring would likely have a period of around 12 or

5Goles et al. (2001, p. 33).
7Cox and Carlton (1988, 1998), Yoshimura (1997).



10 Mathematical Explanation in Biology 233

13 years.® These hybrid offspring would emerge well after the next cycle of the
10-year cicadas and hence their mating opportunities would be severely curtailed.

The mathematical underpinnings of both the predation and the hybridization
explanations lie in number theory. The mathematical link between primeness and
minimizing the intersection of periods involves the notion of lowest common
multiple (Icm). The lcm of two natural numbers, m and #, is the smallest number
into which both m and n divide exactly; for example, the lcm of 4 and 10 is 20.
Taking the predation explanation first, let us assume that m is the life-cycle period
(in years) of a given cicada species, Cy,, and n is the period of a periodical predator,
P,. If C,, and P, intersect in a particular year, then the year of their next intersection
is given by the lcm of m and n. In other words, the lcm is the number of years
between successive intersections.

In fact the fundamental property in this context is not primeness but coprimeness;
two numbers, m and n, are coprime if they have no common factors other than 1 (i.e.,
neither number is divisible by the other). All that is needed to underpin the above
explanations are the following two number-theoretic results;

Lemma 1 The lowest common multiple of m and n is maximal if and only if m
and n are coprime.’

Lemma 1 implies that the intersection frequency of two periods of length m and
n is maximized when m and n are coprime. We get from coprimeness to primeness
simpliciter with a second result;

Lemma 2 A number, m, is coprime with each number n <2m, n ' m if and only
if m is prime.

The mathematics for the predation explanation is already contained in the above
two Lemmas. Predators are assumed to have relatively low cycle periods.'® It
therefore suffices to show that prime numbers maximize their lcm relative to all
lower numbers. More formally, we need to show that for a given prime, p, and for
any pair of numbers, m and n, both less than p, the Ilcm of p and m is greater than
the lcm of n and m. But this follows directly from Lemmas 1 and 2. From Lemma
2, p is coprime with m, since m < p. So, from Lemma 1, the Icm of m and p is m.p.
The highest the lcm of m and » can be is m.n, but n < p, by assumption, so m.n <
m.p. Furthermore, only prime numbers maximize their lcm’s in this way, so in this
respect primes are uniquely optimal.

8Presuming that period length is a heritable trait, which is a presupposition of both candidate
explanations.

For proofs of these lemmas, see Landau (1958).

10Note that we are, by assumption, restricting attention to periodical predators, i.e., predators that
have life-cycles that are greater than 1 year. Prime periods remain optimal even if annual predators

are included. However, they are no better (or worse) than non-prime periods with respect to annual
predators, since the lcm is # in both cases.
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The hybridization explanation proceeds along very similar lines. The main
difference is that, instead of a cicada species and a periodical predator, we assume
that m and n are the life-cycle periods (in years) of two subspecies of cicada, Cy, and
C,. A second difference, which does not affect the number-theoretic framework but
may effect the way in which period lengths coevolve, is that there is a mutual benefit
in the hybridization case for the two subspecies to have periods that are coprime.
This makes it more likely that coprime periods may evolve which are not both prime.
For example, if there are just two cicada subspecies in a given area, and they evolve
to periods of 9 and 10 years respectively, then this is a local optimum. Nonetheless,
primes remain the most robust solution, hence the optimization explanation still
goes through.

The basic structure common to the predation and hybridization explanations is
as follows:

1. Having a life-cycle period which minimizes intersection with other (nearby/lower)
periods is evolutionary advantageous. [biological ‘law’]

2. Prime periods minimize intersection (compared to non-prime periods).
[number theoretic theorem]

3. Hence organisms with periodic life-cycles are likely to evolve periods that are
prime. [‘mixed’ biological/mathematical law]
When the law expressed in (3) is combined with

4. Cicadas in ecosystem-type, E, are limited by biological constraints to periods
from 14 to 18 years.!! [ecological constraint]
it yields the specific prediction

5. Hence cicadas in ecosystem-type, E, are likely to evolve 17-year periods.

This explanation makes use of specific ecological facts, general biological laws,
and number theoretic results. My claim is that the mathematical component, (2), is
both essential to the overall explanation and genuinely explanatory in its own right.
In particular, it explains why prime periods are evolutionarily advantageous in this
case.

Following its initial presentation in Baker (2005), there have been several
responses from philosophers with nominalist sympathies attacking various aspects
of this example. Some have tried to show that the mathematical component is in fact
dispensable.'? Others have argued that there is a problematic circularity involved,
since the fact to be explained — namely the primeness of the periods — itself involves
mathematics.'> Others have accepted the indispensability of the mathematics for
the overall explanation, but claimed that the mathematical component is not itself

"Clearly a parallel constraint may be formulated for 13-year cicadas, in which the ecosystem
limits potential periods to the range from 12 to 15 years.

12Saatsi (2007), Daly and Langford (2009), Rizza (2011).

13Bangu (2008). I examine this objection in more detail in Sect. 6, below.
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explanatory.'* Responses to these various objections can be found in Baker (2009),
and the debate here is ongoing.

An important point to keep in mind is the way in which the above explanation
works at two different levels of abstraction. The same mathematical framework
can be used to explain both the general fact that periodic organisms are likely
to evolve periods that are prime, and the specific fact that a given cicada sub-
species has a 17-year period. One way of conceptualizing this is in terms of the
interaction between ‘top-down’ mathematical constraints and ‘bottom-up’ physical
and biological constraints. General mathematical considerations are enough to
derive the conclusion that the cicada periods are prime. When combined with the
biological constraints specific to cicada physiology and their environment, which
gives a range of viable period lengths between 12 and 18, this entails that the
only periods that are both mathematically optimal and biologically possible are
13 and 17. The potential of mathematics to allow different levels of abstraction —
and thereby generalization — is a characteristic feature of mathematical explanation
in biology, and of mathematical explanation in science more generally. There are of
course other, non-mathematical means of obtaining abstract explanations in biology,
whether based on functional descriptions of phenomena, or on general principles
such as the principle of transcription. However, none of these alternative routes
to abstraction has the complete topic-neutrality of mathematics, and hence cannot
achieve the level of generality of a mathematical explanation. The mathematics of
the cicada explanation applies, in principle, to any interacting periodical phenom-
ena, both biological and non-biological.

3 Bees and Honeycombs

For the second example of mathematical explanation in biology, we move from
number theory to geometry. Why do honeybees build the cells of their honeycombs
in the shape of hexagons? Biologists have long hypothesized that the answer has
to do with economizing on the amount of wax per unit area. Wax is energetically
costly to produce, so it makes sense for bees to use as little as possible when building
their combs. As it turns out, it can be proved that the hexagonal tiling of the plane
into unit areas is optimal in terms of minimizing the perimeter of the individual
cells. This explains why honeybees build hexagonal cells.'” I set out one possible
regimentation of the explanation below:

14Melia (2002), Yablo (2012).

5The first discussion of this example in the philosophical literature, as far as T am aware, is in
Lyon and Colyvan (2008), although their remarks on it are relatively brief.
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6. Building cells which minimize perimeter per unit area is evolutionarily advan-
tageous (under constraints b;)'¢

7. Regular hexagons minimize perimeter per unit area (among all tilings of the
plane) [geometrical theorem]

8. Hence cell-building organisms are likely to evolve building techniques which
produce hexagonal cells

9. Honeybees are limited by biological constraints b;

10. Hence honeybees are likely to produce hexagonal cells

Biologists generally take this to be the best explanation of why honeybees
build their cells in the shape of hexagons, and it clearly makes nontrivial use of
mathematics.

One issue that has been the subject of recent debate among philosophers of
applied mathematics concerns the link — if any — between mathematical explanation
in science (including biology) and the ‘internal’ explanatoriness or otherwise of
mathematical proofs. Mathematicians do seem to make distinctions between the
relative explanatoriness of proofs, including between different proofs of the same
result. The implication is that there may be proofs which are rigorous and which
demonstrate that a result holds but which do not, in some important sense, show why
itholds. However, there is little consensus, either among mathematicians or philoso-
phers, concerning criteria for what makes a proof explanatory. Among the putative
features cited are simplicity, non-redundancy, purity, and non-disjunctiveness. In an
old paper, Mark Steiner asserts that a genuine mathematical explanation in science
(MES) must feature an explanatory proof of whatever mathematical theorem lies
at its core.!” I think that Steiner is wrong about this, and that the honeycomb case
study provides a particularly clear counterexample.

The issue turns on whether the core mathematical result has an explanatory proof.
In the honeycomb example, we have the following theorem:

(Honeycomb Theorem) Any partition of the plane into regions of equal area has
perimeter at least that of the regular hexagonal honeycomb tiling.

Despite the fact that the general conjecture dates back to antiquity, the above
theorem was only proved in full generality by Thomas Hales in 2001. I shall
begin by sketching some of the key ideas involved in Hales’s proof.'® As already
mentioned, the basic problem is one of optimization, namely to minimize perimeter
for a collection of cells of unit area. One of the major challenges in proving the
Honeycomb Theorem is that it is not true locally. In other words, if the challenge is
to enclose a single unit of area with the minimum perimeter then the optimal shape

16The constraints here might include conditions such as it being energetically costly to produce the
material to build the walls of the cells, that the cells be contiguous, and that the cells be of uniform
area.

17Steiner (1978).

8Hales (2001). The full proof runs to 18 pages, so this will be of necessity no more than a brief
overview.
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is not a hexagon but a circle.!” Once we shift to consider multiple cells, however,
it becomes clear that using circles is disadvantageous because they cannot be fitted
together without leaving gaps between the cells. When we are dealing with regular
polygons, therefore, local performance (with respect to area to perimeter ratio) can
be improved by increasing the number of sides, so that the polygon more closely
approximates a circle. However, if we want the polygons to fit together without gaps,
then it is a direct consequence of Euler’s formula (v—e + f = 2) that the average
number of sides cannot be more than 6. Hence any polygon with more than six
sides must be counterbalanced by some other polygon in the tiling that has fewer
than six sides. Hales’s approach is to encapsulate the above insight by introducing
into the key optimization equation a penalty term that quantifies the global ‘cost’ of
a polygon having more than six sides.

A second way of locally enlarging the area enclosed is by using shapes with
curved sides rather than straight sides. Thus, for a given polygon, replacing a given
straight side with a convex curved side (i.e., one that bulges out) increases its area
to perimeter ratio. However this means that one of its neighbouring polygons must
have a corresponding side that is concave, thus reducing its own area to perimeter
ratio. Hales therefore adds a second penalty term into the governing equation
that represents the global cost of a polygon having curved sides. The proof then
proceeds by verifying that the penalty terms in the optimization equation correctly
characterize the effects of changing the shapes of the constituent polygons in various
ways, and then by deriving that the regular hexagon is optimal with respect to these
penalty terms.

What I want to argue is that Hales’s proof does not provide an explanation of
the truth of the theorem. There are at least four reasons for thinking that Hales’s
proof, ingenious though it is, does not explain why the hexagonal tiling of the
plane is optimal. I shall present and discuss these reasons in increasing order of
philosophical abstraction.

The first reason (purely circumstantial, but important nonetheless) is that mathe-
maticians working in this area appear not to find Hales’s proof especially explana-
tory. This is manifested both in comments made about the proof, and also in attempts
to ‘improve’ various aspects of it. Some of these improvements have been in minor
technical details (for example Frank Morgan has recently shown that one of the
lower bounds in Hales’s Chordal Isoperimetric Inequality can be raised from /8
to /4). But there have also been attempts, unsuccessful thus far, to find “a simpler,
more geometric version of [Hales’s] proof.”?!

19This in known in the mathematics literature as the isoperimetric problem.

20Since every vertex in a finite graph corresponds to at least three half edges, ¢ > (3/2) v, so (by
substitution into Euler’s formula), (2/3) e—e + f = 2. Hence f = (1/3) e + 2, from which it
follows that e < 3. Since an edge borders two faces, the average number of edges per face cannot
be greater than 6.

21 Carroll et al. (2006, p. 1). Note the implication that both simplicity and purity will tend to enhance
the explanatoriness of a proof.
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Secondly, while there seem to be good motivating reasons for including penalty
terms of the sort described in the previous section, these reasons do not show
why these penalty terms take the particular values that they do. Consider the full
statement of Hales’s crucial Hexagonal Isoperimetric Inequality:

Consider a curvilinear planar polygon of N edges, area A, and perimeter P. Let P* denote
the perimeter of a regular hexagon of area 1. For each edge, i, let a; denote how much more
area is enclosed than by a straight line. Then

P/Px >min{A, 1}-5)  a;-0505/24/12(N-6).
with equality only for the regular hexagon of unit area (Morgan 2000, pp. 161-2)

Even ignoring the technicalities of the background definitions, it is possible
to pick out from the above equation the penalty terms for a polygon having
curved sides (as a function of ag;) and for having extra edges (as a function of
N). Focusing on the second of these, the specific value of the penalty term is
.0505/24,/12 (N-6). The presence of the (N — 6) term can be explained by
reference to the earlier remarks concerning Euler’s formula: we know from this
that the average number of sides of polygons tiling the plane cannot be greater than
6, hence it is only at this point that the overall penalty term becomes positive. But
what about the coefficient .0505/24+/12 on the front of the penalty term? Nothing
in the general argument motivating Hales’s approach gives any guidance about the
specific value of this coefficient.??

A third reason for questioning the explanatoriness of Hales’s proof is foreshad-
owed in the remark quoted earlier about searching for a ‘simpler, more geometric
version’ of the proof. The fact is that the bulk of Hales’s proof of the Honeycomb
Theorem involves not geometry but other quite distinct areas of mathematics such
as measure theory and numerical analysis. Implicit in the quoted remark is the
assumption that a more geometric proof would also be more explanatory. The point
behind this is presumably not that there is anything explanatorily distinctive about
geometry per se, but rather that the theorem in question is geometrical and hence it
makes sense to favour geometrical reasoning in its proof. The presumption is that
‘purity’ of this sort will, other things being equal, make for a more explanatory
proof.

While I am hesitant to emphasize impurity as a reason in its own right for
questioning the explanatoriness of Hales’s proof, the above discussion does pave the
way to a fourth and final reason which has considerably more force. In a nutshell,
the problem with Hales’s proof lies not with its impurity but rather with the specific
non-geometrical apparatus that it utilizes. Recall that one of the two approaches
mentioned as featuring in the proof is numerical analysis. The overall goal of
this subfield of mathematics is the design and evaluation of techniques to give

22To be clear, Hales’s proof is fully rigorous. In other words, the ‘mysterious’ coefficient works to
establish the theorem that regular hexagons are optimal. What is not clear is why this coefficient
works.
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approximate but accurate solutions to ‘hard’ problems in continuous mathematics,
in other words problems for which no closed-form solution is available.?® In his
proof of the Honeycomb Theorem, Hales uses numerical analysis to verify — through
brute computation — some of the approximations he makes concerning upper and
lower bounds. Indeed the central part of the proof involves various subdivisions
into arbitrary-looking special cases. As Carroll puts it, Hales’s proof “becomes a
long, arduous case analysis using five separate intermediate lower bounds.”?* The
two key features here are disjunctiveness and the role of computations. These are
both features that philosophers have argued tend to weaken the explanatory power
of mathematical proofs.?> It also seems to fit with our intuitions. Typically, if a
conjecture is broken down into a large number of separate subcases, each of which
is then verified by a distinct computation, this in itself does not give a sense of why
the conjecture is true. Instead it has more of the feeling of a ‘brute force’ verification,
as when we check the truth of some claim about a finite domain by going through
each case one by one.

I conclude that the Hale’s proof does not explain why the Honeycomb Theorem
holds, although it certainly establishes that it holds. It is also clear that the
Honeycomb Theorem is an essential part of our best explanation of why bees build
hexagonal cells. This is enough to show that Steiner’s thesis is mistaken. Contra
Steiner, it is not necessary for a mathematical result to have an explanatory proof
in order for it to feature in a mathematical explanation of some biological (or other
physical) phenomenon.

4 Aspects of Generality

As has already been mentioned, a key function of mathematics in the context of
explanation is to facilitate generalization, by piggybacking on the inherent capacity
of mathematics for abstraction. Thus the number-theoretic apparatus in the cicada
example can potentially be applied to any periodical organism, and is not restricted
to cicadas, or even just to insects. Similarly, the results in numerical analysis that
underpin the honeycomb example can also be applied to any physical situation that
involves perimeter minimization.

Philosophical discussions of scientific explanation often emphasize the connec-
tion between explanatoriness and generality, and this holds equally for philosophical
discussions of explanation in mathematics. The basic idea — which gets cashed out
differently in different analyses — is that an important way of explaining a given

23A distinctive feature of numerical analysis is the use of algorithms, and other methods of
numerical approximation. This is in contrast to the symbol manipulation characteristic of purely
analytic approaches. Hence there is a greater likelihood of numerical analysis producing methods
and results that ‘work’, in some specified domain, but are such that it is not clear why they work.
2ibid., p. 7.

ZSee e.g., Baker (2008).
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phenomenon is to show how it is deducible from, or caused by, or is a special
case of some more general phenomenon, law, or pattern. If there is something to
this idea, then it would seem to suggest that the generality that contributes to the
explanatoriness of a mathematical result in a MES is something that should also
make the proof of the result more explanatory in purely mathematical terms.

To see why the above argument is too quick, we need to consider how generality
plays out in some actual examples. So let us return to our two favourite case studies
from biology. In the cicada case, the explanation is general in the sense of showing
why any periodical organism with periodical predators is likely to evolve a life-cycle
period that is prime. In the honeycomb case, the explanatory argument generalizes
to cover any situation in which it is evolutionarily advantageous to enclose large
numbers of equal areas using a minimum of materials. So these explanations are
indeed general, in virtue of potentially applying to a wide range of organisms under a
wide range of ecological conditions. However, the generality in question is restricted
in various ways — to organisms acted upon by natural selection, given the actual laws
of chemistry and physics — and thus, I shall argue, falls short of the kind of generality
that is explanatorily relevant in mathematics.

Consider once again the honeycomb case. Faced with the core result of the
Honeycomb Theorem, mathematicians are interested in whether — and, if so, how —
Hales’s proof generalizes to scenarios in which various key assumptions are altered
or eliminated altogether. For example, are hexagons optimal for tiling other kinds
of surface such as the sphere, or the torus, or the Mobius strip? What if we allow a
mixture of two different sizes of cells? What if we assume that the walls of the cells
have non-negligible width? And so on. None of these various questions are directly
answered by Hales’s proof, nor by any simple transformation of it, which is another
important reason why mathematicians consider it to be relatively unexplanatory.

Notice, however, that there is no contradiction — nor even any real tension — in the
honeycomb example featuring a biologically general result with a mathematically
non-general proof. The point is that mathematicians are typically interested in a
level of generality that is significantly greater than what is relevant to scientific
applications. Hence lacking this degree of generality is no handicap to a given
MES being a good scientific explanation, even though it may rule it out as being
straightforwardly transformable into a good pure mathematical explanation.

The distinction between mathematical and biological generality can also be
couched in modal terms. A familiar distinction is between different strengths of
possibility (or necessity). A weak form of possibility is logical possibility: any
consistent state of affairs is logically possible. Whether mathematical possibility
is a distinct kind of possibility is open to debate. In any case, a stronger form of
possibility is physical possibility: roughly, a state of affairs is physically possible
if it is consistent with the (actual) physical laws. Can sense be made of other more

Z6Note that nothing I have said here denies the importance of mathematical explanatoriness to
scientific explanatoriness. I am simply arguing that the latter is not a sufficient condition for the
former.
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specific forms of possibility such as chemical possibility, biological possibility, and
so on? Intuitively it does seem as if certain physically possible outcomes are not
‘biologically possible’. For example, it seems physically possible for there to be a
fish that dissolves when placed in water. Yet it is hard to see how such a creature
could have actually evolved.

Reflection on the modal aspects of explanation may also be helpful in classifying
different kinds of mathematical explanation in science. To date, philosophical
discussion of MES has focused on specific case studies, and little attempt has been
made to construct any broader classification scheme. As an initial step towards
this goal, I suggest that the examples of MES that appear in the literature can be
usefully grouped under three general headings: Constraint MES, Equilibrium MES,
and Optimization MES.

A Constraint MES explains why some physical outcome is impossible by
showing that (in some sense) it is mathematically impossible. A classic example
of Constraint MES can be found in the Bridges of Konigsberg problem, which
Euler answered in the early eighteenth century. The question was why no-one
could cross the seven bridges of Konigsberg without crossing some bridge more
than once. Euler’s answer was couched in terms of graph theory, and showed that
the corresponding pure mathematical graph could not be traversed by traveling
along each edge exactly once. The modal link in such cases is very clear:
mathematical impossibility entails physical impossibility.?” There are also further
entailments from physical impossibility to other forms of impossibility that are
especially relevant to biological phenomena: for example, chemical impossibility,
physiological impossibility, and (perhaps) evolutionary impossibility.

An Equilibrium MES explains why some physical outcome occurs by showing
that it is mathematically inevitable (or almost inevitable) across a wide range of
starting conditions. For example, the eventual resting point of a marble that is
rolled around the inside of a bowl is insensitive to the initial position, angle, and
velocity when it is released. A more sophisticated example of an Equilibrium
MES is discussed by Colyvan, and concerns the presence of gaps in the asteroid
belt between Mars and Jupiter.?® Such explanations are often statistical in nature,
hence the modal link between mathematical model and physical situation is less
straightforward. A well-known example of an Equilibrium MES in biology is
Fisher’s principle concerning sex ratios. The mathematical argument shows that a
1:1 ratio of males to females is an evolutionarily stable strategy, and that — under a
wide range of conditions — any deviation from this ratio will provide an incentive for
parents to produce more of the minority sex and thus push the ratio back to 1:1.%°

An Optimization MES explains why some physical outcome occurs by showing
that it is mathematically optimal, in some relevant sense. Both the cicada and
honeycomb cases lie within this category of MES. The modal element of Optimiza-

?TFor further discussion and references, see Pincock (2012, 51-54).
ZColyvan (2010).
2See Gould (2002, pp. 648-9).
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tion MES’s is easy enough to see. If a certain outcome is mathematically optimal
then it is (mathematically) impossible for some distinct, better outcome to occur.
However, the mathematically optimal solution may not be physically possible,
or biologically feasible, or it may simply not have been ‘found’ (evolutionarily
speaking). Although the cicada case involves a mathematically optimal solution,
since the life-cycle periods are prime, and perfect hexagons are mathematically
optimal in the honeycomb case, there is a second, related problem related to
honeycombs where such mathematical optimality is not present. For there is also a
three-dimensional version of the honeycomb problem, in which the cells are thought
of as hexagonal ‘tubes’ and we consider how they should be fitted back-to-back so
as to maximize volume to surface area ratio. In 1964, Laszl6 To6th discovered that
the trihedral pyramidal shape used by bees, which is composed of three rhombi, is
not mathematically optimal.>® A cell end made up of two hexagons and two smaller
rhombi would in fact be .035 % more efficient. Presumably the extra complexity
of this second solution makes it inferior from an evolutionary point of view. This
shows that sometimes the most general mathematical solution to an optimization
problem may be undermined by considerations that were inadvertently excluded in
the assumptions and constraints used to define the mathematical problem.

In the next section I shall take up the question of why so many of the prominent
examples of MES are to be found in biology. One crucial part of the answer turns
on the way in which Optimization MES’s find a natural home within the biological
sciences.

S  Why Biology?

As has already been noted, the history of the debate over the merits of
indispensability-style arguments for mathematical platonism has seen a sharp
switch of focus away from the higher reaches of theoretical physics and towards
other areas of science such as biology and meteorology. Why has this switch taken
place? I think that several interrelated reasons can be identified.

Firstly, the fact that explanation is a key component of recent versions of the
Indispensability Argument introduces a countervailing pressure on the complexity
of examples of applied mathematics. If all that matters is indispensability, then it
makes sense to choose examples in which the mathematics (and often the science,
also) is as sophisticated as possible. Hence the early predominance of examples
from theoretical physics, with complex geometries and esoteric algebraic structures
in abundance. But if what we care about is not indispensability per se, but rather
indispensability for explanation, then it is better to choose examples in which our
intuitions concerning explanatoriness are relatively clear. Such examples tend to be
less complex from a mathematical point of view. In general, the special sciences

30T6th (1964).
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are a good place to look for examples of indispensable mathematics playing an
explanatory role. Typically, the mathematical component is complex enough not
to be trivially dispensable, but not so complex as to muddy the issue concerning
explanatoriness. In this respect, the special sciences have a ‘Goldilocks’ aspect: the
mathematical apparatus that is employed is neither too complex nor too simple.

A second reason that philosophers have moved away from the most technical
examples of applied mathematics in physics is that, because of their highly
theoretical nature, the divide between the mathematical and physical components
of such examples is often unclear. This is an important drawback in the context of
debates over A, since the ultimate target of IA is to defend platonism, which asserts
the existence of abstract objects. If the distinction between abstract and concrete
is controversial, or open to interpretation, as is arguably the case in contemporary
quantum mechanics, then the force of the examples is thereby undermined. Note that
this second reason has nothing directly to do with explanation. It is also worth noting
that the issue of where mathematics stops and the physical sciences start can also be
an issue in some of the putative examples of MES in the special sciences. Thus in the
honeycomb example, the mathematical explanation concerns geometrical objects
such as perfect hexagons. But are these geometrical objects abstract or concrete?

The two reasons given so far help explain the shift of attention, in debates
concerning IA, towards examples from the special sciences. But there is a further
question of why biology in particular is so well-represented in discussions of MES.
Here I think the crucial feature is the role of optimization explanations in biology.
Optimization MES is one of the three main categories of MES, and there is no
doubt that this style of explanation is a distinctive feature of theorizing in biology,
especially in evolutionary biology. The use of such explanations is not without
controversy, and there is a growing philosophical literature looking both at the pros
and cons of optimization explanations and on more fully analysing what, if anything,
makes such explanations distinctive.?! Since my emphasis here is on the import of
such examples on debates in the philosophy of mathematics, I will not spend more
time here on this particular question. It is worth noting, however, that optimization
explanations are not the exclusive preserve of evolutionary biology. Engineering,
for example, often addresses itself to problems that involve optimization. In some
cases such problems are analogous to ones that are found in evolutionary biology.
The honeycomb example, at its core, concerns the problem of achieving a goal using
the minimum amount of material, and as such is an optimization problem of the sort
that is routinely faced in various human-devised manufacturing processes.*

31See e.g., Potochnik (2007). There are also important references in the philosophy of biology
literature, for example Orzack and Sober (2001).

32More controversially, some physicists have argued for optimization explanations in cosmology,
in which the values of the basic physical constants are ‘explained’ in terms of producing universes
that are more conducive to the formation of black holes, which in turn (according to certain
theories) spawn further universes as ‘offspring.” For more on such explanations, see Smolin (1999).
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6 Salient Mathematical Properties

The final question I shall address in connection with mathematical explanation
in biology concerns the choice of mathematical properties that feature in such
explanations. Especially if MES is supposed to carry ontological burdens, as is
the case in recent versions of the Indispensability Argument, it is important that
the mathematical properties involved are legitimate targets of scientific explanation.
Otherwise we run the risk of taking on ontological commitments to mathematical
entities that may in fact be avoidable. The problem arises because there are a
proliferation of mathematical properties that may happen to apply in a given
physical situation. Cicadas have periods of 13 or 17 years. These numbers are prime,
but they also share other mathematical properties, such as being odd, and being the
sum of two perfect squares (13 =4 + 9;17 = 1 + 16). Does this mean that it is
legitimate to ask why cicadas have periods that are the sum of two perfect squares?

A more general version of this worry has been articulated by Sorin Bangu as an
objection to explanatory versions of IA.>* Take the cicada example. Bangu points
out that the question, “Why is the duration (in years) of the life-cycle of periodical
cicadas a prime number?”, itself makes reference to mathematical objects. He
argues that the indispensability of mathematics (and in particular, number theory)
to explaining this fact does nothing to establish the platonist position because it
begs the question against the nominalist. The nominalist can simply reject the
explanandum, arguing that it is not true that the duration of cicada life cycles is
a prime number, because numbers do not exist! I have argued elsewhere that there
are various moves that the platonist can make in response to Bangu here, and hence
that the circularity objection per se is not fatal to the explanatory Indispensability
Argument.

The more specific worry I want to examine here concerns how to distinguish
genuine questions concerning mathematical properties of biological phenomena
from spurious questions. For example, “Why do cicadas have prime periods?”,
seems like a genuine question., whereas “Why do human beings have a prime
number of legs?” does not. A simple way to draw the distinction would be just to
appeal to scientific practice. A question is a genuine scientific question if it is taken
seriously by a significant number of experts in the relevant scientific field. If enough
biologists take the question of the primeness of cicada periods seriously, then ipso
facto it is a genuine scientific question.**

But can more be said about the distinction, beyond appeal to scientific practice?
I think that it can, and I shall sketch an account that aims to draw the distinction in
a principled way. The question I am concerned with is the following: what makes

33Bangu (2008).
34This approach is explored further in Baker (2012), where the concept of science-driven
mathematical explanation is introduced.
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a mathematical property, M, that applies to a physical phenomenon, P, a legitimate
target of scientific explanation? For ease of exposition, I shall introduce the term
salience, and say that a mathematical property is salient (in a given physical context)
if it is a legitimate target of scientific explanation in that context. My claim is as
follows:

Salience Thesis A mathematical property, M, is not salient with respect to a
physical phenomenon, P, if there is some other mathematical property, M*, such
that the best explanation of why M applies to P also explains why M* applies to
P, but not vice-versa.

The above Thesis is easier to grasp in the context of an actual example. As
mentioned above, the durations of cicada life-cycles have various mathematical
properties in addition to primeness. Let M be the property of being the sum of two
perfect squares. According to the Salience Thesis (ST), this is not a salient property
in the cicada example. Why not? Because there is another mathematical property,
primeness, that also applies. Moreover, the best explanation of why cicada periods
are prime (as presented in Sect. 2), shows why the periods are prime and why they lie
in the range 11 < n < 19. These two facts jointly entail that the periods must be the
sum of two perfect squares (since the only primes in this range are 13 and 17) and
hence explain it. Conversely, there seems to be no explanation of this latter fact that
does not go via the property of primeness. Perhaps there is some such explanation
to be found. But it is hard to conceive of how being the sum of two squares could
make a difference to the evolutionary fitness of a given period length.

A similar argument applies to the question of why human beings have a prime
number of legs. Intuitively, the only reason we have a prime number of legs is that
we have 2 legs, and 2 is prime. The salient property here is 2-ness. The property of
primeness is not doing any independent explanatory work in this particular context.
Or, for a slightly more biologically sophisticated example, consider the fact that C.
Elegans, a favourite ‘model organism’ in biology, has 1,031 cells, and that 1,031 is
a prime number. Why does C. Elegans have a prime number of cells? As with the
human legs example, if there is an explanation of this fact that it will presumably
proceed via an explanation of why C. Elegans has 1,031 cells in particular.

It should also be noted that the salience or non-salience of a given mathematical
property in a given biological context may itself be an open scientific question,
and a question that may end up being answered one way or the other either by
further empirical research or by the development of a convincing explanation.
Arguably this was initially the case in the cicada example. Until the predation
and hybridization explanations were formulated, there were many biologists who
assumed that primeness in this context was not a salient property, but merely a
coincidental by-product of the fact that the life-cycles had periods 13 and 17.
Being the target of scientific explanation is thus neither necessary nor sufficient
for salience. In this sense, salience has a normative dimension and does not simply
reduce to being coextensive with the web of mathematical properties that feature in
actual scientific practice.
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7 Conclusion

There are various interesting potential directions for further philosophical work on
mathematical explanation in biology. Firstly, there are other areas of mathematics
that may play an explanatory role in biology, such as statistics and topology, but
which have not yet been discussed in any detail in the context of debates concerning
indispensability. Secondly, there are interesting questions concerning the role of
laws in biology — whether mathematical or otherwise — and how this impacts on dif-
ferent models of explanation, in particular Hempel’s deductive-nomological account
of explanation. Thirdly, some recent and scientifically controversial examples of
explanation in biology have crucial mathematical components. One example is the
formulation of scaling laws, such as laws relating the total length of an organism’s
vascular system to its body mass, and attempts to explain such laws by appeal to
results from fractal geometry.®® Finally, there is definitely further work to be done
in the classification of different types of MES within biology, both to augment the
tripartite scheme suggested in Sect. 4, and to get clearer about the philosophically
important differences between the different types. There is little doubt, therefore,
that biology will continue to be centre stage in debates concerning the explanatory
role of mathematics in science.
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Chapter 11
Explanation and Organizing Principles
in Systems Biology

Tobias Breidenmoser and Olaf Wolkenhauer

Abstract While explanation in biology is a well-established topic in philosophy
of science, since the rise of new mechanistic approaches little has been said
about explanation in Systems Biology. In this contribution, we analyze whether
contemporary conceptualizations of explanation fit with the scientific practice of
systems approaches in molecular and cell biology. We discuss how current views
on mechanistic explanation can be applied to the use of mathematical models in
system biology. To this end it is important to distinguish different kinds of models:
While some of them merely save the phenomena, not being explanatory, others
make mechanistic claims and can be embedded in the framework of mechanistic
explanations. We will make a conceptual distinction and discuss the roles different
kinds of models have in Systems Biology. In our view, the current mechanistic
framework is not sufficient to capture all types of explanations occurring in Systems
Biology. A multicellular system is not merely defined by its structural components,
including genes, proteins and their interconnections, but has a functional organiza-
tion, that is the system’s behavior, which emerges from its structural organization.
Such emergent properties cannot be understood or explained by merely describing
the mechanisms of the underlying molecular and cellular processes. We argue that
organizing principles in Systems Biology provides a way of explaining such high-
level system properties. With the help of a case study we show that organizing
principles explain system-properties complementary to mechanistic explanations.
They cannot replace them but they also cannot be reduced to them.
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1 Introduction

Systems Biology is a relatively young approach within biology, focussing of
the use of mathematical modelling and computer simulations. In contemporary
philosophy of science, explanation in biology is usually described by mechanistic
approaches. The aim of this paper is to analyse whether these conceptions are
applicable to the kinds of models used in Systems Biology. We will first give
an overview of the different kinds of models in Systems Biology, followed by
a review of mechanistic approaches in philosophy of science. We distinguish
non-explanatory phenomenological models from explanatory mechanistic models.
Models in Systems Biology cover a wide range of model types, from simple curve
fitting, to mechanistic models and abstract representations. It can be argued that
the mechanistic approach is limited in explaining system properties, as we will
show with the example of robustness. Organizing principles, on the other hand,
are abstract conceptualizations which provide a basic framework to understand the
behaviour of systems, on an abstract and general level similar to laws in physics.
Organizing principles provide a different kind of explanation in biology, with some
parallels to unifying accounts of explanation, and we will emphasise the epistemic
need of such organizing principles.

2 Model Building in Systems Biology

Systems Biology combines mathematical modeling with experiments to understand
the behavior of cellular systems. A cellular system is defined by two aspects.
First its structural/material organization, i.e. the molecules, organelles, cells and
compartments that provide the biophysical environment in which genes metabolites
and proteins can biochemically interact. Second its functional organization, i.e.
the system’s (nonlinear dynamical) behavior emerging from the interactions of
molecules and cells.

We consider Systems Biology an approach, aiming at understanding the spatio-
temporal interactions among components of a cell, among cells, and their interaction
with the environment (Wolkenhauer et al. 2009). Systems Biology is not a comple-
mentary sub-domain in biology next to molecular and cell biology, genetics and
others, but another method, stance or paradigm to do biology. In our view, Systems
Biology is therefore not a discipline as such, and hence there is also not really some-
thing like a “systems biologist”. Systems Biology is an interdisciplinary approach
to answer biological questions, requiring a range of expertise for the design of
experiments, the analysis of data, the construction of mathematical models, realizing
computer simulations and developing theoretical concepts and computational tools.
The common ground is, or should however be, a shared biological research problem
or question that is answered using a range of technologies and methodologies.
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Fig. 11.1 Model building approaches and their formal encodings

Figure 11.1 gives a (necessarily incomplete) overview of widely used models in
Systems Biology. The most common question asked in the context of experiments
is one that asks for differences to establish whether or not different scenarios
or changes imply different experimental observations, or not. Typical examples
are experiments before and after a perturbation (e.g. knock-out, mutation, RNA
interference) or the comparison of wild-type and mutant. The design of experiments
is simple and the data are easily generated. To support or validate a claim for
a change/difference, significance testing, based on a simple statistical model, is
frequently employed. The mathematical model is here the assumption of certain
statistical distributions.

The next level of sophistication in data generation is to measure levels and,
for two or more variables, test for coincidence in levels (high/low). Statistical
correlation analysis is the tool of choice here. A frequent and often discussed error
is to infer causal relationships on the basis of correlations. Correlation analysis is
thus limited to explain coincidences.

Regression analysis allows us to establish relationships between variables,
encoded by mathematical expressions, by fitting these through data points. Here the
intention is frequently to associate, with observations, purposeful relationships or
the “function” of biological variables (e.g. efforts to establish whether a component
is activated, inhibited etc.). Regression models can, in principle, also be the first
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step towards modeling dynamical phenomena. However, autoregressive modeling
for time series analysis and numerical forecasting does not play any important role
in Systems Biology. The reason is that these models only provide predictions about
numerical values of a variable, without providing, or supporting an explanation
about the mechanism by which the observations are generated.

The most frequently used approach for mathematical modeling in Systems
Biology is based on differential equations. From the model types discussed here,
differential equations have the greatest explanatory power in the sense that they
encode a (hypothesized) mechanism by which observations are generated. Typical
examples of such models are representations of biochemical reaction networks (e.g.
gene regulatory networks, signal transduction and metabolic pathways) or spatio-
temporal simulations in which typically biophysical and biochemical details of the
processes are encoded by the rate equations.

As powerful as differential equation models are in deepening our understanding
of mechanisms underlying our observations, the flipside is that their construction
and validation puts the greatest demands on efforts to generate appropriate data in
experiments. The parameter values (e.g. rate constants in biochemical reactions)
can either be determined from biochemical binding experiments (characterizing
interactions between individual molecules) or the values of parameters are estimated
from time course data. In either case, when it comes to the validation of such
models, matching simulations of the model with data, quantitative time series are
required. This, for most practical cases will be time consuming, expensive and
technically challenging (e.g. limited to only a few selected proteins and possibly not
distinguishing (in)active states). True quantification, to generate absolute values and
concentration measures is not only challenging for sufficiently rich time courses,
multiple stimulation pattern and initial conditions, but also because in most cases
it would be necessary to replicate the experiments to allow a quantification of the
variability/uncertainty in the data. However, the nature and quality of data will also
strongly influence the modeling approach employed. Mechanistic models, using
representations from the theory of dynamical systems, are usually constructed to
fit the particular experimental context.

Taken together, in the current practice of Systems Biology, the data available
largely depend on the technologies and resources available. The choice of the
experimental setup, the choice of the model organism, cell line and the choice of
technologies used to generate data, usually define a narrow context for which an
appropriate modeling approach has to be chosen.

3 Mechanistic Models and Mechanistic Explanations

Explanations in biology are frequently crafted within the framework of mechanisms.
Definitions for mechanisms include the following:
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Mechanisms are entities and activities organized such that they are productive of regular
changes from start or set-up to finish or termination conditions. (Machamer et al.
2000: 3)

A mechanism for a behavior is a complex system that produces that behavior by
the interaction of a number of parts, where the interactions between parts can be
characterized by direct, invariant, change-relating generalizations. (Glennan 2002: 445)

A mechanism is a structure performing a function in virtue of its component parts,
component operations, and their organization. The orchestrated functioning of the
mechanism is responsible for one or more phenomena. (Bechtel and Abrahamsen 2005:
423)

However, there are some divergences about these characterizations of a mecha-
nism. Machamer, Darden and Craver describe mechanisms as sequential processes
with start- and finish-conditions. In their view, a description of mechanisms contains
a description of relevant entities and properties before the phenomenon is produced
as well as “a privileged endpoint, such as rest, equilibrium, neutralization of charge,
a repressed or activated state, elimination of something, or the production of a
product” (Machamer et al. 2000: 11-12). However, not all mechanisms can be
described as sequential processes. A very simple counter-example is the heart as
a structure whose function is to pump blood (see Bechtel and Abrahamsen 2005:
424-425). Blood pumping is a cyclic event; it would be arbitrary to describe one
phase of the mechanism as a starting or endpoint.

Bechtel subsequently calls the characterization of Machamer, Darden and Craver
the basic mechanistic account (Bechtel 2011: 535). It remains qualitatively and
fails to recognize quantitative organization in cells. The basic mechanistic account
is insufficient because in Systems Biology, mechanisms are representations of
networks, web-like structures including feedback and feedforward loops. This
implies a dynamical organization of interactions, whose mathematical formulation
involves concepts from the theory of (nonlinear) dynamical systems. Organelles,
cells and tissues are autonomous systems and can only be described accurately by
nonsequential or cyclic organization (ibid: 544). Referring to starting and finishing
conditions, in the sense described above, should thus be avoided.

Mechanisms consist of parts (components) on a level lower than the mechanism
itself. Components and the mechanism do not share all properties. The mechanism,
as a whole, can have system properties such as robustness and self-organization that
none of its components has. Thus, identification of components and of their mutual
interactions plays a fundamental role in explaining the behavior of a mechanism.

Mechanisms are responsible for phenomena in the way that the interactions of
components produce the phenomena. A mechanistic explanation is a description
of the mechanism to understand how the phenomenon is produced by the
mechanism. Phenomena are regular and stable events in the world (Bogen and
Woodward 1988). In mechanistic explanations, phenomena have the role of the
explanandum and mechanism the role of the explanans. Moreover, mechanisms
are organized hierarchically: A component of a mechanism which explains the
production of the phenomena is often a mechanism itself. Therefore, on a more
fundamental level the function of the component itself might need an explanation.
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Stuart Glennan defines mechanistic models as follows:

A mechanical model consists of (i) a description of the mechanism’s behavior (the
behavioral description); and (ii) a description of the mechanism that accounts for that
behavior (the mechanical description). (Glennan 2002: 446)

The behavioral description is the description of the phenomenon, in Systems Biol-
ogy often realized with differential equations or Boolean networks. The mechanistic
description goes further, it not only “saves the phenomena” mathematically but
provides physical and biochemical claims, whether or not these claims can be
experimentally justified.

Usually scientists cannot describe the underlying processes of a biological mech-
anism in reality completely (in contrast to designed mechanisms in engineering).
Scientist starts with working hypotheses and mechanistic sketches. Machamer,
Darden and Craver have introduced the concepts of how-possibly, how-plausibly
and how-actually mechanistic models (Machamer et al. 2000: 21). They are
described as follows:

How-possibly models have explanatory purport, but they are only loosely constrained
conjectures about the sort of mechanism that might suffice to produce the explanandum
phenomenon. [ . ..] How-actually models, in contrast, describe real components, activities,
and organizational features of the mechanism that in fact produces the phenomenon. They
show how a mechanism works, not merely how it might work. Between the extremes is a
range of how-plausibly models that are more or less consistent with the known constraints
on the components, their activities, and their organization. (Craver 2007: 112—113; see also
Craver 2006)

How-actually models are rare in scientific practice. Often mechanistic models
contain unobserved and undetected entities, black boxes and filler terms. Especially
in Systems Biology, models frequently contain idealizations or counterfactual
assumptions. Some models are not realized in nature even in principle, like models
of three-sex organisms (Weisberg 2007: 223). Hence, we have mechanistic models
on the one side, which involve approximations, idealizations, speculations and omis-
sions; and mechanistic explanations on the other side, which describe biological
mechanisms that are realized in a biological sense. We will now investigate whether
mechanistic explanation can be made compatible with the modeling approach.

4 Phenomenological and Explanatory Models in Systems
Biology

Not every model can provide an explanation. There are also mathematical models
which merely summarize data (“save the phenomena”), especially regression
models. We want to argue that models only have explanatory value if they are also
accompanied with a mechanistic description.

To take an example, cyclic changes are frequently observed in biology (oscilla-
tions, rhythms). To answer the question to why there are oscillations is to ask for
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Fig. 11.2 Different models of oscillation/cyclic changes (Model B and Model C are taken from
Novéc and Tyson 2008: 982 + 985)

how they are generated, which mechanisms generate them and to understand under
which conditions they occur. In Fig. 11.2, Model A is nothing but curve fitting. It
allows us to represent the data and also to make numerical predictions about further
experimental outcomes, based on a history of data. In contrast, Model B is a kinetic
model, here using differential equations, which provides the same simulation result
but includes a biological interpretation. A formal analysis of the model or simulation
experiments can be conducted to investigate the conditions under which oscillations
arise and how the properties of oscillations depend on the structure of the model and
values of parameters. Various systems-theoretic analyses for sensitivity, stability,
robustness and bifurcations can be used to explain the occurrence and properties
of oscillations (including frequency, amplitude and the consequences or stability in
case of perturbations). Model C provides yet another level of abstraction. While
Model B could be a mathematical representation of the diagrammatic Model C, the
diagram includes a negative feedback loop as a dynamic motif, characteristic or
necessary for oscillations. In some cases the structure of the network encapsulates
information about the possible behaviors, quite independent of the parameter values
or even the specific modeling framework used to encode the diagram for simulations
(see Novak and Tyson 2008).

Model A does little more than mimicking observations, contributing nothing
towards an explanation about mechanisms and conditions that generate the experi-
mentally observed phenomenon. It is a description of the mechanisms behavior but
there is no evidence on why the oscillation occurs. Therefore it is not explanatory. In
contrast, Model B is not merely an equation, it is embedded in a scientific paradigm
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of how to generate and interpret kinetic models. Model B has more variables
than Model A and each variable can be interpreted in a way that it corresponds
to a biological feature. Hence, it is not merely a mathematical description of the
behavior of the oscillator but describes the mechanism underlying this behavior.
For that reason, Model B becomes explanatory. Model C neglect the details of
the mathematical description of the oscillation and focus on general circumstances
in which harmonic oscillations occur in biology. Therefore, it is a more general
explanation with a wide scope on how mechanisms are linked to oscillation.

As Peter Lipton states, there is a “distinction between understanding why a
phenomenon occurs and merely knowing that it does”, in the former case we have
“simply more knowledge: knowledge of causes” (see Lipton 2004: 30). If we want
to distinguish models that merely save the phenomena and explanatory models, we
need to know which models can provide causal knowledge, which is a precondition
for describing the underlying mechanism which is responsible for the phenomenon.

We will here call models that merely describe the mechanism’s behavior, i.e.
describe the phenomenon which is produced by the mechanism a phenomenological
model. Model A in Fig. 11.2 is an example of a phenomenological model.
Phenomenological models fit the curves or describe some regularities between
variables (if the value of A changes, then the value of B changes and vice versa).
They do not offer causal knowledge and merely provide insufficient answers
to what-if-things-has-been-different-questions (Woodward 2003). Craver argues
that phenomenological models have only limited explanatory power. “Because
phenomenal models summarize the phenomenon to be explained, they typically
allow one to answer some w-questions. But an explanation shows why the relations
are as they are in the phenomenal model, and so reveals conditions under which
those relations might change or fail to hold altogether” (Craver 2006: 358). Hence,
phenomenological models fail to provide causal knowledge, which is required for
mechanistic explanations.

Although in biology there are a few law-like generalizations (or invariant
change-relating generalizations), they have a quite different role than explaining
phenomena. Simple formulae or basic functional relationships, like Model A above,
simply describe and subsume data. The equation of Model A merely fits the curve
and subsumes the behavior of the phenomena in a simple, unifying way. This
subsumption is not able to tell us anything of how the phenomenon occurs.

Cummins (2000) concludes that laws in biology, more specifically in neuro-
biology and molecular and cell biology, are explananda, not explanans. Law-like
generalizations are thus necessary to describe the behavior of the mechanism, but
not sufficient to provide background knowledge or answers to what-if-things-has-
been-different-questions. In Systems Biology, first you have to find regularities to
extract stable phenomena out of the noise of data. Often this is done by law-like
generalizations. But this is just the first step in generating biological knowledge.
The detected phenomena need to be embedded in the complete picture of the target
systems, where interconnections between phenomena and functional behavior have
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to be discovered. Only if this goal is reached, understanding and interventions can
be successful. Therefore, we agree with Craver that for an explanation in molecular-
and cell biology, at least a mechanistic sketch, which interprets the regularities as
causal relations and describes how they are produced, is necessary.

Summarizing, we will define phenomenological models in the following way:

A phenomenological model is a mathematical description of a phenomenon with the help of
experimental data. It describes what happens, extracting the phenomenon out of the noise of
data and can also describe correlations. Phenomenological models are a necessary starting
point to summarize the behavior of what has to be explained.

Likewise, we can define explanatory models:

An explanatory model links the description of a phenomenon with a description of an
underlying mechanism. The description of the mechanistic behavior is responsible for the
explanatory power of the model. There can either be a description of a specific mechanism
or a more abstract description of how a type of mechanism is responsible for a type of
phenomena.

We will now analyze robustness as an example of a system property and investigate
whether explanatory models are limited to explain properties like that.

5 The Systemic Property of Robustness

The concept of robustness in Systems Biology does not have a single exact
definition, but the main idea is the following:

Robustness means the persistence of a system’s characteristic behavior under perturba-
tions or conditions of uncertainty. (Stelling et al. 2004: 675)

Robustness is a property that allows a system to maintain its function despite external
and internal perturbations. (Kitano 2004: 826)

Robustness is an important feature of many systems in biology. A system can be
a single cell, a tissue or the whole organism. Note that robustness of a cell is not
the same as robustness of the organism: Apoptosis of cells can be healthy for the
organism, whereas cancer cells are very robust but damaging for the organism
(Stelling et al. 2004: 677). Moreover, robustness is a relative property because
systems can be highly robust to perturbations in common environments yet very
fragile to uncommon environments. Therefore, systems can be “robust yet fragile”
(Carlson and Doyle 2002: 2539).

There are many ways a system can become robust. First and foremost, redun-
dancy is a fundamental feature of robust systems, i.e. alternative ways to realize
a function. This can be realized by the duplication of identical genes, but also by
structurally different entities or mechanisms performing similar functions (Stelling
et al. 2004: 677). If one gene or structural entity is damaged, the function can still be
realized due to the alternative. This is also called alternative or fail-safe mechanism
(Kitano 2004: 828).
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One example is the redundancy of the B-type cyclin genes CLB5 and CLB6.
Both genes are regulating the initiation of S-phase in the cell cycle. The knockout
of CLB6 has little effect and the knockout of CLBS5 extends, but not prohibits the S-
phase. Only if both genes at once are knocked out, the initiation of DNA replication
is no longer possible (Schwob and Nasmyth 1993). CLB6 therefore has not an
important function for itself, but is a fail-save gene if CLBS5 is damaged.

A second feature of robustness is systems control, which is realized by positive
and negative feedback loops in a network of interacting components. Negative
feedback is signaling a gap between actual output and a given set point so
autoregulation mechanisms can be activated. Positive feedback enhances sensitivity
(Stelling et al. 2004: 677).

Chemotaxis of E. coli is a common example of robust negative feedback control.
The bacterium is able to direct its motion towards attractors or away from repellents
by modifying its tumbling frequency (Barkai and Leibler 1997). Experiments as
well as theoretical models indicate that steady-state behavior and adaption time can
be resolved under a great variety of protein concentrations (Alon et al. 1999). Hence
the bacterium is robust to various changes in its environment.

Another feature of robustness is modularity. In a system that contains many
modules, if one of them is damaged, the others still work. A cell is a module itself
and is also composed of organelles which are modules of the cell (Kitano 2004:
828). While modularity itself cannot ensure robustness, a system is not affected
as a whole if one module is damaged and does not work anymore. Other modules
are independent and will not be affected by the damaged module. A very simple
example is a single cell within a multi-cellular system. If one cell is damaged, the
organism as a whole still works.

Kitano suggests that “the mechanisms that underlie robustness can be understood
using an example of a sophisticated engineering object, such as an aeroplane” (ibid.:
829). While a system could work with fewer components, additional mechanisms
secure the functionality even in uncertain environments. Therefore, robust systems
are favored in evolutionary processes.

6 Mechanistic Explanations and Robustness

The example of robustness proves our suggestion of the insufficiency of mechanistic
explanations for system properties. As we have seen, redundancy is a key element
for robustness. No alternative mechanism or fail-save mechanism is making the
system robust for itself, only the sum of all concrete mechanisms realize the system
property of robustness. Hence, we cannot determine whether the system is robust
by looking at one specific underlying mechanism.

Moreover, the concept of robustness does not refer to single mechanisms. A
mechanism which is able to establish robustness on a system level does not have
to be robust for itself. Even if this would be the case, we would regard such
a mechanism as a robust module of the system which has its own underlying



11 Explanation and Organizing Principles in Systems Biology 259

sub-mechanisms that enable robustness for the module. However, the concept of
robustness refers to a system as a whole; if a system contains robust modules,
then the concept of robustness also refers to the modules as a whole. Mechanistic
explanations cannot predict or explain system properties sufficiently.

The concept of robustness can be compared to Cartwright’s example on the
concept of work:

What did I do this morning? I worked. More specifically, I washed the dishes, then I wrote
a grant proposal, and just before lunch I negotiated with the dean for a new position in
our department. A well-known philosophical joke makes clear what is at stake: ‘Yes, but
when did you work?’. It is true that I worked; but it is not true that I did four things in the
morning rather then three. “‘Working’ is a more abstract description of the same activities I
have already described. (Cartwright and Le Poidevin 1991: 60)

The concept of robustness, like the concept of work, does not refer to a specific
mechanism, component part or activity. It is an abstract concept which can only
refer to the system as a whole. Therefore, no specific object makes the system robust,
despite many specific structures are needed for a robust system.

A feedback loop, for example, can describe the origin of robustness in a simple
network but the quantitative description of the mechanism makes it necessary to
specify the experimental content of the system. In other words, the mechanistic
model in mathematical terms is limited to a specific content and cannot be general-
ized. If we want to make general claims about system properties like robustness, we
need a new framework that is able to give abstract and global explanation of system
properties. We will analyze how organizing principles are doing this job in the next
section.

7 The Robustness Theorem as an Example of Organizing
Principles

Shinar and Feinberg (2011) have characterized the system property of robustness in
a way that they were able to prove a theorem of robustness:

Consider a mass-action system in which the underlying reaction network is conservative
and has a deficiency of zero. Then, no matter what values the rate constants take, there is
no species relative to which the system exhibits absolute concentration robustness. (Shinar
and Feinberg 2011: 44)

A mass-action system is a reaction network taken together with an assignment
of a positive rate constant to each reaction and can be described with first order
polynomial differential equations. If a reaction network respects the conservation of
mass, which is usually the case, it is called a conservative network. The deficiency of
areaction network is a non-negative integer index to classify reaction networks; the
simple formula for deficiency is complexes minus linkage classes minus rank. (ibid:
42). A mass-action system has absolute concentration robustness “if the system
admits at least one positive steady state and if the concentration of that species is the
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same in all of the positive steady states that the system might admit, regardless of
the overall supplies of the various network constituents.” (ibid.: 39). The difference
to a conventional model is that the result is valid for a class of systems and thus a
range of contexts.

The robustness theorem is a special case of a formal sensitivity analysis made
by Shinar et al. (2009). The main goal was to understand the relationship between
general features of chemical reaction networks and the sensitivity of its equilibria to
changes in the overall supply of reactants. Their analysis is independent of specific
parameters or even the particular equilibrium state (ibid.: 977), resulting in a purely
mathematical nature of the paper.

Jeremy Gunawardena emphasizes the difference between models and theorems.
Whereas models “make assumptions about a specific experimental setting”, the-
orems “can apply to a setting of arbitrary molecular complexity” (Gunawardena
2010: 581). Hence, theorems are not connected directly to experiments. On contrary,
the robustness theorem is not based on an experimental induction but is an analytical
theorem. The sensitivity analysis that provides the basis for the robustness theorem
is developed in a purely mathematical-analytical way; i.e. via definitions, lemmata
and mathematical proofs. Obviously the mathematical calculations are afterwards
interpreted biologically, but they are in no way based or derived from experience
(See Baker 2015 this volume on distinctively mathematical explanations). There-
fore, it is hard to claim that they are true or false; they are a mathematical framework
that fits well together with biological phenomena. Biological experiments could not
falsify the robustness theorem but only illustrate that the mathematical definitions
are inadequate to catch biological phenomena.

Theorems in Systems Biology are not applied and do not explain single
phenomena. Instead they are used on a more abstract level and define properties
of the whole system by stating that every model with a specific structure necessarily
has specific properties. If we want to understand a system, we need to acknowl-
edge that they are organized. Mesarovic, a pioneer in the search for organizing
principles, pointed out that “biological systems are organised, not necessarily in
terms of mathematical/computer models but in terms of concepts. Multilevelness,
concepts of feedbacks—negative, positive, multiple—feed-forward regulators, etc.
are such principles” (Mesarovic et al. 2004: 20). The concept of robustness is
another essential organization principle in Systems Biology, on a “higher level of
perception”, which can “be based on observations but not restricted to numerical
data” (ibid.). Hence, organizing principles provide the conceptional framework to
understand complex systems:

The organising principles play a role akin to the laws in physics in the sense that they
provide a starting framework to unravel the understanding of systems from observations
and data. However, they are not numerical but ‘relational’, i.e. they indicate the functions
of biological systems and/or their components. They provide the ‘architecture’ of the
model—as an image of reality, i.e. projection of the reality on the focus/problem of interest.
(Mesarovic et al. 2004: 20-21)

As we have seen, the search for organizing principles is the search for abstract
conceptions, often connected to mathematical formalisms and theorems, which
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help to understand the biological systems by providing a conceptual framework.
Obviously, this is completely different then describing specific mechanisms in
nature. We will now sketch how organizing principles might be another kind of
biological explanation.

8 Organizing Principles and Explanation

If organizing principles and theorems in Systems Biology are not connected directly
to experiments, they cannot explain biological phenomena in a mechanistic way.
One could argue that they are not explanatory at all. But we want to claim that
organizing principles have explanatory power despite their lack of connection to
the phenomena (see also Issad and Malaterre 2015 this volume on the explanatory
power of mathematics in mechanistic explanations). Organizing principles unify
mathematical models in a way that every model with a specific structure necessarily
has specific properties. While causal and mechanistic models of explanation are
very common in discussions about the nature of biological explanation, we believe
that the unificatory model of explanation better fits the nature of explanation in
Systems Biology. As Michael Friedman states, “the essence of scientific explanation
[is that] science increases our understanding of the world by reducing the number
of independent phenomena that we have to accept as ultimate or given” (Friedman
1974: 15). This is exactly what organizing principles do: System properties are not
defined by many single mechanisms or many single phenomena, but in a more global
and abstract way. The idiosyncratic mechanisms which establish system properties
of specific systems are reduced to a general framework; hence we can understand
the system property by merely looking at one single definition. This fits well to
Friedman’s statement that “we replace one phenomenon with a more comprehensive
phenomenon, and thereby reducing the total number of accepted phenomena. We
thus genuinely increase our understanding of the world” (ibid.: 19).

Philosophical accounts of unificatory explanation (Kitcher 1989 and others) are
complex and sometimes idiosyncratic. We cannot go into details here as to which
accounts may best fit our case studies and our general claim. However, as far as
these accounts involve structuralism or set-theoretic reconstructions of scientific
theories, we doubt that they are fully applicable to organizing principles. Knowledge
in biology, especially in Systems Biology, is often presented by diagrams, which are
hard to reduce to mathematical formalisms.

An organizing principle describes a property or properties of a class of systems,
while a mechanistic model describes a specific subclass (e.g. defined by the
structure of the equations or a range of parameter values). For a given set of
specific parameter values, a mechanistic model describes a particular system or
an instantiation of a more general. Therefore, organizing principles are linked with
phenomena indirectly. As Morgan (1999) has argued, models are mediating between
the phenomena and abstract laws. There are phenomenological models on the one
side, which only save the phenomena, and abstract organizing principles on the



262 T. Breidenmoser and O. Wolkenhauer

other side, which provide an abstract framework for system properties. Between
the two extremes are mechanistic models which explain the saved phenomena and
are structured in a way that the results of organizing principles can be applied to
them.

9 The Need for Organizing Principles

Contemporary research in the life sciences is largely driven by reductive approaches,
with a tendency to neglect the larger picture. Although some general goals are
always in mind (e.g. curing cancer) those targets do not play a big role in the
everyday planning of research directions. While one would naively imagine that
a research field would identify or hypothesize principles, laws and general rules
and then work out the details, cancer research is an example where we know
many details but where there is lack of theory—hardly any effort to generalize,
to integrate details into a larger picture, not with more details but as an abstraction
of the essence of a system, its organization and function, independent of the actual
or specific biophysical/biochemical realization. Early molecular and cell biology
produced some general theoretical models and theorems, like the Hodgkin-Huxley-
model or the central dogma of molecular biology. On contrary, many domains
in contemporary biology lack broad generalizations and the only place where
such search for organizing principles is visible is in editorial notes in journals or
outstanding high-level review articles, where the authors try to look down onto the
forest that emerges as we walk up, out of the trees.

Systems Biology should not merely be about modeling of gene regulatory
networks, signaling and metabolic pathways. There is a need to go beyond the
current focus on pathway-centric mechanistic modeling to capture the complexity
of biological systems and to identify organizing principles. Systems Biology needs
general theorems which have a similar role as laws in physics. While mechanistic
models analyze specific cell processes, theorems in Systems Biology are proving
systems properties, often not only for a specific system but for a whole class of
systems.

10 Summary and Outlook

Summarizing the results of our paper, we have argued that models in Systems
Biology and the philosophical framework of mechanisms of the last 20 years are
not opposed to each other. Not every model is explanatory, some models merely
save the phenomena. This is not trivial, especially in big data sciences where
sophisticated heuristic strategies are necessary to separate stable phenomena in
the world from noise in the data. As we have seen, a major difference between
explanatory and non-explanatory models is that only the former provides knowledge
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of the causal structure of the world, whereas the latter merely recognize correlations.
Explanatory models needs to give at least a sketch of a mechanism. However, system
biology is different from conventional molecular and cell biology: it is an approach
that emphasizes the functional organization of systems and sheds light on system
properties that cannot fully be explained within a mechanistic framework. We
have argued that organizing principles are used for a different kind of explanation,
complementary to mechanistic explanations, which unifies models with a specific
structure and provides a framework that makes it possible to understand system
properties. Moreover, organizing principles are similar to natural laws in physics,
not directly connected to single phenomena, so mechanistic models need to mediate
between organizing principles and experiments.
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Chapter 12
Are Dynamic Mechanistic Explanations Still
Mechanistic?

Tarik Issad and Christophe Malaterre

Abstract Mechanistic explanations are one of the major types of explanation in
biology. The explanatory force of mechanisms is apparent in such typical cases
as the functioning of an ion channel or the molecular activation of a receptor: it
includes the specification of a model of mechanism and the rehearsing of a causal
story that tells how the explanandum phenomenon is produced by the mechanism.
It is however much less clear how mechanisms explain in the case of complex
and non-linear biomolecular networks such as those that underlie the action of
hormones and the regulation of genes. While dynamic mechanistic explanations
have been proposed as an extension of mechanistic explanations, we argue that the
former depart from the latter in that they do not draw their explanatory force from a
causal story but from the mathematical warrants they give that the explanandum
phenomenon follows from a mathematical model. By analyzing the explanatory
force of mechanistic explanation and of dynamic mechanistic explanation, we show
that the two types of explanations can be construed as limit cases of a more general
pattern of explanation — Causally Interpreted Model Explanations — that draws
its explanatory force from a model, a causal interpretation that links the model
to biological reality, and a mathematical derivation that links the model to the
explanandum phenomenon.
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1 Introduction

It is now often taken for granted that mechanistic explanations (ME’s) are one of the
major types of explanation in biology. It is indeed often impossible to read a current
scientific paper in biology without stumbling upon the concept of mechanism:
mechanisms are found in articles dealing with subjects as diverse as regulation of
food intake, transmission of nerve influx, cell division, cell growth, programmed
cell death, production by mitochondria and chloroplasts of energy-rich molecules
and so forth. It has been argued that the explanatory force of a mechanistic
explanation — that is to say, what makes a mechanistic explanation explanatory —
comes from displaying a mechanism while showing how this mechanism produces
the phenomenon of interest. In this context, mechanisms are generally construed
as particular types of models that include entities carrying out certain sets of
activities and organized in such a way that they produce the phenomenon of
interest (e.g. Machamer et al. 2000; Glennan 2002; Kaplan and Craver 2011). The
explanatory force of ME’s is claimed to be apparent in such canonical examples
as the functioning of an ion channel involved in neuron firing or the molecular
activation of a receptor. In this contribution, we question the explanatory force of
ME when targeted at complex biological systems. More specifically, we argue that
if the explanatory force of ME’s is to be equated with displaying a mechanism and
showing how this mechanism produces the phenomenon of interest, then such ME’s
are only possible with quite simple biological mechanisms. In the case of complex
mechanisms — which are mechanisms that typically involve feedback loops and non-
linear interactions (e.g. Bechtel and Abrahamsen 2010) — the explanatory force of
proper explanations of phenomena produced by these mechanisms does not come
from displaying the mechanisms and showing how these mechanisms produce the
phenomena of interest, but rather from the use of dynamic mathematical models,
thereby leading to specific dynamic mechanistic explanations (DME’s). While it
is a distinguishing feature of such mathematical models to be modally stronger
than mechanisms or laws (Lange 2012), their use in complex biological systems
highlights the very limited explanatory force of ME’s. If there is anything distinctive
to ME’s, then their scope of application is actually quite restricted to fairly simple
mechanisms, and their extension to complex biological systems (e.g. Bechtel and
Abrahamsen 2010) is far from obvious when it comes to specifying the source
of their explanatory force. We argue that, in the case of such complex systems,
explanations are not mechanistic but follow a more general pattern of “Causally-
Interpreted Model Explanations” (CIME, as we propose to call them). In the
following section, we review what is usually defined as a mechanistic explanation
(ME) and we highlight what makes mechanistic explanations explanatory: a model
of mechanism and a causal story. We then show, in Sect. 3, how these elements of
explanatory force are effective in the case of simple biological mechanisms, and how
they are ineffective in the case of complex biological mechanisms. We illustrate our
argument by looking at the case of the action of insulin on glucose homeostasis. In
Sect. 4, we show that the explanatory force of explanations of phenomena produced
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by complex biological mechanisms (DME’s) does not come from a causal-story but
from their mathematical component and its stronger modality. As a consequence,
we argue in Sect. 5, that, while ME’s are perfectly explanatory in the case of simple
biological systems, DME’s are no longer mechanistic since they do not draw their
explanatory force from the same types of elements. In Sect. 6, we show how the
different elements of explanatory force of ME’s and DME’s can be reconstructed
into three core elements that consist of a model, a causal interpretation and a
mathematical derivation. We develop the notion of “Causally Interpreted Model
Explanation” around those three elements and argue that ME’s and DME’s can be
construed, within a continuum, as limit cases of CIME’s.

2 Mechanistic Explanation and Its Explanatory Force

An explanation presupposes that there is something to be explained — the explanan-
dum — and something that does the explaining — the explanans. In the case
of mechanistic explanation (ME), the explanandum is usually taken to be a
phenomenon produced by a mechanism, while the explanans usually consists
in displaying the mechanism and in showing how this mechanism produces the
phenomenon in question. Let us be more specific.

A mechanism is usually defined as a set of parts and activities organized in such
a way that they produce the phenomenon in question. For instance, Craver proposes
to define mechanisms as “entities and activities organized such that they exhibit
the explanandum phenomenon” (2007, p. 6). And for Glennan, “a mechanism for
a behavior is a complex system that produces that behavior by the interaction
of a number of parts, where the interactions between parts can be characterized
by direct, invariant, change-relating generalizations” (2002, p. S344). Mechanisms
so construed are real things: they are composed of real parts that engage in real
activities or change-relating generalizations. The way we formalize our knowledge
about a given mechanism is typically by defining a model of this mechanism: a
model of mechanism. Indeed, Glennan defines the notion of “mechanical model”
which is a description of a mechanism (2002, p. S347), and Craver proposes
to distinguish a range of “models of mechanisms”, ranging from “how possibly
models” to “how actually models”. Note that, in the scientific and philosophical
literature, mechanisms are not always distinguished from their representational
counterparts. Indeed, mechanistic explanations are often directly framed in terms
of mechanisms. Nevertheless, the distinction matters if we wish to be precise
about what a mechanistic explanation consists of. We will therefore use “model
of mechanism” to mean a representation of a “mechanism”.

Similarly, when one speaks about explaining a phenomenon, one presupposes
a description of this phenomenon, this description typically being given under
the form of a proposition (or a set of propositions). In the case of mechanistic
explanation, the phenomenon that constitutes the explanandum is supposed to be
produced by a mechanism.
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A mechanistic explanation somehow consists in linking a description of the
phenomenon (produced by a mechanism) to a representational model of this
mechanism. Of course, much hinges on what is meant by “linking” a description
of a phenomenon to a model of mechanism. It has been argued that in a mechanistic
explanation,

intelligibility arises [...] from an elucidative relation between the explanans (the set-up
conditions and intermediate entities and activities) and the explanandum (the termination
condition or the phenomenon to be explained) | . .. ]. Descriptions of mechanisms render the
end stage intelligible by showing how it is produced by bottom out entities and activities. To
explain is not merely to redescribe one regularity as a series of several. Rather, explanation
involves revealing the productive relation. (Machamer et al. 2000, p. 22)

In other words, providing a mechanistic explanation is a matter of showing how
the entities of the mechanism produce the phenomenon through carrying out their
respective activities. This “productive” relation is in turn often understood in a
causal sense, with causation understood in a manipulationist sense (e.g. Craver
2007). A mechanistic explanation therefore explains a phenomenon (produced by
a mechanism) by showing how the phenomenon is causally brought about by the
entities and activities of the mechanism.

In practice, this is done in two steps, first by exhibiting a model of the
mechanism, second by showing how this model of mechanism causally accounts
for the explanandum phenomenon. This model includes entities and activities that,
ideally, refer to the real entities and activities of the real mechanism (and less
ideally to plausible or even to possible ones — see (Craver 2007, p. 139)), while
also specifying their spatial and temporal organization, all of this being relevant to
the phenomenon to be explained. Along these lines, Craver details five normative
elements that a model of a mechanism must necessarily fulfill in order to contribute
to a mechanistic explanation: (i) the model of mechanism must account for all
aspects of the explanandum phenomenon, (ii) the model of mechanism must be
based on components and activities that are real, (iii) these activities must be
causal (in a manipulationist sense), (iv) the entities and activities are spatially and
temporarily organized, (v) the entities and activities are all relevant with respect
to the explanandum phenomenon (for more details, see (Craver 2007, pp. 161—
162)). These normative elements summarize what we expect of a model of a
mechanism that does some explaining. Indeed, we expect that the entities and
activities mentioned in the model of mechanism relate to some real entities and
activities, and that they thereby somehow tell us something about the real world
out there. We expect that these entities and activities are indeed relevant — and not
superfluous — when it comes to explaining the phenomenon in question. We expect
that the model of mechanism can account fully for the explanandum. And that the
entities and activities are organized and causally meaningful is also something that
makes sense if explaining entails showing how things work. Yet even if it fulfills
all these normative elements, a model of a mechanism alone falls short of being
an explanation. Indeed, a list of entities and activities, even supplemented with their
spatio-temporal organization, is rarely explanatory in itself. What needs to be shown
is how the mechanism produces the phenomenon of interest.
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Hence a second step in a mechanistic explanation that consists in showing how
the entities and activities that are represented in the model causally interact so as
to produce the very phenomenon to be explained.! In other words, one needs to
show how the explanans (the model of the mechanism) is linked to the explanandum
(the phenomenon produced by the mechanism).> What appears to matter in this
second step is to somehow animate the model of the mechanism so as to reveal
the ways in which the represented entities interact with one another through their
respective activities and in function of their organization so as to reproduce the
phenomenon that is the target of the explanation. When we say “animate”, we mean
that a mechanistic explanation appears to involve some kind of rehearsing of the
unfolding of the activities of the different entities that compose the mechanism. It is
as if we were to run through each of the different causal links in the right sequential
order. The explanatory force of a mechanistic explanation thereby stems from the
intelligibility that arises when one rehearses this sequence of causal interactions and
realizes that this sequence ends up in the phenomenon to be explained. For instance,
an explanation of the movement of Na+- ions through the neuronal membrane during
the phenomenon of the action potential — a canonical example — may involve the
following passage:

At Vi [the membrane potential at rest], a positive extracellular potential holds the a-helix
[a subunit of a trans-membrane molecular complex known as the NaT channel] in place.
Weakening that potential, which happens when the cell is depolarized, allows the helix to
rotate out toward the extracellular side (carrying a “gating charge” as positively charged
amino acids move outward). This rotation, which occurs in each of the Nat channel’s
subunits, destabilizes the balance of forces holding the channel in its closed state and bends
the pore-lining S6 region in such a way as to open a channel through the membrane. Another
consequence of these conformation changes is that the pore through the channel is lined
with hairpin turn structures, the charge distribution along which accounts for the channel’s
selectivity to NaT. (Craver 2007, p. 119)

This excerpt clearly aims at showing how things work inside the mechanism and
how this results in the production of the explanandum phenomenon. It mentions
entities (“a-helix”, “hairpin turn structures” etc.) that engage in a range of activities

'Tt could be argued that the causal account or “causal story” of how the entities and activities bring
about the explanandum phenomenon is an integral part of the model of the mechanism, as proposed
for instance by Glennan (2005, p. 446). We argue here that distinguishing the causal story from the
model reveals two distinct dimensions of the explanatory force of mechanistic explanation, as we
specify at the end of this Sect. 2.

’In the covering law model of explanation, the explanation takes the form of an argument whose
premiss is the explanans and conclusion is the explanandum. The explanans is thereby linked to
the explanandum by means of a deductive inference. It could be argued that mechanistic expla-
nations are explanatory in just the same argumentative way, the description of the explanandum
phenomenon being deduced from the description of the mechanism. Yet mechanistic philosophers
specifically insist that mechanistic explanation is not an argument for “the explanation lies not in
the logical relationship between these descriptions but in the causal relationships between the parts
of the mechanism that produce the behavior described” (Glennan 2002, p. S348). What matters
therefore in a mechanistic explanation is to somehow show how the explanans causally produces
the explanandum.
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(“holding in place”, “rotating”, “bending” etc.) according to a specific spatial and
temporal organization (which appears in the way the account runs). And it is
typically this type of causal account that is expected to supplement a model of
mechanism in order to constitute a truly explanatory mechanistic explanation. It has
even been proposed that the way such causal mechanistic accounts are explanatory is
by relating the interactions of the mechanism’s components to familiar experiences
“by an extension of sensory experience with ways of working” (Machamer et al.
2000, p. 22).

The explanatory force of a mechanistic explanation therefore appears to come
in two steps: (1) the exhibition of a model of mechanism, that refers to real and
relevant entities and activities, and whose behaviour reproduces the explanandum
phenomenon; and (2) a causal story, that provides intelligibility to the model
of mechanism by describing how the entities and activities of that mechanism
work together so as to produce the explanandum phenomenon. More formally, the
explanatory force of mechanistic explanations can be made more specific in the
following way:

A mechanistic explanation (ME) explains a phenomenon (P) produced by a system (S) in

virtue of fulfilling the following two necessary and sufficient conditions:

(MM)  Displaying a model of mechanism that represents a real mechanism in S with its
entities, activities and spatio-temporal organization

(cS) Rehearsing a causal story that enumerates the cause-effect relationships taking
place in the mechanism up to the production of the phenomenon P.

These conditions explicate how mechanistic explanations gain their explanatory
force. Such explanations are deemed explanatory in virtue of displaying a model of
mechanism (that tells something about the world), and of rehearsing how this model
produces the explanandum through a sequence of causal links.? In the next section,
we discuss the explanatory force of mechanistic explanation and show that this
explanatory force, while being effective in the case of simple mechanisms, becomes
ineffective in the case of complex mechanisms.

3 Mechanistic Explanation in the Face of Increasingly
Complex Biological Mechanisms

There are many examples of mechanistic explanations that have already been
discussed in the philosophical literature. The neuronal action potential, the chemical

3The two conditions of explanatory force we specify here do not specifically commit to the details
of what constitutes a model of mechanism. For reasons of convenience, we use a terminology
inspired from (Machamer et al. 2000), yet the argument could be adapted to others such as
(Glennan 2005) for instance. Similarly, the two conditions are not linked to any specific account
of causation, 