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Abstract An important strategy in the discovery of biological mechanisms involves
the piecing together of experimental results from interventions. However, if mecha-
nisms are investigated bymeans of ideal interventions, as defined by JamesWoodward
and others, then the kind of information revealed is insufficient to discriminate between
modular and non-modular causal contributions. Ideal interventions suffice for con-
structing webs of causal dependencies that can be used to make some predictions
about experimental outcomes, but tell us little about how causally relevant factors are
organized together and how they interact with each other in order to produce a phe-
nomenon. I argue that lab research relies on more elaborated types of interventions
targeting in a controlled fashion multiple variables at the same time in order to probe
the temporal organization of causally-relevant factors along distinct causal pathways
and to test for non-modular interaction effects, thus providing crucial spatial-temporal
constraints guiding the formulation of more detailed mechanistic explanations.

Keywords Philosophy of biology · Scientific explanation · Mechanism · Causation ·
Modulairty

1 Introduction

Mechanisms account for a significant number of scientific explanations, especially in
the life sciences (Bechtel 2006, 2008; Bechtel and Abrahamsen 2005; Bechtel and
Richardson 2010; Craver 2007; Darden 2006; Wimsatt 1972). Several characteriza-
tions of mechanisms are available, all revolving around the notion that mechanisms

B Tudor M. Baetu
tudor.baetu@bristol.ac.uk

1 Department of Philosophy, University of Bristol, Cotham House, Bristol, BS6 6JL, UK

123

http://crossmark.crossref.org/dialog/?doi=10.1007/s11229-015-0930-y&domain=pdf


3312 Synthese (2016) 193:3311–3327

are organized systems of parts causally responsible for producing or maintaining phe-
nomena (Bechtel and Abrahamsen 2005; Glennan 1996, 2002; Machamer et al. 2000;
McKay and Williamson 2011).1 Woodward (2002) further proposed that mechanis-
tic explanations are reducible to sets of counterfactual dependencies, thus providing a
link between the newmechanistic philosophy and his highly influential interventionist
account of causation (2003). The argument is thatmechanisms can be treated as assem-
blages of parts “the behavior of which conforms to generalizations that are invariant
under interventions, and which are modular in the sense that it is possible in principle
to change the behavior of one part independently of the others” (Woodward 2002,
p. S366). Modularity, understood here along the lines of ‘independent disruptability’,
entails that the overall effect of a causal system can always be decomposed into a set of
well-defined, independent causal contributions attributable to each of the constituents
of the system. The proposal was challenged by Cartwright (2002) and Bogen (2004)
on the grounds that not all causal systems are modular, while Mitchell (2008, 2009)
further exemplified how robustness in certain molecular networks demonstrates that
modular causes do not exhaust all the types of causation found in nature. The upshot of
these critiques is that the modularity requirement for causal and mechanistic explana-
tion needs to be relaxed, a conclusion whichWoodward subsequently accepted (2010;
2013).

Notwithstanding, acknowledging the non-modularity of biological mechanisms
does not clarify how these contributions can be discovered and studied by means
of experimental interventions. A puzzle remains. As Woodward argues (2002, 2003,
2010, 2011, 2013) and many other authors convincingly illustrate with examples from
scientific practice (Bechtel 2006; Craver 2007; Craver and Darden 2013; Darden
2006; Morange 1998), there cannot be any doubt that mechanisms are elucidated
in a significant part by means of interventions.2 Experimental interventions reveal
bits and pieces of information about causally relevant factors, including entities,
activities and organizational features, which gradually add up to webs of causal
dependencies until a mechanism sketch begins to emerge.3 However, if mecha-

1 Amechanism is a set of “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, p. 3); “a structure performing
a function in virtue of its component parts, component operations, and their organization […] responsible
for one or more phenomena” (Bechtel and Abrahamsen 2005, p. 423); “entities and activities organized in
such a way that they are responsible for the phenomenon (McKay Illari and Williamson 2012, p. 124); “a
complex system which produces that behavior by the interaction of a number of parts according to direct
causal laws” (Glennan 1996, p. S344) or by interactions that “can be characterized by direct, invariant,
change relating generalization” (Glennan 2002, p. 52).
2 For the purposes of this paper, I rely on the observation that interventions play an indispensable role
in the elucidation of mechanisms, as illustrated in the scientific practice of molecular biology and related
fields. I leave aside the more speculative question of figuring out whether mechanistic productivity best
describes the ultimate nature of causation while interventions play a strictly epistemic role in the discovery
and confirmation of mechanistic explanations, or whether mechanisms presuppose a more primitive notion
of causation as difference-making; the issue is debated in (Bogen 2004; Glennan 2010, 2011; Hall 2004;
Psillos 2004; Waskan 2011; Woodward 2011).
3 Machamer, Darden and Craver (2000, p. 18) define a mechanism sketch as “an abstraction for which
bottomout entities and activities cannot (yet) be supplied orwhich contains gaps in its stages. The productive
continuity from one stage to the next has missing pieces, black boxes, which we do not yet know how to
fill in. A sketch thus serves to indicate what further work needs to be done […].”
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nisms are elucidated by means of ideal interventions, as proposed by Woodward
(2002, 2010, 2013), then the kind of information revealed by these interventions is
insufficient to discriminate between modular and non-modular causal contributions.
An ideal intervention on a variable X with respect to variable Y is an interven-
tion that changes Y by changing X without changing any other variable that is
a cause of Y .4 Such an intervention can only demonstrate the causal contribution
of X to Y without telling us anything about whether or not this contribution is
dependent on non-modular interaction effects between X and other causally relevant
factors.

In the absence of other sources of information, one would expect the piecing
together of experimental results from ideal interventions to follow the simplest inter-
pretation possible, namely a modular causal contribution for each causally relevant
factor; at the very least, introducing non-modularity in the absence of evidence
would seem an arbitrary complication. Yet examples from the sciences show that
molecular mechanisms elucidated in light of information from experimental inter-
ventions incorporate not only modular, but also non-modular causal contributions.
Using the regulation of the lac operon as a case study, the same example Wood-
ward (2002) used to defend the claim that mechanisms can be treated as sets of
modular causal contributions, I argue that the solution to the puzzle lies in the
fact that many, if not most, experimental interventions molecular biologists use in
order to elucidate mechanisms are not ideal interventions, but rather interventions
targeting multiple variables at the same time. This type of interventions tests for non-
modular interaction effects and the temporal ordering along distinct causal pathways,
thus providing much more detailed information about the organizational features of
mechanisms.

The paper is organized as follows. In Sect. 2, I analyze the special case of a com-
pletelymodularmechanism. In Sect. 3, I discussmulti-variable interventions and show
how they are used to test for non-modular interaction effects and probe spatial-temporal
organization features. In Sect. 4, I draw some implications for the characterization of
interventions, the modularity assumption, the distinction between mechanisms and
webs of causally-relevant factors, and the gap separating difference-making accounts
of causation from mechanistic explanations. Finally, in Sect. 5, I summarize my find-
ings and their implications.

2 The special case of a completely modular mechanism

2.1 Constructing a mechanism under the modularity assumption

Woodward (2002, p. S375) proposes that “a necessary condition for a representation
to be an acceptable model of a mechanism is that the representation (i) describe
an organized or structured set of parts or components, where (ii) the behavior of

4 That is, without directly changing Y , or any other variable along the causal pathway from X to Y , or by
simultaneously intervening on convergent causal pathways leading to Y . A fourth condition dictates that the
intervention must be capable of overriding uncontrolled influences (act as a ‘switch’), such that its effect
on the output conditions can be detected (Craver 2007, pp. 96–97; Woodward 2003, pp. 94–99).
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each component is described by a generalization that is invariant under interventions,
and where (iii) the generalizations governing each component are also independently
changeable, and where (iv) the representation allows us to see how, in virtue of (i),
(ii) and (iii), the overall output of the mechanism will vary under manipulation of the
input to each component and changes in the components themselves.”

Woodward shows how the four conditions are satisfied in a real-life example
using the mechanism regulating the expression of the lac operon as a case study.
Some bacteria are able to switch on and off the expression of genes required for
metabolizing lactose depending on whether lactose is present in the environment. In
E. coli, the mechanism underpinning this ability involves a repressor (lacI, the pro-
tein product of the lacI gene), which binds a regulatory DNA sequence (operator o)
and blocks the transcription of genes coding for enzymes necessary to metabolize
lactose, most notably lacZ, coding for β-galactosidase (the enzyme that catalyses the
hydrolysis of lactose into galactose and glucose). In the presence of lactose, lacI is
released from the operator o, and transcription can proceed, leading to the synthesis
of β-galactosidase, which in turn enables bacteria to use lactose as a source of energy
(Fig. 1a).5

Condition (i) in Woodward’s list specifies the variables under intervention (the
relata of causal dependencies), which correspond to the various components of the
mechanism, such as the genes lacI and lacZ, and their protein products, lacI and
β-galactosidase. Condition (ii) states that the behavior of mechanistic components
can be described as regularities that are invariant under a range of interventions and
support counterfactuals about what would happen in hypothetical experiments; e.g.,
lacZ expression in the presence/absence of lactose or analogous inducers (Fig. 1b).
Condition (iii), or the modularity assumption, states that interventions on any given
mechanistic component do not bring about changes in the generalizations governing
the behavior of other components. For example, mutations in regulatory sequences,
such as o, do not affect generalizations describing the operation of products of coding
sequences, such as lacZ. Causal modularity ensures that the output of the mechanism
can be predicted in light of prior knowledge of invariant regularities that govern inter-
ventions on its parts by means of a straightforward summation of the various causes
and causal pathways at work within the mechanism. This brings us to condition (iv),
stating that, in as much as it is known how a component changes in response to a set
of interventions, it is possible to predict how the mechanism will behave under the
conditions imposed by these interventions.

2.2 Methodological implications of the modularity assumption

We are now in a better position to appreciate the epistemic advantages of the mod-
ularity assumption. The assumption states that a mechanism is decomposable into

5 This partial description will suffice to illustrate a philosophical point. The mechanism is in fact more
complex, and monitors both the presence of lactose and glucose, triggering the expression of the lac operon
only when bacteria live in an environment rich in lactose but poor in glucose; a more complete description
can be found in (Griffiths et al. 2007, p. 307).
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a set of modular causal contributions attributable to the various components of the
mechanism. From a methodological standpoint, this means that (A) it is possible to
identify all the relevant causal contributions to a phenomenon of interest by means of
ideal interventions on the components of themechanism. And, (B) given an exhaustive
list of causally relevant factors and prior knowledge of the regularities describing the
behavior of these factors under a given range of interventions, it is possible to correctly
reconstruct the mechanism, predict its overall output and how this output will change
in response to interventions. (A) and (B) are mirror images of each other, stating that a
mechanism can be decomposed into a set of causal dependencies and then composed
back as a mechanism, much like one would take apart some mechanical contraption in
order to figure out how it works, and then put it back together with the added benefit
of understanding how the contraption behaves when one pushes and pulls its various
parts.

The modularity assumption should not be automatically treated as an idealization,
as there are no reasons to believe that there are no mechanisms that may satisfy
this requirement. Rather, it is best described as a special case that simplifies the
discovery process and allows for a straightforward reading of a mechanism from
available experimental results. Furthermore, even if a mechanism may incorporate
non-modular causal contributions, this does not mean that it cannot be decomposed
into modules that can each be disrupted without affecting the operation of other mech-
anistic modules (Woodward 2013). In our case study, even though not all the causal
contributions of the components in the mechanism regulating the expression of the
lac operon are modular, the overall mechanism can be decomposed into a regula-
tory and a metabolic module. Thus, it might be possible to describe a mechanism
in terms of coarser-grained modular causal contributions, although we have to keep
in mind that while such a description can be useful for a number of practical pur-
poses, it may fail to take into account the contribution of all known causally-relevant
factors.

In light of the above qualifications, it should be clear that is not my intention to
argue that there cannot be biological mechanisms consisting of assemblages of mod-
ular causal factors corresponding to the various components of the mechanism, or
that it is impossible to describe mechanisms in terms of modular causal contribu-
tions. Furthermore, I acknowledge and discuss the role of ideal interventions in the
generation of webs of causal dependencies, the pragmatic and explanatory value of
these webs, as well as the role they play in the subsequent elucidation of mechanisms.
Rather, my point is that the modularity assumption and its methodological implica-
tions (A) and (B) listed above cannot reliably guide the discovery process and this has
important implications for the design of experimental interventions. In the following
section, I use the lac operon example in order to show why non-modular interaction
effects make it impossible to equate mechanisms with webs of causal dependen-
cies and how researchers systematically conduct multiple-variable interventions in
order to discriminate between the many possible mechanistic interpretations of these
webs.
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3 From causal relevance to mechanisms

3.1 Ordered causal pathways and the temporal organization of mechanisms

The general strategy behind an interventionist approach is to establish the causal rele-
vance of a factor X relative to phenomenon Y bymeans of interventions on X resulting
in changes in Y (Craver 2007, pp. 96–97; Woodward 2003, pp. 94–99). If the phe-
nomenon to be explained is characterized as a regular, or at very least experimentally
reproducible correlation between input (start) and output (finish) conditions, then the
causal dependence of the output conditions on the input conditions is demonstrated
by means of interventions on the input conditions.6 In the lac operon example, the
addition/removal of lactose to/from the growth medium results in a gain/loss of the
ability to metabolize lactose. Additional experiments established an extended web
of causal dependencies revealing potential components and intermediate stages in
the operation of a mechanism. Most notably, using radioactively labeled amino acids,
Jacob andMonod (1961) showed that the induction of the ability to metabolize lactose
correlates with the synthesis of new proteins; they also identified several mutations
impacting on the ability to metabolize lactose (Fig. 1c). Webs of causal dependencies
constitute the rawmaterial for hypothesizing or inferring newmechanisms, often times
by providing a framework of empirical constraints that limits the space of possible
mechanisms and against which hypothesized mechanisms can be tested (Craver 2007;
Craver and Darden 2013; Darden 2006). In our example, the web established by Jacob
and Monod revealed a probable causal chain from exposure to inducers (lactose or
IPTG7) to protein synthesis to β-galactosidase activity and an ability of cells to grow
on lactose, thus suggesting that protein synthesis can be turned on and off in response
to environmental cues.

Nevertheless, even if mechanisms are inferred, hypothesized and confirmed based
on knowledge of causal dependencies, not any interconnected web of causally rele-
vant factors amounts to a mechanism. To illustrate the problem, let us consider the

6 Many authors have challenged the view that mechanisms operate in a strictly regular manner and
regularly succeed in producing the phenomena for which they are responsible (Andersen 2012; Bogen
2005; DesAutels 2011; Glennan 2010). Nevertheless, in scientific practice, an interventionist approach
requires reproducible events: “if phenomena are infrequent to the point that they amount to irreproducible
observations and experimental results, they are indistinguishable from the background noise of accidental
happenings, thus making it impossible to distinguish phenomena generated by irregular mechanisms from
chance correlations, as well as to interpret the results of experimental interventions required to demonstrate
the causal contribution of mechanisms to the phenomena for which they are allegedly responsible” (Baetu
2013, p. 254). On this account, reproducibility amounts to the ability to produce a phenomenon with a
consistent rate of success per number of experimental trials, such that, by conducting an adequate number
of trials, one can determine whether an intervention on a given variable has or doesn’t have an effect on the
phenomenon. The requirement for regularity can be reduced to a minimum as the number of trials increases,
but cannot be completely eliminated.
7 Isopropyl β-d-1-thiogalactopyranoside (IPTG) is a non-hydrolyzable (and therefore non-metabolizable)
lactose analog capable of binding the lacI repressor and cause it to detach from the operator side. In lactose-
induced cells, lacZ/β-galactosidase expression is turned on, then, as lactose is degraded by β-galactosidase,
expression is turned back off. In IPTG-induced cells, this negative feedback loop is absent. Note that
mechanisms involving cyclical causal pathways, such as feedback loops, are investigated using the same
multi-variable interventions; for an example, consult Baetu (2012).
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Fig. 1 a Partial representation of the mechanism regulating the lac operon expression. b Examples of one-
variable interventions. c Web of causal dependencies established by means of one-variable interventions

preliminary web of dependencies established by Jacob and Monod (Fig. 1c). The
web encapsulates extensive knowledge about causal contributions to the regulation of
lactose metabolism. The various nodes of the web constitute objects of intervention
that are also physical components of an experimental setup (e.g., growth medium,
bacteria, lacI repressor, β-galactosidase, the genes coding for these protein products).
The behaviors of these components conform to regularities that are invariant under
interventions (some genotype-phenotype regularities are listed in Fig. 1b). Finally, it is
possible to make some accurate predictions about how the web as a whole behaves in
response to individual interventions on its components. For example, one can correctly
predict that, if cells previously grown in a glucosemedium are transferred to a glucose-
free medium, exposure to inducers will lead to de novo protein synthesis and a gain
in β-galactosidase activity. In all these respects, the web depicted in Fig. 1c satisfies
Woodward’s conditions for an acceptable explanation and an acceptable mechanistic
model.

At the same time, it is also clear that the web in Fig. 1c does not provide conclu-
sive evidence for and does not grant any straightforward inference of the mechanism
depicted in Fig. 1a. For example, in the mechanistic description, lacI and o act along
the causal pathway linking induction to lacZ expression and the de novo synthesis of
β-galactosidase. In contrast, in the web description, the causal contributions of lacI
and o are open to a number of possible interpretations. They might be components of
the mechanism, or they might act via convergent mechanisms that have nothing to do
with lactose induction and de novo protein synthesis. Part of the problem is that the
fact that several factors are interconnected in a web of causal dependencies does not
suffice to conclude that all these factors are constitutive components of themechanism,
that is, that they are inside the ‘black-box’ connecting the input and output conditions
describing the phenomenon under investigation.

Webs of causal dependencies provide a pool of candidate mechanistic components
and, in this respect, they play a crucial role in the discovery of mechanisms (Baetu
2012, 2013). However, they allow only for a crude description of the sequence of
events linking input and output conditions. They lack important temporal organiza-
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tion details, such as the ordering of causally-relevant factors as sequences of events
along distinct divergent, convergent and parallel causal pathways. Some factors are
side-effects that do not contribute to the output conditions of the phenomenon under
investigation, while other factors may belong to convergent mechanisms, triggered by
different initial conditions (Fig. 2a). Equally important, a distinction must be made
between initial/background conditions and mechanistic components (Craver 2007,
pp. 139–60). The structure of the experimental interventions required to demonstrate
that a mechanistic component is part of a mechanism responsible for producing a
specific phenomenon described by input and output conditions diverges from that of
ideal interventions, as understood by the proponents of interventionist accounts of
causation. The latter are interventions in which only one factor is targeted at a time. In
contrast, the sorting of the various components of a web of causal dependencies into
temporally ordered causal pathways requires more complex interventions in which
two factors (usually the initial conditions and a putative mechanistic component) are
simultaneously manipulated on an independent basis and the effects on a third variable
(usually the output conditions) are observed (Baetu 2012).

Woodward (2002, p. S376) frames the loss-of-function mutation (e.g., lacI−,
lacZ−) experiments conducted by Jacob and Monod (1961) as being ideal [one-
variable] interventions. Undoubtedly, one-variable interventions such as those listed
in Fig. 1b showed that IPTG and the gene product of lacZ promote β-galactosidase
activity, while o (operator sequence) and the gene product of lacI repress it. However,
they did not conclusively demonstrate that lacI, lacZ and o are required somewhere
along the causal path linking exposure to IPTG (initial conditions) to the ability to
metabolize lactose (final conditions). The loss-of-function mutation experiments to
whichWoodward alludes were in fact two-variable interventions targeting at the same
time the initial conditions (presence/absence of IPTG) and genotype (wild-type/loss-
of-function mutation). Two-variable experiments showed that loss of lacI or o result
in a loss of repression in the absence of IPTG, while loss of lacZ results in a loss of
activation in the presence of IPTG, thus demonstrating that these factors act along the
causal path linking induction to the final phenotype (Fig. 2b).

Thus, a first obstacle to the reduction of mechanisms to a web of causally-relevant
factors stems from the fact that ideal [one-variable] interventions cannot specifically
identify only components associated with the mechanism responsible for generating
the transition from input to output conditions, as opposed to a more general pool
of converging causes and diverging effects. The methodological implication (A) of
the modularity assumption is falsified in the sense that it is not possible to identify all
and only the components of a mechanism bymeans of interventions demonstrating the
causal relevance of each component to the phenomenon generated by that mechanism.

3.2 Interacting causal factors and the spatial organization of mechanisms

The results of the two-variable experiments listed in Fig. 2b show that the operator
regulatory sequence (o), the repressor gene (lacI) and the β-galactosidase gene (lacZ)
are all required for a wild-type inducible phenotype. Yet even though the delineation of
causal pathways provides important information about the temporal organization of the
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Fig. 2 a Sorting of mechanistic components by means of a two-variable experimental intervention. b Two-
variable interventions. c Examples of multi-variable interventions conducted by Jacob and Monod (1961)

mechanism, there are still many possible mechanistic interpretations compatible with
these experimental results. One may hypothesize the existence of a modular causal
chain such as IPTG → lacI → lacI → o → lacZ → β-galactosidase activity, such
that interventions on lacI do not alter the ability of o to contribute to lacZ expression,
and interventions on o do not alter the ability of lacZ to contribute to β-galactosidase
activity. In this model, each component belongs to a different independent module.
Since themechanismneeds all itsmodules in order to operate, once amodule is broken,
it doesn’t matter what one does to the other modules. The end result will be always
the same, a loss of β-galactosidase activity.

On the other hand, given that molecular mechanisms consist primarily of chemical
interactions between molecular components, one may also be entitled to hypothesize
an interaction between IPTG and lacI, or between lacI and o, or between all three
factors. In an interaction scenario, interventions on any single cause alters the ability
of the other interacting causes to contribute to the effect, thus violating the mod-
ularity assumption. In turn, interactions reveal the presence of simultaneous causal
contributions, therefore providing important clues about the spatial organization of
mechanisms. The most obvious example is the formation of supra-molecular com-
plexes where the whole carries a biological activity distinct of that of its parts. Jacob
and Monod famously hypothesized allosteric induction: IPTG-lacI binding alters the
ability of lacI to bind o, where lacI bound to o acts as a repressor of lacZ expression
while unbound lacI doesn’t. According to this model, the three components do not act
sequentially, but simultaneously, and in a non-modular fashion, since their respective
causal contributions to the effect (lacZ expression) cannot be disentangled.8

8 Subsequent in vitro binding experiments showed that, indeed, lacI binds IPTG, and that IPTG induction
correlates with a detachment of lacI from o, the operator DNA sequence (Gilbert and Müller-Hill 1966,
1967).
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Sorting out these alternative scenarios requires a series of multi-variable inter-
ventions testing the causal contribution of various combinations of factors. Using
such interventions, Jacob and Monod demonstrated that the mechanism regulating
the ability of bacteria to metabolize lactose involves a combination of modular and
non-modular causal contributions. Interventions on lacZ consistently resulted in a per-
manent loss of β-galactosidase activity independently of additional interventions on
lacI and/or o, thus suggesting a modular causal chain whereby lacZ acts downstream
of lacI and o (Fig. 2c, rows 1–5). In contrast, the causal contributions of lacI and o
turned out to be more complex. The key experiments that made Jacob and Monod
famous were complementation9 experiments in which genes were tested pairwise by
introducing a second copy of the lac genes (lacI with its promoter, and lacZ with
promoter and operator) in bacteria and checking for an inducible phenotype in the
presence/absence of IPTG (Fig. 2c, rows 6–7).10 These experiments revealed that the
repression of β-galactosidase synthesis requires the interaction between a repressor
protein and a regulatory (operator o) DNA sequence proximal to the lacZ open reading
frame (the sequence coding for β-galactosidase). This finding added an extra layer
of complexity to the mechanistic explanation. It is not only question that lacI and o
are causally relevant, but their interaction is also causally relevant and requires bind-
ing in the close proximity of lacZ, thus demonstrating the causal relevance of spatial
organization, in this case proximity along the DNA sequence.

The interpretation proposed by Jacob and Monod was that the binding of lacI to o
in close proximity to the lacZ promoter blocks the access of RNA polymerase, thus
ensuring that lacZ is not transcribed and therefore β-galactosidase is not synthesized
(Fig. 1a). This model postulates the existence of two binding sites next to each other
along the same strand of DNA, one for binding an activator of gene expression (in
this case, the RNA polymerase complex), the other for binding an inhibitor (lacI).
The latter inhibits in virtue of the fact that when it binds its DNA binding site it also
partially covers the nearby RNA polymerase binding site, thus prohibiting it to bind
DNA and initiate transcription. The inhibition effect is crucially dependent on the
proximity of the two DNA binding sites, which is a spatial organization feature of the
mechanism. Moving the sites on another DNA strand, as Jacob andMonod did, or just

9 Complementation refers to a situation where a combination of mutations yields a wild-type phenotype
(Benzer 1955; Lewis 1951). Note that complementation posits an immediate threat to the modularity
assumption. If the causal contribution of the mechanistic components affected by the mutations is modular,
then modifying one component, or the second, or both should lead to the same loss in the ability of the
mechanism to produce the wild-type phenotype. Yet this is not what happens. Each separate mutation results
in a loss of the wild-type phenotype, while a double mutation results in a wild-type phenotype. One way
to account for complementation effects is to hypothesize an interaction between the two components, such
that if any single component is modified, it fails to interact with the other—for instance, because their
geometrical shapes don’t fit anymore according to a key and lock model of molecular interaction; however,
if the two are simultaneously modified, it can happen that a new geometrical fit is produced and they can
once again interact.
10 Mutations in the gene encoding a repressor protein (lacI) reveal that this protein is trans-acting; that is,
it can act on any copy of the target DNA site in the cell (Fig. 2c, row 6). In contrast, operator (o) mutations
reveal that such a site is cis-acting; that is, it regulates the expression of an adjacent transcription unit on
the same DNA molecule (row 7).
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further away from one another disrupts the inhibition effect, and ultimately the ability
of the mechanism to regulate lactose metabolism.11

The point of this admittedly lengthy (yet far from exhaustive) discussion of the
experimental interventions that led to the hypothesizing and subsequent elucidation of
the lac regulatory mechanism is that there is no straightforward way of compiling a list
of causally-relevant factors, as identified bymeans of one-variable interventions, into a
mechanism. Thus,methodological implication (B) is also falsified: an exhaustive list of
causally relevant factors andprior knowledgeof the regularities describing thebehavior
of these factors under a range of interventions do not provide all the information
needed to reconstruct the mechanism, predict its overall output, and how this output
will change in response to interventions. In turn this means that not all mechanisms
can be treated as or reduced to sets of counterfactual dependencies established by
means of ideal [one-variable] interventions.

4 Implications and discussion

4.1 The ‘ideality’ requirements on interventions are preserved

Perhaps the first thing that comes to mind vis-à-vis the shortcomings of ideal interven-
tions is that what makes ideal interventions ‘ideal’ is not the fact that only one variable
is targeted at a time. Both one- and multi-variable interventions are tightly controlled
interventions relying on the specific manipulation of selected variables. The typical
goal of a two-variable experiment is to demonstrate the causal relevance of a factor in
mediating the transition from input to output conditions by intervening on an upstream
causal factor, such as the initial conditions, and the causal factor itself. Both types of
interventions need to be conducted in such a way as to avoid spurious results due to the
potential ‘short-circuiting’ of the causal contribution of the variables intervened upon.
In other words, special care must be taken that the interventions do not also directly
affect the output or any downstream or convergent causal factors conductive to that
output, while the interventions themselves must act as switches capable of overrid-
ing uncontrolled causal influences. These are precisely the four conditions typically
required of an ‘ideal’ intervention (Craver 2007; Pearl 2000; Woodward 2003; Wood-
ward and Hitchcock 2003). The only modification is that, in the case of multi-variable
interventions, interventions on downstream causal factors must act as ‘switches’ capa-
ble of overriding not only uncontrolled influences, but also controlled interventions
on upstream causal factors (i.e., interventions on downstream factors must be able to
counteract the effects of interventions on upstream factors, such that one can distin-
guish between the effects of the two interventions on the output conditions).

Rather, the difference lies in the fact that multi-variable interventions involve
the systematic testing of the joint contribution of various combinations of factors
previously identified by means of one-variable interventions. This methodology of
discovery incorporates elements of an interventionist account of causation, in the

11 This hypothesis was subsequently supported by in vitro binding assays coupled with DNase treatment
demonstrating an overlap between the DNA sequences covered by lacI and RNApolymerase (Majors 1975).
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sense that one-variable interventions and the webs of causal dependencies revealed by
them constitute the first step in this methodology, but it also shows that the behavior
of mechanisms, and perhaps of physical systems in general, cannot be understood as
additive aggregates of causal contributions.

4.2 On mechanisms, modules and manipulable components

Woodward (2002, p. S375) argues that “it must be possible to add a new module or
component to a structure consisting of other modules or to replace one module with
another without disrupting or changing the other modules in the structure. This is just
another way of expressing the idea that modules or components should be indepen-
dently changeable.” Undoubtedly, living organisms are organized in such a fashion
that it is possible to add, modify, or replace a new module while minimally disrupting
other modules. Modularity enhances adaptability and evolvability, while simplifying
the discovery process and rendering possible medical treatments and other technologi-
cal applications (Simon 1962). To give just an example, the lac regulatory mechanism
consists of two modules, a transcription regulation module working independently
of a gene expression module. This led to a genetic engineering strategy of signifi-
cant experimental and technological value in bioengineering, namely replacing lacZ
with another coding sequence such that the replacement gene is regulated in the same
manner, namely expressed whenever IPTG is added to the growth medium.

At the same time, this does not entail that all mechanistic components are or must
be modular. Within the lac regulatory module, one cannot replace the DNA biding
domain of lacIwith that of anotherDNAbinding proteinwithout also replacing owith a
binding sequence specific for the replacement domain, nor can one move the repressor
binding sequence in the genome without forfeiting the regulatory effect. Changes in
one component interfere with the causal contribution of other components, meaning
that in order to preserve the regulatory effect of the module, changes in one component
must be paralleled by rescuing changes in other components of the system.

Given this complication, we can only conclude that it is sometimes possible to
decompose amechanism into independently disruptable modules.While acknowledg-
ing this limitation, Woodward (2010, 2013) presses the point that, whenever possible,
descriptions of biological mechanisms at the level of modular causal contributions
should be preferred because of the associated epistemic and practical benefits. Unfor-
tunately, preferring modular descriptions over non-modular ones is not a realistic
option in experimental practice. Molecular biologists have the experimental tools
necessary to intervene on molecular components, mostly at the level of nucleotide
sequences in the genome and amino-acid sequences in peptides, along with their more
or less predictable effects on the folding and properties of proteins (Morange 1998).
Yet molecular components seldom correspond to independently disruptable modules.
Hence, even though delineating modules is required for certain practical applications,
in the absence of intervention techniques that target modules rather than molecular
components, more detailed descriptions at the level of molecular components remain
an absolute necessity, since it is only through the modification of these lower-level
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components, along with an understanding of their non-modular causal contributions,
that scientists can hope to manipulate higher-level modules.12

A second complication stems from the fact that many biologists, especially in
developmental and evolutionary biology, equate mechanisms with independently dis-
ruptablemodules (Callebaut andRasskin-Gutman2005).On this account,mechanisms
are by definition non-modular since they are individuated not in terms of phenomena
simpliciter (see note 1 above), but rather in terms of non-modular or ‘entangled’ con-
tributions to a given phenomenon (Wagner and Altenberg 1996). It is only higher-level
biological systems, such as networks of mechanisms, the cell or the organism that can
be treated as assemblages of approximately modular mechanisms. This attempt to
systematize scientific terminology acknowledges the importance of both modularity
and non-modularity.

4.3 Mechanisms vs. causal graphs and structural models

Although Woodward (2002) does not explicitly make this connection, a mechanism
understood as a set of modular counterfactual dependencies and what I described in
my analysis of the lac operon example as ‘webs of causal dependencies’ (Fig. 1c) are
essentially informal descriptions of causal graphs. Under a probabilistic formalism,
they become Bayesian networks (Casini et al. 2011); when quantified over a range
of continuous values, they amount to structural causal models (Pearl 2000). If not all
mechanisms are reducible to sets of causal dependencies as revealed by one-variable
interventions, then it seems appropriate to conclude that not all mechanisms can be
represented as Bayesian networks or structural causal models. Either one has to aban-
don the ambition to model all the known details of the mechanism and settle down for
idealized, simplified or lower resolution modular representations, or has to develop
non-canonical versions of these formal models capable of handling the more com-
plex types of information typically associated with mechanistic descriptions. Weber
(forthcoming) reaches the same conclusion, in part because interventions onmolecular
components cannot satisfy the conditions for ideal interventions, and in part because
causal graphs and structural models fail to adequately incorporate spatial-temporal
organizational features which are essential to mechanistic explanation.

4.4 Interventions and spatial-temporal organization

One of the recurring critiques of attempts to analyze mechanisms in terms of sets of
difference-making causal claims is fueled by the observation that the latter tend to
abstract information typically present in descriptions of mechanisms. Mechanisms,
as depicted in scientific papers and textbooks, include spatial-temporal organization,
relevant properties of mechanistic parts and specify the nature of the activities these
parts perform. Many of these details seem to be lost in causal graph descriptions. This
divergence about the kind of information that is included in representations of mech-

12 Levels are understood here as levels of composition (Wimsatt 1976), namely mechanisms and modules
being composed of molecular component parts.
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anisms is mirrored by a divergence about what constitutes a successful explanation.
On Woodward’s account, descriptions of mechanisms explain by answering ‘what-
if-things-had-been-different’ questions, showing how the manipulation of the factors
mentioned in the explanation affect the explained phenomenon, and in this sense
rely on a difference-making approach to causation (Psillos 2004; Woodward 2002,
2011). This account diverges from the views espoused by most of the proponents of
the new mechanistic philosophy, who adopt a so-called ‘epistemic’ view according
to which descriptions of mechanisms in words or by means of diagrams convey an
intuitive understanding consisting in the simulation of the working of mechanisms
in our imagination (Bechtel and Abrahamsen 2005; Bogen 2005; Machamer 2004;
Machamer et al. 2000).13 Shape, rigidity, compartmentalization, temporal sequence
and other organizational features, along with a specification of the nature of activi-
ties performed by the various parts of the mechanisms play a prominent role in the
understanding of how mechanisms operate.

My analysis suggests that it is possible to narrow the gap between the two views,
although without completely eliminating it. While it is true that one-variable inter-
ventions provide little information about spatial-temporal organization, systematic
multiple-variable interventions reveal the presence of spatial constraints, as well as
temporal ordering along distinct causal pathways, bringing us closer to the ‘numbered
sequence of interaction events’ descriptions characteristic of mechanistic diagrams.
One can gain an immediate sense of the difference between the amount of spatial-
temporal information revealed by one- versus multiple-variable interventions by
comparing Fig. 1c (a causal graph summarizing the main results of one-variable inter-
ventions conducted by Jacob and Monod) and Fig 1a (a description of the mechanism
postulated in light of multiple-variable experiments testing for temporal ordering and
interaction effects). Even though the multiple-variable interventions listed in Fig. 2b,
c are insufficient to account on their own for all the details present in Fig. 1a—details
such as allosteric regulation or competitive binding inhibition—, in conjunction with
background knowledge about the entities involved (the importance of chemical affin-
ity and specificity of binding, formation of weak bonds between macromolecules, the
linear geometry of nucleic acid sequences, roughly globular shape of proteins, etc.),
Jacob and Monod were able to formulate probable hypotheses which were eventually
confirmed.

5 Conclusion

The modularity assumption simplifies the reconstruction of mechanisms from the
results of intervention experiments. Given knowledge of the components of a mecha-
nism and of the generalizations governing these components, it is possible to predict
not only the overall output of the mechanism, but also how this output will change

13 Alternative views include an ontic view, which treats mechanistic explanations as objective features of
the world (Craver 2007; Salmon 1984), and a modified epistemic view according to which mathematical
models provide a more rigorous understanding of some quantitative-dynamic details of phenomena by
showing that they are consequences of rules and assumptions about the operation of mechanisms (Baetu
2015a, b; Bechtel 2012; Bechtel and Abrahamsen 2011; Braillard 2010; Brigandt 2013; Gross 2015).
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in response to interventions on mechanistic components. Unfortunately, such recon-
structions are not always correct, for the very simple reason that not all themechanistic
parts targeted by interventions behave as independently disruptable modules. In fact,
given that molecular mechanisms consist for the most part of chemical reactions and
interactions between organic molecules and macromolecules, non-modular interac-
tion effects should be expected to be the rule for most of the components of molecular
mechanisms. This does not mean that we cannot hope to gain a better understanding
of non-modular mechanisms by means of interventions. An analysis of experimental
practices reveals that one of themost commondiscovery strategies involves the system-
atic use of multiple-variable interventions, a more complex type of targeting several
variables at the same time. One of the most interesting virtues of multi-variable inter-
ventions is that they reveal information about spatial-temporal organization features
of mechanisms, thus providing a stepping-stone amidst the gap between interven-
tionist analyses of mechanisms and mechanistic explanations as understood by the
proponents of the new mechanistic philosophy.
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