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Multiple Realizability and
Biological Modality
Rami Koskinen*y

Critics of multiple realizability have recently argued that we should concentrate solely on
actual here-and-now realizations that are found in nature. The possibility of alternative, but
unactualized, realizations is regarded as uninteresting because it is taken to be a question of
pure logic or an unverifiable scenario of science fiction. However, in the biological context
only a contingent set of realizations is actualized. Drawing on recent work on the theory of
neutral biological spaces, the article shows that we can have ways of assessing the modal
dimension of multiple realizability that do not have to rely on mere conceivability.
1. Introduction. In a series of critical works culminating in their recent
The Multiple Realization Book, Thomas Polger and Lawrence Shapiro draw
the distinction between things beingmultiply realizable andmultiply realized
(e.g., Shapiro 2008; Polger and Shapiro 2016). Furthermore, they claim, it is
only the latter half of this conceptual distinction that is a well-motivated topic
of study for the philosophers of science and mind. It is not that the former
class of entities is empty or somehow ill defined. To the contrary. The prob-
lem, according to them, lies in the fact that there are too many multiply real-
izable things, and we even possess a perfectly good algorithm for recogniz-
ing them: elementary logic. According to their criticism, the question whether
something is multiply realizable is uninteresting precisely because it can be
answered on the basis of pure analytical reasoning: “There appears to be no
logical contradiction in the possibility that the same psychological property,
for example, being hungry, might be realized in various physical ways.
Moreover, there is no obvious nomological constraint on multiple realiza-
tion” (Shapiro 2008, 514).
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It is no wonder, then, that it is the realized part of the distinction that Pol-
ger and Shapiro take to be the more substantial. This shows in Shapiro’s
(2008, 514) earlier discussion on Hilary Putnam’s original treatise on alter-
native physical realizations for mental properties: “although Putnam [1975],
in his groundbreaking discussion ofmultiple realizability, mentions only pain
and hunger as examples of mental properties that are likely to be realized dif-
ferently in mammals and mollusks, he clearly believes multiple realization
to extend to many other psychological properties as well. This would be un-
remarkable if it were only the multiple realizability of psychological states at
issue, but Putnam took himself to be offering something muchmore, namely,
that psychological properties are actually multiply realized.”

Shapiro and Polger have not been the only ones with worries concerning
sloppy multiple realization talk. Indeed, in their highly influential critique of
the Multiple Realizability Thesis (MRT), Bechtel and Mundale (1999, 176)
seem to use the same kind of distinction. They also note that it is not the mere
logical possibility that philosophers usually take to be the main thrust of MRT
but rather some more concrete belief about things actually being multiply
realized out there in the real biological world. What seems to be troubling,
they argue, is that this belief is often based on just pure intuition, not on any
actual empirical research. The moral seems to be that, instead of speculating
whether a thing could be multiply realizable by means of, say, yet-to-be-
discovered forms of alien life or the methods of a future science fiction tech-
nology, philosophers should rather concentrate on the firm empirical findings
that tell us whether things, as they now stand, actually are multiply realized.1

Although MRT seems to be stating an empirical hypothesis, Putnam and
other early advocates of the thesis relied heavily on conceptual intuitions and
thought experiments. Moreover, if philosophical case studies of various nat-
ural phenomena provide no evidence of actualmultiple realization,MRTseems
to be under a serious threat (Bechtel andMundale 1999; Shapiro 2000, 2008;
Polger 2009). As Polger and Shapiro (2016, 53) nicely summarize the situ-
ation, “Lacking evidence of actual multiple realization, what kind of evi-
dence for multiple realizability could we have?”

The central aim of this article, in contrast, is to argue that regardless of the
evidence of actual multiple realization, we can have ways of assessing pos-
sible multiple realizability. What is more, I will show that this does not have
to rely onmere conceivability. I focus on the biological context in which only
a contingent subset of possible realizers will ever become actualized. Recent
work by evolutionary systems and synthetic biologists does not only address
how things have been realized in naturally evolved systems; it also explores
possible realization bases. For researchers in these fields the question whether
some realizer is biologically possible is not just a matter of logic. Rather, it is
1. For a similar point, see also Wimsatt (2007, 384–85).
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an important empirical-cum-hypothetical question. Furthermore, if these new
fields can provide scientific knowledge on the modal dimension of multiple
realizability, it seems that we can have evidence for it that is relatively inde-
pendent of actual multiple realization in nature.

The outline of the article is as follows. Section 2 provides a short back-
ground for the argument by discussing evolutionary accounts of MRT. Ro-
senberg (2001, 2006) has argued that the truth of MRT should follow from
the fact that natural selection selects for effects, not realizers. Although a
useful starting point for inquiry, my modal analysis of MRT shows why Ro-
senberg’s argument ultimately fails for an important class of biological sys-
tems. In section 3, it is shown how according to a recent evolutionary sys-
tems biological theory of neutral spaces (Wagner 2005, 2014) there exists
a huge space of equivalent solutions to most biological functions, only a tiny
portion of which will ever be realized. Through the careful modeling of the
topological structure of this space, we can gain knowledge of the unactu-
alized solutions and also explain why some of them have remained unreach-
able. The situation will then be highlighted by an example of a neutral space
of genetic alphabets in section 4. Section 5 concludes the article by suggest-
ing how some of these solutions might nevertheless become realized by ren-
dering them targets for biological engineering.

2. Multiple Realizability and Biological Evolution. Although the para-
digmatic arguments for multiple realizability have often come from the phi-
losophy of mind, biological examples have also played a central role in the
assessment of MRT. Indeed, most of the cases that are discussed tend to
come from the functional life sciences broadly understood, be they in the con-
text of genes or neurocognitive architectures or organs like eyes (e.g., Hull
1974, 116, 121; Kincaid 1990; Bechtel 2008, 137–43; Weiskopf 2011; Pol-
ger and Shapiro 2016). Furthermore, ever since Putnam’s original essay on
multiple realizability in the context of the philosophy of mind, evolutionary
considerations have had a distinctive part in arguments concerning MRT.
This is also true of many of the more recent case studies on the topic (e.g.,
Bechtel and Mundale 1999; Keeley 2000; Shapiro 2000; Richardson 2008;
Weiskopf 2011). Rosenberg (2001, 2006) has even argued that MRT is in fact
a pretty straightforward consequence of evolution by natural selection and that
this is the fundamental mechanism that explains why we should expect it to
hold across all the other special sciences as well, since they are ultimately
based on biological entities and processes.

The main idea behind Rosenberg’s claim is that natural selection is what
can be termed a “structure-blind” process (2001, 2006, 22, 30). This means
that it cannot discriminate between two different solutions to the same prob-
lem, given that these differences do not bear on the system’s fitness. As such,
we should expect selection to routinely find multiple solutions to the same
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functional problems (Rosenberg 1985, 2001, 2006, 22, 41–42; for a similar
claim, see also Wimsatt [2007], 29). Moreover, in an evolving biological
world that is in a constant flux, different solutions to the same problem may
be favorable in different times and under different circumstances. According
to Rosenberg, it is almost guaranteed that different realizers for most bio-
logical functions will be tried out sooner or later in the course of evolution:
“If the ‘space’ of adaptational ‘moves’ and countermoves is very large, in the
long run every functional kind will at least sometimes be realized by multi-
ple causally distinct realizations” (2001, 367).2 As candidates of multiply re-
alized biological functions, Rosenbergmentions familiar concepts fromMen-
delian genetics, like allelic dominance, but also some less discussed ones, like
the secondary structure of hemoglobinmolecules and themechanisms of cel-
lular energy production (Rosenberg 1985, 61, 89, 95, 102).

However, as an empirical fact, evolution often seems to be rather conser-
vative in its use of different designs, and many biological functions often
share realizers even across species (Bechtel and Mundale 1999; Raerinne
and Eronen 2012). Because of various tacit evolutionary constraints and the
prevalence of functional homologies, it seems that the only way to go is to
evaluate the disparity of biological realizers on a case-by-case basis. Plausi-
ble instances of multiple realization include, among others, the location
mechanisms of weakly electric fish produced by convergent evolution (Kee-
ley 2000) and the lateral inhibition of the eyes of horseshoe crabs and differ-
entmammalian species (Weiskopf 2011). However, with other cases, like the
cortical areas of different mammalian brains (Bechtel and Mundale 1999)
or the optical solutions of human and cephalopod eyes, multiple realization
seems not to be empirically vindicated (Shapiro 2000). In line with Wim-
satt’s (2007, 29) remark that “evolution feeds opportunistically on outcomes,
manipulating probabilities by diverse paths so thatmultiple realizability and
multiple exceptions are inevitable,” it does indeed seem that there are also
multiple exceptions to multiple realizability.

More illuminating tools are needed if one wants to critically evaluate the
scope of multiple realizability in nature. In the next section, I argue that the
concepts of biological robustness and neutral biological spaces (Wagner
2005, 2014) provide such tools. They can save the intuitively appealing idea
that there is a link between multiple realizability and biological evolution.
However, they have a more restricted scope than conceptual arguments and
also point toward cases in which multiple realizability is not to be expected.
Moreover, by providing a rigorous framework for assessing the differential
modality of function-equivalent solutions in nature, the distinction between
2. See also Rosenberg (1985, 48): “There are many ways to skin a cat, and nature has at
one time or another employed most of them.”
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what is realizable and what is not becomes more nuanced than what recent
critics of MRT have assumed.

3. Robustness, Functional Equivalence, and Neutral Biological Spaces.
Most biological systems are characterized by their ability to maintain their
functioning in the face of considerable environmental changes, genetic mu-
tations, and metabolic fluctuations. This is often expressed by saying that
biological systems are robust. According to an influential view in systems
biological theorizing, a key element behind robustness seems to be that bio-
logical functions are often realizable in multiple different structures, mech-
anisms, or processes (e.g., Edelman and Gally 2001; Greenspan 2001; Ki-
tano 2007; Chouard 2008).

A recent, theoretically powerful way to conceptualize the phenomenon of
biological robustness comes from the idea of neutral spaces (Wagner 2005,
2014). The general concept of a neutral space is defined as follows:
3. To
siona
der to
of the

86/7054
(NS) A neutral space is a collection of equivalent solutions to the same
biological problem. It can also be thought of as a set of alternative configu-
rations of a biological system, configurations that solve the same problem.
(Wagner 2005, 195)
Neutral spaces are always relativized to a particular biological domain or
class of biological functions. For example, a gene can be neutral for the sub-
stitution of another gene, but it generally does not make sense to speak of a
gene being neutral to some completely other kind of macromolecule, say, a
hemoglobin. In what follows, I focus on the concept of a neutral sequence
space, although much of what I say would hold in the case of other kinds
of spaces as well (e.g., like the space of neutral metabolic networks).3

As an example, I use a schematic presentation of neutral RNA/protein
structure spaces presented originally inWagner (2005, 201). In figure 1, there
are three different types of sequences that fold into three different types of
structures, respectively, with each structure in turn serving a specific biolog-
ical function. Sequences folding into the most frequent structure form a sin-
gle neutral space that is spread across the entire sequence space in a network-
like manner (white circles). There is another moderately frequent structure
that is also realized by several sequences (gray circles). However, these se-
quences do not form a single network but rather come in three separate island
chains. Finally, there is a rare structure that is realized by only two isolated
pologically, all the neutral spaces that Wagner (2005) considers are multidimen-
l metric spaces. Some are discrete, while some can be treated as continuous. In or-
represent these spaces in a convenient way, one must necessarily strip away some
ir complexities, like multidimensionality.
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sequences (black circles). The sequences for the first structure form a single
neutral space that is connected, while the neutral space for the second struc-
ture is only partially connected. The neutral space for the third structure is
not connected at all.

Two sequences are connected only if there exists a stepwise path of
function-preserving mutations between them. For example, the neutral space
of the two black circles in figure 1 is not connected because no series of mu-
tations would be able to transform one to the other without a loss of function
in the process. Thus, although each function is realizable bymultiple different
sequences, not all functions are alike in how “easy” it is to find or lose a re-
spective sequence for them. In general, the more neutral solutions there exist
and the more connected these solutions are, the higher the robustness of that
particular function.

It is natural to identify multiple realizability in biology with neutral solu-
tions in Wagner’s sense (see also Wimsatt 2012). It is because most biolog-
ical functions seem to be realizable in multiple different function-equivalent
ways that makes biological systems robust. This of course also depends on
what we count as a genuine case of multiple realizability in the philosopher’s
sense.4 However, the purpose of this article is not primarily to address the
analytical criticism of MRT but rather to answer the empirical challenge re-
garding the modal dimension of multiple realizability. Similar remarks hold
for the concept of a neutral solution as for multiple realizability: they are best
Figure 1. Schematic presentation of neutral RNA/protein structure spaces. Rectan-
gular area represents sequence space, with individual circles corresponding to dif-
ferent sequences. Circles with the same shading correspond to sequences with the
same RNA secondary structure/protein fold, thus realizing the same biological
function. Unlike the image, the actual sequence space is multidimensional. Adapted
from Wagner (2005, 201).
4. See Shapiro (2000, 2008) and Polger and Shapiro (2016) for what has become known
as the “official recipe” for multiple realization.
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interpreted as relative concepts. Like neutral biological solutions, multiple
realizability is never absolute but comes in degrees and, most importantly,
is always perspectival and anchored to a particular biological function (Wim-
satt 2006, 459). As Wagner notes, “A subtle philosophical question is what
constitutes different solutions to the same problem. A chemist might argue
that two proteins differing in their amino acid sequence but cleaving a small
molecule with the same reaction mechanism are similar solutions, whereas
two proteins that use a different reaction mechanism are different solutions.
From an evolutionary perspective, however, it is sensible to view all geno-
types that serve the same function as different solutions to the same problem,
because each of these phenotypes can, in principle, be discovered indepen-
dently from other such genotypes” (2005, 240).

It is clear that in the case of most neutral spaces, with any two neighbor-
ing nodes, the structural difference between them is not necessarily great.
For example, in the case of many sequence spaces, the difference is typically
that of a point mutation or a single change of a resulting amino acid. This
may seem rather modest, especially given how many mutable positions a
sequence can have. However, taken collectively, an entire neutral space of
function-equivalent sequences can form quite a heterogeneous set. Although
there might not be a significant difference in structure between nearest
neighbors, the same does not typically hold for nodes that are farther apart.5

Also, it is often not known a priori what different sequences will realize the
same function or how many such sequences exist.

However, for the purpose of this article, the most important aspect of the
theory of neutral spaces comes from the tools it provides for reasoning about
the differential modal nature of various function-equivalent solutions. I high-
light this next by an example from the study of the topology of a neutral
space of genetic alphabets. This simple example will show on a conceptual
level how it is possible to reason about the modal dimension of multiple
realizability without reverting to arguments based on mere conceivability.

4. A Neutral Space of Genetic Alphabets. Life on earth is based on the
DNA and RNA molecules with their four letter, two base-pair system (G-C,
A-T/U), but is this structure necessary, or could there be an alternative real-
izer for genetic functions? Wagner (2005, 196–97) presents an elegant case
to show that, once a particular genetic alphabet, say A1, is fixed, it might be
impossible for it to change anymore. What is striking in his example is that it
holds even if there in theory exists an alternative alphabet A2 that is just as
optimal as A1.
5. There are even cases of some enzymes with the same fold but that do not have a single
amino acid in common (Wagner 2014, 124).
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The alphabet that Wagner (2005, 18–21) considers is the pair (k-X, a-G).
He chooses this particular alphabet because it has been shown to express a
robust Watson-Crick base-pairing pattern, comparable to that of the natural
(G-C, A-U) alphabet. Basically, this means that binding between its comple-
mentary bases, and repulsion between noncomplementary ones, is strong. It
is also chemically stable. Because of this, it can be treated as an alternative
solution to the functional problem of faithful genetic replication, even if no
known organism is based on it: “[the (k-X, a-G) alphabet] is not realized in
life as we know it, perhaps because prebiotic conditions were not conductive
to the synthesis of its bases, perhaps because of other chemical instabilities,
or perhaps because of a mere historical accident” (196).

To transition from one genetic alphabet to the other, a set of intermediates
is needed that makes the change chemically attainable. In the case of the al-
phabets considered here, the following chain of five different alphabets is
formed:

h(k-X, a-G), (k-X, a-G, G-C), (k-X, G-C), (k-X, G-C, A-U), (G-C, A-U)i

Because the alphabets at the endpoints share no bases, a total of four steps
(an addition or a deletion of a base pair) is required to get from one to the
other. However, the problem now arises that all the intermediates between
(G-C, A-U) and (k-X, a-G) are suboptimal; they fare worse than alphabets
at either endpoint in realizing the function of faithful genetic replication. Be-
cause of this, natural selection would never favor a stepwise transition from
either endpoint to the other. As Morange (2009, 370) notes, “No variation
can be selected if it transiently decreases fitness, even if additional variation
going in the same direction or complementary variation induces a later in-
crease in fitness—natural selection always acts in the present.”6 What makes
the example remarkable is that it essentially depends only on the topological
structure of the neutral space in question (i.e., whether nodes belonging to it
are connected or not). In other words, in the above chain of alphabets, only
those indicated in bold belong to the neutral space of optimal genetic alpha-
bets. However, as can be seen, this neutral space is not connected; the alpha-
bets at the ends can be likened to the isolated black circles in figure 1. This
means that once either alphabet is fixed, it cannot revert and transform itself
anymore without a loss of function in the process (Wagner 2005, 197).

I take this example as having two take-homemessages regarding multiple
realizability. First, it provides evidence against Rosenberg’s claim that nat-
ural selection can freely pick between alternative solutions to the same func-
tional problem, given only the simple requirement that the nature of these
6. This is even more prominent in the case of such a highly generatively entrenched fea-
ture of living systems as the genetic alphabet (see Wimsatt 2007, 135–36).
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solutions does not bear on the system’s overall fitness. Although theoretical
reasons suggest that both (G-C, A-U) and (k-X, a-G) alphabets should have
an equivalent capacity to realize the function of faithful genetic replication,
natural selection does not have the power to wander freely between them.
Ironically for Rosenberg, it is exactly natural selection’s unyielding demand
for fitness that makes the transition through suboptimal solutions biologi-
cally impossible. Thus, selection cannot provide a universal algorithm for at-
taining multiply realized solutions.

Second, it shows how coarse-grained the simple realized-realizable di-
chotomy of Polger and Shapiro is in evaluating the scope and limits of MRT,
at least in the case of many biological functions. Even though the alternative
alphabet considered here is not found in the geneticmakeup of any knownor-
ganism—that is, it is not realized in nature—there is a perfect sense in which
it is nevertheless realizable. It is a biochemically feasible way to achieve the
same function as that of the natural DNA/RNA alphabet. Furthermore, the
potential to realize faithful genetic replication cannot surely be just a matter
of pure a priori logic. Rather, it is a matter of distinctly biological possibility.

The skeptic can still of course question whether the kind of chemical al-
phabet considered here is ultimately adequate or even realizable by actual
biophysical means. It could rely on, say, unrealistic modeling assumptions.
The case that I have presented here certainly does not constitute a proof of
MRT when it comes to biological systems, not to mention special science
kinds in general. However, I argue that it gives us compelling reasons to re-
gard the multiple realizability of many important biological functions as a
live possibility worthy of scientific and philosophical investigation. In the
next and final section, I conclude by briefly pointing to some future avenues
in contemporary biological engineering that can be used to further refine our
understanding of this modal character of MRT.

5. Conclusion: An Empirical Claim or an Engineering Hypothesis? In
their new book-length treatment on multiple realization, Polger and Shapiro
(2016, 53) ask their readers: “Lacking evidence of actual multiple realiza-
tion, what kind of evidence for multiple realizability could we have?” And
they answer, provocatively: “This is where Strawperson usually steps into
the debate. Strawperson doesn’t think that we need to consider the evidence
for multiple realizability. Strawperson doesn’t care whether we have ob-
served any actual cases of multiple realization, because what matters is only
themodal claim that multiple realization is possible” (53). Here they of course
interpret possibility simply as noncontradictoriness; this is what makes the
supposed modal argument so obviously lacking.

In this article I have argued for a new perspective that helps to refine our
understanding of the modal dimension of multiple realizability without hav-
ing to revert to the role of the Strawperson.More precisely, I have shown that
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recent critics of MRT have been too restrictive on their insistence to limit
our focus solely on actual realizations and to claim that whatever goes be-
yond this must be just a matter of logical speculation or science fiction.
Now, it has been surely a welcome trend to bring the debate on multiple re-
alizability in closer contact with the empirical content of actual science.
When Hilary Putnam originally formulated MRT, he was clear that what he
was proposing is in fact a bold empirical hypothesis (Polger and Shapiro
2016, 42). Naturally evolved systems may or may not turn out to be such
that their functional features are multiply realized (Putnam 1975, 436). The
best way to test an empirical hypothesis is surely by the means of empirical
scientific investigation.

However, there is also a further sense in which Putnam and other early
advocates of MRT were putting forth a hypothetical claim. This is based on
the fact that many of the reasons that were used to support MRT came from
the engineering sciences. Especially important were computer science, arti-
ficial intelligence, and robotics—booming areas of applied engineering in
the 1960s.Although themainmotivation forMRTcame fromconceptual con-
siderations stemming from the theory of computation, there is surely an em-
pirical component in here, too: computers, robots, and mindful machines are
all concrete material artifacts that can be investigated empirically. However,
what is noteworthy is that these are all things that are not readily found in na-
ture. Rather, they are products of human engineers and require lots of nontriv-
ial design work for their realization. Regarding thinking machines and the
like, it is also the case that we arguably still do not have any proper examples
of them. That is, at the moment, they are still unactualized engineering hy-
potheses. They may or may not turn out to multiply realize anything. How-
ever, according to Putnam at least, they are often designed so as to multiply
realize some interesting phenomenon or function.

As critics of MRT have noted, it is certainly “unusual to adduce possible
future evidence in support of a hypothesis” (Polger 2009, 458). However, in
the biological context at least, synthetic biologists with a proof-of-concept
mind-set (Kendig 2015) are now in a position to concretely study alterna-
tive biological realizations that have not been realized by natural selection.
These canbe likened to the unconnected solutions inWagner’s neutral spaces.
Cutting-edge tools from biological engineering help researchers transcend
mutational gaps that would be deleterious for natural systems (Morange
2009). For example, many labs around the world have already done experi-
mental studies on artificial genetic alphabets. Thus far, the results have been
promising, and multiple alternatives to the natural DNA molecule have al-
ready been probed (Kwok 2012; Karalkar and Benner 2018). It is of course
still an oftentimes radically open question whether there ultimately exist al-
ternative ways to implement any given biological function. However, valu-
able information is gained even in the case when multiple realizability is
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not attainable. One should not expect MRT to be an either-or matter. As with
all good hypotheses, what makes it even more interesting is that we cannot
know its modal scope and empirical prevalence a priori.
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