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Abstract We assess the arguments for recognising functionally integrated multi-
species consortia as genuine biological individuals, including cases of so-called
‘holobionts’. We provide two examples in which the same core biochemical pro-
cesses that sustain life are distributed across a consortium of individuals of different
species. Although the same chemistry features in both examples, proponents of the
holobiont as unit of evolution would recognize one of the two cases as a multi-
species individual whilst they would consider the other as a compelling case of
ecological dependence between separate individuals. Some widely used arguments
in support of the ‘holobiont’ concept apply equally to both cases, suggesting that
those arguments have misidentified what is at stake when seeking to identify a new
level of biological individuality. One important aspect of biological individuality is
evolutionary individuality. In line with other work on the evolution of individuality,
we show that our cases can be distinguished by focusing on the fitness alignment
between the partners of the consortia. We conclude that much of the evidence
currently presented for the ubiquity and importance of multi-species individuals is
simply not to the point, at least unless the issue of biological individuality is firmly
divorced from the question of evolutionary individuality.
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1 Introduction

This article examines an influential class of arguments for the existence and
importance of biological individuals whose component parts are from different
species. We show that there is a common form to these arguments and suggest that
arguments of this form are insufficient to establish their intended conclusion,
namely that a multi-species consortium is a new biological individual rather than
several distinct biological individuals in ecological relationships. Recently Skillings
(2016) has proposed a convergent analysis with ours. Similar criticisms of the
‘holobiont’ concept have been made in the recent scientific literature. We identify
an underlying problem with what we term ‘part of the system’ arguments
concerning biological individuality and conclude that, as many biologists and
philosophers have argued in the past, the fundamental issue in identifying new
levels of biological individuality should be whether some entity can function as a
unit of evolution, which will depend on the fitness alignment between the partners
over evolutionary timescales.

Examples of symbioses between different species that are so tightly integrated as
to seem like a new type of biological individual have long been known (e.g.
lichens).! However, two empirical developments have led to increased interest in
this phenomenon. The first was the acceptance of the theory that eukaryote cells are
derived from multiple ancestral lineages (Margulis 1970 and see Sect. 5). The
second was the discovery that multicellular organisms depend on an associated
community of microbes in more substantial and specific ways than had previously
been realized. This second development led to the idea that the biologically
significant units of multicellular life are not traditional multicellular organisms—
functionally integrated populations of cells descended from one or a few closely
related cells—but symbiotic communities of cells from many species, or
‘holobionts’. The term ‘holobiont’ (Margulis 1991, 2) was invented to suggest a
greater degree of integration, in both physiology and evolution, than the older, more
general notion of symbiosis. It refers to a biological unit consisting of a traditional
multicellular organism and the unicellular organisms associated with that organism
that make a substantial contribution to its ability to survive and reproduce (e.g.
Rosenberg and Zilber-Rosenberg 2013, 1-7). O’Malley and Dupré (2007) use the
handy term ‘macrobe’ to refer to traditional multicellular organisms, making a
holobiont equal to a macrobe and associated microbes.

In this paper we will use a related but broader notion of a ‘multispecies
individual’. This notion is needed to encompass both holobionts and associations in
which partners are of similar sizes. Although it is important to emphasize that most
macrobes interact in very important ways with microbes this type of interaction is

! Following Rosenberg and Zilber-Rosenberg (2013, 4), by “symbiosis” we mean mutualistic
relationship between two or more partners. The examples we use in this article will involve partners
that live in close proximity.

@ Springer



Multispecies individuals Page 3 of 23 33

not fundamentally different from some interactions between macrobes and
macrobes or between microbes and microbes as recognised by leading advocates
of the holobiont concept Eugene Rosenberg and Ilana Zilber-Rosenberg (2013, 4).
We are not aware of any theoretical principles in evolution or ecology that
distinguish macrobe-microbe interactions from these other inter-species interac-
tions. Given this, we can either generalize the concept of the holobiont to mean any
multispecies individual or we can keep that term in its current sense and use the
term ‘multispecies individual’ for the more general category, reserving the term
‘holobiont’ for a macrobe with its microbiota. We choose the second option, which
avoids introducing any ambiguity in the use of ‘holobiont’. However, although our
arguments could in principle be applied to any case of multispecies interactions
upon which the Darwinian apparatus can operate, we will mostly use examples from
the holobiont literature. Finally, by ‘multispecies individual’ we mean ‘multispecies
evolutionary individual’. While we recognize that the notion of individuality has
been approached from different perspectives (physiology, immunology, develop-
mental biology, etc.) it is clear that the advocates of the holobiont concept discussed
below are also concerned with evolutionary individuality. It is this aspect of
individuality that we will target with our criticisms.”

In the next section we sketch the case for the importance of holobionts. In the
following section we describe two examples of potential multispecies individuals.
These examples are strikingly similar, but one is a holobiont, that is a multicellular
organism interacting with unicellular organisms and would be considered as an
individual by proponents of the holobiont concept, while the other is not for it
involves interactions between two multicellular organisms and some abiotic
components of the landscape, as well as some unicellular organisms. Prima facie,
our second example therefore appears to be a typical set of ecological interactions
between distinct species. In Sect. 4 we examine some popular arguments for
regarding the holobiont as a biological individual in more detail and show that they
apply equally to our two examples. In the final two sections we draw on the wider
scientific and philosophical literature on biological individuality to identify the
difference between our two cases. We argue that the greater alignment of fitness
between the different partners of a consortium allows us to distinguish these two
cases. In light of this we suggest that arguments reviewed earlier in the paper do not
speak to the question of whether holobionts are evolutionary individuals.

2 Note that there exists a literature which understands ecosystems as individuals (for reviews see
Huneman 2014a, b; Van Baalen and Huneman 2014). As recognized by Huneman (2014a), this notion of
individual is different from the notion of individuality typically used in evolutionary biology, the latter of
which is the focus of our analysis. For that reason, we will not discuss the view of ecosystems as
individuals, although we recognize that some connections between the literature on holobionts and
ecosystems as individuals exist.
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2 The holobiont and ‘part of the system’ arguments

The class of arguments that we target in this paper have this form: such-and-such
components are essential to the functioning of some larger system, therefore those
components are part of that system. Enthusiasts for the holobiont concept have
presented anatomical, physiological, developmental, immunological, and evolu-
tionary versions of this argument in which the parts are the partners entering the
symbiosis, and the system is the holobiont:

Individuals can be defined anatomically, embryologically, physiologically,
immunologically, genetically, or evolutionarily [... A]ll classical conceptions
of individuality are called into question by evidence of all-pervading
symbiosis. (Gilbert, Sapp, and Tauber 2012, 325; emphasis added)

Gilbert et al. are correct that each of these definitions of individuality has been
important in the history of biology, and each of them is alive and well today. In each
case, the notion of a structured whole is present but with a different emphasis on
what that whole is or how it is maintained. In the anatomical and physiological
cases, an individual is a complex whole whose parts cooperate for the good of the
whole and which involves a division of labour between those parts. In the
developmental case an individual is the organized structure that undergoes
concerted changes between two generations. In the case of immune individuality,
a complex whole is maintained by an immune system that rejects anything that is
not ‘self’. In the case of genetics, the individual is a collective with a common
genome. Finally, an evolutionary individual is a collection of parts that is selected as
a whole.

Each of these approaches to the individuality of macrobes, Gilbert et al. claim,
have been challenged by new discoveries about the functional integration of
macrobes and microbes. The unit of anatomical and physiological function is larger
than the traditional organism. The unit of immunological identity is not the
traditional collective of more or less genetically identical cells. In the case of
biological development,

Microbial symbionts appear to be a normal and necessary part of the life cycle
of all mammals [...] the symbionts are integrated into the normal networks of
animal development, interacting with the eukaryotic cells of their ‘host’.
(Gilbert, Sapp, and Tauber 2012, 328)

These developments, they argue, undermine the genetic approach to individuality
and also support a revised evolutionary approach to individuality that recognizes the
holobiont as an important unit of selection. Similar arguments are found in other
authors. Key advocates for the holobiont concept Rosenberg and Zilber-Rosenberg
summarise their case like this:

The major arguments for considering the holobiont as a level of selection are
the following.
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1. All multicellular organisms contain abundant and diverse microbiota. Often, the
number of microbial cells and the sum of their genetic information are above
that of their host.

2. Not only the host genome but also the microbiome can be transmitted between
generations with reasonable fidelity and thus maintains [sic] the unique
properties of the holobiont.

3. Microbiotas and their hosts interact in a manner that affects the fitness of the
holobiont in many ways, including its morphology, development, behavior,
physiology, and resistance to disease. Taken together, these interactions
characterize the holobiont as a single and unique biological entity [...].
(Rosenberg and Zilber-Rosenberg 2016, 1)

Point 1 corresponds to what Gilbert et al. say about anatomical individuality, and
point 3 reiterates those author’s claims about anatomy, development, physiology
(adding behavioural function), and immunology. Point 2 might be read as making a
‘part of the system’ argument about heredity, but it is better understood as
addressing some of the concerns about evolutionary individuality that will occupy
us in later sections of this paper, so we will put it aside for now. The key point we
wish to draw attention to with this quotation is that leading advocates of the
holobiont present ‘part of the system’ arguments as reasons to accept that holobionts
are genuine biological individuals, where that status is taken to include them as
functioning as a unit of evolution.” A key contention of this paper is that those
arguments do not support that conclusion.

The ‘part of the system’ form of argument has also been used to argue for
‘Developmental Systems Theory’, the idea that the units of development and
evolution are organism-environment systems (Griffiths and Gray 1994; Griffiths and
Tabery 2013; for a critical perspective see Gilbert 2003). But ‘part of the system’
arguments must be used with care. Many organisms depend on the earth’s
gravitational field for normal development: the earth’s mass is a “normal and
necessary part of the life cycle”. However, as far as we are aware advocates of the
holobiont concept do not advocate a ‘hologeobiont’ concept! The mere existence of
functional integration between an organism and some property of our planet, or
between organisms of different species, is not enough to demonstrate the existence
of a new, collective individual (for a similar view in different terms see Moran and
Sloan 2015, Box 1, misconception 5). In the next section we use two contrasting
examples of functional integration between individuals of different species to
explore what else is needed.

3 See also Dupré and O’Malley (2009, 13) quoted in Sect. 4 below.
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3 Holobionts and ecological communities: two examples

The problem posed by the holobiont concept, and more generally by the concept of
multispecies individuality, is that it is always open to us to consider the partners not
as parts of a new, collective individual, but as individuals from more than one
species that have close ecological relationships to one another (Douglas and Werren
2016).

Take the controversial example of the human gut microbiome. Should we
consider a human and its microbiota as a cohesive whole that natural selection is
acting upon, or should we consider them as ecological interactants? If we take the
latter, more conservative approach, should we consider the local population of one
bacterial species as an individual interacting with its host and with local populations
of other bacterial species, or should we regard the whole microbiota or some large
part of it as one individual interacting with its metazoan host? It should be noted that
the question of individuality does not necessarily require an all-or-nothing answer. It
is perfectly possible to work with a notion of degree of individuality (Godfrey-
Smith 2009, 2013; Queller and Strassmann 2009). The human + gut microbiome
holobiont might have a good claim to be considered a multispecies individual
despite standing lower on the scale of individuality than a unicellular eukaryote. But
even recognizing that intermediate positions are possible, we need to know what
makes a clear multispecies individual in order to decide the less clear-cut cases.

To address this question we use two biological systems, each involving multiple
species and each resembling the other closely in terms of metabolism. The first case
is a clear case of a holobiont since it involves a multicellular organism with a
microbiota within it. The second case is not a holobiont, since at least some of the
partners do not have a host-symbiont relationship. They are separate lineages
interacting ecologically in a landscape parts of which are essential components of
the metabolic system.

The first of the two systems involves the gutless worm Olavius algarvensis.
This small worm belongs to the same class as the earthworm (Oligochaeta),
measures 0.2 mm in diameter and between 20 and 30 mm in length, is found on
the seafloor of the Mediterranean, and hosts a number of symbiotic bacteria
(Dubilier et al. 2001; Ruehland et al. 2008). Similar systems involving other hosts
of the genus Olavius have been described (Blazejak et al. 2005; Ruehland et al.
2008). The worm has a number of extracellular symbionts that live just under the
surface of its cuticle. A comparative 16S rRNA sequence analysis revealed that up
to five phylotypes of symbionts were present in O. algavervensis (Ruehland et al.
2008) and up to six in some other species of the genus (Dubilier et al. 2005;
Ruehland et al. 2008). The transmission of the symbionts from one generation of
worm to the other is thought to be a combination of vertical transmission from the
parent to the eggs through the rupture, at the moment of the deposition of the
eggs, of so called ‘genital pads’ that contain the symbionts (Giere and Langheld
1987) and horizontal invasion of the eggs by free living bacteria from the
surroundings (Dubilier et al. 2005).
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Two main functions of the symbionts performed by different phylotypes have
been identified, both of which involve the sulphur cycle (Dubilier et al. 2001).*
Some symbionts are sulphate-reducing bacteria (for more on this type of bacteria
see Muyzer and Stams 2008): they take sulphate molecules and transform them into
sulphide. In this process of reduction, electrons are transferred from organic
hydrogen and carbon found in the environment or produced internally by Olavius
and given by the sulphate-reducing bacteria to sulphate which is thus transformed
into sulphide (Dubilier et al. 2001; Kleiner et al. 2012). This liberates energy that
these bacteria can use to survive and reproduce. Sulphide is toxic to most metazoans
but not to Olavius which, thanks to another type of symbiotic bacteria, oxidizes the
sulphide back into sulphate. This reaction also liberates some energy that is used to
fix carbon. The molecules produced are then used by the host and the sulphate-
oxidizing bacteria to continue the cycle (see Fig. 1). Since both types of
endosymbionts live in different environments (reducing for the sulphate-reducing
bacteria and oxidizing for the sulphide-oxidizing bacteria) it is speculated that the
worm moves sequentially between different environments so that both endosym-
bionts can grow, and also that the sulphide-oxidizing bacteria produce organic
molecules (sugars) usable by the worm (Dubilier et al. 2001).

The sulphate-reducing endosymbiont gets sulphate and transforms it into
sulphide through a reduction reaction with the reducing agents being organic
molecules of carbon or hydrogen found in the environment or produced by the
metabolism of the worm. The energy liberated is used by the sulphate-
reducing endosymbiont to produce ATP. The sulphide produced is then
oxidized into sulphate by the sulphide-oxidizing endosymbiont in the presence
of oxygen. The energy produced by the sulphide-oxidizing endosymbiont is
used to synthetize organic molecules (sugars) that are then used by the worm
and the sulphide-oxidizing endosymbiont. (Adapted from Dubilier et al.
2001).

The second system involves four partners. Seagrass meadows are found all
around the globe. One puzzle surrounding them is their ecological success. Their
growth should be inhibited by the fact that seagrass meadows reduce currents which
makes the seabed poor in oxygen and leads to the accumulation of organic matter
(van der Heide et al. 2012). This low-oxygen environment is a perfect habitat for
sulphate-reducing bacteria that use sulphate (very common in this environment) as
an electron acceptor (oxidant) instead of oxygen. But, as we saw with the Olavius
system, sulphate-reducing bacteria produce sulphide, which therefore accumulates
in the sediment. The problem here is that sulphide is toxic for the seagrass when its
concentration is high (Koch and Erskine 2001; van der Heide et al. 2012). One way
the seagrass can reduce the level of sulphide in its immediate environment is by the
transport of the oxygen created during photosynthesis to the root of the seagrass.
Some of this oxygen is released into the sediment (Calleja et al. 2007; Pedersen
et al. 1998). Once in contact with the oxygen the sulphide is transformed into
sulphate (Koch and Erskine 2001). But that mechanism is insufficient to reduce the

4 For an overview of this cycle see Sievert et al. (2007).
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Fig. 1 Representation of the sulphur cycle in O. algarvensis

level of sulphide enough so that seagrass can grow or even in some cases survive,
especially in warmer waters (Reynolds et al. 2007; Calleja et al. 2007).

Bivalves of the Lucinidae family are often found in the seagrass meadow
ecosystem (especially around the roots of the seagrass) in mild to warm regions and
it has been hypothesized that they play a crucial role in solving the problem (van der
Heide et al. 2012). The reasons why these bivalves are found in these sulphide rich
environments is, first, that the seagrass provides protection for the bivalves
(Reynolds et al. 2007) and, second, that bivalves all have endosymbiotic sulphide-
oxidizing bacteria, similar to those of Olavius, which live in the gills of the bivalve.
These bacteria transform sulphide into sulphate in a reaction of oxidation and in the
process produce sugar by fixing carbon. Finally, the bivalves benefit from the
oxygen released by the seagrass in the sediments around the roots. The benefits for
the bivalves are clear: they have protection and food in an environment that is
hostile for most predators. Reynolds et al. (2007) hypothesize that the seagrass
benefits from the action of the bivalves and their endosymbionts, which reduce the
level of the toxic sulphide in the sediments and thus promote seagrass growth. This
hypothesis has been confirmed experimentally, in the field and by a meta-analysis of
84 studies by van der Heide et al. (2012). An illustration of the model proposed by
Reynolds et al. (2007) and van der Heide et al. (2012) is presented in Fig. 2.

The sulphate reducing bacterium in the sediment transforms sulphate into
sulphide through a reduction reaction with the reducing agents being organic
molecules of carbon or hydrogen found in the environment. The energy
liberated is used by the sulphate-reducing bacterium to produce ATP. The
sulphide produced is then oxidized into sulphate by a sulphide-oxidizing
endosymbiont of a lucinid bivalve in the presence of oxygen. This process
happens in the gills of the bivalve. The energy produced by the sulphide-
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Fig. 2 Representation of the sulphur cycle in the seagrass system

oxidizing endosymbiont is used to synthetize organic molecules (sugars),
which are then used by the bivalve and the sulphide-oxidizing endosymbiont.

As in the Olavius example, each partner in the ecological interaction depends on
the others. The seagrass can grow thanks to the action of the bivalves and their
endosymbionts. The bivalves can survive and reproduce thanks to the action to the
seagrass that provides protection. The sulphate-reducing bacteria can survive thanks
to the decomposition of organic matter and lack of current created by the presence
of the seagrass. Finally, the sulphide-oxidizing endosymbionts benefits from the
production of sulphide from the sulphate-reducing bacteria and from the oxygen
brought to the gills of the bivalve. Yet, contrary to the case of Olavius, and in spite
of the same function being performed, the seagrass system is not a holobiont since
the seagrass and the bivalve do not have a host-symbiont relationship. In fact, the
seagrass system seems to be a straightforward example of an ecosystem in which
multiple species interact with one another and with abiotic factors in a reasonably
stable fashion.

In the next section, we revisit in more detail the arguments that we sketched in
Sect. 2. As we demonstrate, many of these arguments apply both to Olavius and to
the seagrass system and thus fail to distinguish multispecies individuals, defined
broadly, from ecosystems.
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4 Revisiting arguments for the holobiont

We saw in Sect. 2 that many arguments used to support the holobiont concept are
‘part of the system’ arguments: certain components are essential to the functioning
of a larger system and so they should be considered as part of that system. Perhaps
the most straightforward version argues that a putative multispecies individual is an
autonomous metabolic unit when it is considered as a whole, whilst each partner
considered individually is dependent on the others for key metabolic functions. For
instance, Dupré and O’Malley write that: “paradigmatic multicellular organisms
[are] more multicellular than is usually supposed (in that a multicellular organism
should be understood as including all the entities that interact to achieve shared
metabolic and reproductive goals)” (Dupré and O’Malley 2009, 11). Later, using
Hull’s (1980) famous distinction between replicator and interactor, they claim:
“[i]nteractors, in our view, are complex systems involving the collaboration of
many highly diverse lineage-forming entities. This sort of interactor, we also
suggest, is the most fundamental unit of selection.” (2009, 13). Their point, as we
understand it, is that metabolism, defined as the ability to process external resources
so as to maintain the system out of equilibrium with its environment, is a key
property of units of life.” Gilbert et al. put the point in terms of the contribution of
phylogenetically and genetically diverse partners to a single common, physiological
good—*“we may conclude that on classical physiological grounds, animals are not
individuals” (Gilbert et al. 2012, 330). The conclusion drawn by both sets of authors
is that multispecies collectives with a single metabolism should be treated as
individuals, and evolutionary theory should focus on these metabolic units.

How does the metabolic argument fare when applied to our examples? In the case
of Olavius, it is obvious that the partners involved in the transformation do not take
in raw materials and process them self-sufficiently: each partner needs the other for
the whole to be sustained. The problem is that this argument also applies to the
seagrass system. Although the seagrass system is a functionally integrated metabolic
unit, it is inconsistent with the definition of the holobiont for the different ‘partners’
live freely in a landscape interacting with one another, and differently with the
abiotic components of that landscape, as opposed to unitarily in the case of Olavius.
Perhaps metabolic unity is a necessary condition for individuality understood
evolutionarily, but it does not seem to be a sufficient one.

Ereshefsky and Pedroso confronted this problem when arguing that biofilms are
multispecies individuals (Ereshefsky and Pedroso 2013). They made use of an
additional criterion that they derive from Hull’s original account of interactors. An
interactor “must be a cohesive whole [whose] interaction with the environment
must have a unitary effect on its constituent replicators” (2013, 343). This, at first
glance seems to resolve our problem. The sea grass system is less cohesive than
Olavius. But the notion of cohesiveness is a qualitative notion, and it is not clear that
quantifying it would lead to the same conclusion. For instance, if cohesiveness was
measured at a particular scale as the number of causal interactions between the
different partners in the system, it might be higher in the case of the seagrass system

5 For O’Malley’s more recent views on the topic of biological individuality, see O’Malley (2016).
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than with Olavius. The second idea, that of unitary effect, derives from the literature
on the unit of selection (for a systematic review Lloyd 2012). It seems clear that in
both cases each partner is necessary for the perpetuation of the whole system, so the
unitary effect criterion is met in both cases. If it is possible that there will exist a
difference in specificity between the partners in the different systems, in the current
state of the research, this question cannot yet be answered. Note also that the notions
of ‘unitary effect’ or ‘unit of selection’ are as vague as ‘cohesiveness’ if not
quantified. Thus, although the notion of an interactor is useful in certain contexts
within evolutionary theory (Godfrey-Smith 2000), it is of very limited value in
deciding whether a multispecies entity is an individual in its own right. These
remarks should not be read as a criticism of Ereshefsky and Pedroso, who are fully
aware that the notion of interactor is not satisfactory as it stands and work to add
precision to the concept. Our proposal at the end of this paper follows the direction
they have initiated.

The developmental argument for considering the holobiont as an individual
closely parallels the metabolic argument. It also closely resembles earlier arguments
for ‘Developmental Systems Theory’ (Griffiths and Gray 1994). Many aspects of
metazoan development cannot be completed in the absence of symbiotic bacteria, as
evidenced by abnormal development in gnotobiotic (‘germ-free’) experimental
organisms.® These essential microbial interactants are sometimes acquired through
evolved, exogenetic heredity mechanisms. These facts are thought to show that
“[w]e are not individuals from the viewpoint of developmental biology” (Gilbert
et al. 2012, 328). How does this argument fare when applied to our examples? From
the biology of the two systems, which we detailed in the previous section, it is clear
in each case that each partner strongly depends on the others and that removing one
partner would lead to the demise of the system.” It seems to us that there is a critical
distinction between the claim that “[m]icrobial symbionts appear to be a normal and
necessary part of the life cycle” (Gilbert et al. 2012, 328) and the claim that
microbes are part of the evolved developmental system. Gilbert himself has
elsewhere stressed that development is an ecological process, in which develop-
mental systems are designed in the expectation that the environment will provide
highly specific inputs to the developmental process (Gilbert and Epel 2015). One of
the examples used by Gilbert and Epel is the role of kairomones—chemical traces
of predators—in the development of water fleas (Daphnia pulex). The fact that
Daphnia have evolved developmental mechanisms that need chemical inputs from
predators does not mean that there is a flea-predator holobiont. The facts about
development adduced in support of the holobiont concept are, we will argue below,
only apposite when additional conditions are met, conditions that suggest that the
collective is acting as a cohesive unit of evolution.

§ While the adjective gnotobiotic is often used to refer to germ-free animals, it is a more inclusive term
that refers to situations where we know all the microorganisms on or in an organism, including cases
where there are none at all (see Rooks and Garrett 2016, Box 2).

7" As pointed out by the Staffan Miiller-Wille, one difference between the two systems might be in the
specificity of associations between the partners. As mentioned earlier, this question remains an empirical
one.
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Another argument for considering a holobiont as an individual is immunological.
Gilbert and collaborators propose that the immune system of a holobiont
discriminates in two ways (Gilbert et al. 2012; see also Gilbert 2014). Not only
does it discriminate cheaters from non-cheaters within the host, but, more
importantly for Gilbert et al., it accepts some genetic lineages and excludes others,
rather than excluding all other genetic lineages from the host. Gilbert and
collaborators speculate that the immune system of the host is an adaptation of the
holobiont when they write:

The immune system has learned through evolution which organisms to
exclude and kill, and which organisms to encourage, allow entry, and support.
If accepted, the symbiont can mutually participate in development and
physiological processes. Moreover, it can help mediate the holobiont’s
response to other organisms, effectively becoming self. (Gilbert, Sapp, and
Tauber 2012, 333)

The mechanism proposed by Gilbert et al. is one of assortative interaction, which
has long been recognized to be one means by which substantial between-group
variation in fitness can occur (Wilson and Dugatkin 1997). Thus, this immunolog-
ical argument fits squarely with classical models of group selection. Ecosystems like
the seagrass community can in fact be quite selective in who they admit as
members. Although we are not aware of research that will allow us to directly
compare the seagrass system to the Olavius community in this respect, many
organisms secrete substances into their environments to change the composition of
their ecological communities in an adaptive manner, a phenomenon known as
‘allelopathy’. For example, marine algae release chemicals that suppress some
planktonic species but not others (Schwartz et al. 2016). The difference between
these ecological interactions and cases in which immune integration (or assortative
interaction more generally) represents an emergent level of individuality must be
sought elsewhere.

The various ‘part of the system’ arguments reviewed in this section do not permit
us to distinguish the two systems. This might not represent a problem if
individuality is studied from a purely metabolic, developmental or immunological
perspective, and if the proponent of that perspective is prepared to admit the
seagrass system and similar ecosystems as individuals. From an evolutionary
perspective, however, there are good reasons to distinguish the two cases, as we will
see in the next section. ‘Part of the system’ arguments do not distinguish them and
so fail as an approach to evolutionary individuality. In the next section we review
the wider literature on the definition of biological individuality and the evolution of
individuality in order to locate the additional resources needed to clearly distinguish
our two examples.

@ Springer



Multispecies individuals Page 13 of 23 33

S The philosophy of biological individuality

Biological individuality has received considerable attention in recent philosophy of
biology. In the last 5 years no less than four edited collections on the topic have
been published (Bouchard and Huneman 2013; Calcott and Sterelny 2011; Guay
and Pradeu 2015; Lidgard and Nyhart 2017). This in itself is not surprising, for
theoretical biology needs a well-defined concept of individuality (Clarke 2013). For
example, individuality is at the heart of evolutionary theory (Hull 1980; Pepper and
Herron 2008). When evolutionary biologists talk about populations they typically
mean population of individuals. When fitness is defined as expected number of
offspring, it is assumed that we can identify individual offspring. Thus, without
clear criteria of individuality, standard evolutionary theory is in trouble (Clarke
2013; see also Van Valen 1989). But on surveying the literature it becomes clear
that there is no consensus on how to define and identify individuality (Clarke
2010, 2013; Pepper and Herron 2008). Instead, there are several competing
proposals, most of which are admitted even by their proponents to be tentative and
in need of further refinement.

Nevertheless, there are some common elements in several of the more influential
attempts to define individuality, such as Godfrey-Smith (2009) and Queller and
Strassmann (2009). Godfrey-Smith (2009, 95) proposes three criteria: the existence
of a bottleneck stage during the life cycle of the collective marking generations at
that level, the existence of reproductive specialization (germ/soma lines or some
equivalent), and overall integration of the collective. Queller and Strassmann (2009)
propose that the hallmarks of individuality are a high level of cooperation and a lack
of conflicts between the parts that make up the collective. The underlying idea for
both is that individuality at some level of biological organisation requires adaptation
to occur at that level of organization without disruption from a lower level. Also,
rather than being all or nothing criteria, the parameters proposed by Godfrey-Smith
and Queller and Strassmann are quantitative ones, leading one group of cells to be
more or less a biological individual than another group. The higher the value of each
parameter, the more that case is a paradigmatic case of individuality.

One reason individuality has taken centre stage in recent philosophy of biology is
the evolution of the group selection debate. In the 1960s, 70s and 80s the main
question was whether groups can be units of selection and if so, how prevalent
group selection is in nature. It was broadly agreed that group selection is possible
but rare. But group selection resurfaced in the 1990s and 2000s when the idea that
eukaryotic cells have their origins in groups of prokaryotic cells forming
endosymbioses (Margulis 1970), and that multicellular organisms have their origins
in groups of unicellular organisms. What were previously thought to be
paradigmatic cases of individual-level selection came to be seen as the result of
earlier selection processes at the level of groups of cells (Griesemer 2000; Maynard
Smith and Szathmary 1995; Michod 1999; Okasha 2006). The question of whether
groups are levels or units of selection, which can be found in the work of Lloyd
(1988) or Wade (2016) among others (for a systematic review see Lloyd 2012), has
progressively been replaced by the question the emergence of new levels of
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individuality by a process of selection at a higher level of individuality. Much work
since then has been dedicated to the so called ‘major transitions in evolution’, or as
they are now usually called, ‘evolutionary transitions in individuality’ (ETIs) in
which the explanatory target is the transition from a group of particles to a collective
that is an individual in its own right (for recent reviews of the literature see
O’Malley and Powell 2016; Szathmary 2015).

Much of the literature on ETIs focused on transitions in which the higher level
entity resulting from the transition is both unquestionably an individual and results
from the cooperation of partners with a recent common origin, or what Queller
(1997) calls ‘fraternal transitions’. Attempts to understand the processes underlying
fraternal ETIs have used models systems that either did not transition (and are not
expected to transition) or did fully transition. Although no actual transition in
progress is observed, the idea is that systems of these two kinds, located on either
side of a transition, can give insights into the process.

An illustration of the first kind of model is Rainey and collaborators, with the
Wrinkly Spreader strain of the bacterium Pseudomonas fluorescens (Hammer-
schmidt et al. 2014; Rainey and Kerr 2010; Rainey and Rainey 2003). Wrinkly
Spreader is able to produce a polymer that gives the population a selective
advantage by allowing them to form a mat at the surface of water. Bacteria in the
mat get more oxygen than when swimming in the milieu but they incur the cost of
producing the polymer that supports the mat. The system is sensitive to cheating:
mutants that benefit from the mat but do not produce the polymer inevitably arise
and grow. This ultimately leads to the collapse of the mat. A new mat can, however,
be produced in some cases if some of the bacteria not trapped in the old mat
(presumably because they did not produce the polymer) mutate in the reverse
direction and start producing the polymer. Wrinkly spreader has not and is not
expected to transition to multicellularity, but it seems to be hovering on the edge.

An illustration of the second kind of model is the work of Michod and his
collaborators with Volvox (Herron et al. 2009; Michod 1999, 2005). Volvox is a
genus of multicellular algae with some species in which individuals consist of a very
small number of cells. Their transition from uni- to multicellularity is estimated to
have occurred around 200 million years ago (Herron et al. 2009). Although Volvox
has transitioned from a unicellular organism to a multicellular one, because different
Volvox species have different numbers of cells with different degrees of
specialisation (division of labour, presence or absence of cells sensitive to light,
etc.), the genus Volvox as a whole can be used as a model of stages in a fraternal
transition.

More recently another form of ETI, which Queller (1997) calls an ‘egalitarian’
transition, has received attention. In egalitarian transitions, partners have very
different evolutionary origins and bring to the collective different functions. A
classic example of egalitarian transition is the endosymbiotic origin of eukaryotic
cells in which one prokaryotic cell engulfed another (in some lineages this process
has been repeated more than once). The case of eukaryotic cells is a clear example
of a transition in individuality, but several authors have proposed that collectives of
particles with more fuzzy boundaries than the eukaryotic cell, and which would
traditionally be considered as two or more symbiotic partners, may be individuals
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(Bordenstein and Theis 2015; Dupré and O’Malley 2009; Ereshefsky and Pedroso
2013; Gilbert 2014; Gilbert et al. 2012; Mandrioli and Manicardi 2013; Singh et al.
2013). For example, Ereshefsky and Pedroso (2013) propose that multi-species
communities of bacteria, such as biofilms, can be considered as individuals in their
own right.® Similarly, some authors have argued that the gut microbiome is a human
organ or organ system (e.g., Baquero and Nombela 2012; Brown and Hazen 2015;
Possemiers et al. 2011). The holobiont concept that we encountered at the beginning
of this paper belongs to this tradition.

The idea of a multi-species individual that we introduced in Sect. 2 can now be
defined in a new way. A multispecies individual is what emerges in a successful
egalitarian ETI (for a convergent view see Estrela et al. 2016). Seen in this light our
attention is directed away from the functional integration (‘part of the system’)
arguments for multi-species individuals that fail to distinguish multispecies
individuals from ecological communities, as we saw in Sect. 3. Instead, our
attention is directed to the conditions that are required for an evolutionary transition
in individuality.

The influential accounts of those conditions that we discussed above (Queller and
Strassmann 2009; Godfrey-Smith 2009) were devised to deal with the evolution of
paradigm biological individuals, such as metazoans, metaphytes and multicellular
fungi. They are harder to apply to cases in which individuality arises from a
symbiosis between two or more unequal partners (Godfrey-Smith 2015). But the
underlying idea remains valuable: if there is to be a new level of biological
individuality, then adaptation must be possible at the level of the collective without
disruption from a lower level. The functional integration between different species
that has been used to defend the ‘holobiont’ concept is only significant when it is
packaged into distinct units and that packaging forces changes in fitness of one
partner to lead to a proportionate change in fitness in its partners on evolutionary
timescales, or in other words, when the fitness of partners is aligned.

6 Why is Olavius a convincing multispecies individual?

As mentioned earlier the Olavius system is a holobiont while the seagrass system is
not. But the arguments we reviewed were unsuccessful in finding a significant
difference between the two cases. We can legitimately ask whether the distinction
made by the holobiont-as-unit-of-evolution proponents is not merely based on
intuition. Perhaps the worm system fits our stereotype of a biological individual
better than the seagrass system, but there is no theoretically significant difference
between them. For example, perhaps the intuition is driven by the fact that all the
bits of the Olavius system are biotic whilst some bits of the seagrass system are
abiotic (for instance, the sediment.) This could explain why the Olavius and the
seagrass systems produce different intuitions but it would not provide good
theoretical grounds in which to anchor a concept of individuality.

8 Although see the recent arguments against this view by Clarke (2016).
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Another obvious difference between the two systems is the sheer physical scale
of what appears, intuitively, to be a single instance of each system. Although the
metabolic pathways for both the seagrass system and the Olavius system occur at
the same scale, what is considered as one instance of the seagrass system is
something much larger than one instance of the Olavius system. A single Olavius
worm and its symbionts is one multispecies individual, whereas a whole area of
seabed in which the seagrass and its symbionts grow seems to be one multispecies
individual if anything is in this case. We believe this intuitive difference in scale is a
superficial manifestation of a difference in what we call fitness boundedness
between the two systems and that fitness boundedness is a theoretically significant
property.

We suggest that fitness boundedness can be captured by something like the
following criterion, drawing on several recent proposals in the biological literature
(see for instance Douglas and Werren 2016; Estrela et al. 2016; Moran and Sloan
2015). We also suggest this ‘fitness alignment criterion’ provides a good explication
of the idea of ‘unitary effect’ proposed by Ereshefsky and Pedroso (2013), and
indeed of the notion of unit of selection more generally.

(Fitness Alignment) Considering both a spatial and temporal scale at which an
ensemble can be divided into units, the higher the probability that manipu-
lating properties of one unit reliably leads to effects of the same magnitude
and direction on the realized fitness of all the partners and only the partners
constituting that unit at the temporal scale considered, the more highly each
unit scores on individuality.

The fitness alignment criterion has two uses. First, it allows us to decide whether,
given one particular unit, this unit is fitness bounded and is effectively a way to
detect when a system has what Clarke’s (2013) calls demarcation mechanisms.’
Clarke defines these as “any mechanism that increases or maintains the capacity of
an object to undergo between-object selection” (2013, 424). For instance, spatial
boundedness between different units, thanks to a cuticle or membrane, might be one
way to produce a unitary effect of the manipulation of one component on the whole
unit. But spatial boundedness is not the only way fitness boundedness might be
realised (Hull 1992; Sober 1991). We mentioned earlier that assortative interaction
is one way by which variation between groups might emerge and be maintained.
Groups can be spatially overlapping without interacting and consequently fitness-
bounded units might exist with a low degree of spatial boundedness.’

Second, in the absence of a candidate unit of individuality, the criterion allows us
to discover, by varying the components of a unit and observing the effects on fitness,
whether some units are more fitness bounded than another, and consequently score
higher on individuality. In other words, the fitness alignment criterion is an indicator
of fitness-boundedness or evolutionary individuality.'®

® For a discussion on the mechanisms by which partners of a multispecies unit might align their fitness
see O’Malley (2016).

1% This criterion can be linked to the notion of groups as equivalence classes of individuals proposed by
Godfrey-Smith (2006, 2008).
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Several further points should be noted about the fitness alignment criterion. First,
as stated, the criterion could be satisfied at different spatio-temporal scales. This
leads to a ‘nested’ view of individuality where an individual at a higher level and
over a long time scale can contain a population of individuals at a lower level and
over a shorter timescale. This is a view which is in some respect similar to the one
proposed by Godfrey-Smith (2009). The importance of taking time scales into
consideration for measures of fitness, especially in the context of ETIs, has been
pointed out in Bourrat (2015b, c). Second, by ‘fitness’ we means something more
general than ‘reproductive output’. A limit case of difference in fitness might be a
case of difference in persistence between the units compared. For more on the
concept of persistence and its relation to evolutionary concepts such as fitness and
heritability see Bouchard (2008, 2011) and Bourrat (2014, 2015a). Note also that
fitness refer here to a property of the candidate unit, that is ‘absolute fitness’, not a
population relative property such as ‘relative fitness’

Third, the criterion is compatible with the view that individuality comes in
degrees in two respects. Individuality might come in degrees in the sense that not all
pairs of partners in a consortium need to have the same level of fitness alignment
with one another. Individuality might also come in degrees in the sense that the
fitness is more or less aligned over shorter or longer timescales. This leads us to our
fourth remark which is that, as noted by Moran and Sloan (2015), even in cases
where there is strong integration between the partners, conflict might still arise, as
when unicellular symbionts become pathogens. For an example with nitrogen-fixing
bacteria which also demonstrates the complex interaction between mutualistic and
patristic strategies in a single system see Denison and Kiers (2004). Perhaps the
most extreme version of this criticism is found in Douglas and Werren (2016).
Approaching the holobiont concept from an evolutionary perspective, they argue
that the notion of ‘holobiont’ is too restrictive as it “is concerned with cooperative
and integrative features of host-microbe systems to the exclusion of other kinds of
interactions, including antagonism among microorganisms and conflicts between
host and microbial partners”. Although we agree with their general approach, we
believe they demand too strict a fitness alignment between partners. Although
focusing on conflict is important, conflicts are pervasive even in entities that we
regard as paradigmatic individuals. Our criterion, by having the form of a ‘test’, not
only recognises the importance of conflicts, but also their short-term evolutionary
consequences. When conflicts arise but all the partners are ultimately ‘in the same
boat’, there is still scope for individuality. When at least one of the partners can
escape the boat, and thus break the link between its fitness and that of its partners,
there is less scope for individuality.

We now proceed to show that the fitness alignment criterion can discriminate
between the Olavius and the seagrass systems. Let us start with the Olavius system.
Manipulating a character of a unit would certainly affect the fitness of all the
partners of a unit with the same or a very similar magnitude and in same direction.
To see this, imagine for instance that we substitute one strain of sulphate-reducing
bacteria by a mutant strain unable to reduce sulphate to sulphide as efficiently as
before. This manipulation would reduce the fitness of every partner in the symbiosis
after one generation of the worm. Depending on the strictness of the
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interdependence of each partner on the others, that is the ability of one or some of
the partners to tolerate the diminution or absence of the function of the other
partners in the maintenance and reproduction of the unit, the manipulation might
lead to effects of different magnitude and direction on the fitness of each partner.
That said, the evidence we presented suggests that a partial fitness interdependence
between the different partners, what Douglas and Werren (2016) call ‘partner
fidelity’, exists. In fact, as we noted earlier, genital pads are adaptations that permit
the vertical transmission of some of the symbionts from parents to offspring. From
recent work on Olavius algarvensis, it appears that most symbionts are transmitted
vertically, while horizontal transmission occurs occasionally only (Schimak 2016).
We therefore consider that by our fitness-alignment criterion the Olavius system
scores relatively high on individuality.

We can now see why Rosenberg and Zilber-Rosenberg included in their list of
key arguments for the holobiont concept, that “[n]ot only the host genome but also
the microbiome can be transmitted between generations with reasonable fidelity and
thus maintains the unique properties of the holobiont” (Rosenberg and Zilber-
Rosenberg 2016, 1). Their formulation is, however, ambiguous between a process
that brings the same set of species together in each generation and a process that ties
specific lineages of each species together. It is only the latter process that will
promote adaptation at the collective level, and it is more likely to happen when
individual symbioses are fitness bounded.

Things are rather different with the seagrass system since applying the fitness
alignment criterion to units of this system at various spatial and temporal scales,
seems to offer no reason to believe that a manipulation would, in general, lead to a
similar magnitude and direction of fitness effect on each partner. Performing the
same manipulation that we described for the Olavius case would certainly be
expected to temporarily reduce the fitness of each partner in the unit of the system
on which we perform the intervention. This is because the manipulation would
entail that the sulphide-oxidizing bacteria surrounding the mutant sulphate-reducing
bacteria would have less food, which would also affect the bivalves. That said,
because each partner in this unit also depends on other units of the system, we
would expect considerable variation in the magnitude and direction of the effects on
the fitness of the different partners of the focal unit. Some partners would suffer a lot
from the manipulation while others would be almost unaffected. Only if there are
mechanisms that prevent the effects of manipulating the character of one unit to
have different (or dissimilar) effects on sub-unit entities within and outside that unit
can the fitness of the different partners be kept aligned. One obvious way this can be
realised is by the existence of a physical boundary separating all the partners of a
unit from an external milieu. However, as we mentioned earlier, this is not be the
only way. Other forms of assortative interaction can be drivers of individuality
(Clarke 2013; O’Malley 2016).

The alignment of fitness between partners in the seagrass system probably differs
as we change the spatial and temporal scale of the units. We might expect the
highest level if we treated each entire contiguous stretch of sea-grass meadow as a
unit. Nevertheless, even here the extent to which the fitness of every partner is
affected equally by manipulating one partner seems unlikely to equal that in a single
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Olavius worm system. Furthermore, it seems likely that the fitness alignment
between the different partners would be lower when considering the complete
seagrass system, rather than the bivalve and its symbionts as a unit independently
from the seagrass. The bivalve and its endosymbionts alone might have a
comparable score to the Olavius system, depending on issues such as fidelity of
partner transmission.

Our comparison of the Olavius and seagrass systems suggests that functional
integration between multiple species is not significant unless it leads to an alignment
of the fitness of the different partners involved in the interaction. Another way to
look at this conclusion is as locating the missing step in the ‘part of the system’
arguments that we criticized above (Sect. 5). Recall that these arguments urge that,
because something is essential to the integrity of a system, then it should be
considered part of that system. Such arguments, whether physiological, develop-
mental or immunological, are supposed to show that what was previously
considered an individual’s environment or its ecological interaction partner, is in
fact part of a larger individual. We can now see that the extra component needed to
complete such an argument is that the ‘external’ element of the putative new
individual is not equally part of many other putative individuals, so that its
evolutionary success is linked to one particular putative new individual. When this
condition is not met, then ‘part of the system’ considerations demonstrate only that
biological individuals are not autonomous from their surroundings.''

7 Conclusion

The primary aim of this paper was to criticise an influential class of arguments for
the existence and importance of ‘multi-species individuals’—biological individuals
whose component parts are from different species. As we showed, authors who
advance these arguments take biological individuality to include evolutionary
individuality. Our criticisms target this class of arguments when they are used in
support of evolutionary multispecies individuals. We showed that there is a common
form to the anatomical, physiological, immunological and developmental arguments
for recognising multi-species individuals. They are all ‘part of the system’
arguments: such-and-such components are essential to the functioning of some
larger system, therefore those components are part of that system. We showed that
these arguments apply equally to the two systems we presented, the Olavius system
and the seagrass system. However, although both systems make a living from the
same distributed metabolism, only one would generally be considered as a
holobiont, that is a new multi-species individual. We concluded that ‘part of the
system’ arguments are not sufficient to establish their intended conclusion, namely
that a multi-species consortium is a new evolutionary individual rather than several
distinct biological individuals in ecological relationships.

"' For an extended discussion of how Developmental Systems Theorists can bridge this missing step in
the argument, see Griffiths and Stotz (2018).
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In the later part of the paper we suggested that the evidence concerning
anatomical, physiological, immunological and developmental integration mar-
shalled by proponents of multi-species individuality is only relevant when
additional conditions are met, conditions that suggest that the multi-species
collective is acting as a cohesive unit of evolution. We reviewed the extensive
philosophical and scientific literature that identifies this as the real question
concerning multi-species individuality and presented a criterion of individuality that
draws on this literature, the ‘fitness alignment criteria’. We showed that the Olavius
system satisfies this criterion more convincingly than the seagrass system.

If the arguments presented here are correct, much of the evidence currently
presented for the ubiquity and importance of multi-species individuals is simply not
to the point, at least unless the issue of biological individuality is firmly divorced
from the question of evolutionary individuality. We hope this paper will contribute
to shifting the focus of the literature on individuality from findings about
anatomical, physiological, immunological and developmental interdependence,
however novel and surprising these may be, to concentrate more on documenting
the integration of evolutionary interests between partners. This is a trend we can
observe in the biological literature on this topic, and which will hopefully soon be
seen in the philosophical literature.
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