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Abstract
While the importance of mutualisms across the tree of life is recognized, it
is not understood why some organisms evolve high levels of dependence on
mutualistic partnerships, while other species remain autonomous or retain
or regain minimal dependence on partners. We identify four main pathways
leading to the evolution of mutualistic dependence. Then, we evaluate current evidence for three predictions: (a) Mutualisms with different levels of
dependence have distinct stabilizing mechanisms against exploitation and
cheating, (b) less dependent mutualists will return to autonomy more often
than those that are highly dependent, and (c) obligate mutualisms should
be less context dependent than facultative ones. Although we find evidence
supporting all three predictions, we stress that mutualistic partners follow
diverse paths toward—and away from—dependence. We also highlight the
need to better examine asymmetry in partner dependence. Recognizing how
variation in dependence influences the stability, breakdown, and context dependence of mutualisms generates new hypotheses regarding how and why
the benefits of mutualistic partnerships differ over time and space.
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1. INTRODUCTION
Mutualistic
dependence: the
success with which a
mutualist can perform
in the absence of its
partner(s)
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Cheater: a species or
genotype that defects
from a cooperative
interaction
Context dependence:
a species interaction is
context dependent
when the strength, but
also sometimes the
sign, of the interaction
varies according to its
biotic and/or abiotic
conditions
Evolved dependence:
evolutionarily derived
condition where the
dependent partner has
a reduced ability to
perform in the absence
of the other partner

Mutualistic associations are widespread in nature and linked to major evolutionary transitions
(Bronstein 2015, West et al. 2015). The evolution of eukaryotic cells, the colonization of land
by plants associated with mycorrhizal fungi, the development of coral-dinoflagellate symbioses in
marine environments, and diverse mutualisms between animals and plants form the basis of global
ecosystem services. Mutualisms, mutually beneficial exchanges of services and rewards between
different species, can encompass exchanges involving transport, nutrition, and/or defense (for a
historical review, see Bronstein 2015). There is now overwhelming evidence that mutualisms are
key modulators of global biodiversity and play important roles in diversification and coexistence
processes (Bastolla et al. 2009, Weber & Agrawal 2014, Chomicki et al. 2019).
Although the importance of mutualisms across the tree of life is recognized, it is not understood why some organisms evolve high levels of dependency on partnerships with other species,
while others remain autonomous or show consistently low levels of dependence. As biotic and abiotic conditions change, levels of mutualistic dependence can also change, and organisms that had
evolved dependence on a mutualism may revert to a less dependent state. Explaining this variation
is fundamental to understanding the evolutionary trajectories of species interactions and may help
predict which mutualisms are vulnerable to breakdown.
One problem is that mutualistic dependency is poorly defined. The terms facultative and obligate are commonly used to describe levels of mutualistic dependence. However, mutualism dependence is frequently confounded with mutualism specialization—the tendency of a partner to
interact with a specific mutualist. This means that often, but not always, specialization is correlated with dependence. Similarly, but perhaps less often, facultative mutualisms are confounded
with generalization.
The aim of this paper is twofold: first, we identify the main pathways by which mutualistic
dependence evolves and explore how it can be classified in a way that is applicable to all mutualisms. Second, we use this framework to ask how mutualism dependence affects key aspects of
mutualisms by focusing on predictions dealing with the following topics: (a) the stability of mutualisms in the face of cheaters or exploiters who do not reciprocate, (b) the evolutionary breakdown
of mutualisms, and (c) the context dependence of mutualisms. Our review draws on a wide array of mutualisms, encompassing work on both symbiotic and nonsymbiotic systems that vary in
taxonomic breadth and benefits exchanged.

1.1. What is Mutualistic Dependence?

·.•�,

Historically, mutualistic dependence has been defined as a “reduced capacity to thrive in isolation”
(Douglas & Smith 1989, p. 351). But isolation is itself not well defined, as it could mean isolation
from a specific partner or isolation from a mutualistic interaction more generally. Evolved dependence, in contrast, is an evolutionarily derived condition consisting of a reduced ability to perform
in the absence of a partner (de Mazancourt et al. 2005). But again, performance is difficult to define
because it strongly depends on the abiotic and biotic context and on when and how performance
is measured.
Obligate dependency is somewhat easier to define: It applies to organisms for whom the removal of a mutualist entails the loss of their reproductive ability and/or death. In host-bacterial
symbioses, this type of extreme obligate dependency can sometimes lead to physical and genomic
integration between partners over evolutionary time. Examples include Paracatenula flatworms
colonized by intracellular α-proteobacteria Candidatus riegeria symbionts that are essential for digestive functioning (Gruber-Vodicka et al. 2011; Kiers & West 2015), the nested symbiont-withinsymbiont dependence of mealy bugs that is essential for peptidoglycan biosynthesis (Bublitz et al.
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2019), and metabolic codependence in the Hydra-Chlorella symbiosis (Hamada et al. 2018). These
examples display a range of physical dependencies, with integration to organelle-like status being
the most extreme (Keeling et al. 2015). In these cases, dependency evolves to such a degree that
the partnership can be viewed as a physical or genomic hijacking, with the precise benefits to the
bacterial partner becoming hard to define (Garcia & Gerardo 2014, Kiers & West 2016, Keeling
& McCutcheon 2017).
In theory, variation in dependence, from extreme to weak, should be straightforward to measure and classify. First, a beneficial effect of the interaction for both partners should have been
observed, as this defines a mutualism. Second, this benefit should be quantified, ideally based on
measuring a change in fitness when an organism’s partner is removed. This approach has proven
useful in classifying and studying the evolution of dependency in host-bacterial symbioses across
the tree of life (Fisher et al. 2017). In particular, by measuring dependency in terms of the fitness effect of partner removal, it becomes possible to ask what characteristics across symbioses
have influenced the evolution of mutualistic dependency. Using a phylogenetic approach, Fisher
et al. (2017) concluded that both mutualistic function (i.e., the type of mutualistic services, such as
defense or nutrition, provided by the symbiont) and population structure (i.e., how partners are
transmitted across generations, vertically versus horizontally) are important in determining the
level of dependency that hosts exhibit for their bacterial symbionts.
Scaling up this approach to mutualisms involving larger partners (i.e., not host-microbe mutualisms) presents significant challenges, the greatest being accurately measuring the fitness consequences of losing a partner in nature when it is embedded in a complex network of interactions,
as is the case for many such mutualisms (Bascompte et al. 2003). While testing this empirically
is difficult, in theory the same factors that drive variation in dependency between hosts and their
microbial symbionts—mutualistic function and population structure—likely drive dependence in
other types of mutualisms as well.
Additionally, mutualism asymmetries may play an important role in the evolution of dependence, but this is less well understood. Mutualistic dependence tends to be highly asymmetric, such
that one partner is more dependent on the partnership than the other. For example, in arbuscularmycorrhizal symbioses, the fungus is obligately dependent on the plant for carbon. The plant,
however, can access nutrients directly from the soil, without the aid of the fungus, leading to a
dependency asymmetry in the partnership. Whether both partners are obligately dependent, or
just one partner, may affect mutualism stability and context dependence.
Problems likewise arise in describing the generalist versus specialist nature of mutualistic partnerships. A partner may be considered a specialist because it has associated with a specific lineage
of mutualists over its evolutionary history. This may be because of constraints, such as a lack of
opportunities to gain partners. Insects can become trapped into partnerships with poorly functioning but highly specialized symbionts that are difficult to replace (Keeling & McCutcheon
2017). In contrast, aquatic hosts appear to replace their symbionts with high frequencies (Boscaro
et al. 2018) or even to carry multiple symbionts simultaneously as intracellular symbionts (Ansorge
et al. 2019). While cases of symbiont replacement in insects are accumulating (Sudakaran et al.
2017, McCutcheon et al. 2019, Monnin et al. 2020), more research is needed to understand the
boundaries between generalization and specialization.

Symbiosis: term
coined by Anton de
Bary in 1879 to
describe the intimate
physical living
together of distinct
species, which can be
mutualistic, parasitic,
or commensalistic

1.2. An Evolutionary Framework to Classify Mutualistic Dependence
Here we combine the concepts of partner specialization (generalist versus specialist) with dependency (facultative versus obligate) across mutualisms to illustrate key diagnostic features of
these partnerships, and we also tabulate a series of illustrative examples. The facultative/obligate
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Facultative generalist
(FG): a species or
genotype that can
survive or reproduce
in the absence of its
mutualistic partners
and whose number of
partners is potentially
large (e.g., plants with
extrafloral nectaries)
Facultative specialist
(FS): a species or
genotype that can
survive or reproduce
in the absence of its
mutualistic partners
but whose number of
partners is small (e.g.,
some defense
endosymbioses in
insects)
Endosymbiosis: an
interaction in which an
organism (typically
single-celled but can
be multicellular)
resides in the body
(either intracellularly
or in the guts) of
another (typically)
multicellular organism
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dichotomy, which has been in broad use for some time (for a review, see Bronstein 2015), canalizes
thinking about mutualisms in a way that plays down the role of asymmetry in partner dependence.
At the same time, specialization is the basis for the generalist/specialist dichotomy (discussed below in this section). Because specificity and dependence are often asymmetric, we apply our framework at the organismal level, classifying partner species rather than the interactions themselves.
Our scheme focuses on a strict definition of obligate dependence, namely that it implies death or
complete loss of reproduction in the absence of the mutualistic partner. Thus, while facultative
mutualisms form a continuum in terms of dependence, obligate ones make up a strict category.
Regarding specialization, we focus on the number of species partners involved in the interaction, with generalist referring to a species that interacts with many potential mutualistic partners
and specialist referring to species whose interactions are restricted to one or a few specific partners.
Deciding on a cutoff along this continuum, however, can be difficult. Network ecologists came up
with a solution by generating specialization metrics (e.g., Bascompte et al. 2003). While this approach has proven successful in addressing ecological questions, it is of limited use in evolutionary
biology since in the former, specialization is defined within a group of interacting species in a particular time and area, while we are using specialization in an evolutionary sense. We therefore
propose a framework that focuses on species traits. This trait-based approach can help break the
continuum into discrete categories by focusing on identifying species that can in principle associate
with a large set of partners and those that cannot because of specific traits. While a limitation of this
approach is that it requires extensive natural history information, it encourages cross-disciplinary
collaborations with systematists to assemble clade-level data sets of ecological interactions.
Starting from the least dependent and least specialized, the first category in our framework
comprises facultative generalists (FGs).
Organisms in this category can persist with or without partners, usually because the mutualistic function can also be provided (a) directly by the environment (e.g., dispersal still takes
place in fleshy-fruited species in the absence of animal dispersers, although probably at a very low
level), (b) by an intrinsic trait (e.g., self-fertilization, hence no obligate reliance on a pollinator), or
(c) by an interaction of the two [e.g., pollination aided by wind and intrinsic traits in some plant
species (Culley et al. 2002)]. In FG mutualists, benefits are expected to vary according to context (see Section 5). While global surveys are not available, this category appears to encompass
a very large number of mutualistic partners. The number of evolved traits in FG mutualists can
vary dramatically (see Supplemental Table 1). Some species have obvious traits to attract and reward mutualists, such as fleshy fruits that aid seed dispersal by animals (Estrada & Fleming 2012).
Others have no readily classifiable traits fostering mutualisms; this is the case for generalist ants
forming nutritional mutualisms with plants, where the benefits are a by-product of plant nesting,
a trait common to arboreal ant species (Chomicki & Renner 2019). In some of these generalist
systems, the plants have evolved hollow structures called domatia that are adapted to ant nesting
(Chomicki & Renner 2015). While they may benefit some ant species more than others, most
arboreal ants can use these structures.
The second category is comprised of mutualists with high partner specificity but facultative
mutualistic function. For such facultative specialists (FSs), the mutualistic service is performed by
specific partners, but the mutualism remains facultative and modulates fitness only under certain
biotic or abiotic conditions. For example, plants that depend on ants for defense against herbivory
show strong dependence only when herbivore pressure is high (Palmer et al. 2008, 2010). In these
cases, ecological context determines the benefits of the partnership, but some factors help ensure
partner specificity. Factors promoting specificity may include vertical transmission, as in some
insect defense-related endosymbioses (Oliver et al. 2003). The specificity can also arise from coevolutionary history or strong ecological filtering linked to the mutualism function (for example,
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aggressiveness in ants engaging in ant-plant defense mutualisms). Likewise, in the legume-rhizobia
nitrogen-fixing symbiosis, strain-specific legume-rhizobial symbioses exist (Andrews & Andrews
2017), perhaps involving preinteraction signals. However, similar to more promiscuous legumerhizobial symbioses (e.g., generalist legumes), the symbiosis is facultative and can be shut down in
high-nitrogen environments (Ferguson et al. 2019). FS mutualists appear to be much rarer than
FG mutualists.
The third category is also comprised of generalists, but here dependence is obligate. Obligate
generalist (OG) mutualists require a partner to perform a specific function, but the partner species
on which they depend may come from guilds of organisms (i.e., species that are not closely related
but that forage for similar resources) rather than a specific partner taxon. Examples include pollination mutualisms in which plants are self-incompatible or have temporally and/or spatially separated male and female function and a floral morphology that prevents abiotic pollination such that
flowers require pollination by animal mutualists. Bat-pollinated cacti provide a good illustration
(Nassar et al. 1997). Here, a mutualistic partnership is obligate for the plant’s reproduction, but
several different bat species can all be effective pollen vectors for any one cactus species. Similarly,
seed dispersers that obligately feed on a range of fruits—such as the superb fruit dove, Ptilinopus
superbus (Schleucher 1999)—are in this category. Generalist symbionts inhabiting the guts of their
hosts, as well as the diverse communities of intracellular, sulfur-oxidizing symbionts in Bathymodiolus mussels, are further examples in which a guild of organisms provides a service on which the
host is obligately dependent (Shapira 2016, Ponnudurai et al. 2017, Ansorge et al. 2019). Partners within these guilds can provide starkly different benefits, which can generate hard-to-predict
ecological and evolutionary dynamics ( Johnson & Bronstein 2019).
Lastly, obligate specialists (OSs) are fully dependent upon a specific partner for survival and/or
reproduction. Such interactions tend to be highly specialized. Examples include classic coevolved
mutualisms, including agricultural systems involving leafcutter ants (Schultz & Brady 2008),
fungus-farming termites (Aanen et al. 2009), and plant-farming ants (Chomicki & Renner 2016),
as well as nursery pollination systems in which active pollination is linked to oviposition into floral
tissues, such as those involving figs and fig wasps ( Jandér & Herre 2010), yucca and yucca moths
(Pellmyr & Huth 1994), and Schisandraceae plants and their pollinating midges (Luo et al. 2017,
2018). Obligate dependency can be highly asymmetric, as in the case of the giant marine tubeworm Riftia that lacks a digestive system as an adult and depends on a nutritional symbiont gained
during the larval stage (Nussbaumer et al. 2006). Here, the bacterial partner retains a free-living
stage, but the host is obligately dependent on the symbiont. An analysis of endosymbiotic mutualisms suggests that OS dependency is more likely to evolve in partners that provide nutrition
compared to defense services (Fisher et al. 2017). OG mutualists appear to be rarer as a category
than OS mutualists.
In Sections 3–5, we use these four categories (FG, FS, OG, OS) to help quantify mutualism
dependence. Before doing so, however, we describe the four pathways to evolving mutualistic
dependence and ask how these mechanisms drive the initiation of mutualistic partnerships.

Obligate generalist
(OG): a species or
genotype that cannot
survive or reproduce
in the absence of its
mutualistic partner(s)
but whose number of
partners is potentially
large (e.g., obligate
frugivore bird
dispersers)
Obligate specialist
(OS): a species or
genotype that cannot
survive or reproduce
in the absence of its
mutualistic partner(s)
and whose number of
partners is small (e.g.,
leafcutter ant)

2. FOUR PATHWAYS TO MUTUALISTIC DEPENDENCE
How does dependence in mutualisms evolve? In this section, we identify four pathways for the
evolution of dependence. These pathways are not necessarily mutually exclusive.
First, dependence can arise from ecological constraints that limit a species’ niche or behavior
(Peay 2016, Batstone et al. 2018). Ecological specialization (different from mutualism specialization, which relates to partner specificity; see Section 1) is the process by which an organism adapts
to a narrow niche. Ecological specialization emerges as a result of a complex interplay between
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Compensated trait
loss: the loss of a trait
for which an ecological
interaction
compensates (see
examples in Section 2)
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organismal traits, life history, and the covariance between genes and the environment (Poisot et al.
2011). For example, life history constraints can restrict the pool of partners available, potentially
favoring dependence. This mechanism can be seen in the evolution of some ant-plant mutualisms
that involve ecological specialization via the evolution of the plants’ epiphytic habit followed by increased dependence on ants as nutrient providers, as demonstrated in the evolution of South-East
Asian ant gardens (Chomicki et al. 2017).
Second, increased mutualistic dependence can evolve via specific traits favoring or enforcing
mutualistic interactions with particular species. By favoring particular species, other species are,
by definition, excluded. Such traits can evolve either through unilateral adaptation to mutualistic
partners or from coevolution, reciprocal changes in interacting species driven by natural selection
on traits that are directly involved in their interaction. Examples include long-tubed flowers that
make a plant obligately dependent on either long-beaked or long-tongued pollinators, and such
mutualisms are highly asymmetric (Abrahamczyk et al. 2014, Netz & Renner 2017). The evolution
of mutualistic dependence often occurs concurrently with mutualistic specialization, and indirect
effects can play a major role in shaping networks and dependence among partners (Guimarães
et al. 2017).
A requirement for the evolution of specialization in mutualisms is heritable variation in partner
quality (Schemske & Horvitz 1984, Heath & Stinchcombe 2014). Variation in partner quality has
been documented across radically different mutualisms, including ant-plant symbioses (Heil et al.
2009, Palmer et al. 2010, Chomicki & Renner 2019), zooxanthellate-coral symbioses (Parkinson
et al. 2015), and legume-rhizobia symbioses (Ehinger et al. 2014, Porter et al. 2019). Mutualistic specialization, whereby individuals interact with a subset of the best partners, could lead to
evolutionarily increased dependence by promoting coevolution between consistently interacting
partners. Similarly, recruiting new mutualists from nonmutualistic but preadapted lineages can
lead to increased dependence in the newly recruited partner (Chomicki et al. 2017).
Third, mutualistic dependence can evolve via trait loss. Trait loss can lock a species into an
obligate relationship with its partner and can relax selection on features and behaviors that have
become outsourced to another species (Lahti et al. 2009). A pivotal concept here is compensated
trait loss, which focuses on traits that are lost because a reliably present partner (or the environment) provides the relevant service or trait, and the traits are presumably costly to maintain
(Visser et al. 2010, Ellers et al. 2012). Examples include the Fijian farming mutualism between
the ant Philidris nagasau and the epiphyte Squamellaria that it cultivates. Here, the ant has lost the
ability to make its own (carton) nests, and this loss drives its obligate dependence on plants that
provide suitable nesting cavities (Chomicki & Renner 2016).
Such compensated trait loss is also well known in endosymbioses, in which genome size reduction in symbionts appears to be driven by increasing dependence on the host (Bennett & Moran
2015, McCutcheon et al. 2019). Some highly dependent endosymbioses have emerged from relationships in which a microbe has evolved traits to parasitize a host’s resource-rich tissue. Interactions with pathogens may drive the host to gain novel functions, such as new ways to synthesize
nutrients or mount defense responses. This becomes indirectly beneficial if the host then evolves a
way to control the new partner, which is subsequently turned from an antagonist into a mutualist,
for example, via vertical transmission (Sachs & Wilcox 2005). Some of the best evidence comes
from insect-microbe symbioses; for example, in cicadas the beneficial endosymbiotic Ophiocordyceps fungus evolved from pathogenic fungi (Matsuura et al. 2018). This evolutionary trajectory can
be favored if the impact of the infection upon the host is mild. In these cases, minute shifts in the
biotic or abiotic context of the interaction could tip its balance toward a more beneficial state.
In other cases, dependence may emerge from community-level processes. The Black Queen
hypothesis (Morris et al. 2012) is named after the queen of spades in the game of Hearts; having
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the queen drastically raises your points in a game in which the lowest score wins. This hypothesis
posits that gene loss can be favored in microbial communities because many metabolic functions
are leaky, leading to a pool of public goods upon which organisms can evolve a dependency (Morris
et al. 2012). An assumption of this hypothesis is that gene loss provides a selective advantage as it
can conserve limiting resources, for example, the time and resources needed for DNA replication,
RNA transcription, and protein translation. The initial trait loss may then prime an organism to
become dependent upon a mutualistic partner. However, because this trajectory relies on sourcing
public goods, there is a higher likelihood that exploitation, via a tragedy of the commons, will
emerge (West et al. 2007a).
Finally, a fourth type of mutualistic dependence is partner manipulation, in which one partner
forces the other to become dependent. The main difference with this class of dependence is that
it is induced by a controlling partner; a species can gain a benefit from actively restricting its
partners’ ability to obtain resources (Wyatt et al. 2016, Sørensen et al. 2019). The result is that
the restricted partner cannot survive or reproduce without the help of the controlling mutualist.
A textbook example is the obligately specialized Central American ant-acacia mutualism, in which
the plant secretes chitinase in the extrafloral nectar (EFN) on which the Pseudomyrmex ant partner
feeds. The chitinase enzyme inhibits the sucrose-cleaving invertase of the ant, locking the ant into
feeding exclusively on the acacia’s sucrose-poor nectar (Heil et al. 2014). Similarly, some plants
secrete caffeine in floral nectar; this has been shown to enhance the pollinator’s memory of the
plant’s floral scent, leading to increased fidelity (Wright et al. 2013). In a lycaenid-ant mutualism,
wherein ants tend and protect lycaenid caterpillars in return for nutritious secretions from these
caterpillars, Narathura japonica caterpillar secretions alter the Pristomyrmex punctatus ant workers’
dopamine levels, which lowers their locomotory activity and aggressive behavior, increasing their
fidelity to and dependence on the caterpillar (Hojo et al. 2015). Thus, partner manipulation can
induce either facultative (caffeine in nectar) or obligate (chitinase in acacia EFN) dependency.
This type of dependence illustrates how one partner can control the interaction and suggests that
these interactions could shift from mutualism to parasitism, as may be the case in the lycaenid-ant
interaction (Hojo et al. 2015).
The relative importance of these four pathways to mutualistic dependence (ecological constraints, (co)adaptation, functional trait loss, and partner manipulation) is poorly known. In endosymbioses involving microbes, functional gene loss is deemed to be especially important, but
this may not apply to nonsymbiotic mutualisms (see Future Issues). Moreover, these mechanisms
are not exclusive and might act in concert to drive the evolution of mutualistic dependence. For
instance, in the plant-farming symbiosis between Squamellaria and Philidris ants (Chomicki &
Renner 2016), the obligate dependence of the ant on the plant is driven by trait loss (nest-building
behavior), but the evolution of this OS system started with ecological specialization.
Using the evolutionary framework for classifying mutualistic dependences described in
Section 1.2, we can examine how mutualistic dependence affects: (a) the stability of mutualisms
in the face of cheaters or exploiters who do not reciprocate, (b) the evolutionary breakdown of
mutualisms, and (c) the context dependence of mutualisms. In the following sections, we set out
and explore three predictions.

Public good:
a commodity available
to all members of a
group that is
nonrivalrous, meaning
that the consumption
by one agent does not
diminish the amount
available to another
agent

3. PREDICTION ONE: MUTUALISM DEPENDENCE INFLUENCES
THE VULNERABILITY OF THE MUTUALISM TO EXPLOITATION
AND/OR CHEATING
Does the degree of mutualistic dependence influence the stability of a mutualism? Because the
costs and benefits of mutualisms change with dependence, patterns of exploitation and cheating
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are expected to differ with mutualistic dependence. In general, both the emergence and stability
of cooperative partnerships among species are difficult to explain because theory predicts that the
benefits of defecting outweigh the costs of cooperation (Trivers 1971, Axelrod & Hamilton 1981).
In this section, we start by reviewing the key concepts of cheating and exploitation, and describe
mechanisms promoting mutualism stability. We then consider the relationship between stabilizing
mechanisms and mutualistic dependence, asking whether mutualism dependency influences the
vulnerability of the partnership to exploitation and/or cheating.

3.1. Cheating and Exploitation in Mutualisms

Annu. Rev. Ecol. Evol. Syst. 2020.51. Downloaded from www.annualreviews.org
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In line with Ghoul et al. (2014), we define cheating as a trait that is beneficial to one partner (the
cheater) and costly to a cooperator in terms of inclusive fitness when these benefits and costs arise
from the cooperator directing a cooperative behavior toward the cheater, rather than the intended
recipient. The first key part of this definition is that the cheater, like the exploiter, needs to receive
a fitness benefit from the act of cheating. This differentiates a cheater from a maladapted partner (Kiers & Denison 2008). In the mutualism literature, there is also a general consensus that
cheaters are species or genotypes that are evolutionarily derived from a cooperative partner. By
contrast, exploiters (sensu Bronstein 2001a) or parasites (sensu Yu 2001) of mutualisms are not
evolutionarily derived from mutualists, but they also exploit the benefits without paying for them.
By this definition, exploiters in Pseudomyrmex ant-plant symbioses originated from nonmutualistic ancestors, and hence are not cheaters; instead, they are parasites or exploiters of mutualisms
(Chomicki et al. 2015). However, nonpollinating yucca moths (Pellmyr et al. 1996), some nonpollinating fig wasps (Machado et al. 2001, Jandér & Herre 2010), some parasitic lycaenid butterflies (Als et al. 2004), and various plant lineages that parasitize fungi (Bidartondo & Bruns 2001,
Merckx & Freudenstein 2010) evolved from mutualistic ancestors and hence are cheaters sensu
stricto.
Whether the emergence of cheating is frequent enough to be an important evolutionary force
in mutualisms is debated (Kiers & Denison 2008; Kiers et al. 2013; Frederickson 2013, 2017; Jones
et al. 2015). More generally, the debate over the existence and importance of cheating in mutualisms revolves around two issues. First, there is a semantic one (as outlined above), with many
ecologists and evolutionary biologists using cheating to refer to exploitation regardless of its evolutionary origins (Frederickson 2013). Second, it is argued that there is an absence of empirical
evidence for cheating in natural environments (Frederickson 2013, 2017). This view is supported
by sparse examples of positive correlations between host fitness and partner fitness in cases involving hosts interacting with a single symbiont genotype (e.g., Friesen 2012, Frederickson 2017).
When there is a single host and a single symbiont, there is little scope for cheating because the
fitness of the partners is aligned (West et al. 2007b). However, many mutualisms are defined by
interactions with multiple partners either in space or time, and these may be more vulnerable to
partner defection (Kiers et al. 2011, 2013). This view is supported by cases of symbiont genotypes
benefiting from adopting cheating strategies (Simonsen & Stinchcombe 2014, Gano-Cohen et al.
2019).
It remains an open question how common cheating is in nature. If it is not common, is this
because it is not an important evolutionary force, as argued by Frederickson (2013, 2017)? Or
is it because stabilizing mechanisms have likewise evolved that prevent cheating from spreading,
for instance, partner choice or sanctions (e.g., Kiers et al. 2003) that diminish cheater success and
occurrence? Local factors can change the frequency of cheaters in a system, as shown in mycoheterotrophic plant species that cheat the arbuscular mycorrhizal symbiosis, depending on soil
heterogeneity (Gomes et al. 2019). Work on the legume-rhizobia symbiosis suggests the existence
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of an arms-race dynamic between rhizobium genotypes that provide negligible mutualist services
to hosts and hosts with mechanisms that defend against these rhizobia (Gano-Cohen et al. 2019).
Ideally, data on the fitness effects of all interacting partners, coupled with phylogenetic data,
would permit tests of cheating in nature (Sachs 2015). One approach is to trace the evolutionary
history of stabilizing mechanisms, such as sanctions, to see if they are evolutionarily derived traits
or simply preadaptations. But again, cheating can also lead to mutualism breakdown and local
extinction (Sachs & Simms 2006), which is unlikely to be captured in the phylogenetic record.

3.2. Linking Dependence with Mutualism-Stabilizing Mechanisms
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To test Prediction One, that mutualistic dependence influences mutualism stability, we first need
to understand the three mechanisms that help promote stability (by-product mutualism, partnerfidelity feedback, and partner choice and/or sanctions) and understand their relationship to mutualistic dependence. Our tabulation of 38 examples of mutualisms shows how these three different
stabilizing mechanisms function across our four dependency types (Supplemental Table 1).
First, in by-product mutualisms, the benefit to one partner has no cost for the other. Hence,
there is no benefit to cheating nor can exploiters use such mutualisms. The issue of costs is central to the evolutionary stability of mutualisms, as the cost of cooperation influences the fitness
of cheaters and exploiters, yet is very difficult to measure (Bronstein 2001b). Two types of byproduct mutualisms have been distinguished (Sachs et al. 2004): (a) two-way by-product mutualism, wherein both A and B benefit from each other as consequences of their selfish actions
(Hamilton 1971, Queller 1985, Connor 1995), and (b) by-product reciprocity, wherein A evolves
to enhance the benefits of B, which in turn increases its by-product benefits to A (Connor 1986).
In line with Prediction One, by-product mutualisms, which generally show low mutualistic
dependence, suffer little from exploitation and conflict because there is no cost to cooperation that
can be reduced. Partners in by-product mutualisms tend to be FGs. However, FG partnerships
are often the starting point for the evolution of costly rewards and hence greater dependency
(Harcombe 2010). This idea was tested by Harcombe et al. (2018) using a synthetic consortium of
Salmonella enterica and auxotrophic Escherichia coli. The bacterial strains repeatedly evolved traits
for the costly production of resources, which ultimately fueled the formation of a cooperative
partnership. This dependence, however, required high spatial structuring of the community, a
context well known to promote cooperation in microbial communities (Drescher et al. 2014, Yanni
et al. 2019).
Based on our literature survey, five out of eight examples of FG mutualists appear to be stable
owing to some form of by-product mutualism (Supplemental Table 1). This is consistent with
the idea that by-products may be the evolutionary starting point of more complex mutualisms
(Harcombe et al. 2018). This is best illustrated by the taxonomically pervasive examples of indirect
defense of plants by ants. Here, plants are defended by ants feeding on extrafloral nectaries (e.g.,
Weber & Keeler 2013), classic examples of by-product reciprocity (sensu Connor 1986). Nevertheless, exploitation can still occur, because in by-product reciprocity mutualisms, one of the
partners evolves a potentially costly reward in the context of mutualism. Examples include nectar
or pollen robbing from flowers or predation of seeds from generalist animal-dispersed plants (e.g.,
Renner 1983).
The second stabilizing mechanism is partner-fidelity feedback, whereby an increase in the fitness of one partner increases the fitness of the other partner. Key requirements are that partners
interact long enough for feedback to occur (Sachs et al. 2004) and that a coupling of partner fitness occurs. This can happen, for instance, via vertical transmission (Bull & Rice 1991, Bright &
Bulgheresi 2010) or via mechanisms increasing population viscosity and spatial structuring
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(Drescher et al. 2014). Partner-fidelity feedback limits opportunities to cheat since a decrease
in one partner’s fitness is linked directly to the other partner’s fitness.
This stabilizing mechanism is important for Prediction One because vertically transmitted
microbial mutualisms have been associated with the evolution of higher dependencies. This is
because vertical transmission increases relatedness between symbionts sharing a host (Leeks et al.
2019), which is important for the stability of mutualisms as it promotes cooperation between
symbionts (Foster & Wenseleers 2006).
The prediction that vertical transmission is associated with the evolution of dependence has
been tested across 106 symbioses formed in 89 host species (including insects, plants, fungi, mollusks, arachnids, and worms); the results revealed that vertical transmission of mutualistic bacteria
was correlated with higher host dependence (Fisher et al. 2017). While this relationship may seem
intuitive, there are also many cases in which hosts evolve obligate dependencies in horizontally
transmitted bacterial symbioses, especially in marine systems (Bright & Bulgheresi 2010), where
horizontal transmission is frequent regardless of dependence (Russell 2019). Vertical transmission
in nonsymbiotic mutualisms is rare, with one example in an ant-mealybug mutualism wherein
founder queens carry mealybugs in their mandibles when they found new colonies (Klein et al.
1992). Vertical-like dispersal also occurs in ant-plant farming symbioses in which ant workers disperse the plants (Chomicki & Renner 2016). More frequently, spatial structuring can play a similar
role by creating partner feedback loops in mutualisms not involving microbes (macromutualisms)
(Rodriguez et al. 2017).
The third mechanism that stabilizes mutualistic partnerships is partner choice (Bull & Rice
1991), which can involve sanctioning behaviors, i.e., behavior whereby resources are allocated
based on actual partner performance (Kiers & Denison 2008, Oono et al. 2009, Regus et al. 2017).
In some systems, there is no difference between partner choice and sanctions because preinteraction cues indicate the quality of a partner. For example, volatile organic compounds (VOCs)
in Acacia trees are used by Pseudomyrmex ant queens to select high-quality hosts (Razo-Belman
et al. 2018). More generally, the mechanisms for choosing cooperative partners vary. Plants may
use molecular, chemical, or physical cues to choose partners, while animals can employ a range of
behaviors (Federle et al. 1997, Bshary 2002, Orona-Tamayo et al. 2013, Chomicki et al. 2016, Noë
& Kiers 2018). The underlying rules governing partner choice may be relative—the behavior of
potential partners is compared to the behavior of others—or absolute, in which case the decision
is based on choosing any individual above a threshold value (West et al. 2002).
The difference between partner choice and sanctions is significant for Prediction One as it
clarifies the relationship between mutualistic dependence and exploitation. If we use the definition of partner choice as a choice occurring before the interaction takes place, this mechanism
can control the specificity of the mutualism and so is important for determining the number of
mutualistic partners. Mutualisms involving partner choice, however, are likely to be more vulnerable to exploitation compared to those involving sanctions, as partners may have evolved the
ability to mimic the signals of cooperative partners (e.g., Letourneau 1990, Meehan et al. 2009).
More generally, partner choice and sanctions remain prominent mechanisms in both FS and OS
mutualisms, occurring in 7 of the 10 types of FS mutualists and over half of the OS mutualists
(Supplemental Table 1).
Asymmetry in partner dependence is likely to play an important role in partner choice and
sanctions, especially in host-symbiont relationships. An organism that is less dependent on its partner may be able to afford to sanction less effective mutualists. For example, the obligate fungusfarming ant Cyphomyrmex muelleri can afford to discriminate against non-native fungus strains because the native fungus is transmitted vertically from parents to offspring, limiting losses (Mueller
et al. 2004). Similarly, there can be asymmetry in partner populations: Hosts exposed to large
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populations of symbionts, for example, legume plants in a legume-rhizobia interaction, may sanction a subset of their symbionts without risking severe fitness consequences. Rhizobia also may be
able to survive in the absence of a legume host, but occupying a root nodule can produce many millions more descendants. This sets up a regime that selects for rhizobia engaging in the mutualism
regardless of host quality (Denison & Kiers 2004).
In line with Prediction One, partner choice is expected to drive the evolution of specialization
and dependence, as well as to limit the effect of exploitation. This is because the efficiency of
partner choice and sanctions should decrease with a decrease in the number of alternative partners
since this reduces outside options and choice (Noë & Hammerstein 1994, Noë 2001, Wyatt et al.
2014, Akçay 2015).
Supplemental Table 1 illustrates how these three stabilizing mechanisms function across
our dependency framework (defined in Section 1.2) in 38 mutualisms. FG and OG mutualists
are primarily by-product mutualisms, FS mutualisms are mostly stabilized via partner choice,
and OS mutualisms are frequently stabilized by partner choice and/or one or more of the other
mechanisms (Supplemental Table 1). These examples support Prediction One, that mutualism
dependency influences the vulnerability of the partnership. The data also suggest that highly
effective—and potentially costly—stabilizing mechanisms against cheating evolve more readily
in highly dependent mutualists. We next explore whether exploiters should target mutualists that
are highly dependent on specific partners.

Parasite of
mutualism:
a species that exploits a
mutualism but is not
evolutionarily directly
derived from a
mutualist

3.3. Mutualism Exploitation Increases with Mutualistic Dependence
From an exploiter’s perspective, it makes sense to target individuals that offer the highest rewards.
Here, we use the term exploiter as above, meaning parasites of mutualisms that have nonmutualist
ancestors.
We posit that exploiters should target mutualists that are highly dependent on specific partners, especially when they offer abundant rewards, as seen in a number of ant-plant mutualisms
(Heil et al. 2004, Chomicki et al. 2016). As a result, highly dependent mutualists should have more
proficient filtering mechanisms to limit increased exploitation. There is evidence that this is indeed the case (Federle et al. 1997, Federle & Rheindt 2005, Orona-Tamayo et al. 2013, Chomicki
et al. 2016) (Figure 1). This is probably because mutualisms characterized by costly benefits combined with high dependence require stabilizing mechanisms that ensure the exclusivity of rewards
(Chomicki et al. 2016) (Figure 1). In epiphytic ant-plant systems, for example, the evolution of
higher partner dependence correlates with the evolution of more rewards for the preferred partner. In this case, one mechanism preventing exploitation consists of concealed sugar rewards that
are accessible only to the desired partner (Chomicki et al. 2016). The evolution of physical structures that permit (or restrict) access to rewards is another partner-choice mechanism (Chomicki
et al. 2016).
Such mechanisms to deter exploiters but reward cooperators are common in specialized antplant mutualisms where the ant partner is obligately dependent (OS) on its plant host. In central American Pseudomyrmex ant-acacia mutualisms, protein-rich food rewards contain a protease
inhibitor that makes rewards digestible only to a specific partner (Orona-Tamayo et al. 2013)
(Figure 1). In the Crematogaster-Macaranga ant-plant mutualism, hidden rewards and slippery
stems exclude exploiters and make the rewards accessible only to the OS mutualist (Federle et al.
1997, Federle & Rheindt 2005) (Figure 1). The new food rewards in these ant-plant mutualisms
and their integrated screening and partner choice mechanism (Figure 1) are tightly correlated at
the species level. This correlation suggests that the selective pressure to evolve antiexploitation
mechanisms is strong when dependence and reward levels increase.
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Correlated evolution of higher reward levels and filtering mechanisms in three highly dependent ant-plant protection mutualisms.
(a) In Central American Acacia (Vachellia), shifts from facultative generalist to facultative specialist mutualists (Supplemental Table 1)
are correlated with an increase in extrafloral nectar production but reduced nectar attractiveness. The protein-rich Beltian bodies at the
tips of leaflets (shown in yellow) are protected by specific protease inhibitors that make them undigestible to exploiters (Orona-Tamayo
et al. 2013). Moreover, the sucrose-poor extrafloral nectar (which is unattractive to exploiters) contains chitinase, which forces the
symbiotic ant partner to feed exclusively on this nectar because they can no longer digest other nectar types (Heil et al. 2014). (b) In the
epiphytic ant plant clade Hydnophytinae, an increase in mutualistic dependence is mirrored by the evolution of exclusive sugar rewards
(Chomicki et al. 2016). In panels a and b, triangles represent clades in the phylogenies; specialized mutualists are depicted in orange,
while generalist mutualists are depicted in black. (c) In Macaranga, the evolution of high dependence on specialized symbiotic partners is
mirrored by the evolution of hidden rewards and waxy stems that are too slippery to be climbed except by the biomechanically adapted
specialized mutualist, or both. The colored lines of the evolutionary trees (red and blue on the left and green and yellow on the right)
correspond to the insets with the same colors, i.e., exposed versus concealed rewards and non-waxy versus waxy stems.

Yet, not all mutualists can evolve mechanisms to screen partners. A prime example of mutualistic exploitation is nectar robbing, in which organisms feed upon nectar via holes bitten in flowers,
often bypassing pollen and stigmas (Inouye 1980). Experiments have shown that nectar robbing
is correlated with the amount of nectar produced across species (Rojas-Nossa et al. 2016). In contrast, predominantly selfing plants, those less dependent on pollinator mutualists, have smaller
flowers that offer less nectar (Sicard & Lenhard 2011). These tend to be robbed less frequently
compared to obligately outcrossing plants, which depend on animal pollinators. Here, the animal
pollinators are in control, and for plants, evolving filtering mechanisms against robbers that pierce
the corolla to obtain nectar can be difficult. Moreover, the net fitness effect of nectar robbers on
plants is highly variable, and in some cases they act as commensals or even mutualists (Maloof
& Inouye 2000), suggesting that the selective pressure to evolve antirobbing mechanisms may be
weak.
Prediction One suggests that mutualism dependency influences the vulnerability of the partnership. This prediction is supported by frequent evidence of complex stabilizing mechanisms in
highly dependent mutualisms compared to cost-free mechanisms in FG mutualists (Supplemental Table 1; Section 3.2). Concerning exploitation, we find evidence of complex filtering mutualisms in OG and OS mutualists, and ant-plant mutualisms clearly show a correlated evolution of
such filtering mechanisms with specialization and dependence (Figure 1; Section 3.3).

4. PREDICTION TWO: LESS DEPENDENT MUTUALISTS WILL
RETURN TO AUTONOMY MORE OFTEN THAN THOSE
THAT ARE HIGHLY DEPENDENT
Mutualisms can break down when the costs of the interaction outweigh its benefits for one or
both partners enough to drive evolutionary change. Such breakdowns can occur via (a) reversion
to autonomy (also called mutualism abandonment), (b) extinction of one or both partners, (c) shifting to parasitism, or (d) partner switching (Sachs & Simms 2006, Kiers et al. 2010, Chomicki &
Renner 2017). Mutualisms can break down when the resources can be acquired more cheaply from
the environment, as in nutritional mutualisms (Allen 1991, Sprent 2001). In this section, we first
examine Prediction Two, that dependence influences reversion to autonomy, and we then discuss
whether mutualistic dependence is expected to influence other pathways of mutualism breakdown,
notably extinction and shifting to parasitism.

4.1. Mutualistic Dependence Influences the Rate of Return to Autonomy
Prediction Two proposes that facultative and generalist mutualists will abandon the interaction
(i.e., revert to autonomy) more easily than will highly dependent mutualists. This prediction is
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based on the idea that the costs of mutualism breakdown should be highest when one or both of
the partners have lost traits essential for survival in autonomy (Ellers et al. 2012), when traits are
silenced by a manipulating partner (see Section 2), or when symbiont replacement is not possible in vertically transmitted endosymbiosis (McCutcheon et al. 2019). These three scenarios are
characteristic of high levels of mutualistic dependence (Sections 1–3). Moreover, high mutualism
dependence could increase extinction rates if one partner is locked into the interaction and has no
way to opt out, even as the costs of the mutualism increase. Highly dependent mutualists also may
have smaller range sizes, which might increase both partners’ extinction risk (Purvis et al. 2000).
There is some evidence from ant-plant symbioses (Chomicki et al. 2015) and legume-rhizobia
symbioses (Harrison et al. 2018) that mutualisms with lower dependencies have larger geographic
ranges than do obligate specialists, but this pattern has not been tested across the full spectrum of
mutualisms. Similarly, there is strong evidence that some obligate endosymbionts constrain their
host’s physiological limits (Zhang et al. 2019).
To test the prediction that facultative mutualists will return to autonomy more often than
obligate ones, we tabulated phylogenetic studies of 24 mutualisms cited in reviews by Sachs &
Simms (2006) and Frederickson (2017). We classified these mutualisms into our dependence categories (FG, OG, FS, and OS; Section 1.1) and recorded the number of mutualism reversions
to autonomy (mutualism abandonment) normalized by taxon species richness and geological age
(Figure 2; Supplemental Data Set). The analysis suggests that FG mutualisms have higher rates
of return to autonomy compared to OG mutualisms. For FS mutualisms, breakdown of mutualism
is much higher than for OS mutualisms (Figure 2). This result is consistent with Prediction Two.
Examples include mutualisms involving (a) epiphytic ant plants, where in a clade of 105 species, 12
ant mutualism abandonment events occurred in FG ant plants but none in specialized ant plants
(Chomicki & Renner 2017), and (b) arbuscular mycorrhiza, where a generally facultative dependence on fungal symbionts is associated with >25 independent mutualism losses (Maherali et al.
2016, Werner et al. 2018). In many of these cases, the abandonment of plant mutualism with ants
(Chomicki & Renner 2017) or fungi (Werner et al. 2018) is mirrored by a partner switch to a
different group of organisms. Interestingly, return to autonomy can also happen in specialized
mutualisms if they are facultative (FS), as in Cecropia ant-plants expanding their geographic range
to high elevations or islands where their specific Azteca ant partners are absent (Gutiérrez-Valencia
et al. 2017). This is consistent with the idea that mutualism abandonment can happen if the initial
partners become scarce only in the absence of obligate dependence and the presence of outside
options such as a different type of partner or an environmental compensation for the mutualistic
traits.

4.2. Mutualistic Dependence Likely Influences Extinction

·.•�,

Obligate and specialized mutualists have been predicted to show higher susceptibility to local or
global extinction. This pattern can be explained by a number of factors, including small range
size or the fact that obligate dependence potentially increases the number of factors negatively
affecting a species (e.g., Renner 1998, Dunn et al. 2009, Colwell et al. 2012). Demonstrating higher
extinction rates in obligate mutualists empirically, however, is difficult because causes of extinction
cannot be estimated from molecular phylogenies. An interesting case is that of scleractinian corals,
for which the fossil record during the Cretaceous-Tertiary mass extinction reveals an extinction
rate of symbiotic corals relying on photosynthetic zooxanthellae nearly four times higher than that
of asymbiotic corals, which derived their nutrients by capturing plankton and would have been
more affected by abrupt environmental change at the Cretaceous-Tertiary boundary (Kiessling &
Baron-Szabo 2004).
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Figure 2
Evolutionary returns from mutualisms to nonassociated states (abandonment) in four study systems. The ancestral states and loss rates
were inferred from the molecular phylogenies listed in Supplemental Data Set. Arrow widths are proportional to the number of
breakdowns, normalized by clade richness and clade age, and the numbers on the arrows show the average standardized rate of
mutualism breakdown (number of breakdowns per clade species per million years; see Supplemental Data Set for the raw data). The
photos depict an example species for each category: (a) Hydnophytum myrtifolium, a plant species in New Guinea with a large globose
tuber filled with rainwater that harbors the tree frog Cophixalus riparius, a state that evolved from the breakdown of an ancestral
ant-plant symbiosis (Chomicki & Renner 2017). (b) Cecropia angustifolia, which has likewise lost a mutualism with ants. (c) Chaitophorus
truncatus aphids that have lost their ability to be tended by ants. (d) Buchnera aphidicola bacteria within bacteriocytes of Acyrthosiphon
pisum in an obligate and specialized symbiosis that appears to have persisted for over 200 million years. Photos are reproduced (a) with
permission from Matthew Jebb, (b) from https://commons.wikimedia.org/wiki/File:Cecropia_angustifolia(Tr%C3%A9cul).jpg
(CC BY-SA 4.0), (c) from https://commons.wikimedia.org/wiki/File:Chaitophorus_sp._probably_truncatus_(on_osier_leaf)__Flickr_-_S._Rae_(1).jpg (CC BY 2.0), and (d) from https://en.wikipedia.org/wiki/Buchnera_(bacterium)#/media/File:Journal.
pbio.0050126.g001.png (CC BY 2.5).

Similarly, climate change research provides examples of obligate mutualists that may be faced
with higher extinction rates in the future, including corals and organisms in obligately dependent
pollination mutualisms (Kiers et al. 2010). Corals, in particular, face extinction due to elevated
temperatures that cause the death of their obligate zooxanthellae symbionts (Pernice & Hughes
2019). An increased extinction risk in obligate mutualists could be caused by two kinds of factors
(Chomicki et al. 2019): (a) indirect factors, if the mutualistic partner restricts the other partner’s
niche or range size, as in the case of the coral symbiosis, or (b) direct factors, if the dependence
leads to coextinction cascades, for example, if one partner disperses outside of its partner range.
The latter may happen more frequently in horizontally transmitted mutualisms.

4.3. Mutualistic Dependence and Breakdown into Parasitism
Mutualism breakdown can also occur when cheater populations or species emerge within highly
dependent mutualistic partnerships. The rare incidences of mutualism breakdown into parasitism
tend to occur in clades with OS mutualists, including yucca moths (Pellmyr et al. 1996) and
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fig wasps (Machado et al. 2001) that parasitize seeds without pollinating (nonpollinating cheater
species evolved from pollinating species, but note that there is no breakdown on the plant side),
lycaenid butterflies whose caterpillars do not reward tending ants (Als et al. 2004), and plants that
parasitize their root symbionts (Bidartondo & Bruns 2001). Evolutionary breakdown of mutualism into parasitism has not been observed in mutualisms with low dependence, possibly reflecting
the lower cost of those mutualisms (Bronstein 2001a,b).
While shifts from mutualism to parasitism appear to be rare, the opposite has been thought
to be prevalent in endosymbioses (Sørensen et al. 2019 and references therein). Some phylogenetic analyses have shown that highly dependent host-microbial symbioses have parasitic origins
(Sachs et al. 2011). Other analyses suggest that obligately dependent endosymbioses started with
exploitation by the host, whereby initially the host benefits at the expense of its symbiotic partner
(Sørensen et al. 2019). Global data sets are not yet available to test the generality of these patterns,
but we argue that endosymbiosis evolution does not follow a consistent, deterministic pattern (i.e.,
it does not always proceed from parasitic, to commensal, to beneficial). Cases in which mutualists
arise from nonpathogenic environmental bacteria are also common (McCutcheon et al. 2019). In
the stinkbug Plautia stali, obligate bacterial mutualists have repeatedly evolved from free-living environmental bacteria, driving the evolutionary transition of bipartite obligate dependency in hosts
and some bacterial lineages (Hosokawa et al. 2016). The reverse can also occur, with autonomy
arising from initially highly dependent mutualistic partnerships; for example, some eukaryotes
have lost mitochondria (Karnkowska et al. 2016).

5. PREDICTION THREE: OBLIGATE MUTUALISMS SHOULD BE LESS
CONTEXT DEPENDENT THAN FACULTATIVE MUTUALISMS

·.•�,

Mutualisms, like most species interactions, tend to be highly context dependent. This means that
the strength, but also sometimes the sign, of the interaction in ecological time may vary according to the biotic and abiotic environment (Bronstein 1994, Chamberlain et al. 2014, Hoeksema
& Bruna 2015). While the importance of context dependence is widely acknowledged, it is unknown to what extent mutualistic dependency influences context dependence. This is an important
question because the extent of context dependence on an ecological time scale will influence the
evolution of cooperative traits on an evolutionary time scale.
Prediction Three, that outcomes of mutualisms may be less context dependent for obligate
mutualists than facultative mutualists, goes back to Bronstein’s (1994) conceptualization. The reasoning is that if a mutualist is obligately dependent on a partner for survival or reproduction, a
conditional outcome, i.e., high context dependency, will limit the mutualism in environments that
vary in time or space. Thus, for an obligate mutualism to persist, the partners are expected to
evolve mechanisms to reduce context dependence.
The meta-analysis by Chamberlain et al. (2014) identified widespread context dependence in
mutualisms. The majority of mutualisms included in their analysis were FG mutualists. The eight
obligate mutualists (both OG and OS) included in this survey all showed less context dependence
than the facultative mutualists (both FG and FS). While this is consistent with Bronstein’s (1994)
prediction, more data are needed to formally test her hypothesis. This is especially true given that
there is context dependence even in some obligate mutualisms (Couret et al. 2019).
Pairing with an OG mutualist could help reduce context dependence (on abiotic and biotic
factors) for both partners, for instance by excluding exploiters (Section 3.3). Work on fungusfarming Ambrosia beetles suggests that farmer beetles rely on ethanol within trees to control the
growth of exploiting fungal competitors and to facilitate the colonization of tree-host cavities
(Ranger et al. 2018). An evolutionary study of bacterial crypts in fungus-farming ants similarly
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revealed more antibiotic-producing bacteria, and hence more efficient suppression of exploiter
fungi, in the most dependent ant species (Li et al. 2018). These mechanisms reduce biotic context
dependence by diminishing the potential impact of third parties.
For abiotic factors, such as light intensity, soil nutrient levels, or air temperature, all of which
vary spatially, an obligate mutualist partner may control context dependence by actively choosing
favorable environments. Two examples are found in ant agriculture mutualisms. Leafcutter ants
at the northern range of their fungal symbiont (in North Texas) consistently move their fungal
symbionts deeper into the ground in the winter and then to shallower depths in summer to facilitate growth (Mueller et al. 2011). This behavior reduces fluctuations in the abiotic context.
Likewise, in the obligate Fijian symbiosis between the plant-farming ant Philidris nagasau and
Squamellaria epiphytes, the ant farmers control their crop’s distribution by selectively planting its
seeds in sun-exposed sites, thereby optimizing crop yield and buffering environmental variation
(Chomicki et al. 2020a). An untested assumption in endosymbiosis research is that microbes that
grow within host cells, for example, in bacteriocytes, benefit from the highly controlled environments produced by the host because they are better protected from the context dependency of
fluctuating abiotic and biotic environments (Chomicki et al. 2020b).

6. CONCLUSION: THE EVOLUTION OF DEPENDENCE CHANGES
THE RULES FOR MUTUALISMS
Mutualisms can evolve, and move toward or away from dependence, depending on a variety of
factors. Our article highlights four pathways to mutualism dependence and their consequences for
mutualism ecology, evolution, and stability. We found support for Prediction One, which proposed
that FG, OG, FS, and OS mutualisms will differ in stability in the face of cheating and exploitation.
Specifically, both (a) the danger of being cheated or exploited and (b) the incentive for cheating
or exploitation vary with partner dependence, with the incentive for exploitation being highest in
highly dependent OS mutualists with high-value rewards.
Prediction Two, that less dependent mutualists will return to autonomy more often than highly
dependent ones, is supported by several well-studied cases, notably in ant-plant mutualisms and
plant-mycorrhizal symbioses. For Prediction Three, that more dependent mutualisms are less
context dependent, we found that obligate mutualists tend to be better protected from biotic and
abiotic variation than facultative mutualists, but more data on exactly how mutualists mitigate
context dependence are needed.
More generally, there is a need to better examine asymmetry in partner dependence. Research
is needed into whether partnerships function differently when both partners are dependent compared to when only one partner is dependent. As mutualism data sets become more populated
with diverse examples and the resolution of phylogenies of mutualistic clades improves, we can
make advances in understanding the basis and consequences of evolving mutualism dependence
(see Future Issues).

FUTURE ISSUES
1. How can we accurately measure and compare variation in dependencies across mutualisms? Measuring and standardizing fitness parameters across species with different mutualistic strategies is difficult. Partner-removal experiments in nature can be problematic
because of complex webs of interactions and because it can lead to the immediate death
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of the partner in the most dependent mutualisms. Is it possible to develop other metrics
for dependency that can be standardized across all mutualisms?
2. Is gene loss a major driver of mutualistic dependence in macromutualisms? There is
accumulating evidence that gene loss is important in driving dependence in microbial
mutualism, especially endosymbioses. But is there a similar trend in macromutualisms?
How widespread is gene loss compared to trait gain in driving mutualistic dependence?
Comparative genomic approaches offer powerful tools to investigate these questions.
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3. Can mutualistic dependence inform conservation? Mutualistic dependence can influence
extinction risk. Work integrating mutualistic networks with biogeography showed that if
one wanted to preserve species interactions, rather than merely species, up to five times as
much area would be needed (Gilarranz et al. 2015). Integrating mutualistic dependence
into such a framework could improve predictions about the minimal area needed to
conserve species and their obligate partners.
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