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Research on sociality in marine fishes is a vibrant field that is providing new insights into
social evolution more generally. Here, we review the past two decades of research,
identifying knowledge gaps and new directions. Two coral reef fishes, with social
systems similar to other cooperative breeders, have emerged as models: the clown
anemonefish Amphiprion percula and the emerald goby Paragobiodon xanthosoma.
In these systems, non-breeders do not forgo their own reproduction to gain indirect
genetic benefits. Rather, they do so because they stand to inherit the territory in the
future and there are strong ecological and social constraints. The reasons why breeders
tolerate non-breeders remain obscure, though it is plausibly a combination of weak kin
selection, bet-hedging, and benefits mediated via mutualistic interactions with cnidarian
hosts. The latter is particularly interesting, given the parallels with other social animals
with mutualistic partners, such as acacia ants. Looking beyond the two model species,
our attention is turning to species with more complex social organization, such as
the damselfish Dascyllus aruanus. Here, variable group stability, conflict intensity, and
reproductive skew provide opportunities to test theories of social evolution that have
only been tested in a few taxa. New methods like social network analysis are enabling
us to uncover more subtle effects of ecology on social interactions. More recently,
comparative methods have yielded insights into the correlates of interspecific variation
in sociality in the genera to which our model species belong. Phylogenetically controlled
contrasts within the genus Gobiodon, have revealed the role of ecology, life history traits,
and their interaction in sociality: smaller bodied species are more social than larger
bodied species, which are only social on large corals. As climate change affects coral
reefs, there is a pressing need to understand the many ways in which environmental
disturbance influences these unique social systems. In sum, coral reef fishes have
enabled us to test the robustness of current theories of social evolution in new taxa
and environments, and they have generated new insights into social evolution that are
applicable to a wider variety of taxa.
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INTRODUCTION

A major transition in the evolution of life was animals beginning
to live in groups (Szathmary and Smith, 1995). Animal groups
represent some of the most complex forms of life, and they
exist on a continuum, from simple gatherings, which dilute the
risk of predation, to complex societies with division of labor
and reproduction (Sherman et al., 1995; Bourke, 2011). Complex
societies, where some individuals forgo reproduction, have been
a focus of evolutionary ecology ever since Darwin pointed out
that such societies pose difficulties for his theory of natural
selection (Darwin, 1859). Since Hamilton’s pivotal insight about
kin selection (Hamilton, 1964), the field of social evolution has
made significant advances in explaining eusocial societies in
insects, and cooperative breeding in birds and mammals (e.g.,
Woolfenden and Fitzpatrick, 1984; Emlen and Wrege, 1988;
Keller and Reeve, 1994; Kokko et al., 2002; Clutton-Brock, 2002;
Griffin and West, 2003; Shen et al., 2017). Relatively few studies
have attempted to explain similar societies in fishes, and marine
fishes in particular have been overlooked (Buston and Balshine,
2007; Taborsky and Wong, 2017). This is likely because of the
challenges of working in marine environments and because
some criteria considered to be prerequisites for the evolution of
complex societies are (presumably) unmet in most marine fishes.
However, studying these taxa and their societies has the potential
to test the robustness of current theories, generate new insights,
and advance the field of social evolution.

Using Marine Systems to Test the
Robustness of Current Theories in Social

Evolution

The complex groups in which some marine fishes are organized
bear many similarities with cooperatively breeding societies in
mammals, birds, freshwater fishes and invertebrates (Taborsky
and Limberger, 1981; Emlen, 1991; Sherman et al., 1995; Duffy
et al., 2000; Bourke, 2011), but there are two key differences.
First, alloparental care, where group members care for offspring
other than their own, which is a feature of cooperative breeding
in birds, mammals and freshwater fishes (Riedman, 1982; Wong
and Balshine, 2011), has only very rarely been observed in
marine fishes (see review in Wisenden, 1999; Phillips et al.,
2020). However, cooperation in marine fishes may take other
forms, such as subordinates modifying their growth to remain
small and reduce conflict (Buston, 2003a; Wong et al., 2007), or
defending and maintaining the territory (Mariscal, 1966; Iwata
and Manbo, 2013). Second, the organization in family groups,
which characterizes the social systems of most terrestrial species
(Emlen, 1995), is lacking in marine systems. The vast majority
of marine fishes have a dispersive larval phase, which was long
presumed to prevent the formation of kin groups (Victor, 1984;
Leis, 1991; Shanks, 2009). However, recent studies have shown
that limited dispersal and other mechanisms may lead to subtle
relatedness patterns in marine fishes (D’Aloia and Neubert, 2018;
D’Aloia et al., 2018; Rueger et al., 2020, 2021), indicating that
there is a possibility for weak kin selection to play a role in their
social evolution.
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FIGURE 1 | Schematic of the social organization of Amphiprion percula (left)
and Paragobiodon xanthosoma (right).

Regardless of whether kin selection is operating or alloparental
care is occurring in marine fishes, if we dismiss these species from
the study of sociality on the grounds that they are different from
other social vertebrates, then a great opportunity for expanding
and transforming the field is missed. It has been argued that
sociality should be viewed as a continuum, rather than falling in
narrow categories (Sherman et al., 1995). Therefore, it is more
useful for the field overall to study the remarkable behavioral
convergence and distinctions between different taxa, rather than
exclude large groups of animals from consideration on account
of them not meeting specific criteria (Sherman et al., 1995;
Hing et al., 2017).

Established Study Systems

The first two decades of social evolution research in marine
fishes have focused on two coral reef fish species found in
the Indo-Pacific: the clown anemonefish Amphiprion percula
(Pomacentridae) and the emerald coral goby Paragobiodon
xanthosoma (Gobiidae). The aim of using these fishes was to test
the robustness of our current understanding of social evolution
and generate new insights. These two fishes were chosen because
they bear a striking resemblance to the simple eusocial societies
of cooperatively breeding birds and mammals (Emlen, 1991;
Sherman et al, 1995; Buston, 2002; Wong, 2007; Wong and
Buston, 2013). In both A. percula and P. xanthosoma, groups of
individuals are found in close association with cnidarian hosts
(anemones or corals) that provide the fish with protection from
predators, food and a place to lay their eggs (Lassig, 1976; Fautin,
1992). Each host contains one group of fish, which is typically
composed of a breeding pair and a small number of subordinate
non-breeders (Figure 1). Within each group there is a size-based
dominance hierarchy: the largest two individuals are the breeders,
and the non-breeders get progressively smaller (Buston, 2003a;
Wong et al., 2007). These fishes, like many coral reef fishes, are
hermaphroditic: clown anemonefish can change sex from male
to female (Fricke and Fricke, 1977; Moyer and Nakazono, 1978);
coral-dwelling gobies can change sex in both directions (Lassig,
1977; Kuwamura et al., 1994; Nakashima et al., 1996; Munday,

Frontiers in Marine Science | www.frontiersin.org

May 2021 | Volume 8 | Article 665780


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Rueger et al.

Evolution of Coral Reef Fish Societies

A B

Dominant
breeders

Subordinate
breeders

Subordinate
non-breeders

Cnidarian
host

@
{ x
(o
{

Small monogamous group

FIGURE 2 | Schematic of the variable social organization (A-C) of Dascyllus aruanus. X denotes no individuals present at that rank.
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2002). Breeding occurs year-round and generally on a lunar cycle;
for each egg clutch, the female lays several hundred eggs, which
the male fertilizes and then takes care of until they hatch 1 week
later (Buston, 2004b; Wong et al., 2008b).

While they have greatly improved our understanding of
sociality in the marine realm, focusing solely on A. percula
and P. xanthosoma presents some limitations. To broaden our
understanding of social evolution, it is crucial to encompass
model species with more variable social systems, reproductive
skew, and individual mobility. Such species allow us to test
the predictions of theoretical models by manipulating genetic,
ecological, and social variables (Buston et al., 2007b).

Extending Research From Simple to

Complex Social Systems

One good candidate that provides such opportunities is the
humbug damselfish, Dascyllus aruanus (Pomacentridae). It is
another coral reef fish that is widespread throughout the
Indo-Pacific and lives in social groups in close association
with branching corals (Sale, 1971; Forrester, 1991; Holbrook
et al., 2000). Unlike A. percula and P. xanthosoma, D. aruanus
sometimes have multiple coral hosts within their territories, and
fish move between them, both on their own and in groups
(Mann et al., 2014). Residents of each territory actively repel
unfamiliar conspecifics (Schmitt and Holbrook, 1999; Jordan
etal., 2010), limiting movement of individuals between territories
(Forrester, 1991). Within each territory there is a single group
of fish (Sale, 1971; Coates, 1980a; Forrester, 1991), composed of
1-2 breeding males, 3-4 breeding females and 2-4 subordinate
non-breeders (Figure 2; Sale, 1972; Holbrook et al., 2000; Wong
et al., 2012). A striking feature of humbug damselfish societies
is that the mating system is plastic, shifting from monogamy
to polygyny to polygynandry as group and coral size increases
(Figure 2; Wong et al,, 2012). The groups have weakly defined

size-based dominance hierarchies: males tend to be the largest
dominant individuals, females tend to be intermediate in size,
and subordinate non-breeders tend to be the smallest individuals
(Figure 2; Coates, 1980a; Cole, 2002; Asoh, 2003; Wong et al.,
2012). These fish are generally protogynous hermaphrodites
(Sale, 1970; Cole, 2002; Asoh, 2003): if the male of a focal group
disappears, then a large female from the focal group or a nearby
group changes sex and takes his place (Fricke and Holzberg,
1974; Coates, 1982); if the dominant female disappears, the next
ranking male can revert back to being a female if no immigration
occurs (Kuwamura et al., 2016). This species breeds on a lunar or
semi-lunar cycle: females deposit eggs in a nest and males fertilize
the eggs and care for them for 2-5 days until they hatch (Sale,
1970; Mizushima et al., 2000).

In this review we synthesize the existing literature on
A. percula, P. xanthosoma, and D. aruanus, highlighting how they
have contributed to our understanding of sociality in the marine
environment. We show that studying these and other marine
fishes provides new insights into the evolution of sociality, and we
uncover knowledge gaps and suggest future directions in the field.

PART 1: WHY DO NON-BREEDERS
FORGO REPRODUCTION?

Most of the major hypotheses of social evolution that pertain
to why subordinate non-breeders forgo their own reproduction
have been tested in marine fishes using long-term monitoring,
experimental manipulations, molecular tools and mathematical
modeling throughout the past two decades (Table 1).

Present Direct Genetic Benefits: Current

Reproduction
The first question to address is whether subordinates in our
model systems truly are non-breeders. Subordinates in A. percula
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TABLE 1 | Major hypotheses for why non-breeders forgo their own reproduction in three tractable systems within coral reefs: the clown anemonefish, the emerald coral

goby and the Humbug damselfish.

Clown anemonefish
(Amphiprion percula)

Hypothesis

Emerald coral goby
(Paragobiodon xanthosoma)

Humbug damselfish
(Dascyllus aruanus)

(1) Present direct genetic benefits: current
reproduction

(2) Present indirect genetic benefits: kin
selection

() Future direct genetic benefits: inheritance

Buston, 2004a

(4) Poor inside options: social constraints

(5) Poor outside options: ecological constraints

Fricke and Fricke, 1977; Rueger et al., 2018

Buston, 2004b; Buston et al., 2007a

Buston, 2003a,b; Branconi et al., 2020

Buston, 2003a, 20044a; Branconi et al., 2020

Lassig, 1976; Wong et al., 2008a Wong et al., 2012

Wong, 2007; Rueger et al., 2021

Buston et al., 2009

Wong et al., 2007 Coates, 1982

Wong et al., 2007, 2008a 8D

Wong, 2010 8D

References included directly test the given hypothesis; Blue: hypothesis has been falsified; gold: hypothesis has been supported; blue-gold lines: condition-dependent;

gray: there is work to be done (TBD).

and P. xanthosoma do not have functional gonads (Lassig, 1976;
Fricke and Fricke, 1977; Moyer and Nakazono, 1978), and they
do not develop functional gonads due to the threat of eviction
(Wong et al., 2008a; Rueger et al., 2018). This confirms that
the subordinates truly are non-breeders, and it demands further
investigation as to why they choose to forgo reproduction and
cooperate in social groups.

In contrast, for D. aruanus early evidence indicated that
subordinates do have functional gonads (Asoh, 2003; Cole,
2002). A study combining field observations with genetic
parentage analysis showed that high ranking and large individuals
(dominants and high-ranking subordinates), from within the
group as well as extra-group individuals, are more likely to breed
and attain large reproductive shares than low-ranking and small
individuals (Wong et al., 2012). However, low-ranking and small
D. aruanus do reproduce, and reproductive skew is very variable
compared to A. percula or P. xanthosoma.

Present Indirect Genetic Benefits: Kin

Selection

The kin selection hypothesis makes two critical predictions:
first, non-breeders enhance the fitness of breeders; second, non-
breeders are closely related to breeders (Hamilton, 1964; Emlen
and Wrege, 1988; Griffin and West, 2003). Both predictions have
been tested using A. percula and P. xanthosoma. In A. percula,

a removal experiment revealed that non-breeders had no direct
effect on the survival or reproduction of breeders during a year-
long study (Buston, 2004b). Similarly, there was no evidence that
P. xanthosoma non-breeders engaged in behaviors that might
enhance survival or reproduction of the breeders (Wong, 2007).
Genetic analysis showed that subordinate non-breeders were not
closely related to the breeders in A. percula (Buston et al., 2007a)
or P. xanthosoma (Rueger et al., 2021).

Although the first prediction that non-breeders enhance
the fitness of breeders has not been tested experimentally for
D. aruanus, it seems likely to be supported in small groups where
the subordinates are females, since the fitness of the dominant
male is enhanced by having more potential mates. However, the
answer may be more nuanced in large groups where some of the
subordinates are males, since it is not clear how they impact the
fitness of dominant breeders (Wong et al., 2012). The second
prediction that non-breeders are closely related to breeders has
been tested directly. The mean coefficient of relatedness among
group members was close to zero, and any pairs of close relatives
were small and similar in size, suggesting that siblings may recruit
together but that kin associations break-up post recruitment
(Buston et al., 2009).

Taken together, the results from all three species suggest that
kin selection does not play a role in explaining why non-breeders
tolerate their position in coral reef fishes. The limited role of kin
selection in all three model species is interesting given that kin
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selection is thought to be the major driver of these types of social
systems in other taxa.

Future Direct Genetic Benefits: Territory

Inheritance

The territory inheritance hypothesis makes two critical
predictions: first, non-breeders have the capacity to reproduce in
the future; second, the probability of territory inheritance is high
(Williams, 1966; Kokko and Johnstone, 1999). Both predictions
were tested using A. percula and P. xanthosoma. In both species
subordinate non-breeders have the capacity to reproduce in
the future, as they filled breeding vacancies when dominant
breeders were removed (Buston, 2004a; Wong et al., 2007). In
all cases it was the highest ranked non-breeder (rank three in
the group hierarchy) that inherited the breeding vacancy; in
no cases did a smaller non-breeder from a lower rank in the
same coral/anemone or a non-breeder from elsewhere usurp
the breeding vacancy (Buston, 2004a; Wong et al., 2007). Taken
together, these results are some of the clearest demonstrations
(not confounded by kin selection) that individuals will adopt
non-breeding positions because of the potential to reproduce in
the future. These studies indicate that territory inheritance is a
driving force behind the evolution of non-breeding strategies in
coral reef fishes.

In D. aruanus, the first prediction that non-breeders have
the capacity to reproduce in the future is likely less crucial,
because parentage analyses indicate that subordinates gain some
current reproduction (Wong et al., 2012). Regarding the second
prediction that the probability of territory inheritance is high,
dominant male-removal experiments showed that when the
experimental corals were caged, it was the largest female of
the group that changed sex and took his place (Coates, 1982).
However, sexually mature individuals also have the potential to
move from one territory to another (Figure 3; Sale, 1971; Asoh,
2003; Wong et al., 2012), which would reduce the probability of
territory inheritance relative to A. percula and P. xanthosoma,
because resident individuals can be usurped in some contexts.

Poor Inside Options: Social Constraints

The social constraints hypothesis makes two predictions: first,
individuals will remain in groups and engage in cooperative
actions when there is some social constraint; second, critically,
the likelihood of individuals contesting to breed will increase
when the social constraint is relaxed (Muthoo, 2000; Buston
and Zink, 2009). In A. percula and P. xanthosoma, well-defined
size differences are maintained between individuals adjacent in
rank by precise regulation of subordinate growth (Buston, 2003b;
Buston and Cant, 2006; Wong et al., 2007). In A. percula, higher
ranked individuals evict or occasionally kill subordinates that are
similar in size to themselves (Allen, 1972; Buston, 2003a). In
both species, the likelihood of a subordinate winning a contest
is zero when the pair’s size ratio matches that found under
natural conditions (Wong et al., 2007, 2016), indicating that the
size ratio represents a social constraint. In experimental settings,
subordinates were more likely to contest and sometimes won
a fight when the social constraints were relaxed (Wong et al,

2007; Branconi et al., 2020). These results demonstrate that strong
social constraints are a driving force behind the evolution of
non-breeding strategies in coral reef fishes.

To date, no experimental studies have been conducted to
test the social constraints hypothesis in D. aruanus. However,
multiple features of humbug damselfish societies point toward
less social constraints operating than in other systems. In
D. aruanus groups, there is no well-defined size ratio (sensu
Buston and Cant, 2006) between individuals of different ranks.
This suggests that social constraints over rank and reproduction
may be more relaxed in this species, as shown by the frequent
occurrence of reproduction by subordinates (Wong et al,
2012). Alternatively, other factors may influence subordinate
reproduction. For example, the size of prey taken by individuals
is not correlated with their absolute size but with their rank
(Coates, 1980b); this could affect the amount of time spent by
subordinates foraging for food, their energy budgets and, in turn,
their fitness. Future research with experimental manipulation of
inside options analogous to Branconi et al. (2020) is needed in
D. aruanus.

Poor Outside Options: Ecological

Constraints

The ecological constraints hypothesis makes two predictions:
first, individuals will remain in groups and engage in cooperative
actions when there is some ecological constraint; second,
critically, the likelihood of individuals leaving to breed will
increase when the ecological constraint is relaxed (Emlen, 1982;
Cant and Johnstone, 2009). Both predictions have been tested
using A. percula and P. xanthosoma. In both species, there are
two types of ecological constraints: (i) it is risky to move between
patches of habitat (Mariscal, 1970; Lassig, 1981; Elliott et al.,
1995) and (ii) the alternative habitat is saturated (Lassig, 1977;
Fautin, 1992; Elliott and Mariscal, 2001). In A. percula, non-
breeders did not leave to breed elsewhere when habitat vacancies
were created, showing that habitat saturation alone does not
prevent them from dispersing (Buston, 2003a, 2004a). In both
species, cross-factored experiments showed that the likelihood of
dispersal increased as alternative habitats became less saturated
and as risks of movement decreased (Wong, 2010; Branconi
et al., 2020). These results demonstrate that individuals will
adopt non-breeding positions because of the combination of
habitat saturation and risks of movement, indicating that strong
ecological constraints are a driving force behind the evolution of
non-breeding strategies in coral reef fishes.

Observational evidence suggests that ecological constraints
will also play a role in D. aruanus but may be condition-
dependent. Small immature juveniles move more frequently
between coral heads on continuous reef habitats (lower risk
of movement) than in patchy reef habitats (higher risk of
movement) (Nanami and Nishira, 2001). In addition, the survival
rate was 3.3 times higher on continuous habitat than on patchy
habitat, suggesting that there are real risks associated with living
in patchy habitats (Nanami and Nishira, 2001). Large sexually
mature individuals are known to move between groups to
breed (Figure 3; Sale, 1971; Asoh, 2003). The reasons that large
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FIGURE 3 | Relationship between ecological constraints and territory inheritance within groups of Dascyllus aruanus; arrows represent changes in rank via
inheritance or movement (bold continuous arrows show high probability of territory inheritance in the group; dashed arrows show some lower probability of territory
inheritance in the group and some probability of inheritance via movement from the neighboring group). (A) Patchy habitat with strong ecological constraints, little
movement and high probability of territory inheritance; (B) More continuous habitat, with weak ecological constraints, lots of movement, and lower probability of

territory inheritance.

individuals might move more than small individuals are twofold:
(i) large individuals are less likely to move forward in their
resident queue than small individuals, because there are fewer
individuals ahead of them to die; and, (ii) large individuals are
less likely to be preyed upon while moving between groups than
small individuals, because they are faster and exceed the gape
limitation of more predators. To tease apart the relative effects of
these factors and assess the validity of the ecological constraints
hypothesis in D. aruanus, more experimental work analogous to
Wong (2010) and Branconi et al. (2020) is needed.

PART 2: WHY DO BREEDERS TOLERATE
NON-BREEDERS?

The major hypotheses looking at why dominant breeders would
tolerate non-breeders that share their territories have received
much less attention in marine fishes (Table 2).

Reproductive Control via Threat of

Eviction
The reproductive control hypothesis makes two predictions:
reproduction is resource-limited; and reproduction in
subordinates is suppressed via the threat of eviction (Clutton-
Brock et al, 2010). Both predictions have been tested using
P. xanthosoma and A. percula. In both species, a feeding
experiment revealed that reproduction by the dominant female
is resource limited, providing an incentive for dominants to
evict subordinates (Wong et al., 2008a; Rueger et al., 2018). Such
evictions do indeed occur if subordinates are sexually mature
(Wong et al., 2008a; Rueger et al., 2018). Overall, these studies
provide clear evidence that dominants use the threat of eviction
to keep subordinates from reproducing. The fact that dominants
have the ability to evict subordinates suggests that subordinates
are tolerated either because they are inconsequential or because
they provide some benefit to dominant breeders.

In contrast, D. aruanus subordinate males and females can
obtain large shares of total reproduction within their groups
(Wong et al., 2012). While reproduction by males is limited by

the number of females and eggs produced, no studies have tested
whether dominants try to suppress the reproduction of same-
sex subordinates or whether reproduction is resource-limited for
females. Investigating how reproductive shares of both sexes are
negotiated will be an interesting avenue of future research.

Present Direct Genetic Benefits: Current

Reproduction

The present direct genetic benefits hypothesis predicts that
the dominant breeders will accrue some immediate fitness
advantages from the presence of non-breeders (Woolfenden
and Fitzpatrick, 1984; Emlen and Wrege, 1988). In A. percula,
this was tested using year-long observations of survival, growth
and reproduction of 71 groups together with an experimental
manipulation of 14 groups where subordinates were removed
from breeding pairs (Buston, 2004b). Non-breeders had no effect
on the survival, growth or reproduction of breeders, which rules
out the possibility that present direct genetic benefits motivate
breeders to tolerate non-breeders in their groups (Buston, 2004b;
Buston and Elith, 2011). The generality of these findings has yet
to be tested using P. xanthosoma.

For the dominant male in D. aruanus groups, having multiple
breeding females may increase the number and genetic diversity
of offspring he can sire, as long as he can provide sufficient
parental care (Forsgren et al., 1996; Mizushima et al., 2000; Wong
et al., 2012). For the dominant female, it is possible that the
presence of subordinates enables her to feed more and produce
more eggs because of the increased vigilance of the group and/or
have higher survival due to predator dilution effects in larger
groups (Rubenstein, 1978; Beauchamp, 2015). Future work is
needed to experimentally test these hypotheses.

Present Indirect Genetic Benefits: Kin

Selection

The kin selection hypothesis predicts that the dominants benefit
from the presence of non-breeders because they are relatives
that inherit the breeding territory. For such kin selection to
operate, relatedness within groups does not need to be high but it
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TABLE 2 | Major hypotheses for why breeders tolerate non-breeders in their territories in three tractable systems within coral reefs: the clown anemonefish, the emerald

coral goby and the Humbug damselfish.

Clown anemonefish
(Amphiprion percula)

Hypothesis

Emerald coral goby
(Paragobiodon xanthosoma)

Humbug damselfish
(Dascyllus aruanus)

(1) Reproductive control via threat
of eviction

Rueger et al., 2018

(2) Present direct genetic benefits:  Buston, 2004b; Buston and Elith, 2011

current reproduction

(3) Present indirect genetic benefits: Buston et al., 2007a; Salles et al., 2016; TBD

kin selection

(4a) Future direct genetic benefits:  Buston, 2004b; TBD

Mate-replacement benefits

(4b) Future direct genetic benefits:  TBD

Mutualist mediated benefits

Wong et al., 2008a Wong et al., 2012

TBD

8D

Buston et al., 2009

Rueger et al., 2021

Wong et al., 2007; TBD Coates, 1982; Kuwamura et al., 2016

TBD TBD

References included directly test the given hypothesis; Blue: hypothesis has been falsified; gold: hypothesis has been supported; blue-gold stripes: condition-dependent;

gray: so far there is only observational evidence, and there is work to be done (TBD).

does need to be higher than the population average (Hamilton,
1963, 1964; West-Eberhard, 1975). In A. percula, in a study
using seven microsatellite markers to assess relatedness within
nine groups, there was no evidence that these groups were on
average composed of close relatives (r < 0.001; Buston et al,
2007a). However, low numbers of markers and samples may
be insufficient to detect subtle relatedness patterns. A complete
genealogy revealed that A. percula offspring often settle close
to their parents and close relatives are sometimes found in the
same group (Salles et al., 2016), suggesting there may be potential
for weak kin selection. Recent research on P. xanthosoma,
using a larger microsatellite panel and greater sample size (20
microsatellite markers and 16 groups), found evidence that
groups are composed of distant relatives (r = 0.026; Rueger
et al., 2021). This suggests that weak kin selection might tip
the balance, motivating the dominants to tolerate subordinates
within their territories even if they provide no other benefits. This
and other recent examples of fine-scale relatedness patterns in
marine fishes [likely caused by limited dispersal (Rueger et al.,
2020)] underline the necessity to assess genetic relatedness when
studying marine fishes, so that the potential for weak kin selection
is not prematurely dismissed.

For D. aruanus, kin selection plays a role only for the
early life stages, since siblings may be recruiting together
but kin associations break up after settlement (see section
“Present indirect genetic benefits: kin selection”, Buston et al.,

2009). Accordingly, there are no present indirect genetic
benefits conferred to the dominants by tolerating subordinates
in D. aruanus.

Future Direct Genetic Benefits

Rapid Mate-Replacement Benefits

The mate-replacement hypothesis predicts that the dominants
benefit from the presence of non-breeders because they serve
as rapid mate replacements should one of the breeders perish
(Fricke, 1979). This hypothesis was tested in A. percula, and
the mean time taken for a widowed female to recommence
breeding was only 2.3 lunar months less in the presence of
non-breeders versus in their absence; this suggests that females
who tolerated at least one subordinate non-breeder had just a
2% gain in relative fitness (Buston, 2004b). It is possible that
instead, the major benefit comes in the form of reducing the
variance rather than the mean in the time taken to recommence
breeding (Rubenstein, 2011; Koenig and Walters, 2015), though
this has not been tested in A. percula. When breeding females
were removed from P. xanthosoma groups, non-breeders took
their place within days and none of the breeding vacancies
were taken over by an individual from another group (Wong
et al., 2007). Mate-replacement benefits may be more important
in P. xanthosoma than A. percula, because P. xanthosoma are
estimated to have shorter breeding tenures than A. percula
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o Do

FIGURE 4 | Potential synergistic effects between cnidarian hosts and social coral reef fishes that could help explain why breeders tolerate non-breeders; schematic
of the relationships between length of the dominant individual, number of individuals in the group, and size of the cnidarian host for Amphiprion percula — Heteractis
magnifica, and Paragobiodon xanthosoma — Seriatopora hystrix; (A,C) respectively, large host, large dominant breeder and large group, (B,D) small host, small
dominant breeder and small group. Dark solid arrows: causality confirmed for the model species; light solid arrows: causality has been confirmed in closely related
species; light dashed arrows: causality yet to be confirmed. Note the potential for positive feedback if all three arrows are confirmed clockwise or counterclockwise.

(Kuwamura et al., 1996; Buston and Garcia, 2007) so that a single
month of lost reproduction is a greater fraction of their total
reproduction. The magnitude of rapid mate-replacement benefits
and the generality of these findings are yet to be determined.

In D. aruanus, no studies have directly tested if subordinate
non-breeders act as rapid mate replacements. However, the
frequent occurrence of immigration by extra-group individuals
(Fricke and Holzberg, 1974; Coates, 1982; Wong et al., 2012)
suggests that sexually maturing subordinates may not represent
the fastest mate-replacement option in this species, at least
on continuous reef where ecological constraints are relaxed.
Dominant male-removal experiments showed that another male
or a large female (that can change sex to male) will frequently
immigrate from another group to fill breeding vacancies (Coates,
1982). On the other hand, dominant female-removal experiments
showed that small males can change sex back to female when
no females or juveniles immigrate to their group (Kuwamura
et al., 2016). The latter study suggests that, in isolated groups,
subordinates may act as rapid mate replacements. Evidently,
mate-replacement benefits will be context-dependent.

Mutualist Mediated Benefits

The mutualist mediated benefits hypothesis predicts that
dominant breeders benefit from the presence of subordinate non-
breeders because (i) non-breeders enhance the survival, growth,
and size of the cnidarian hosts, and (ii) large cnidarian hosts
enhance the survival, growth, and reproduction of the breeders.
These synergistic effects, whereby the group achieves things that
the breeders alone cannot (Bourke, 2011), have not been tested

directly in any of the three focal species, but a range of evidence
points toward the plausibility of the hypothesis.

There are positive correlations between the length of the
dominant, the number of individuals in the group, and the
size of the cnidarian host in A. percula and P. xanthosoma
(Figure 4; Fautin, 1992; Elliott and Mariscal, 2001; Buston, 2003a;
Wong, 2011; Chausson et al., 2018; Barbasch et al., 2020). These
correlates could be caused by extrinsic factors, e.g., dominants,
groups, and cnidarians may all flourish at good sites on the reef
(the null hypothesis), or they could be caused by intrinsic factors,
e.g., the number of fish in a group influencing host size. Indeed,
the causality of some of these relationships has been determined:
female size influences the number of fish in a group, due to the
rules of the size hierarchy in both species (A. percula — Heteractis
magnifica, Buston, 2003b; Buston and Cant, 2006; Branconi et al.,
2020; P. xanthosoma - Seriatopora hystrix, Wong et al., 2007;
Wong, 2011); and, at least in A. percula, anemone size is positively
correlated with the growth of the fish, explaining why larger
anemones are associated with larger females (Buston, 2002), and
larger females lay more eggs, resulting in more parental care
and higher embryo survival (Buston and Elith, 2011; Barbasch
et al., 2020). Thereby larger anemones might have a positive
influence on fish reproductive output. The latter results are likely
explained by larger anemones providing greater foraging area,
because foraging is confined to the anemone (Barbasch et al,,
2020), and/or larger anemones providing more egesta, which
may provide important nutrition (Verde et al., 2015). The critical
experiment, manipulating cnidarian size and examining the effect
on the breeders remains to be done.
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For both model species, we are also missing experimental
tests of the first prediction, that non-breeders enhance the
fitness of the cnidarian host. However, several mechanisms are
plausible, and they have been experimentally demonstrated
in other anemone-anemonefish interactions. The number of
individuals in a group influences anemone size, due to effects
on anemone growth and expansion behavior (A. bicinctus -
Entacmaea  quadricolor, Porat and Chadwick-Furman, 2004;
A. chrysopterus — H. magnifica, Holbrook and Schmitt, 2005;
and, A. melanopus - E. quadricolor, Frisch et al., 2016), and the
presence of anemonefish facilitates recovery of anemones after
bleaching events (A. akindynos - E. quadricolor, Pryor et al.,
2020). A suite of cooperative behaviors directed toward the
anemone have been observed in A. percula, including defensive
behaviors toward anemone predators, and cleaning (Mariscal,
1966; Iwata and Manbo, 2013). It is plausible that similar
behaviors beneficial to the host also occur in P. xanthosoma,
because they have been found in closely related gobies. For
example, Gobiodon histrio and P. echinocephalus trim competing
seaweed and reduce coral damage in Acropora spp. (Dixson and
Hay, 2012). In P. xanthosoma, the coral size has been shown to
influence the number of individuals in a group in a manipulative
experiment (Thompson et al., 2007).

In D. aruanus, there is also a correlation between fish group
size and coral host size (Wong et al., 2012). Several studies
suggest that the presence of fish might enhance the survival and
growth of their coral hosts by: (i) providing aeration to the corals
(Goldshmid et al., 2004); (ii) defending the coral from predation
by corallivorous fish (Chase et al., 2014); (iii) enhancing coral
bleaching resilience and recovery (Chase et al., 2018); and (iv)
alleviating the impact of sediments on corals (Chase et al., 2020).
Potentially, all of these mechanisms may be more pronounced
and effective when groups are larger with multiple subordinates.
While the effect of subordinate behaviors on the cnidarian hosts
has yet to be measured directly, their occurrence in the group
as a whole increases the plausibility of the hypothesis that non-
breeders may have a positive effect on the host which, in turn,
positively impacts breeders and provides incentives for breeders
to tolerate non-breeders.

Conclusion of Parts 1 and 2
Why subordinates in coral reef fish societies forgo their
own reproduction has been thoroughly investigated. Unlike
cooperatively breeding birds and mammals, subordinates do not
gain indirect genetic benefits. Rather, subordinates gain direct
genetic benefits in the future, because they stand to inherit the
breeding territory. They behave peacefully instead of contesting
for a breeding position due to social constraints; they remain
in the group instead of dispersing to breed elsewhere due to
ecological constraints. This solves the paradox of why individuals
forgo their own reproduction in marine fishes. More generally,
it shows that non-breeding strategies can evolve, and complex
groups can form, in the absence of kin selection.

Subordinate non-breeders in groups of A. percula and
P.  xanthosoma are tolerated, despite resource-limited
reproduction and the demonstrated ability of dominant
breeders to evict them. Why dominants tolerate subordinates

may be explained by the effects of several factors that each confer
small fitness advantages to the breeders. First, dominants might
accrue some indirect genetic benefits from tolerating their distant
relatives who go on to inherit the territory (Rueger et al., 2021).
Second, dominants might accrue some future genetic benefits by
tolerating subordinates who serve as rapid mate replacements
(Buston, 2004b). Third, dominants might accrue some future
genetic benefits by tolerating subordinates who contribute to
the growth of the mutualistic host, which in turn helps breeders
grow and reproduce more. The latter has yet to be tested directly
in either model species, but some evidence indicates it may be a
fruitful topic for future investigations.

Dascyllus aruanus has a much more variable social system and
consequently their social group formation is more challenging to
understand. In D. aruanus, present direct genetic benefits exist;
subordinate males and females gain benefits by reproducing for
themselves, and the dominants benefit either by reproducing
with subordinates or gaining other fitness benefits due to the
presence of subordinates. However, how their reproductive
shares are determined remains to be seen. Kin selection only
plays a limited role. The magnitude of future genetic benefits,
in terms of territory inheritance for the subordinates and rapid
mate replacement for the dominants, are dependent on the
ecological context: individuals move readily between groups
in continuous habitats when ecological constraints are weaker;
individuals move less between groups in patchy habitats when
ecological constraints are stronger. Future investigations, direct
experiments, and the application of more innovative methods
such as social network analysis (SNA), are essential to better
understand why these fish live in such complex social groups
(Box 1). The use of D. aruanus as a complex model system for
the research of social evolution has the potential to generate new
insights into the origin and maintenance of social systems in coral
reef fishes and other marine taxa.

PART 3: FROM MODEL SPECIES TO
MODEL GENERA

Amphiprion percula, P. xanthosoma, and D. aruanus have
provided valuable insights into sociality in marine fishes. Moving
beyond the investigation of these model species to comparative
studies among congeners is an important next step, marking a
transition from trying to understand what drives sociality within
a species, to what drives variation in sociality among species. This
next step is crucial for determining the extent to which variation
in social systems across closely related species is explained by
variation in key drivers of social evolution. In turn, this assists in
discerning the conditions that likely gave rise to sociality (Brown,
1974; Kocher and Paxton, 2014; Hing et al., 2017).

The most important step in explaining drivers of interspecific
social variation is to conduct phylogenetically controlled
comparisons. Such a study has been conducted using the coral-
dwelling gobies from the genus Gobiodon whose phylogeny is
relatively well resolved (e.g., Harold et al., 2008; Herler et al.,
2009; Duchene et al., 2013; Hing et al., 2019). Recent research
on Gobiodon has investigated social variability by adopting an
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BOX 1| Complex methods for more complex groups.

While experimental approaches can help us understand some of the mechanisms involved in the origin and maintenance of social systems in coral reef fishes, the
application of social network analysis (SNA) offers an opportunity to understand sociality on a finer scale. This is particularly crucial for species such as D. aruanus,
that have larger groups and more variable dominance structures. SNA is one of the most powerful and effective methods used in evolutionary biology to characterize
the temporary internal structure of social groups and their stability over time (Croft et al., 2008; Sueur et al., 2019; Romano et al., 2020; Sosa et al., 2021). In SNA,
social entities (individuals) are considered nodes and their social relationships (interactions) are considered ties (Box Figure 1). This reveals the group network as a
web of direct and indirect inter-relationships that provide a holistic perspective for the study of sociality and group dynamics (Croft et al., 2008; Wey et al., 2008).
With the ability to depict different levels of interactions within groups (dominant vs. subordinate individuals) and between groups (intra- vs. extra-group individuals),
SNA could help us solve many open questions relating to D. aruanus sociality. In D. aruanus individuals show clearly defined aggressive and submissive interactions

(Branconi et al., 2019a), making it possible to characterize social networks. For example, SNA, together with new tagging methods (Branconi et al., 2019b), may
help evaluate group structure and stability across time, according to habitat quality and different degrees of social and ecological constraints.

BOX FIGURE 1 | Hypothetical weighted and directed social network of a small group of Dascyllus aruanus. The thickness of the ties (interactions) is proportional to
the strength of the connection between the individuals, and the size of the nodes (individuals) is proportional to their respective number of social interactions.
Numbers denote individual ID. Red shaded individuals/nodes denote extra-group individuals.

A | Tie = Social relationship (interaction)

| Node = Individual

integrative approach that examines ecological factors and life-
history traits together with phylogenetically controlled contrasts.
Hing et al. (2019) used 15 Gobiodon species to measure the
diversity and frequency of group sizes and calculated a sociality
index for each species. The sociality index (outlined in Avilés and
Harwood, 2012) accounts for the proportion of groups within the
population, proportion of subordinates within groups (indicating
propensity to join a group and be tolerated by dominants), and
proportion of the life cycle spent in groups (indicating propensity
for delayed dispersal). The sociality index for each Gobiodon
species was used to determine the phylogenetic signal of sociality,
and its link to factors previously identified as influencing fitness
(ecological factors: host coral size and host coral generalization;
and life-history trait: body size; Wong, 2011; Hing et al., 2018).
While there was some evidence of a weak phylogenetic signal
(i.e., ancestral basis) in the evolution of sociality in Gobiodon,
ecological and life history factors were found to play more
important roles (Hing et al., 2019). Larger-bodied species tended
to be less social than smaller-bodied species (Hing et al., 2019).
Furthermore, sociality depended more on coral size for larger
species, likely due to the requirement for larger hosts in order
for larger individuals to form groups (Figure 5; Hing et al., 2019).
Interestingly, one of the few other comparative studies examining
relationships between evolutionary history, ecological factors and
life-history traits in marine fishes found that there was a strong
ancestral basis for sociality (pair-forming versus solitary living) in
Chaetodon butterflyfishes (Nowicki et al., 2018). Further, Hodge

et al. (2018) identified the trade-off between morphological
defense strategies and social organization as a crucial driver of
butterflyfish evolution, highlighting the importance of employing
broad phylogenetically informed approaches in studying reef
fish sociality.

In anemonefishes, there has been no formal investigation
of interspecific variation in their social behavior using
phylogenetically controlled comparisons, even though their
phylogenetic relationships have been well resolved (e.g., Elliott
et al,, 1999; Santini and Polacco, 2006; Litsios et al., 2012; Litsios
and Salamin, 2014; Li et al., 2015; Rolland et al., 2018). However,
there is some observed social variation between species that are
ecologically similar, which indicates that Amphiprion species are
good candidates for comparative studies. Amphiprion ocellaris
societies associated with the anemone Stichodactyla gigantea
in Indonesia seem to function quite similarly to the A. percula
societies associated with the anemone Heteractis magnifica in
Papua New Guinea described above (Mitchell, 2003, 2005). In
contrast, A. perideraion societies associated with H. magnifica in
the same lagoons and bays as A. percula in Papua New Guinea
seem to be subtly different (Allen, 1972; Fautin and Allen, 1992;
Elliott and Mariscal, 2001; Buston and Cant, 2006; Rueger et al.,
2018).The number of individuals in a group, the structure of
the size hierarchy, aggression, and cooperative behaviors are
traits that seem to vary across the genus (Allen, 1972; Moyer and
Nakazono, 1978; Hattori, 1994; Srinivasan et al., 1999; Mitchell
and Dill, 2005), raising the question: what causes this variation?
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more dependent on coral size

et al., 2019). The figure is reproduced with permission from Elsevier.
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FIGURE 5 | Relationships between social group size, host Acropora coral size, and body size for species in the genus Gobiodon. (A) Schematic depicting variation
in group sizes between small and large species in relation to coral size; (B) modeled predictions for interactions between coral size and body size (fish length) and
their effects on the sociality index (encompassing the proportion of groups within the population, proportion of subordinates within groups, and proportion of the life
cycle spent in groups; see Aviles and Harwood, 2012) for Gobiodon species. Raw data are the black symbols where pair-forming species are represented by circles
and group-forming species are represented with triangles. Modeled body sizes are represented by the colored lines shown in the legend (Figure modified from Hing
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The strength of kin selection seems unlikely to vary greatly
across the Amphiprion genus, because in all studies to date, their
larvae have been shown to disperse from their natal anemone
(A. polymnus, Jones et al, 2005; Saenz-Agudelo et al., 2011;
A. percula, Almany et al., 2007; Planes et al., 2009; Buston et al.,
2012; Almany et al., 2017; A. omanensis, Simpson et al., 2014;
A. bicinctus, Nanninga et al., 2015; A. clarkii, Catalano et al.,
2020). The strength of ecological constraints might vary across
the genus, causing differences in movement analogous to the
differences seen in D. aruanus in patchy and continuous habitats
(see section “Poor inside options: social constraints” above;
Figure 3). Ecological constraints can vary among species either
because the ecology varies, e.g., A. clarkii moves more in sub-
tropical waters than tropical waters perhaps due to reduced risks
of predation and/or reduced habitat saturation (Hattori, 1994), or
because the species traits vary while the ecology is constant, e.g.,
A. perideraion moves more than A. percula in the same waters
(Rueger et al., 2018), perhaps due to being a better swimmer.
A small reduction in the strength of ecological constraints is
likely to have effects on territory inheritance because it creates
the potential for individuals to have their position usurped
(Figures 3, 6). This, in turn, could have knock-on effects for
the size hierarchy, conflict, and aggression, as the incentives for
subordinates to remain small are reduced (Figure 6). More work
needs to be done to test these hypotheses and to understand the
causes of interspecific variation in social behavior among closely
related species of marine fishes.

Conclusion of Part 3
Extending our investigations from model species to model
genera is allowing us to gain new insights into social evolution

in the marine realm. In Gobiodon/Paragobiodon (Gobiidae)
and Amphiprion/Premnas (Pomacentridae), there is social
variation among species that is unlikely to be explained by
variation in the strength of kin selection across the genus.
Instead, variation in life history traits might interact with
the ecology (habitat patch size and risks of movement)
to cause these differences. Comparative research on coral-
dwelling gobies has highlighted the nuanced and complex
nature of sociality within the taxon. Such integrative and
quantitative approaches to the study of sociality can be applied
to any taxa and provide a robust framework for future
comparative work. Interestingly, whether or not there is a
strong ancestral basis for sociality appears to differ depending
on which reef fish family is examined. Thus, there may
be different key drivers of social variation between different
taxa. Further comparative studies in other marine fishes,
using integrative approaches that incorporate sociality indices,
will allow comparisons across diverse taxa to enhance our
understanding of social evolution.

PART 4: SOCIALITY AND
ENVIRONMENTAL CHANGE

It has long been recognized that environmental variation may
alter the state of sociality within and amongst species (Rubenstein
and Lovette, 2007; Duffy and Macdonald, 2009; Rubenstein,
2011; Shen et al.,, 2017). As environmental disturbances affect
marine ecosystems with more frequency and intensity and
environmental variability in these ecosystems increases (Turner,
2010; Hughes et al., 2018), a key question is: how will the sociality
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FIGURE 6 | Possible relationship between ecological constraints, territory inheritance, and social organization and behaviors; (A) schematic of social organization in
Amphiprion percula, where ecological constraints are high, movement between anemones does not occur, the probability of territory inheritance is high and the size
hierarchy is strict with exact ratios; (B) social organization of Amphiprion perideraion where ecological constraints are relaxed, movement between anemones does

occur, groups are less stable and the size hierarchy is more variable.

compressed
size ratio

of coral reef fishes be influenced? Environmental disturbances
can impact sociality in at least four distinct ways: (i) by
influencing the relative population size and structure of the fish
and their cnidarian hosts; (ii) by influencing the subordinate non-
breeders’ payoffs associated with staying in or leaving groups;
(iii) by influencing the dominant breeders’ payoffs associated
with tolerating subordinates; and (iv) by negatively impacting the
mechanisms that individuals use to engage in social interactions.

Environmental Disturbances Can
Change Population Structure and
Habitat Saturation

A recent study investigated the impacts of environmental
disturbances using before and after disturbance data for
populations of social and pair-forming Gobiodon species.
Thirteen Gobiodon species and their mutually beneficial Acropora
host coral species were monitored throughout two category 4
tropical storms in consecutive years to determine multi-species
responses (Hing et al., 2018). After the two storms, the group size
of group-forming species (n = 5) declined, while the group size
of pair-forming species (n = 8) showed little variation. Group-
forming species occupied larger corals than pair-forming species
both before and after the storms, but as coral size decreased,
so did the number of group members overall (Figures 7A,B).
Interestingly, although the number of vacant corals did not
change after disturbances, smaller corals became more saturated
after disturbances and gobies occupied smaller corals. Thus, it
appears that the benefits of group-living in this genus are affected
by habitat size rather than habitat availability - both factors
which can be strongly influenced by environmental disturbances
(Hing et al., 2018).

Environmental Disturbance Can Change
Relative Payoffs Associated With Staying

or Leaving

Some insights into how environmental conditions are driving
sociality in marine fishes may be gained by studying the social
consequences of recent disturbances (Hing et al., 2018). Climatic
events and crown-of-thorns outbreaks are especially pertinent
since they increase the frequency of bleaching and mortality of
cnidarians (Cheal et al., 2017; Hughes et al., 2017, 2018, 2019;
Pratchett et al., 2017), and social coral reef fishes such as gobies,
damselfishes, and anemonefishes depend on live cnidarian hosts
(Bonin et al., 2009; Saenz-Agudelo et al., 2011; Pratchett et al,,
2020). Although there is a clear preference for healthy hosts,
both gobies and anemonefishes are willing to settle and use
bleached hosts as long as the hosts are alive (Bonin et al., 2009;
Saenz-Agudelo et al., 2011). Individuals are however unwilling to
remain in dead hosts (Bonin et al., 2009).

If cnidarian hosts die as a result of environmental
disturbances, then dispersal of those occupying them to other
habitats will be increasingly difficult (Figures 7C,D). After corals
were heavily disturbed by crown-of-thorns starfish, D. aruanus
and two other damselfish species declined substantially, but
there was size-specific success in dispersing (Pratchett et al.,
2020). Smaller and intermediate-sized individuals were more
successful at relocating to a new group than larger individuals,
likely because they represented less of a threat to bigger resident
breeders (Coker et al., 2013; Pratchett et al., 2020). Dispersing
individuals also risk finding uninhabited hosts, which are
unattractive to damselfishes (Pratchett et al, 2020), gobies
(Wong, 2010), and anemonefishes (Branconi et al., 2020). As the
relative payoffs associated with staying and leaving shift under
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FIGURE 7 | Possible effects of environmental disturbances on the sociality of reef fishes, using Gobiodon with Acropora coral hosts as examples. After disturbances,
a pristine environment (A) can become less saturated if fish populations decline more than their habitat (B). If habitat declines (i.e., smaller and unhealthy corals)
influence subordinates’ payoffs to stay or leave, then current coral patch quality (C) and nearby coral patch quality (D) will affect the subordinates’ decisions to stay
or leave. If habitat declines influence payoffs of dominants tolerating subordinates, then subordinates in smaller patches will either be evicted (E) or be tolerated

because of synergistic effects (F).

environmental disturbances, we anticipate they will continue to
play a major role in governing sociality.

Environmental Disturbances Can
Change the Payoffs Associated With
Tolerating Subordinates

From the dominants’ perspectives, environmental disturbances
might alter the payoffs associated with tolerating subordinates
(Figures 7E,F). For example, larger-bodied goby species are
typically only group-living when corals are large in size (Hing
et al,, 2019). Within our model species, group sizes tend to
be larger when the cnidarians and the dominant breeders are
larger (Buston and Cant, 2006; Wong, 2011). Thus, maintaining
sociality may no longer be an option when the cnidarian hosts
become smaller due to climate change (Pisapia et al., 2020),
perhaps because there are simply not enough resources within a
single host to support multiple individuals (Wong et al., 2008a;
Rueger et al., 2018).

However, remaining in social groups may instead be especially
important throughout disturbances, due to synergistic benefits of
sociality. It is now known that fish inhabitants provide important
services to their cnidarian hosts (Goldshmid et al., 2004; Chong-
Seng et al,, 2011; Dixson and Hay, 2012; Dirnwoeber and Herler,
2013; Garcia-Herrera et al., 2017), including the moderation
of bleaching susceptibility and the promotion of host recovery
through increasing water movement and nutrient cycling (Chase

etal., 2018; Pryor et al., 2020). Larger group sizes could therefore
lead to quicker recovery from bleaching. From a synergistic
effects perspective, remaining social might then be beneficial for
breeders and non-breeders alike.

Environmental Disturbances May
Interfere With Proximate Mechanisms
Essential for Sociality

Social group formation is not just dependent on the benefits
associated with different social strategies, but it also depends
on the ability of the fish to recognize these benefits (e.g., kin
recognition), and to enact strategies that confer these benefits
(e.g., growth regulation). If reef fishes lose important sensory
and physiological abilities with environmental disturbances, as
they seem to do (e.g., Munday et al., 2009, 2010; Dixson et al.,
2010; Pankhurst and Munday, 2011; Donelson et al., 2016), then
group formation and maintenance may be affected long-term.
For example, ocean acidification can reduce the ability of coral
reef fishes to detect predators, kin, and habitat (Munday et al,,
2009, 2010; Dixson et al., 2010) and as a consequence, non-
breeders may change their decisions to remain philopatric or
disperse (Dixson et al., 2010). Additionally, new recruits may
lose the ability to detect kin and habitat, which could result
in changed levels of relatedness within groups and reduced
fish replenishment, respectively (Munday et al., 2009, 2010).
Finally, the stress levels of fish increase when their hosts bleach
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(Beldade et al., 2017), and juvenile fishes metabolism and
behavior changes (Cortese et al., 2020), all of which could alter
social decisions and group cohesion. Combined, there are several
sensory and physiological effects of environmental disturbances
that may impact the maintenance of sociality in coral reef fishes.

Conclusion of Part 4

As climate change causes disturbances on coral reefs, the
decisions of non-breeders to forgo reproduction and breeders
to tolerate non-breeders may be altered. From the point of
view of the non-breeder, if habitat becomes less saturated as
a result of disturbance, then leaving to breed elsewhere may
become a better strategy to gain breeding status more quickly
(Wong, 2010). If habitats are declining in quality, the decision
to stay or leave will depend on how the current habitat is
faring relative to the habitats around it. From the point of
view of the breeder, if habitats become smaller as a result of
continued disturbances (Pisapia et al., 2020), then tolerating
non-breeders may not be a good strategy due to resource
limitations (Wong et al., 2008a,b; Rueger et al., 2018; Hing
et al.,, 2019). On the other hand, tolerating non-breeders might
become more strongly favored because the synergistic benefits of
sociality might enable the habitat to recover and grow quicker
post-disturbance. Furthermore, environmental disturbances may
negatively influence the proximate mechanisms that individuals
require to engage in efficient social interactions. As we uncover
more links between environmental effects and sociality, we will be
able to assess whether sociality within species of coral reef fishes
is stable or plastic in response to environmental change.

GENERAL CONCLUSION

In reviewing the past two decades of sociality research in coral
reef fishes, we show that work on marine fishes can provide
important insights into the evolution of sociality. Many of these
insights are not just applicable to our model species, but to a
wider range of taxa. First, even in taxa with dispersive larval
phases, subtle relatedness patterns may help explain patterns of
sociality (Buston et al., 2009; Rueger et al., 2021). However, in
contrast to most terrestrial social animals, kin selection alone
does not explain social evolution in marine fishes and does
not play a central role in most cases. As we have laid out,
relatedness may be only one of many factors working together
to motivate dominant breeders to accept non-breeders, even if
they provide no alloparental care. Second, we have come to
understand that while alloparental care is absent, other forms of
cooperative actions can be taken by subordinate group members,
such as regulating their growth (Buston, 2003a; Buston and Cant,
2006; Wong et al., 2008a). The active regulation of subordinate
growth is one of the most remarkable findings emerging from
social evolution research in coral reef fishes and has since
informed studies of growth regulation in other social vertebrates
(Bender et al., 2005; Huchard et al., 2016). Third, coral reef
fish studies have provided some of the only direct support

for well-known social evolution hypotheses such as the mate-
replacement hypothesis (Buston, 2004a) and the reproductive
control hypothesis of reproductive skew (Rueger et al., 2018).

Future Directions

Recently recurring goals in the field of marine sociality research
include expanding our focus from a few model species with
simple social systems to fishes with more complex social systems
and expanding to whole taxonomic groups to assess the variation
of sociality. These goals will require the application of methods
new to the field of marine fish research, such as social network
analysis and the use of sociality indices and phylogenetically
controlled models. Another crucial future research direction is
what role the cnidarian host plays in the sociality of coral reef fish
species. This is because (i) synergistic effects may be an important
factor in motivating dominant breeders to tolerate subordinates
that are not close relatives, and (ii) the host’s susceptibility to
environmental disturbances may have severe consequences for
the social organization of many marine species in the future,
especially as we move further into the Anthropocene. Climate
change and related stressors have the potential to alter sociality by
influencing the physiology and behavior of animals directly or by
altering their habitat and mutualistic partners. The applicability
of these future studies will go well beyond coral reef fishes and
extend to any social animal that lives in a mutualistic relationship
with another organism.
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