COMMUNICATIONS
BIOLOGY

ARTICLE B s

https://doi.org/10.1038/s42003-020-01380-8 OPEN

Ecological and social constraints combine to
promote evolution of non-breeding strategies
in clownfish

Rebecca Branconi® '™, Tina A. Barbasch® !, Robin K. Francis', Maya Srinivasan?, Geoffrey P. Jones® 2 &
Peter M. Buston® '

Individuals that forgo their own reproduction in animal societies represent an evolutionary
paradox because it is not immediately apparent how natural selection can preserve the genes
that underlie non-breeding strategies. Cooperative breeding theory provides a solution to the
paradox: non-breeders benefit by helping relatives and/or inheriting breeding positions; non-
breeders do not disperse to breed elsewhere because of ecological constraints. However, the
question of why non-breeders do not contest to breed within their group has rarely been
addressed. Here, we use a wild population of clownfish (Amphiprion percula), where non-
breeders wait peacefully for years to inherit breeding positions, to show non-breeders will
disperse when ecological constraints (risk of mortality during dispersal) are experimentally
weakened. In addition, we show non-breeders will contest when social constraints (risk of
eviction during contest) are experimentally relaxed. Our results show it is the combination of
ecological and social constraints that promote the evolution of non-breeding strategies. The
findings highlight parallels between, and potential for fruitful exchange between, cooperative
breeding theory and economic bargaining theory: individuals will forgo their own reproduc-
tion and wait peacefully to inherit breeding positions (engage in cooperative options) when
there are harsh ecological constraints (poor outside options) and harsh social constraints

(poor inside options).
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and the formation of social groups, can be readily under-

stood using Hamilton’s inequality!»? (Fig. 1). Individuals
will be more likely to forego their own reproduction and engage
in cooperative behaviors, if there is high relatedness between
group members>3 such that they can pass on their genes by
helping their relatives in the present*~® and/or if there is a high
probability of inheriting a breeding position”-8 such that they will
pass on their genes in the future®~!! (i.e., the left hand side of the
Hamilton’s inequality is high). Also, individuals will be more
likely to forego their own reproduction and engage in cooperative
behaviors, if there are strong ecological constraints!>13 such that
there are no opportunities for breeding outside of the group!4-10
and/or if there are strong social constraints such that there are no
immediate opportunities for breeding inside the group!’-1° (i.e.,
the right hand side of the Hamilton’s inequality is low). While
there is extensive observational and experimental evidence
demonstrating that high relatedness, future benefits and ecolo-
gical constraints help explaining non-breeding behaviors in ani-
mal societies, relatively limited work has been done to investigate
the roles of social constraints?). Furthermore, there is a real need
to broaden the diversity of social taxa and types of cooperative
behaviors considered, so that we may better understand the dri-
vers of social group formation across taxa and along the con-
tinuum from simple to complex eusocial systems?!-22,

The clown anemonefish (Amphiprion percula) lives in social
groups composed of a breeding pair and zero to four non-
breeding individuals on the coral reefs of Papua New Guinea?3.
Non-breeders cooperate by remaining small and not inflicting
costs on their dominants?42°, but why they engage in such
peaceful cooperation remains untested?>2%, Group members are
not related?” and non-breeders do not provide alloparental care28
but they do inherit the territory within which they reside fol-
lowing the death of the breeders2”. Each group is confined to a sea
anemone (Heteractis magnifica) that affords protection from
predators®0-33,  However, every anemone of the reef is
occupied32-3435, because there is high recruitment rate (due to a
constant rain of larval settlers that disperse from their natal
anemones from distances up to 120 km3>3%), and low mortality
rate3>37:38, In addition, it is risky to move between anemones,
because clownfish are poor swimmers and can be preyed
upon3031:3339 Taken together, habitat saturation and risks of

The evolution of non-breeding and cooperative behaviors,

A cooperative action i will be favored over two alternative, non cooperative actions j or

movement likely reduce the payoff associated with leaving to
breed elsewhere, suggesting that ecological constraints play a role
in social group formation. Within each group there is a size-based
dominance hierarchy?* where the female is the largest (rank 1),
the male is second largest (rank 2) and the non-breeders get
progressively smaller (ranks 3-6); if the female of the group dies,
then the male changes sex and becomes the new female
(clownfish are protandrous hermaphrodites?34%), and the largest
non-breeder becomes the new male?. Within the size hierarchy
subordinates tend to be 80% of the size of their immediate
dominants*!. This factor likely reduces the payoff associated with
contesting for breeding positions, suggesting that social con-
straints also play a key role in social group formation.

The aim of this study is to investigate why clownfish non-
breeders engage in the cooperative option, waiting peacefully in
social groups to inherit breeding positions, rather than engaging
in one of two, alternative, non-cooperative options: (i) the outside
option—leaving to breed elsewhere; and ii) the inside option—
contesting to breed at home (Fig. 1).

Results

Ecological constraints experiment #1. To test the hypothesis
that non-breeding individuals do not disperse to breed elsewhere
because of strong ecological constraints in the form of risk of
mortality during dispersal, we experimentally tested the critical
prediction that non-breeding individuals will disperse when the
risk of moving between anemones is reduced. Risk was to be
manipulated by presenting alternative anemones in succession at
a distance of 0.5m and 5.0 m from 32 focal groups (Fig. 2a). To
explore the effect of variation in the alternative option, two classes
of anemones were used: empty anemones (n = 16) or anemones
with a breeding male significantly larger than the focal non-
breeder (n = 16). Focal anemones were assigned to one of the two
options at random. The two classes of anemone represent dif-
ferent potential outcomes for the focal non-breeder: if it were to
disperse to the empty anemone, it would become the breeding
female, and would have to wait for a new recruit to breed; if it
were to disperse to the anemone with a breeding male, it would
become the breeding male, and would have to wait for the resi-
dent breeding male to change sex to breed. Focal groups all had at
least one non-breeder. We left alternative anemones alongside the
home anemones for 2 days, to allow the focal non-breeder

if the

following inequalities are satisfied simultaneously

i+t Yi+ FZi > Xj+1; Vi + 1; Zj

and

i+hYi+fZi>X

where

i = cooperative option, j= outside option , i =

Xi, Xjor Xis the non-breeder’s fitness associated with its actions /, jor k in the present.

Yi, Yjor Ykis the other individual’s fithess associated with the non-breeder’s actions /, jor k in the present

ris the probability that the two individuals share a copy of a particular gene identical by descent

Zi, Zjor Zk, is the non-breeder’s fitness associated with its actions /, jor k in the future

fis the probability that benefits will be realized in the future

Fig. 1 An evolutionary framework for non-breeding and cooperative behaviors based on Hamilton's inequality. The evolution of non-breeding and
cooperative behaviors depends on the expected fitness associated with engaging in non-breeding and cooperative actions (the cooperative option) relative
to alternative non-cooperative actions outside the group (the outside option) or inside the group (the inside option). The cooperative option can be favored
by selection because of its beneficial effects on kin (e.g., via helping relatives) and in the future (e.g., via territory inheritance) and because of the low
expected fitness associated with the outside option (e.g., due to ecological constraints) and the inside option (e.g., due to social constraints). In general,
when we are trying to explain the evolution of non-breeding strategies, X; on the left hand side and r; Y}, f; Z;, ry Y, fx Zi on the right hand side (terms in light
gray) are considered to be zero or trivially small compared to other terms (terms in black).
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Fig. 2 Ecological constraints experiment #1. a Methods: presentation of two classes of alternative anemones (empty anemones, n = 16; anemones with a
breeding male, n=16) at a distance of 0.5 m (weaker ecological constraints) and 5m (stronger ecological constraints) from 32 focal groups. b Results:
comparison of the counts of dispersal of rank 3 non-breeding individuals by type of ecological constraint: weaker-empty; weaker-male; stronger-empty;
stronger-male; because so few non-breeders moved to the alternative anemone at 0.5 m, we did not present the alternative anemones at 5m, and this is
denoted by “X"; Fisher's Exact Tests: “NS" non-significant (p > 0.05); “*" significant (p < 0.05); horizontal brackets indicate pairwise comparisons. All work
was conducted using A. percula groups inhabiting H. magnifica anemones, on inshore reefs near Mahonia Na Dari Research and Conservation Centre, in
Kimbe Bay, Papua New Guinea, from June to September 2018, using SCUBA at depths of up to 20 m. At the end of the experiment, all individuals were

returned to their home anemones.

sufficient time to make a choice. The morning of the third day, we
recorded whether focal non-breeders (rank 3) had moved to the
alternative anemone. Focal non-breeders dispersed to the alter-
native option placed at 0.5 m in only one out of 32 cases (Fig. 2b).
Because so few non-breeders moved even 0.5 m and because (i)
studies on fish with similar social systems indicated that like-
lihood of movement declined rapidly as a function of distance??
and (ii) previous studies on clownfish have demonstrated that
they don’t move greater distances in response to naturally
occurring vacancies?-3%, we did not present the 5.0 m option. Our
result supports the hypothesis that non-breeders do not disperse
to breed elsewhere because of the risks associated with moving
even short distances. However, this result could also provide
support for two alternative hypotheses: non-breeders do not
disperse because their home anemone confers higher expected
reproductive success than the presented alternative, possibly
because there are some benefits in stable cooperative relations
with other fish within the group or stable mutualistic relationship
with the anemone?3; non-breeders do not disperse because there
is limited plasticity of movement in clownfish (i.e., moving from
their home anemone is not in their behavioral repertoire), just as
in many#4, but not all*>4%, social insects.

Ecological constraints experiment #2. To discriminate among
these three alternative hypotheses, we adjusted the experimental
design, and experimentally tested the critical prediction that non-
breeders will not return to their home anemone when the risk of
moving between anemones is increased. We presented alternative
anemones at a distance of 0.5m and 5.0 m from 32 focal groups.
Each focal group was tested for both distances, in series. As above,
we started with the 0.5m experiment because if there were no
movement there, then we would not predict any movement to
5.0 m??3%42, Once more, two classes of anemones were used at
each distance: empty anemones (n=16) or anemones with a
breeding male (n = 16). In this case, however, we relocated the
focal non-breeder from the home anemone to the alternative
(Fig. 3a). We left this set-up for 2 days, to allow the focal non-
breeder sufficient time to make a choice. The morning of the third
day, we recorded whether the focal non-breeder had returned to

its home anemone. When the alternative option was placed at
0.5m, the focal non-breeder returned to its home anemone in
22 out of 32 cases (13/16 from the empty anemone; 9/16 from the
anemone with a breeding male; Fig. 3b). This result rejects the
hypothesis that there is limited plasticity of movement in clown-
fish (i.e., movement between anemones is in their behavioral
repertoire even though its rarely seen under natural conditions).
Notably, there were significantly more movements in this
experiment than in the first experiment (Fisher’s exact test, p <
0.001). This result supports the hypothesis that non-breeders did
not disperse in the first experiment because their home anemone
confers higher expected reproductive success than the alternative,
though it also suggests that there may be some risk to movement
even in the 0.5m treatment because not all focal non-breeders
returned home in the second experiment. Finally, when the
alternative anemone was presented at 5.0m, non-breeders
returned to their home anemone in zero out of 32 cases
(Fig. 3b)—in all cases, fish remained inside the alternative ane-
mones. This is significantly less than in the 0.5m case (Fisher’s
exact test, p<0.001). Given that anemones tend to be tens of
meters apart under natural conditions, this result supports the
hypothesis that non-breeders do not disperse to breed elsewhere
because of harsh ecological constraints in the form of risks of
movement.

Social constraints experiment. To test the hypothesis that non-
breeding individuals do not contest for breeding positions
because of strong social constraints in the form of evictions of
non-cooperative individuals, we experimentally tested the critical
prediction that non-breeding individuals will contest for breeding
positions when the probability of winning a contest is increased.
To test this prediction, we used 16 focal groups, all of which
consisted of at least three individuals and had bred at least once in
the preceding two months (Fig. 4a). All individuals in each focal
group were caught and measured to the nearest 0.1 mm using
calipers, and the largest non-breeder (rank 3) was removed. Then,
we introduced two types of rank 3 individuals to the focal group:
a non-breeder less than 80% of the size of the breeding male
(rank 3’) or a non-breeder more than 80% of the size of the
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Fig. 3 Ecological constraints experiment #2. a Methods: relocation of rank 3 non-breeding individuals inside one of the two alternative classes of

anemones (empty anemones, n =16; anemones with a breeding male, n=16) at a distance of 0.5 m (weaker ecological constraints) and 5m (stronger
ecological constraints) from 32 focal groups. b Results: comparison of the counts of dispersal of rank 3 non-breeding individuals by type and strength
of ecological constraint: weaker-empty; weaker-male; stronger-empty; stronger-male; Fisher's Exact Tests: “NS” non-significant (p > 0.05); “*" significant
(p < 0.05); horizontal brackets indicate pairwise comparisons. All work was conducted using A. percula groups inhabiting H. magnifica anemones, on inshore
reefs near Mahonia Na Dari Research and Conservation Centre, in Kimbe Bay, Papua New Guinea, from June to September 2018, using SCUBA at depths of
up to 20 m. At the end of the experiment, all individuals were returned to their home anemones.
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Fig. 4 Social constraints experiment. a Methods: removal of rank 3 non-breeding individuals from 32 focal group and introduction of rank 3 of a different
size, either a few millimeters smaller (R3'; stronger social constraints; n =16) or a few millimeters bigger (R3"; weaker social constraints; n =16) than the

original rank 3. b Results: comparison of the counts of contests by strength of social constraints; Fisher's Exact Tests: NS" non-significant (p > 0.05);

e

significant (p < 0.05); horizontal brackets indicate pairwise comparisons. All work was conducted using A. percula groups inhabiting H. magnifica anemones,
on inshore reefs near Mahonia Na Dari Research and Conservation Centre, in Kimbe Bay, Papua New Guinea, from June to September 2018, using SCUBA
at depths of up to 20 meters. At the end of the experiment, all individuals were returned to their home anemones.

breeding male (rank 3”). The introduced rank 3 individuals,
hereafter called introducees, always came from an anemone other
than the focal anemone. Each focal group received rank 3’ and
rank 3”, one at a time, on different days, in random order. We left
introductions overnight and, the following day, we noted whether
there had been a contest, as indicated by an eviction—evictions
are a common outcome of contests in this system?”. If intro-
ducees were not found in the focal anemone the following day,
they were considered evicted because i) they do not leave
voluntarily and ii) mortality without eviction is rare3®. Such
individuals were classified as disappearances if they could not be
found in any of the other anemones on the reef after careful
inspection3>. If introducees were still present, they were con-
sidered evicted if they spent more than 3 min out of 5 outside the

anemone (i.e., with their full body length outside of the range of
anemone tentacles) and considered tolerated if they were still
present and spent less than 3 min outside of the anemone?s.
When the introduced non-breeder was less than 80% of the size
of breeding male (rank 3’), it contested for a breeding position
and was evicted in only 3/16 cases and it was tolerated in 13/16
cases. When the introduced non-breeder was greater than 80% of
the size of the breeding male (rank 3”), it contested for a breeding
position and was evicted in 12/16 cases and it was tolerated in 4/
16. This difference was significant (Fisher’s exact test; p = 0.004;
Fig. 4b). Of the 15 rank 3 non-breeders evicted, 7 remained in the
vicinity of the focal anemone but 8 had disappeared—this result
demonstrates that the threat of predation post eviction from an
anemone is real. Given that non-breeders are ~80% of the size of
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their immediate dominant under natural conditions*! this result
supports the hypothesis that non-breeders do not contest for
breeding positions because of harsh social constraints.

Discussion

Our findings explain why clownfish non-breeders forgo their own
reproduction, resolving this evolutionary paradox. While they do
not gain indirect genetic benefits from helping kin?$, they do
stand to gain future direct benefits by inheriting a breeding
position on the death of a breeder?®. Here, we show that they
tolerate their non-breeding situation because harsh ecological
constraints, in the form of habitat saturation and risks of
movement, prevent them from successfully dispersing to breed
elsewhere. Further, we show that they tolerate their non-breeding
situation because harsh social constraints, in the form of well-
defined size differences between individuals adjacent in rank,
prevent them from successfully contesting to breed at home.
Compellingly, we show that individuals will disperse and contest
to better their current situation when ecological and social con-
straints are experimentally relaxed. In clownfish, ecological and
social constraints combine to promote the evolution of non-
breeding strategies, and it is necessary to understand both types of
constraint to fully understand their societies.

A striking result of our first and second ecological constraints
experiments is that non-breeders did not leave home when pre-
sented with an alternative anemone at 0.5m and two-thirds of
them returned home when relocated to an alternative anemone at
0.5 m. This strongly suggests some benefit of stable associations
with known anemones of particular qualities, with familiar fish
with whom conflicts have been resolved, and/or with a larger
group of fish. Anemones vary in size and expansion behavior,
which impacts the safe foraging area available to the fish, which in
turn influences the size of the fish, their investment in egg laying
and parental care, and their reproductive success*>0. A larger
group of fish may enhance the size of their anemone, either
by providing more nutrients enabling the anemone to grow
more°1=>3, or by defending against anemone predators allowing
anemones to expand their tentacles and feed more®3. Taken
together, these factors could explain why non-breeders have such
a strong affinity for their home anemones and the associated fish,
and future studies will test these alternative hypotheses.

Another striking result of the second ecological constraints
experiment and our social constraints experiment is that not all
individuals responded in the same way to the manipulations:
some individuals returned home while others did not; some
individuals contested while others did not. One interesting
hypothesis is that variation in response could be due to variation
in personality traits (defined as inter-individual differences in
behavior that are consistent over time and across contexts®?) of
the individuals being tested. Previous studies have demonstrated
the existence of personality traits (e.g., boldness, aggressiveness,
shyness, sociability, and parenting behaviors) in A. percula>>>°
and its sister species A. ocellaris®’. It was not possible for us to test
this idea, or alternative explanations for the variation in response,
with our data. Future studies will investigate how individual
personality traits influence individuals’ decisions in clownfish
societies, and how different combinations of individuals’ per-
sonality traits influence the form and function of clownfish
societies.

In sum, here, we have shown that ecological and social con-
straints combine to promote the evolution of non-breeding
strategies and the formation of complex social groups. Interest-
ingly, this explanation for social group formation can be framed
in the language of economic bargaining theory®$-60, Economic
bargaining theory emphasizes that there are three options

available to individuals: the cooperative option (the payoff from
pursuing cooperative actions inside the group), the outside option
(the payoff from pursuing non-cooperative actions outside of the
group®8-60) and the inside option (the payoff from pursuing non-
cooperative actions inside the group®8-69). Individuals will engage
in cooperative actions when both the outside option and the
inside option are poor relative to the cooperative option. There-
fore, synthesizing the language of economic bargaining theory
and cooperative breeding theory, reveals that individuals will
forgo their own reproduction, engaging in cooperative actions
such as remaining small and waiting peacefully to inherit terri-
tories, when there are poor options outside the group (strong
ecological constraints) and poor options inside the group (strong
social constraints). The synthesis of these two theories may lead
to a fruitful exchange of ideas between fields and advances in our
understanding of complex societies.

Methods

Study population. We studied the clown anemonefish Amphiprion percula in
Kimbe Bay, Papua New Guinea, from June to September 2018. All work was
conducted using SCUBA at depths up to 20 meters. We located 186 magnificent sea
anemones (Heteractis magnifica) on 12 inshore reefs near Mahonia Na Dari
Research and Conservation Centre. Each anemone was occupied by a single group
of A. percula. Groups consisted of a breeding pair and zero to three non-breeders.
Individuals were identified based on natural variation in their color markings.

Anemone acquisition. We surveyed the anemone population and identified a
small number of anemones that were movable e.g., attached to small rocks or only
loosely attached to the hard substrate. These anemones were collected and used as
alternative anemones for the ecological constraints experiments. For these
experiments, alternative anemones were placed at a distance of 0.5 m or 5.0 m from
the focal anemones with a clear line of sight between the two. Fish have been
shown to locate anemones using chemical and visual cues at these
distances’>3361.62, [During the experiment, unused fish from the alternative ane-
mones were kept in the laboratory at Mahonia Na Dari Research and Conservation
Center; at the end of the experiment, all fish and anemones were returned to their
original location].

Fish measurement. In June, we captured all fish using hand nets, placed them
inside clear plastic bags, laid them against a slate, and measured their standard
length to the nearest 0.1 mm using calipers. This entire procedure was conducted
underwater and all individuals were returned to their anemone within a few
minutes. Individuals were ranked (1-5) based on their size relative to other indi-
viduals within the anemone, with the largest being ranked 1. Rank 1 was designated
as the female, rank 2 the male, and ranks 3-5 as non-breeders. We monitored the
fish population to determine which groups were breeding. Breeding was readily
detectable because the male spends much of his time caring for the eggs.

Statistics and reproducibility. For the first ecological constraints experiment, to
test the hypothesis that the likelihood of rank 3 non-breeders dispersing will
depend on the classes of alternative anemones (empty anemones or anemones with
a breeding male), we used one Fisher’s exact test for contingency tables. Specifi-
cally, at a distance of 0.5 m, we tested whether the number of rank 3 non-breeders
that dispersed from their focal anemone to empty anemones (n = 16) differed from
the number of rank 3 non-breeders that dispersed from their focal anemone to
anemones with a breeding male (n = 16).

For the second ecological constraints experiment, to test the hypothesis that
likelihood of rank 3 non-breeders returning home will depend on the classes of
alternative anemones and their distances from the focal anemones, we used four
Fisher’s exact tests for contingency tables. First, at a distance of 0.5 m, we tested
whether the number of rank 3 non-breeders that returned home from empty
anemones (n = 16) differed from the number that returned home from anemones
with a breeding male (n = 16). Second, we conducted an equivalent test at 5.0 m
(n =16 for each treatment). Third, for alternative anemones that were empty, we
tested whether the number of rank 3 non-breeders that returned home from 0.5 m
(n=16) differed from the number that returned home from 5.0 m (n = 16).
Fourth, we conducted an equivalent test for alternative anemones with a breeding
male (n = 16 for each treatment).

For the social constraints experiment, to test the hypothesis that bigger
introducees (rank 3”, weaker social constraints), but not smaller introducees (rank
3’, stronger social constraints), will contest for breeding positions and will be
evicted by the breeding pair, we used one Fisher’s exact test for contingency tables
Specifically, we tested whether the number of rank 3” that were evicted (n = 16)
differed from the number of rank 3’ that were evicted (n = 16).

All analyses were done in R v. 3.4.2 ‘Short Summer’.
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Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.
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