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Coercion is an important but underrated component in
the evolution of cooperative behaviour. According to the
pay-to-stay hypothesis of cooperative breeding, subordinates
trade alloparental care for the concession to stay in the group.
Punishment of idle subordinates is a key prediction of this
hypothesis, which has received some experimental scrutiny.
However, previous studies neither allowed separating between
punishment and effects of disruption of social dynamics, nor
did they differentiate between different helping behaviours
that may reflect either mutualistic or reciprocal interaction
dynamics. In the cooperative breeder Neolamprologus pulcher, we
experimentally engineered the ability of subordinates to
contribute to alloparental care by manipulating two different
helping behaviours independently from one another in a
full factorial design. We recorded the treatment effects on
breeder aggression, subordinate helping efforts and submissive
displays. We found two divergent regulatory mechanisms of
cooperation, dependent on behavioural function. Experimental
impediment of territory maintenance of subordinates triggered
punishment by dominants, whereas prevented defence
against egg predators released a compensatory response of
subordinates without any enforcement, suggesting pre-emptive
appeasement. These effects occurred independently of one
another. Apparently, in the complex negotiation process among
members of cooperative groups, behaviours fulfilling different
functions may be regulated by divergent interaction mechanisms.

1. Introduction

Cooperation theory deals with the central paradox that interactions
online at https://doi.org/10.6084/m9.figshare.c.

4840302.

may involve altruism, which ostensibly cannot evolve by natural
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selection [1]. Four solutions have been proposed to resolve this paradox [2]. (i) Kin-selection theory [3,4] [ 2 |
explains cases where cooperating partners have common fitness interests due to shared genes, as
exemplified by eusocial organisms. (ii) In mutualistic interactions such as in group hunting predators,
individuals may benefit each other as a by-product of purely selfish traits [5,6]. (iii) Alternatively,
cooperative behaviour may be demanded from individuals through enforcement by more powerful social
partners [5,7,8]. (iv) Finally, evolutionarily stable levels of cooperation can result from reciprocal exchanges
among cooperating partners [9,10]. These four evolutionary mechanisms are not mutually exclusive.
Especially, the exchange of different commodities and services in asymmetrical relationships may involve
both reciprocity and coercion [11,12]. The dominant partner can enforce cooperative behaviour in the
subordinate through threats of aggression [8,13]. The subordinate, on the other hand, may have outside
options and threaten to end the cooperative interaction altogether, thereby putting a limit on what
dominants can demand without reciprocating [13,14]. In social cichlids and paper wasps, for example,
subordinates provide less help if they are given options to switch to a different group [15-17].

The interplay of coercion and reciprocity is of particular importance in complex societies where
individuals of different relatedness and dominance exchange commodities in long-term social
relationships, as has been demonstrated in chimpanzees, bats and other species serving as models for
the study of reciprocal cooperation [11,18,19]. In many such societies, affiliative behaviour and
ritualized aggression-submission interactions may have evolved to minimize conflict by establishing a
clear dominance hierarchy [20]. Dominance interactions and reciprocal exchanges can be confounded
in three ways. First, the power asymmetry inherent in these dominance relationships can influence
reciprocal exchanges between two partners by affecting their relative negotiating power [12]. Second,
reciprocal exchanges between two partners can in turn influence their dominance relationship.
In vervet monkeys, for example, the dominance rank of subordinates increased after they were given
the opportunity to provide food for their group [21]. Third, affiliative behaviour and aggression—
submission interactions can be observed both in the context of dominance interactions and reciprocal
exchanges [22]. Drawing a clear line between dominance interactions and reciprocal exchanges can
therefore be difficult and, in fact, misleading [22-24].

Cooperative breeders offer a unique opportunity to study reciprocal exchanges in asymmetrical
relationships. They form groups in which dominant individuals monopolize reproduction, while
subordinates help to raise the dominant’s offspring [25-28]. Often, subordinates are not related to the
offspring they help to raise [29-32]. In this case, the costs of helping [33,34] need to be balanced by direct
fitness benefits, which may include trading of commodities between group members [11]. Acceptance in a
group, for instance, may depend on fulfilling demands of dominant group members, which has been
modelled by the pay-to-stay hypothesis of cooperative breeding [35-37]. This hypothesis proposes that
subordinates pay with alloparental care for the concession to stay in the territory of dominant breeders,
which implies that breeders accept or evict helpers depending on their payment (see [38] for a review).
Subordinates may benefit in many ways from being tolerated by territory owners, for instance by resource
access, reproductive participation and through reduced predation risk [39-44].

The pay-to-stay hypothesis is based on the assumption that helping has evolved through a function
similar to submissive behaviour: it inhibits aggression in dominant group members [40,45,46].
In accordance with this hypothesis, unrelated helpers provide more help than related ones [47,48], and
experimental reduction of helping may lead to a subsequent increase in helping, submission and
punishment [45,49-52]. Previous studies supporting the pay-to-stay hypothesis suffer from two
important shortcomings. First, they have not adequately controlled for disruptions of social dynamics.
In some cases, helping behaviour has been manipulated by removing a helper from the group [49,50]
or by confining it to a small or remote part of the territory [45,52]. Without adequate controls, such
experiments cannot distinguish between effects of reduced helping and effects of disrupted social
interactions [53,54]. Second, they have not differentiated between the many helping behaviours that
subordinates may perform. Brood care, defence against a wide range of challengers, and territory
maintenance by subordinates are all categorized as helping because they are beneficial for dominants
and costly to subordinates [38,55,56]. This may lead to a confusion of mutualistic interactions with
reciprocal exchanges, because some of the behaviours classified as helping may simply be maintained
through immediate direct benefits to the subordinate. For example, maintaining the breeding shelter
may be beneficial for subordinates because they gain space for evading predators, but it
simultaneously decreases the mortality of unrelated young [57]. Thus, some of the behaviours
classified as helping may reflect a by-product mutualism [5], whereas others rely on a give-and-take
basis reflecting reciprocity [11]. Experiments that manipulate several helping behaviours at the same
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time cannot distinguish between these two hypotheses.



Here, we investigate the social regulation of two putative helping behaviours in a cooperatively [ 3 |
breeding cichlid fish, paying special attention to the distinction between mutualistic interactions and
reciprocal exchanges, and the interplay between coercion and reciprocity. We aim to unveil which
specific helping behaviours are causally involved in the regulation of aggressive behaviours of
dominants and are thus crucial elements of the reciprocal exchange predicted by the pay-to-stay
hypothesis. We manipulated the two helping behaviours independently from one another and
without impeding social interactions, and we measured how these manipulations affected (i) the
aggression of dominants towards the experimental subjects, (ii) the submissive behaviour of the
manipulated subordinates, and (iii) their potential compensation in response to the temporary helping
inhibition. Specifically, while allowing the focal helper to interact with other group members and to
access the centre of the territory, we prevented them from performing two behaviours proposed to
function as rent payment: digging sand out of the breeding shelter, and defending the territory
against an intruding egg predator.

*sosi/Jeunof/610Guiysgnd/aposjedos

2. Methods
2.1. Study species

Neolamprologus pulcher is a small plankton-feeding cichlid fish endemic to Lake Tanganyika, Africa [58,59].
These cooperative breeders live in groups consisting of a breeding pair and up to 30 helpers with a strict
size-based dominance hierarchy [39,57,60,61]. Groups defend a number of shelters dug out from sand
under rocks, and aggregate in colonies of up to 200 groups [62,63]. Relatedness among group members
declines with their age [29], and reproduction is largely monopolized by the breeding pair [31,38].
Telmatochromis vittatus is an opportunistic predator of eggs and fry [64-67] occurring at high
abundance within N. pulcher colonies [62]. Neolamprologus pulcher helpers defend the territory against
T. vittatus even though they are no direct threat to them, which is why this defence has been
determined as altruistic helping behaviour primarily benefitting the dominant breeders [66-68].
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2.2. Experimental animals

We used 96 N. pulcher as focal subjects and 20 T. vittatus as egg predators from our laboratory stock
population originating from Kasakalawe point, Zambia. Neolamprologus pulcher stock was kept in 400 1
tanks as separate-sex aggregations of about 30 individuals without breeding shelters. This simulates
naturally occurring aggregations of non-breeding individuals growing fast before getting large enough
to take over a breeding position [39,57]. Egg predators were kept in groups of about 30 in 2001
tanks with breeding shelters. All aquaria were maintained at 26°C, with a 13:11 h light: dark cycle.
Fish were checked daily and fed with dry food 5 days a week, and with frozen plankton on 1 day.
All aquaria contained air-driven biological filters.

2.3. Breeding groups

We created 32 groups of one large male (5.5-6.5 cm SL) and two females (4.5-5.5 cm SL, 3.5-4.5 cm SL), the
larger of which would become the breeding partner of the male and the smaller one their helper. Groups with
only one helper are relatively rare in the wild [60], but when created in the laboratory they show natural
behaviour. In order to achieve a clear dominance hierarchy, helpers were chosen to be at least 10 mm
smaller than the dominant females and the latter at least 10 mm smaller than the dominant males. All fish
were caught from aggregation tanks, measured, weighed, sexed and assigned to groups according to their
size. Helpers were put in the territory first (day 0) and took possession of the presented shelter within
minutes. The dominant female and the male were introduced in small isolation nets on the same day as
the helper and released on the next day (day 1) and the day after next (day 2), respectively. The fish
usually engaged in aggressive interactions initially upon release, but established a clear dominance
hierarchy until day 3, when ritualized aggression—submission interactions predominated and the helper
was accepted in the breeding shelter. As digging behaviour is initially infrequent in fish taken from an
aggregation, the shelters of all groups were filled with sand to two-thirds of the height prior to the start of
the experiment, once each on days 3-6, which stabilized digging levels in all groups. From among the
groups that remained stable on day 6, 24 were randomly selected for the experiment. Manipulations and
observations took place on days 9-12.



Figure 1. Manipulation of defence (top row) and digging behaviour (bottom row). (a) The basic tank set-up seen from above,
without experimental manipulations. Dotted lines depict transparent partitions with holes. 1, Intruder presentation
compartment; 2, Helper compartment; 3, Breeder compartment; 4, Breeding shelter. (b) Detail of (a) as seen from the direction
of the arrow, showing the breeding shelter (solid black) filled with sand (dotted). The gap in the top of the shelter
accommodates a transparent partition to separate the helper from the breeders during manipulations. This partition is shown in
() and (e) as a dotted line, and in (d) and (f) as a hatched line passing through the gap in the shelter. (c) Defence
behaviour is prevented by inserting an opaque partition (solid line) between helper and intruder. (e) To allow defence and
control for manipulations, a transparent partition (dotted line) is used instead. (d) Digging behaviour is prevented by blocking
the entrance to the shelter in the helper compartment with a precisely cut transparent partition (hatched). (f) To allow
digging and control for manipulations, a partition with a large hole is used instead.

2.4. Aquarium set-up

Each breeding group was established in one half of a 200 1 tank, separated from the group in the other half by a
clear partition with holes, such that each group could defend their territory against another group. This
greatly reduces within-group aggression and increases group stability, compared to keeping each group
separately. During experiments, we inserted an opaque partition between the focal group and the group in
the other half of the tank to prevent interactions with members of the neighbouring group. Each group’s
territory was divided into three compartments, one for presenting an egg predator, one for the helper, and
one for the breeders (figure 1a). A flowerpot half representing the breeding substrate to which our
laboratory fish are used was cut and placed in such a way that half of the breeding chamber was in the
helper’'s compartment and the other half in the breeders’ compartment (figure 1a,b). Outside of
experimental periods, there was no partition between helper and breeder compartments, such that all fish
could freely use both of these compartments and the entire shelter.

2.5. Treatments

During each treatment, the breeding shelter was filled with sand to two-thirds of the height (figure 1b) to
induce digging, and one T. vittatus was presented in the intruder compartment to induce territory defence.
The helper’s ability to contribute to territory maintenance (digging sand out of the shelter) and defence
(attacking the intruder) was then manipulated. In order to manipulate the helper’s ability to dig or to
defend, we separated it from the breeders with help of a clear partition. We prevented digging behaviour
by closing the shelter entrances in the helper compartment, using a precision-cut transparent acrylic plate
(figure 1d). Where digging was allowed, this plate had a large hole through which the helpers entered the
shelter without hesitation and continued to dig as usual (figure 1f). Defence behaviour was prevented by
obstructing the view from the helper compartment to the intruder compartment with an opaque partition
(figure 1c). Where defence was allowed, a transparent partition was inserted instead (figure 1e). Both of
these partitions had holes that lined up with the holes in the fixed partition between intruder and helper
compartments, to allow for passive water exchange. Since these cichlids rely heavily on chemical
communication [69-71], we assume that the helpers have recognized by smell when an intruder was
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present. Antipredator aggression and social interactions including aggressive, affiliative and submissive [ 5 |
behaviours are readily exchanged between group members through clear partitions. Territory maintenance
(digging out the shelter) and defence (attacking the egg predator) manipulations were combined to yield
four distinct treatments: N (Nothing prevented; helper can participate in both territory maintenance and
defence), D (defence behaviour is prevented), M (maintenance behaviour is prevented) and DM (both are
prevented). Each group experienced all four treatments, one each on days 9-12, at a fixed hour and with
the same intruder. The 24 possible treatment orders were assigned randomly to the groups, each treatment
order being used once.

After all treatments were recorded, we performed an additional control experiment on half of the
groups. In this ‘no demand’ control, the groups were exposed to the same procedure as during the
original experiment, except that no intruder was presented, and the shelter was not filled with sand.
Each group received all four treatments, one each on days 13-16, in random order. This control served

*sosi/Jeunof/610Guiysgnd/aposjedos

to test whether the manipulations of helping behaviour would influence social interactions in any
unforeseen way, for example by restricting the view or movement of the helper, or the interactions
between group members.

2.6. Experimental procedure

For each treatment, we first filled the breeding shelter with sand to two-thirds of the height and
simultaneously introduced the intruder in the intruder compartment. During the following 10 min, we left
the fish undisturbed and concealed the intruder behind a black partition to accommodate it to the new
environment. Then we confined the helper in its compartment, removed the partitions concealing the
intruder, and installed the treatments as described above. With the treatments installed, the group was left
undisturbed for 12 min while we recorded it with two video cameras (‘manipulation phase’, cf. Figure 1c—
f). After that, we removed all partitions that manipulated the helping behaviour, thereby releasing the
helper from its confinement and re-establishing the situation the group was used to, except for the sand in
the shelter and the presence of the intruder. In this situation, where the helper could swim freely and
perform defence and digging behaviour, the group was again left undisturbed and recorded for 12 min
(‘test phase’, cf. figure 1a,b). Finally, we removed the intruder and commenced working with the next group.

.< 8 0 8L6 L v L Dguado v JOSH ,.

2.7. Behavioural observations

We used two SJCAM M10 cameras to record videos of the fish at 720p, 30 fps and 6554 kb s™*, compressed as
mpeg-2. One camera was placed in front of the aquarium, and the other one on top of the helper compartment.
The two video streams were synchronized using a clapperboard and stored in a single matroska container file
using the open-source software tools FEmpeg [72] and Audacity® [73]. The two 12 min parts needed for the
analysis were then extracted, taking care to cut out any information about group identity or treatment from
the start or end of the videos, and stored in a separate folder with uninformative filenames. The observer
would thus be blind to the independent variables of the treatment during scoring of the test phase. During
the manipulation phase, the installed experimental partitions were inevitably visible. Behaviours were
scored from the videos using the free software BORIS [74]. We recorded all behaviours of the helper and
all helper-directed behaviours of both breeders. The ethogram included aggressive displays (operculum
spread, fin spread, lateral display, head down display), overt aggression (biting, ramming), submissive
displays (tail quivering and backwards approach), affiliative behaviour (bumping) and territory
maintenance (digging) (cf. [39]). Displays were recorded as events with duration, all other behaviours as
point events. All behaviours were eventually analysed as counts. Counts of overt aggression and
aggressive displays by the helper towards the intruder were summed up as defence behaviour, those of
both breeders towards the helper as breeder aggression.

2.8. Data analysis

We used raw frequencies of behaviours (aggressive behaviours of breeders to helpers, submissive
displays of helpers, digging behaviours of helpers and defence behaviours of helpers) per time (the
entire 12 min recording period, and in some cases, the initial 6 min; see Results) as dependent
variables, the two manipulations (manipulation of territory maintenance and manipulation of
antipredator defence) as independent variables and group ID as blocking variable. All dependent
variables followed a negative binomial distribution. The interaction between treatments was dropped
from all models because it was not significant. The four datasets obtained from this experiment
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Figure 2. Effects of manipulating helping behaviours on social interactions (aggressive behaviours of breeders to helpers and
submissive displays of helpers) during the ‘test phase’ (a—c) and during the ‘manipulation phase’ (d,e). Medians and
interquartile ranges are shown. Different letters (a, b) denote statistical significance.

(manipulation phase and test phase of experimental trials and ‘no demand” control trials, respectively)
were analysed separately in a two-step procedure. We first conducted a non-parametric multivariate
test on each dataset to assess treatment effects on behavioural composition (PERMANOVA from the
R-package vegan [75], using Gower dissimilarities [76]). Where significant effects were detected, we
performed follow-up analyses of individual behaviours with generalized linear mixed models for
negative binomial data using the R-package Ime4 [77]. All data processing was done using RStudio [78].

3. Results

3.1. Treatment effects on behavioural composition

In the experimental trials, manipulating defence and digging behaviour of the helper significantly
influenced the behavioural composition in the ‘test phase’ (preventing maintenance: d.f. =1, F=2.88,
p=0.006;, preventing defence: d.f.=1, F=231, p=0.023). Preventing maintenance influenced
behavioural composition also during the ‘manipulation phase’ (d.f.=1, F=4.99, p=0.001), but
preventing defence did not (d.f. =1, F=0.42, p =0.622).

3.2. Treatment effects on social interactions

Preventing the digging behaviour of subordinates caused a 30% increase of dominants’ aggression
(figure 2a, est.=1.28, p=0.0576) and a 50% increase in subordinate submission (figure 2b, est.=1.56,
p=0.0003) during the subsequent ‘test phase’. Of the 640 aggressive behaviours observed during the
entire 12 min ‘test phase’, 424 (66.3%) occurred in the first 6 min. During those initial 6 min,
preventing digging behaviour caused a 50% increase in the dominants’ aggression (‘initial aggression’;
figure 2c; est. =1.42, p=0.023). During the ‘manipulation phase’, preventing digging did not influence
breeder aggression (figure 2d, est.=1.06, p=0.736), but subordinates showed only half as much
submission if they were prevented from digging (figure 2e, est. = 0.40, p = 0.00002).

Preventing the defence behaviour of subordinates had no significant influence on breeder aggression
or subordinate submission in the subsequent ‘test phase’ (figure 2a—c; aggression: est. =0.84, p =0.176;
submission: est.=0.80, p=0.071; initial aggression (aggression during the first 6 min of the test phase
(see above): est. =0.94, p =0.706).

3.3. Treatment effects on helping behaviours

Preventing the digging behaviour of subordinates had no effect on digging during the subsequent ‘test
phase’ (figure 3b, est. =1.14, p =0.729), and it affected defence behaviour neither during the ‘test phase’
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Figure 3. Effects of manipulating helping behaviours on helping behaviours (defending the territory against an egg predator and
maintaining the breeding shelter by digging out sand) during the ‘test phase’ (a,6) and during the ‘manipulation phase’ (¢d). Medians
and interquartile ranges are shown. Note that the frequency of defence behaviours in (c) is zero in two treatments because defence was
experimentally prevented. The same is true for maintenance behaviour (digging) in (). Different letters (a, b) denote statistical significance.
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Figure 4. Effects of the manipulating procedure on social interactions (aggressive behaviours of breeders to helpers and submissive displays
of helpers) during the ‘test phase’ (a—c) and during the ‘manipulation phase’ (de) in a control experiment without demand for help (‘no
demand’ control). Medians and interquartile ranges are shown. There were no statistically significant differences between treatments.

(figure 3a, est.=0.85, p=0.198) nor during the ‘manipulation phase’ (figure 3c, est.=1.01, p=0.96).
Preventing the defence behaviour of subordinates caused a 50% increase in their defence behaviour
during the subsequent ‘test phase’ (figure 3a, est.=1.65, p <0.00001). Defence efforts of subordinates
when they first saw the predator were also higher after they had been prevented from defending
(comparison of D and DM treatments, ‘test phase’, to N and M treatments, ‘manipulation phase’:
est. =1.37, p=0.038). By contrast, preventing the defence behaviour of subordinates did not affect their
digging behaviour during the ‘test phase’ (figure 3b, est. =0.67, p = 0.307).

3.4. Control for potential effects of the manipulation procedure

In the no demand’ control trials, neither manipulation affected behavioural composition. This pertains
for both the ‘test phase’” (figure 4a,b; preventing maintenance: d.f.=1, F=0.32, p=0.685; preventing
defence: d.f.=1, F=0.85, p=0.344) and the ‘manipulation phase’ (figure 4d,e; preventing maintenance:
d.f.=1, F=0.34, p=0.53; preventing defence: d.f.=1, F=0.24, p=0.621). Since in the experimental
trials, breeder aggression during the test phase was concentrated in the first half of the measuring
period and analysed separately (‘initial aggression’, see above), we tested for a similar effect in the
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control treatments. Neither manipulation affected initial aggression in the control treatments (figure 4c; [ 8 |
preventing digging behaviour: est. =0.87, p = 0.449; preventing defence behaviour: est. =0.98, p = 0.906).

4. Discussion

Our data show that dominant breeders adjust their level of aggression towards subordinates depending
on how much the latter invest into territory maintenance (i.e. costly digging behaviour [56]). Dominants
increased aggression by roughly 50% after subordinates were prevented from digging, and subordinates
showed a corresponding increase in submissive displays. By contrast, the dominants’ aggression and
subordinate’s submission were not affected by an experimental prevention of territory defence by
subordinates, neither during nor after manipulations. However, subordinates increased their defence
effort after defence had been prevented. We found no evidence that territory maintenance and
defence are co-regulated. Preventing digging had no influence on defence behaviour and vice versa,
neither in the manipulation nor in the test phase. In accordance with this, the effects that our
manipulation of digging behaviour had on breeder aggression and subordinate submission were
independent of our manipulation of defence behaviour.

Punishment of idle helpers has been the focus of several previous studies of cooperative breeders
[49,50,52], but so far it has been unclear whether the increased aggression observed in response to the
experimental manipulation resulted from enhanced conflict over rank or territory, as the manipulation
involved temporary removal or confinement of the helper [49,50,52,54]. The present study also used
partial confinement of subordinates to manipulate their helping behaviour, since particular behaviours
cannot be manipulated otherwise. However, we improved over previous experiments in three ways:
First, helping behaviours were manipulated independently from the confinement situation of the
helper. All treatments included the same confinement procedure, regardless of whether helping was
possible or prevented. Second, the potential effects of confinement on social behaviour were
minimized. During confinement, the focal subordinate could swim freely in approximately half of the
territory including the central breeding shelter, and interact with other group members through a
transparent partition, which happened frequently. Note that this is not necessary for distinguishing
between the effects of confinement and manipulations of helping behaviour, but intended to maintain
normal social behaviour during the manipulation phase. Third, in the mo demand’ control
experiment, we excluded the possibility that our manipulations of helping behaviour affected social
behaviour in ways unrelated to reduced helping. For example, our manipulation of digging behaviour
prevented not only digging, but all shelter visits of the subordinate, which might also affect its other
behaviour. This control used the same manipulations as the original experiment in a situation where
no help was required. The manipulations had no effect on social interactions in this control situation.
We therefore conclude that the observed increase in breeder aggression is caused by our experimental
reduction of subordinate digging behaviour and not by conflict over rank or other unintended side
effects of the manipulations.

Previous studies of the negotiation between dominant and subordinate group members over the
demanded effort of helpers have not differentiated between the various helping behaviours. This is an
important shortcoming because these behaviours may involve highly divergent costs for subordinates
and benefits for breeders. For example, digging behaviour in N. pulcher was shown to increase routine
metabolic rate more than sixfold, whereas aggression is energetically cheaper but might involve injury
risk [34,56]. Breeders may benefit from help in defence behaviour mainly when having eggs, larvae or
fry [66,67,79], whereas they benefit from saving expensive digging effort throughout the reproductive
cycle [34]. Since in our experiment neither eggs, larvae nor fry were present, it is likely that the
breeders” demand for help was focused primarily on digging behaviour rather than defence (cf. [66]).
Our results are consistent with this hypothesis, as breeders reacted with punishment to reduced
digging, but not to reduced defence by helpers. However, it is not entirely clear whether defence by
subordinates is part of the negotiation process underlying the pay-to-stay mechanism, even if ‘pre-
emptive appeasement’ by the observed compensatory response of helpers implies this possibility [45].
In any case, our data clearly show that territory maintenance and defence behaviours by helpers are
regulated in different ways.

This insight may allow disentangling the effects of previous studies manipulating helping behaviour
by confinement. In the field, N. pulcher helpers in small groups were found to receive more aggression
from breeders and to show more submission after prevention of helping, whereas their defence efforts
increased after release [52]. Our results suggest that in this field study the increased aggression of
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breeders might have been caused by the lack of digging support from helpers, and the increased defence [ 9 |
of helpers after release may have reflected a compensatory response of helpers to previous idleness, as
found in our study. Our results also show that defence-compensation is not restricted to conspecific
intruders but also applies to egg predators (cf. [45]). This is remarkable because of the different fitness
consequences associated with these divergent types of intruders.

In the competitive social environment characterizing N. pulcher colonies, being accepted in a group and
maintaining peaceful relationships with social partners is a vital skill [39,57,80-82]. Aggression from group
members, apart from the risk of injury and energetic costs, may lead to eviction from the group [40,83].
Such fate is detrimental for subordinates, who cannot survive without the protection of shelters and
vigilant group members [39,57]. Stable territories and dominance hierarchies are evidence for conflict
reduction through ritualized dominance interactions with aggressive and submissive displays [84]. Our
results imply that subordinates can reduce dominant aggression through digging. This territory
maintenance behaviour thus seems to have a social function reminiscent of submissive displays.
Interestingly, during the manipulation of digging behaviour, subordinates showed less submissive
behaviours when digging was prevented than when digging was allowed. As this reduction was achieved
by blocking the shelter entrance for the subordinate, it simultaneously reduced its use of this resource.
Thus, the reduction of submissive displays in this situation is in line with the previous observation that
submissive behaviour is functionally involved in regulating shelter access [85].

Submissive displays are considered to have evolved from flight behaviours or postures of
helplessness, through exaggeration and ritualization [84]. Their function is to signal to aggressors that
they are not challenged any more and would not gain from further attacks. Our data suggest that
digging behaviour has a similar accessory function, as it inhibits aggression from dominant group
members. This context-specific addition of function from mere territory maintenance to appeasement
prompts questions regarding the involved proximate mechanisms. A look at motion patterns
associated with digging and submissive displays reveals a striking similarity. Digging can take two
forms, mouth digging (picking up sand with the mouth, carrying it away from the shelter, and
spitting it out), and fan digging (propelling sand out of the shelter with the tail fin). The most
pronounced and frequent submissive display is tail quivering, where the subordinate swims below the
dominant, presses its body against the ground and agitates the tail fin. Tail quivering and fan digging
are thus realized by remarkably similar body movements. Interestingly, we frequently observed that a
subordinate showing a tail-quivering display switched to fan digging, and in the process even opened
its mouth and took up sand, suggesting that there might also be a regulatory connection between
these behaviours. The majority of digging behaviours we observed, however, were mouth digging.
Hence it is clear that the appeasing effect to breeders of the digging effort of helpers is not merely
reflecting a submissive display, like tail quivering. In line with this thought, another experimental
study found that breeder aggression also varies with the amount of direct brood care of helpers [51].
Brood care includes providing oxygen to the eggs by agitating the body and tail. This fanning
behaviour is also similar to tail quivering, and the two behaviours may merge into each other.

Helping behaviour, according to the pay-to-stay hypothesis, is regulated via an inter-individual
feedback loop. Helping reduces aggression from breeders, which in turn rewards helping [48]. This
feedback reflects a reciprocal exchange of resources: access to the important resources of the territory
and group membership are exchanged for alloparental care. Our data directly support the first part of
this hypothesis by experimentally demonstrating that helping via digging reduces aggression. The
data are also in support of the second part, that aggression increases helping, although this is less
conclusive. The increase in aggression was accompanied not by an increase in digging, but by an
increase in other behaviours that reduce aggression, submissive displays. The reason could be that
helpers had no opportunity to dig under these high aggression levels, because they were not tolerated
in the shelter, and were thus forced to appease dominants in a different way. A negative correlation
between either increased helping or increased submission of subordinates in response to breeder
aggression was also observed when the participation of helpers in territory defence against conspecific
challengers had been prevented [45], which corroborates our interpretation.

Our data provide no unequivocal evidence that territory defence, a behaviour previously classified as
helping, is regulated socially through a pay-to-stay mechanism. Even though no eggs or small fry were
present during our experiments, helpers defended against the presented egg predator and reacted to our
prevention of defence behaviour by increasing defence later on, possibly compensating for the lost
opportunity to defend. Although this result is consistent with a social regulatory process where helpers
increase defence to appease the breeders, it might also be explained by a purely intra-individual regulation
mechanism. Subordinates could benefit from defending the territory against egg predators apart from the
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possible appeasing effect on dominant breeders. They occasionally participate in reproduction [38,42,43,83]
and may inherit the territory later [29,86]. They might, therefore, benefit from deterring egg predators from the
area. This is unlikely, however, as a displacement of highly abundant egg predators from the vicinity of the
territory seems unfeasible. Alternatively, they may benefit from the presence of fry even if it is not their
own due to group augmentation effects [87,88]. To clearly demonstrate that the compensatory effect is
indeed shown for altruistic reasons would require an experiment preventing this compensatory response
and measuring the reaction of breeders.

The role of negotiation and trading in animals in general, and in cooperative breeding in particular, has
gained increasing support from recent studies [11,14,47], which has importantly supplemented previous
models based on ecological constraints and kin selection [89]. Cooperatively breeding primates, insects,
birds and mammals exchange commodities in market-like situations [17,21,28,90-92], but while it is easy
to record these exchanges in daily behavioural routines it is often difficult to assess whether they are
subject to effects of kin selection, mutual immediate fitness benefits (as in mutualisms, [5]), coercion or
reciprocity [11,91,93,94]. This is in part due to limits in manipulating the relevant factors experimentally
(such as relatedness, environmental challenges, and the behaviours involved) and to difficulties in
measuring the relevant fitness consequences for the involved partners. In cooperatively breeding cichlids,
these manipulations are possible. The estimation of fitness consequences remains a difficult task that
requires a thorough understanding of the ecology and the population-genetic and social structure
(including the dynamics between groups of a colony) of the animals [82]. Since many of these parameters
are well known in N. pulcher, social cichlids provide a unique opportunity to study the relative importance
of these factors in detail, including the study of individual helping behaviours [38].

Ethics. Experiments were approved by the Veterinary Office of the Kanton Bern (licence no. 74/15).

Data accessibility. The datasets supporting this article and the code we used for producing the figures and results are
available as electronic supplementary material at the journal’s online platform.

Authors’ contributions. J.N. and M.T. conceived and designed the study. J.N. carried out the experiments, collected the data
and carried out the statistical analyses. ].N. wrote the first draft of the manuscript, which was revised by M.T. Both
authors gave final approval for publication and agree to be held accountable for the work performed therein.
Competing interests. We declare we have no competing interests.

Funding. The authors acknowledge support of the Swiss National Science Foundation.

Acknowledgements. We thank Michael Cant and Beat Naef-Daenzer for discussion and comments on the manuscript, Evi
Zwygart for taking care of the animals and Markus Wymann for helping in the construction of experimental partitions.

References

1. Darwin C. 1859 On the origin of species by cooperation. Nat. Ecol. Evol. 3, 1018-1029. constraints. Proc. R. Soc. B 272, 325-331.
means of natural selection. London, UK: (doi:10.1038/s41559-019-0907-1) (doi:10.1098/rspb.2004.2960)

John Murray. 9. Trivers RL. 1971 The evolution of reciprocal 16.  Zottl M, Chapuis L, Freiburghaus M, Taborsky M.

2. Lehmann L, Keller L. 2006 The evolution of altruism. Q. Rev. Biol. 46, 35-57. (doi:10.1086/ 2013 Strategic reduction of help before dispersal
cooperation and altruism — a general 406755) in a cooperative breeder. Biol. Lett. 9, 20120878.
framework and a classification of models. 10.  Killingback T, Doebeli M. 2002 The continuous (doi:10.1098/rsh1.2012.0878)

J. Evol. Biol. 19, 1365-1376. (doi:10.1111/j. prisoner’s dilemma and the evolution of 17.  Grinsted L, Field J. 2017 Market forces influence
1420-9101.2006.01119.x) cooperation through reciprocal altruism with helping behaviour in cooperatively breeding

3. Hamilton WD. 1964 The genetical evolution of variable investment. Am. Nat. 160, 421-438. paper wasps. Nat. Commun. 8, 13750. (doi:10.
social behaviour. 1. J. Theor. Biol. 7, 1-16. (doi:10.1086/342070) 1038/ncomms13750)
(doi:10.1016/0022-5193(64)90038-4) 11.  Taborsky M, Frommen JG, Riehl C. 2016 18.  Seyfarth RM, Cheney DL. 2012 The evolutionary

4. Hamilton WD. 1964 The genetical evolution of Correlated pay-offs are key to cooperation. Phil. origins of friendship. Annu. Rev. Psychol. 63,
social behaviour. Il. J. Theor. Biol. 7, 17-52. Trans. R. Soc. B 371, 20150084. (doi:10.1098/ 153-177. (doi:10.1146/annurev-psych-120710-
(doi:10.1016/0022-5193(64)90039-6) rsth.2015.0084) 100337)

5. (Clutton-Brock TH. 2002 Breeding together: kin 12. Phillips T. 2018 The concepts of asymmetric and 19.  Wilkinson GS, Carter GG, Bohn KM, Adams DM.
selection and mutualism in cooperative symmetric power can help resolve the puzzle of 2016 Non-kin cooperation in bats. Phil.
vertebrates. Science 296, 69-72. (doi:10.1126/ altruistic and cooperative behaviour. Biol. Rev. Trans. R. Soc. B 371, 20150095. (doi:10.1098/
science.296.5565.69) 93, 457-468. (doi:10.1111/brv.12352) rstb.2015.0095)

6. Brown JL. 1983 Cooperation—a biologist's 13.  Cant MA. 2011 The role of threats in animal 20.  De Waal FBM, Goodall J, Itani J. 1996 Conflict as
dilemma. In Advances in the study of behavior, cooperation. Proc. R. Soc. B 278, 170-178. negotiation. In Great Ape societies (eds WC
vol. 13, pp. 1-37. Amsterdam, The Netherlands: (doi:10.1098/rspb.2010.1241) McGrew, LF Marchant, T Nishida), pp. 159-172.
Elsevier. 14. Hammerstein P, Noé R. 2016 Biological trade Cambridge, UK: Cambridge University Press.

7. Clutton-Brock TH, Parker GA. 1995 Punishment and markets. Phil. Trans. R. Soc. B 371, 21, Fruteau C, Voelkl B, van Damme E, Noe R. 2009
in animal societies. Nature 373, 209-216. 20150101. (doi:10.1098/rsth.2015.0101) Supply and demand determine the market
(doi:10.1038/373209a0) 15. Bergmiller R, Heg D, Taborsky M. 2005 Helpers value of food providers in wild vervet monkeys.

8. Agren JA, Davies NG, Foster KR. 2019 in a cooperatively breeding cichlid stay and pay Proc. Natl Acad. Sci. USA 106, 12 007-12 012.

Enforcement is central to the evolution of or disperse and breed, depending on ecological (doiz10.1073/pnas.0812280106)

808161 £ s tado 205y sosyjeumol/Biobunsiqndfaanosiedor g


http://dx.doi.org/10.1111/j.1420-9101.2006.01119.x
http://dx.doi.org/10.1111/j.1420-9101.2006.01119.x
http://dx.doi.org/10.1016/0022-5193(64)90038-4
http://dx.doi.org/10.1016/0022-5193(64)90039-6
http://dx.doi.org/10.1126/science.296.5565.69
http://dx.doi.org/10.1126/science.296.5565.69
http://dx.doi.org/10.1038/373209a0
http://dx.doi.org/10.1038/s41559-019-0907-1
http://dx.doi.org/10.1086/406755
http://dx.doi.org/10.1086/406755
http://dx.doi.org/10.1086/342070
http://dx.doi.org/10.1098/rstb.2015.0084
http://dx.doi.org/10.1098/rstb.2015.0084
http://dx.doi.org/10.1111/brv.12352
http://dx.doi.org/10.1098/rspb.2010.1241
http://dx.doi.org/10.1098/rstb.2015.0101
http://dx.doi.org/10.1098/rspb.2004.2960
http://dx.doi.org/10.1098/rsbl.2012.0878
http://dx.doi.org/10.1038/ncomms13750
http://dx.doi.org/10.1038/ncomms13750
http://dx.doi.org/10.1146/annurev-psych-120710-100337
http://dx.doi.org/10.1146/annurev-psych-120710-100337
http://dx.doi.org/10.1098/rstb.2015.0095
http://dx.doi.org/10.1098/rstb.2015.0095
http://dx.doi.org/10.1073/pnas.0812280106

22,

2.

24,

25.

26.

27.

28.

29.

30.

31

32.

33

34,

35.

36.

37.

Kaburu SSK, Newton-Fisher NE. 2015 Egalitarian
despots: hierarchy steepness, reciprocity and the
grooming-trade model in wild chimpanzees,
Pan troglodytes. Anim. Behav. 99, 61-71.
(doi:10.1016/j.anbehav.2014.10.018)

Henzi SP, Lusseau D, Weingrill T, Van Schaik CP,
Barrett L. 2009 Cydlicity in the structure of
female baboon social networks. Behav. Ecol.
Sociobiol. 63, 1015-1021. (doi:10.1007/500265-
009-0720-y)

Schweinfurth MK, Neuenschwander J, Engqvist
L, Schneeberger K, Rentsch AK, Gygax M,
Taborsky M. 2017 Do female Norway rats form
social bonds? Behav. Ecol. Sociobiol. 71, 98.
(doi:10.1007/500265-017-2324-2)

Koenig WD, Dickinson JL (eds). 2004 Ecology
and evolution of cooperative breeding in birds.
Cambridge, UK: Cambridge University Press.
Solomon NG, French JA. 1997 Cooperative
breeding in mammals. Cambridge, UK:
Cambridge University Press.

Taborsky M. 1994 Sneakers, satellites, and
helpers: parasitic and cooperative behavior in
fish reproduction. Adv. Study Behav. 23, 1-100.
(doi:10.1016/50065-3454(08)60351-4)

Koenig WD, Dickinson JL (eds). 2016 Cooperative
breeding in vertebrates. Cambridge, UK:
Cambridge University Press.

Dierkes P, Heg D, Taborsky M, Skubic E, Achmann
R. 2005 Genetic relatedness in groups is sex-
specific and declines with age of helpers in a
cooperatively breeding cichlid. Ecol. Lett. 8,
968-975. (d0i:10.1111/.1461-0248.2005.00801.x)
Stiver KA, Dierkes P, Taborsky M, Lisle Gibbs H,
Balshine S. 2005 Relatedness and helping in
fish: examining the theoretical predictions.
Proc. R. Soc. B 272, 1593-1599. (doi:10.1098/
rspb.2005.3123)

Taborsky M. 2009 Reproductive skew in
cooperative fish groups: virtue and limitations of
alternative modeling approaches. In
Reproductive skew in vertebrates (eds R Hager,
(B Jones), pp. 265-304. Cambridge, UK:
Cambridge University Press.

Riehl C. 2013 Evolutionary routes to non-kin
cooperative breeding in birds. Proc. R. Soc. B
280, 20132245. (doi:10.1098/rspb.2013.2245)
Heinsohn R, Legge S. 1999 The cost of helping.
Trends Ecol. Evol. 14, 53-57. (doi:10.1016/
S0169-5347(98)01545-6)

Taborsky M, Grantner A. 1998 Behavioural time-
energy budgets of cooperatively breeding
Neolamprologus pulcher (Pisces: Cichlidae).
Anim. Behav. 56, 1375-1382. (doi:10.1006/
anbe.1998.0918)

Gaston AJ. 1978 The evolution of group
territorial behavior and cooperative breeding.
Am. Nat. 112, 1091-1100. (doi:10.1086/
283348)

Kokko H, Johnstone RA, Wright J. 2002 The
evolution of parental and alloparental effort in
cooperatively breeding groups: when should
helpers pay to stay? Behav. Ecol. 13, 291-300.
(doi:10.1093/beheco/13.3.291)

Hamilton IM, Taborsky M. 2005 Unrelated
helpers will not fully compensate for costs
imposed on breeders when they pay to stay.
Proc. R. Soc. B 272, 445-454. (doi:10.1098/
rspb.2004.2961)

38.

39.

41.

42.

8.

45,

47.

49.

50.

51

52.

Taborsky M. 2016 Cichlid fishes: a model for the
integrative study of social behavior. In
Cooperative breeding in vertebrates (eds WD
Koenig, JL Dickinson), pp. 272-293. Cambridge,
UK: Cambridge University Press.

Taborsky M. 1984 Broodcare helpers in the
cichlid fish Lamprologus brichardi: their costs
and benefits. Anim. Behav. 32, 1236—1252.
(doi:10.1016/50003-3472(84)80241-9)

Taborsky M. 1985 Breeder-helper conflict in a
cichlid fish with broodcare helpers: an
experimental analysis. Behaviour 95, 45-75.
(doi:10.1163/156853985X00046)

Heg D, Bachar Z, Brouwer L, Taborsky M. 2004
Predation risk is an ecological constraint for
helper dispersal in a cooperatively breeding
cichlid. Proc. R. Soc. B 271, 2367-2374. (doi:10.
1098/rspb.2004.2855)

Bruintjes R, Bonfils D, Heg D, Taborsky M. 2011
Patemity of subordinates raises cooperative
effort in cichlids. PLoS ONE 6, €25673. (doi:10.
1371/journal.pone.0025673)

Hellmann JK, Ligocki IY, 0'Connor CM, Reddon
AR, Garvy KA, Marsh-Rollo SE, Gibbs HL,
Balshine S, Hamilton IM. 2015 Reproductive
sharing in relation to group and colony-level
attributes in a cooperative breeding fish.

Proc. R. Soc. B 282, 20150954. (doi:10.1098/
rsph.2015.0954)

Groenewoud F, Frommen JG, Josi D, Tanaka H,
Jungwirth A, Taborsky M. 2016 Predation risk
drives social complexity in cooperative breeders.
Proc. Nat! Acad. Sci. USA 113, 4104-4109.
(doi:10.1073/pnas.1524178113)

Bergmiiller R, Taborsky M. 2005 Experimental
manipulation of helping in a cooperative
breeder: helpers ‘pay to stay’ by pre-emptive
appeasement. Anim. Behav. 69, 19-28. (doi:10.
1016/j.anbehav.2004.05.009)

Heg D, Taborsky M. 2010 Helper response to
experimentally manipulated predation risk in
the cooperatively breeding cichlid
Neolamprologus pulcher. PLoS ONE 5, e10784.
(doi:10.1371/journal.pone.0010784)

Z6ttl M, Heg D, Chervet N, Taborsky M. 2013
Kinship reduces alloparental care in cooperative
cichlids where helpers pay-to-stay. Nat.
Commun. 4, 1341. (doi:10.1038/ncomms2344)
Quifiones AE, van Doorn GS, Pen |, Weissing FJ,
Taborsky M. 2016 Negotiation and appeasement
c@an be more effective drivers of sociality than
kin selection. Phil. Trans. R. Soc. B 371,
20150089. (doi:10.1098/rsth.2015.0089)
Mulder RA, Langmore NE. 1993 Dominant
males punish helpers for temporary defection in
superb fairy-wrens. Anim. Behav. 45, 830-833.
(doi:10.1006/anbe.1993.1100)

Balshine-Eamn S, Neat FC, Reid H, Taborsky M.
1998 Paying to stay or paying to breed? Field
evidence for direct benefits of helping behavior
in a cooperatively breeding fish. Behav. Ecol. 9,
432-438. (doi:10.1093/beheco/9.5.432)
Schreier T. 2013 Punishment motivates
subordinate helper to pay to stay and to
compensate after a period of reduced helping.
BSc thesis, Institute of Ecology and Evolution,
University of Bern.

Fischer S, Zottl M, Groenewoud F, Taborsky B.
2014 Group-size-dependent punishment of idle

53.

54,

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

subordinates in a cooperative breeder where
helpers pay to stay. Proc. R. Soc. B 281,
20140184. (doi:10.1098/rspb.2014.0184)

Wong M, Balshine-Eamn S. 2011 The evolution of
cooperative breeding in the African cichlid fish,
Neolamprologus pulcher. Biol. Rev. 86, 511-530.
(doi:10.1111/].1469-185X.2010.00158.x)
Nomano FY, Browning LE, Savage JL, Rollins LA,
Griffith SC, Russell AF. 2015 Unrelated helpers
neither signal contributions nor suffer
retribution in chestnut-crowed babblers. Behav.
Ecol. 26, 986—995. (doi:10.1093/beheco/arv023)
Josi D, Taborsky M, Frommen JG. 2020
Investment of group members is contingent on
helper number and the presence of young in a
cooperative breeder. Anim. Behav. 160, 35-42.
(doi:10.1016/j.anbehav.2019.11.013)

Grantner A, Taborsky M. 1998 The metabolic
rates associated with resting, and with the
performance of agonistic, submissive and digging
behaviours in the cichlid fish Neolamprologus
pulcher (Pisces: Cichlidae). J. Comp. Physiol. B
Biochem. Syst. Environ. Physiol. 168, 427-433.
(doi:10.1007/5003600050162)

Taborsky M, Limberger D. 1981 Helpers in fish.
Behav. Ecol. Sociobiol. 8, 143-145. (doi:10.
1007/BF00300826)

Brichard P. 1978 Fishes of Lake Tanganyika.
Neptune City, NJ: Tfh Pubns Inc.

Poll M. 1986 Classification des Cichlidae du lac
Tanganika. Tribus, genres et especes. Brussels,
Belgium: Academie Royale de Belgique.
Balshine S, Leach B, Neat F, Reid H, Taborsky M,
Werner N. 2001 Correlates of group size in a
cooperatively breeding cichlid fish
(Neolamprologus pulcher). Behav. Ecol. Sociobiol.
50, 134-140. (doi:10.1007/5002650100343)
Duftner N, Sefc KM, KobImiiller S, Salzburger W,
Taborsky M, Sturmbauer C. 2007 Parallel
evolution of facial stripe patterns in the
Neolamprologus brichardi/pulcher species
complex endemic to Lake Tanganyika. Mol.
Phylogenet. Evol. 45, 706-715. (doi:10.1016/j.
ympev.2007.08.001)

Heg D, Heg-Bachar Z, Brouwer L, Taborsky M.
2008 Experimentally induced helper dispersal in
colonially breeding cooperative cichlids. Environ.
Biol. Fishes 83, 191-206. (doi:10.1007/510641-
007-9317-3)

Jungwirth A, Josi D, Walker J, Taborsky M. 2015
Benefits of coloniality: communal defence saves
anti-predator effort in cooperative breeders.
Funct. Ecol. 29, 1218-1224. (doi:10.1111/1365-
2435.12430)

Konings A. 2019 Tanganyika cichlids in their
natural habitat, 4th edn. El Paso, TX: Cichlid
Press.

Ochi H, Yanagisawa Y. 1998 Commensalism
between cichlid fishes through differential
tolerance of guarding parents toward intruders.
J. Fish Biol. 52, 985-996. (d0i:10.1111/j.1095-
8649.1998.th00598.x)

Bruintjes R, Taborsky M. 2011 Size-dependent
task specialization in a cooperative cichlid in
response to experimental variation of demand.
Anim. Behav. 81, 387-394. (doi:10.1016/).
anbehav.2010.10.004)

Weber J. 2012 The effort, success and efficiency
of task sharing in cooperatively breeding

*sosi/Jeunof/610Guiysgnd/aposjedos

.< 8 0 8L6 L v L Dguado v JOSH ,.


http://dx.doi.org/10.1016/j.anbehav.2014.10.018
http://dx.doi.org/10.1007/s00265-009-0720-y
http://dx.doi.org/10.1007/s00265-009-0720-y
http://dx.doi.org/10.1007/s00265-017-2324-2
http://dx.doi.org/10.1016/S0065-3454(08)60351-4
http://dx.doi.org/10.1111/j.1461-0248.2005.00801.x
http://dx.doi.org/10.1098/rspb.2005.3123
http://dx.doi.org/10.1098/rspb.2005.3123
http://dx.doi.org/10.1098/rspb.2013.2245
http://dx.doi.org/10.1016/S0169-5347(98)01545-6
http://dx.doi.org/10.1016/S0169-5347(98)01545-6
http://dx.doi.org/10.1006/anbe.1998.0918
http://dx.doi.org/10.1006/anbe.1998.0918
http://dx.doi.org/10.1086/283348
http://dx.doi.org/10.1086/283348
http://dx.doi.org/10.1093/beheco/13.3.291
http://dx.doi.org/10.1098/rspb.2004.2961
http://dx.doi.org/10.1098/rspb.2004.2961
http://dx.doi.org/10.1016/S0003-3472(84)80241-9
http://dx.doi.org/10.1163/156853985X00046
http://dx.doi.org/10.1098/rspb.2004.2855
http://dx.doi.org/10.1098/rspb.2004.2855
http://dx.doi.org/10.1371/journal.pone.0025673
http://dx.doi.org/10.1371/journal.pone.0025673
http://dx.doi.org/10.1098/rspb.2015.0954
http://dx.doi.org/10.1098/rspb.2015.0954
http://dx.doi.org/10.1073/pnas.1524178113
http://dx.doi.org/10.1016/j.anbehav.2004.05.009
http://dx.doi.org/10.1016/j.anbehav.2004.05.009
http://dx.doi.org/10.1371/journal.pone.0010784
http://dx.doi.org/10.1038/ncomms2344
http://dx.doi.org/10.1098/rstb.2015.0089
http://dx.doi.org/10.1006/anbe.1993.1100
http://dx.doi.org/10.1093/beheco/9.5.432
http://dx.doi.org/10.1098/rspb.2014.0184
http://dx.doi.org/10.1111/j.1469-185X.2010.00158.x
http://dx.doi.org/10.1093/beheco/arv023
http://dx.doi.org/10.1016/j.anbehav.2019.11.013
http://dx.doi.org/10.1007/s003600050162
http://dx.doi.org/10.1007/BF00300826
http://dx.doi.org/10.1007/BF00300826
http://dx.doi.org/10.1007/s002650100343
http://dx.doi.org/10.1016/j.ympev.2007.08.001
http://dx.doi.org/10.1016/j.ympev.2007.08.001
http://dx.doi.org/10.1007/s10641-007-9317-3
http://dx.doi.org/10.1007/s10641-007-9317-3
http://dx.doi.org/10.1111/1365-2435.12430
http://dx.doi.org/10.1111/1365-2435.12430
http://dx.doi.org/10.1111/j.1095-8649.1998.tb00598.x
http://dx.doi.org/10.1111/j.1095-8649.1998.tb00598.x
http://dx.doi.org/10.1016/j.anbehav.2010.10.004
http://dx.doi.org/10.1016/j.anbehav.2010.10.004

68.

69.

70.

71.

72.

73.

74.

75.

76.

cichlids. MSc thesis, Institute of Ecology and
Evolution, University of Bern.

Kasper C, Colombo M, Aubin-Horth N, Taborsky
B. 2018 Brain activation patterns following a
cooperation opportunity in a highly social
cichlid fish. Physiol. Behav. 195, 37-47. (doi:10.
1016/j.physbeh.2018.07.025)

Hirschenhauser K, Canério A, Ros A, Taborsky M,
Oliveira R. 2008 Social context may affect
urinary excretion of 11-ketotestosterone in
African cichlids. Behaviour 145, 1367-1388.
(doi:10.1163/156853908785765935)

Bayani DM, Taborsky M, Frommen JG. 2017
To pee or not to pee: urine signals mediate
aggressive interactions in the cooperatively
breeding cichlid Neolamprologus pulcher. Behav.
Ecol. Sociobiol. 71, 37. (doi:10.1007/500265-
016-2260-6)

Fischer S, Oberhummer E, Cunha-Saraiva F,
Gerber N, Taborsky B. 2017 Smell or vision? The
use of different sensory modalities in predator
discrimination. Behav. Ecol. Sociobiol. 71, 143.
(doi:10.1007/500265-017-2371-8)

FFmpeg Developers. 2016 FFmpeg: a complete,
cross-platform solution to record, convert and
stream audio and video.

Audacity Team. 2016 Audacity (R): Free Audio
Editor and Recorder.

Friard 0, Gamba M. 2016 BORIS: a free, versatile
open-source event-logging software for video/
audio coding and live observations. Methods
Ecol. Evol. 7, 1325-1330. (doi:10.1111/2041-
210X.12584)

Oksanen J et al. 2019 vegan: Community
Ecology Package.

Gower JC. 1971 A general coefficient of
similarity and some of its properties. Biometrics
27, 857. (doi:10.2307/2528823)

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Bates D, Machler M, Bolker B, Walker S. 2015
Fitting linear mixed-effects models using Ime4.
J. Stat. Softw. 67. (doi:10.18637/js5.v067.i01)
RStudio Team. 2015 RStudio: Integrated
Development for R.

Brouwer L, Heg D, Taborsky M. 2005
Experimental evidence for helper effects in a
cooperatively breeding cichlid. Behav. Ecol. 16,
667-673. (doi:10.1093/beheco/ari042)

Heg D, Bender N, Hamilton IM. 2004
Strategic growth decisions in helper cichlids.
Proc. R. Soc. B 271, $505-5508. (d0i:10.1098/
rsh.2004.0232)

Heg D, Brouwer L, Bachar Z, Taborsky M. 2005
Large group size yields group stability in the
cooperatively breeding cichlid Neolamprologus
pulcher. Behaviour 142, 1615-1641. (doi:10.
1163/156853905774831891)

Jungwirth A, Taborsky M. 2015 First- and
second-order sociality determine survival

and reproduction in cooperative cichlids.

Proc. R. Soc. B 282, 20151971. (do0i:10.1098/
1spb.2015.1971)

Dierkes P, Taborsky M, Kohler U. 1999
Reproductive parasitism of broodcare helpers in
a cooperatively breeding fish. Behav. Ecol. 10,
510-515. (doi:10.1093/beheco/10.5.510)
Kaufmann JH. 1983 On the definitions and
functions of dominance and territoriality. Biol.
Rev. 58, 1-20. (d0i:10.1111/j.1469-185X.1983.
th00379.x)

Taborsky B, Arnold C, Junker J, Tschopp A. 2012
The early social environment affects social
competence in a cooperative breeder. Anim.
Behav. 83, 1067-1074. (doi:10.1016/j.anbehav.
2012.01.037)

Stiver KA, Fitzpatrick JL, Desjardins JK, Balshine
S. 2006 Sex differences in rates of territory

87.

88.

89.

90.

91.

92.

93.

9.

joining and inheritance in a cooperatively
breeding cichlid fish. Anim. Behav. 71,
449-456. (doi:10.1016/j.anbehav.2005.06.011)
Kokko H, Johnstone RA, Clutton-Brock TH. 2001
The evolution of cooperative breeding through
group augmentation. Proc. R. Soc. Lond. B 268,
187-196. (doi:10.1098/rspb.2000.1349)
Kingma SA, Santema P, Taborsky M, Komdeur J.
2014 Group augmentation and the evolution of
cooperation. Trends Ecol. Evol. 29, 476—484.
(doi:10.1016/j.tree.2014.05.013)

Koenig WD, Dickinson JL, Emlen ST. 2016
Synthesis: cooperative breeding in the twenty-
first century. In cooperative breeding in
vertebrates (eds WD Koenig, JL Dickinson), pp.
353-374. Cambridge, UK: Cambridge University
Press.

Schweinfurth MK, Taborsky M. 2018 Reciprocal
trading of different commodities in Norway rats.
Curr. Biol. 28, 594-599; e3. (doi:10.1016/j.cub.
2017.12.058)

Carter GG, Wilkinson GS. 2013 Food sharing in
vampire bats: reciprocal help predicts donations
more than relatedness or harassment.

Proc. R. Soc. B 280, 20122573. (doi:10.1098/
1sph.2012.2573)

de Waal FBM. 1997 The Chimpanzee’s service
economy: food for grooming. Evol. Hum. Behav.
18, 375-386. (doi:10.1016/51090-
5138(97)00085-8)

West SA, Griffin AS, Gardner A. 2007
Evolutionary explanations for cooperation.

Curr. Biol. 17, 661-672. (d0i:10.1016/j.cub.
2007.06.004)

Schweinfurth MK, Taborsky M. 2018 Relatedness
decreases and reciprocity increases cooperation
in Norway rats. Proc. R. Soc. B 285, 20180035.
(doi:10.1098/rspb.2018.0035)

*sosi/Jeunof/610Guiysgnd/aposjedos

v 8 0 8 L6 L v L DS L )05- v H ,.


http://dx.doi.org/10.1016/j.physbeh.2018.07.025
http://dx.doi.org/10.1016/j.physbeh.2018.07.025
http://dx.doi.org/10.1163/156853908785765935
http://dx.doi.org/10.1007/s00265-016-2260-6
http://dx.doi.org/10.1007/s00265-016-2260-6
http://dx.doi.org/10.1007/s00265-017-2371-8
http://dx.doi.org/10.1111/2041-210X.12584
http://dx.doi.org/10.1111/2041-210X.12584
http://dx.doi.org/10.2307/2528823
http://dx.doi.org/10.18637/jss.v067.i01
http://dx.doi.org/10.1093/beheco/ari042
http://dx.doi.org/10.1098/rsbl.2004.0232
http://dx.doi.org/10.1098/rsbl.2004.0232
http://dx.doi.org/10.1163/156853905774831891
http://dx.doi.org/10.1163/156853905774831891
http://dx.doi.org/10.1098/rspb.2015.1971
http://dx.doi.org/10.1098/rspb.2015.1971
http://dx.doi.org/10.1093/beheco/10.5.510
http://dx.doi.org/10.1111/j.1469-185X.1983.tb00379.x
http://dx.doi.org/10.1111/j.1469-185X.1983.tb00379.x
http://dx.doi.org/10.1016/j.anbehav.2012.01.037
http://dx.doi.org/10.1016/j.anbehav.2012.01.037
http://dx.doi.org/10.1016/j.anbehav.2005.06.011
http://dx.doi.org/10.1098/rspb.2000.1349
http://dx.doi.org/10.1016/j.tree.2014.05.013
http://dx.doi.org/10.1016/j.cub.2017.12.058
http://dx.doi.org/10.1016/j.cub.2017.12.058
http://dx.doi.org/10.1098/rspb.2012.2573
http://dx.doi.org/10.1098/rspb.2012.2573
http://dx.doi.org/10.1016/S1090-5138(97)00085-8
http://dx.doi.org/10.1016/S1090-5138(97)00085-8
http://dx.doi.org/10.1016/j.cub.2007.06.004
http://dx.doi.org/10.1016/j.cub.2007.06.004
http://dx.doi.org/10.1098/rspb.2018.0035

	Commodity-specific punishment for experimentally induced defection in cooperatively breeding fish
	Introduction
	Methods
	Study species
	Experimental animals
	Breeding groups
	Aquarium set-up
	Treatments
	Experimental procedure
	Behavioural observations
	Data analysis

	Results
	Treatment effects on behavioural composition
	Treatment effects on social interactions
	Treatment effects on helping behaviours
	Control for potential effects of the manipulation procedure

	Discussion
	Ethics
	Data accessibility
	Authors' contributions
	Competing interests
	Funding
	Acknowledgements
	References


