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Nepotism mediates enforced cooperation
in asymmetric negotiations

Irene Garcı́a-Ruiz1,2,5,* and Michael Taborsky1,3,4
SUMMARY

In cooperative societies, group members typically exchange different commodities among each other,
which involves an incessant negotiation process. How is the conflict of fitness interests resolved in this
continual bargaining process between unequal partners, so that maintaining the cooperative interaction
is the best option for all parties involved? Theory predicts that relatedness between groupmembers may
alleviate the conflict of fitness interests, thereby promoting the evolution of cooperation. To evaluate the
relative importance of relatedness and direct fitness effects in the negotiation process, we experimentally
manipulated both the relatedness and mutual behavioral responses of dominant breeders and subordi-
nate helpers in the cooperatively breeding cichlid fish Neolamprologus pulcher. Results show that coer-
cion by breeders is crucial for the performance of alloparental egg care by helpers, but that kinship signif-
icantly decreases the need for coercion as predicted by theory. This illustrates the relative importance of
kinship and enforcement in the bargaining process.

INTRODUCTION

In societies characterised by high levels of cooperation, different commodities are typically traded among social partners,1–8 such as help in

brood care in exchange for protection and access to vital resources, reproductive opportunities or territory inheritance.9,10 As conflicts of in-

terest typically exist between group members, such trading involves a negotiation process.11–20 For example, negotiation about cooperative

investment occurs commonly amongpartners caring for offspring,21 whichmay reduce conflict,22–29 but not necessarily so.30–32 Social partners

negotiating about cooperative effort usually involve asymmetries, for example in capability, resource holding power, and the costs and ben-

efits from cooperation.19,33–35 This may allow one side of the interaction to demand more from the other than the latter would voluntarily

give.36–44 Subordinate group members, for instance, may be enforced to provide service to the benefit of dominants just to be tolerated

in the group and get access to vital resources.13,14,45–49 Subordinatesmay hence pay to stay within the territory of dominants, which represents

one cause for alloparental care in cooperatively breeding animals.7,50–59

The conflict of interest between group members is reduced by the degree to which they are related to each other.60 Therefore, kinship is

expected to strongly affect the negotiation process among social partners.2,17,19,61–64 The influence of relatedness as a mediator in negoti-

ation processes is apparent when scrutinizing helpers’ brood care decisions in Seychelles warblers (Acrocephalus sechellensis65), placid

greenbuls (Phyllastrephus placidus66) and Lake Tanganyika cichlids (Neolamprologus pulcher67), as well as in intragroup interactions among

cooperative banded mongooses (Mungos mungo68) and polyembryonic wasps (Copidosoma floridanum69), and in the reciprocal food pro-

visioning of Norway rats (Rattus norvegicus8). The relative influence of negotiation and relatedness in interactions involving asymmetries in

bargaining power is however yet unclear.

Cooperative breeders pose a highly suitable model to study negotiation among unequal social partners with mixed relatedness.67,70 By

helping to rear the offspring of dominant breeders, subordinate group members bear costs and delay their own reproduction.71–74 In these

systems the breeders benefit from alloparental care received from their subordinate helpers, while the latter benefit from indirect fitness gains

if raising kin, and generally from the safety in the group, access to resources, reproductive opportunities, or an enhanced probability to inherit

the territory, breeding position or help in raising their own offspring in the future.9,75–79 Naturally, dominant individuals possess a higher bar-

gaining power than subordinates andmay enforce help by attacking idle groupmembers.56 Nevertheless, subordinatesmay leave for good if

the net benefits of staying recede below those accruing from dispersing elsewhere.15,46,47,80,81 On the other hand, dominant individuals may

evict subordinates when the costs of their presence, such as competition for resources or reproduction, outweigh the benefits.50,82–90 Conse-

quently, the threat of eviction may prompt subordinates to provide help as payment of rent to be tolerated in the territory.13,14,45,52,56,91 The

conflict over maximizing each party’s payoff can be solved through negotiations in which individuals adjust their behavior in response to the
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behavior of the other party.16,19,92,93 Outside options as well as biologicalmarket effects of offer and demandmay define the level of tolerance

on whether to maintain the cooperative association or not.46,81,94–98 In essence, for cooperative associations to form and remain stable,

participating individuals must find an equilibrium affording that each party obtains a net fitness benefit, which applies if the payoffs of social

partners are correlated.9,99–101

Disentangling the relative importance of negotiation, coercion and kinship for cooperation among group members requires the manip-

ulation of the response of social partners to each other’s behavior to determine how they react to transgressions, while at the same time

experimentally controlling the relatedness between partners. How do dominants respond if their expectations of help from subordinates

are violated, and how do subordinates respond to being coerced by dominants? Theory predicts that the underlying negotiation process

should be strongly influenced by the degree of relatedness between the involved parties, as this modulates their genetic conflict of inter-

est,17,19,61,62,64 but this has not yet been tested. A model system in which this negotiation process and the relative importance of relatedness,

trading, and coercion can be investigated is the cooperatively breeding cichlid fish Neolamprologus pulcher. In this species, groups are

composed of a mixture of related and unrelated individuals that differ in their bargaining power due to size-based rank differences, which

determine the power asymmetry among group members.9,102,103 If subordinates are experimentally prevented from helping, they receive

more aggression from dominants and may be evicted from the territory.52,56 In response to such behavioral manipulation, helpers increase

submission and cooperation,7,48,49,56 as predicted by pay-to-stay models.13,47 In addition, larger helpers which impose a higher risk of repro-

ductive competition to the dominant pair,104–106 receive more aggression when help is needed and respond by helping more readily than

smaller helpers.53,54 Subordinates are accepted in the territory dependent on the need of help50,107 and they adjust cooperation levels to

their outside options,46 which corresponds with predictions from biological market theory.33,94 Furthermore, unrelated subordinates provide

more alloparental care than related ones,67 suggesting that kin selection may hamper the evolution of enhanced cooperative investment, as

expected if cooperation is driven by enforcement or reciprocal exchange.19,61

Here we use the unique opportunity to concurrently manipulate in highly social animals both kinship and behavior of all parties involved

under semi-natural conditions. In a full factorial design, we experimentally test how the interaction between enforcement and relatedness

controls alloparental care inN. pulcher. The idea is to simulate transgression by altering the reaction of social partners to the social conditions,

and tomeasure themutual responses (Figure 1). First, the experimental groups consisting of a pair of dominant breeders with either a related

or unrelated subordinate are habituated to a mesh cage put over one of the shelters (pre-experimental phase). Then, we put the mesh cage

over the breeding shelter so that only the helper can care for the eggs andmeasure their amount of egg care, and the levels of the aggression

and submission of all group members (baseline phase). At the next stage (experience phase), we either prevent the subordinate from

providing alloparental brood care by using a finer mesh for the cage (treatment group) or let it care for the eggs by using a traversable

net (control group). The resulting omission of help in the treatment group is predicted to cause punishment by the dominants, which is either

allowed or prevented in the final phase of the experiment (test phase), where the breeders are confined in clear plexiglass tubes or can freely

move and physically interact with their helper. According to the pay-to-stay hypothesis, the expected punishment of idle helpers by domi-

nants in the ‘‘interaction allowed condition’’ is predicted to elicit a compensatory response from the subordinate, i.e., enhanced levels of

egg care (Table 1). According to the kin selection hypothesis, both coercion of help and appeasement by cooperation are predicted to

be mitigated by relatedness between dominants and subordinates (Table 1).
RESULTS

Experience phase

We used hurdle models to assess the significance of the presence or absence of the response behaviors (binary data) together with their

quantitative significance (non-zero count data; see STARMethods for further details). Confirming predictions from the pay-to-stay hypothesis

(Table 1), when helpers were prevented from helping during the experience phase, both kin and non-kin subordinates were exposed to

enhanced aggression by the breeders (binary data: 1.17 G 0.34, Z = 3.47, p < 0.001; non-zero count data: 1.04 G 0.41, Z = 2.54, p =

0.011; Figure 2A; Table S1). In addition, breeders also used overt aggressive behaviors more often than restrained aggression when charging

‘‘idle’’ helpers (1.70 G 0.81, Z = 2.11, p = 0.034; Figure 2B; Table S2). Coinciding with the increased breeder aggression, helpers increased

submissive displays when prevented from helping (binary data: 2.05 G 0.46, Z = 4.48, p < 0.001; non-zero count data: 0.91 G 0.17, Z = 5.52,

p < 0.001; Figure 2C; Table S1) and they showed more avoidance behaviors against breeders (binary data: 2.69 G 0.91, Z = 2.94, p = 0.003;

non-zero count data: 1.01 G 0.17, Z = 6.07, p < 0.001; Table S1).

Confirming predictions from the kin selection hypothesis (Table 1), relatedness alleviated dominant aggression as related helpers were

attacked less in the experience phase than unrelated helpers (binary data: �1.26 G 0.47, Z = �2.67, p = 0.007; non-zero count data:

�1.44G 0.49, Z = �2.92, p = 0.003; Figure 2A; Table S1). The ratio between overt and restrained aggression did not differ between related

and unrelated helpers (�0.77 G 0.75, Z = �1.04, p = 0.30; Figure 2B; Table S2). Coinciding with the lower aggression levels received by

breeders, related helpers showed less submission compared to unrelated helpers (binary data: �1.36 G 0.53, Z = �2.56, p = 0.011; non-

zero count data: �0.43 G 0.20, Z = �2.17, p = 0.030; Figure 2C; Table S1), and they showed less avoidance behaviors toward breeders

when prevented from helping than unrelated helpers (binary data: �2.18 G 1.16, Z = �1.88, p = 0.060; non-zero count data: �0.58 G

0.22, Z = �2.62, p = 0.009; Table S1).

Aggression toward helpers differed betweenmale and female breeders, with males being aggressive less often than females (binary data:

�0.88G 0.32, Z = �2.72, p = 0.006; Table S1), whereas males exhibited higher aggression levels than females when they did charge helpers

(non-zero count data: 0.62 G 0.17, Z = 3.67, p < 0.001; Table S1).
2 iScience 27, 110334, July 19, 2024



Figure 1. Schematic of the experimental set-up

The experiment started the day after the dominant female spawned. Pre-experimental phase: the recording device was placed in front of the aquarium, and both

breeders and helper were able to access the breeding shelter. Baseline phase: a mesh-cage only passable by the helper was placed over the breeding shelter so

that only the helper was able to access the eggs. Experience phase: either a non-passable net was placed over the breeding shelter preventing the helper from

alloparental care during 30 min (treatment), or the passable net was replaced over the breeding shelter (control). Test phase: the breeders were either prevented

to interact with the helper by a half transparent/half opaque cylinder (-I), or they were allowed to freely interact with the helper (+I). All groups underwent all four

possible combinations in a randomised full factorial experimental design. Aminimum of 2h passed between trials. To test for kinship effects, groups consisted of

a pair with a related helper or a pair with an unrelated helper.
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These results suggest that both kin and non-kin are enforced to help, but relatedness moderates coercion and submissive responses.

Test phase

As predicted by the pay-to-stay hypothesis (Table 1), in the test phase helpers provided higher levels of egg care when previously prevented

from helping, which pertained only when breeders were enabled to physically interact with helpers, allowing them to enforce help (non-zero

count data, Prevention x Interaction with breeders: 0.50 G 0.11, Z = 4.38, p < 0.001; Figure 3A; Table S3). Helpers provide alloparental care

also in the form of digging out sand from the breeding shelter. This behavior was shown in only 26% of the trials compared to 80% for direct

egg care, as we did not add additional sand to any of the shelters during the experiment. As with alloparental egg care, helpers also showed

higher levels of digging out the breeding shelter after they had been prevented from helping before (non-zero count data: 0.56 G 0.19, Z =

2.94, p = 0.003; Figure 3B; Table S3) and when breeders were able to interact with them (non-zero count data: 0.58G 0.23, Z = 2.47, p = 0.014;

Figure 3B; Table S3).
iScience 27, 110334, July 19, 2024 3



Table 1. Predictions evaluated in this study

Pay-to-stay Kin selection PS + KS Results

Experience phase

Aggression by breeders T > C None NK > K T > C, NK > K

Submission by subordinates T > C None NK > K T > C, NK > K

Test phase

Alloparental care by subordinates T > C (when +I) T R C

K > NK

+I = -I

K > NK

NK R K (when +I)

+I > -I

T > C (when +I)

K > NK

NK > K (when +I)

+I > -I

Baseline phase

Alloparental care by subordinates NK > K K > NK NK R K NK = K

Aggression by breeders NK = K None NK > K NK > K

Submission by subordinates NK = K None NK > K NK > K

PS: pay-to-stay hypothesis, KS: kin selection hypothesis, T: help prevention, C: control, +I: interaction (punishment) allowed between breeder and helper, -I: inter-

action (punishment) prevented between breeder and helper. NK: non-kin, K: kin.
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In general, during the test phase related helpers provided egg care more often than unrelated helpers (88.75% vs. 70.37% of the trials;

binary data: 3.25G 1.43, Z = 2.28, p = 0.023) as predicted by the kin selection hypothesis (Table 1). However, related helpers provided brood

care less frequently than unrelated helpers when they had been previously prevented from helping (binary data, Prevention x Relatedness:

�2.52G 1.21, Z =�2.08, p = 0.038). This is in accordance with the pay-to-stay hypothesis suggesting that related helpers have to pay a lower

price than unrelated helpers. Related helpers also showed lower levels of digging out the breeding shelter than unrelated helpers (non-zero

count data: �0.80 G 0.31, Z = �2.56, p = 0.011).

Baseline condition

Data obtained in the baseline condition corroborated the experimental results from the experience and test phases regarding relatedness

effects on breeder aggression, and they provided information on the brood care of helpers supporting the pay-to-stay hypothesis. Aggres-

sion levels of breeders were lower toward kin than toward non-kin also in the baseline condition (non-zero count data: �1.46 G 0.61,
Figure 2. Amount of aggression by breeders and submission by helpers performed during the experience phase

(A) The frequency of the breeders’ overt and restrained aggressive behaviors was higher in the help prevention treatment compared to the control, and unrelated

helpers (blue squares) received more aggression than related helpers (green circles); detailed statistics are given in Table S1.

(B) The breeders used more overt than restrained aggression when helping was prevented than in the control condition; detailed statistics are given in Table S2.

(C) Both related and unrelated helpers increased submissive displays when they were prevented from helping, and unrelated helpers showed overall more

submission than related helpers; detailed statistics are given in Table S1. Depicted are medians G interquartile ranges of behaviors when they occurred (i.e.,

zero occurrences are omitted). Significant differences are denoted with asterisks: one asterisk (*) indicates p < 0.05, two asterisks (**) p < 0.01, and three

asterisks (***) p < 0.001.

4 iScience 27, 110334, July 19, 2024



Figure 3. Alloparental care provided during the test phase

(A) Both related (green circles) and unrelated (blue squares) helpers provided more brood care when they had been previously prevented from helping

(T: treatment vs. C: control), but only if the breeders could physically interact with them (‘‘+’’: breeders could interact with helpers, vs. ‘‘-’’: breeders were

prevented to interact with helpers).

(B) Helpers dug out sand from the breeding shelter more often when they had been previously prevented to help, and they increased their digging frequency

when after being prevented to help, breeders could physically interact with them; overall, more digging was performed by unrelated helpers. Depicted are

medians G interquartile ranges of behaviors when they occurred (i.e., zero occurrences are omitted). Significant differences are denoted with asterisks: one

asterisk (*) indicates p < 0.05, two asterisks (**) p < 0.01, and three asterisks (***) p < 0.001. The overall significant difference between digging levels of

related and unrelated helpers (p = 0.011) is not indicated by asterisks in the graph. For all statistical details see Table S3.
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Z =�2.39, p= 0.017; Table S4), and females attacked the helpersmore frequently thanmales (binary data:�6.15G 1.38, Z =�4.46, p< 0.001;

Table S4). Related helpers tended to spendmore time in the breeding shelter than unrelated helpers (LMM, t = 2.09, p = 0.051; Table S5), and

the amount of alloparental investment (egg care and sand digging) increased with the time spent in the breeding shelter (LMM, t = 3.52, p =

0.003; Table S5). Nevertheless, the time spent in the breeding shelter was not related to the amount of aggression shown by the breeders

(LMM, t = �0.67, p = 0.51; Table S5), which indicates that breeders were not limited in their attacks on helpers by the latter’s inaccessibility

when being in the brood shelter.

Overall, the quantity of alloparental care did not differ between related and unrelated helpers in the baseline condition (binary data:

0.31 G 0.89, Z = 0.35, p = 0.72; non-zero count data: �0.13 G 0.15, Z = �0.87, p = 0.38; Table S4), but alloparental investment seemed to

increase with the need for help, as more egg care was provided for larger clutches (non-zero count data: 0.01 G 0.002, Z = 2.49, p =

0.013; Table S4). Digging in the brood shelter showed the opposite tendency (non-zero count data: �0.02 G 0.01, Z = �2.21, p = 0.027;

Table S4), which might indicate a trade-off between egg care and sand digging while spending time in the brood shelter; larger clutches

require more egg care, but not more removal of sand. Larger helpers provided more alloparental care both in the form of egg care (non-

zero count data: 0.41 G 0.19, Z = 2.23, p = 0.026; Table S4) and digging in the breeding shelter (non-zero count data: 1.21 G 0.47, Z =

2.56, p= 0.011; Table S4), which corroborates the pay-to-stay hypothesis as larger helpers cause higher costs to breeders than smaller helpers

and hence need to pay a higher price.50,54,82,105

DISCUSSION

The threat of punishment has been invoked as a key factor promoting the evolution of cooperation amongnon-relatives,15,19,44,50,91,108,109 but few

studies havedemonstrated the link betweenpunishment andcooperation in animal societies.48,49,110,111Here,wefindsupport for the evolutionof

alloparental careasa result of anegotiationprocesses involvingunequalpartners inwhicheachgroupmember tries tomaximize theirownpay-off.

Consistent with predictions from pay-to-stay models,13,14,45 we found that help-prevention increased the dominants’ aggression toward

their helpers both in number and intensity. Crucially, punishment increased cooperation (direct egg care and digging out sand from the

breeding shelter), and this increase in cooperation was realized by the ability of breeders to enforce help by physical interactions. In addition,

subordinates responded by increased submissive displays, corroborating previous field observations.54 Helpers exert submission as a direct

response to received aggression by the breeders,75 which involves considerable energy costs.112 Submissive displays of helpers may also

serve as a pre-emptive appeasement to reduce aggression and increase tolerance in the territory.7,50

Enforcement was also involved if helpers were related to breeders, but as predicted19 relatedness clearly reduced coercion in the nego-

tiation process between helpers and breeders. Dominant breeders attacked related helpers less than unrelated helpers during experimental

help prevention. In response to reduced aggression levels by the breeders, related helpers displayed less submission and exerted less

compensatory helping after being idle than unrelated helpers. It seems that even if related helpers also pay rent like unrelated subordinates,

the breeders demand less from kin as reflected by (i) the reduced levels of aggression and submission, and (ii) the fact that related helpers
iScience 27, 110334, July 19, 2024 5
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compensated previous help prevention by enhancing egg care to a lesser degree than unrelated helpers. This clearly indicates a moderating

effect of relatedness on the negotiation between breeders and helpers.

Unrelated helpers invested more in shelter digging than related helpers, which is the most energy-demanding form of help, causing a

6-fold increase in routinemetabolic rate.113 This is in accordancewith theory predicting that higher helping efforts should result from enforce-

ment (corresponding to the pay-to-stay hypothesis) than from relatedness (corresponding with the kin selection hypothesis.19 Nevertheless, it

is worth stressing that the alloparental care of related subordinates is apparently also mediated by the aggression of dominant breeders and

not a completely voluntary activity; negotiation and indirect fitness benefits seem to interactively influence the subordinates’ helping

decisions.

Breeders may not only benefit from the presence of subordinates but also suffer costs, for instance through the risk of egg canni-

balism,67,114 reproductive parasitism82,90 and the competition for resources (reviewed in9). Breeder males suffer higher costs from reproduc-

tive parasitism than breeder females, whichmight explain whymales showed higher aggression levels than females when attacking a helper in

the experience phase, even if in our study helpers were still sexually immature. In contrast, females charged helpers on more occasions than

males, which might have been due to the reproductive stage (egg care phase) in which the experiment was conducted. The main risk during

this period is egg cannibalism67,114 and females are mainly responsible for guarding the eggs.112 Clarifying the sex-specific negotiation be-

tween breeders and sexually mature helpers seems a promising goal for future studies.

Understanding the evolution of decision rules that underlie the negotiation processes between asymmetric social partners is one of the key

challenges in the study of social behavior.2,11,16,23 Social partners are bound to vary in many respects, including their resource holding poten-

tial, individual needs, geneticmakeup, experience, cognitive abilities, and so forth, which affects their qualification, skills andmotivationwhen

interacting with one another.2,35 This intriguing diversity of influencing factors entails boundless possibilities for the evolution of decision

rules, which have rarely been explored. Our study is a first attempt to test the influence of asymmetries between social partners in a nego-

tiation process by simultaneously controlling both relatedness and the behavioral responses of interaction partners toward each other. Capi-

talizing on the unique possibility to manipulate at our discretion both group composition and behavior in a cooperatively breeding species

under semi-natural conditions, the results show that dominants enforce from subordinates’ altruistic investment in their broods, while the

scale of enforcement depends on the relatedness between the involved parties. Hence, our study highlights the importance of using an inte-

grative approach when attempting to understand the negotiation processes involved in cooperative interactions among group members in

highly social animals.

The evolution of alloparental care behavior in cooperative breeders is commonly attributed to the effect of kin selection,79,115 but evidence

is accumulating that other selection mechanisms are often crucially involved.10,116–122 Our study highlights that kin selection should not be

automatically assumed to be the sole or major force selecting for cooperation, even if breeders and helpers are closely related. Theoretical

models suggest that direct fitness benefits can constitute the original force selecting for group formation, whichmay then enable kin selection

to take effect.123 By adding an important parameter, the enforcement of help in dependence of relatedness, the present study may help to

resolve the ongoing debate about the importance of direct and indirect fitness benefits driving the evolution of cooperation and altruism

(e.g.,2,77,124–129).

To recapitulate, inN. pulcher, group membership is essential for survival and reproduction.9,75,130–133 Natural groups consist of a mixture

of related and unrelated males, females and immatures, which inevitably differ in resource holding power due to associated size differences,

as teleost fishes grow interminably.9 This prompts asymmetric interactions between group members, where larger, more dominant individ-

uals can demand a higher price for what they can offer in return. Hence subordinate helpersmust pay by caring for the dominants’ offspring to

be allowed to stay in the territory and benefit from safety and the use of its resources. They are only tolerated when needed,50,107 and if their

contribution falls short of demand they are punished through breeder attacks,56 which elicits enhanced helping levels.48,49,54,57 Our results

show that their own offspring are not exempt from paying for tolerance, but obviously they benefit from price deduction.
Limitations of the study

A limitation of our methodology is that the mesh cage used to prevent the breeders from accessing the breeding shelter could have served

also as a protected shelter for the subordinates during the control conditions. However, we did not find a correlation between the time sub-

ordinates spent in the breeding shelter and the agonistic behaviors performed by the dominants during the baseline condition. Additionally,

in the few instances in which a helper was strongly charged, it used the floating shelters above the territory as a safe retreat instead of themesh

cage. Likewise, breeders could have increased agonistic behavior due to the prevention of access to the breeding shelter. This effect should

be higher for the female than for the male breeder, as female breeders typically contribute much more to direct brood care. In fact, breeders

did show aggressive displays when the helper was inside the breeding shelter, but the same behavior was shown when the helper was in a

shelter covered with the mesh cage other than the breeding shelter during the pre-experimental phase, so this behavior did not seem to be

related to the access of the helpers to the eggs. Regardless, this potential effect is the same for all treatment conditions, since the breeders

were not allowed to access the breeding shelter ever during the duration of the experiment. Another limitation of the study was that we did

not provide digging challenges to the helpers by adding sand into the breeding shelter, as our main aim was to test alloparental egg care.

However, the helpers still engaged in digging behavior in the breeding shelter. Even if digging behavior was not experimentally manipulated,

the results of digging still support our findings for egg care. Lastly, we were unable to determine the sex of the helpers, as it is only possible to

do so reliably once they reach sexual maturity. Therefore, we could not assess any sex-related effects. However, it is unlikely that such effects

are important during the immature stages.
6 iScience 27, 110334, July 19, 2024
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107. Zöttl, M., Frommen, J.G., and Taborsky, M.
(2013). Group size adjustment to ecological
demand in a cooperative breeder. Proc.
Biol. Sci. 280, 20122772. https://doi.org/10.
1098/rspb.2012.2772.

108. Clutton-Brock, T.H., and Parker, G.A.
(1995). Punishment in animal societies.
Nature 373, 209–216. https://doi.org/10.
1038/373209a0.

109. Cant, M.A., and Young, A.J. (2013).
Resolving social conflict among females
without overt aggression. Philos. Trans. R.
Soc. Lond. B Biol. Sci. 368, 20130076.
https://doi.org/10.1098/rstb.2013.0076.

110. Bshary, R., and Grutter, A.S. (2005).
Punishment and partner switching cause
cooperative behaviour in a cleaning
mutualism. Biol. Lett. 1, 396–399. https://
doi.org/10.1098/rsbl.2005.0344.

111. Wong, M.Y.L., Buston, P.M., Munday, P.L.,
and Jones, G.P. (2007). The threat of
punishment enforces peaceful cooperation
and stabilizes queues in a coral-reef fish.
Proc. Biol. Sci. 274, 1093–1099. https://doi.
org/10.1098/rspb.2006.0284.

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

113. Grantner, A., and 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 168,
427–433. https://doi.org/10.1007/
s003600050162.

114. von Siemens, M. (1990). Broodcare or Egg
Cannibalism by Parents and Helpers in
Neolamprologus brichardi (Poll 1986)
(Pisces: Cichlidae): a Study on Behavioural
Mechanisms. Ethology 84, 60–80. https://
doi.org/10.1111/j.1439-0310.1990.
tb00785.x.

115. Hatchwell, B.J. (2009). The evolution of
cooperative breeding in birds: Kinship,
dispersal and life history. Philos. Trans. R.
Soc. Lond. B Biol. Sci. 364, 3217–3227.
https://doi.org/10.1098/rstb.2009.0109.
10 iScience 27, 110334, July 19, 2024
116. Sumner, S., Kelstrup, H., and Fanelli, D.
(2010). Reproductive constraints, direct
fitness and indirect fitness benefits explain
helping behaviour in the primitively eusocial
wasp, Polistes canadensis. Proc. Biol. Sci.
277, 1721–1728. https://doi.org/10.1098/
rspb.2009.2289.

117. Kingma, S.A., Hall, M.L., and Peters, A.
(2011). Multiple benefits drive helping
behavior in a cooperatively breeding bird:
An integrated analysis. Am. Nat. 177,
486–495. https://doi.org/10.1086/658989.

118. Wright, J., McDonald, P.G., te Marvelde, L.,
Kazem, A.J.N., and Bishop, C.M. (2010).
Helping effort increases with relatedness in
bell miners, but ‘unrelated’ helpers of both
sexes still provide substantial care. Proc.
Biol. Sci. 277, 437–445. https://doi.org/10.
1098/rspb.2009.1360.

119. Magrath, R.D., and Whittingham, L.A.
(1997). Subordinate males are more likely to
help if unrelated to the breeding female in
cooperatively breeding white-browed
scrubwrens. Behav. Ecol. Sociobiol. 41,
185–192. https://doi.org/10.1007/
s002650050378.

120. Sherley, G.H. (1990). Co-operative breeding
in riflemen (Acanthissitta chloris) benefits to
parents, offspring and helpers. Beyond
Behav. 112, 1–22. https://doi.org/10.1163/
156853990X00653.

121. Reyer, H.-U. (1980). Flexible helper structure
as an ecological adaptation in the pied
kingfisher (Ceryle rudis rudis L.). Behav. Ecol.
Sociobiol. 6, 219–227. https://doi.org/10.
1007/BF00569203.

122. Jungwirth, A., and Taborsky, M. (2015). First-
and second-order sociality determine
survival and reproduction in cooperative
cichlids. Proc. Biol. Sci. 282, 20151971.
https://doi.org/10.1098/rspb.2015.1971.

123. Garcı́a-Ruiz, I., Quiñones, A., and Taborsky,
M. (2022). The evolution of cooperative
breeding by direct and indirect fitness
effects. Sci. Adv. 8, eabl7853. https://doi.
org/10.1126/sciadv.abl7853.

124. Clutton-Brock, T. (2009). Cooperation
between non-kin in animal societies. Nature
462, 51–57. https://doi.org/10.1038/
nature08366.

125. Dickinson, J.L., and Hatchwell, B.J. (2004).
Fitness consequences of helping. In Ecology
and evolution of cooperative breeding in
birds (Cambridge University Press),
pp. 48–66.

126. Heinsohn, R.G. (2004). Parental care, load-
lightening, and costs. In Ecology and
evolution of cooperative breeding in birds,
W.D. Koenig and J.L. Dickinson, eds.
(Cambridge University Press), pp. 67–80.

127. Lehmann, L., and Keller, L. (2006). The
evolution of cooperation and altruism - A
general framework and a classification of
models. J. Evol. Biol. 19, 1365–1376.
https://doi.org/10.1111/j.1420-9101.2006.
01119.x.

128. West, S.A., Gardner, A., and Griffin, A.S.
(2006). Altruism. Curr. Biol. 16, R482–R483.
https://doi.org/10.1016/j.cub.2006.06.014.

129. West, S.A., Griffin, A.S., and Gardner, A.
(2007). Evolutionary Explanations for
Cooperation. Curr. Biol. 17, 661–672.
https://doi.org/10.1016/j.cub.2007.06.004.

130. Heg, D., Bachar, Z., Brouwer, L., and
Taborsky, M. (2004). Predation risk is an
ecological constraint for helper dispersal in
a cooperatively breeding cichlid. Proc. Biol.
Sci. 271, 2367–2374. https://doi.org/10.
1098/rspb.2004.2855.
131. Taborsky, M., Brouwer, L., Heg, D., and
Bachar, Z. (2005). Large group size yields
group stability in the cooperatively breeding
cichlid Neolamprologus pulcher. Beyond
Behav. 142, 1615–1641. https://doi.org/10.
1163/156853905774831891.

132. Brouwer, L., Heg, D., and Taborsky, M.
(2005). Experimental evidence for helper
effects in a cooperatively breeding cichlid.
Behav. Ecol. 16, 667–673. https://doi.org/10.
1093/beheco/ari042.

133. Groenewoud, F., Frommen, J.G., Josi, D.,
Tanaka, H., Jungwirth, A., and Taborsky, M.
(2016). Predation risk drives social
complexity in cooperative breeders. Proc.
Natl. Acad. Sci. USA 113, 4104–4109. https://
doi.org/10.1073/pnas.1524178113.

134. Friard, O., and 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. https://doi.org/10.1111/2041-210X.
12584.

135. R Core Team, and Team, R.C. (2020). R: A
Language and Environment for Statistical
Computing (R Foundation for Statistical
Computing). https://www.R-project.org.

136. Hartig, F. (2021). DHARMa: residual
diagnostics for hierarchical (multi-level/
mixed) regression models. https://CRAN.R-
project.org/package=DHARMa.

137. Brooks, M., Kristensen, K., Benthem, K.,
Magnusson, A., Berg, C., Nielsen, A., Skaug,
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Study species

Neolamprologus pulcher is a cooperatively breeding cichlid endemic to Lake Tanganyika, East Africa. Groups consist of a dominant pair and

typically 1 to 25 subordinates of different sizes.129,133,138,139 The reproductive skew is high, with mature subordinates of both sexes producing

between 5 and 15 per cent of offspring in the group.9,82,90,104,140 Overall relatedness between subordinates and dominants is low and de-

creases with helper age, mainly due to the replacement of the breeders.141,142 Both related and unrelated subordinates participate in brood

care of the dominants’ broods by cleaning and fanning the eggs,67,75 digging out sand from the breeding chamber,138,143 and defending the

territory against predators of eggs and young.7,49,50,54,75,132,138,139 Individual and kin recognition have been demonstrated in this spe-

cies.144,145 Subordinates remain in their natal group queuing for dominance, or they disperse into other groups either as subordinates or

by taking over a vacant breeding position, usually long after sexual maturity.46,81,146,147 Predation risk is the major environmental factor con-

straining dispersal75,130; see9 for review).

Experimental set-up

Test fish used in this experiment were captive descendants fromN. pulcher individuals caught in the wild near Kasakalawe point at the south-

ern end of Lake Tanganyika (Zambia). Experimental groups were established of a pair and an immature subordinate of unknown sex; reliable

sexing of immature subordinates is impossible in this species, but there are no apparent sex differences in helping behaviors.50 Groups were

established following the natural group structure, where dominant males are the largest individual in the group (mean: 64.4mm, range:

54-74mm of standard body length (SL)) followed by the dominant female (mean: 54.5mm, range: 45-61mmSL) with a minimum size difference

of at least 5mm75 and an average of 10mm. Unrelated (mean: 26.4mm, range: 19-32mm SL) and related subordinates (mean: 25.0mm,
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range: 19-33mmSL) were added, which did not differ in size (t36.156 =�1.083,p= 0. 286). The degree of relatedness between the breeders and

the subordinate was experimentally varied, with half of the groups containing own offspring (r = 0.5) and the other half containing unrelated

subordinates (r = 0.0).

The groups were assembled following a standardized protocol: For related helpers, breeders were allowed to produce offspring in the

tank. When the offspring reached around 20mm SL, all offspring but one were removed from the tank. The subordinate chosen was never

the biggest, to avoid inadvertent rank effects. For unrelated helpers, first the prospective subordinate was released and allowed to acclimatize

to the new territory for 24 h. Then both pair memberswere released. If the subordinate was evicted from the group, the aggressor was isolated

for 24h. If the subordinate was still not accepted after the aggressor was again released, it was replaced by another individual following the

same procedure. To control for potential effects of familiarity differences between groups with related and unrelated helpers, the experiment

started only after the second clutch producedby the pair with the respective helper’s presence. Therefore, the helpers already had experience

in egg care before the experiment started. No egg cannibalism was observed for any of the experimental subordinates, and all subordinates

were observed taking care of the eggs previous to the start of the experiment. Related and unrelated helpers were chosen of a similar size to

avoid helper size effects.

Groupswere housed in a 100L compartment of a 200L aquarium subdivided by a glued opaque partition. Each experimental compartment

contained three clay flowerpot-halves serving as shelters and as breeding substrate, a semi-transparent tube and an opaque tube suspended

below the water surface to serve as refuge, and an air-driven filter. The bottom of the aquarium was covered with a mixture of fine gravel and

sand about 3cm deep. An experimental cage made of coarse-mesh was constructed to prevent the breeders from accessing a shelter over

which the cage was placed (see later in discussion for a description of the experimental procedure), while the subordinates could freely pass

through the mesh. Right after group formation, this cage was put over one of the clay shelters in the tank to habituate group members to the

object. The water temperature was held constant at 26�C–28�C and the light regime was set at a 13h-light and 11h-dark cycle including dawn

and dusk, simulating natural conditions in Lake Tanganyika.75 The fishwere fedwith dry food five times a week andwith defrosted food on one

day. An additional provision of krill was provided once a week to promote egg-laying.

Groups were checked for clutches every day. After the second clutch following group formation, experiments took place during the egg

phase on the first and second day after spawning.We obtained a total sample size of 42 groups (n= 22 non-kin and 20 kin treatment groups, 3

non-kin groups had missing data).

The experiments were conducted from February 2019 to June 2020 at the Ethological station Hasli at the University of Bern, Switzerland

under the ethical approval license of Veterinaermt Bern 74/15.
METHOD DETAILS

Experimental design and procedure

The experiment involved three phases, a baseline phase, an experience phase, and a test phase (Figure 1). In the experience phase, we simu-

lated idleness of helpers by preventing them from helping and measured the response by the breeders. In the test phase, we assessed

whether helpers compensate for the lack of help in the previous phase by increasing alloparental care, and whether compensation is driven

by the breeders’ interaction with the helpers. The helpers used in this experiment were either related or unrelated to the dominant pair to

assess relatedness effects on the interaction between breeders and subordinates. We also recorded a pre-experimental phase before any

manipulations happened in which the breeders could access the breeding shelter to assess by comparison with later phases of the experi-

ment the impact of restraining the breeders from accessing the eggs in the breeding shelter.

We started the experiment when the group was stable and after they produced their second clutch. We used alloparental egg care as the

target behavior (egg cleaning and fanning), because it reflects altruistic behavior67 causing considerable opportunity and energy costs

without immediate direct fitness benefits to the actor.54,112,113,148 We also scored digging out sand from the breeding shelter, as well as sub-

mission and agonistic interactions between the group members. Before the start of the experiment, the fish were habituated to the exper-

imental equipment (themesh-cage) and the subordinates learned that they could pass freely through themesh net. The coarse-meshed cage

consisted of a transparent plastic front for visualization purposes, and a mesh covering the other sides and the top with a mesh width of

(10 3 10mm). In all instances, subordinates were observed accessing the covered shelter through the mesh without difficulties. The experi-

mental cage used for help prevention during the experience phase had a finer mesh size which allowed water flow but prevented fish from

accessing the covered brood chamber.

During all experimental phases, breeders were excluded frombrood care by the experimental cage described above (Figure 1). During the

‘‘baseline phase’’ (Figure 1), the meshed cage was placed over the breeding shelter, allowing only the subordinate to access the eggs. After

5min acclimatisation, we scored the behaviors described above for 15min. In the ‘‘experience phase’’ lasting 30 min groups were divided into

treatment groups (T), in which the whole group was prevented from brood care by the fine-meshed cage for 30min, and control groups (C), in

which the coarse-meshed cage was placed over the breeding shelter like in the baseline condition, allowing the subordinate to care for the

eggs. Behaviors as described were scored for the last 15min of the 30min experience phase in both treatment and control conditions. Sub-

sequently, during the ‘‘test phase’’ breeders were either allowed to interact physically with the helper (+I) or prevented from physical contact

(-I). Preventing social interaction was achieved by restricting the breeders through a half transparent-half opaque plexiglass cylinder put over

them that was covered with a fine mesh on top to allow water exchange (Figure 1). The opaque side of the cylinder was facing the breeding

chamber to prevent breeders from visually perceiving whether the subordinates were providing brood care. Hence, they remained visually

and chemically present but were unable to exert coercion according to the current level of help performed by the subordinate. This allowed
iScience 27, 110334, July 19, 2024 13
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keeping the social context and dominance hierarchy unaltered while experimentally modifying the opportunity for help enforcement. In the

control (+I) the cylinders were inserted in a similar fashion, but the breeders remained outside of them and hence unconstrained in their ability

to punish the subordinate. During this phase, themesh-cage was placed over the breeding chamber like in the baseline condition.We scored

the helper’s behavior for 15min after a 5min acclimatisation period.

After each phase, we manipulated the mesh-cage to control for manipulation between control and treatment. Each replicate group was

exposed to all different experimental treatments. We performed a full factorial experimental design with randomised order of the treatment

conditions. After finishing each trial, a gap of 2h was kept before starting the next trial.

Behavioral observations

We scored two aspects of direct brood care behavior: the frequency of micro nipping of the eggs, which serves a hygienic function and is

referred to as ‘‘egg cleaning’’, and the frequency of generating water flow to the clutch, which increases the oxygen supply and is referred

to as ‘‘egg fanning’’.112,113 Additionally, we measured sand digging separately inside the breeding chamber and in other shelters. All social

interactions between breeders and helpers were scored, including submission, affiliation (bumping), overt and restrained aggression, and

other agonistic interactions like fleeing or avoiding (for brief descriptions of behaviors see.75 The time spent in the breeding chamber or

in other shelters was also scored. The experimental phases were video recorded and encoded for blind scoring purposes where possible.

The recordings were manually scored using the Boris 7.9 software.134

QUANTIFICATION AND STATISTICAL ANALYSIS

During the ‘‘test phase’’ we assessed the pay-to-stay hypothesis predicting that helpers increase alloparental care after having been pre-

vented to help during the ‘‘experience phase’’ only if the breeders can interact with the helper (T/+I). In contrast, the kin selection hypothesis

does not predict an influence of the presence of breeders during the test phase (+I = -I), (Figure 1; Table 1), while voluntary compensatory help

may occur. We used brood care (egg cleaning and fanning), and sand digging in the breeding chamber as response variables. The fixed

effects variables of the statistical model were prevention to access the eggs during the previous phase (T vs. C), interaction with the breeders

(+I vs. -I), relatedness status between helper and breeders (related vs. unrelated), helper size, and the number of eggs. We also included the

interaction between the factors for the response variable brood care but not for digging behavior, as the low frequency of digging events did

not allow to perform interaction analyses. Group ID was added as a random effect in all analyses to account for repeated use of the same

groups for the different treatment conditions.

We ran zero-altered generalised linear mixed-effects models using the R package glmmTMB.149 Hurdle models were used to test the sig-

nificance of the presence or absence of a behavior together with the quantitative significance. The probability of occurrence can be a more

reliable factor as the amount of a given behavior can be affected bymany uncontrolled factors, such as the costs that the behavior imposes in a

given context.150,151 For the presence/absence of the behavior we fitted a binomial distribution, and a Poisson distribution for the count data

(ZAP-GLMMs). In cases when the model did not fit a Poisson distribution, we fitted a negative binomial distribution instead (ZANB-GLMMs).

To check for model fit and overdispersion, we used the function simulateResiduals from the R packageDHARMa.136 The interactions between

fixed factors were initially included in all models and dropped if they were not significant.

During the ‘‘experience phase,’’ we tested whether breeders would enhance aggression toward subordinates when they were prevented

from helping. Enforcement was predicted by the pay-to-stay hypothesis but not by the kin selection hypothesis. We ran a ZAP-GLMMs as

described above using aggression (restrained and overt) performed by the breeders as the response variable. The explanatory variables

were prevention to access the eggs (T vs. C), relatedness status between helper and breeders, and breeder sex, as well as the interactions

between the fixed effects. In addition, we tested whether there was a difference in the type of aggression used against the helper depending

on the treatment, relatedness status or breeder sex. For that, we ran a weighted GLMM of the binomial family using the proportion of overt

aggression vs. total as the response variable. We also tested the response of the subordinate by analysing submissive and avoidance behav-

iors (avoid and flee) toward the breeders during this phase. An increase in submission and avoidance behaviors of the subordinate would be

expected for the prevention treatment only when enforcement occurs. We ran ZAP-GLMMs as described above for both response variables.

The fixed effects variables for both analyses were prevention to access the eggs and relatedness status between helper and breeders, as well

as the interactions between both. Non-significant interactions were removed from the analysis.

During the ‘‘baseline phase’’, we examinedwhether relatedness influenced alloparental care and the aggression levels of the breeders.We

ran ZAP-GLMMs for levels of alloparental care and breeding chamber digging behaviors, using relatedness as a fixed factor and helper size

and clutch size as covariates. For aggression levels, we ran a ZAP-GLMMusing relatedness and breeder sex as fixed effects. To check whether

helpers used the breeding chamber to avoid being attacked by the breeders, we run linear mixedmodels (LMM) to analyze the time the help-

er spent in the breeding chamber in relation to the level of aggression received by the breeders, while controlling for the effect of helping and

relatedness.

All simulations and statistical tests were performed in R 3.6.3.135
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