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Helping behaviour in some cooperative breeders is apparently maintained by a combination of coercion
and reciprocity. In such pay-to-stay systems, alloparental brood care of subordinate group members
functions as a service to dominants, which tolerate subordinates based on how much help they provide.
Cooperative territory defence is a key task of cooperative breeders, but it is unknown how territory
defence by subordinates is socially regulated. Diverse costs and beneﬁts associated with defending the
territory against different threats suggest that these defence behaviours may be maintained through
divergent selection regimes, and they might be regulated through different social processes. In the
cooperatively breeding cichlid ﬁsh Neolamprologus pulcher, unrelated subordinates help defend the
territory against egg predators even if they do not participate in reproduction and therefore do not suffer
direct or indirect ﬁtness costs through predators of eggs. This behaviour has therefore been interpreted
as altruistic service to dominants. Subordinates also defend the group territory against predators of
juveniles and adults, which might at least partly reﬂect their own direct ﬁtness interests and could be
maintained through mutualistic interactions among group members. Here, we directly compared the
regulation of these two types of defence behaviours and tested whether they are enforced by breeders.
We prevented subordinates from defending the territory against egg predators or predators of adults and
observed whether they received more aggression in response to this treatment. We found that subordinates received more aggression from breeders after withholding defence against egg predators, but
not after withholding defence against ﬁsh predators. This suggests that territory defence against egg
predators by helpers is enforced by breeders and hence subject to negotiations and trading, whereas
defence against ﬁsh predators is probably based on mutualistic ﬁtness beneﬁts.
© 2020 The Association for the Study of Animal Behaviour. Published by Elsevier Ltd. All rights reserved.

Evolutionary theory explains traits of individuals as means to
compete for limited resources (Darwin, 1859). Yet some traits
appear to be altruistic, favouring other individuals at an immediate
cost to the actor. Many altruistic traits can be explained by kin selection, mutualistic beneﬁts or coercion, but some seem to be based
on a reciprocal exchange of same or different commodities
resembling human trade (Lehmann & Keller, 2006). In such reciprocal relationships, traits that beneﬁt others are selected for
through beneﬁts obtained from others in return (Taborsky,
Frommen, & Riehl, 2016; Trivers, 1971). Evolutionarily stable
reciprocal altruism thus requires a contingency between beneﬁts
received and beneﬁts given, which may simply be a consequence of
certain population structures (generalized reciprocity; Boyd &
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Richerson, 1989; van Doorn & Taborsky, 2012; Hamilton &
Taborsky, 2005a; Nowak & Roch, 2007; Pfeiffer, Rutte, Killingback,
Taborsky, & Bonhoeffer, 2005; Rankin & Taborsky, 2009). Alternatively, the trait may be expressed differentially towards individuals
that are likely to reciprocate received beneﬁts (direct reciprocity;
Axelrod & Hamilton, 1981; Carter & Wilkinson, 2013; Rutte &
Taborsky, 2008).
Drawing a clear line between the four fundamental mechanisms
generating evolutionarily stable levels of cooperation (mutualism,
kin selection, enforcement and reciprocity; Lehmann & Keller,
2006) is often difﬁcult and can be misleading, because more than
one of these mechanisms may be involved concomitantly (Carter,
2014; Carter, Schino, & Farine, 2019; Taborsky et al., 2016). Two
distinctions are especially problematic to make. First, it may be
difﬁcult to distinguish reciprocity from mutualistic interactions.
While it is easy to show that a trait beneﬁts others, it is much
harder to show that the trait is contingent on predictable return
beneﬁts (reciprocity; Clutton-Brock, 2002). The trait may instead
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have been selected for selﬁsh beneﬁts and may provide advantages
for others as a mere by-product (mutualism; Brown, 1983). Second,
the evolution of reciprocity and coercion may not be easily separated from each other, as reciprocal exchanges usually occur be~ ones, Doorn,
tween partners with different negotiating power (Quin
Pen, Weissing, & Taborsky, 2016). Power asymmetries may provide
opportunities for the more dominant partner to demand a service
from the subordinate (coercion; Cant, 2011). This does not prevent
reciprocity from evolving (Johnstone & Bshary, 2007, 2008), but it
highlights the importance of considering the asymmetry in negotiating power when aiming to understand the mechanisms underlying reciprocal exchanges (Phillips, 2018).
All four mechanisms mentioned above are probably involved in
the evolution of alloparental care in cooperative breeders. This
breeding system is characterized by philopatry and reproductive
skew and has been observed in a wide range of group-living birds,
mammals, ﬁshes and insects (Choe & Crespi, 1997; Koenig &
Dickinson, 2004, 2016; Solomon & French, 1997; Taborsky &
Wong, 2017). Subordinate group members typically delay
dispersal and help to raise the offspring of dominants and, therefore, are called helpers. Dominants beneﬁt from the services of
helpers through increased offspring survival and reduced workload
(Brouwer, Heg, & Taborsky, 2005; Johnstone, 2011). For example,
when helpers are present, dominants may lay smaller eggs (Russell,
Langmore, Cockburn, Astheimer, & Kilner, 2007; Taborsky, Skubic,
& Bruintjes, 2007), increase their reproductive rate (Taborsky,
1984) or survive longer (Langmore, Bailey, Heinsohn, Russell, &
Kilner, 2016; Russell et al., 2007).
The pay-to-stay hypothesis of cooperative breeding explains the
evolution of helping behaviour through an interplay of coercion
and reciprocity. It asserts that the alloparental care behaviour of
subordinates functions as rent payment to dominants, which
differentially tolerate subordinates in their territory based on how
much help they provide (Gaston, 1978; Hamilton & Taborsky,
2005b; Hellmann & Hamilton, 2018; Kokko, Johnstone, & Wright,
2002). Helping behaviour is thus believed to have acquired the
function of reducing aggression from dominant individuals, similar
to submissive displays (Bergmüller & Taborsky, 2005; Taborsky &
Wong, 2017). Subordinates may beneﬁt in many ways from being
tolerated by territory owners, proximately through resource access
or reduced predation risk and ultimately through reproductive
participation, queuing for dominance and increased survival
(Bruintjes, Bonﬁls, Heg, & Taborsky, 2011; Grinsted & Field, 2017;
Groenewoud et al., 2016; Heg, Bachar, Brouwer, & Taborsky, 2004;
Hellmann et al., 2015; MacLeod, Nielsen, & Clutton-Brock, 2013;
Taborsky, 1984, 1985; see Taborsky et al., 2016 for a review). Other
theories of cooperative breeding focus on the direct ﬁtness beneﬁts
of helping behaviour (Clutton-Brock, 2002; Kingma, 2017). One
renowned example is the sentinel behaviour of Arabian babblers,
Turdoides squamiceps, which is apparently selected by increasing
the survival of the sentinel, yet also reduces predation risk for other
group members as a by-product (Wright, Berg, De Kort, Khazin, &
Maklakov, 2001). Alloparental care and group territoriality in
cooperative breeders may similarly reﬂect mutualistic interactions,
for example through group augmentation effects (Kingma,
Santema, Taborsky, & Komdeur, 2014; Kokko, Johnstone, &
Clutton-Brock, 2001).
To understand the relative importance of reciprocity, coercion
and mutualism in the evolution of helping, it is necessary to
investigate the regulation of speciﬁc helping behaviours. The
reason for this is that different behaviours classiﬁed as helping fulﬁl
different functions and may be associated with considerably
different costs and beneﬁts for both subordinates and dominants
(Grantner & Taborsky, 1998; Josi, Taborsky, & Frommen, 2020;
MacLeod et al., 2013; Mulder & Langmore, 1993; Taborsky, 2016).

Detailed knowledge about the regulation of different helping behaviours may allow us to ﬁnd general principles in the evolution of
alloparental care. Known variation in costs and beneﬁts between
different alloparental care behaviours can be used to derive testable
predictions about the decision rules involved in their regulation
and the selective forces that form and maintain them. For a number
of reasons, cooperatively breeding cichlids such as Neolamprologus
pulcher offer a unique opportunity for these types of studies. First,
the costs and beneﬁts associated with various helping behaviours
have been determined (Taborsky & Grantner, 1998). Second,
experimental studies are more practical in cichlids than in birds or
mammals, since important factors such as relatedness, environmental conditions, group composition and the behaviour of group
members can easily be manipulated in aquaria and in the wild
(Taborsky, 2016). The negotiation rules applied in such groups are
increasingly well understood, but experimental studies that
investigate the regulation of speciﬁc helping behaviours are scarce
(Balshine-Earn, Neat, Reid, & Taborsky, 1998; Bergmüller, Heg, &
Taborsky, 2005; Bergmüller & Taborsky, 2005; Bruintjes &
€ ttl, Groenewoud, & Taborsky, 2014;
Taborsky, 2008; Fischer, Zo
~ ones et al.,
Heg & Taborsky, 2010; Naef & Taborsky, 2020a; Quin
2016; Taborsky, 1985; reviewed in ; Taborsky & Wong, 2017).
A previous study of the social cichlid N. pulcher suggested that
the helper's territory maintenance behaviour (digging out shelters)
reduces the aggressive behaviour of dominants towards the helper,
as predicted by the pay-to-stay hypothesis. In contrast, the helper's
defence behaviour against egg predators was associated not with
these appeasement effects but with a compensatory response, as
helpers intensiﬁed their defence efforts against egg predators after
a period of experimental prevention (Naef & Taborsky, 2020a). This
compensatory response has also been described for defence against
conspeciﬁc intruders (Bergmüller & Taborsky, 2005) and for direct
egg care (Schreier, 2013). It has been suggested that its function is to
prevent punishment by breeders through pre-emptive appeasement (Bergmüller & Taborsky, 2005), which implies that helpers
would be punished if prevented from showing this compensatory
response. However, a compensatory response could also result
from an intrinsic and purely selﬁsh regulation of territory defence.
It is therefore unclear whether reciprocity and coercion are
involved in regulating territory defence of subordinate group
members as predicted by the pay-to-stay hypothesis, or whether
this behaviour represents a mutualistic interaction between group
members.
An intriguing aspect of cooperative territory defence is that the
evolutionary forces maintaining it may depend on the particular
challenge, because different intruder types may be associated with
different defence abilities, and with varying costs and beneﬁts of
defence for different types of group members (Desjardins, Stiver,
Fitzpatrick, & Balshine, 2008; Taborsky, 1984, 1985; Taborsky,
Hert, Siemens, & Stoerig, 1986). Here we compared the regulation
of defence against two different types of intruders for which costs
and beneﬁts of defence diverge substantially: egg predators and
predators of adults (i.e. ﬁsh predators). Subordinates gain no direct
ﬁtness beneﬁt from defending the territory against egg predators,
but this behaviour is frequently observed in this species (Bruintjes
& Taborsky, 2011; Weber, 2012). It may thus be interpreted as being
altruistic, because it is beneﬁcial to breeders (Weber, 2012), but
costly to helpers (Grantner & Taborsky, 1998). In contrast, defending the territory against ﬁsh predators may entail direct ﬁtness
beneﬁts for helpers through deterring the predator and, perhaps,
also signalling the helper's own strength to the predator. This
behaviour might thus reﬂect a selﬁsh tendency that creates beneﬁts
for breeders as a by-product. These differences suggest divergent
regulatory mechanisms: defence against egg predators by helpers
might be part of the negotiation process between subordinates and
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breeders that characterizes the pay-to-stay process, whereas
defence against ﬁsh predators by helpers may not be part of this
cooperative exchange, but may reﬂect a mutualistic interaction.
To test these predictions, we presented groups of N. pulcher
either with intruding egg predators or with ﬁsh predators and
prevented the focal helper from defending the territory. The expected compensatory response was experimentally suppressed in
one treatment and allowed in the other. To keep the total time that
helpers can defend constant between treatments, both treatments
included a phase during which defence was prevented and another
phase during which defence was possible. We systematically varied
the sequence of these two phases. In the treatment where defence
was ﬁrst prevented and then allowed, helpers had the opportunity
to compensate. In the treatment where defence was ﬁrst allowed
and then prevented, they could not. We predicted that helpers
would not show any compensation and would not be punished if
prevented from defending against ﬁsh predators, whereas punishment and/or compensation should occur if the defence against
egg predators were experimentally inhibited. We added a third pair
of treatments where the same manipulations were applied in the
absence of any intruder, to control for potential effects of our
experimental procedure (Figs. 1 and 2).

Heg, Taborsky, Skubic, & Achmann, 2005; Stiver, Dierkes,
Taborsky, Lisle Gibbs, & Balshine, 2005). Reproductive skew is
generally high in this species, and reproductive parasitism by female helpers in the main breeding shelter is rare (Heg & Hamilton,
2008; Taborsky, 2009, 2016).
Telmatochromis vittatus is a cichlid ﬁsh similar in size to
N. pulcher (Brichard, 1978) that is abundant in N. pulcher habitats
(Heg et al., 2008). It feeds opportunistically on eggs and fry
(Bruintjes & Taborsky, 2011; Konings, 2019; Ochi & Yanagisawa,
1998; Weber, 2012) and is expelled from N. pulcher territories by
both dominant and subordinate group members, even though it is
no direct threat to subordinates. Defence against T. vittatus by
nonbreeding, unrelated subordinate group members has therefore
been interpreted as altruistic helping behaviour that primarily
beneﬁts the dominant breeders (Bruintjes & Taborsky, 2011;
Kasper, Colombo, Aubin-Horth, & Taborsky, 2018; Weber, 2012).
Lepidiolamprologus elongatus is a large solitary cichlid (Brichard,
1978) and one of the most common predators of adult N. pulcher,
being abundant in N. pulcher colonies (Balshine et al., 2001;
Groenewoud et al., 2016; Heg et al., 2004, 2008; Taborsky, 1984).

METHODS

All experimental animals were obtained from our laboratory
stock populations originating from Kasakalawe Point, Zambia. We
used 108 N. pulcher as focal subjects, four T. vittatus as egg predators
and four L. elongatus as predators of adults. The N. pulcher stock was
kept in separate-sex groups of about 30 individuals in 400-litre
tanks without breeding shelters. This simulates aggregations of
wild individuals that are too small to take over a breeding position
(Taborsky, 1984; Taborsky & Limberger, 1981). The T. vittatus stock
was kept in 200-litre tanks with breeding shelters, in mixed-sex
groups of about 30 individuals, and L. elongatus were kept in
pairs in 400-litre tanks, with the two pair members separated by
transparent perforated partitions to allow for olfactory and visual
communication while preventing aggressive interactions. As
L. elongatus is a solitary species except when breeding in pairs
(Brichard, 1978; M. Taborsky, personal observations), this housing

Study Species
Neolamprologus pulcher is a cooperatively breeding, small cichlid
ﬁsh endemic to Lake Tanganyika, Africa (Brichard, 1978; Duftner
et al., 2007; Poll, 1986). Groups consist of a breeding pair and up
to 30 immature and mature helpers of both sexes, and exhibit a
size-based dominance hierarchy (Balshine et al., 2001; Taborsky,
1984; Taborsky & Limberger, 1981). They inhabit diverse habitats
along the shore of the lake and form colonies of up to 200 groups
(Heg, Heg-Bachar, Brouwer, & Taborsky, 2008; Jungwirth, Josi,
Walker, & Taborsky, 2015). Helpers are often not related to the
other group members, as their relatedness to other group members
declines with age due to group membership dynamics (Dierkes,

(a)

Experimental Animals

(b)

(c)

(1)

(3)

(2)
(4)

Defence against egg
predator prevented

Defence against egg
predator allowed

Test phase

Figure 1. Tank set-up as seen from above and experimental procedure, using the example of the treatment with an egg predator where defence compensation was possible (‘EPþ’,
see Fig. 2). Dotted lines depict transparent partitions with holes; solid lines depict opaque partitions. (a) The general tank set-up. (1) Intruder presentation compartment, (2) helper
compartment, (3) breeder compartment, (4) shared breeding shelter. The gap in the top of the shelter accommodates a transparent partition to separate the helper from the
breeders during the manipulation phase of the experiment. This is the situation ‘EP_N’, where an egg predator (T. vittatus) is presented in the intruder compartment and the helper
is prevented from defending. (b) This is the situation ‘EP_Y’, where defence behaviour of the helper has been made possible by replacing the opaque partition between helper and
intruder compartments with a transparent one. (c) During the test phase, the intruder compartment is sealed off from the group with opaque partitions and the separation between
helper and breeder compartments is removed to allow all group members to use the entire territory. This also corresponds to the situation outside experimental trials.
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Figure 2. Example of the sequence of six treatments to which each experimental group was exposed. Each row represents one 30 min treatment, composed of three consecutive
10 min periods (shown as boxes). The ﬁrst two periods (‘Manipulation phase’) differed with respect to the type of predator presented, and whether or not the helper was allowed to
defend the territory (white boxes: defence allowed; hatched boxes: defence prevented). The sequence of the two manipulations determined whether the helper had the opportunity to compensate for lost defence opportunities or not (compensation allowed/prevented). The last period (‘Test phase’) was identical for all treatments. Each box thus corresponds to one data point, i.e. one 10 min recording in which behaviours were counted. Treatment names are composed of the type of predator that was presented and whether or
not the helper could compensate for lost defence opportunities (NP: no predator; EP: egg predator; FP: ﬁsh predator; ‘þ’: compensation possible; ‘’: compensation prevented).
Manipulation phase: ‘_N’: defence by helper prevented; ‘_Y’: defence by helper allowed. The procedure for treatment ‘EPþ’ is shown in detail in Fig. 1.

set-up can prevent social stress. All aquaria were maintained at an
average temperature of 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 a week. All aquaria contained air-driven
biological ﬁlters. All animals were returned to their respective
stock tanks after the experiments.
Breeding Groups
We created 36 groups of three unrelated individuals each: a
breeding male (5.4e6.5 cm standard length, SL), a breeding female
(4.5e5.5 cm SL) and a sexually mature female helper (3.5e4.5 cm
SL). Groups of this composition occur in the wild (Balshine et al.,
2001; Dierkes, Taborsky, & Achmann, 2008) and show natural
behaviour when created in the laboratory (Dierkes, Taborsky, &
Kohler, 1999; Taborsky, 1984). The three group members were
selected to have a size difference of at least 10 mm to each other to
facilitate the formation of a clear dominance hierarchy. The ﬁsh
were caught from aggregation tanks and assigned to groups according to their size and sex. All ﬁsh were put in the experimental
tank on the same day (day 0), but the dominant male and female
were initially contained in isolation nets to allow the helper to take
possession of the shelter provided. The dominant female was
released on day 1 and the dominant male on day 2. Upon release
from the isolation nets, the ﬁsh usually engaged in aggressive interactions, but had established a clear dominance hierarchy by day
3. Groups were considered stable if the helper was accepted in the
breeding shelter and ritualized aggressionesubmission interactions indicated a clear dominance hierarchy. On day 7, 26
stable groups were randomly selected for the experiment. The
other groups were discontinued, and their members transferred
back to their home tanks. Manipulations and observations took
place on days 9e14.
Aquarium Set-up
We used 200-litre tanks that were divided in half with a
transparent, perforated partition. The breeding groups established
in these compartments thus had visual and olfactory contact with
the group in the other half of the tank. This situation induces

territory defence behaviour, which greatly reduces within-group
aggression and increases group stability (Bruintjes, LyntonJenkins, Jones, & Radford, 2016; Fischer, Bohn, Oberhummer,
Nyman, & Taborsky, 2017; Taborsky, 1985). Each group's territory
was divided into three compartments with transparent perforated
partitions: one for presenting an intruder, one for the helper and
one for the breeders (Fig. 1). The divisions that deﬁned the intruder
compartment were ﬁxed to the tank, but the division between
helper and breeder compartments was only inserted during
experimental manipulations according to need. A ﬂowerpot half,
which is the breeding shelter this laboratory population of
N. pulcher is used to, was cut and placed in such a way that half of
the shelter was in the helper compartment and the other half in the
breeder compartment (see Naef & Taborsky, 2020a).
Design
Our experiment followed a within-subject design, where each of
the 26 groups was exposed to six 30 min treatments that differed
with respect to two crossed factors: ‘intruder species’ and
‘compensation’. ‘Intruder species’ distinguishes the type of predator that was presented to the group: either no predator (control),
an egg predator (T. vittatus) or a ﬁsh predator (L. elongatus).
‘Compensation’ refers to whether the helper could compensate for
a period of induced idleness in defending the group territory, which
was achieved by blocking the helper's view of the intruder. Where
compensation was possible, defence behaviour by the helper was
ﬁrst prevented for 10 min (view of intruder blocked) and then
allowed for 10 min (view of intruder available); where compensation was prevented, defence was ﬁrst allowed and then prevented.
This two-part, 20 min manipulation phase was followed by a
10 min test phase that was identical for all treatments (see Fig. 1 for
a depiction of the experimental procedure and Fig. 2 for an overview of treatments). Treatments were recorded on 6 consecutive
days, each group at a speciﬁc time of day. The two treatments with
the same intruder species but different levels of compensation
were recorded on consecutive days in random order, with the same
intruder specimen for a speciﬁc group. The order of treatment pairs
with the same intruder species was balanced across groups, with
each order being tested four times (24 groups/six possible
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permutations of intruder species order). In seven groups, either the
helper or the dominant female was evicted from the group before
all treatments were recorded. These groups were discontinued, and
the treatments already recorded were discarded, resulting in a total
of 19 groups for which data on all treatments were collected. This
comprises the total data set used in the analyses.

Experimental Procedure
On the evening of the day before each trial started, the intruder
compartment was sealed off from the focal group with solid opaque
partitions, and the predator used in the respective treatment was
introduced. The predator thus had at least 12 h to acclimatize to the
new environment. In a pilot study we found this to be sufﬁcient for
achieving natural behaviour of both predator species used in this
experiment. The partitions used to conceal the intruder during this
period were not perforated, to minimize passive water exchange
and thus prevent the group from recognizing the predator by smell
before the start of the treatment.
The focal group was allowed to habituate to the recording situation for 10 min before the start of each treatment. At the start of
this habituation phase, the group was visually separated from the
group in the neighbouring compartment of the same tank with
solid opaque partitions to prevent interactions between them
during the experiment, and the cameras were installed in the tank.
The experimental partition that would later manipulate defence
behaviour of the helper was also inserted between the helper and
intruder compartments at this point. An opaque partition was used
to prevent defence behaviour of the helper by restricting its view of
the predator, and a clear partition was used if defence behaviour
was allowed. These partitions had holes that lined up with the
holes in the ﬁxed partition between helper and intruder compartments to allow passive water exchange and olfactory recognition of the predator. Note that this experimental partition did not
affect intruder visibility or passive water exchange at this point, as
the intruder remained sealed off from the group with solid opaque
partitions throughout the 10 min habituation phase. The purpose of
inserting the experimental partition now rather than later was to
minimize and standardize the necessary manipulations after the
habituation phase.
After the habituation phase, we gently guided the helper to the
helper compartment and inserted the transparent partition between helper and breeder compartments. The partitions that
sealed off the intruder compartment were then removed, revealing
the predator to the breeders, but leaving the experimental partition
previously inserted between helper and intruder compartment in
place, such that the helper could either participate in defence or
not, depending on the treatment. The group was then left undisturbed and was recorded for 10 min (ﬁrst part of the manipulation
phase, Fig. 1a). After this ﬁrst 10 min recording, the experimental
partition between helper and intruder compartments was
switched: if an opaque partition had been used in the ﬁrst period, a
transparent partition was now inserted and vice versa. The group
was again left undisturbed and was recorded for another 10 min
(second part of the manipulation phase, Fig. 1b). After this second
10 min recording, the transparent partition that separated the
helper from the breeders was removed, allowing the helper to use
the entire territory and interact physically with the breeders. The
intruder compartment was sealed off, thus re-establishing the situation from before the start of the treatment. The group was again
left undisturbed and was recorded for 10 min (test phase, Fig. 1c).
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Behavioural Observations
All 30 min treatment sessions were recorded with two small
action-cameras (SJCAM M10) at a resolution of 720p, a frame rate of
30 fps and a bit rate of 6554 Kb/s, compressed as mpeg-2. One
camera was placed in front of the aquarium (bottom edge in Fig. 1),
and the other in the water, facing the helper and intruder compartments (right edge in Fig. 1). This ensured that all parts of the
territory, including the inside of the shelter, were always visible. We
used a clapperboard to synchronize the two video streams, and
combined them in a Matroska container ﬁle using the open-source
programs FFmpeg (FFmpeg Developers, 2016) and Audacity
(Audacity Team, 2016). To avoid observer bias, the three 10 min
parts of each treatment were extracted from the original recordings
and stored as individual ﬁles with uninformative names. This
ensured that the observer was blind to all independent variables
when scoring the test phase. During the manipulation phase, the
experimental manipulations (e.g. the presence of an intruder) were
inevitably visible. To avoid sequence effects, the videos were analysed in random order. Behaviours were scored using the free
software BORIS (Friard & Gamba, 2016). We recorded all behaviours
of the helper and all behaviours of the breeders that were directed
at the helper. 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; see Taborsky, 1984). Displays were
recorded as events with duration and the other behaviours as point
events. All behaviours were eventually analysed as counts. Overt
aggression and aggressive displays by the helper towards the
intruder were combined as defence behaviour and those of both
breeders towards the helper as breeder aggression (see Naef &
Taborsky, 2020a).

Data Analysis
We used raw frequencies of behaviours (aggressive behaviours
of breeders to helpers, submissive displays of helpers and defence
behaviours of helpers) per time (the entire 10 min recording
period) as dependent variables. All dependent variables followed a
negative binomial distribution and were analysed with generalized
linear mixed models with negative binomial error distribution using the package glmmADMB (Fournier et al., 2012; Skaug, Fournier,
Bolker, Magnusson, & Nielsen, 2016). Data from the test phase were
analysed with intruder species (no predator, egg predator or ﬁsh
predator) and compensation manipulation (compensation prevented or allowed) as ﬁxed factors and group ID as a random factor.
Defence behaviour by the helper during the manipulation phase
was analysed in the same way, as each treatment included exactly
one recording during which defence was possible. Social interactions during the manipulation phase were analysed with
intruder species and the manipulation of defence behaviour
(defence prevented or allowed) as ﬁxed factors, and treatment
nested within group ID as random factors to account for the fact
that the manipulation phase of each treatment comprised two recordings, one in which defence was prevented and one in which it
was possible. The interactions between ﬁxed factors and a variable
to account for sequence effects were initially included in all models
and dropped if they were not signiﬁcant. For breeder aggression we
performed post hoc analyses of pairwise differences and accounted
for multiple testing using the HolmeBonferroni procedure (Holm,
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1979). We report back-transformed estimates and P values. Graphs
were produced using ggplot2 (Wickham, 2016). All data processing
was done using RStudio (RStudio Team, 2015).
Ethical Note
Experiments were approved by the Veterinary Ofﬁce of the
Kanton Bern (licence number 74/15). Throughout the experiment,
all animals were checked daily for aggressive interactions. Individuals that were evicted from the group or received excessive
aggression from group members were immediately removed from
the group and transferred back to their original tank. No injuries or
fatalities occurred during the experiment. Stock tanks of all three
species involved were also checked daily, and individuals suspected
to be under physical or social stress were temporarily isolated to
stabilize the situation. To reduce the total number of animals used
in experiments, the individuals used in this study have been used in
experiments before and will continue to be used in future experiments. This does not constitute excessive stress, as experimental
manipulations are mostly restricted to transferring animals between tanks to achieve speciﬁc social contexts. This corresponds to
the natural situation of these species with high group turnover.
RESULTS
Breeder Aggression During the Manipulation Phase
Helpers received less aggression from breeders during the
manipulation phase when a ﬁsh predator was present than when
no intruder was present (estimate ¼ 0.362, P < 0.001; Fig. 3). When
an egg predator was present, breeder aggression tended to depend
on whether or not the helper was able to defend against it, although
not signiﬁcantly so (interaction egg predator*defence prevented:
estimate ¼ 1.49, P ¼ 0.087). A post hoc analysis conﬁrmed that
breeder aggression was reduced in all treatments with an intruder
present, except when the intruder was an egg predator and the
helper could not defend, compared to the control situation with no

intruder where the helper could not defend (see Fig. 2 for abbreviations of treatment names; NP_Y: estimate ¼ 1, P ¼ 0.982; NP_N:
reference treatment; EP_Y: estimate ¼ 0.59, P ¼ 0.022; EP_N:
estimate ¼ 0.877, P ¼ 0.978; FP_Y: estimate ¼ 0.363, P < 0.001;
FP_N: estimate ¼ 0.465, P < 0.001; P values corrected for multiple
testing).
Breeder Aggression During the Test Phase
Breeders performed more aggression towards subordinates
during the test phase in treatments with an egg predator
(estimate ¼ 1.23, P ¼ 0.032; Fig. 4), but not in treatments with a ﬁsh
predator (estimate ¼ 0.922, P ¼ 0.422), compared to control treatments with no predator. There was no signiﬁcant interaction between intruder species and compensation treatment (egg
predator*compensation prevented: estimate ¼ 1.17, P ¼ 0.404; ﬁsh
predator*compensation prevented: estimate ¼ 1.23, P ¼ 0.29).
Helper Defence During the Manipulation Phase
Subordinates defended more against the egg predator than
against the ﬁsh predator (estimate ¼ 6.66, P < 0.001; Fig. 5). The
amount of defence was not inﬂuenced by the compensation
treatment (estimate ¼ 1.02, P ¼ 0.922), and there was no signiﬁcant
interaction between intruder species and compensation treatment
(estimate ¼ 0.911, P ¼ 0.823).
Helper Submission During the Manipulation Phase
Helpers showed less submission during the manipulation phase
of treatments with a ﬁsh predator (estimate ¼ 0.494, P < 0.001),
but not in treatments with an egg predator (estimate ¼ 0.992,
P ¼ 0.964), compared to control treatments with no predator. Preventing helper defence increased their submission overall
(estimate ¼ 1.41, P ¼ 0.018), but there was no signiﬁcant interaction
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Figure 3. Aggression of breeders towards the helper during the manipulation phase,
depending on the defence situation, i.e. which predator was presented and whether the
helper could defend or not. Medians and interquartile ranges are shown. Differences to
the control, adjusted for multiple testing, are shown: *P < 0.05; ***P < 0.001.
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Figure 4. Aggression of breeders towards the helper during the test phase, depending
on treatment, i.e. which predator was presented and whether the helper could
compensate for lost defence opportunities or not. Medians and interquartile ranges are
shown. Effects of presenting different predator species, compared to the control with
no predator, are shown: *P < 0.05.
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Figure 5. Defence behaviours of the subordinate during the manipulation phase,
depending on predator species and compensation treatment, i.e. whether the helper
could compensate for previous idleness or not. Medians and interquartile ranges are
shown. Signiﬁcant difference in defence behaviours against the two predator species is
shown: ***P < 0.001.

between intruder species and defence prevention (egg predator*defence prevented: estimate ¼ 1.01, P ¼ 0.987; ﬁsh predator*defence prevented: estimate ¼ 1.13, P ¼ 0.745).
Helper Submission During the Test Phase
Helper submission during the test phase did not differ between
treatments (interaction egg predator*compensation prevented:
estimate ¼ 0.869,
P ¼ 0.555;
interaction
ﬁsh
predator*compensation prevented: estimate ¼ 1.1, P ¼ 0.689; preventing
compensation: estimate ¼ 1.08, P ¼ 0.454; egg predator:
estimate ¼ 0.953, P ¼ 0.69; ﬁsh predator: estimate ¼ 1.03,
P ¼ 0.777).
DISCUSSION
In accordance with our prediction, experimentally preventing
helpers from defending the territory resulted in punishment by
breeders only in treatments where the territory was challenged by
an egg predator. This was evident in both the test and the manipulation phases of our experiment. This suggests that the defence of
N. pulcher helpers against egg predators is at least in part enforced
by breeders. In contrast, helpers apparently defended against ﬁsh
predators without their help being enforced. During the test phase,
after a period of experimentally induced idleness in defending the
group territory, helpers received signiﬁcantly more aggression in
treatments in which an egg predator had been present than in
treatments with no predator present, while aggression was not
increased in treatments in which a ﬁsh predator had been present
(signiﬁcant main effect of egg predator treatment). During the
manipulation phase, breeders were generally less aggressive towards the helper when a predator was present than in the no
predator control. Presumably, when a predator was present the
breeders’ attention was focused on the predator and their time was
occupied with defending the territory, resulting in reduced
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aggression towards the helper. However, when the intruder was an
egg predator, this effect disappeared if the helper was idle because
of experimental prevention of defence (interaction effect between
egg predator treatment and defence prevention); the post hoc
analysis showed that aggression levels in this situation were not
distinguishable from the control situation. This suggests that the
aggression-reducing impact of the egg predator presentation was
rendered ineffective if the helper did not attack the egg predator.
We predicted that helpers would be able to avoid punishment
during the test phase if given the opportunity to compensate for
induced idleness in attacks against predators. However, we did not
ﬁnd such an effect (nonsigniﬁcant interaction between egg predator treatment and compensation during the test phase). The
amount of defence by helpers during the manipulation phase
suggests that they did not show the expected compensatory
response, either in treatments with egg predators or in treatments
with ﬁsh predators (nonsigniﬁcant interaction between intruder
species and defence manipulation). This seems puzzling because
the present experiment was performed using a similar experimental set-up as in a previous study (Naef & Taborsky, 2020a), in
which a strong compensatory response was observed. A plausible
explanation for this discrepancy could be that the compensatory
response found in previous studies was indeed the result of direct,
physical enforcement by breeders (Bergmüller & Taborsky, 2005;
Fischer et al., 2014; Naef & Taborsky, 2020a), while breeders were
not able to enforce such compensation in a similar way in the
present experiment, owing to a crucial difference in the experimental procedure. Both in the previous experiment using egg
predators as intruders (Naef & Taborsky, 2020a) and in the experiment using conspeciﬁcs as intruders (Bergmüller & Taborsky,
2005), defence compensation was observed in a situation where
helpers and breeders could freely interact. In contrast, in the present experiment the helper was separated from the breeders by a
transparent partition when a compensatory response was possible
(see Fig. 1b). Helpers may not have perceived the threat of punishment strongly enough in this situation due to the barrier, which
prevented physical contact between group members. In the
absence of physical aggression, breeders may not be able to force
helpers to compensate for previous idleness. In line with this
interpretation, helpers showed no compensation for previously
prevented egg care when the breeders were conﬁned behind
transparent barriers, but compensated when breeders were free
swimming in an experiment manipulating the helpers’ egg care
behaviour (Schreier, 2013).
We also analysed submissive displays of helpers to breeders as
the pay-to-stay hypothesis predicts helping behaviours to be
functionally similar to submissive displays. Submissive displays
have evolved to signal to the aggressor that further attacks are not
useful because their opponent has already surrendered (Kaufmann,
1983), and thus function to reduce aggression in dominants.
Helping behaviours are believed to have acquired a similar
appeasement function in cooperative breeders such as N. pulcher
(Bergmüller & Taborsky, 2005). We therefore expected that helpers
would react to the aggressive behaviours of breeders with submissive displays in situations where appeasement by helping was
not possible. This was indeed the case in a previous experiment
where helpers were punished for refraining from digging out a
shared shelter because of experimental prevention, after which
they showed more submission towards the breeders (Naef &
Taborsky, 2020a). However, even though in the present study
helpers were apparently punished for not defending the territory
against egg predators, they did not respond by increasing their
submissive displays during the test phase. This might suggest that
submissive displays are ineffective to compensate for prevented
defence behaviour, while they may serve this purpose when
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helpers need to compensate for withheld help in digging out a
shared shelter (Naef & Taborsky, 2020a). Nevertheless, in our
experiment submissive displays during the manipulation phase are
difﬁcult to interpret because our set-up prevented direct physical
interactions between breeders and helpers, which probably
affected the helpers' motivation to engage in submission. This is
corroborated by the helpers’ diminished submission levels during
the manipulation phase of treatments with a ﬁsh predator, which
reﬂected the reduced aggression they received from breeders
during those periods.
In combination with previous studies on social cichlids, our
results show that the regulation of helping behaviour in cooperative breeders may involve sophisticated social regulatory processes,
which can be highly behaviour speciﬁc. This implies that the underlying regulatory mechanisms may be maintained through
different selection mechanisms. Our results suggest that in
N. pulcher, the helpers' defence against egg predators is enforced by
breeders, reﬂecting the interplay of coercion and reciprocal trading
predicted by the pay-to-stay hypothesis (Hellmann & Hamilton,
~ ones et al., 2016). This is similar to the regulation of
2018; Quin
the helpers' participation in digging out the breeding shelter (Naef
& Taborsky, 2020a) and providing oxygen to eggs by direct brood
care (Schreier, 2013). On the other hand, the helpers’ territory
defence against ﬁsh predators does not seem to be enforced in this
manner and is probably selected by direct ﬁtness beneﬁts to the
helper, together with positive side-effects on other group members
(by-product mutualism; Taborsky, 2016).
If speciﬁc behaviours of subordinates are enforced by dominants
through threats of aggression, dominants must somehow monitor
these behaviours individually, which may only be possible in small
groups. This is corroborated by a ﬁeld study of N. pulcher involving
experimental manipulations of the presence and behaviour of
helpers, which revealed punishment of idle helpers by breeders
occurred only in small groups (Fischer et al., 2014). In large groups,
other group members seem to exercise control over the contributions of individual helpers (see also Balshine-Earn et al., 1998).
Apart from group size, several other conditions may also affect the
motivation and outcome of negotiations between helpers and
breeders. Subordinate naked mole-rats, Heterocephalus glaber, are
prompted to work by the dominant female depending on the
nutritional status of the colony (Reeve, 1992). In superb fairywrens, Malurus cyaneus (Mulder & Langmore, 1993), subordinates
were punished for withholding defence against predators of young
only during the breeding season, when the costs of predator intrusions for dominants were high, but not outside the breeding
season. In cooperatively breeding paper wasps, Polistes dominula,
dominants accepted a lower payment from subordinates if the
latter's outside options were experimentally improved (Grinsted &
Field, 2017), which resembles the environmental effects on the
negotiation process demonstrated in our study species (Bergmüller
et al., 2005). In this cichlid, neighbourhood conditions and local
population structure were also shown to affect cooperative territory defence of helpers (Hellmann & Hamilton, 2014; Jungwirth
et al., 2015).
Cooperative breeding provides a perfect example of the exchange of different commodities among social partners, which
typically involves alloparental care of subordinates to the beneﬁt
of dominants, and in return toleration and often also protection
of subordinates by dominants, which beneﬁts the helpers by
providing them with access to vital resources (see Taborsky,
2016 for a review). Trading of different commodities has been
demonstrated also in other contexts (for a review see Taborsky
et al., 2016). Examples include the exchange between access to
food and hygienic behaviour in Norway rats, Rattus norvegicus,

and chimpanzees, Pan troglodytes (de Waal, 1997; Schweinfurth
& Taborsky, 2018), or between grooming and social support in
various primates (Cheney, Moscovice, Heesen, Mundry, &
Seyfarth, 2010; see; Schino, 2007 for a review; Seyfarth &
Cheney, 1984). In other cases social partners reciprocally exchange a single commodity, such as food for food in dogs, Canis
lupus familiaris, rats and vampire bats, Desmodus rotundus
(Carter & Wilkinson, 2013; Dolivo & Taborsky, 2015; Gfrerer &
Taborsky, 2018; Schneeberger, Dietz, & Taborsky, 2012), or social hygiene in various mammals (Barrett, Henzi, Weingrill,
Lycett, & Hill, 1999; Hart & Hart, 1992; see; Schino & Aureli,
, 2001). In N. pulcher,
2008 for a review; Stopka & Graciasova
digging out a common shelter is reciprocally exchanged between
social partners (Taborsky & Riebli, 2020). What is unique in this
species, however, is that subordinates can trade several commodities for being tolerated in the territory and protected by
~ ones et al., 2016; Taborsky, 2016). Intuitively,
dominants (Quin
two behaviours that both function as rent payment might be
expected to be interchangeable; if the helper is prevented from
showing one of them, it can make-up for it by showing more of
the other. However, this intercommodity compensation was not
found in N. pulcher in a previous experiment involving antipredator defence and shelter digging (Naef & Taborsky, 2020a).
The results on defence against egg predators presented here and
the previous results on digging out a shared shelter showed that
both behaviours of helpers are in fact enforced by breeders. Still,
they are apparently not traded against one another: a lack of egg
predator defence was not compensated by more digging and vice
versa (Naef & Taborsky, 2020a).
Cooperative breeding has been studied in a wide range of
animal species including insects, ﬁshes, birds and mammals
(Choe & Crespi, 1997; Koenig & Dickinson, 2016; Solomon &
French, 1997; Taborsky, 1994). It is becoming increasingly clear
that cooperatively breeding animals may use sophisticated
negotiation rules for trading commodities and services
~ ones et al., 2016; Taborsky et al., 2016; Zo
€ttl, Heg, Chervet,
(Quin
& Taborsky, 2013), which may reﬂect the simultaneous impact of
different selection pressures involving relatedness, mutual immediate ﬁtness beneﬁts, coercion and reciprocity (CluttonBrock, 2002; Taborsky et al., 2016). Cooperatively breeding
cichlids are a unique model system to investigate such interactions, as they can be studied in near-natural situations in
the laboratory, where important factors such as group composition, relatedness, ecological challenges and individual behaviours can be experimentally controlled and manipulated. This is
hardly possible in most other cooperative animal species. In
addition, the ﬁtness consequences of many behaviours involved
in cooperative interactions are well understood in this species
(Jungwirth & Taborsky, 2015; see Taborsky, 2016 for a review).
Subordinate group members are apparently forced to provide
alloparental care services to dominants in order to obtain shelter
and protection from abundant predators (the pay-to-stay process; Gaston, 1978). This cooperative system reacts in nuanced
ways to various factors including the relatedness between
€ ttl et al., 2013), outside options of
cooperative partners (Zo
subordinates (Bergmüller et al., 2005), the behaviour of social
partners (Taborsky & Riebli, 2020) and group size (Fischer et al.,
2014). We have shown here that territorial behaviour of subordinate helpers reﬂects both coercive and mutualistic interactions, depending on the species of intruder. The four major
evolutionary mechanisms for cooperative behaviour, reciprocity,
coercion, mutualism and kin selection (Lehmann & Keller, 2006),
thus differentially inﬂuence the trading of commodities in this
model system of social evolution.

J. Naef, M. Taborsky / Animal Behaviour 168 (2020) 137e147

Author 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. J.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.
Data Availability
The complete data set and analysis code are available at Mendeley Data (Naef & Taborsky, 2020b).
Declaration of Interest
We declare no competing interests.
Acknowledgments
We thank Michael Cant and Beat Naef-Daenzer for discussion
and comments on the manuscript, Tim Ogi for his work on the
behavioural scoring, Evi Zwygart for taking care of the animals and
Markus Wymann for helping in the construction of experimental
partitions. We acknowledge support of the Swiss National Science
Foundation 501100001711.
References
Audacity Team. (2016). Audacity (R): Free audio editor and recorder. Retrieved from
https://www.audacityteam.org/.
Axelrod, R., & Hamilton, W. D. (1981). The evolution of cooperation. Science,
211(4489), 1390e1396. https://doi.org/10.1086/383541
Balshine-Earn, S., Neat, F. C., 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. Behavioral Ecology, 9(5), 432e438. https://doi.org/10.1093/
beheco/9.5.432
Balshine, S., Leach, B., Neat, F. C., Reid, H., Taborsky, M., & Werner, N. Y. (2001).
Correlates of group size in a cooperatively breeding cichlid ﬁsh (Neolamprologus
pulcher). Behavioral Ecology and Sociobiology, 50(2), 134e140. https://doi.org/
10.1007/s002650100343
Barrett, L., Henzi, S. P., Weingrill, T., Lycett, J. E., & Hill, R. A. (1999). Market forces
predict grooming reciprocity in female baboons. Proceedings of the Royal Society
B: Biological Sciences, 266(1420), 665e670. https://doi.org/10.1098/
rspb.1999.0687
Bergmüller, R., Heg, D., & Taborsky, M. (2005). Helpers in a cooperatively breeding
cichlid stay and pay or disperse and breed, depending on ecological constraints.
Proceedings of the Royal Society B: Biological Sciences, 272(1560), 325e331.
https://doi.org/10.1098/rspb.2004.2960
Bergmüller, R., & Taborsky, M. (2005). Experimental manipulation of helping in a
cooperative breeder: Helpers “pay to stay” by pre-emptive appeasement. Animal Behaviour, 69(1), 19e28. https://doi.org/10.1016/j.anbehav.2004.05.009
Boyd, R., & Richerson, P. J. (1989). The evolution of indirect reciprocity. Social Networks, 11(3), 213e236. https://doi.org/10.1016/0378-8733(89)90003-8
Brichard, P. (1978). Fishes of Lake Tanganyika. TFH Publications.
Brouwer, L., Heg, D., & Taborsky, M. (2005). Experimental evidence for Helper effects in a cooperatively breeding cichlid. Behavioral Ecology, 16(3), 667e673.
https://doi.org/10.1093/beheco/ari042
Brown, J. L. (1983). CooperationdA biologist's dilemma. Advances in the Study of
Behavior, 13, 1e37. https://doi.org/10.1016/S0065-3454(08)60284-3
Bruintjes, R., Bonﬁls, D., Heg, D., & Taborsky, M. (2011). Paternity of subordinates
raises cooperative effort in cichlids. PloS One, 6(10), Article e25673. https://
doi.org/10.1371/journal.pone.0025673
Bruintjes, R., Lynton-Jenkins, J., Jones, J. W., & Radford, A. N. (2016). Out-group
threat promotes within-group Afﬁliation in a cooperative ﬁsh. American Naturalist, 187(2), 274e282. https://doi.org/10.1086/684411
Bruintjes, R., & Taborsky, M. (2008). Helpers in a cooperative breeder pay a high
price to stay: Effects of demand, helper size and sex. Animal Behaviour, 75(6),
1843e1850. https://doi.org/10.1016/j.anbehav.2007.12.004
Bruintjes, R., & Taborsky, M. (2011). Size-dependent task specialization in a cooperative cichlid in response to experimental variation of demand. Animal
Behaviour, 81(2), 387e394. https://doi.org/10.1016/j.anbehav.2010.10.004
Cant, M. A. (2011). The role of threats in animal cooperation. Proceedings of the Royal
Society B: Biological Sciences, 278(1703), 170e178. https://doi.org/10.1098/
rspb.2010.1241
Carter, G. G. (2014). The reciprocity controversy. Animal Behavior and Cognition, 1(3),
368e386. https://doi.org/10.12966/abc.08.11.2014

145

Carter, G. G., Schino, G., & Farine, D. R. (2019). Challenges in assessing the roles of
nepotism and reciprocity in cooperation networks. Animal Behaviour, 150,
255e271. https://doi.org/10.1016/j.anbehav.2019.01.006
Carter, G. G., & Wilkinson, G. S. (2013). Food sharing in vampire bats: Reciprocal
help predicts donations more than relatedness or harassment. Proceedings of
the Royal Society B: Biological Sciences, 280(1753). https://doi.org/10.1098/
rspb.2012.2573, 20122573e20122573.
Cheney, D. L., Moscovice, L. R., Heesen, M., Mundry, R., & Seyfarth, R. M. (2010).
Contingent cooperation between wild female baboons. Proceedings of the National Academy of Sciences, 107(21), 9562e9566. https://doi.org/10.1073/
pnas.1001862107
Choe, J. C., & Crespi, B. J. (Eds.). (1997). The evolution of social behavior in insects and
arachnids.
Cambridge
University
Press.
https://doi.org/10.1017/
CBO9780511721953.
Clutton-Brock, T. H. (2002). Breeding together: Kin selection and mutualism in
cooperative vertebrates. Science, 296(5565), 69e72. https://doi.org/10.1126/
science.296.5565.69
Darwin, C. (1859). On the origin of species by means of natural selection. John Murray.
https://doi.org/10.4324/9780203509104
Desjardins, J. K., Stiver, K. A., Fitzpatrick, J. L., & Balshine, S. (2008). Differential
responses to territory intrusions in cooperatively breeding ﬁsh. Animal Behaviour, 75(2), 595e604. https://doi.org/10.1016/j.anbehav.2007.05.025
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. Ecology Letters, 8(9), 968e975. https://doi.org/10.1111/
j.1461-0248.2005.00801.x
Dierkes, P., Taborsky, M., & Achmann, R. (2008). Multiple paternity in the cooperatively breeding ﬁsh Neolamprologus pulcher. Behavioral Ecology and Sociobiology, 62(10), 1581e1589. https://doi.org/10.1007/s00265-008-0587-3
Dierkes, P., Taborsky, M., & Kohler, U. (1999). Reproductive parasitism of broodcare
helpers in a cooperatively breeding ﬁsh. Behavioral Ecology, 10(5), 510e515.
https://doi.org/10.1093/beheco/10.5.510
Dolivo, V., & Taborsky, M. (2015). Norway rats reciprocate help according to the
quality of help they received. Biology Letters, 11(2), 20140959. https://doi.org/
10.1098/rsbl.2014.0959
van Doorn, G. S., & Taborsky, M. (2012). The evolution of generalized reciprocity on
social interaction networks. Evolution, 66(3), 651e664. https://doi.org/10.1111/
j.1558-5646.2011.01479.x
Duftner, N., Sefc, K. M., Koblmüller, 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. Molecular Phylogenetics
and
Evolution,
45(2),
706e715.
https://doi.org/10.1016/
j.ympev.2007.08.001
FFmpeg Developers. (2016). FFmpeg: A complete, cross-platform solution to record,
convert and stream audio and video. Retrieved from https://ffmpeg.org/.
Fischer, S., Bohn, L., Oberhummer, E., Nyman, C., & Taborsky, B. (2017). Divergence of
developmental trajectories is triggered interactively by early social and
ecological experience in a cooperative breeder. Proceedings of the National
Academy of Sciences of the United States of America, 114(44), E9300eE9307.
https://doi.org/10.1073/pnas.1705934114
€ttl, M., Groenewoud, F., & Taborsky, B. (2014). Group-size-dependent
Fischer, S., Zo
punishment of idle subordinates in a cooperative breeder where helpers pay to
stay. Proceedings of the Royal Society B: Biological Sciences, 281(1789), 20140184.
https://doi.org/10.1098/rspb.2014.0184
Fournier, D. A., Skaug, H. J., Ancheta, J., Ianelli, J., Magnusson, A., Maunder, M. N.,
et al. (2012). AD model builder: Using automatic differentiation for statistical
inference of highly parameterized complex nonlinear models. Optimization
Methods
and
Software,
27(2),
233e249.
https://doi.org/10.1080/
10556788.2011.597854
Friard, O., & Gamba, M. (2016). BORIS: A free, versatile open-source event-logging
software for video/audio coding and live observations. Methods in Ecology and
Evolution, 7(11), 1325e1330. https://doi.org/10.1111/2041-210X.12584
Gaston, A. J. (1978). The evolution of group territorial behavior and cooperative
breeding. American Naturalist, 112(988), 1091e1100. https://doi.org/10.1086/
283348
Gfrerer, N., & Taborsky, M. (2018). Working dogs transfer different tasks in reciprocal cooperation. Biology Letters, 14(2), 20170460. https://doi.org/10.1098/
rsbl.2017.0460
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). Journal of Comparative
Physiology B: Biochemical, Systemic, and Environmental Physiology, 168(6),
427e433. https://doi.org/10.1007/s003600050162
Grinsted, L., & Field, J. (2017). Market forces inﬂuence helping behaviour in cooperatively breeding paper wasps. Nature Communications, 8, 13750. https://
doi.org/10.1038/ncomms13750
Groenewoud, F., Frommen, J. G., Josi, D., Tanaka, H., Jungwirth, A., & Taborsky, M.
(2016). Predation risk drives social complexity in cooperative breeders. Proceedings of the National Academy of Sciences, 113(15), 4104e4109. https://
doi.org/10.1073/pnas.1524178113
Hamilton, I. M., & Taborsky, M. (2005a). Contingent movement and cooperation
evolve under generalized reciprocity. Proceedings of the Royal Society B: Biological Sciences, 272(1578), 2259e2267. https://doi.org/10.1098/rspb.2005.3248
Hamilton, I. M., & Taborsky, M. (2005b). Unrelated helpers will not fully compensate
for costs imposed on breeders when they pay to stay. Proceedings of the Royal

146

J. Naef, M. Taborsky / Animal Behaviour 168 (2020) 137e147

Society B: Biological Sciences, 272(1561), 445e454. https://doi.org/10.1098/
rspb.2004.2961
Hart, B. L., & Hart, L. A. (1992). Reciprocal allogrooming in impala, Aepyceros melampus. Animal Behaviour, 44(6), 1073e1083. https://doi.org/10.1016/S00033472(05)80319-7
Heg, D., Bachar, Z., Brouwer, L., & Taborsky, M. (2004). Predation risk is an ecological
constraint for helper dispersal in a cooperatively breeding cichlid. Proceedings of
the Royal Society B: Biological Sciences, 271(1555), 2367e2374. https://doi.org/
10.1098/rspb.2004.2855
Heg, D., & Hamilton, I. M. (2008). Tug-of-war over reproduction in a cooperatively
breeding cichlid. Behavioral Ecology and Sociobiology, 62(8), 1249e1257. https://
doi.org/10.1007/s00265-008-0553-0
Heg, D., Heg-Bachar, Z., Brouwer, L., & Taborsky, M. (2008). Experimentally induced
helper dispersal in colonially breeding cooperative cichlids. Environmental
Biology of Fishes, 83(2), 191e206. https://doi.org/10.1007/s10641-007-9317-3
Heg, D., & Taborsky, M. (2010). Helper response to experimentally manipulated
predation risk in the cooperatively breeding cichlid Neolamprologus pulcher.
PloS One, 5(5), Article e10784. https://doi.org/10.1371/journal.pone.0010784
Hellmann, J. K., & Hamilton, I. M. (2014). The presence of neighbors inﬂuences
defense against predators in a cooperatively breeding cichlid. Behavioral Ecology, 25(2), 386e391. https://doi.org/10.1093/beheco/aru001
Hellmann, J. K., & Hamilton, I. M. (2018). Dominant and subordinate outside options
alter help and eviction in a pay-to-stay negotiation model. Behavioral Ecology,
29(3), 553e562. https://doi.org/10.1093/beheco/ary006
Hellmann, J. K., Ligocki, I. Y., O'Connor, C. M., Reddon, A. R., Garvy, K. A., MarshRollo, S. E., et al. (2015). Reproductive sharing in relation to group and colonylevel attributes in a cooperative breeding ﬁsh. Proceedings of the Royal Society B:
Biological
Sciences,
282(1811),
20150954.
https://doi.org/10.1098/
rspb.2015.0954
Holm, S. (1979). A simple sequentially rejective multiple test procedure. Scandinavian Journal of Statistics, 6(2), 65e70.
Johnstone, R. A. (2011). Load lightning and negotiation over offspring care in
cooperative breeders. Behavioral Ecology, 22(2), 436e444. https://doi.org/
10.1093/beheco/arq190
Johnstone, R. A., & Bshary, R. (2007). Indirect reciprocity in asymmetric interactions:
When apparent altruism facilitates proﬁtable exploitation. Proceedings of the
Royal Society B: Biological Sciences, 274(1629), 3175e3181. https://doi.org/
10.1098/rspb.2007.1322
Johnstone, R. A., & Bshary, R. (2008). Mutualism, market effects and partner control.
Journal of Evolutionary Biology, 21(3), 879e888. https://doi.org/10.1111/j.14209101.2008.01505.x
Josi, D., Taborsky, M., & Frommen, J. G. (2020). Investment of group members is
contingent on helper number and the presence of young in a cooperative
breeder.
Animal
Behaviour,
160,
35e42.
https://doi.org/10.1016/
j.anbehav.2019.11.013
Jungwirth, A., Josi, D., Walker, J., & Taborsky, M. (2015). Beneﬁts of coloniality:
Communal defence saves anti-predator effort in cooperative breeders. Functional Ecology, 29(9), 1218e1224. https://doi.org/10.1111/1365-2435.12430
Jungwirth, A., & Taborsky, M. (2015). First- and second-order sociality determine
survival and reproduction in cooperative cichlids. Proceedings of the Royal Society B: Biological Sciences, 282(1819). https://doi.org/10.1098/rspb.2015.1971
Kasper, C., Colombo, M., Aubin-Horth, N., & Taborsky, B. (2018). Brain activation
patterns following a cooperation opportunity in a highly social cichlid ﬁsh.
Physiology
&
Behavior,
195(July),
37e47.
https://doi.org/10.1016/
j.physbeh.2018.07.025
Kaufmann, J. H. (1983). On the deﬁnitions and functions of dominance and territoriality. Biological Reviews, 58(1), 1e20. https://doi.org/10.1111/j.1469185X.1983.tb00379.x
Kingma, S. A. (2017). Direct beneﬁts explain interspeciﬁc variation in helping
behaviour among cooperatively breeding birds. Nature Communications, 8(1),
1094. https://doi.org/10.1038/s41467-017-01299-5
Kingma, S. A., Santema, P., Taborsky, M., & Komdeur, J. (2014). Group augmentation
and the evolution of cooperation. Trends in Ecology & Evolution, 29(8), 476e484.
https://doi.org/10.1016/j.tree.2014.05.013
Koenig, W. D., & Dickinson, J. L. (Eds.). (2004). Ecology and evolution of cooperative
breeding in birds. Cambridge University Press. https://doi.org/10.1017/
CBO9780511606816.
Koenig, W. D., & Dickinson, J. L. (Eds.). (2016). Cooperative breeding in vertebrates.
Cambridge University Press. https://doi.org/10.1017/CBO9781107338357.
Kokko, H., Johnstone, R. A., & Clutton-Brock, T. H. (2001). The evolution of cooperative breeding through group augmentation. Proceedings of the Royal Society
B:
Biological
Sciences,
268(1463), 187e196.
https://doi.org/10.1098/
rspb.2000.1349
Kokko, H., Johnstone, R. A., & Wright, J. (2002). The evolution of parental and
alloparental effort in cooperatively breeding groups: When should helpers pay
to stay? Behavioral Ecology, 13(3), 291e300. https://doi.org/10.1093/beheco/
13.3.291
Konings, A. (2019). Tanganyika cichlids in their natural habitat (4th ed.). Cichlid Press.
Langmore, N. E., Bailey, L. D., Heinsohn, R. G., Russell, A. F., & Kilner, R. M. (2016). Egg
size investment in superb fairy-wrens: Helper effects are modulated by climate.
Proceedings of the Royal Society B: Biological Sciences, 283(1843), 20161875.
https://doi.org/10.1098/rspb.2016.1875
Lehmann, L., & Keller, L. (2006). The evolution of cooperation and altruismeA
general framework and a classiﬁcation of models. Journal of Evolutionary
Biology, 19(5), 1365e1376. https://doi.org/10.1111/j.1420-9101.2006.01119.x

MacLeod, K. J., Nielsen, J. F., & Clutton-Brock, T. H. (2013). Factors predicting the
frequency, likelihood and duration of allonursing in the cooperatively breeding
meerkat. Animal Behaviour, 86(5), 1059e1067. https://doi.org/10.1016/
j.anbehav.2013.09.012
Mulder, R. A., & Langmore, N. E. (1993). Dominant males punish helpers for temporary defection in superb fairy-wrens. Animal Behaviour, 45(4), 830e833.
https://doi.org/10.1006/anbe.1993.1100
Naef, J., & Taborsky, M. (2020a). Commodity-speciﬁc punishment for experimentally
induced defection in cooperatively breeding ﬁsh. Royal Society Open Science,
7(2), 191808. https://doi.org/10.1098/rsos.191808
Naef, J., & Taborsky, M. (2020b). Punishment controls helper defence against egg
predators but not against ﬁsh predators in cooperatively breeding cichlids. Mendeley Data. https://doi.org/10.17632/vbff93rh3n.2
Nowak, M. A., & Roch, S. (2007). Upstream reciprocity and the evolution of gratitude. Proceedings of the Royal Society B: Biological Sciences, 274(1610), 605e610.
https://doi.org/10.1098/rspb.2006.0125
Ochi, H., & Yanagisawa, Y. (1998). Commensalism between cichlid ﬁshes through
differential tolerance of guarding parents toward intruders. Journal of Fish
Biology, 52(5), 985e996. https://doi.org/10.1111/j.1095-8649.1998.tb00598.x
Pfeiffer, T., Rutte, C., Killingback, T., Taborsky, M., & Bonhoeffer, S. (2005). Evolution
of cooperation by generalized reciprocity. Proceedings of the Royal Society B:
Biological
Sciences,
272(1568),
1115e1120.
https://doi.org/10.1098/
rspb.2004.2988
Phillips, T. (2018). The concepts of asymmetric and symmetric power can help
resolve the puzzle of altruistic and cooperative behaviour. Biological Reviews,
93(1), 457e468. https://doi.org/10.1111/brv.12352
Poll, M. (1986). Classiﬁcation des Cichlidae du lac Tanganika. Tribus, genres et especes.
Academie Royale de Belgique.
~ ones, A. E., van Doorn, G. S., Pen, I., Weissing, F. J., & Taborsky, M. (2016).
Quin
Negotiation and appeasement can be more effective drivers of sociality than kin
selection. Philosophical Transactions of the Royal Society B: Biological Sciences,
371(1687), 20150089. https://doi.org/10.1098/rstb.2015.0089
Rankin, D. J., & Taborsky, M. (2009). Assortment and the evolution of generalized
reciprocity. Evolution, 63(7), 1913e1922. https://doi.org/10.1111/j.15585646.2009.00656.x
Reeve, H. K. (1992). Queen activation of lazy workers in colonies of the eusocial
naked mole-rat. Nature, 358(6382), 147e149. https://doi.org/10.1038/358147a0
RStudio Team. (2015). RStudio. Integrated Development for R. RStudio Inc.. Retrieved
from http://www.rstudio.com/.
Russell, A. F., Langmore, N. E., Cockburn, A., Astheimer, L. B., & Kilner, R. M. (2007).
Reduced egg investment can conceal Helper effects in cooperatively breeding
birds. Science, 317(5840), 941e944. https://doi.org/10.1126/science.1146037
Rutte, C., & Taborsky, M. (2008). The inﬂuence of social experience on cooperative
behaviour of rats (Rattus norvegicus): Direct vs generalised reciprocity. Behavioral Ecology and Sociobiology, 62(4), 499e505. https://doi.org/10.1007/s00265007-0474-3
Schino, G. (2007). Grooming and agonistic support: A meta-analysis of primate
reciprocal altruism. Behavioral Ecology, 18(1), 115e120. https://doi.org/10.1093/
beheco/arl045
Schino, G., & Aureli, F. (2008). Grooming reciprocation among female primates: A
meta-analysis. Biology Letters, 4(1), 9e11. https://doi.org/10.1098/rsbl.2007.0506
Schneeberger, K., Dietz, M., & Taborsky, M. (2012). Reciprocal cooperation between
unrelated rats depends on cost to donor and beneﬁt to recipient. BMC Evolutionary Biology, 12(1). https://doi.org/10.1186/1471-2148-12-41
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.
Schweinfurth, M. K., & Taborsky, M. (2018). Reciprocal trading of different commodities in Norway rats. Current Biology, 28(4), 594e599. https://doi.org/
10.1016/j.cub.2017.12.058. e3.
Seyfarth, R. M., & Cheney, D. L. (1984). Grooming, alliances and reciprocal altruism
in vervet monkeys. Nature, 308(5959), 541e543. https://doi.org/10.1038/
308541a0
Skaug, H. J., Fournier, D. A., Bolker, B., Magnusson, A., & Nielsen, A. (2016). Generalized linear mixed models using “AD model builder”. R package version 0.8.3.3.
Retrieved from http://www.admb-project.org/.
Solomon, N. G., & French, J. A. (1997). Cooperative breeding in mammals. Cambridge
University Press. https://doi.org/10.1017/CBO9780511574634
Stiver, K. A., Dierkes, P., Taborsky, M., Lisle Gibbs, H., & Balshine, S. (2005). Relatedness and helping in ﬁsh: Examining the theoretical predictions. Proceedings
of the Royal Society B: Biological Sciences, 272(1572), 1593e1599. https://doi.org/
10.1098/rspb.2005.3123
Stopka, P., & Graciasov
a, R. (2001). Conditional allogrooming in the herb-ﬁeld
mouse. Behavioral Ecology, 12(5), 584e589. https://doi.org/10.1093/beheco/
12.5.584
Taborsky, B., Skubic, E., & Bruintjes, R. (2007). Mothers adjust egg size to helper
number in a cooperatively breeding cichlid. Behavioral Ecology, 18(4), 652e657.
https://doi.org/10.1093/beheco/arm026
Taborsky, M. (1984). Broodcare helpers in the cichlid ﬁsh Lamprologus brichardi:
Their costs and beneﬁts. Animal Behaviour, 32(4), 1236e1252. https://doi.org/
10.1016/S0003-3472(84)80241-9
Taborsky, M. (1985). Breeder-Helper conﬂict in a cichlid ﬁsh with broodcare
Helpers: An experimental analysis. Behaviour, 95(1), 45e75. https://doi.org/
10.1163/156853985X00046

J. Naef, M. Taborsky / Animal Behaviour 168 (2020) 137e147
Taborsky, M. (1994). Sneakers, satellites, and helpers: Parasitic and cooperative
behavior in ﬁsh reproduction. Advances in the Study of Behavior, 23(C), 1e100.
https://doi.org/10.1016/S0065-3454(08)60351-4
Taborsky, M. (2009). Reproductive skew in cooperative ﬁsh groups: Virtue and
limitations of alternative modeling approaches. In R. Hager, & C. B. Jones (Eds.),
Reproductive skew in vertebrates (pp. 265e304). Cambridge University Press.
https://doi.org/10.1017/CBO9780511641954.012.
Taborsky, M. (2016). Cichlid ﬁshes: A model for the integrative study of social
behavior. In W. D. Koenig, & J. L. Dickinson (Eds.), Cooperative breeding in vertebrates (pp. 272e293). Cambridge University Press. https://doi.org/10.1017/
CBO9781107338357.017.
Taborsky, M., Frommen, J. G., & Riehl, C. (2016). Correlated pay-offs are key to
cooperation. Philosophical Transactions of the Royal Society B: Biological Sciences,
371(1687), 20150084. https://doi.org/10.1098/rstb.2015.0084
Taborsky, M., & Grantner, A. (1998). Behavioural time-energy budgets of cooperatively breeding Neolamprologus pulcher (Pisces: Cichlidae). Animal Behaviour,
56(6), 1375e1382. https://doi.org/10.1006/anbe.1998.0918
Taborsky, M., Hert, E., Siemens, M., & Stoerig, P. (1986). Social behaviour of Lamprologus species: Functions and mechanisms. AnnaleneKoninklijk Museum Voor
Midden Afrika. Zoologische Wetenschappen, 251, 7e11.
Taborsky, M., & Limberger, D. (1981). Helpers in ﬁsh. Behavioral Ecology and Sociobiology, 8(2), 143e145. https://doi.org/10.1007/BF00300826

147

Taborsky, M., & Riebli, T. (2020). Coaction vs. Reciprocal cooperation among unrelated individuals in social cichlids. Frontiers in Ecology and Evolution, 7(January),
1e12. https://doi.org/10.3389/fevo.2019.00515
Taborsky, M., & Wong, M. Y. L. (2017). Sociality in ﬁshes. In D. Rubenstein, & P. Abbot
(Eds.), Comparative social evolution (pp. 354e389). Cambridge University Press.
Trivers, R. L. (1971). The evolution of reciprocal altruism. Quarterly Review of Biology,
46(1), 35e57. https://doi.org/10.1086/406755
de Waal, F. B. M. (1997). The chimpanzee's service economy: Food for grooming.
Evolution and Human Behavior, 18, 375e386. https://doi.org/10.1016/S10905138(97)00085-8
Weber, J. (2012). The effort , success and efﬁciency of task sharing in cooperatively
breeding cichlids (MSc thesis). Institute of Ecology and Evolution, University of
Bern.
Wickham, H. (2016). ggplot2: Elegant graphics for data analysis. Springer-Verlag New
York. Retrieved from https://ggplot2.tidyverse.org.
Wright, J., Berg, E., De Kort, S. R., Khazin, V., & Maklakov, A. A. (2001). Safe selﬁsh
sentinels in a cooperative bird. Journal of Animal Ecology, 70(6), 1070e1079.
https://doi.org/10.1046/j.0021-8790.2001.00565.x
€ttl, M., Heg, D., Chervet, N., & Taborsky, M. (2013). Kinship reduces alloparental
Zo
care in cooperative cichlids where helpers pay-to-stay. Nature Communications,
4, 1341. https://doi.org/10.1038/ncomms2344

