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Studies on the evolution of cooperative behaviour are typically confined to
understanding its adaptive value. It is equally essential, however, to under-
stand its potential to evolve, requiring knowledge about the phenotypic
consistency and genetic basis of cooperative behaviour. While previous
observational studies reported considerably high heritabilities of helping
behaviour in cooperatively breeding vertebrates, experimental studies
disentangling the relevant genetic and non-genetic components of coopera-
tive behaviour are lacking. In a half-sibling breeding experiment, we
investigated the repeatability and heritability of three major helping beha-
viours performed by subordinates of the cooperatively breeding fish
Neolamprologus pulcher. To experimentally manipulate the amount of help
needed in a territory, we raised the fish in two environments differing in
egg predation risk. All three helping behaviours were significantly repeata-
ble, but had very low heritabilities. The high within-individual consistencies
were predominantly due to maternal and permanent environment effects.
The perceived egg predation risk had no effect on helping, but social inter-
actions significantly influenced helping propensities. Our results reveal that
developmentally plastic adjustments of provided help to social context
shape cooperative phenotypes, whereas heritable genetic variation plays a
minor role.

1. Introduction

Cooperation between individuals is considered a crucial step in evolutionary
transitions from solitary life to complex social organization [1]. Animals
cooperate during hunting, anti-predator behaviours, and territory defence,
and particularly also during brood care [2,3]. In eusocial societies, in which
assistance with tasks in the colony is obligatory, workers are mostly sterile
and rarely disperse and breed on their own. Conversely, in cooperative breed-
ing systems, in which subordinate individuals help raise offspring that have
been produced by dominant breeders [4], the degree to which an individual
assists the dominants with brood care is variable. This necessitates a decision
on the part of the subordinate if and for how long to help and when to disperse.
Previous studies on cooperatively breeding vertebrates have shown limited
flexibility in this decision, with intrinsic differences among individual helpers
in the extent to which they carry out different helping tasks, such as provision-
ing and protection of young, and territory defence and maintenance [5-8]. This
raises questions about the role of genetic and environmental factors in shaping
such individual variation in helping effort.

© 2017 The Authors. Published by the Royal Sodiety. All rights reserved.
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Potential sources of consistent inter-individual variation
in helping propensity include genetic and developmental
differences as well as differences in state [9], such as body
size or hunger level. Furthermore, characteristics of the
cooperation partner(s) can influence an individual’s helping
effort through social effects [10]. Such effects are expected
especially for cooperation, because the cooperative beha-
viours of an individual are likely to be influenced by the
behaviours of all interaction partners [11]. While there is evi-
dence that the early social and ecological environment and
current state influence the individual’s propensity to help
[8,12], the question of whether individuals might also differ
genetically in their propensity to cooperate has received
little experimental scrutiny [13-16]. However, knowledge
about among-individual genetic variation is crucial to under-
stand and predict micro-evolutionary scope and pattern of
cooperative behaviour [17]. Estimates of the amount of gen-
etic variation underlying cooperative behaviour provide
information on the evolutionary potential of a population
[18], and estimates of genetic correlations among different
helping traits provide insights into whether they have a
shared genetic basis and the potential to coevolve [17].

To date, few studies have quantified heritable variation
underlying cooperative or helping behaviours in cooperative
breeders, and those that did have found remarkably high esti-
mates of heritability. For instance, in a pedigree-based study
of a wild population of western bluebirds (Sialia mexicana),
heritable differences have been estimated to account for
76% of the phenotypic variance in alloparental helping [19].
Similarly, a study on delayed dispersal in red wolves (Canis
rufus), a prerequisite for becoming a helper in the pack, was
found to have a strong heritable component (nearly 100%)
in males but not in females [20]. The heritabilities for mass
of workers, gynes, and males in the ant Temnothorax curvispi-
nosus, which can be understood as the outcome of a
cooperative behaviour because workers raise the offspring
of a queen, range between 37 and 99%. Finally, studies of
human twins suggest significant heritabilities for cooperative
behaviour in the trust game (between 10 and 32%) [21].
Importantly, however, observational studies of natural popu-
lations are inherently limited in their ability to tease apart
genetic inheritance from non-genetic effects of the (maternal)
environment [22,23]. Adequately controlling for transgenera-
tional environmental effects might therefore substantially
reduce heritability estimates [24]. Carefully planned breeding
experiments control confounding sources of variation. For
instance, employing a half-sibling breeding design under
standardized environmental conditions enables a better
separation of additive genetic, maternal, and common
environment effects shaping variation in helping behaviour.

Here, we present a quantitative genetic analysis of
variation in the three major helping behaviours of the coopera-
tively breeding cichlid fish Neolamprologus pulcher in an
experimental setting. In the wild, groups consist of a dominant
breeder pair that monopolizes reproduction and several
subordinate helpers that delay dispersal. Helpers assist the
dominant pair with direct brood care (egg cleaning), territory
maintenance (removal of sand), and with territory defence
against fish and egg predators as well as against space compe-
titors [25-27]. We used a paternal half-sibling design and bred
fish in the laboratory from wild-caught parents. We quantified
our test fish’s effort in three major alloparental brood care
behaviours: the propensity to clean eggs, the propensity to

remove sand from the breeding chamber, and the amount of
defence behaviours directed against an egg predator. First, we
investigated whether body size, social interactions, previous
exposure to egg predators, or clutch size have an impact on help-
ing behaviour. Second, we disentangle (i) the effects of additive
genetic variation, (ii) the non-genetic effects of the individual
environment that are constant across repeated measurements
of this individual, (permanent environment, also includes non-
additive genetic effects), (iii) maternal effects, (iv) social effects
of the cooperation partner, (v) effects of the shared rearing
environment (common environment), and (vi) the effect of indi-
vidual predators (in the case of defence behaviour) on the
phenotypic variation in helping behaviours. This decomposition
provides a measure of the fraction of the total phenotypic var-
iance that is attributable to additive genetic effects, i.e. the
narrow-sense heritability (h?). Furthermore, we provide a
measure of individual consistency, i.e. the repeatability (R).

2. Material and methods

(a) Study animals, breeding design, and behavioural

tests
We used laboratory-bred F; offspring of parents caught shortly
before the start of the experiment in Lake Tanganyika, Zambia.
This ensured that our study population captured the full spectrum
of genetic variation found in the lake. All fish were kept under
similar temperature, feeding, and light conditions. Experi-
mental families were randomly assigned to tanks (for further
methodological details, see the electronic supplementary material).

We carried out a nested paternal half-sibling design [28], in
which we mated each male (N = 39) to a unique set of two ran-
domly chosen females (N = 77) from the same population, which
in total resulted in 3 175 offspring (figure 1a; see the electronic
supplementary material for further details). One male died
after spawning the first clutch, and hence, no half-sibling
group could be produced. The parents were removed 8-10
days after spawning, when they no longer provide direct
parental care (defined as ‘day 0’).

For the following 63 days, a period when N. pulcher juveniles
manifest significant developmental plasticity with respect to
social and anti-predator skills [29], one randomly chosen half
of each clutch was exposed to the sympatric unspecialized egg
predator Telmatochromis vittatus [30,31]. Juveniles in the egg pred-
ator treatment group were exposed to an egg predator for 10 min
twice a week on randomly chosen days and times. Juveniles in
the control group received the same handling but without
exposure to an egg predator. Between day 64 and day 85, no
treatments took place (neutral phase 1, figure 1b). In the final
hierarchy phase, selected test fish were housed in the experimen-
tal tanks together with a larger, unrelated territory owner for
around 14 days (figure 1d, upper panel) to ensure that the
test fish adopted a subordinate status, as only subordinate
individuals show alloparental behaviour [32].

In the behavioural test, we recorded egg cleaning, digging,
defence and submissive behaviours of the test fish, and the
activity of the egg predator according to the ethogram provided
in electronic supplementary material, table S2. Further details
of the experimental procedures are described in the electronic
supplementary material, figure S1.

(b) Statistical analyses

A visual check of the histograms of the raw data of cleaning and
digging suggested high zero inflation (electronic supplementary
material, figure S2). Thus, we dichotomized the counts of egg
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Figure 1. The breeding design, experimental timeline, and illustrations of the breeding and experimental tanks used to obtain phenotypic data on helping beha-
viours in juvenile helpers. (a) Fish were bred in a paternal nested half-sibling breeding design. (b) From spawning (sp) onwards until independence, the fry were
kept with their parents (parental care phase, pc). After the removal of the parents on day 0, each clutch was split into two equal-sized groups that were randomly
assigned to one of the egg predator treatments (c) that ended at day 63 (early experience). Between days 85 and 100, test fish were housed in experimental tanks
together with a dominant individual to establish a hierarchy (hierarchy phase, h1, see (d), upper panel), when they were tested for their cooperative propensity
(test1). To estimate the permanent environment effect, a component of the repeatability of helping behaviours, 86 of the 454 individuals were tested again on day
114 (test2), after a 7-day hierarchy phase (h2). (c) During the early experience phase, a transparent tube with a live eqg predator individual or an empty tube
(control) was inserted into the breeding tank five times a week for 10 min. (d) Before testing, we confined the dominant (D) in a vertical transparent tube
(hierarchy phase, upper panel). (e) At the beginning of the behavioural test, we fixed a portion of a clutch (orange) spawned by unrelated lab-stock pairs on
a piece of transparent plastic foil to the inside of the shelter (blue, lower panel). We directly observed all instances of egg cleaning and digging of the focal
fish (F), as well as any interactions with the dominant individual. After 10 min, an egg predator (EP) in a transparent plastic container was introduced, after
which all the above-described behaviours and all instances of aggression towards the egg predator were recorded for another 10 min. (Online version in colour.)

cleaning and digging, and modelled these variables as binary
responses ‘cleaning propensity’ and ‘digging propensity’ in
logit models, where 1 meant that the individual performed
the behaviour at least once during the test and 0 that it did
not. Defence had a higher incidence (90%) and was thus
less zero-inflated, so we modelled the counts of defence beha-
viours (amount of defence) with a Poisson error family. All
models included the full number of tests (N = 454 first tests and
N =86 second tests), but we removed 59 individuals who did
not respond to the test stimulus in the behavioural test (see elec-
tronic supplementary material for details). Thus, the models
included a total of 481 observations (N = 399 first tests and N =
82 second tests). All statistical analyses were carried out in R
v. 3.2.0 [33] and calculations were performed on UBELIX, the
high-performance computing cluster at the University of Bern.

(c) Predictors of helping behaviours

To determine the fixed effects to be included in the quantitative
genetic mixed models (see below), we fitted a series of generalized
linear mixed effects models (GLMMs) in the ‘Ime4” package v. 1.1-
12 in R [34] to test which environmental factors influenced the three

helping behaviours (electronic supplementary material, table S3).
We subsequently applied a model selection approach and ranked
models with all possible combinations of the predictors (mentioned
in the electronic supplementary material) according to Akaike
information criterion corrected for small sample sizes (AICc)
value (‘dredge” function in R package ‘MuMIn’ v. 1.15.6 [35]). Fol-
lowing the ‘nesting rule’” presented in [36], we selected the final
model from a ‘confidence set’ consisting of all models within
AAICc < 6. The ‘nesting rule’ seeks to avoid the selection of
overly complex models by excluding models from the candidate
set that contain more parameters than a model with a lower AIC
value. In the case of several non-nested models in the confidence
set, preference was given to the model with the lowest AICc.
We report the confidence set for each model together with their
marginal R? (the variance explained by fixed effects) and the con-
ditional R? (the variance explained by both fixed and random
effects) [37] in the electronic supplementary material, table S4.

(d) Decomposition of variation in helping behaviour
We estimated genetic and environmental effects on the propensi-
ties to clean and dig and the amount of defence shown towards
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an egg predator using a Bayesian animal model (MCMCglmm’
package v. 2.22.1 in R [38]). We assumed that the wild-caught
parents were unrelated. We specified animal models using a
probit-link function to analyse the dichotomous variables clean-
ing and digging propensity (‘threshold” model) and a log-link
function for the amount of defence (Poisson model). For cleaning
and digging propensity, we estimated the variance attributable
to additive genetic effects (V,), permanent environment effects
(including non-additive genetic effects; Vpg), maternal effects
(Vn), common environment effects (Vcg), and social effects (i.e.
identity of the dominant individual in the helping trials; Vg). In
the model for the amount of defence, we furthermore included
the effect of the egg predator’s identity (Vyp). Finally, to control
for potential differences among populations, we included the
population of parents’” origin in the models (Vpop). To see
whether the inclusion of covariates as fixed effects had an
impact on the estimates of the variance components, we
additionally fitted conditional models with the set of mean-
centred and scaled predictors that were contained in the selected
models in the previous step (see electronic supplementary
material, tables S5 and S6). Details on model parameterization
are given in the electronic supplementary material (Variance
components of helping behaviours section). Models were run
with parameter-expanded priors and the residual variation
was fixed to 1 for the threshold models. Models were run
for 2 x 10° iterations and the first 10° iterations of the result-
ing chain were discarded as burn-in to ensure that the chain
had converged. The remaining chain was sampled at an interval
of 1 000 iterations, yielding a posterior distribution of 1 900 esti-
mates. The mixing of the chain was evaluated by inspecting the
trace plots and by checking the convergence of the chain (Heidel-
berger diagnostic), the autocorrelation of adjacent samples, and
the effective sample size (electronic supplementary material,
table S5). To ensure the stability of estimates, we ran three
additional models with exactly the same model structure for
each helping behaviour (electronic supplementary material,
table S7).

Estimates derived from a GLMM framework have to be
transformed to the original data scale for inference. Thus, we
computed phenotypic means and variances, additive genetic
variance (Vi obs) and heritability, on the observed data scale by
looping the ‘QGparams’ function in the ‘QGglmm’ package
V 0.5 [39] over the posterior distributions of the models. The pro-
portion of variance explained by each random effect was
calculated as the posterior distribution of the respective variance
component (e.g. Vi or Vpg) divided by the posterior distri-
butions of the phenotypic variance (Vp), defined as the sum of
all variance components, including the residual variance. We
assumed a distribution-specific residual variance on the expected
data scale: 1 for threshold models with a probit-link and
log(1/exp(intercept) + 1) for the Poisson model [40]. R? was
calculated following the study of Nakagawa and Schielzeth
[37] and using R code for non-Gaussian MCMCglmm models
(http://www.i-deel.org/publications.html). Repeatability, the
proportion of variance explained by among-individual variation,
was calculated as the variance explained by the sum of Vi, Vpg,
Vm, and Vg divided by Vp [41,42]. The permanent environment
effect Vpg refers to the variance in helping behaviours that is due
to the unique environment experienced by individuals, which
might lead, together with additive genetic, maternal, and
common environment effects, to a consistency in behaviours
through time. We present the modes of the posterior distri-
butions resulting from the models together with the 95%
credibility intervals (highest posterior density intervals). Because
variance components are constrained to be positive, and credi-
bility intervals will hence never include zero, we inspected the
shape of the posterior distributions visually (as described in
the electronic supplementary material).

3. Results

We observed egg cleaning, digging, and defence behaviours
of 454 fish in the behavioural tests. Approximately half of
the test fish did not show egg cleaning and digging beha-
viours (56 and 46%, respectively), but 90% defended
against the egg predator (electronic supplementary material
table S1 and figure S2).

(a) Predictors of helping behaviours

Model selection (see ‘Material and methods” and electronic
supplementary material, table S4 for potential predictors
and procedures) yielded a final model that contained two pre-
dictors of ‘cleaning propensity’: the size of the clutch a test fish
was exposed to in the helping test and the amount of sub-
mission it displayed towards the dominant individual
(model 18 in the electronic supplementary material, table
S4a): larger clutches were more likely to be cleaned, whereas
test fish that showed more submissive behaviours were less
likely to clean. Growing up with or without egg predators
and the size of the test fish relative to its siblings (relative
size) did not influence cleaning propensity. Random and
fixed effects explained 24% of the variance (conditional R?),
whereas the fixed effects alone explained only 7%
(marginal R?). The final model for ‘digging propensity’
contained ‘clutch size’, ‘relative size’, ‘submission’, and “accep-
tance status’ as predictor variables (model 16 in the electronic
supplementary material, table S4b). The probability to dig
increased with clutch size and the test fish’s relative body
size, and it decreased with the amount of submissive beha-
viours. Test fish with acceptance status ‘not determined” and
‘tolerated” dug less than those with status ‘accepted” (Tukey
post hoc comparisons: ‘not determined’ versus ‘accepted”:
estimate = —1.13, s.e. = 0.39, z= —2.9, p = 0.035; “tolerated’
versus ‘accepted”: estimate = —1.57, s.e.=0.50, z= —3.15,
p = 0.018). This model explained 26% of the variance, of
which the fixed effects explained only 7%. The final model
for ‘amount of defence’ contained ‘egg predator activity’, ‘sub-
mission’, and “acceptance status’ as predictors (model 53 in the
electronic supplementary material, table S4c). As in the two
previous models, submission had an attenuating effect.
Furthermore, active egg predator individuals were attacked
more than inactive ones, and ‘fully accepted” fish defended
more than ‘accepted’ (‘fully accepted” versus ‘accepted”:
estimate = 0.58, s.e.=0.18, z=3.24, p=0.013) and ‘not
determined” (‘not determined” versus ‘fully accepted”
estimate = —0.12, s.e.=0.19, z= —3.16, p=0.017). The
other pairwise comparisons for digging propensity and
the amount of defence were not significant. Most notably, the
‘evicted’ fish in our data set were not less likely to clean eggs,
dig, or defend. The selected model explained 56% of the
variance, and the fixed effects alone explained 4%.

(b) Variance components of helping behaviours

The variance decomposition of helping behaviours using the
animal model showed that repeatability, i.e. the variance
that can be attributed to differences between individuals,
was substantial for cleaning propensity, and moderate for dig-
ging propensity and the amount of defence (table 1 and
figure 1). However, the additive genetic variance, heritability
(the proportion of the phenotypic variance that is explained
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Figure 2. The proportion of variance of helping behaviours explained by additive genetic effects (heritability, h%), by consistent between-individual differences
(repeatability, R), by the permanent individual environment (PE?, estimated from the variance component of individual identity of those individuals tested
twice), by maternal identity (maternal effects, M2, by the shared environment during growing up (common environment, %) by the identity of the territory
owner (social effects, 2, and by the effect of the egg predator’s identity (VID?). Results are presented as point estimates together with their 95% credible interval.

Table 1. Quantitative genetic parameters for models including only random effects computed with the ‘QGglmm’ package in R [39], except for repeatability
that was calculated as (Vy + Vg + Vin + Vig)/Vp (see the Material and methods section for a detailed description). Estimates are the modes of the posterior
distributions, which are presented together with their 95% credibility intervals.

egg cleaning

trait mean 0.42 (0.36, 0.51)

phenotypicbvar»ianbce (Vp) » 0.25 (0.23, 0.25)
add. genet. variance (V)
heritability ()
permanent environment (V/pg)

6x 1073 % 107°0.13)
0.40 (0.13, 0.60)

051029, 073)
coefficient of determination (R?) 0.81

repeatability (R)

by additive genetic variation), was very low for all helping
behaviours (table 1). Growing up in the same social group
(common environment effect, Vcg) and the identity of the
dominant fish (social effect, V) both explained very little to
none of the observed variation. For the number of defence
actions towards the egg predator, there was a moderate
maternal effect (V), and the egg predator’s identity (egg
predator effect, Vyip) had a small effect (figure 2). These
results were reflected in the large amount of overlap between
the real posterior distributions with null distributions derived
from random draws of V,, Vg, and Vs (see electronic sup-
plementary material, table S8). By contrast, the variance
component of individual identity (Vpg) for egg cleaning and
the maternal and egg predator identity (Vy and Vyp) for
defence had less than 2% overlap with the null distributions,
and hence, these effects can be considered as statistically sig-
nificant. The maternal identity variance component (V) of
digging overlapped only 6% with the null distribution, even
though the posterior mode of the estimate was rather low
(Vm = 0.0014 (2.9 x 107°, 0.246)). Interestingly, despite the
posterior modes of V,, Vpg, Vi, and Vg all being close to

1Tx107*8x1073%x107?

digging defence

0.54 (0.45, 0.61)

025 (0.24, 0.25)

3% 107* (1 x 107, 0.05)
1% 1073 (1 x107°022)
0.001 (8.1 x 1072, 0.26)

029 (014,054 033 (0.18, 0.48)
0.70 0.96

34.94 (17.3, 65.6)

13144 (1287, 39611)

7.0 (1 x 107* 542.0)

4% 107 (6 x 107°005)
56 % 107* (1.9 x 1072, 0.08)

zero for digging, the repeatability estimate, obtained by
adding up the posterior distributions of these variance com-
ponents, was significant. This is attributable to the posterior
distributions of V, and Vy; being negatively correlated
(Pearson’s correlation: r= —0.28, CI=(-0.32, —0.24)),
suggesting that the model had difficulties in partitioning the
variance between these two components: for each single
model of the posterior distribution, the variance was either
attributed to V or V). This indicates that, even though the
analysis produced a reliable and significant estimate of repeat-
ability, the pattern in the data for digging did not allow
disentangling the effects beyond that level, i.e. at the level of
single variance components.

4. Discussion
(a) Low additive genetic variance of helping behaviours

Here, we present a measure of the evolutionary potential of
vertebrate cooperative behaviour, variance-standardized her-
itability (#%), in an experiment controlling for confounding
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non-genetic sources of resemblance among relatives. Our
results demonstrate that albeit repeatable, heritabilities of
the three major forms of helping behaviours performed by
subordinate N. pulcher—egg cleaning, keeping the breeding
chamber clear from sand (digging), and defence of the
brood against egg predators—were close to zero. Thus, the
standing genetic variation in these behaviours was very
low, and hence, the response to selection is predicted to be
small. The low heritabilities observed here are in line with
the relatively low heritabilities that have been reported for a
range of traits closely associated with fitness (i.e. behaviours
and life-history traits) [43,44]. Although this pattern can arise
if fitness-related traits show a disproportionally large amount
of variance attributable to non-additive genetic variance (e.g.
dominance or epistasis [45]), indirect genetic effects [46], or
residual variance [47], this is an unlikely explanation in our
case, given the posterior modes of zero for V. In this
study, low heritabilities are likely to reflect low absolute
levels of additive genetic variance.

Our results contrast the few other studies investigating
the genetic basis of helping behaviours in cooperative bree-
ders, which have reported high heritabilities. For example,
heritable genetic variation was reported to have a strong
influence on the probability of being a helper and receiving
help in western bluebirds [19], and the age at dispersal in
the cooperatively breeding red wolf [20]. This variation in
heritability might reflect differences in the relative impor-
tance of environmental variance and thus the degree of
flexibility in helping behaviours that different populations
experience. In both studies, however, heritability estimates
were obtained from observations of field populations and
non-genetic transgenerational effects were not accounted
for. For instance, the effects of inheriting a territory of a cer-
tain quality (which potentially entails differences in the
ability to attract helpers or to influence the delay of dispersal)
and other parental effects could not be separated from herita-
ble genetic effects. This could also have potentially caused the
substantially higher heritability estimates in those studies
compared to our study [23,48].

(b) Flexible adjustment of helping strategies

As cooperative behaviours need to be fine-tuned to a specific
situation, they require a certain degree of flexibility in
response to environmental cues during development. This
includes the permanent environment [12] and information
from mothers to offspring about her environment (maternal
effects [49]), as well as any short-term changes in the costs
and benefits of helping versus dispersing in the current
environment [50,51]. Hence, we expect low to moderate her-
itability, allowing for selection for flexible rules to adjust
helping propensity to the environment.

Although the lack of additive genetic variation under-
lying helping behaviour implies a certain inter-generational
plasticity, our finding that helping behaviours in N. pulcher
are repeatable shows that individuals are consistent in their
behaviour throughout their helper stage, and hence show
little flexibility on a short timescale. This consistency can
arise during ontogeny when juveniles integrate information
on their social and ecological environment and their own
condition to decide whether to follow a breeder or a helper
strategy. It has been hypothesized that the existence of
‘alternative cooperative phenotypes’ promotes the evolution

and maintenance of cooperative breeding because individ-
uals reliably signal their commitment to helping [52]. The
existence of such stable helper personalities has been shown
in banded mongooses, Mungos mungo [8]. In N. pulcher, indi-
viduals who delay dispersal and stay in their natal territory
have to act submissively towards the dominant breeders to
remain accepted in their natal group. The dispersing strategy,
on the other hand, is characterized by higher alloparental
effort (egg cleaning) but lower investment in submissive dis-
plays [12]. This is consistent with our finding that submissive
behaviour is negatively correlated with helping behaviours in
all three cases, and helping behaviour varied consistently
between individuals. We also found that early experience
with an egg predator had no effect on the propensity to
help. Thus, one may speculate that social experiences
during ontogeny affecting submissive behaviour may ulti-
mately influence helping, rather than the direct cues
indicating the need of help (e.g. threat of egg predation).
Nevertheless, unlike social insects that diverge very early
and irreversibly into different developmental trajectories,
cooperatively breeding vertebrates are thought to maintain a
certain degree of flexibility throughout their development
because subordinates potentially become breeders themselves
later in life. The degree of this plasticity that enables individ-
uals to switch between strategies is likely to vary among
species [53]. Even though the repeatability estimates of all
helping behaviours were considerable in our study, there
was scope for individuals to react to the challenges posed by
their current situation. For instance, the identity of the egg
predator in the behavioural test explained approximately
15% of the phenotypic variation of defence (figure 2), meaning
that fish could flexibly adjust their defence effort to the
particular egg predator individual they were confronted with.

(c) Decomposing individual variation

Our repeatability estimate included three different effects
apart from additive genetic variance, each reflecting a different
source of information that an individual can base a develop-
mental decision on. First, the permanent environment effect,
which we found to be relatively important, includes experi-
ences that occur during individual ontogeny. This effect is
specific to each individual and might last throughout its life.
For instance, the social niche [54,55] or, more generally,
social interaction dynamics in a family [56] may influence
the specialization into ‘cleaner types’ that might persist into
adulthood [12]. Second, the common environment of siblings
exposed to the same egg predator treatment group could have
resulted in a higher similarity of group members compared
with others, including full siblings in the other treatment
group. As all fish were kept under standardized conditions,
it is unlikely that abiotic factors contributed to these
between-group differences. More likely, social dynamics
might result in differences of helping propensity between
groups. However, the common environment effect was not
significant for any of the helping behaviours, and hence, we
did not find evidence for a group-level helping propensity.
Instead, maternal full siblings resembled each other in terms
of their defence effort (and probably digging propensity),
even if they were in different treatment groups. This suggests
that females influenced levels of helping in their offspring,
possibly either through egg effects or through their behaviour
towards the fry. Although we removed the parents a week
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after their eggs hatched, mothers could have influenced their
offspring in the period before this removal. For example,
mothers can transmit information either via the egg by adjust-
ing the provisioning of the egg with nutrients or hormones
[57], or via epigenetic modifications in the offspring induced
by maternal behaviour [58]. The type of information trans-
mitted from the mother to the offspring could be based on
the predation risk and sand load in the mother’s current or
previous environment. However, although the mothers of
our test fish were caught in the field before the start of the
breeding experiment and were kept under standardized, pred-
ator-free environmental conditions upon arrival in our facility,
we did not find evidence for an adaptive maternal effect
concerning fish or egg predation risk or sand load in the popu-
lations of origin of our test fish’s parents in Lake Tanganyika
(see electronic supplementary material). Furthermore, we
found a maternal correlation between egg cleaning and
defence behaviours (electronic supplementary material,
table S9). A potential mechanism that causes this correlation
could be a maternal effect on the expression of a prolactin-
like hormone (tiPRLy), which has been suggested to be
implicated in parental behaviour in cichlid fish [59] and
other teleosts [60].

(d) Social effects on helper phenotypes

Social interactions are likely to influence cooperative beha-
viours [16]. If those social effects have a genetic basis
(indirect genetic effects [61]), they can alter the cooperative
trait’s response to selection, also in the absence of direct
genetic effects. These indirect genetic effects are expected to
arise when carers are sensitive to the helping behaviour of
others, for example, when parents negotiate the amount of
care they provide [62], when helpers enable breeders to
reduce their effort [63] or when breeders coerce subordinates
into helping [64]. Both reduction of maternal effort and coer-
cion have been demonstrated in N. pulcher [65,66]. In this
study, we investigated phenotypic social effects by including
the identity of the dominant territory owner in the models,
but the dominant’s identity did not explain any of the vari-
ation in egg cleaning, digging, or defence behaviours. Still,
we found indirect evidence that cooperative behaviours were
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