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Experimental predator intrusions in a 
cooperative breeder reveal threat-dependent 
task partitioning
Dario Josi,a,b, Annika Freudiger,a,b, Michael Taborsky,a, and Joachim G. Frommena,b,

aDivision of Behavioural Ecology, Institute of Ecology and Evolution, University of Bern, Wohlenstrasse 
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In cooperatively breeding species, nonbreeding individuals provide alloparental care and help in territory maintenance and defense. 
Antipredator behaviors of subordinates can enhance offspring survival, which may provide direct and indirect fitness benefits to all 
group members. Helping abilities and involved costs and benefits, risks, and outside options (e.g., breeding independently) usually 
diverge between group members, which calls for status-specific differentiated behavioral responses. Such role differentiation within 
groups may generate task-specific division of labor, as exemplified by eusocial animals. In vertebrates, little is known about such task 
differentiation among group members. We show how breeders and helpers of the cooperatively breeding cichlid Neolamprologus 
savoryi partition predator defense depending on intruder type and the presence of dependent young. In the field, we experimentally 
simulated intrusions by different fish species posing a risk either specifically to eggs, young, or adults. We used intrusions by harm-
less algae eaters as a control. Breeders defended most when dependent young were present, while helper investment hinged mainly 
on their body size and on the potential threat posed by the respective intruders. Breeders and helpers partitioned defense tasks pri-
marily when dependent young were exposed to immediate risk, with breeders investing most in antipredator defense, while helpers 
increased guarding and care in the breeding chamber. Breeders’ defense likely benefits helpers as well, as it was especially enhanced 
in the treatment where helpers were also at risk. These findings illustrate that in a highly social fish different group members exhibit 
fine-tuned behavioral responses in dependence of ecological and reproductive parameter variation.

Key words:  brood care, division of labor, lamprologine cichlid, Neolamprologus savoryi, task sharing, territory defense.

INTRODUCTION
Predation risk is a major selective force promoting group 
living (Caro 2005; Beauchamp 2014). For potential prey, the 
main bene-fits of living in groups are increased predator 
detection prob-abilities, confusion, and risk dilution effects, as 
well as shared antipredator defense (Gaston 1978; Krause 
and Ruxton 2002; Townsend et  al. 2014; Lehtonen and 
Jaatinen 2016). Predation may also be an important driver in the 
evolution of social systems, as it selects for delayed dispersal and 
cooperative defense to pro-tect offspring (Taborsky 1984; Clutton-
Brock et al. 1999; Heg et al. 2004; Yagi and Hasegawa 2011; 
Sorato et al. 2012; Tanaka et al. 2016). Cooperative defense 
includes shared vigilance, which allows other group members to 
reduce their investment in being alert 

without increasing the risk of  predation (Yasukawa and Cockburn 
2009), as well as joint mobbing and predator attacks (Arnold et al. 
2005; Jungwirth et al. 2015; Groenewoud et al. 2016). Benefits of  
group defense have been suggested to promote the transition to eu-
sociality by favoring morphological specializations, enhancing effi-
cient defense of  the brood or territory against predators (Grüter 
et al. 2012; Wcislo and Fewell 2017).

The efficiency of  cooperation among group members strongly 
depends on the partitioning of  different tasks among individuals 
and their associated costs and benefits (Oster and Wilson 1978; 
Ridley and Raihani 2008; Chittka and Muller 2009; Rubenstein 
and Abbot 2017). Investment may depend on an individual’s age, 
sex, body condition and social status (Oster and Wilson 1978; 
Heinsohn and Legge 1999; Arnold et  al. 2005; Bruintjes and 
Taborsky 2011). Different investment abilities and associated costs 
and benefits can select for specializations in defense behavior, and 
hence for a task-specific division of  labor (Queller and Strassmann 
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1998; Clutton-Brock 2002; Griffin and West 2003). For example, in 
the cooperatively breeding cichlid Neolamprologus pulcher, variation in 
body size and perceived risk favors task partitioning among group 
members (Taborsky and Limberger 1981; Bruintjes and Taborsky 
2011; Groenewoud et  al. 2016). Under unmanipulated conditions 
in the field, smaller helpers of  this species invest mainly in territory 
maintenance while larger helpers primarily engage in territory de-
fense (Groenewoud et al. 2016).

The defense of  a territory or brood is costly as it does not only 
demand time and energy (Taborsky and Grantner 1998), but also 
increases the risk of  injury or death for the defending individual 
(Balshine-Earn et  al. 1998; Heinsohn and Legge 1999; Heg et  al. 
2004). Costs of  predator defense are assumed to be higher for 
smaller and unexperienced individuals as they are more vulner-
able and have less energy reserves to spend (Johnsson et al. 1999; 
Garvy et  al. 2015). Antipredator investment is supposed to be in-
fluenced by these costs as well as by potential benefits, such as pro-
tecting related individuals or own offspring (Bruintjes et al. 2011), 
or the chance of  inheriting the territory (Balshine-Earn et al. 1998). 
Group members should therefore adjust their defense behavior in 
relation to 1) their individual costs and benefits, 2) the presence of  
dependent young, and 3)  the type and behavior of  the intruder. 
Here, refined discrimination of  predators and an appropriate re-
sponse to the reproductive state of  the group can enhance the 
individual’s fitness prospects. Evidence for such fine-tuned adjust-
ments comes, for example, from cooperatively breeding meerkats, 
which perform different kinds of  warning calls depending on the 
predator type and threat, and which show increased sentinel beha-
vior in the presence of  young (Manser 2001; Santema and Clutton-
Brock 2013). However, studies experimentally demonstrating the 
adjustment of  defense behavior to the predator type and the re-
productive state of  the group are underrepresented in the litera-
ture thus far (but see Manser 2001; Desjardins, Stiver, et al. 2008; 
Yasukawa and Cockburn 2009; Bruintjes and Taborsky 2011; 
Santema and Clutton-Brock 2013; Zöttl, Frommen, et  al. 2013; 
Tanaka et al. 2018).

The cooperatively breeding lamprologine cichlids of  Lake 
Tanganyika are exposed to a large diversity of  predators, with dif-
ferent species being specialized in feeding either on adult fishes 
(Kohda et  al. 1997; Heg et  al. 2004), juveniles (Taborsky 1984), 
free swimming young (Ochi et  al. 2007), or eggs (Bruintjes and 
Taborsky 2011; Josi et  al. 2019). Consequently, these cichlids are 
expected to show fine-tuned behavioral responses to variation in 
predation risk (Zöttl, Frommen, et  al. 2013; Fischer et  al. 2014). 
All cooperatively breeding lamprologines establish territories con-
taining shelters underneath rocks or in crevices, which serve to pro-
tect group members from predation and as breeding substrate (e.g., 
Taborsky and Limberger 1981; Tanaka et al. 2016; Josi et al. 2019). 
These cichlids show substantial defense effort against conspecific 
and heterospecific intruders, including different predator species 
(e.g., Groenewoud et al. 2016). Neolamprologus savoryi belongs to these 
cooperatively breeding cichlids, living in small groups in sandy and 
rocky habitats (Heg et al. 2005). Breeder males defend territories, in 
which one to several breeding females defend smaller independent 
subterritories. Breeder females are smaller than breeder males, and 
they may be assisted by helpers of  various sizes and both sexes (Josi, 
Taborsky, et al. 2020). Brood care helpers are allowed to enter the 
breeding chamber and do so more often in the presence of  young 
(Josi, Taborsky, et al. 2020). They may also defend a private shelter 
inside the female’s subterritory, which serves as an additional lair 
(Josi, Taborsky, et al. 2020). Some male helpers are larger than the 

breeder females and either defend their own subterritory within 
the territory of  a breeder male, or patrol between the females con-
tained in the harem (D. Josi, personal observation). Helpers en-
gage in egg care (Josi et al. 2019) and territory maintenance (Josi, 
Taborsky, et  al. 2020), and benefit from protection within the 
group. Reproduction is highly skewed toward breeders but may in-
volve large helpers as well (D. Josi, D. Heg, T. Takeyama, D. Bonfils, 
D. A. Konovalov, J.G. Frommen, M.  Kohda, and M.  Taborsky, 
unpublished data). Furthermore, helpers contribute to defending 
the territory against intruders. They attack intruders either by 
performing overt physical aggression (ramming and biting) or by 
showing threat displays (restrained aggression). Such costly behav-
iors are not shown by all helpers and toward all intruders alike (Heg 
et al. 2005; Garvy et al. 2015). Therefore, studying territory defense 
offers a great opportunity to understand fine-tuned behavioral ad-
justments of  group members in dependence of  risk and demand.

We aim at elucidating potential task sharing and division of 
labor among group members as well as individual investment strat-
egies in relation to the costs and benefits o f  collaborative defense. 
To this end, we experimentally simulated predator intrusions into 
territories of N.  savoryi using different stimulus species that pose a 
risk either to adults, young or eggs. Moreover, we used a harmless 
algae-eating species as a control. We hypothesize that tasks differing 
in risk, such as taking care of  offspring inside the breeding chamber 
or exhibiting antipredator defense, are partitioned differently 
among group members in relation to the associated costs and bene-
fits. We predict that (i) task partitioning of breeders and helpers of 
different sizes is strongest if  dependent young are exposed to im-
mediate risk. Here, the young need to be protected in the breeding 
chamber while at the same time the predator needs to be kept at 
bay. We further predict that (ii) the respective tasks of  group mem-
bers depend on social class, body size (which determines efficiency) 
and potential fitness costs and benefits. Th erefore, breeders and 
large helpers are predicted to invest more in defense, especially 
when dependent young are present, as they are 1)  more efficient 
in defense and 2) more likely to get direct fitness benefits through 
reproductive participation. In haremic mating systems, breeder 
females may receive less paternal investment with an increasing 
number of  female breeders contained in the harem (Desjardins, 
Fitzpatrick, et al. 2008; Jungwirth et al. 2016). Currently, it is un-
clear if  breeder males allocate their investment preferably toward 
females/groups in larger need. We predict that (iii) male harem 
owners strategically support those females in the harem that cur-
rently have dependent young.

METHODS
Study site and colony structure

Our study site is located at the southern tip of Lake Tanganyika 
(8°46.849′ S, 31°04.882′ E) at Kasakalawe point, Zambia. Here, 
the bottom of  the lake is sandy, with occasional rocks up to ap-
proximately 40  cm in diameter (see Heg et  al. 2008). The focal 
colony was located at a depth of  9.5–11.5 m and at least 50 m 
away from any other N.  savoryi colony. The study was conducted 
from September to November 2016 and 2017, respectively. Data 
were collected by SCUBA diving. Across the colony, we established 
a 10  × 10 m grid subdivided into 1 m2 cells. The grid was then 
video recorded from above. Videos were processed using Adobe 
Illustrator CS2 in order to establish a topographic map of  all 
stones (Josi et  al. 2019; Josi, Taborsky, et  al. 2020). The map was 



printed on waterproof  paper. Each individual of N.  savoryi larger 
than 15 mm living within the colony was observed for 20 min, and 
the respective home ranges were directly drawn on the waterproof 
map using a pencil. Based on these home ranges, all male territo-
ries were identified, and the main shelters/breeding chambers of 
all breeder females were marked using numbered stones, allowing 
to recognize female subterritories. Group compositions were as-
sessed by observing the social interactions between individuals, such 
as submission and allowance to enter the breeding chamber (Josi 
et  al. 2019; Josi, Taborsky, et  al. 2020). Observations of  similar-
sized cooperatively breeding cichlids revealed that individuals 
smaller than 15  mm rarely show helping behavior (Taborsky and 
Limberger 1981; Heg et al. 2004; Groenewoud et al. 2016; Tanaka 
et al. 2016). Accordingly, we defined these individuals as dependent 
young (see also  Josi, Taborsky, et al. 2020). At least 4 days before 
the experiment started, all individuals larger than 15 mm of  each 
group were caught using fence nets. The standard length (SL) of 
all fish was measured to the nearest mm in situ using a measuring 
board. The sex of  each fish was determined by close inspection of 
the genital papilla. Reliable sexing was only possible for individuals 
larger than 20 mm, which was the case for approximately half  of 
all helpers.

Experimental manipulation

Data were collected from a total of  37 breeder female subterritories 
that belonged to 15 different breeder males (median females per 
male  =  2, range  =  1–5). Thirty-two subterritories were sam-
pled in 2016 and five in 2017. Each male h arem contained a t 
least one breeder female defending dependent young. In total, 19 
subterritories contained dependent young. Twenty-six of  the fe-
males had at least one helper (median = 2, range = 1–5), whereas 
there were no helpers present in 11 female territories. In total, we 
collected behavioral observations of  70 helpers. In a randomized 
sequence, we presented four different fi sh stimuli and an empty 
control in each breeder female’s territory: (i) Lepidiolamprologus 
elongatus (predator of  fish, n  =  1 1 individuals, SL  =  7.7–10.9  c m, 
mean  =  8.54  cm; Heg et  al. 2004, 2008; Hellig et  al. 2010; 
Groenewoud et  al. 2016), (ii) Gnathochromis pfefferi (predator of 
young, n = 10 individuals, SL = 5.6–7.7 cm, mean = 6.81 cm; Ochi 
et al. 2007; Heg et al. 2008), (iii) Telmatochromis vittatus (predator of 
eggs, n = 10 individuals, SL = 3.5–5.1 cm, mean = 4.4 cm; Ochi 
and Yanagisawa 1999; Bruintjes and Taborsky 2011), (iv) Xenotilapia 
spilopterus (nonpredatory herbivore cichlid, n = 12 individuals, SL= 
5.4–7.8  cm, mean  =  6.59  cm; Heg et  al. 2008). We attempted to 
keep size variation of  stimulus fish small and therefore used only 
adult individuals. The risk of  being predated by L.  elongatus de-
creases with the prey’s body size (Heg et  al. 2004; Groenewoud 
et al. 2016) and is highest for juveniles (<15 mm) and helper sized 
individuals (<40  mm). Gnathochromis pfefferi only poses a risk to ju-
veniles < 15 mm and not to helpers. Telmatochromis vittatus is a facul-
tative predator of  eggs, which only poses a threat to eggs. Xenotilapia 
spilopterus was chosen because these fish are neither space nor food 
competitors and do not pose a risk to any group member (Heg 
et al. 2008). Additionally, we presented (v) an empty tube once in 
each territory as control for the manipulation itself. The five stimuli 
were presented in a unique order for each group. Individuals of 
each stimulus species were caught outside of  the colony and were 
used for several presentations to reduce potential stress caused by 
catching (median = 3 times, range = 1 – 14). After the presentation, 
the SL of  each stimulus fish was measured, and they were marked 

using VIE-tags to avoid inadvertent recaptures (see Jungwirth et al. 
2019 for tagging procedure). Stimulus fish were presented in a cy-
lindrical acrylic glass tube (length: 14 cm, diameter: 9 cm) that was 
closed with a net so that the focal groups perceived both visual and 
olfactory cues of  the stimulus. The tube was placed in front of  the 
entrance of the breeding chamber and the diver recorded videos 
of  each treatment for 5  min with a handheld camera. Before the 
experiment started, the diver remained motionless for at least 2 min 
in front of  the territory to acclimatize the focal group to his pres-
ence (cf. Groenewoud et al. 2016).

Data collection

The video recordings were analyzed using the software BORIS 
(Friard and Gamba 2016). During the video analyses, different group 
members were identified by using a combination of  individual body 
sizes, natural color marks, the respective home ranges, and group 
compositions. The ethogram used for the analyses was slightly mod-
ified from versions used in closely related congeners (Taborsky 1984; 
Balzarini et al. 2014; Tanaka et al. 2015). We counted all restrained 
(fast approach, fin s pread, S -bend, t ail b eat, o percula s pread, a nd 
head down display) and overt (bite, ram) aggressions shown by group 
members that were directed toward the presented stimulus fishes. All 
measured aggressive behaviors are clearly distinct from any other 
behaviors (e.g., evasion or submission). Due to the low frequency 
of  some behaviors, we combined overt and restrained aggressions 
into a single aggression value for statistical analyses (Heg et al. 2005; 
Garvy et al. 2015; Tanaka et al. 2018). Additionally, the time each 
group member spent in the breeding chamber was recorded. As a 
measure of  stimulus activity, the time the respective stimulus fish was 
actively moving in the tube was measured. Group members showed 
no aggressive behaviors toward the empty tube control, which was 
therefore not further analyzed.

Ethical note

Data collection caused minimal disturbance to the animals. The 
study complies with the regulations of the “Zambian prevention of 
cruelty to animals” act and followed the ASAB (2018) guidelines for 
the treatment of  animals in behavioral research and teaching.

Data analyses

All statistical analyses were performed using R 3.5.1 (R Core Team 
2018). We used the packages glmmADMB (Fournier et  al. 2012) 
to run generalized linear mixed-effect models (GLMM) and lme4 
(Bates et  al. 2015) to run linear mixed-effect models (LMM) and 
binomial GLMMs. Error distributions and the correction for zero-
inflation of  GLMMs were chosen based o n differences of  Akaike 
Information Criterion (AIC) values using the function “AICtab” 
from the R-package bbmle (Supplementary Table S1; Bolker and R 
Development Core Team 2017). For the top models, we inferred the 
parameter significance based on likelihood ratio tests of  deviances 
assuming a χ2 distribution. Furthermore, GLMMs were tested for 
overdispersion. Post-hoc analysis of  significant interactions among 
two factors were analyzed with the R-package phia (De Rosario-
Martinez 2015), which allows testing specific contrasts of interest 
of  the respective model by using the function “testInteractions.” P 
values of  these post-hoc analyses were based on a Wald χ2 test.

Aggression toward stimulus fish

First, we tested if  social classes (i.e., breeders and helpers) differed in 
their contribution to defense across treatments. We fitted a GLMM 
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with a negative binomial error distribution and log link function. 
We included a constant zero-inflation value to account for zero in-
flated data (Supplementary Table S1a). We used the total number of 
aggressive behaviors of  breeders and helpers as response variable. 
Social class, treatment, and activity of  the stimulus fish were set as 
explanatory variables. We included the time each individual was out-
side the breeding chamber as a log offset term to account for differ-
ences in presence time between individuals. Additionally, we include 
harem ID as random effect to account for repeated observations of 
the same harem, and stimulus ID to account for the repeated use 
of  the same stimulus fish for some territories. To test for differences 
in aggression between breeders and helpers across treatments, the 
interaction among social class and treatment was included. Two 
post-hoc tests were conducted on the interaction to compare 1) the 
investment of  breeders and helpers in each treatment and 2) the in-
vestment between the treatments within each social class.

For all subsequent analyses, we fitted s eparate m odels f or 
breeders and helpers. To test if the aggression shown by breeders 
was related to the presence of  young or helpers and whether it 
changed depending on the treatment, we fitted a  G LMM w ith 
negative binomial error distribution and a log link function. We 
used the total number of  aggressive behaviors as response var-
iable, and treatment, presence of  helpers (yes/no) and young 
(yes/no), as well as breeder sex (female/male), as explanatory 
variables. We included harem ID as random effect t o a ccount 
for a given breeder male being measured in each of  his female 
groups. Stimulus ID was set as an additional random factor and 
the time outside the breeding chamber was set as a log offset 
term. The top model included a constant zero-inflation value to 
account for zero inflated d ata ( Supplementary Table S 1b). We 
tested for the interactions between the presence of  helpers or 
young and treatment. In case of  a significant i nteraction t erm, 
we conducted a post-hoc analysis to investigate the pairwise dif-
ference across treatments.

Only a proportion of  helpers attacked the stimulus fishes ( 16% 
in the predator of  fish treatment, 26% in the predator of  young 
treatment, 51% in the predator of eggs treatment, and 13% in the 
herbivore control treatment). However, those that attacked did so 
at high frequencies (Figure  1b). Therefore, aggression of  helpers 
was analyzed by using GLMMs with a binomial error distribution 
and logit link function. The occurrence of  aggressive interactions 
(yes/no) was used as response variable and treatment, presence of 
young, number of  helpers, and body size of  helpers were used as 
explanatory variables. Group ID nested within harem ID was in-
cluded as random effect to account for repeated observations of 
the same group within a harem. The interaction between treatment 
and presence of  young (yes/no) was included. Because of  a signif-
icant interaction term between the presence of  young and treat-
ment, we conducted a post-hoc analysis to investigate the pairwise 
difference across treatments.

Time spent in the breeding chamber

In addition to predator defense, helpers take care of  the off-
spring inside the breeding chamber (Josi et al. 2019). As helpers 
(but not breeders) reduced their defense behavior in the pres-
ence of  young when confronted with a predator of  young (see 
Results), we tested whether this reduction was associated with 
an increase in the time spent protecting the offspring inside the 
breeding chamber. Therefore, we fitted an LMM for helpers i n 
the predator of  young treatment, which consisted of  time in 
the breeding chamber during the 5 min observation as response 
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Figure 1
The breeders’ (a) and helpers’ (b) defense effort in relation to the different 
predator treatments. Red lines depict medians, blue boxes the interquartile 
range (IQR), and whiskers the value of the respective quartile (Q1 or Q3) 
± 1.5 times the IQR. Circles show the density distribution of the original 
data points. Different superscripts indicate significant differences within 
each panel.

variable and the presence of  young and SL of  the helpers as 
explanatory variables. Group ID nested within harem ID was in-
cluded as random effect.

Differential male investment within harems

Polygynous breeder males are assumed to allocate their invest-
ment toward females in larger need, that is, those that are cur-
rently breeding (Jungwirth et al. 2016). To test for differences in 
male investment between different females within the harem, we 
used a subset of  data that included all haremic breeder males 
monopolising at least one breeder female with young and one 
without. The count of  aggressive behaviors of  breeder males 
was set as response variable in a GLMM with negative bino-
mial error distribution, a log link function and a constant zero-
inflation value to account for zero inflated data (Supplementary 
Table S1c). We included the presence of  young (yes/no), the 
presence of  helpers (yes/no), and the activity of  the stimulus fish 
as explanatory variables. Treatment and harem ID were added 
as random effects. I n t his d ata s et, m ales w ere a lmost a lways 
present in the territory (mean value across treatment ranged be-
tween 286 and 292 s out of  300 s). Therefore, we did not include 
an offset term.

RESULTS
Breeder—helper comparison

Overall, aggression of  all group members against intruders in-
creased with increasing activity of  the presented stimulus fish
(Table  1, (a)). Breeder and helper aggression significantly dif-
fered across treatments, exemplified by a significant social
class*treatment interaction (Table  1, (a)). The first post-hoc
analysis revealed that breeders defended significantly more than
helpers in the predator of  fish treatment (Table 1, (b)) and her-
bivore control (Table 1, (b)). Furthermore, there was a marginal
difference in the predator of  young treatment, where breeders
tended to defend more than helpers (Table 1, (b)). No difference
in defense was found in the predator of  eggs treatment (Table 1, 
(b)). The second post-hoc analysis (of the same initial model)
across treatments revealed that the predator of  fish received sig-
nificantly more aggression by the breeders than all other stim-
ulus fishes, whereas there was no difference between aggression
levels against predators of  young and predators of  eggs (Table 1, 
(c); Figure  1a). The herbivore control fish received less aggres-
sion than all other stimulus fish (Table 1, (c)). The same post-hoc
comparisons for helpers revealed that predators of  eggs received
most aggression from them, followed by the predators of  young
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and fish (which received comparable amounts of a ggression) and 
the empty control (Table 1, (c); Figure 1b).

Breeder defense

The breeders’ aggression against intruders increased by 35% when 
dependent young were present, although this tendency was not 
statistically significant (Table 2, (a); Figure 2a). This trend did not 
depend on intruder type (treatment × presence of  young: df = 3; 
χ2 = 3.36; P = 0.34). Aggression further increased with the activity 
of the stimulus fish (Table 2, (a)). Breeder males showed 52.6% less 
aggression than females (Table 2, (a)).

Breeder aggression toward intruders differed between treatments 
depending on the presence of  helpers (Table 2, (a)). The post-hoc 
analysis of  this interaction indicated that when helpers were pre-
sent, breeders attacked predators of fish more o ften (Table  2, (b) 
and Figure  2b). There was a similar, nonsignificant trend in the 
same direction in the herbivore control (Table  2, (b)). Such effect 
was not shown in the predator of  young treatment (Table  2, (b)) 
and in the predator of  eggs treatment (Table 2, (b)).

Helper defense

The helpers’ likelihood to defend against an intruder increased 
with their body size (Table  3, (a); Figure  3a). It neither changed 
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difference i n t he p redator o f  y oung t reatment, w here b reeders 
tended to defend more than helpers (Table 1, (b)). No difference 
in defense was found in the predator of  eggs treatment (Table 1, 
(b)). The second post-hoc analysis (of the same initial model) 
across treatments revealed that the predator of  fish received sig-
nificantly m ore a ggression b y t he b reeders t han a ll o ther s tim-
ulus fishes, whereas there was no d ifference be tween ag gression 
levels against predators of  young and predators of  eggs (Table 1, 
(c); Figure  1a). The herbivore control fish r eceived l ess a ggres-
sion than all other stimulus fish (Table 1, (c)). The same post-hoc 
comparisons for helpers revealed that predators of  eggs received 
most aggression from them, followed by the predators of  young 

Table 1
Results of  the comparisons of  different reactions of  group members to the presented intruders. (a) Estimates of  the GLMM and the 
interaction between social class (breeder/helper) and the treatments. Two post-hoc comparisons on this interaction revealed (b) that 
investment differed between breeders and helpers and (c) that both (breeders and helpers) changed their investment depending on 
predator types. Aggressive behaviors within each treatment are shown as mean ± SE. Sample sizes are shown within parentheses for 
table (b) and in a separate column in table (c). Significant P values (<0.05) are highlighted in bold and marginally significant P values 
(<0.1) in italic digits

(a) Overall investment (model summary)

Estimate SE df χ2 P

Intercept 2.827 ± 0.169
Activity 0.284 ± 0.066 1 500.6 <0.001
Social class × treatment 3 30.58 <0.001

(b) Breeder–helper comparison (post-hoc)

Predator types Breeder mean ± SE  Helper mean ± SE df χ2 P

Fish L. elongatus 49.6 ± 6.2 (74) — 3.6 ± 1.8 (68) 1 45.3 <0.001
Young G. pfefferi 30.4 ± 4.4 (74) — 5.8 ± 1.9 (70) 1 3.65 0.056
Eggs T. vittatus 21.3 ± 3.3 (74) — 14.0 ± 3.3 (70) 1 0.05 0.83
Control X. spilopterus 4.9 ± 1.6 (70) — 0.7 ± 0.3 (69) 1 7.87 0.005

(c) Investment (post-hoc)

Predator type Mean ± SE N Predator type Mean ± SE N df χ2 P

Breeder
Fish: 49.6 ± 6.2 74 — Young: 30.4 ± 4.4 74 1 11.84 <0.001
Fish: 49.6 ± 6.2 74 — Control: 4.9 ± 1.6 70 1 38.01 <0.001
Fish: 49.6 ± 6.2 74 — Eggs: 21.3 ± 3.3 74 1 14.06 <0.001
Young: 30.4 ± 4.4 74 — Control: 4.9 ± 1.6 70 1 6.99 0.008
Young: 30.4 ± 4.4 74 — Eggs: 21.3 ± 3.3 70 1 0.02 0.89
Control: 4.9 ± 1.6 70 — Eggs: 21.3 ± 3.3 70 1 5.64 0.02
Helper
Fish: 3.6 ± 1.8 68 — Young: 5.8 ± 1.9 70 1 1.01 0.31
Fish: 3.6 ± 1.8 68 — Control: 0.7 ± 0.3 69 1 3.95 0.046
Fish: 3.6 ± 1.8 68 — Eggs: 14.0 ± 3.3 70 1 6.39 0.01
Young: 5.8 ± 1.9 70 — Control: 0.7 ± 0.3 69 1 5.04 0.02
Young: 5.8 ± 1.9 70 — Eggs: 14.0 ± 3.3 70 1 1.56 0.21
Control: 0.7 ± 0.3 69 — Eggs: 14.0 ± 3.3 70 1 8.77 0.003



with the number of  other helpers in the group (Table 3, (a)), nor 
with the activity of  the stimulus fish (Table 3, (a)).

There was a marginally significant interaction between the pres-
ence of  young and treatment (Table 3, (a)). The post-hoc analysis 
of  this interaction indicated that in the presence of  young, the 
helpers’ probability to attack decreased by 33.86% in the predator 
of  young treatment (Table  3, (b); Figure  3b). There was a trend 
in the same direction (−27.42%) in the predator of  eggs treatment 
(Table 3, (b)). In all other treatments, there was no difference in de-
fense between the presence or absence of  young (Table 3, (b)).

Time spent in breeding shelter

If  exposed to a predator of  young, helpers tended to spend more 
time in the breeding chamber when dependent young were present 
in the group (n = 49) compared with their absence (n = 20; Table 4; 
Figure  3c). The time helpers spent in the breeding chamber de-
creased with increasing body size (Table 4) and was not affected by 
the activity of  the stimulus fish (Table 4).

Differential male investment within harems

Male breeders (n = 13) did not defend more in subterritories that 
had dependent young present (Table 5). Additionally, the presence 
of  helpers and breeder male size had no significant influence on 
the allocation of  antipredator defense of  males within their harems 
(Table  5). Increasing activity of the stimulus fish s ignificantly en -
hanced the males’ defense behavior (Table 5).

DISCUSSION
Defense against predators is an essential component of brood care. 
In cooperative breeders, the guarding of young represents an im-
portant helping task that may enhance offspring survival and yield 
direct and indirect fitness benefits to all group members (Brouwer 
et  al. 2005). In this study, we experimentally investigated how 
breeders and helpers partition defense against predator threats as 
a function of predator type and the presence of dependent young. 
Our results indicate task sharing among group members when de-
pendent young are present. Breeders invested mainly in direct terri-
tory defense while helpers increased their presence in the breeding 
chamber if young were at immediate risk. They furthermore con-
tributed to defense depending on their body size and intruder type. 

An accurate assessment of predators threatening different classes 
of group members is important for efficient and successful defense 
of offspring, mating and social partners, and the territory. Our re-
sults indicate that breeders adjusted their investment to the respec-
tive threat level in relation to the presence of young and helpers. 
Breeders were most aggressive against the fish predator, followed by 
attacks toward predators of young and eggs, which received similar 
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(a) The breeders’ defense effort in relation to the presence of  dependent
young. (b) The breeders’ defense effort in dependence of  the presence of
helpers. Red lines depict medians, blue boxes the interquartile range (IQR),
and whiskers the value of  the respective quartile (Q1 or Q3) ± 1.5 times the
IQR. Circles show the density distribution of  the original data points. (*)
indicates P < 0.1; ** indicates P < 0.01.

Table 2
Results of  the analyses of  the investment of  breeders in relation to the presence and absence of  helpers and/or young. (a) Shown are 
the estimates of  the GLMM and the interaction between helper presence (yes/no) and the different treatments. Breeder females are 
the reference for the factor sex. Based on this significant interaction, the post-hoc comparison (b) revealed that for certain predatory 
types, breeder investment changes depending on the presence or absence of  helpers. Aggressive behaviors within each treatment are 
shown as means ± SE. Sample sizes are shown in parentheses. Significant P values (<0.05) are highlighted in bold and marginally 
significant P values (<0.1) in italic digits

(a) Breeder investment (model summary)

PEstimate SE df χ2

Intercept 2.290 ± 0.218
Activity 0.230 ± 0.060 1 14.72 <0.001
Young present 0.237 ± 0.134 1 3.13 0.077
Sex −0.630 ± 0.144 1 19.19 <0.001
Helper present × treatment 3 12.25 0.007

(b) Breeder investment in presence or absence of  helpers (post-hoc)

Predator types Helpers mean ± SE No helpers mean ± SE df χ2 P

Fish L. elongatus 57.3 ± 7.4 (51) — 31.7 ± 10.2 (22) 1 9.16 0.002
Young G. pfefferi 27.7 ± 8.2 (53) — 31.4 ± 5.2 (20) 1 0.07 0.78
Eggs T. vittatus 23.5 ± 6.8 (53) — 20.5 ± 3.8 (20) 1 0.06 0.81
Control X. spilopterus 6.2 ± 2.1 (51) — 1.2 ± 0.6 (18) 1 3.21 0.07



amounts of  aggression (Figure  1a). All predators received signifi-
cantly more aggressive attacks from breeders than the nonpredatory 
control fish. The fact that breeders adjust their investment to the re-
spective threat level is further corroborated by the increased defense 
behavior in the presence of  dependent young (Figure 2a). This ef-
fect did not change across treatments, indicating that any intrusion 
by heterospecifics might be harmful to their young. Breeders did de-
fend differently across treatments, though, in dependence of  helper 
presence. When helpers were present, breeders attacked the fish 
predator at a higher frequency (Figure  2b), suggesting enhanced 
protection for helpers. Such fine-tuned adjustments in defense ef-
fort against predators may be selected for in environments with a 
large diversity of  predator types, as pertaining to our study popu-
lation. Here, the fitness consequences of  antipredator behavior for 

breeders depend strongly also on the presence of  eggs, young, and 
helpers.

Costs and benefits associated with defending against predators 
differ between group members depending on an individual’s so-
cial status, sex and body size, and on the reproductive state of  
the group. The helpers’ participation in territory defense should 
hence vary with the presence of  young (i.e., because they are 
helping kin and/or paying for being allowed to stay;  Zöttl, Heg, 
et  al. 2013) and the costs of  attacking. Our results indicate that 
both apply in N.  savoryi. The number of  aggressive behaviors dir-
ected toward the fish predator was significantly lower in helpers 
compared to breeders, which corresponds to their higher risk of  
being injured or killed when attacking. Additionally, helpers tended 
to attack predators of  young less often than the breeders did, and 
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(a) The attack probability of  helpers in dependence of  body size. Larger helpers showed more antipredator defense (see text for statistical results). Shown is
the model-predicted regression (black line) ± 95% confidence intervals (gray). (b) The attack probability of  helpers against a predator of  young (G. pfefferi) in
dependence of  the presence of  small young. (c) The time helpers spent in the breeding chamber when a predator of  young was presented, in dependence of
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times the IQR. Circles show the density distribution of  the predicted (b) or original (c) data points. (*) indicates P < 0.1; ** indicates P < 0.01.

Table 3
Results of  the analyses of  the helpers’ investment (attack probabilities) in relation to their size, the number of  other helpers, and 
the presence or absence of  young. (a) The estimates of  the GLMM are shown and the interaction between presence of  young (yes/
no) and the different treatments. Based on this interaction, the post-hoc comparison (b) revealed that for certain predatory types, the 
helpers’ attack probability changed depending on the presence or absence of  young. The model-predicted attack probabilities within 
each treatment are shown as means ± SE. Sample sizes are shown in parentheses. Significant P values (<0.05) are highlighted in bold 
and marginally significant P values (<0.1) in italic digits

(a) Helpers’ attack probability (model summary)

Estimate SE df χ2 P

Intercept −1.622 ± 0.655
Activity 0.137 ± 0.152 1 0.83 0.86
Body size 0.101 ± 0.020 1 31.07 <0.001
Helper number −0.024 ± 0.138 1 0.03 0.36
Young present × treatment 3 7.6 0.055

(b) Helpers’ attack probability in presence or absence of  young (post-hoc)

Predator types Young mean ± SE No young mean ± SE df χ2 P

Fish L. elongatus 0.15 ± 0.02 (47) — 0.20 ± 0.04 (20) 1 0.24 0.63
Young G. pfefferi 0.16 ± 0.02 (49) — 0.50 ± 0.04 (20) 1 6.88 0.009
Eggs T. vittatus 0.43 ± 0.03 (49) — 0.70 ± 0.04 (20) 1 3.62 0.057
Control X. spilopterus 0.16 ± 0.02 (49) — 0.05 ± 0.02 (19) 1 1.4 0.24



they were less likely to attack these intruders if  the breeder female 
had dependent young (Figure 3b). At first sight, this seems coun-
terintuitive. However, in this treatment, helpers spent more time 
in the breeding chamber, which likely enhanced the guarding of  
young that are usually hiding in the shelter while the breeders 
attacked the intruder (Figure 3c). As a predator of  young does not 
pose a risk to helpers and the response of  helpers changed with 
the presence or absence of  young, we assume that these helpers 
were not just hiding in the shelter but actively guarding the 
young. Additionally, helpers often have private shelters next to the 
breeding chamber, which could have been used for increasing pro-
tection instead. The importance of  visits to the breeding chamber 
has further  been suggested by a recent study of  N.  savoryi in a 
nonpredatory context. Here, both breeders and helpers increased 
breeding chamber attendance when dependent young were present 
(Josi, Taborsky, et al. 2020). This indicates that shelter visits are a 
good proxy for offspring care (cf. Stiver et  al. 2005). Our results 
suggest that the presence of  dependent young induced partitioning 
of  protective tasks between breeders and helpers when they were 
challenged by predatory intruders posing an immediate risk for de-
pendent young. While breeders invested most in direct territory de-
fense, helpers increased their attendance and care for the young in 
the breeding chamber. Comparable task sharing, where the labor 
is divided among group members belonging to different life stages 
occurs in some eusocial insects (Oster and Wilson 1978; West and 
Purcell 2020), and has been shown also in a few other coopera-
tively breeding vertebrates (Clutton-Brock et al. 2004; Arnold et al. 
2005; Bruintjes and Taborsky 2011).

In N.  savoryi, division of  labor among helpers is apparently size 
dependent. The probability to attack an intruding predator in-
creased with increasing body size of  helpers across all treatments 
(Figure  3a). In contrast, smaller helpers spent more time in the 
breeding chamber, where they guard and care for dependent young 

and eggs (Josi et al. 2019). Additionally, these smaller helpers might 
themselves gain protection in the shelter, indicating that tasks 
might be shared depending on individual risk. In the cooperatively 
breeding congener N.  pulcher, tasks are shared differently among 
subordinate group members when two environmental challenges 
were presented simultaneously; large helpers specialized in digging 
sand out of  the breeding shelter, whereas small helpers defended 
the breeding shelter against egg predators, which was explained by 
the size-specific efficiency of  helpers (Bruintjes and Taborsky 2011). 
Comparable sharing of  digging activity also occurs in N.  savoryi 
(Josi, Taborsky, et al. 2020). In the present study, no sand was added 
to the breeding shelter. Therefore, the higher defense effort of  large 
helpers might reflect their greater efficiency in this duty.

The attack probability of  helpers was highest in the egg predator 
treatment (Figure  1b), which again might reflect efficiency. Here, 
the total number of  helper attacks was comparable to that of  the 
breeders. The egg predator T. vittatus is a small species that can be 
easily ousted by helper-sized N. savoryi. Furthermore, a recent study 
revealed that T. vittatus is strongly attacked in the presence of  eggs 
(Josi et  al. 2019). We do not know whether eggs were present in 
the breeding chamber during the experiment as checking for eggs 
would have destroyed the shelter. Still, as spawning in N. savoryi oc-
curs regularly throughout the year, it is highly likely that this ap-
plied at least to some of  the territories. Comparable context-specific 
effects on territory defense were also shown in N. pulcher (Desjardins, 
Stiver, et al. 2008; Zöttl, Frommen, et al. 2013), indicating that size-
dependent sharing of  defense might be a common pattern in coop-
eratively breeding cichlids.

Besides a higher defense efficiency, there are several other 
nonmutually exclusive explanations for sized-depended investment 
in defense. Large body size may imply a lower risk of  injuries or 
death, leading to lower costs of  aggression against larger intruders. 
In addition, large helpers are sexually mature. Therefore, the 

Table 5
Results of  the differential male investment within their harem (n = 13) in relation to the presence or absence of  helpers (yes/no) and 
young (yes/no), body size, and activity of  the different predators. Estimates of  the GLMM are shown. Significant P values (<0.05) are 
highlighted in bold digits

Differential male investment within harems

Estimate SE df χ2 P

Intercept 2.353 ± 0.703
Activity 0.316 ± 0.140 1 5.560 0.018
Young present 0.398 ± 0.301 1 1.74 0.19
Helper present 0.202 ± 0.340 1 0.35 0.55
Body size 0.065 ± 0.044 1 1.970 0.16

Table 4
The time helpers spent in the breeding chamber (analyzed in minutes) during the presentation of  the predator of  young (G. pfefferi) 
in relation to helper size, the presence or absence of  young (yes/no) and the activity of  the predator (n = 69). Estimates of  the 
GLMM are shown. Significant P values (<0.05) are highlighted in bold and marginally significant P values (<0.1) in italic digits

Time spent in breeding shelter

Estimate SE df χ2 P

Intercept 2.409 ± 0.351
Activity 0.190 ± 0.192 1 1.03 0.31
Young present 0.780 ± 0.418 1 3.6 0.058
Body size −0.109 ± 0.020 1 25.58 <0.001



enhanced defense effort of large helpers in N. savoryi could be partly 
associated also with direct fitness benefits gained through shared re-
production (cf. Bruintjes et  al. 2011). Finally, large helpers might 
have to pay a higher price to stay in the territory because of  costs 
imposed on dominant breeders due to their potential participation 
in reproduction (Heg and Taborsky 2010; Quiñones et al. 2016).

In polygynous mating systems, females may suffer from reduced 
paternal care as compared to monogamous systems, and breeder 
males may allocate a greater investment toward females in larger 
need, for example, because they are currently breeding or have few 
or no helpers (Jungwirth et al. 2016). In line with this assumption, 
female N.  pulcher paired to polygynous males received overall less 
paternal care effort than females paired to monogamous partners 
(Desjardins, Fitzpatrick, et  al. 2008; Jungwirth et  al. 2016). These 
findings were corroborated in our experiment, where breeder fe-
males with dependent young did not receive increased assistance 
from the breeder male, independently of  whether the female 
had helpers or not. This indicates a potential sexual conflict over 
the mating pattern and harem size between males and females. 
Furthermore, competition for male support could be a source of 
potential conflict among breeder females within the harem. The 
strength and importance of  such intrasexual and intersexual con-
flicts, and potential adjustments of  male and female breeding strat-
egies, would pose a challenging subject for future studies.

In summary, this study reveals fine-tuned t ask-dependent b ehav-
ioral adjustments among different group members in a cooperatively 
breeding fish species, especially when risk for dependent young is high. 
In the presence of  small offspring, breeders and helpers showed divi-
sion of  labor, with breeders taking over the main defense duties and 
helpers guarding the young in the breeding chamber. Our findings 
highlight the importance of  incorporating ecological and reproductive 
parameter variation for understanding the function and maintenance 
of  helping in cooperatively breeding species.
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FUNDING
This study was supported by Schweizerischer Nationalfonds-grants 
31003A_156152 and 31003A_176174 to M.T.  and 31003A_166470 and 
310030_185021 to J.G.F.  and by support of  the Burgergemeinde Bern 
(2017–512) to D.J.

We are grateful to the late Hirokazu Tanaka, who supported us in planning 
the experiment and collecting the data. We would like to thank the mem-
bers of  the Department of  Fisheries, Ministry of  Agriculture and Livestock 
of  Zambia, for the permission to conduct this work and for logistical help, 
and especially Taylor Banda and Lawrence Makasa for their continuing 
support of  our work. We thank Celestine and the late Augustin Mwewa and 
their team for hosting us at Tanganyika Science Lodge. The manuscript 
benefitted from thoughtful comments of  Amanda Ridley and four anony-
mous referees.

Conflict of i nterest: The authors declare that they have no conflict of 
interest.

AUTHOR CONTRIBUTIONS
D.J., M.T., and J.G.F.  conceived the study and organized funding; D.J.  con-
ducted the experiments; A.F. analyzed the video material; and D.J. and A.F. ana-
lyzed the data and wrote the first draft of  the manuscript, which was revised by 
M.T. and J.G.F.; all authors approved the final version of  the manuscript.

Data availability: Analyses reported in this article can be reproduced using 
the data provided by Josi, Freudiger, et al. (2020).

REFERENCES
Arnold KE, Owens IPF, Goldizen AW. 2005. Division of labour within co-

operatively breeding groups. Behaviour. 142:1577–1590.
ASAB. 2018. Guidelines for the treatment of animals in behavioural re-

search and teaching. Anim Behav. 135:I–X.
Balshine-Earn  S, Neat  FC, Reid  H, Taborsky  M. 1998. Paying to stay or 

paying to breed? Field evidence for direct benefits of helping behavior in 
a cooperatively breeding fish. Behav Ecol. 9:432–438.

Balzarini V, Taborsky M, Wanner S, Koch F, Frommen JG. 2014. Mirror, 
mirror on the wall: the predictive value of  mirror tests for measuring ag-
gression in fish. Behav Ecol Sociobiol. 68:871–878.

Bates D, Mächler M, Bolker B, Walker S. 2015. Fitting linear mixed-effects 
models using {lme4}. J Stat Softw. 67:1–48.

Beauchamp G. 2014. Social predation: how group living benefits predators 
and prey. London (UK): Academic Press.

Bolker B, R Development Core Team. 2017. bbmle; tools for general max-
imum likelihood estimation. R Packag version1020. http://CRAN.R-
project.org/package=bbmle.

Brouwer  L, Heg  D, Taborsky  M. 2005. Experimental evidence for helper 
effects in a cooperatively breeding cichlid. Behav Ecol. 16:667–673.

Bruintjes R, Bonfils D, Heg D, Taborsky M. 2011. Paternity of  subordinates 
raises cooperative effort in cichlids. PLoS One. 6:e25673.

Bruintjes R, Taborsky M. 2011. Size-dependent task specialization in a co-
operative cichlid in response to experimental variation of  demand. Anim 
Behav. 81:387–394.

Caro  TM. 2005. Antipredator defenses in birds and mammals. Chicago 
(IL): University of  Chicago Press.

Chittka L, Muller H. 2009. Learning, specialization, efficiency and task al-
location in social insects. Commun Integr Biol. 2:151–154.

Clutton-Brock T. 2002. Breeding together: kin selection and mutualism in 
cooperative vertebrates. Science. 296:69–72.

Clutton-Brock TH, Gaynor D, McIlrath GM, Maccoll ADC, Kansky R, 
Chadwick P, Manser M, Skinner JD, Brotherton PNM. 1999. Predation, 
group size and mortality in a cooperative mongoose, Suricata suricatta. J 
Anim Ecol. 68:672–683.

Clutton-Brock  TH, Russell  AF, Sharpe  LL. 2004. Behavioural tactics of  
breeders in cooperative meerkats. Anim Behav. 68:1029–1040.

De Rosario-Martinez H. 2015. phia: post-hoc interaction analysis (software). 
http//CRANR-project.org/packages=phia (R Packag version 02-1)

Desjardins JK, Fitzpatrick JL, Stiver KA, Van der Kraak GJ, Balshine S. 
2008. Costs and benefits of  polygyny in the cichlid Neolamprologus pulcher. 
Anim Behav. 75:1771–1779.

Desjardins JK, Stiver KA, Fitzpatrick JL, Balshine S. 2008. Differential re-
sponses to territory intrusions in cooperatively breeding fish. Anim Behav. 
75:595–604.

Fischer S, Taborsky B, Burlaud R, Fernandez AA, Hess S, Oberhummer 
E, Frommen JG. 2014. Animated images as a tool to study visual com-
munication: a case study in a cooperatively breeding cichlid. Behaviour. 
151:1921–1942.

Fournier DA, Skaug HJ, Ancheta J, Ianelli J, Magnusson A, Maunder 
MN, Nielsen A, Sibert J. 2012. AD Model Builder: using automatic 
differentiation for statistical inference of  highly parameterized com-
plex nonlinear models. Optim Methods Softw. 27:233–249.

Friard  O, Gamba  M. 2016. BORIS: a free, versatile open-source event-
logging software for video/audio coding and live observations. Methods 
Ecol Evol. 7:1325–1330.

Garvy KA, Hellmann JK, Ligocki IY, Reddon AR, Marsh-Rollo SE, 
Hamilton IM, Balshine S, O’Connor CM. 2015. Sex and social 
status affect territorial defence in a cooperatively breeding cichlid fish, 
Neolamprologus savoryi. Hydrobiologia. 748:75–85.

Gaston AJ. 1978. The evolution of  group territorial behavior and coopera-
tive breeding. Am Nat. 112:1091–1100.

Griffin AS, West SA. 2003. Kin discrimination and the benefit of  helping in 
cooperatively breeding vertebrates. Science. 302:634–636.

Groenewoud F, Frommen JG, Josi D, Tanaka H, Jungwirth A, Taborsky M. 
2016. Predation risk drives social complexity in cooperative breeders. 
Proc Natl Acad Sci USA. 113:4104–4109.

http://CRAN.R-project.org/package=bbmle
http://CRAN.R-project.org/package=bbmle
http//CRANR-project.org/packages=phia (R Packag version 02-1


Grüter C, Menezes C, Imperatriz-Fonseca VL, Ratnieks FL. 2012. A mor-
phologically specialized soldier caste improves colony defense in a neo-
tropical eusocial bee. Proc Natl Acad Sci USA. 109:1182–1186.

Heg D, Bachar Z, Brouwer L, Taborsky M. 2004. Predation risk is an eco-
logical constraint for helper dispersal in a cooperatively breeding cichlid. 
Proc Royal Soc B. 271:2367–2374.

Heg  D, Bachar  Z, Taborsky  M. 2005. Cooperative breeding and group 
structure in the Lake Tanganyika cichlid Neolamprologus savoryi. Ethology. 
111:1017–1043.

Heg  D, Heg-Bachar  Z, Brouwer  L, Taborsky  M. 2008. Experimentally 
induced helper dispersal in colonially breeding cooperative cichlids. 
Environ Biol Fishes. 83:191–206.

Heg D, Taborsky M. 2010. Helper response to experimentally manipulated 
predation risk in the cooperatively breeding cichlid Neolamprologus pulcher. 
PLoS One. 5:e10784.

Heinsohn  R, Legge  S. 1999. The cost of  helping. Trends Ecol Evol. 
14:53–57.

Hellig  CJ, Kerschbaumer  M, Sefc  KM, Koblmüller  S. 2010. Allometric 
shape change of  the lower pharyngeal jaw correlates with a dietary shift 
to piscivory in a cichlid fish. Naturwissenschaften. 97:663–672.

Johnsson  JI, Nöbbelin  F, Bohlin  T. 1999. Territorial competition among 
wild brown trout fry: effects of  ownership and body size. J Fish Biol. 
54:469–472.

Josi D, Freudiger A, Taborsky M, Frommen JG. 2020. Experimental pred-
ator intrusions in a cooperative breeder reveal threat-dependent task 
partitioning. Behav Ecol. doi:10.5061/dryad.n02v6wwvk.

Josi D, Taborsky M, Frommen JG. 2019. First field evidence for alloparental 
egg care in cooperatively breeding fish. Ethology. 125:164–169.

Josi D, Taborsky M, Frommen JG. 2020. Investment of  group members is 
contingent on helper number and the presence of  young in a cooperative 
breeder. Anim Behav. 160:35–42.

Jungwirth A, Balzarini V, Zöttl M, Salzmann A, Taborsky M, Frommen JG. 
2019. Long-term individual marking of  small freshwater fish: the utility 
of  Visual Implant Elastomer tags. Behav Ecol Sociobiol. 73:49.

Jungwirth  A, Brena  PF, Keller  I, Taborsky  M. 2016. Polygyny affects pa-
ternal care, but not survival, pair stability, and group tenure in a coopera-
tive cichlid. Behav Ecol. 27:592–600.

Jungwirth  A, Josi  D, Walker  J, Taborsky  M. 2015. Benefits of  coloniality: 
communal defence saves anti-predator effort in cooperative breeders. 
Funct Ecol. 29:1218–1224.

Kohda  M, Hori  M, Nshombo  M. 1997. Inter-individual variation in 
foraging behaviour and dimorphism in predatory cichlid fishes. In: 
Kawanabe  H, Hori  M, Nagoshi  M, editors. Fish communities in Lake 
Tanganyika. Kyoto (Japan): Kyoto University Press. p. 123–136.

Krause J, Ruxton GD. 2002. Living in groups. Oxford: Oxford University 
Press.

Lehtonen  J, Jaatinen  K. 2016. Safety in numbers: the dilution effect and 
other drivers of  group life in the face of  danger. Behav Ecol Sociobiol. 
70:449–458.

Manser  MB. 2001. The acoustic structure of  suricates’ alarm calls varies 
with predator type and the level of  response urgency. Proc Biol Sci. 
268:2315–2324.

Ochi  H, Hata  H, Hori  M. 2007. Advantage of  harmlessness in 
gaining preferential access to a heterospecific territory. J Fish Biol. 
71:399–410.

Ochi  H, Yanagisawa  Y. 1999. Sand-transfer behavior outside the nest by 
guarding parents of  the Tanganyikan cichlid, Neolamprologus caudopunctatus. 
Ichthyol Res. 46:419–422.

Oster  GF, Wilson  EO. 1978. Caste and ecology in the social insects. 
Princeton (NJ): Princeton University Press.

Queller DC, Strassmann  JE. 1998. Kin selection and social insects: social 
insects provide the most surprising predictions and satisfying tests of  kin 
selection. Bioscience. 48:165–175.

Quiñones  AE, van  Doorn  GS, Pen  I, Weissing  FJ, Taborsky  M. 2016. 
Negotiation and appeasement can be more effective drivers of  sociality 
than kin selection. Philos Trans R Soc Lond B. 371:20150089.

R Core Team. 2018. R: a language and environment for statistical com-
puting. Vienna (Austria): R Foundation for Statistical Computing.

Ridley  AR, Raihani  NJ. 2008. Task partitioning increases reproductive 
output in a cooperative bird. Behav Ecol. 19:1136–1142.

Rubenstein DR, Abbot P. 2017. Comparative social evolution. Cambridge 
(UK): Cambridge University Press.

Santema  P, Clutton-Brock  T. 2013. Meerkat helpers increase sentinel be-
haviour and bipedal vigilance in the presence of  pups. Anim Behav. 
85:655–661.

Sorato  E, Gullett  PR, Griffith  SC, Russell  AF. 2012. Effects of  predation 
risk on foraging behaviour and group size: adaptations in a social cooper-
ative species. Anim Behav. 84:823–834.

Stiver KA, Dierkes P, Taborsky M, Gibbs HL, Balshine S. 2005. Relatedness 
and helping in fish: examining the theoretical predictions. Proc Royal Soc 
B. 272:1593–1599.

Taborsky M. 1984. Broodcare helpers in the cichlid fish Lamprologus brichardi: 
their costs and benefits. Anim Behav. 32:1236–1252.

Taborsky M, Grantner A. 1998. Behavioural time-energy budgets of  coop-
eratively breeding Neolamprologus pulcher (Pisces: Cichlidae). Anim Behav. 
56:1375–1382.

Taborsky  M, Limberger  D. 1981. Helpers in fish. Behav Ecol Sociobiol. 
8:143–145.

Tanaka  H, Frommen  JG, Engqvist  L, Kohda  M. 2018. Task-dependent 
workload adjustment of  female breeders in a cooperatively breeding fish. 
Behav Ecol. 29:221–229.

Tanaka H, Frommen JG, Takahashi T, Kohda M. 2016. Predation risk pro-
motes delayed dispersal in the cooperative breeding cichlid Neolamprologus 
obscurus. Anim Behav. 117:51–58.

Tanaka H, Heg D, Takeshima H, Takeyama T, Awata S, Nishida M, Kohda 
M. 2015. Group composition, relatedness, and dispersal in the cooper-
atively breeding cichlid Neolamprologus obscurus. Behav Ecol Sociobiol.
69:169–181.

Townsend SW, Charlton BD, Manser MB. 2014. Acoustic cues to identity 
and predator context in meerkat barks. Anim Behav. 94:143–149.

Wcislo W, Fewell JH. 2017. Sociality in bees. In: Rubenstein DR, Abbot P, 
editors. Comparative social evolution. Cambridge (UK): Cambridge 
University Press. p. 50–83.

West M, Purcell J. 2020. Task partitioning in ants lacking discrete morpho-
logical worker subcastes. Behav Ecol Sociobiol. 74:66.

Yagi  N, Hasegawa  E. 2011. Social-organization shift in the sweat bee, 
Lasioglossum baleicum (Hymenoptera, Halictidae), corresponds to changes in 
foraging activity of  the predatory ant Tetramorium tsushimae (Hymenoptera, 
Formicidae). Sociobiology. 58:241–250.

Yasukawa  K, Cockburn  A. 2009. Antipredator vigilance in cooperatively 
breeding superb fairy-wrens (Malurus cyaneus). Auk. 126:147–154.

Zöttl M, Frommen JG, Taborsky M. 2013. Group size adjustment to ecolog-
ical demand in a cooperative breeder. Proc Royal Soc B. 280:20122772.

Zöttl  M, Heg  D, Chervet  N, Taborsky  M. 2013. Kinship reduces 
alloparental care in cooperative cichlids where helpers pay-to-stay. Nat 
Commun. 4:1341.

https://doi.org/10.5061/dryad.n02v6wwvk

