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Summary

1. Many anti-predator benefits of group living are predicted to scale with prey density. Never-
theless, evidence for a general density-dependent increase of prey survival is scarce. A possible
reason for this discrepancy is the reduction of costly anti-predator behaviour of prey with
increasing density, which may offset density-dependent survival gains. Benefits of group living
might hence accrue by saved investment into anti-predator behaviours rather than by increased
survival rates.

2. Here, we experimentally presented predators in a colony of the cooperatively breeding cich-
lid fish Neolamprologus pulcher to study density dependence of their anti-predator defences.
Predation is a driver of the formation and stability of breeding groups in this species, but
potential benefits of coloniality are yet unclear. We hypothesised that increased density of
breeding groups would either increase total anti-predator behaviour or allow individuals to
reduce their anti-predator effort due to enhanced predator deterrence from neighbours.

3. Confirming predictions from the second hypothesis, our results show that focal groups
invested less into anti-predator behaviour at higher densities, while neighbouring groups’
behaviour compensated for this reduced effort. This resulted in stable levels of anti-predator
behaviours over the entire range of natural densities. Thus, aggregating in colonies allows these
fish to save investment in anti-predator behaviour.

4. These results suggest that the formation of both breeding groups and colonies reflects adap-
tive responses to high predation pressure in this species. Two different levels of sociality seem
to be favoured by the same selective force.

5. Our study provides experimental evidence in nature for an important benefit of coloniality
that may explain the concomitant existence of different levels of sociality in many highly social
taxa.
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total anti-predator behaviour, and (iii) to reduce the costs

Introduction of anti-predator behaviours (Hoogland & Sherman 1976;

A major ecological cause of group living is the prevalence
of high predation pressure (Rubenstein 1978; Krause &
Ruxton 2002). When animals aggregate, per capita preda-
tion risk typically decreases due to dilution or similar
effects that scale with density (Wrona & Dixon 1991; Bed-
nekoff & Lima 1998; Beauchamp 2014). In addition, the
anti-predator defences of potential prey may reduce preda-
tion risk through grouping due to greater efficacy and/or
reduced costs (Krause & Ruxton 2002). In fact, in a range
of systems, denser or larger aggregations have been shown
to (i) yield survival benefits to individuals, (ii) to increase
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Hoogland 1981; Dominey 1983; Brown & Brown 1987,
2004; Wiklund & Andersson 1994; Arroyo, Mougeot &
Bretagnolle 2001; Serrano et al. 2005; Krams et al. 2007).
Nevertheless, a lack of density-dependent anti-predator
benefits has also been reported from several species (Rod-
gers Jr 1987; Bellinato & Bogliani 1995; Brunton 1997,
Stokes & Boersma 2000). Based on these contradicting
findings, the general role of anti-predator benefits for the
evolution of large animal aggregations has been questioned
(Clode 1993; Danchin & Wagner 1997; Rolland, Danchin
& de Fraipont 1998; Wagner et al. 2000; Varela, Danchin
& Wagner 2007). One potential explanation for these
ambivalent findings is the adjustment of anti-predator
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behaviours of prey to their respective density (Daly et al.
2012). If individuals are either indifferent in their anti-
predator behaviour with regard to density, or if they
increase their investment at higher densities because
attacks on predators are less risky, for instance due to
dilution effects, higher densities of prey may result in
increased total anti-predator effort (Brown & Hoogland
1986; Arroyo, Mougeot & Bretagnolle 2001; Ostreiher
2003). Alternatively, higher densities of prey can cause
individuals to reduce their defence effort, as the combined
effort of other individuals may compensate for this reduc-
tion; in this case, similar per capita predation risk may
ensue across a wide range of prey densities (Daly et al.
2012; Schidelin, Fischer & Wagner 2012). In case such
compensatory effects do not apply, higher prey densities
might even result in increased predation risk, for instance
because of an unproportionally large reduction of total
anti-predator behaviour of individuals or due to an
increased attractiveness of higher prey densities to preda-
tors. In this case, aggregating would only be adaptive if it
yielded benefits other than reduced predation (Bellinato &
Bogliani 1995; Davis & Brown 1999; Stokes & Boersma
2000). Consequently, anti-predator benefits of group living
may not be detected by density-dependent variation in pre-
dation rates, but rather by the anti-predator effort
expended by individuals (Daly et al. 2012).

When prey reduce their anti-predator behaviours with
increasing density, this may either cause density-dependent
benefits of group-living to all individuals in the population
by their saving expenses (e.g. risk or time; cf. Roberts
1996), even if their predation risk is not reduced (Daly et al.
2012), or it may asymmetrically inflict costs on others, if
individuals reducing anti-predator behaviours such as mob-
bing (Poiani & Yorke 1989), alarm calling (Zuberbiihler
2009), defence (Daly et al. 2012), vigilance (Fortin et al.
2004), or predator inspection (Milinski et al. 1997) freeride
on the efforts of their peers (Rankin, Bargum & Kokko
2007). In this context, the crucial question is how costly
anti-predator behaviours that primarily benefit others can
be evolutionarily stable (Maynard Smith 1965; Bergstrom
& Lachmann 2001; Garay 2009; Archetti 2011; Sirot 2012).
Similar social dilemmas are ubiquitous in shared invest-
ments. When individuals expend time and energy or assume
a risk to the benefit of a group, this creates incentives for
individual group members to save own investment while
free riding on the investment of others (e.g. Johnstone ez al.
2014). If group living is a selected response to predation,
the quantity of total and individual anti-predator behaviour
shown in dependence of prey density will indicate whether
group members mutually benefit from each other’s effort,
or whether they are subject to such a social dilemma.

It is currently unclear to which extent different levels of
social organization such as breeding groups and colonies
can mutually contribute to anti-predator benefits of indi-
viduals, because most research has focused on only one
level of social organization, that is either groups or colo-
nies (Rubenstein 1978; Griesser, Nystrand & Ekman 2006;
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Varela, Danchin & Wagner 2007; Heg & Taborsky 2010;
Krams et al. 2010).

Here, we test the hypothesis that the observed aggrega-
tion of groups of the cooperatively breeding cichlid fish
Neolamprologus pulcher into colonies, that is assemblages
of a few up to some hundred groups in close proximity,
yields anti-predator benefits (Heg ez al. 2008). In particu-
lar, we ask whether defence effort against predators
depends on (i) the density of groups and (ii) the behaviour
of neighbouring groups. In this species, reproductive
groups composed of individuals varying in age and size
defend territories in which group members find breeding
substrate and shelter from predators (Taborsky & Limber-
ger 1981; Balshine et al. 2001). Large group members
actively protect smaller ones by attacking predators, and
this protection is crucial for juvenile survival (Taborsky
1984; Heg et al. 2004; Brouwer, Heg & Taborsky 2005).
Hence, the formation of cooperatively breeding groups
appears to be largely driven by predation. The benefits of
the aggregation of groups into colonies are hitherto less
clear, as predator densities within a colony are similar or
even higher than at comparable sites outside of colonies
(Heg et al. 2008). Nevertheless, individuals show a clear
preference to occupy vacancies within rather than outside
colonies (Heg et al. 2008). The aim of this study was to
test experimentally whether individuals benefit from colo-
niality either by an increase in total anti-predator behav-
iour or by individually saving anti-predator effort (cf.
Clarke & Fitzgerald 1994). To check whether group mem-
bers adjust their defence behaviour to local group density,
we recorded the anti-predator effort shown by groups
located in areas of different densities within the same col-
ony. We expected predators either to receive more aggres-
sion in denser areas due to the combined effort of several
groups, or to receive similar or lower aggression levels if
groups located in denser areas would show reduced anti-
predator investment. We further investigated whether the
defence effort shown by focal groups is adjusted to the
defence effort of neighbouring groups. The results of our
experimental predator presentations should hence clarify
whether there are anti-predator benefits of coloniality in
these cooperative breeders and, if so, whether such benefits
arise from an increase in total anti-predator activities in
areas of high group density, or from saved anti-predator
effort of group members.

Materials and methods

We studied a natural population of N. pulcher, a cichlid fish dis-
tributed along the rocky shores of Lake Tanganyika, East Africa
(Duftner et al. 2007). In N. pulcher, (i) group members coopera-
tively defend territories with shelters for hiding and breeding (Tab-
orsky & Limberger 1981; Balshine ez a/. 2001); (ii) larger group
members provide protection crucial for juvenile survival (Tabor-
sky 1984; Heg et al. 2004; Brouwer, Heg & Taborsky 2005), and
(iii) groups cluster together, forming colonies (Heg et al. 2005,
2008; Stiver et al. 2007). To study a colony of these fish, we used
scuba-diving at 10-12 m depth at Kasakalawe Point, west of
Mpulungu, Zambia (8°46-849'S, 31°04-882'E). Here, the main
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predator of adult and subadult N. pulcher [i.e. >1-5 cm standard
length (SL)] is the piscivorous cichlid Lepidiolamprologus elongatus
(Balshine er al. 2001; Heg et al. 2004).

To assess how local densities of N. pulcher groups influence
anti-predator behaviour, we presented focal groups with simu-
lated predator attacks. A total of 73 groups were haphazardly
selected in a way to cover the entire density variation observed
in the study area (a colony stretching approximately 30 x 30 m,
with 166 groups in total; Fig. 1). Each focal group experienced
two consecutive presentations of 2 min each that were preceded
by a habituation phase of 3 min. During each presentation, a
clear plexiglass tube (14 cm length, 9 cm diameter, closed with
perforated lids to allow water exchange) containing a live
L. elongatus was placed at one of two positions on the focal ter-
ritory’s border (cf. Fig. 1): either in the direction of the nearest
neighbouring N. pulcher territory (towards nearest neighbour:
TNN) or in the direction of the least densely settled area border-
ing the focal territory (away from neighbours: AFN). The
sequence of presentations was randomized between focal groups.
Pilot experiments had shown that groups of N. pulcher only
reacted to the stimulus fish when it was presented in their imme-
diate vicinity. Thus, regarding the focal group’s behaviour, the
predator was as likely to be attacked in the TNN as in the AFN
position. For neighbouring groups, however, the predator was
unlikely to be attacked in the AFN position, and its probability
of being attacked in the TNN position depended on the nearest
neighbouring group’s distance to the respective focal group. This
allowed us to disentangle the focal group’s response to their
nearest neighbouring group’s acute anti-predator behaviour (the
difference in the focal group’s investment between the TNN and
AFN positions) from a general behavioural adjustment to den-
sity (by comparing the investment of focal groups between differ-
ent densities). To serve as stimulus fish, 22 L. elongatus were
caught within 10 m of N. pulcher territories in the study area
(median SL: 10-1 cm; range: 8-3-13:3 cm; pilot experiments
revealed that N. pulcher reacted strongest to L. elongatus of this
size range).

For all focal groups, we determined the distance (in metres
from centre to centre, £0-05 m) to the nearest neighbouring for-
eign territory. We also counted the number of foreign territories
within a 2-m radius around each focal territory. These measures
were highly correlated (Spearman’s rank correlation: n = 73,
p=—0:69, P <0:001), so we used nearest neighbour distance as
an index of local population density. We counted all fish larger
than 3-5cm SL (i.e. dominant males, dominant females and
potentially mature helpers; cf. Heg et al. 2004) for each group. We
did not include smaller individuals in the count, as these typically

do not engage in territory defence against large piscivores (Heg &
Taborsky 2010; A. Jungwirth, personal observation).

During each presentation, we recorded the number of aggres-
sive behaviours directed towards the stimulus fish by the members
of the focal group and of the nearest neighbouring group. We
scored each attempt to ram or bite the predator and all frontal
displays towards the predator (cf. Taborsky & Grantner 1998). To
control for effects of group size, we divided the number of
recorded aggressive behaviours by the number of large individuals
(i.e. >3:5 cm, see above) in the respective territories.

Neither the recorded behaviours, nor group sizes, nor nearest
neighbour distances were normally distributed. Thus, we applied
generalized linear models (GLM) and nonparametric, two-tailed
statistical tests (Wilcoxon matched-pairs signed-ranks test; Spear-
man’s rank correlation test), using R version 3.0.2 (R Develop-
ment Core Team 2013). When analysing counts of aggressive
behaviours directed towards the stimulus fish, GLMs were fitted
with a logarithmic link function to account for a Poisson error
structure (family: poisson or quasipoisson; GLM log link). When
analysing how the total anti-predator effort was shared between
the focal group and the neighbouring group, GLMs were fitted
with a logistic link function to account for a binomial error
structure (family: quasibinomial; GLM logit link). GLMs did not
include any terms other than the response variable of interest
(counts of aggression of focal groups, neighbouring groups, or
both, and relative share in anti-predator effort, respectively) and
the explanatory variable of interest (nearest neighbour distance
of the territory, or size of the group, respectively).

All work reported here conformed with the legal requirements
of Zambia and was acknowledged by the Department of Fisheries
in Mpulungu, Zambia.

Results

The median nearest neighbour distance of our experimen-
tal territories was 0-58 m (range: 0-16-3-2 m, n = 73),
which well represented the distribution of nearest neigh-
bour distances in the whole colony (median: 0-6 m, range:
0-16-3-2 m, n = 166).

The position at which the stimulus fish was presented
(TNN or AFN, see Materials and methods) neither influ-
enced the total amount of aggression performed against
the predator (i.e. the sum of aggressive behaviours directed
towards the stimulus fish by the members of the focal
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group and of its nearest neighbouring group; Wilcoxon
matched-pairs signed-ranks test (hereafter: Wilcoxon test):
n=73, V=1439.5, P=0-25), nor the focal group’s
amount of aggression shown towards the predator (Wilco-
xon test: n =73, V =09355 P =0-33). Neighbouring
N. pulcher attacked the stimulus fish significantly more
often when it was presented at the TNN compared to the
AFN position (Wilcoxon test: n =73, V' =725, P < 0-001;
Fig. 2).

A given focal group’s aggression towards the predator
was strongly correlated between the presentations at the
TNN and AFN positions (Spearman’s rank correlation test:
n="73, p=0-571, P <0-001). During presentations at the
TNN positions, there was no relationship between a focal
group’s and its nearest neighbouring group’s aggression
(Spearman’s rank correlation test: n =73, p = —0-028,
P = 0-82). Larger focal groups showed more aggression
(summed for both presentations) towards the predator
(GLM log link: n =73, z=5-13, P < 0-001), while larger
neighbouring groups attacked the predator less often
(GLM log link: n=73, z=-3-87, P <0-:001). When
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Fig. 2. The amount of anti-predator behaviour shown by large
group members (cf. Materials and methods) towards the predator
during each 2-min presentation. The predator was presented on
the border of the focal territory, either towards the nearest neigh-
bouring territory (towards nearest neighbour: TNN; triangles) or
towards the least densely populated adjacent area (away from
neighbours: AFN; squares). Data are presented for (a) focal
groups, (b) nearest neighbouring groups and (c) the sum of all
anti-predator behaviours (i.e. all anti-predator behaviours per-
formed by the focal group and their nearest neighbouring group).
Each symbol represents the median, and each line spans the upper
and lower quartiles across all experimental trials. The two left col-
umns in each plot depict absolute counts of aggressive behaviours,
and the two right boxes in each plot depict values corrected for
group size (i.e. counts of aggression divided by the number of
large individuals). Mind the different scaling of the ordinate. Sig-
nificant differences (cf. Results) are indicated by asterisks.
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combining group sizes of focal groups and of their nearest
neighbours to investigate whether anti-predator effort was
affected by the total number of participating individuals,
the exposed predator received similar amounts of aggres-
sion, irrespective of the number of large individuals present
in both groups (GLM log link: n=73, z=—-098,
P =0:33). Per capita aggression (aggression during both
presentations divided by group size) tended to be lower in
larger focal groups (GLM log link: n =73, t=—1-82,
P =0-074) and in larger neighbouring groups (GLM log
link: n =73, t = —1-82, P = 0-073), and this effect was sta-
tistically significant when combining focal and neighbour-
ing groups (GLM log link: n = 73, t = —2-84, P = 0-000).

Correcting for group size, we found that with decreasing
density of groups, the aggression of focal group members
towards the predator increased (GLM log link: n = 73,
z =218, z=-7-1, P = 0-029; Fig. 3), while that of neigh-
bouring group members declined (GLM log link: n = 73,
P < 0-001; Fig. 3). In consequence, the total amount of
aggression directed towards the predator did not change
systematically with varying local densities (GLM log link:
n =173, z=-0-55 P =0-59; Fig. 3).

The same effects were observed when no correction for
group size was applied and absolute numbers of aggressive
acts were used in the analyses: focal groups increased their
anti-predator effort with decreasing density of groups
(GLM log link: n = 73, z = 528, P < 0-001), neighbouring
groups decreased their aggression with decreasing density
(GLM log link: n =173, z=—11-43, P <0:001), and the
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Fig. 3. The amount of per capita anti-predator behaviour shown
towards the Lepidiolamprologus elongatus at each focal territory
during 4 min of experimental presentation (2 + 2 min, both pre-
sentations combined) as a function of density (represented by the
nearest neighbour distance of the focal territory). Behaviours of
focal groups are represented by circles, those of neighbouring
groups by triangles. Trend lines are based on values predicted by
the GLMs used for analysis (cf. Results; dashed line: focal groups;
dotted line: neighbouring groups; solid line: total per capita anti-
predator effort).
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total amount of aggression directed towards the predator
remained similar across all densities (GLM log link:
n=173z=0288, P=038).

With increasing density, focal groups provided a signifi-
cantly larger share of the total aggression directed towards
the predator (GLM logit link: n = 73, ¢ = 3-38, P = 0-001).
This effect was even clearer when only considering aggres-
sion during the TNN presentation (GLM logit link:
n="73 t=4, P<0-001; Fig. 4. We did not detect any
influence of focal group size on a focal group’s share in
anti-predator effort (GLM logit link: n =73, =099,
P = 0-33), nor did the difference between the focal group’s
size and the neighbouring group’s size influence their share
in anti-predator effort (GLM logit link: n =73, t = 1-15,
P =0-26).

Discussion

Groups of N. pulcher adjust their anti-predator behaviour
to local population density: the higher the local density,
the less anti-predator behaviour was shown by members
of focal groups per capita and by the groups as a whole
(Fig. 3). This indicates that groups of N. pulcher benefit
from aggregating in colonies, as it allows them to reduce
their anti-predator effort. The reduced anti-predator
effort by focal groups was compensated by increased
efforts of their nearest neighbours at higher densities,
resulting in similar levels of aggression directed towards
the predator, irrespective of local density in the colony
(Fig. 2). This suggests that the potential social dilemma
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Fig. 4. Each focal group’s relative share of total anti-predator
investment during the TNN presentation as a function of its near-
est neighbour distance. Each dot represents a single presentation
at a unique focal territory. Values of 1 indicate that the focal
group provided all anti-predator effort; values of 0 indicate that
the neighbouring group provided all anti-predator effort. The
trend line is based on values predicted by the respective GLM (cf.
Results). Points were jittered around their x value to increase visi-
bility.

inherent in joint anti-predator activities of aggregations
does not cause free riding between groups of N. pulcher.
Groups neither took turns in attacking the predator, nor
did we observe any other form of coordination (cf. Hoo-
gland & Sherman 1976; Krams et al. 2007; Johnstone
et al. 2014). In fact, we did not detect any correlation
between a neighbouring group’s immediate effort and the
respective focal group’s anti-predator investment. Fur-
thermore, focal groups did not differentiate between the
two presentation sites (TNN and AFN; cf. Figs 1 and
2), even though neighbours only attacked the predator
when it was presented close to their own territory
(TNN). Nevertheless, focal groups received less support
from neighbours and provided a larger share of the total
anti-predator effort the further away the respective neigh-
bouring group was located (cf. Fig. 4). Thus, we assume
that N. pulcher follow a simple rule of thumb, whereby
they adjust anti-predator defence in response to the
presence or absence of close neighbours (cf. Lima 1995;
Welton, McNamara & Houston 2003). They do so irre-
spective of others’ immediate effort and only when the
predator poses a direct threat to their own group, but in
a way that reflects the likelihood of receiving support in
anti-predator behaviour.

Together, the effects of reduced individual investment in
anti-predator behaviour and compensation by neighbours
will likely benefit groups located at denser parts of a col-
ony. It is important to note that direct assessment of pre-
dation risk and predator deterrence efficiency is beyond
the scope of this study (cf. Brown & Hoogland 1986; Curio
& Regelmann 1986; Martin & Taborsky 1997). Predation
events are rarely observed, and thus predation rates are
difficult to estimate (cf. Balshine ez al. 2001). Nevertheless,
larger groups have been shown to survive longer, which
indicates density-dependent predation risk at the group
level (Heg et al. 2005). It seems likely that similar effects
also occur at the colony level, favouring groups with many
adjacent neighbours. Indeed, our long-term data on group
size and group survival in the study area show that larger
groups are found in denser areas and that both high den-
sity and large group size favour group survival (own
unpublished data; see also Heg et al. 2005). Consequently,
it seems likely that positive anti-predator effects similar to
those observed at the group level (Heg et al. 2004) also
occur at the colony level, favouring groups with many
adjacent neighbours. Thus, two different levels of social
organization, cooperative breeding and coloniality, both
seem to reflect adaptations to the same cause: high preda-
tion pressure.

Our results differ somewhat from those found in a labo-
ratory study of the colonial, biparental congener Neolamp-
rologus caudapunctatus (Schadelin, Fischer & Wagner
2012), where newly introduced pairs reduced their anti-
predator behaviour and free rode on the effort of already
established neighbours. This also led to stable levels of
anti-predator effort at the focal pair’s territory, but the
investment of the two parties was asymmetric, with one
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party clearly exploiting the effort of the other. A recent
laboratory study using N. pulcher showed that dominant
individuals’ anti-predator effort was unaffected by the
presence of neighbours, but subordinates changed their
investment in response to a neighbour’s presence and
familiarity (Hellmann & Hamilton 2014). In contrast to
our results, subordinates in that study increased their anti-
predator behaviour in the presence of neighbours, espe-
cially when these were unfamiliar. The key findings of
these two studies are not easily comparable with our work.
The experimental asymmetry between pairs in the labora-
tory study of Schadelin, Fischer & Wagner (2012) differs
from our groups in the field, where both focal and neigh-
bouring groups had defended their territories for at least
2 months prior to the experiments (and probably much
longer). Similarly, the conditions in Hellman & Hamilton’s
laboratory study (2014) differed significantly from our field
experiment: their groups had no physical contact with each
other and lived in an otherwise predator-free environment.
Also, Hellmann and Hamilton used a different type of
predator that only posed a threat to the fry of N. pulcher,
whereas our stimulus fish were potentially threatening to a
much larger range of group members (Heg et al. 2004;
Heg & Taborsky 2010). The divergence of these results
suggests that between-group interactions in anti-predator
behaviour might be strongly context-dependent. Notably,
asymmetries between the interacting parties, their familiar-
ity with each other, the type of predator used, and the
potential for interactions between the parties seem to influ-
ence anti-predator behaviour in different ways. Thus, there
might be no general framework clearly predicting how
anti-predator behaviour will change, without explicitly
incorporating these and probably even more factors. Fur-
thermore, while laboratory studies allow for fine-tuned
experimental approaches to study detailed behavioural
questions, their predictive value for an understanding of
broad-scale anti-predator behaviour in natural systems
might be limited.

In conclusion, our results demonstrate anti-predator
benefits of coloniality in a wild vertebrate, which adds to
the survival benefits of group living in this species (Tabor-
sky 1984; Heg et al. 2004). Similar effects might apply in
other cooperative breeders where breeding groups aggre-
gate [e.g. bell miners (Painter e al. 2000); prairie dogs
(Hoogland 1983)], as well as in other colonial species in
which individuals communally defend against predators,
but where benefits of coloniality remain elusive [e.g. least
terns (Brunton 1997); purple martins (Davis & Brown
1999)]. Importantly, the benefits of coloniality were not
detected in total anti-predator behaviour, but at the level
of individuals and groups. Thus, individual reduction in
anti-predator behaviour to save effort and/or mutual com-
pensation may generally mask survival benefits generated
by coloniality (Daly et al. 2012). Our study demonstrates
that one important benefit of coloniality may be the reduc-
tion of anti-predator effort. This may benefit individuals
by saving time, energy, and risk while not compromising
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survival due to the combined anti-predator measures of
different groups.
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