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Philopatry yields higher fitness than dispersal in a
cooperative breeder with sex-specific life history
trajectories
Arne Jungwirth1,2*, Markus Zöttl1,3, Danielle Bonfils1, Dario Josi1,4, Joachim G. Frommen1,5,
Michael Taborsky1,6,7

Social evolution is tightly linked to dispersal decisions, but the ecological and social factors selecting for phil-
opatry or dispersal often remain obscure. Elucidating selection mechanisms underlying alternative life histories
requires measurement of fitness effects in the wild. We report on a long-term field study of 496 individually
marked cooperatively breeding fish, showing that philopatry is beneficial as it increases breeding tenure and
lifetime reproductive success in both sexes. Dispersers predominantly join established groups and end up in
smaller groups when they ascend to dominance. Life history trajectories are sex specific, with males growing
faster, dying earlier, and dispersing more, whereas females more likely inherit a breeding position. Increased
male dispersal does not seem to reflect an adaptive preference but rather sex-specific differences in intrasexual
competition. Cooperative groups may thus be maintained because of inherent benefits of philopatry, of which
females seem to get the greater share in social cichlids.
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INTRODUCTION
The link between dispersal and cooperation is a fundamental com-
ponent of several major transitions in the evolution of life, including
the formation of animal societies andmulticellular organisms (1, 2).
Delaying or completely foregoing dispersal has been identified as a
key characteristic in the transition from mere group living to more
complex forms of sociality and cooperation (3–5). However, only a
minority of animal species has evolved cooperative societies (among
vertebrates, ~9% of birds, ~0.5% of mammals, ~0.1% of fishes) (6),
and most animal systems are characterized by early dispersal and
independent breeding. Cooperative breeders, in contrast, typically
show delayed dispersal combined with alloparental care. The
crucial evolutionary question is under which conditions individuals
will benefit from extended philopatry and potentially costly cooper-
ation, if dispersing early and maximizing own reproduction appear
to be more generally adaptive (3, 7).
Where prolonged philopatry has evolved, it is assumed to be

either beneficial by increasing fitness when staying in the natal ter-
ritory (8) or to result from constraints on dispersal and independent
breeding (9), for instance, through habitat saturation (10) or en-
hanced predation risk (11). Group formation resulting from philo-
patry is thought to select for cooperation and alloparental care
mainly through inclusive fitness benefits (6) achieved by supporting
close relatives (12). In addition, direct fitness benefits from philopa-
try may accrue, for example, through increased foraging efficiency

(3), enhanced survival by group membership (13), some reproduc-
tive share within the group (14, 15), or from the eventual inheri-
tance of a breeding position (16, 17). If group membership is
contingent on cooperation because subordinates must compensate
for the costs they incur on dominants to be tolerated (“pay to stay”)
(18–20), then direct benefits will result in selection for cooperation
in connection with philopatry (21), particularly wherewithin-group
relatedness is low or heterogeneous (22, 23). The relative impor-
tance of these various explanations for philopatry and cooperation
within groups has been extensively investigated (24–28) and
debated (3, 5, 6, 29–32), and it is affected by the quality of the en-
vironment (7, 33).

Fitness consequences of dispersal and philopatry
Understanding the fitness outcomes of dispersal decisions in coop-
erative breeders is crucial to resolve this debate (6, 7). If extended
philopatry in the natal group enhances the fitness of individuals
and is hence adaptive, then there should be competition for being
able to remain in the natal territory (34), and high-quality individ-
uals are expected to preferentially stay home (8). In contrast, if dis-
persal provides higher fitness, for instance, through increased
prospects of own reproduction (35) or affiliation with groups pro-
viding greater protection (36), then delayed or foregone dispersal
likely reflects a best-of-a-bad-job decision caused by environmental
or social constraints (37). Here, high-quality individuals are expect-
ed to choose the dispersal option (9). It is important to consider,
however, that dispersal itself is often costly (38), which may limit
the probability that individuals will be able to reproduce indepen-
dently and successfully (39).
The fitness outcomes of philopatry and dispersal may be sex spe-

cific (40). Cooperative species with sex biases in dispersal propensity
(41) are therefore particularly suited to study the ecological and
social conditions favoring one or the other life history strategy,
i.e., dispersal or philopatry (42–44). This is because in these
systems, the costs and benefits of either strategy can be scrutinized
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without confounding factors that have been shown to affect inter-
specific comparisons, e.g., mating system variation or environmen-
tal stochasticity (45). Specifically, in cooperatively breeding species,
sex-biased dispersal skews within-group relatedness (46), resulting
in sex differences in the potential to reap indirect fitness benefits,
which thus affects the payoffs of cooperative behavior (22, 47).
Sex-specific direct fitness benefits of philopatry or dispersal may
also result from differential opportunities for own reproduction
and/or resource inheritance (16, 42), which, in turn, may cause
sex-specific cooperation propensity in a pay-to-stay scenario (48,
49). Thus, explorations of the links between sex biases in dispersal
and cooperative behavior can elucidate the ecological and social
drivers of transitions to complex societies (42–44). However, the
fact that a species shows sex-biased dispersal does not necessarily
imply the presence of sex-specific payoffs of dispersal or philopatry;
dispersal may be sex-biased even if both sexes similarly benefit from
the same life history strategy, i.e., from dispersing or remaining
philopatric (41). In these cases, it is intriguing to understand the
causes that prevent one sexmore often than the other from adopting
the preferred life history strategy, leading to sex biases despite
similar payoffs. This could reveal constraints either on dispersal
(9) or on philopatry (34). To gauge the relative importance of ben-
efits and constraints involved in dispersal and philopatry, it is thus
beneficial to study their fitness consequences in cooperative systems
in which (i) dispersal is sex-biased; (ii) ecology, sociality, and relat-
edness structures are sufficiently well understood; and (iii) experi-
mental and longitudinal approaches are feasible to enable testing
alternative hypotheses of the evolution of delayed/foregone disper-
sal and cooperation. The cooperatively breeding cichlid fish Neo-
lamprologus pulcher fulfills all these requirements.

Cooperative cichlids
N. pulcher is a substrate-breeding cichlid species endemic to Lake
Tanganyika (50). Groups of these fish defend territories year
round in which individuals find shelters essential for breeding
and protection from predators (15). Territories cluster in colonies
from a few to over 100 groups located close to one another (14,
51). Dispersing individuals preferentially move to more central ter-
ritories (52), likely because a group’s location within a colony has
important effects on individual fitness prospects: Proximity to
neighboring groups provides antipredator protection (51, 53) and
reproductive benefits (36), and it influences reproductive sharing
(14) and relatedness patterns among group members (54).
Groups are composed of a dominant breeder pair largely monopo-
lizing reproduction and several subordinate helpers of both sexes
and of varying age and size (51, 55–58). Subordinates help raising
the dominants’ broods to be tolerated in a territory (i.e., they pay to
stay) (59–65). Access to shelters and protection by larger group
members is crucial for subordinate survival (11, 58). Large males
can monopolize several territories, rendering them polygynous
(66), and in accordance with this, the operational sex ratio in our
study population was approximately 1:2 in favor of females (67).
Because of frequent dispersal and breeder turnover, relatedness
between dominants and subordinates declines with the subordi-
nates’ age, and sexually mature helpers are largely unrelated to
their respective dominant territory holders (22). Consequently, in-
direct fitness gains during the subordinate stage are negligible com-
pared to the direct fitness fish reap once they have obtained a
dominant position (36). Nevertheless, subordinates may participate

in reproduction, thus gaining some direct fitness before ascending
to dominance [e.g., (14); reviewed in (15)]. Furthermore, subordi-
nates either queue for dominance in their natal territory or disperse
to increase their chances of acquiring dominance (16, 22, 57).
Because groups are organized in a size-based hierarchy, larger sub-
ordinates aremore likely to gain dominance (16, 68). Dispersal inN.
pulcher is sex- and size-biased; males disperse more often than
females, and large fish disperse more often than small group
members (69). Dispersal typically covers only short distances in
this species [less than 10 m; (16); see below for additional informa-
tion regarding sex, size, and distance effects in dispersal].
Experiments in the laboratory (58) and field (11) revealed preda-

tion as an ecological constraint on dispersal, which likely affects the
sexes differentially as predation risk declines with increasing body
size (11, 58). Males grow larger in this species (15) and should thus
suffer less mortality costs of dispersal. Hence, males are suggested to
more easily reap the potential benefits of dispersal in the form of
increasing their relative rank within the group (70) or potentially
ascending directly to dominance (16). Dispersers might also
improve the prospects of future reproductive success by joining
groups having more helpers or being located in more favorable
areas of a colony, i.e., with closer neighbors (36, 53). Benefits of
philopatry have been suggested by experimental manipulation of
predation risk and a sequential settlement experiment (57, 58).
These benefits might be higher for females, because more frequent
turnover among male breeders and a higher male dispersal propen-
sity skew within-group relatedness in favor of females (16, 22), and
female breeders suffer less from parentage losses to subordinates
(14, 15, 71, 72). Reduced philopatry in males is likely linked to en-
hanced intrasexual competition among males compared to females
(73) despite an unbiased sex ratios at birth (15): Only half the breed-
ing positions exist for males due to the polygynous mating pattern
(67), males lose more parentage to competitors (14), and male re-
production is most strongly limited by their access to fertilizable
eggs [(74); because of competition with other males (67) and
stolen fertilizations (14, 15)]. It is currently unclear how philopatry
and dispersal affect fitness in both sexes under natural conditions.
This gap is due to a lack of individual-level, long-term data on
fitness correlates in the natural habitat of these cooperatively breed-
ing fish (15).

Aims
Three hypotheses feature prominently for the explanation of sex-
specific dispersal: resource competition, local mate competition,
and inbreeding avoidance (40). Whereas the latter does not make
clear predictions about which sex should disperse (40), the other
two allow specific predictions based on the ecological, social, or re-
productive benefits (8) or constraints (9) the sexes face. To clarify
which of these benefits or constraints favor male- or female-biased
dispersal, which, in turn, may affect cooperation (75), it is necessary
to assess the fitness effects of the varying life history trajectories in
both sexes. To this end, we report on longitudinal life history data of
individually marked N. pulcher, observed in their natural habitat in
southern Lake Tanganyika, revealing their dispersal decisions in de-
pendence of size, age, sex, and social status, with special emphasis
on the entailing consequences for important correlates of fitness
(e.g., estimates of dominance tenure and lifetime reproductive
success; note that even if our study only provides estimates of
fitness correlates, we refer to these as “fitness” for simplicity’s
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sake throughout). This aims at revealing major ecological and social
factors selecting for philopatry or dispersal in males and females of
this cooperatively breeding fish species, elucidating potential factors
that promote their advanced sociality.

RESULTS
To study long-term survival, dispersal decisions, and respective
fitness consequences, we surveyed 496 individually marked N.
pulcher for a large proportion of their total lifetime (for each anal-
ysis we report the exact criteria for data inclusion and details of
model selection and fit in the respective supplement).

Life history trajectories of males and females
Growth
Recaptures in two consecutive years of 195 individual fish allowed
for estimates of annual growth (fig. S1A). Males grew faster and to a
larger maximum size than females [linear mixed-effects model
(LME): likelihood ratio test (LRT) = 188.8 and P < 0.001; Fig. 1
and fig. S2A], and annual growth generally declined with increasing
body size (LME: LRT = 424.72 and P < 0.001; Fig. 1 and fig. S2A).
Survival
Older (and thus larger) fish of both sexes had higher survival prob-
abilities [binomial generalized linear model (bGLM): LRT = 8.36
and P = 0.004; n = 496 fish; fig. S1A). Females had higher annual
survival chances than males (bGLM: LRT = 5.14 and P = 0.023). On
average females lived longer than males [Poisson generalized linear
model (pGLM): LRT = 18.06 and P < 0.001; Fig. 2 and sections S3
and S4]. Themean age at death (±standard deviation) was 2.6 (±1.4)

years for males and 3.3 (±1.5) years for females; the oldest age esti-
mate at death was 8 years for a female (Fig. 2).
Attainment of breeder status
Males were larger when ascending to dominance [binomial gener-
alized linear mixed-effects model (bGLMM): LRT = 168.9 and
P < 0.001; Fig. 3; n = 761 observations of 496 individuals; section
S5]. This is reflected by the difference between the sexes in the
size at which they had a 50% chance of having obtained dominance
(as predicted by the respective bGLMM), which was 4.77 cm for
females and 5.23 cm for males. Males were younger than females
when reaching a dominant breeder position [pGLM: scaled devi-
ance (sd) = 4.54 and P = 0.033; n = 80 fish, which ascended to dom-
inance during the observation period; section S11]. Overall, females
were more likely to be observed as dominants than males [174 of
264 females (66%) were observed to hold a dominant breeder posi-
tion, compared to 114 of 232 males (49%); χ2 test: χ2 = 13.58
and P < 0.001].
Dispersal
Males were more likely to disperse than females (bGLMM:
LRT = 6.67 and P = 0.01; n = 1029 observations of 490 individual
fish; see section S6 for dispersal definition and detection), but dis-
persal distances did not significantly differ between the sexes (LME:
LRT = 2.91 and P = 0.09; n = 103 dispersals; see Materials and
Methods and section S7 for details and a discussion of dispersal
tracing). When dispersing, males were larger than females [LME:
LRT = 10.33 and P = 0.001; n = 103 dispersals; section S8;
median (range) standard length (SL): males, 5.4 cm (3.3 to 6.5);
females, 4.8 cm (3.8 to 5.7)]. In contrast, the age at dispersal did
not differ between the sexes [pGLMM: LRT = 1.32 and P = 0.25;
median (range) in years: males, 2 (1 to 6); females, 2 (1 to 5)].
The overwhelming majority of dispersals resulted in fish joining
already established groups (97 cases), whereas only seven instances
of dispersal targeted a recently founded group (6.7% of all dispers-
als; section S6). Twelve of 66 dispersing subordinates kept their sub-
ordinate status after dispersal (18%), and males more often than
females retained their subordinate status when dispersing as

Fig. 1. Annual growth of 195 individually marked N. pulcher caught in the
wild. Increases in standard length [SL (in centimeters)] between two consecutive
years (y axis) plotted as a function of SL in the first of these 2 years (x axis). Annual
growth declined with increasing size at a similar rate in both sexes. Males (blue)
had a higher size-specific growth rate and grew to a larger size than females
(yellow). In both sexes, dispersing individuals (dashed lines; females, upward-
pointing triangles; males, diamonds) grew at a faster size-specific rate than individ-
uals that stayed in their territory throughout the observation period (solid lines;
females, downward-pointing triangles; males, squares). Points give individual
measurements and are slightly offset if overlapping to improve visibility. Statistical
details are given in the main text and in sections S1 and S2.

Fig. 2. The estimated age at death in full years of all 496 individual N. pulcher
considered in this study. Columns give the absolute counts (left y axis), while
density curves show the respective proportions of all fish in the current study
[e.g., 60 males estimated to have died at age 1 (blue bar; left y axis) from a total
of 232 males, i.e., ~26% (blue line; right y axis)]. Females (yellow) had on average
longer lives than males (blue). Statistical details are given in the main text and in
sections S3 and S4.
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subordinates [1 of 27 dispersing females remained subordinate
(4%), whereas 11 of 39 dispersing males did (28%); section S6].
Territory inheritance
Females were approximately twice as likely as males to inherit the
dominant position in a territory in which they had initially been re-
corded as subordinates: 18 of 43 females (42%) compared to 8 of 37
males (22%; Fisher’s exact test, P = 0.06).

Fitness consequences of dispersal for males and females
Effects on growth
In both sexes, dispersers grew faster than fish that did not disperse
(LME: LRT = 14.25 and P < 0.001; n = 268 annual growth measure-
ments of 195 individual fish; Fig. 1 and sections S1-S2).
Effects on survival
Among recaptured fish, females lived longer than males (pGLM:
LRT = 4.97 and P = 0.026; n = 197 individual fish; section S9),
but dispersal did not influence estimated age at death (LRT = 0.14
and P = 0.14).
Effects on breeder status
For initially subordinate fish, dispersal increased their chances of
ascending to dominance, irrespective of sex (bGLM: LRT = 8.46
and P = 0.004; n = 99 individual fish; section S10), but dispersers
were of a similar age as philopatric individuals when acquiring
dominance (pGLM: sd = 1.34 and P = 0.25; n = 80 individual
fish; section S11). Dominance tenure of dispersers was shortened
compared to philopatric fish, for males and females alike (pGLM:
sd = 6.2 and P = 0.013; n = 179 individual fish; Fig. 4 and section
S12). Most philopatric individuals held tenure for 2 years (65 of 100

philopatric fish; fig. S12), while most dispersing fish held tenure for
only 1 year (41 of 79 dispersers; fig. S12). Nevertheless, among fish
with long tenure (3 to 4 years), dispersers were as numerous as non-
dispersers (18 individuals each). The difference in tenure times
between dispersers and nondispersers was thus most prominent
in the first year of attaining dominance, resulting in an overall dif-
ferent distribution of tenure duration between fish that followed dif-
ferent life history strategies (χ2 test: χ2 = 31.96 and P < 0.001).
Effects on group size
The effect of dispersal on changes in group size was influenced by
dispersal coinciding with changes in social status of the focal fish
(LME: LRT = 10.83 and P = 0.004; n = 75 individual fish; Fig. 5 and
section S13). Fish that gained dominance via dispersal (dispersal
type “SD,” subordinate to dominant) joined groups smaller than
their group of origin (Wilcoxon matched-pairs signed-ranks test:
V = 629 and P = 0.003), while dispersal without status change (dis-
persal types “SS,” subordinate to subordinate, and “DD,” dominant
to dominant) did not lead to a significant change in group size
(V = 145.5 and P = 0.12).
Effects on reproductive success
Lifetime reproductive success of male and female dispersers was
reduced compared to fish of the same sex that did not disperse
(LM: t = −2.15 and P = 0.03; n = 154 individual fish; Fig. 4 and
section S14). These estimates were based on individual survival
and per-group offspring counts, modified by estimates of average
parentage of group members and within-group reproductive com-
petition (the data were Z-transformed to allow for comparisons
between fish of different sexes and status that were observed at dif-
ferent times; see Materials and Methods). The differences in repro-
ductive success between dispersers and nondispersers of both sexes
were mostly accrued during an individual’s dominance tenure (LM:
t = −2.46 and P = 0.013; n = 130 individual dominant fish; section
S15). Estimates of reproductive success during the subordinate life
stage did not differ between dispersing and philopatric fish (LM:
t = −0.2 and P = 0.84; n = 75 individual subordinates; section S16).

Social organization
Group size
Large group size did not significantly affect growth rates (LME:
LRT = 3.42 and P = 0.065; n = 195 individual fish; fig. S2A) or dom-
inance tenure (pGLM: sd = 2.96 and P = 0.085; n = 179 individual
fish; fig. S12). Large group size enhanced the reproductive success of
dominants (LM: t = 2.8 and P = 0.005; n = 130 individual dominant
fish; section S15) but not that of subordinates (LM: t = 1.8 and
P = 0.07; n = 75 individual fish; section S16). Overall lifetime repro-
ductive success was increased in larger groups (LM: t = 3.23 and
P = 0.001; n = 154 individual fish; see section S14 for details).
Group size neither affected the likelihood to disperse (bGLMM:
LRT = 0.44 and P = 0.51; n = 1029 observations of 490 individual
fish; section S6) nor to acquire dominance (bGLM: LRT = 0.24 and
P = 0.62; n = 99 individual fish; section S10).
Spatial structure
The probability of ascending to dominance was higher for subordi-
nate members of more isolated groups (bGLM: LRT = 4.17 and
P = 0.041; n = 99 individual subordinate fish; section S10). None
of the other aspects of dispersal decisions and life history trajecto-
ries we investigated was influenced by local population density, i.e.,
a group’s nearest-neighbor distance. Dispersal typically covered
short distances (fig. S7A); hence, it rarely involved areas with

Fig. 3. A fish’s probability of being the dominant breeder in its group. Dom-
inance status (y axis; 0, subordinate; 1, dominant) is plotted as a function of body
size [lower x axis; SL (in centimeters)] for 761 measurements of size and social
status of females (yellow) and males (blue). Solid lines represent values predicted
by the respective generalized bGLMM. The upper x axis indicates the correspond-
ing estimated ages for both sexes. The horizontal gray line identifies the 0.5 prob-
ability of being dominant and the dashed lines denote the respective intersection
with the predicted curves. In both sexes, the probability of being dominant in-
creased with increasing size, but males ascended to dominance at a larger size
than females, whereas the corresponding age estimates were similar between
the sexes. Points give individual measurements and are slightly offset to
improve visibility. Statistical details are given in the main text and in section S5.
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different territory densities and did not alter the effects of between-
group sociality (see Introduction) (14, 36, 52–54).

DISCUSSION
Our data reveal clear negative fitness effects of dispersal in N.
pulcher: In both sexes, fish that dispersed had shorter dominance
tenure and lower reproductive success in comparison to nondis-
persers (Fig. 4). Nevertheless, dispersers grew faster than philopatric
individuals (Fig. 1), which is in accordance with previous studies
(58); subordinates reduce cooperation shortly before dispersing,
which enhances growth (61, 76). Furthermore, large male helpers
have been shown to retard growth to receive less aggression and
remain tolerated (73). The growth differences between philopatric
helpers and dispersers we found are hence likely reflecting strategic
decisions associated with dispersal. While dispersal increased the
probability of attaining dominance, there was no difference
among dispersing and nondispersing fish regarding the age at
which they ascended to dominance, but dispersers had shorter
dominance tenure (Fig. 4). None of these effects were observed to
be sex-specific. Together, these findings imply that philopatry is
beneficial to both sexes in N. pulcher. However, dispersal was
biased toward males (Fig. 4), the larger and faster growing sex
(Fig. 1), thereby contradicting the prediction that more competitive
individuals should succeed in choosing the more beneficial option.

Fitness benefits of philopatry
Our results suggest that delayed or foregone dispersal in N. pulcher
is beneficial because of greater fitness rewards of philopatry (8),
which, in this system, typically accrue from direct fitness gains
such as increased survival (11, 36, 58), participation in reproduction
(14, 77–79), and territory inheritance (16, 22, 68, 69). As large N.
pulcher helpers are rarely related to the offspring the breeders
produce due to group membership dynamics (22), sexually
mature subordinates will typically obtain little indirect fitness ben-
efits from continued philopatry and alloparental care (36, 80).
However, cooperation is a prerequisite of prolonged philopatry
because dominants require “payment” from subordinate group
members [(20, 23, 59, 60, 63–65, 81); reviewed in (15)]. Hence, phil-
opatric individuals must cooperate at sufficiently high levels to
avoid eviction from their group (18, 19, 21). In these pay-to-stay sce-
narios, selection for philopatry coincides with selection for cooper-
ation, because under the threat of eviction, helping dominants is an
essential means for subordinate group members to gain access to
the benefits of staying in their territory (82).
The fundamental selective force in the ecology of these fish is

predation risk, which favors group living and constrains dispersal
and independent breeding (11, 15, 51, 58, 83). This is corroborated
by our findings that fish tended to disperse late in their lives after
attaining a large size and that less than 10% of successful dispersal
events coincided with the formation of a group. As group size is a

Fig. 4. The propensity for dispersal and its fitness-related consequences for female andmaleN. pulcher. In all three plots, females (f ) are represented in yellow and
males (m) in blue. Nondispersing individuals (s) are represented by solid-fill areas of bars in (A), and by downward-pointing triangles (females) and squares (males) in (B)
and (C). Dispersing individuals (d) are represented by dashed areas of bars in (A), and by upward-pointing triangles (females) and diamonds (males) in (B) and (C).
Numbers in all plots show the sample sizes representing individual fish. Males had a higher propensity for dispersal than females, as shown in (A) for the 197 recaptured
individuals, but both sexes suffered similar costs of dispersal as shown in (B) and (C). (B) shows the recorded tenure times of 179 individuals that were observed as
dominant and recaptured at least once. Dispersers had shorter dominance tenure than nondispersers. (C) denotes the relative reproductive success, i.e., sex- and
status-specific Z scores of estimated reproductive success, for 154 individuals of which their dispersal decisions and at least one estimate of their relative reproductive
success were known. Dispersers had significantly lower relative reproductive success than nondispersers. Statistical details are given in the main text and in sections S6,
S12, and S14.
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crucial determinant of success by enhancing survival and produc-
tivity in these fish (36, 83, 84), dispersers aiming to breed should
attempt to join an existing group rather than trying to found one,
which was the case in 92% of dispersals where the disperser took
over the dominant breeding position.
Despite the differential dispersal propensity of males and

females (16, 22, 59, 69), (Fig. 4A), dispersal did not show sex-spe-
cific fitness effects (Fig. 4, B and C). This indicates that the observed
sex bias in dispersal is not the result of adaptive dispersal decisions
in either sex but rather stems from differential constraints on the
ability to remain philopatric (34). Given that dispersal is male-
biased in this species, we expected that males would suffer less or
gain more from dispersal. Our data showing a lack of sex-specific
effects of dispersal on fitness correlates, including reproductive
success, growth, age at ascension to dominance, dominance
tenure, and longevity, suggest that individuals benefit from philopa-
try irrespective of their sex, which corroborates the “benefits of phil-
opatry” hypothesis (8). The fact that males are less philopatric than
females may reflect the sex-specific costs subordinates impose on
breeders (72, 73), rather than intersexual competition for philopatry
among subordinates. Male subordinates experience enhanced evic-
tion risk due to the higher costs they impose on male breeders com-
pared to the costs of female subordinates incurred on female
dominants (14, 15, 59, 71, 85). This is corroborated by the retarded
growth of large male helpers, leaving a size margin to the dominant
male breeder (73). Therefore, male helpers are constrained in size by
the reproductive competition with male breeders, which is imple-
mented by the latter’s aggression. This does not apply in females

(79). In contrast, there is no evidence in N. pulcher that certain pos-
itive helper effects are sex-specific, e.g., with female subordinates
being more beneficial than males, a situation found in Seychelles
warblers (86).

Why disperse?
Given the high costs of dispersal, an obvious question is why indi-
viduals disperse in the first place, assuming that they could poten-
tially facilitate extended philopatry in their natal territory through
continually maintaining or enhancing cooperation (21). The most
likely explanation is that individuals may strategically join another
group to increase their reproductive potential (44, 70). InN. pulcher,
the ability of subordinates to successfully reproduce in their natal
territory is rather limited, with only about 5 to 15% of offspring pro-
duced by group members other than the breeding pair [(14); re-
viewed in (15)], and dominants’ reproduction is strongly
influenced by group traits (36). Hence, dispersal may either increase
the chances to reproduce at all or the amount of reproduction an
individual can expect in the future. Dispersers may thus switch
groups without changes to their role or dominance status. This
may yield benefits from higher group quality (e.g., larger group
size) and, in the case of subordinate dispersal (dispersal type SS
in our sample), advancement in the queue toward dominance.
Our data suggest that if individuals disperse without ensuing
status change, then the dispersing individuals tend to join groups
that are larger than their groups of origin (Fig. 5), which corrobo-
rates results from laboratory experiments (87). Even if we did not
determine a significant change in the short-term reproductive
output of dispersing breeders (fig. S17), group size affected produc-
tivity (table S13.2), which confirmed results from previous experi-
mental field work showing that large group size enhances offspring
survival (84). In addition, large group size raises survival prospects
(11, 83), which is consistent with the enhanced alloparental care of
helpers in small groups as this may augment group size (88). All this
might suggest that dispersal without status change serves to improve
both short- and long-term fitness perspectives (36). Alternatively,
individuals may disperse to ascend from subordinate to breeder
status (dispersal type SD), which, in N. pulcher, typically resulted
in joining a smaller group than the group of origin (Fig. 5). Even
if small group size might enhance growth, this effect was weak
(see fig. S2A), and smaller group size entails reduced productivity
and survival prospects. Therefore, together with the reduced dom-
inance tenure and overall diminished reproductive success across all
dispersers compared to philopatric individuals (Fig. 4, B and C), ad-
vancing to breeder status via dispersal reflects a strategy that assures
some immediate reproduction at the cost of reduced lifetime fitness
prospects due to lower fecundity and shortened reproductive life
span. Hence, dispersing to gain breeder status is advantageous
where chances of successful philopatry and ascension to dominance
in the natal territory are low, e.g., because dominance queues are
long (16, 70).

Sex-specific life history trajectories
Our results suggest that male and female N. pulcher follow different
life history trajectories. Males had lower recapture rates indicating
lower survival, and they had shorter expected life spans compared to
females, despite males growing faster than females and attaining a
larger body size (Fig. 1), which reduces predation risk (11). Males
reached dominance at a similar age (albeit larger size) as females,

Fig. 5. The change in group size experienced by dispersing fish. Plotted is
group size after dispersal minus group size prior to dispersal (y axis). Positive
values thus indicate that fish dispersed into groups that were larger than their
group of origin, while negative values indicate a reduction in group size due to
dispersal. Females are represented in yellow (f; triangles) and males in blue (m;
diamonds). Data were sorted according to the three observed types of dispersal
(SS, subordinate to subordinate; SD, subordinate to dominant; DD, dominant to
dominant). The type of dispersal affected the ensuing changes in group size,
with fish ascending to dominance from subordinate status via dispersal (SD) expe-
riencing a significant reduction in group size. Symbols indicate median values and
vertical lines show interquartile ranges. Numbers below symbols give the respec-
tive sample sizes (numbers of individual fish). Statistical details are given in the
main text and in section S13.
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and the age at dispersal did not differ between the sexes. However,
males were less likely to ascend to dominance via territory inheri-
tance, and they were larger than females at the point of dispersal. All
this coincides with the facultatively polygynous mating pattern of
this species. The operational sex ratio of about 1:2 in favor of
females in our study population reflects the sex-specific mortality
differences, which, in turn, may enhance the polygyny potential at
the colony level (67).
These divergent life histories affect within-group relatedness of

N. pulcher, which is lower among males (22). This may suggest sex-
specific feedbacks between dispersal behavior, cooperation, and re-
latedness: The less dispersive sex enjoys increased within-group re-
latedness and consequently has greater incentives to cooperate (5,
75, 89, 90). This, in turn, reduces the benefits of dispersal [e.g.,
(24, 42, 43, 91); but see (92)]. Our study shows that these plausible
causal relationships may not always apply: Despite similar costs of
dispersal to both sexes in N. pulcher (Fig. 4), males and females
clearly differ in their dispersal propensity, and they follow divergent
life history trajectories. These fish either grow slowly, remain small,
queue for inheritance, and live long (females: “live slow, die old”), or
they grow fast and to a large size, disperse for independent breeding
opportunities, and die at a relatively young age (males: “live fast, die
young”). Nevertheless, both sexes invest similarly in cooperative be-
havior (15, 58). That being said, the lower relatedness among breed-
ers and their male subordinates (22) may increase the potential for
male-male conflict within groups (59, 71, 72, 85). The higher dis-
persal rates of male subordinates may hence reflect either increased
eviction rates or the voluntary decision of male subordinates to
leave the territory (20, 21), which may be the outcome of a negoti-
ation process between breeders and helpers where the outside
options prevail for male subordinates (32, 93). In addition, dispersal
may serve to spread genes (69) or to reduce kin competition, par-
ticularly as close kin tend to cooperate less in N. pulcher (23), but
evaluating these aspects is outside the scope of the current
manuscript.
In conclusion, this long-term field study of individually marked

cooperatively breeding fish indicates that transitions to complex so-
cieties in cichlids may involve both ecological constraints (9) and
benefits of philopatry (8). Group living in N. pulcher is obligate
because of exceptionally high predation risk, which constrains the
possibility to breed independently (15). Moreover, philopatry is the
preferable alternative to dispersal, yielding enhanced fitness. Dis-
persal may, however, serve to ensure at least some immediate repro-
duction at the cost of long-term success. The access to the benefits of
philopatry is contingent on cooperative investment in alloparental
care, territory maintenance, and defence, as subordinates must pay
to stay. The fitness benefits of philopatry apply to both sexes, but
dispersal is sex-biased nonetheless. Apparently, male subordinates
are more constrained to remain philopatric than females due to the
higher intrasexual competition among males (see Introduction for
additional details) (67). Our work thus highlights potential pitfalls
when assuming a straightforward functional relationship between
dispersal patterns and cooperation in complex societies (1, 5, 31,
75), underlining the importance of incorporating a species’ wider
ecology in analyses of the drivers of advanced sociality (7, 32, 33).

MATERIALS AND METHODS
Field methods
Focal fish were caught and surveyed off the Zambian coast of Lake
Tanganyika at depths between 8 and 12 m near Kasakalawe Point,
west of Mpulungu (8°46.849′S, 31°04.882′E), from 2009 to 2015.
The fish originated from four distinct colonies in which all N.
pulcher territories were permanently marked (36). Before capture,
each fish’s current home territory and social status was assessed
during 5-min observations using scuba diving. The status of each
individual was defined as either dominant or subordinate in its
home territory; in N. pulcher, dominance hierarchies are linear
and stable (94), allowing for reliable assessments of within-group
relationships on the basis of relative body size and antagonistic in-
teractions (14). An individual’s dominance tenure was then calcu-
lated as the sum of years during which it was observed as dominant.
Fish were caught with hand nets and plexiglass tubes, and their size
(SL to the nearest millimeters) and sex were visually determined
upon capture (95). Captured fish received subcutaneous visible
implant elastomer marks (Northwest Marine Technologies) (95),
and we took a small tissue sample from their dorsal fin (see
below). Subsequently, the fish were released back into their home
territory and observed for another 5 min. Approximately 24
hours later, we checked each individual again. No fish were lost
during this time period, and most fish resumed normal behavior
(i.e., swimming freely, feeding, and/or interacting with other fish)
already within the 5-min survey upon release. We caught and
marked fish during four field seasons, each extending from Septem-
ber to December, in 2009, 2011, 2012, and 2013. In following field
seasons (2010, 2012, 2013, 2014, and 2015), we checked all territo-
ries in the colonies wherewe hadmarked fish.We recaptured all fish
bearing elastomer marks, recorded their size, status, and current
home territory, and we took a small tissue sample to verify identity
via DNA fingerprinting by analyzing 13 microsatellites (70, 96). We
furthermore collected tissue samples for genetic identification also
from a large number of fish that were not observed to bear marks
but were large enough to potentially have been marked in the pre-
vious year. Identity was determined unequivocally via genetic
identification.
During each field season, we assessed the composition of each

group in which a marked individual was found (36), and its distance
to the nearest-neighboring N. pulcher group [distances were mea-
sured in meters (to the nearest 0.1 m) from territory center to ter-
ritory center] (for polygynous males, we used the shortest distance
to any foreign territory rather than distances between territories that
were defended by the same male). In addition, in 2011, 2012, and
2013, we counted the number of juveniles (i.e., fish of 0.5- to 1.5-cm
SL; determined on the basis of size estimates and morphological
characteristics; see fig. S14A for details and explanation) in each ter-
ritory as a proxy of recent reproductive output. These measures
allowed us to calculate dispersal distances and reproductive
success (see below). We assumed marked fish that could not be re-
captured in a given year to be dead, because (i) long-distance dis-
persal is very rare in this species (fig. S7A) (69); (ii) in each field
season, we surveyed a large proportion of fish in the local popula-
tion, including colonies in which we had not marked fish for this
study; (iii) we have experienced fish retaining their marks for 5+
years in both the laboratory and field; and (iv) in each field
season, we collected tissue samples for genetic identification also
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from a large number of fish that were not observed to bear marks.
Thus, we consider it unlikely that we missed fish that had lost their
marks, remained undetected, or dispersed outside of our
working range.

Calculation of reproductive success
The most precise measure of the reproductive success of individuals
involves the genotyping of offspring and potential parents. In our
study, this was not possible because the capture of small group
members requires destruction of the shelters, which dissolves
groups (14, 22, 97) and hence would have obstructed the collection
of long-term life history data. Fortunately, several field studies of
fish from the same population provided good estimates of the repro-
ductive share within N. pulcher groups (14, 96, 97), revealing that
reproductive success is greatly biased toward the dominants (15,
36). Because of differences in the reproductive potential of the
two sexes [the polygynous mating pattern renders a much higher
maximum reproductive success for males than for females (67)]
and annual variation in colony-wide reproductive success, we stan-
dardized the reproductive success estimates of all marked individu-
als by transforming our counts of juveniles below helper size in each
group into sex- and year-specific Z scores. Note that this estimates
only the direct reproductive success of individuals, omitting any po-
tential indirect fitness gains by helper effects on relatives. First, we
calculated each individual’s expected share in its group’s reproduc-
tion based on the most recent parentage study in the same popula-
tion (14): We assumed that dominant males sired 76% of offspring
and that dominant females were the mothers of 82% of offspring.
We further assumed that large (i.e., mature; >3.5-cm SL) subordi-
nates in a group equally shared either 11% (males) or 5% (females)
of their group’s reproductive success (assigning the remaining re-
productive success to “unknown” individuals) (14). While it is pos-
sible that dispersal affects reproductive sharing in groups (54), these
effects are unlikely to explain the patterns of reproductive success
and dispersal behavior we report here (fig. S14B). Hence, we had
information about an individual’s sex, social status, and reproduc-
tive success in a given year in 355 cases. On the basis of these, we
calculated sex- and status-specific average annual reproductive
success, i.e., average reproductive success in a given year of domi-
nant females, dominant males, subordinate females, and subordi-
nate males, respectively. For each individual, we then calculated
its relative reproductive success throughout the observation
period: sex- and status-specific Z scores were calculated for each in-
dividual and each year in which it was observed and then summed
over the number of observation years [i.e., Z ¼ xijk � xjk

Sjk
, where xijk is

the reproductive success of individual i of sex j and status k, xjk is the
average annual reproductive success of individuals of sex j and
status k, and Sjk is the standard deviation of annual reproductive
success of individuals of sex j and status k (98)]. We calculated Z
scores for each individual throughout the observation period as a
measure of its relative reproductive success compared to other indi-
viduals of the same sex and status (dominant or subordinate) ob-
served at the same time.

Sample size and recaptures
We marked a total of 496 fish for this study, 264 females and 232
males. We recaptured 197 of these fish at least once (i.e., at least ap-
proximately 1 year after they had initially been marked; 120 females

and 77 males). Recapture numbers for consecutive years declined
(fig. S1A; see the “Field methods” section above and section S6
for why this likely represents an effect of mortality): 135 fish were
recaptured once (80 females and 55 males), 50 fish were recaptured
in 2 years (36 females and 14 males), and 12 fish were recaptured in
3 years (4 females and 8 males). Thus, we recorded 271 recapture
events involving 197 different individuals, 268 of which took
place in consecutive years (i.e., three fish were recaptured after a
“gap year”), for 266 of which we had full information about the re-
spective group sizes during both measurements. In total, we had in-
formation about a fish’s social status and size in a given year in 761
cases. We recorded each individual’s status (alive or missing, dom-
inant or subordinate, and dispersed or philopatric) up to two times
per field season, once during its initial capture or recapture at the
beginning of the field season (September to October) and once close
to the end of the field season (November to December). For 1250 of
these observations, which included 490 individual fish, we had in-
formation about an individual’s sex, size, social status, its group’s
size, and its group’s nearest-neighbor distance. This allowed us to
detect survival and dispersal within and between field seasons
(see section S6 for further details). We recorded a total of 104 dis-
persals, for 103 of which we had information about the respective
individual’s groups before and after dispersing. Of these, 46 disper-
sal events were realized by 42 individual females, and 58 dispersal
events were realized by 45 individual males. The majority of these
events was detected between field seasons (98 dispersal events de-
tected as a change in territory from 1 year to the next), with only 6
dispersals being observed during a given field season (i.e., a change
in territory in the same year; 4 dispersals occurred in the field season
during which a given fish was initially captured and marked, and 2
dispersals occurred in the field season during which a given fish was
recaptured for the first time).

Potential limitations
Some degree of uncertainty about individual life histories is inher-
ent in long-term field studies like this. Estimates of dispersal and
mortality in a natural population are prone to error because
nearby dispersals are easier to determine than long-range dispers-
als, and the latter may lead to dispersers being missed and errone-
ously scored as dead. This would bias estimates of dispersal
distances (section S6) andmortality. However, in our case, dispersal
distances have been shown to be generally small by previous studies
involving large-scale genetic screening (69, 99), and there were no
local populations within the known dispersal range of these fish that
we did not thoroughly check routinely for marked individuals.
Another limitation to datasets collected in nature is that individual
life histories are unknown before first capture, thereby somewhat
truncating the information (e.g., about whether previous dispersal
had occurred or for how long the current social status had already
been kept). Hence, it is possible that numbers of dispersal events are
underestimated, either because dispersal had occurred before an in-
dividual’s inclusion in the study or because it remained undetected.
To reduce the potential bias introduced by these truncations and
limitations, we only included those “philopatric” or “dispersing” in-
dividuals in our analyses of the consequences of dispersal that were
recaptured at least once. This ensures that we observed them for a
similar stretch of time, crucially for the period during which most
dispersals occurred, i.e., across field seasons (section S6). This re-
sulted in quite balanced sample sizes for dispersers and philopatric
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group members (sections S10 to S16). Estimates of reproductive
success and relatedness effects rely on some extrapolation of
factors that cannot be measured for each individual under field con-
ditions. Fortunately, in our case, estimates about the magnitude of
sex-specific reproductive shares of subordinates were available from
the same population [Kasakalawe (14)] in addition to the results
from several experimental studies [summarized in (15)], and the re-
latedness between large, sexually mature subordinates and the dom-
inant breeders in their territories is very low (22, 80). Because this
previous information could be considered in our assessment
process, the chances that our reproductive success estimates are
biased in a particular direction are small. Last, complex datasets
from a natural setting are notoriously difficult to analyze because
of missing values, zero inflation, and unbalanced sample sizes, to
name but a few issues that arise. We think to have chosen the
most appropriate and meaningful analysis procedures, and we
also provide additional information about each analysis in the Sup-
plementary Materials.

Statistical analyses
All analyses were performed using R version 3.5.2 (100). Normally
distributed data were analyzed using LM or LME, and nonnormally
distributed data were analyzed using GLM or GLMM. GLMs and
GLMMs were fitted either with logarithmic link function (log
link; approximately Poisson-distributed data) or with logistic link
function (logit link; binomially distributed data). Mixed-effects
models were fitted using the R package lme4 (101), and model fit
was checked with DHARMa (102). See the Supplementary Materi-
als for details of the models, model selection, and model fit.

Ethical statement
All applicable international, national, and institutional guidelines
for the care and use of animals were followed. The field work report-
ed here complied with Zambian laws and was carried out in agree-
ment with local authorities under the Memorandum of
Understanding issued by the Department of Fisheries: Ministry of
Agriculture and Cooperatives, Zambia, dated 20 March 2009.
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Legend for data S1
Figs. S1 to S18
Tables S1 to S18
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Data file S1
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