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Although several hypotheses have been proposed to explain the emergence 

of social monogamy, its origin is still intensely debated. Monogamy has many 

potential drivers, but evolutionary causality among them remains unclear. Using 

phylogenetic comparative methods within a Bayesian framework we explored 

the evolution of monogamy in cichlids and in marine reef fishes because, 

while both groups are characterised by unusually high incidence of social 

monogamy, they face very different ecological challenges. For each group, 

we examined four classic hypotheses that explain the evolution of monogamy: 

female dispersal, male mate guarding, female–female intolerance, and the 

biparental care hypotheses. We also explored whether the ecological traits of 

diet and shelter use are evolutionarily coupled with these hypotheses or with 

monogamy. First, we found that the evolution of monogamy was predicted by 

male territoriality in cichlids and simultaneous male and female territoriality 

in marine reef fishes. We suggest that these results provide support for the 

male mate guarding hypothesis in cichlids and female–female intolerance 

hypothesis in marine reef fishes. Second, we  demonstrate clear evidence 

against the biparental care hypothesis, as biparental care was a consequence, 

not a cause, of monogamy in our analyses. Third, as female dispersal drove the 

loss of monogamy in both cichlids and marine reef fishes, this suggests the 

female dispersal hypothesis is not driving the evolution of monogamy in either 

group. These findings in two highly-monogamous fish taxa largely support 

prior findings from primate and bird comparative studies and provide novel 

large-scale evidence for a link between mate guarding and the evolution of 

monogamy.
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Introduction

By definition, males have smaller gametes than females. An important consequence of 
this fundamental difference in gametic investment between the sexes (i.e., anisogamy) is 
that viable eggs are generally the limiting factor dictating maximum reproductive rates 
across species (Bateman, 1948; Trivers, 1972; Hayward and Gillooly, 2011; Schärer et al., 
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2012; Collet et al., 2014). Thus, female reproductive success is 
typically limited by the number of viable eggs she can produce, 
whereas male reproductive success is limited by the number of 
receptive females he can access. While not universal (Schlupp, 
2021), these alternative limitations on reproductive success 
between the sexes commonly manifest in greater intra-sexual 
competition and stronger sexual selection on males than females 
(Janicke et  al., 2016). The evolution of monogamous mating 
systems therefore becomes a puzzle, as males that mate with only 
one female reduce their potential reproductive output (Bateman, 
1948; Trivers, 1972; Kappeler, 2014). Yet social monogamy is 
found across a wide variety of animal taxa and is even the majority 
strategy among birds, some groups of fishes, and particular groups 
of primates (Griffith et al., 2002; Whiteman and Côté, 2004; Opie 
et al., 2013).

One reason for the continuous debate and lack of consensus 
about the origins of monogamy across vertebrates is that many 
different life history factors have been proposed as drivers of 
monogamy, with primarily parental care mode, adult dispersal 
patterns, and territoriality considered the main selective factors 
(Whiteman and Côté, 2004; Dixson, 2013; Kappeler, 2013, 2014; 
Lukas and Clutton-Brock, 2013; Mabry et al., 2013; Opie et al., 
2013; Klug, 2018; Kvarnemo, 2018). One explanation, the 
biparental care hypothesis, is that monogamy evolved to promote 
paternal care (Kleiman, 1977; Wittenberger and Tilson, 1980) 
when offspring are so costly to rear that both parents must provide 
extensive care by protecting young from predation or provisioning 
them with food (Lack, 1968; Gubernick and Teferi, 2000; Reichard, 
2003; Tumulty et al., 2014). The other three hypotheses implicate 
the spatial distribution of mates or resources as the selective 
factors promoting the evolution of monogamy. The dispersed 
female hypothesis (Kleiman, 1977) suggests that when females 
are spread out and at low density, males are physically unable to 
monopolise multiple females within a breeding cycle. Thus 
dispersed resources, such as food or the shelter used to avoid 
predators, may force females to live solitarily and in turn make it 
uneconomical for males to find and mate with multiple receptive 
females. Third, the male mate guarding hypothesis (Parker, 1970; 
Thornhill and Alcock, 1983) argues that the benefits of exclusive 
access to a fertile female can also lead to monogamy. Male mate 
guarding occurs when the cost of finding a new mate or sharing a 
mate is extraordinarily high, such as when there is a strongly 
male-biased sex ratio, the window of fertility is extremely short, 
the density of rival males in the population is high, or food scarcity 
limits the time males can spend searching for a female (Iribarne 
et  al., 1995; Rondeau and Sainte-Maire, 2001; Brotherton and 
Komers, 2003; Bennett et al., 2012). Finally, the female–female 
intolerance hypothesis (Wittenberger and Tilson, 1980; Reichard, 
2003) suggests that female–female intolerance may arise where 
there are limited resources, leading to distinct female-held 
territories even at high population densities (Mathews, 2002; 
Brotherton and Komers, 2003; Schubert et al., 2009; Lukas and 
Clutton-Brock, 2013). Female–female intolerance alone does not 
explain why both females and males would be monogamous, as 

males could still move between multiple females in this system. 
However, female mate guarding, a subset of female–female 
intolerance where the guarded resource is mates or paternal care, 
can prevent males from leaving female-held territories, resulting 
in female enforced monogamy (Petrie, 1992; Hunter et al., 1993; 
Grafe and Bitz, 2004; Palanza et al., 2005; Baniel et al., 2018).

These hypotheses for the evolution of monogamy have 
primarily been assessed comparatively in birds and mammals 
(Brotherton and Komers, 2003; Whiteman and Côté, 2004; Lukas 
and Clutton-Brock, 2013; Opie et al., 2013) and only rarely in 
other taxa. In mammals and birds, females are generally the 
limiting sex not only because they produce fewer and larger 
gametes than males, but also because they are typically the sex 
which more commonly provides parental care following 
fertilisation, minimally via internal embryonic development or 
calcifying fertilised eggs (Trivers, 1972; Clutton-Brock, 1991). 
Primates appear to provide an extreme case where extended 
lactational amenorrhea increases infanticide risk and mate 
guarding males may provide protection from infanticide (Opie 
et al., 2013). However, male mate guarding may also provide more 
general benefits in terms of protection against infanticidal males 
or against predators. In fish, the drivers of monogamy remain 
enigmatic (Whiteman and Côté, 2004). Teasing apart the relative 
importance of alternative hypotheses for the evolution of 
monogamy remains a key empirical challenge. Furthermore, while 
ecological pressures (either predation rates or food availability) 
underly each of these hypotheses, how ecological pressures 
influence the evolution of monogamy has seldom been directly 
addressed within a single study (Kappeler, 2013; Klug, 2018).

Fishes comprise more than half the total number of described 
vertebrate species (May, 1990; Nelson et  al., 2016; Froese and 
Pauly, 2022), and demonstrate a great diversity of life history and 
ecology traits. Further, social monogamy is common in several 
well-studied groups of fish, in particular among the cichlids and 
marine reef fishes (Avise et al., 2002; Whiteman and Côté, 2004; 
Taylor and Knight, 2008). Cichlid fishes are speciose and provide 
a rich testing ground for evolutionary models of trait evolution 
between highly varied mating systems and parental care modes 
(Mank et al., 2005; Egger et al., 2006; Mank and Avise, 2006). 
Whereas all cichlids have some form of parental care and 
biparental care is common in this group (Fricke, 1986; Whiteman 
and Côté, 2004; Duponchelle et  al., 2008), marine reef fishes 
provide an interesting contrast as they rarely provide parental care 
(Whiteman and Côté, 2004). Therefore, these groups should 
be  considered separately to account for the possible role of 
parental care in the evolution of monogamy and to avoid masking 
evolutionary signals by combining two very different groups of 
animals. Here we set out to test the prediction that biparental care, 
female dispersion, mate guarding, and female–female intolerance 
are associated with the evolution of social monogamy in cichlids 
and marine reef fishes. We used territoriality as a proxy for mate 
guarding because explicit evidence of mate guarding among fishes 
is rare (Kokko and Morrell, 2005). In some species, an integral 
function of territoriality is mate guarding as it ensures extended 
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exclusive access to limited mates (Fricke, 1986; Brotherton and 
Komers, 2003), however, territoriality can also function as a way 
to guard resources (Hinsch and Komdeur, 2017). Thus we tested 
the prediction that the life history traits of biparental care, female 
dispersal, male territoriality, and female territoriality are driven by 
resource (food and shelter) distribution in cichlids and marine 
reef fishes.

Materials and Methods

Data collection

Species were classified as monogamous or not according to 
their social mating system, rather than genetic brood structure. 
This is for two reasons: (1) there is a paucity of genetic data about 
mating system across fishes (Sefc et al., 2008; Lee et al., 2016; 
Fitzpatrick, 2020), and (2) genetic brood structure is related to 
postcopulatory sexual selection generally (Jennions and Petrie, 
2000; Pitnick and Hosken, 2010; Lüpold et al., 2020), and in fishes 
in particular (Rowley et al., 2019). Hence, a species was categorised 
as monogamous when both sexes were observed to associate with 
only one mate during the mating period and a species was 
classified as non-monogamous if such exclusive pair bonding was 
not observed or was a minority strategy in an observed wild 
population. Also, we did not use mating system information from 
captive populations (e.g., animals maintained in aquaria), as 
husbandry conditions can lead to monogamy but might not reflect 
natural reproductive behaviours.

We classified female sociality as dispersed or non-dispersed 
(Supplementary Table S1.1). Species were categorised as female 
dispersed when females do not travel, feed, or guard territories in 
the presence of other female conspecifics, and do not form 
spawning aggregations during the breeding season. Territoriality 
was recorded as present if individuals of that species are spatially 
associated with a particular area and defend that area (Brown, 
1975; Maher and Lott, 2000; Potts et al., 2014). We then further 
subset territoriality into female-only, male-only, joint (males and 
females defending territories together) or separate territoriality 
(each sex holding a separate territory simultaneously, 
Supplementary Table S1.1). For territoriality analyses in cichlids, 
species with male-only, joint, and separate sex territoriality were 
considered to have male territoriality and species with female-
only, joint, and separate sex territoriality were considered to have 
female territoriality (Supplementary Table S1.2). In marine reef 
fishes, male territoriality was present in all species with available 
data except one species with female-only territoriality recorded 
(Supplementary Table S1.2). Therefore, in marine reef fishes a 
single territoriality analysis was performed which principally 
examined transitions between no territoriality and territoriality in 
females, i.e., species with no female territoriality versus species 
with joint and separate sex territoriality. We used male territoriality 
as a proxy for male mate guarding and female territoriality as a 
proxy for female–female intolerance. We assume that territoriality 

may function to guard physical resources and/or mates; although 
mate guarding can occur in the absence of territoriality, 
individuals that guard territories have the potential to also guard 
individuals within that territory (Reavis and Barlow, 1998; 
Yamamoto et al., 1999; Brotherton and Komers, 2003; Mathews, 
2003; Yokoi et al., 2015).

Parental care was recorded as biparental or not (including 
maternal, paternal, and no care, Supplementary Table S1.1). Anti-
predation strategy was defined as primarily sheltering (hiding 
from predators in or around a physical structure) or not (including 
shoaling, actively defending, and fleeing, 
Supplementary Table S1.1). Diet was defined as guardable food or 
non-guardable food. Guardable food sources are those which are 
site-specific, for example, sessile invertebrates and aufwuchs, 
whereas non-guardable food sources are transient sources, e.g., 
fishes, motile invertebrates, and planktonic algae 
(Supplementary Table S1.1).

Information on mating system, female dispersal, territoriality, 
parental care mode, anti-predator strategy, and diet were taken 
directly from the individual species pages on FishBase; an online 
freely available aggregation of fish data (Supplementary Table S1.1; 
Froese, 1997; Strona, 2014; Thorson et  al., 2014). Additional 
information from 41 further sources was also included (Fricke, 
1980, 1986; Lobel and Johannes, 1980; Thresher, 1980, 1984; 
Wallace and Selman, 1981; Hourigan and Kelley, 1985; Colin and 
Clavijo, 1988; Brichard, 1989; Colin, 1989; Tricas, 1989; Barlow, 
1991; Colin and Bell, 1991; Fowler, 1991; Roberts and Ormond, 
1992; Axelrod, 1993; Kuwamura, 1997; Nagoshi and Yanasigawa, 
1997; DeMartini, 1998; Gibson, 1998; Righton et al., 1998; Coward 
and Bromage, 2000; Mylonas and Zohar, 2000; Avise et al., 2002; 
Zekeria et al., 2002; Murua and Saborido-Rey, 2003; Gibran et al., 
2004; Heg et al., 2004; Whiteman and Côté, 2004; Ah-King et al., 
2005; Genner and Turner, 2005; Gonzalez-Voyer et  al., 2008; 
Fitzpatrick et  al., 2009; Collette, 2010; Takemura et  al., 2010; 
Sogabe and Ahnesjö, 2011; Bellwood and Pratchett, 2013; Pyron 
et  al., 2013; Hughes et  al., 2014; Mcbride et  al., 2015; Dey 
et al., 2017).

Phylogenetic analysis

To carry out the phylogenetic analyses, a single consensus tree 
from Rabosky et al. (2013) was used. This molecular phylogeny is 
based on the sequence data of 13 genes from 7,822 extant species, 
representing 399 families (of approximately 550 total families). 
Sixty fossils were used to temporally calibrate the tree. We carried 
out our analyses separately in marine reef fishes and cichlids, 
where possible, to ensure any link between monogamy and the 
traits tested that are unique to either group was detected and not 
obscured by the larger scale analyses. The data were filtered to 
produce two subsets that matched species present in the tree: one 
cichlid and one marine reef fish subset. In these subsets, 600 
cichlid species and 336 marine reef fish species remain, although 
not every species had data for mating system or every other 
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category Figure  1 (a summary of the data is given in 
Supplementary Table S1.2). The data and trees used in all 
subsequent analyses are the smaller, pruned versions. As there are 
some traits with little variation among cichlids, members of a 
sister clade were included in each analysis to help resolve the 
ancestral state (126 species, mostly ricefishes, surfperches, 
clownfishes and damselfishes listed in Supplementary Table S1.3). 
The reef fishes subset is the monophyletic group Percoidei, but the 
data primarily comes from the butterflyfishes, triggerfishes, 
emperor breams, wrasses, and surgeons and tangs 
(Chaetodontidae, Balistidae, Lethrinidae, Labridae and 
Acanthuridae respectively, Supplementary Table S1.4).

Each analysis considered the coevolution of two categorical 
traits which were binary coded (Table 1). To address the effect of 
each trait, we  first analysed the links between each trait and 
mating system (Supplementary Table S1.2). To determine whether 
each of the life history traits was ultimately driven by ecology, 
where possible (Supplementary Table S1.2) we assessed each trait 
in a pairwise fashion with primary anti-predation strategy and 
diet via discrete analyses.

BayesTraits

The discrete method within the BayesTraits program was used 
to test for correlated evolution between each of the traits considered 
(female dispersal, female territoriality, male territoriality, biparental 
care, sheltering from predators, and diet) and social monogamy 
following binary coding (Pagel and Meade, 1996; Lukas and Clutton-
Brock, 2013; Opie et  al., 2013, 2014). The discrete method can 
determine whether two traits are more likely to have evolved in 
conjunction or independently. To do this, two models were produced 
in each test: the first assumes the traits evolve independently of each 
other (independent model); the second allows for correlated 
evolution between the two traits (dependent model). A Markov-
Chain Monte Carlo (MCMC) and reverse jump (RJ) approach were 
used to allow the derivation of a Bayesian posterior distribution for 
rate parameters, model log-likelihoods and ancestral states (Table 1). 
The relative fit of the independent and dependent models was 
assessed by calculating the Log Bayes Factor (Log BF = 2[Lh 
dependent model – Lh independent model], where Lh is the log 
likelihood of the model). If the Log BF was greater than two, we took 

FIGURE 1

Phylogeny of the 546 fish species with known mating system analysed in this study. The branch colours correspond to mating system, where 
black = non-monogamous and green = monogamous. The inner band corresponds to parental care, where navy blue = no care, mid 
blue = uniparental care, and light blue = biparental care. The middle band corresponds to female dispersal, where dark green = multi-female groups 
and light green = dispersed females. The outer band shows the cichlids (left) and the marine reef fishes (right). Images are from PhyloPic.org. The 
cichlid image is courtesy of C. Julian under a creative commons attribution 3.0 unported licence (https://creativecommons.org/licenses/by/3.0/).
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this to mean there is evidence in favour of the dependent model 
(Pagel and Meade, 1996). The proportion of any one evolutionary 
transition being set as 0, i.e., did not occur, is the Z-score. When the 
Z-score for any transition in the dependent models was greater than 
50% that transition is unlikely to have occurred across the group 
(Pagel and Meade, 1996), whereas transitions with Z-scores below 
50% are likely to have occurred. The Z-scores from the eight 
transitions in each dependent model were interpreted to assess 
causality, i.e., if monogamy does not evolve when trait A is absent but 
does evolve when trait A is present and there is strong evidence of 
correlated evolution between the traits, we  inferred that trait A 
appears to be driving the evolution of monogamy. Although rate 
coefficients for each transition indicate the magnitude with which 
each transition has likely occurred, we did not use these to infer 
causality because high transition rates can indicate both many 
occasions of correlated evolution and unstable trait combinations, 
and low transition rates can indicate a key basal transition or few 
correlated transitions near the tips of the tree.

Results

Cichlids

Female dispersal, male and female territoriality and biparental 
care are all associated with the evolution of social monogamy in 
cichlids (Table 1). All transitions are summarised in Figure 2. Male 
territoriality precedes the evolution of social monogamy 
(Supplementary Figure S1A), although not all territorial species 
are monogamous (Figure 3). Therefore, male territoriality appears 
to be necessary but perhaps not sufficient for the evolution of 
monogamy. The emergence of female territoriality generally 
coincides with the appearance of monogamy across tribes 
(Figure 3) and appears to maintain/ prevent the loss of social 
monogamy in cichlids, as monogamy is not lost in species with 
female territoriality (Supplementary Figure S2C). Conversely, 

biparental care follows the appearance of monogamy. Further, 
biparental care without monogamy is an evolutionarily unstable 
state, as either biparental care is readily lost or monogamy gained 
in such circumstances (Supplementary Figure S2B). In contrast, 
neither female dispersal nor a diet of guardable food enforce or 
maintain monogamy, as monogamy is lost when one of these traits 
is present (Supplementary Figures S2D,E). However, female 
dispersal and monogamy often appear together across tribes, 
whereas a diet of guardable food rarely coincides with monogamy 
(Figure 3).

Female territoriality is strongly associated with and precedes 
the evolution of a diet of guardable food (Figure  2; Table  2; 
Supplementary Figure S3B). Despite evidence of dependent 
evolution between male territoriality and female dispersal and 
male territoriality and diet, the directionality of the relationships 
is unclear (Table  2; Supplementary Figure S3A). Analysis of 
correlated evolution between shelter use and mating system was 
not performed due to insufficient data for cichlids and there was 
no evidence of dependent evolution between diet and female 
dispersal or diet and female territoriality (Table  2; 
Supplementary Figure S2.3).

Marine reef fishes

Female dispersal, female territoriality, diet, and sheltering 
from predators are all associated with the evolution of social 
monogamy in reef fishes (Table  1). All transitions are 
summarised in Figure 2. Female territoriality and monogamy 
generally coincide across genera (Figure  4D). Furthermore, 
female territoriality appears to drive the evolution of monogamy, 
as species first gain female territoriality and subsequently 
monogamy (Supplementary Figure S2A). Additionally, 
sheltering from predators tends to coincide with monogamy 
across genera (Figure 4C) and prevents the loss and gain of 
monogamy (i.e., there are no transitions between mating 

TABLE 1 Summary of the dependent (correlated evolution of the two traits) and independent (independent evolution of the two traits) models of 
mating system (monogamy) and the presence each of the given traits in cichlids and marine fishes. 

Group Trait 2 Log BF Harmonic mean SE

Dependent Independent

Cichlids Female dispersal 14.6 209 ± 0.0788 216 ± 0.049

Female territoriality 22.7 170 ± 0.218 181 ± 0.019

Male territoriality 23.3 188 ± 0.105 200 ± 0.038

Biparental care 144 259 ± 0.027 331 ± 0.112

Diet 18.9 242 ± 0.073 252 ± 0.073

Reef Female dispersal 3.59 112 ± 0.044 114 ± 0.044

Female territoriality (male-territoriality found in all species) 12.9 55.9 ± 0.016 62.3 ± 0.015

Shelter use 8.43 87.6 ± 0.065 91.8 ± 0.016

Diet 7.06 133 ± 0.062 136 ± 0.024

The log Bayes Factor (BF) is calculated as 2(log[marginal likelihood dependent model]-log[marginal likelihood independent model]) and has been rounded to three significant figures. 
Log BFs of >2, 5–10, and > 10 indicate positive, strong, and very strong evidence in favour of rejecting the independent model, respectively.
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systems in species that shelter from predators) in both directions 
and there is only an evolutionary switch between monogamy 
and non-monogamy when a species does not use shelter to 
avoid predation (Figure 4C; Supplementary Figure S2B). A diet 
of guardable food tends to precede the appearance of 
monogamy, but does not follow it (Figure  4C; 
Supplementary Figure S2C), with these traits generally 
coinciding across genera (Figure  4). Monogamy and female 
dispersal also tend to coincide across genera (Figure  4), 
however, monogamy can be  lost in species with dispersed 
females in marine reef fishes (Figure 4D). Biparental care is 
very  rare in marine reef fishes, with fewer than 2% of the 
species  in our data set exhibiting biparental care 
(Supplementary Table S1.1). Therefore, an analysis to explore 
the coevolution between social monogamy and biparental care 
was not performed in this group.

Female dispersal is strongly associated with and drives the 
evolution of a diet of guardable food and use of shelter to avoid 
predators, as both a diet of guardable food and sheltering 
to  avoid predators have evolved in species which first had 

dispersed females (Figure  2; Table  2; Supplementary  
Figures S4A,B). Similarly, diet is also strongly associated with 
and drives the evolution of using shelter to avoid predators 
(Figure 2; Table 2; Supplementary Figure S4C). Of the further 
pairwise analyses that were conducted in marine reef fishes, 
there was no evidence of correlated evolution between female 
territoriality and diet or female territoriality and female 
dispersal (Table 2).

Discussion

In cichlids, we found that male territoriality is necessary but not 
sufficient for the evolution of monogamy; although male 
territoriality is nearly ubiquitous in lineages where monogamy 
emerges, many species with male territoriality are not monogamous. 
However, the trigger for monogamy is not clear as it is not female 
dispersal, female territoriality or diet. In contrast, the emergence of 
female territoriality does appear key to the evolution of monogamy 
in marine reef fishes. We infer that territoriality is a proxy of mate 

A

B

FIGURE 2

Summary of the discrete analyses which found strong evidence of directional correlated evolution between traits in cichlids (A), and in marine reef 
fishes (B). Thicker arrows indicate evolutionary transitions directly related to monogamy; traits placed by the thicker arrows are likely driving these 
transitions. For example, in cichlids male territoriality drives the evolution and maintenance of monogamy from non-monogamy and the evolution 
of biparental care is driven by monogamy. Thinner arrows represent evolutionary transitions between traits other than monogamy, for example, in 
cichlids female territoriality drives the evolution of a diet of guardable food.
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guarding because mate guarding is often a fundamental aspect of 
territoriality (Brotherton and Komers, 2003) despite evidence of 
mate guarding being rare (Kokko and Morrell, 2005). Here, 
we  clearly demonstrate the importance of territoriality in the 
evolution of monogamy and suggest our results provide some 
support for male mate guarding playing a non-exclusive role in 
cichlid monogamy. Further, the necessity of female territoriality for 
the evolution of monogamy in marine reef fishes provides evidence 
for the female–female intolerance hypothesis in this group, where 
female guarding of males is the causal factor, as has been found in 
primates (Lukas and Clutton-Brock, 2013; Opie et  al., 2013). 
Monogamy has likely only been gained without female territoriality 
in a single occasion in marine reef fishes, which suggests that if this 
is an alternative evolutionary pathway it is rare. Further, our results 

do not rule out the idea that guarding limited resources other than 
available mates has driven the evolution of monogamy in both or 
either cichlids and marine reef fishes. We also found that female 
territoriality may help enforce/prevent the loss of monogamy in 
cichlids, suggesting that female–female intolerance maintains 
monogamy in this group. Female territoriality does drive the 
transition to using guardable food sources and, in turn, a diet of 
guardable food drives the loss of monogamy in cichlids. Biparental 
care has only evolved after the emergence of monogamy in cichlids, 
providing evidence against the biparental care hypothesis. Similar 
evidence against the biparental care hypothesis has also been shown 
in callitrichid monkeys (Dunbar, 1995; Opie et al., 2013). In marine 
reef fishes the biparental care hypothesis both could not be tested 
and is highly unlikely to drive the evolution of monogamy because 

A B

C D

FIGURE 3

Phylogenetic trees where each tip corresponds to a tribe of cichlid fishes. Tip and branch colours correspond to the proportion of species with 
data present in the tribe which display the trait, with red corresponding to a value of 1, blue to a value of zero. For each tree we only included 
species which had data present for either trait and not all trees contain the same tribes. Although all paired traits evolve dependently with each 
other, the coincidence of monogamy and its paired trait differs. (A) Monogamy is slightly more prevalent in tribes with dispersed females. 
(B) Highly monogamous tribes are also slightly more likely to not have a diet of guardable food. (C) There is no clear pattern between the high 
incidence of monogamy and male territoriality across cichlid tribes. (D) Highly monogamous tribes are likely also tribes with a high incidence of 
female territoriality.
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almost no species in this group engage in any parental care. In both 
cichlids and marine reef fishes we found that dispersed females 
drive the loss of monogamy, possibly because the benefits to males 
of monogamy when females are highly dispersed are greatly reduced 
when breeding seasons are long or frequent (Tecot et al., 2016; 
Gomes et al., 2018), as is the case in most cichlids and marine reef 
fishes (Barlow, 1991; Yabuta and Berumen, 2014). In marine reef 
fishes, female dispersal drives the transition to using guardable food 
sources and shelters to avoid predation. In turn, shelter use prevents 
evolutionary transitions between monogamy and non-monogamy, 
e.g., a marine reef fish species that is both monogamous and shelters 
from predators will not lose monogamy, whereas a species that is 
monogamous but does not shelter from predators may lose 
monogamy. In marine reef fishes social monogamy prevents the 
evolution of a diet of guardable food.

Overall, we found that a suite of factors evolve dependently 
with monogamy. These factors either maintain, drive the loss of, 
or prevent the loss of monogamy in both cichlids and marine reef 
fishes. Further, several of these traits were found to coevolve. This 
highlights the complex interactions between life history and 
ecological traits which underly the evolution of monogamy in 
both groups. By considering these two groups separately we have 
shown here that there are likely multiple mechanisms, either 
converging or acting independently, resulting in the evolution, 
maintenance, and loss of social monogamy (Wittenberger and 
Tilson, 1980; Gowaty, 1996; Whiteman and Côté, 2004). The 
findings of our study demonstrate that groups with disparate 
ecologies and life histories, as in the case of cichlids and marine 
reef fishes, can have different evolutionary relationships between 
the same traits (McGaughran et al., 2010; Hawkins et al., 2012). 
This explains some of the conflicting results of prior studies into 
the origin of social monogamy (Lukas and Clutton-Brock, 2013; 
Mabry et  al., 2013; Opie et  al., 2013), because, even within 
vertebrate classes, which ecologically distinct groups are included 
and how many species’ data represent them can significantly 

impact the findings. When two groups have conflicting drivers of 
social monogamy, any of these drivers might be masked in an 
analysis performed on too high a taxonomic scale (Harvey and 
Pagel, 1991). This highlights important considerations for all 
phylogenetic reconstructive studies. Larger phylogenetic trees 
alone may not be able to reveal evolutionary patterns when there 
are multiple underlying relationships between traits. To better 
unmask potentially conflicting drivers of monogamy it is 
important to consider smaller, closely related, ecologically unique 
groups as well as running the analysis on higher taxa. Future 
work should consider multiple hypotheses of social monogamy 
evolution and assess the underlying ecological and life history 
factors. Further phylogenetic comparative studies should 
separately consider within-taxon groups with unique ecologies 
and life histories to avoid masking divergent evolutionary 
histories or overgeneralising evolutionary patterns across 
large taxa.

Our study was clearly limited by the overrepresentation in the 
dataset of more easily accessible, observable, and economically 
important fish species. Additionally, although we did reveal links 
between predation and monogamy and diet and monogamy, our 
proxies for predation pressure (sheltering) and diet (guardable 
food sources) were crude. It is thus possible that further analyses 
using alternative predation pressure and diet proxies may yield 
more conclusive results, however, further data on predation 
pressure collected in a manner comparable across fish habitats 
must be  obtained for such an analysis to be  viable. Similarly, 
because mate guarding is only one possible guarding strategy for 
a territorial individual, the relationship between mate guarding 
and monogamy should be empirically tested, or explicit instances 
of mate guarding as opposed to other forms of territoriality should 
be reported and included in comparative analyses.

Interestingly, we found that monogamy and biparental care 
are closely linked in cichlids, as they are in birds (Lack, 1968; 
Kleiman, 1977; Wittenberger and Tilson, 1980), while this is 

TABLE 2 Summary of the dependent and independent models of each of the given traits in each group.

Group Trait 1 Trait 2 Log BF Harmonic mean SE

Dependent Independent

Cichlids Female dispersal Female territoriality −13.9 112 ± 0.205 105 ± 0.035

Male territoriality 3.99 129 ± 0.031 131 ± 0.126

Diet −10.9 177 ± 0.725 171 ± 0.065

Diet Female territoriality 7.23 −145 ± 0.043 −149 ± 0.148

Male territoriality 15.7 160 ± 0.108 168 ± 0.147

Reef fish Female dispersal Female territoriality/ no male territoriality 0.50 91.0 ± 0.023 91.2 ± 0.048

Diet 7.81 158 ± 0.047 162 ± 0.307

Anti-predation strategy 19.8 137 ± 0.025 147 ± 0.003

Diet Female territoriality/ no male territoriality −2.71 114 ± 0.03 113 ± 0.043

Anti-predation strategy Female territoriality/ no male territoriality 13.9 92.3 ± 0.071 99.2 ± 0.015

The log Bayes Factor (BF) is calculated as 2(log[marginal likelihood dependent model]-log[marginal likelihood independent model]) and has been rounded to three significant figures. 
Log BFs of >2, 5–10, and > 10 indicate positive, strong, and very strong evidence in favour of rejecting the independent model, respectively. Values less than 2 do not favour rejecting the 
independent model and are indicated by italics. Any pairwise combination not present in this table was not analysed due to insufficient data.
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clearly not the case in marine reef fishes (Whiteman and Côté, 
2004). Therefore, there are likely some fundamental life history 
differences between these two groups that enable biparental care 
in cichlids (and birds) and prevent its occurrence in marine reef 
fishes. We hypothesise that the method of egg release is the crucial 
factor. The near-universal nesting behaviour present in cichlids 
and birds enables a broad range of caring modes, such as guarding, 
egg rotation, and provisioning, to evolve. When care mode 
becomes more complex and costly, biparental care evolved as an 
effective breeding strategy. Conversely, egg release via broadcast 
spawning is extremely common in marine reef fishes, and 

precludes complex post-release care, hence biparental care will not 
evolve in such broadcast spawning species. Moreover, while 
we find there are multiple factors evolutionarily coupled with the 
evolution of monogamy in both groups, many of these are likely 
to be highly taxon specific and not generalisable to other groups, 
similarly to the case of lactational amenorrhoea driving 
monogamy in some primates (Opie et  al., 2013). Overall, 
we  demonstrate that male territoriality in cichlids and female 
territoriality in marine reef fishes drive the evolution of 
monogamy. Therefore, we find support for the mate guarding 
hypothesis in cichlids and the female–female intolerance 

A B

C D

FIGURE 4

Phylogenetic trees where each tip corresponds to a genus of marine reef fishes. Tip and branch colours correspond to the proportion of species 
with data present in the genus which display the trait, with red corresponding to a value of 1 and blue to a value of zero. For each tree we only 
included species which had data present for both traits and not all trees contain the same genera. Although all paired traits evolve dependently 
with each other, the coincidence of monogamy and its paired trait differs. (A) Monogamy is more prevalent in genera with diets of guardable food. 
Highly monogamous genera are more likely to also have a high incidence of (B) dispersed females and (C) sheltering from predators and vice 
versa. (D) Genera with a high incidence of monogamy also have a high incidence of female territoriality.
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hypothesis in marine reef fishes, but do not find support for a 
single hypothesis across both groups. We  also clearly provide 
evidence against the biparental care and dispersed female 
hypotheses, but show that female dispersal instead may drive the 
loss of monogamy.
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