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Females dominate a subset of the males in a minority of mammalian species despite male-biased sexual dimorphism. How this may arise is suggested by a computational model, DomWorld. The model represents male-biased sexual dimorphism through the males’ greater initial dominance and higher intensity of aggression, meaning that fights initiated by males have a greater impact than those by females. The model shows that female dominance over males increases with a greater proportion of males in the group. This happens because when males are involved in a larger fraction of fights this results in greater hierarchical differentiation (i.e., steepness). This causes rank overlap between the sexes (i.e., partial female dominance). We test the validity of these processes in vervet monkeys (Cercopithecus pygerythrus), a primate species with partial female dominance. We confirm that the proportion of males in the group is significantly positively correlated with the degree of dominance by females over males and with the steepness of the hierarchy among males exclusively, but not with the steepness of the hierarchy among all adults of the group. The steepness in male hierarchies correlated positively with female dominance over males in these groups. We show that steeper hierarchies among vervet males resulted from male-to-male fights being a larger proportion of the fights among all adults of the group. We conclude that the higher frequency of male intrasexual aggression favors female dominance in vervet monkeys. We also show that females received coalitionary support when they were in conflict with a male, mainly from other females, and that this favors female dominance in this species, but this does not explain why partial female dominance increased with the proportion of males in the group. We advocate further investigation of the influence of male intrasexual aggression on the degree of female dominance over males in other species with partial female dominance.
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Introduction

Females are seldom dominant over males in competitive interactions in mammals (Holekamp and Engh, 2009). This is usually explained by males being larger than females and better armed (e.g., longer canines; Clutton-Brock, 2016), the prior attribute hypothesis (Chase et al., 2002). Indeed, in species in which females show complete dominance over males (e.g., spotted hyena, Crocutta crocutta: Tilson and Hamilton, 1984; several lemur species: Kappeler, 1993) sexual dimorphism is biased toward females (spotted hyena: Swanson et al., 2013), or non-significant (lemurs: Kappeler, 1990; rock hyrax, Procavia capensis: Koren et al., 2006). However, there are cases in which females—despite being smaller than males—show partial dominance over males (e.g., bonobos, Pan paniscus: Paoli et al., 2006; vervet monkeys, Chlorocebus pygerythrus: Struhskarer, 1967; Smuts, 1987; Hemelrijk et al., 2008; Young et al., 2017; capuchin monkeys, Sapajus spp.: Izar et al., 2021). The existence of ‘partial female dominance’ (Smuts, 1987) has been explained through social dynamics, such as coalitions of females against males (Smuts, 1987; White and Wood, 2007; Tokuyama and Furuichi, 2016), a reduction of aggression by males to females in exchange for sexual access named the docile male hypothesis (Surbeck and Hohmann, 2013), and frequent victimization of males by other males, so that they become low in rank via the self-reinforcing effects of winning and losing fights (the winner-loser effect), where a high intensity of aggression and a high proportion of males in the group lead to a larger degree of female dominance (Hemelrijk et al., 2008). The winner-loser effect implies that individuals are more likely to win a fight after winning a previous one, and vice versa for losing (Chase, 1982).

Female dominance over a subset of males was shown to emerge through the self-reinforcing effects of winning and losing fights in a computational model of dominance interactions in groups, based on self-organization, DomWorld (Hemelrijk, 1999). In the model, individuals start the simulation with an internal dominance value that determines their probability to win fights. Here, individuals with higher dominance values are more likely to win fights against individuals with lower dominance values. The winner-loser effect is reflected by the change in the dominance value of each individual after a fight, with the winner increasing its dominance value and the loser decreasing it. To reflect the sexual dimorphism of primates with males having a larger body size and better armament than females, males start in the simulation with a higher dominance value than females and their aggression is more intense. The initial dominance values of all individuals of the same sex are equal. The intensity of aggression influences the magnitude of the change of the dominance value of the two combatants after a fight. Fights started by a male result in greater change of dominance of both opponents than those started by a female, reflecting the higher intensity of aggression by males than females. We include more information about the equations underlying dominance interactions in DomWorld in the Supplementary material. In the model, partial female dominance over males develops despite females starting the simulation with lower dominance than males. It develops specifically when males were more intense in their aggression than females (the same pattern was not found for lower intensity of aggression by males), and more strongly the greater the proportion of males in the group (Hemelrijk et al., 2008). This happens because during the simulation, the dominance hierarchy of both sexes becomes steeper, i.e., the internal dominance values of each sex become more differentiated, when proportionally more males are present in the group, due to the higher intensity of aggression by males than females (Hemelrijk et al., 2008). Thus, in groups with a higher proportion of males, some males will drop down the hierarchy below some females because of the increased proportion of defeats from other males they have experienced, and some females will end up dominating some males without necessarily having ever fought against them (Hemelrijk et al., 2003). The winner-loser effect, on which the computational model is based, has been found across taxa (e.g., Hsu et al., 2009; Hirschenhauser et al., 2013; Kar et al., 2016), such as primates (Barchas and Menzosa, 1984; Eaton, 1984; Franz et al., 2015) including humans (Page and Coates, 2017). The self-reinforcing effect of winning or losing a single fight lasts up to 2 months in some species (Lan and Hsu, 2011).

So far, empirical support for the positive relationship between the degree of female dominance over males and the proportion of males in the group and has been found in (1) macaques; in a few groups of rhesus macaques, Macaca mulatta, and between several species of despotic macaques, Macaca spp. (Hemelrijk et al., 2008), (2) multiple groups of wild vervet monkeys (Hemelrijk et al., 2020), and (3) multiple groups of wild capuchin monkeys (Izar et al., 2021). Although these positive relationships support the predictions of the computational model DomWorld, we still need to investigate the dynamics proposed by the model to explain how this relationship arises in real life.

In line with the computational model DomWorld, we test whether (a) males are more intense in their aggression than females (necessary condition), (b) a larger proportion of males in the group leads to more fights in which males are involved (first prediction), (c) this leads to steeper hierarchies among all adults (second prediction), and (d) steeper hierarchies result in a larger proportion of males being subordinate to one or more females of high rank (i.e., partial female dominance, third prediction). We refer to this as the DomWorld Hypothesis.

Alternatively, a larger proportion of males in the group may result in stronger competition for mates among males due to the relatively lower availability of females. Therefore, males may become more intense in their aggression toward other males. Increased intra-sexual competition among males may result in a steeper hierarchy among males, but the steepness of the hierarchy among females would not be particularly influenced by the increased male competition and thus the hierarchy among all adults would be less affected. A steeper hierarchy among males would imply that males are sinking in the hierarchy below an increasing proportion of females, increasing the degree of partial female dominance over males in a similar way as proposed by the computational model, DomWorld. We refer to these processes as the Male Competition Hypothesis.

We investigate these hypotheses in wild vervet monkeys in an enlarged dataset (with two more years of behavioral observations) compared to the one used by Hemelrijk et al. (2020) where they showed that the degree of female dominance increased with the proportion of males in the group. Our dataset consists of 22 group-year data points (from four groups of vervet monkeys). Vervet monkeys are an ideal study species because they meet the requirements underlying the DomWorld hypothesis (Hemelrijk et al., 2020; Izar et al., 2021) by showing partial female dominance over males (Hemelrijk et al., 2020), male-biased sexual dimorphism (Turner et al., 2018), intense aggression (Cheney and Seyfarth, 1990), and a large range of sex ratios, due to frequent male dispersal between groups and years (Cheney and Seyfarth, 1990).

Furthermore, we explore the role of coalitions between females against males in causing the partial female dominance in wild vervet monkeys. They are thought to maintain partial dominance of females over males in bonobos, regardless of the species’ male-biased sexual dimorphism (Parish, 1996; Tokuyama and Furuichi, 2016) and help females win fights against larger males in several other species with male-biased sexual dimorphism, including vervet monkeys (reviewed in Smuts and Smuts, 1993). In vervet monkeys, Hemelrijk et al. (2020) showed that the proportion of intersexual fights in which a female received support from another female increased with the proportion of males in the group. This was considered to be a side effect of the higher rank of females in the group (thus lowering their risk when attacking) and was not considered as a potential reason why females are high ranking (Hemelrijk et al., 2020). Here, however, we argue that once females occupy higher positions in the hierarchy, female coalitions against males may further increase partial female dominance over males in those groups. Thus, a stronger tendency for females to form coalitions with other females against males in groups with proportionally more males may help explain why female dominance is higher in these groups. We refer to this hypothesis as the Female Coalition Hypothesis.



Materials and methods


Study species

In vervet monkeys, the sexes are dimorphic with males on average 1.4 times the weight of females (Turner et al., 2018), more muscular, and with canines on average 1.3 times the length of those of females (Bolter and Zihlman, 2003). Males disperse from the natal group when they reach sexual maturity (around 4 to 5 years-old), and subsequently disperse multiple times in their lifespan (Cheney and Seyfarth, 1990). In the new group they fight to establish their place in the dominance hierarchy (Cheney and Seyfarth, 1990). Females are philopatric and inherit their rank based on the rank of their mother (i.e., matrilineal society, Cheney and Seyfarth, 1990).



Data collection

Data were collected at the Inkawu Vervet Project (IVP) in the Mawana Game Reserve, South Africa, on four neighboring groups of wild vervet monkeys, named Ankhase, Baie Dankie, Kubu, and Noha. There is heterogeneity of vegetation both within the home range of each single group and between different groups, from areas of dense vegetation to areas with more sparse vegetation dominated by Acacia species. Data of social interactions were collected by ad libitum sampling (Altmann, 1974) from January 2011 to December 2019, after monkeys were habituated to human presence in ten meters vicinity in 2010. Researchers at the IVP are trained in collecting behavioral data and are required to pass a test for identifying all the monkeys they are collecting data on, as well as to perform periodical inter-observer tests ensuring that data collection is standardized among all researchers. Males were considered adult after emigrating from their natal group for the first time, and females after giving birth to their first offspring.



Data analyses


Competitive interactions

In our analyses we focused on adults. For being included in the analysis, individuals of both sexes had to be present in the group as adults for at least 6 months per year. For the DomWorld Hypothesis and the Male Competition Hypothesis, the analyses included only dyadic interactions, excluding interactions with support from a third party. For the Coalitionary Support Hypothesis, we also included agonistic interactions between adults receiving support from a juvenile or an adult. Regardless of the duration and complexity of the interaction, and regardless of eventual support from third parties, the individual that showed as its last behavior an act that was clearly aggressive (“stare,” “attack,” “grab,” “displacement,” “bite,” “hit,” “chase,” “aggressive call,” “steal food,” and “hand on head”) was noted as the winner and the individual showing a clearly submissive behavior as the loser of the interaction (“avoid,” “jump,” “crawl,” “leave,” “retreat,” “flee,” and “scream”) (Hemelrijk et al., 2020). In the following cases, the interactions were not used because they were not unequivocally defined. (1) An individual spontaneously showed submission to another or there was no reaction from the victim to an (attempted) aggression. (2) One or both individuals displayed a last behavior that was not clearly submissive or aggressive (e.g., “undetermined vocalization”). (3) The last behavior of both individuals was similar—both were aggressive or submissive. Note that supporters involved in triadic interactions to help one of the two opponents were not counted as winning or losing interactions.

Following these criteria, we analyzed 4578 dyadic interactions from 123 distinct individuals—69 females and 54 males—from four groups, over a period of up to 9 years, with a total of 22 group—year points (Table 1). The average number of adults per group was 14.7 (standard deviation = 6.8), number of adults per group ranged from six to 32 individuals, and group size varied between years (Table 1). Females were usually the most abundant sex, with an average proportion of males in the group of 0.31 (standard deviation = 0.12); the group with the smallest proportion of males was Noha in 2011, with one male and nine females (0.10), while the one with the largest proportion was Baie Dankie in 2014, with eight males and seven females (0.53).


TABLE 1    Information on groups per year (in parentheses) regarding the number (#) of adults of each sex, the proportion of males, the number of dyadic fights, the degree of female dominance (i.e., Female Dominance Index) from dyadic interactions and when interactions with support were added to the calculation of the dominance hierarchy, and the steepness of the hierarchy of all adults and of males only.
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Intensity of aggression

For the intensity of aggression, we classified interactions with physical contact (hit, bite, chase, grab, steal food, or hand on head) as severe and interactions without (stare, displace, and aggressive call) as mild. For each aggressive interaction, we considered only the initiator to be responsible for the intensity of the aggression. If an individual reacted with a severe aggressive behavior after receiving severe aggression, its behavior was not counted as being severe aggression, since it was responding to severe aggression received from another individual instead of causing it. Also, if an individual escalated a mild interaction with a severe behavior, it was counted as showing severe aggression even though it did not initiate the interaction.

We measured the intensity of aggression in two ways. (1) The average proportion of severe fights of the total number of fights per individual, and (2) the average absolute number of severe fights per individual. We used both metrics to compare the intensity of aggression of males to females in each group-year point.

We investigated the intrasexual competition among males by two metrics. The first concerned intensity of competition, namely the proportion of intrasexual severe fights by males of all severe aggressive acts by males against adults. This metric quantified which part of their intense aggression males directed to other males, thus controlling for any differences in the frequency of aggression per year related to socioecological factors. The second metric concerned the relative frequency of competition among males from that among all adults (ignoring its intensity), namely the proportion of male-to-male fights of all group fights among adults. This metric quantified how often male-to-male aggression occurred in a group during each year, controlling for different baseline frequencies of aggression among adults that may differ among groups and years due to socioecological variables.



The dominance hierarchy, female dominance, and hierarchical steepness

To determine the dominance hierarchy among adults, we organized competitive interactions in matrices with the winners in the rows and losers in columns. Interaction matrices were calculated per group and per year, excluding group-year points with less than 50 dyadic competitive interactions, as done by Hemelrijk et al. (2020). We calculated the rank of each individual by the average dominance index, ADI (Hemelrijk et al., 2005). It is the average proportion of winning by an individual from all its group members excluding those with whom it did not interact competitively.

We quantified the degree of female dominance in each group-year point by the Female Dominance Index (Hemelrijk et al., 2008). Here, we make use of both intrasexual and intersexual aggressive interactions. The Female Dominance Index represents the proportion of males that each female is dominant over, averaged over all females in the group; this value ranges from 0 (complete male dominance; i.e., zero female dominance over males) to 1 (complete female dominance; i.e., all females are dominant over all males). If a female and a male are equally dominant, the male is counted as being co-dominant in the calculation of the Female Dominance Index by contributing half a unit (0.5).

We calculated the steepness of the hierarchy as the slope of the linear regression between the ordinal rank of the individuals and the dominance index of each individual (de Vries et al., 2006). Because unknown relationships were present in the interaction matrices of our dataset and the steepness measure based on the normalized David’s score is strongly biased by this (Klass and Cords, 2011), we based the steepness measure on the normalized average dominance index instead, as it was less affected by unknown relationships (Saccà et al., 2022). We measured the hierarchical steepness, and investigated the effect for both all adults of the group and for exclusively the adult males among all adults of the group (i.e., the male sub-hierarchy). In the male sub-hierarchy, each male kept his dominance index (thus his relative rank) as calculated for the hierarchy of all adults. We used these values of the dominance indices instead of the dominance indices derived from competitive interactions among males only, in order to account for the influence via the winner-loser effect that all fights (intersexual fights, as well as fights among males and among females) have on males’ cardinal and ordinal ranks. Thus, we test the hierarchical differentiation (i.e., steepness) among males including the dynamics of interaction among all adults. It should be noted that in multiple species (among which vervet monkeys) the rank order of same sex individuals was highly correlated between dominance hierarchies based on interactions among the same sex only and on among both sexes (Kappeler et al., 2022). When only a single male was present in a group, it was impossible to calculate the steepness of the hierarchy among males and therefore, this group-year point was excluded from the analyses (so, four group-year points were excluded).




Statistics

We analyzed the relation between the degree of female dominance over males and the proportion of males in our enlarged dataset, in which we added 2 years of observation for the four groups in the Mawana reserve to the data used by Hemelrijk et al. (2020). We did this because this relation is essential to our analyses, and although the relation was shown by Hemelrijk et al. (2020) to be positive and significant it needed confirmation with our updated and enlarged dataset. We used a Generalized Linear Mixed Model (GLMM from now on) assuming a beta-binomial distribution of the response variable, the Female Dominance Index, similarly to Hemelrijk et al. (2020), with the proportion of males in the group as the explanatory variable and with the group of each group-year point as the random part of our model. We tried to fit a GLMM adding also the effect of the years to the random part of the model, but we could not because this led to problems in model convergence.

We investigated whether the steepness of the hierarchy, either among all adults or the subset of males only from the hierarchy among all adults (the male sub-hierarchy), can explain the aforementioned relationship as it was proposed by the DomWorld Hypothesis or by the Male Competition Hypothesis. We tested our hypotheses by analyzing the relationships between three variables: the proportion of males in the group, the hierarchical steepness (of either all adults or the subset of males), and the degree of female dominance over males (Female Dominance Index).


The DomWorld hypothesis

To investigate the DomWorld Hypothesis, we investigated the relation between the hierarchical steepness among all adults and the proportion of males in the group. In the DomWorld Hypothesis, this relation is expected to be positive and significant. We tested this in a Linear Mixed Model (LMM from now on), with the hierarchical steepness as the response variable and the group and year of each group-year point as random effects. We assumed a Gaussian distribution for the hierarchical steepness because the steepness of the group can reach values over one, which is a characteristic of the steepness measure when it is calculated for interaction matrices in which not all relationships are known (Saccà et al., 2022). Next, we tested whether the Female Dominance Index was related to the steepness of hierarchy among adults. We expect this relationships to be positive and significant, if the hypothesis is correct. Here, we used a GLMM assuming a beta-binomial distribution of the response variable, the Female Dominance Index, with the steepness of hierarchy among adults as the explanatory variable and the group of each group-year point as the random part. We could not include the year as a random effect because of problems in model convergence.

We investigated whether males and females differ in the intensity of aggression, since the DomWorld Hypothesis assumes that males are more intense in their aggression than females. For this we compared two metrics of intensity of aggression: the average proportion of severe fights of the total number of fights per individual and the average number of severely aggressive interactions per individual. We compared these two measures between the sexes for each group-year point using a non-parametric test, namely the Wilcoxon signed-rank test, because the distribution of the differences between the values of males and those of females for both metrics of intensity of aggression was not normal (based on the Shapiro-Wilk test for normality).

When examining the relation between the proportion of fights with males (of all fights among adults) with the proportion of males in the group, we used a GLMM assuming a beta-binomial distribution of the response variable, the proportion of fights with males (of fights among all adults), and the year and group of each group-year point as the random part. We expect that the proportion of fights with males increases with the proportion of males. When testing whether the proportion of male fights is related with the steepness of the group hierarchy, we used a LMM with the steepness of the hierarchy among adults as the response variable, and the random effects for the years and groups of each group-year point, and according to the DomWorld Hypothesis we expect the steepness to increase with the proportion of males.



The male competition hypothesis

In the Male Competition Hypothesis, we tested the relation between the steepness of the male sub-hierarchy, namely the hierarchy among males (when males were interacting with all adult group members) with the proportion of males in the group. According to the Male Competition Hypothesis, we expect the steepness of males to increase with the proportion of males in the group. Here, we used a LMM, with the steepness of the sub-hierarchy among males in the group as our response variable, and with the random part of the model composed of the effect of group and year for each group-year point. We assumed a Gaussian distribution because the steepness could theoretically reach values higher than one. Next, we tested the relation between the Female Dominance Index and the steepness of hierarchy in the subset of males using a GLMM assuming a beta-binomial distribution of the response variable, the Female Dominance Index. In line with the Male Competition Hypothesis, we expect female dominance over males to increase with increased steepness of the male sub-hierarchy.

We tested whether greater steepness of the hierarchy among males with a larger proportion of males may be due to an increase of intrasexual competition among males via more intense or frequent aggression among males. Thus we investigated the relation between the intensity and the frequency of male intrasexual aggression with the proportion of males in the group by using two GLMMs for two metrics of male intrasexual competition (intensity and frequency). We also investigated with two GLMMs the relation between the steepness of male sub-hierarchy and either intensity or frequency of male intrasexual competition.

In one GLMM we assumed a beta-binomial distribution for the proportion of male-to-male severe fights of all male severe fights (indicating the intensity of male intrasexual competition) and the proportion of males in the group was the explanatory variable, with the random part of the model formed by the year of each group-year point. We tried to fit a model with also the random effect of group, but we found that our fitted model showed significant quantile deviations in the plot of the residuals versus predicted values (DHARMa package for R: Hartig, 2022). In the other GLMM we assumed a Gaussian distribution for the hierarchical steepness among the subset of males separately (the male sub-hierarchy), with the proportion of male-to-male severe fights of all severe fights by males as the explanatory variable and the group and year of each group-year point as random factors.

Similarly, in another GLMM we assumed a beta-binomial distribution for the proportion of male-to-male fights of all fights among adults (i.e., representing male intrasexual competition), and using the proportion of males in the group as the explanatory variable, and the effects of group and year as the random part of the model. In the other LMM we assume a Gaussian distribution for the hierarchical steepness of the subset of males, and the proportion of male-to-male fights of all fights among adults was the explanatory variable, with the random part of the models being the effects of group and year for each group-year point.

When analyzing the Male Competition Hypothesis, we used group-year points with at least two males.



The female coalition hypothesis

To test the Female Coalition Hypothesis, we investigated whether the Female Dominance Index calculated for the dataset including support in fights differed from the one without support in fights. We calculated the difference between the Female Dominance Index per group-year point when coalitionary support is included minus when it is excluded. A positive value means that partial female dominance increased in the group-year point when including support versus when not. We investigated whether the average difference differed from zero with a LMM with the difference in FDI values between group-years with and without coalitionary support as the response variable, no explanatory variable and the random effects of groups and years for each group-year point. The value and significance of the intercept of this model represent the difference between groups in female dominance over males when support is added. We did so to include the random effects of group and year for each group-year point in the analyses. We also investigated whether coalitionary support caused a larger degree of female dominance with an increasing proportion of males in the group than without coalitionary support. In our LMM, we assumed a Gaussian distribution for the difference in the values of the FDI between group-year points with and without coalitionary support as the response variable, and the proportion of males in the group as the explanatory variable and the random effects of group and year.




Information on statistical software, model diagnostics and model performance

All analyses were conducted in R, version 4.2.0 (R Core Team, 2022). To fit all our Generalized Linear Mixed Model and Linear Mixed Models we used the package glmmTMB (Brooks et al., 2017). For model diagnostics, in our Supplementary material, we show QQ-plots and plots of fitted residuals versus predicted residuals with relevant statistical analyses, obtained from the package DHARMa (Hartig, 2022). For model performance statistics, we calculate pseudo R2 values using the package MuMIn (Bartoń, 2022) and we perform likelihood ratio tests (LRT) comparing our full models to the same models without the explanatory variable, to test whether the change in likelihood was significant. For the LRT as well as for the Wilcoxon signed-rank tests and the Shapiro-Wilk tests we used the base package of R. Figures were made using the package ggplot2 (Wickham, 2016).




Results

The degree of female dominance over males, the Female Dominance Index, increased significantly with the proportion of males in the group (GLMM, 22 group-year points, β = 2.41, SE = 1.20, P = 0.044, Figure 1A) in line with earlier results from Hemelrijk et al. (2020) on a smaller dataset. To detect the processes underlying this relationship we study three hypotheses, the DomWorld Hypothesis, the Male Competition Hypothesis, and the Female Coalition Hypothesis.
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FIGURE 1
Summary of relevant relations for the Male Competition Hypothesis: (A) proportion of males in the group versus degree of female dominance (i.e., female dominance index, FDI) (22 group-year points). (B) The proportion of male-to-male fights of all adult fights (relative frequency of male intrasexual competition) versus the proportion of males in the group. (C) The steepness of hierarchy among the subset of adult males versus the proportion of male-to-male fights of all adult fights (i.e., relative frequency of male intrasexual competition). (D) The degree of female dominance (i.e., FDI) versus the steepness of hierarchy among the subset of adult males. Plots (B–D) concern only group-year points with at least two males (18 group-year points). Trend lines (dotted lines) are calculated for (ordinary least squares) linear regressions, using the function “geom_smooth” of the R package “ggplot2” (Wickham, 2016). For more accurate statistical analyses, see text.



The DomWorld hypothesis

The steepness of the hierarchy among all adults did not increase significantly with the proportion of males (LMM, 22 group-year points, Slope = 0.17, SE = 0.15, P = 0.255) nor with the Female Dominance Index (GLMM, 22 group-year points, β = −0.19, SE = 1.19, P = 0.871). Therefore, the steepness of the hierarchy among all adults did not explain the larger degree of female dominance in the group-years when the proportion of males in the group increased.

Although the proportion of fights with males of all fights among adults increased significantly when the proportion of males increased (GLMM, 22 group-year points, β = 4.40, SE = 1.01, P < 0.001), the increased proportion of fights among males was not related to the hierarchical steepness among adults (LMM, 22 group-year points, slope = 0.05, SE = 0.11, P = 0.649). This led to the question of whether the assumption was met that males were more intense in their aggression than females.

Although there was a trend that the average proportion of severe fights of all fights by males was higher than that by females, it was not significant (Wilcoxon signed-rank: 22 group-year points, V = 184, P = 0.063, Supplementary Figure 1, median: 9.0% for males versus 7.4% for females). Neither did males and females differ significantly in their average number of severe interactions per individual (Wilcoxon signed-rank test: 22 group year points, V = 131, P = 0.602, Supplementary Figure 1, median: 2.2 for males versus 1.8 for females).



The male competition hypothesis

The Female Dominance Index increased significantly with the steepness of the sub-hierarchy among males (GLMM, 18 group-year points with at least two males, β = 1.69, SE = 0.59, P = 0.004, Figure 1D) and the steepness of male sub-hierarchy increased significantly with the proportion of males in the group (LMM, 18 group-years with at least two males, slope = 1.36, SE = 0.49, P = 0.005). Therefore, the degree of female dominance may increase with the proportion of males in the group via the increased steepness of the male sub-hierarchy.

Both intensity and frequency of intrasexual aggression among males may lead to the increase in steepness of hierarchy in the subset of males. Concerning the intensity of male intrasexual aggression, males did not direct a significantly larger proportion of their intensely aggressive actions to other males when the proportion of males in the group increased (GLMM, 18 group-year points with at least two males, β = 3.54, SE = 2.03, P = 0.081), and the proportion of male-to-male severely aggressive interactions was not significantly related to the steepness of male hierarchy (LMM, 18 group-year points with at least two males, slope = 0.38, SE = 0.20, P = 0.061).

Concerning the relative frequency of male intrasexual aggression, a larger proportion of fights among adults were between males when the proportion of males in the group increased (GLMM, 18 group-year points with at least two males, β = 6.82, SE = 1.44, P < 0.001, Figure 1B), and a larger proportion of male-to-male fights was positively related to hierarchical steepness when studying the subset of males among the adults (LMM, 18 group-year points with at least two males, β = 0.67, SE = 0.35, P = 0.014, Figure 1C).



The female coalition hypothesis

Considering fights between a male and a female in which one or more external individuals intervened (there were 265 intersexual fights with support), support was overwhelmingly given to females (239 times, 90% of cases). In the intersexual fights in which the female received support, this was provided mostly by a single adult female (111 times out of 239, 44% of cases), and less often by a single adult male (79 times, 33% of cases).

The degree of female dominance over males, the Female Dominance Index (FDI), increased significantly when including support in fights versus when not and considering the random effects of group and year (LMM, 22 group-year points, intercept = 0.056, SE = 0.010, P < 0.001, Figure 2). Results did not change when calculating the average difference in FDI irrespectively of random effects, likely because they had very little effect. Namely, on average per group-year point FDI increase by 0.056 (SE = 0.010), with a minimum of 0 and a maximum of 0.15. In all group-year points, female dominance was equal or higher when including fights with support. However, the difference between female dominance values when including fights with support or not was not significantly greater the higher the proportion of males in the group (LMM, 22 group-year points, slope = −0.06, SE = 0.09, P = 0.515).
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FIGURE 2
The Female Dominance index of the dominance hierarchy calculated from only dyadic fights (left) versus the hierarchy with the inclusion of fights with support (right). Note that support was seldom received from more than one individual (23 cases from 239 cases; from two or more females in 5 cases, from two or more males in 8 cases, and from two or more individuals of both sexes in 6 cases, in 2 cases, support was received from a coalition of a female and unidentified juveniles, and in 2 cases from a coalition of a male and unidentified juveniles). In 26 cases in which a female received support in an intersexual fight the sex of the supporter could not be identified.





Discussion

We confirm that the degree of female dominance over males increases with the proportion of males in four groups of wild vervet monkeys, in line with earlier findings by Hemelrijk et al. (2020). We found neither evidence that the steepness of the hierarchy among adults increased with the proportion of males in the group, nor that the degree of female dominance over males increased with the steepness of the hierarchy among adults, despite being suggested by DomWorld (DomWorld Hypothesis, see Figure 3). A requirement for the DomWorld hypothesis is that males are more intense in their aggression than females. However, we did not find evidence for this in vervet monkeys when we categorize severe aggression as fights with physical contact. Thus, this requirement of the computational model may be missing, which may explain that the predictions of the DomWorld Hypothesis were not met. However, it should be noted that male vervets are larger and better armed than females, thus making their fights with physical contact more menacing by default. Consequently, even without physical contact their attacks are probably perceived as more severe than those by females due to the threat of escalating the conflict.
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FIGURE 3
Summary of correlations related to the degree of female dominance (i.e., Female Dominance Index, FDI) in vervet monkeys. Correlations are represented as arrows pointing from the response variable to the explanatory variable. The statistical significance of each correlation is noted next to the arrow (with not significant values noted as ns). Significant correlations are noted as black arrows, while non-significant correlations as gray arrows. All significant correlations are positive.


Instead, the steepness of the hierarchy of the subset of males increased significantly with the proportion of males in the group and it was positively related to the degree of female dominance over males. This is in line with the Male Competition Hypothesis and may explain the higher degree of female dominance in group-year points with proportionally more males as being due to more males dropping down the hierarchy below a larger proportion of females. The steeper male hierarchy within the hierarchy of all adults, when the proportion of males in the group increased, may be due to an increase in frequency of male intrasexual conflicts, and was not related to an increase in the intensity of male intrasexual fights (Male Competition Hypothesis, see Figure 3).

The Male Competition Hypothesis resembles the DomWorld Hypothesis, because the self-organization processes underlying both hypotheses are similar. In the DomWorld Hypothesis males sink down the hierarchy below more females because the intensity of fights initiated by males is higher than initiated by females, and a higher proportion of males in the group results in more fights initiated by males and thus a steeper hierarchy for the whole group. In vervet monkeys, males probably sink down the hierarchy below more females because males fight more frequently among themselves the higher the proportion of males in the group, and thus the male hierarchy becomes steeper. In the model, a higher number of male-male fights when the group comprises more males would be expected from a simple self-organization process where more males being present in the group results in more male-male encounters by chance and thus, potentially, more fights among males. The same self-organization process could be expected in groups of wild primates. In vervet monkeys, the same increase in male-male fights with the proportion of males in the group may also reflect mating competition, as the presence of more males limits the access to females. The self-organization process and low availability of females can favor competition among males in a synergistic way. The self-organization processes underlying the Male Competition Hypothesis and the DomWorld Hypothesis differ in the absence of the requirement that males are more intense than females in their aggression in the Male Competition Hypothesis. Thus, the Male Competition Hypothesis can be relevant even in species in which sexual dimorphism is absent (e.g., lemurs: Kappeler, 1990) or in favor of females (e.g., spotted hyena: Swanson et al., 2013), where we do not expect males to be more intense in their aggression than females.

The similarities between the DomWorld Hypothesis and the Male Competition Hypothesis can be illustrated by the work by Izar et al. (2021). The study shows that in three study species of capuchin monkeys (Sapajus libidinosus, S. nigritus, and S. xanthosternos) not only did the Female Dominance Index increase with the proportion of males in the group, but so did the proportion of male-male aggression of total male aggression (Izar et al., 2021). However, Izar and colleagues did not distinguish between the effect that male fights have on the hierarchy of all adults (our DomWorld Hypothesis) and on the adult male sub-hierarchy (our Male Competition Hypothesis). If males are more intense in their aggression than females, an increase in male-male aggression (and thus in the steepness of male sub-hierarchies, the Male Competition Hypothesis) may still happen in combination with a larger proportion of male fights of all group fights (and thus in steeper hierarchies for the whole group, the DomWorld Hypothesis). Consequently, these two hypotheses are not mutually exclusive, and whether they happen jointly or independently probably depends on the characteristics of the species, and warrants further investigation.

Although coalitionary support by females to other females in fights between the sexes enhanced partial female dominance in vervet monkeys (Figure 2 and Table 1), female dominance did not increase more when females received more support when the proportion of males in the group was larger (Female Coalition Hypothesis, see Figure 3). Therefore, coalitions by females did not cause the increase in female dominance with the increased proportion of males in the group (Female Coalition Hypothesis). These coalitions may instead be a by-product of the already higher status that females enjoy in groups with a larger proportion of males, as proposed by Hemelrijk et al. (2020). Males provided support to females in one third of intersexual conflicts in which a female received support from a third party. Females may recruit males with incentives to helpful males and disincentives to un-cooperative ones, as they do in intergroup fights (Arseneau-Robar et al., 2016b; or males may help females in exchange for increased mating success, as also observed in the context of intergroup encounters (Arseneau et al., 2015; Arseneau-Robar et al., 2016a).

In conclusion, our study of vervet monkeys partially supports the self-organization processes from DomWorld, as we give evidence that male intrasexual competition increases with the proportion of males in the group and favors partial female dominance in a way that could be explained by self-organization processes also present in the computational model. The increase in male-male competition when the proportion of males in the group increases could be due to self-organization processes, to male competition due to lower female availability, or a combination of self-organization and male competition, and may be a widespread phenomenon in group-living animals. Future studies should try to disentangle the effect that the self-organization process and mating competition have on the increase in male intrasexual competition, with its interaction with hierarchical steepness and the degree of female dominance over males. This could be done by testing the role of sex ratio alongside other causes of mating competition such as number of fertile females and mating seasons, in relation to competition among males, hierarchical steepness and partial female dominance over males.
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