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How to measure intersexual
dominance?

Lauren Seex*, Tommaso Saccà and Charlotte K. Hemelrijk

Theoretical Research in Evolutionary Life Sciences, Groningen Institute for Evolutionary Life

Sciences, University of Groningen, Groningen, Netherlands

Intersexual dominance (dominance between the sexes) is often assumed to

be binary with species categorized as either male- or female-dominant. Yet

in many species, the degree of intersexual dominance falls somewhere in

the middle of these two extremes. There are several measures of intersexual

dominance, but in empirical studies, it is not possible to evaluate which

is best because the real degree of intersexual dominance is unknown.

This evaluation is possible, however, in the agent-based model, DomWorld,

because individuals have internal dominance values that drive their agonistic

behavior. In the present study, we defined the accuracy of measures of

intersexual dominance in DomWorld by the strength of the correlation

between the degree of intersexual dominance based on A) their internal

dominance values and B) observations of their competitive interactions (similar

to observations in empirical studies). We examined the four measures that

have been most commonly used in the literature: the proportion of intersexual

conflicts won and initiated, the Female Dominance Index, and the proportion

of female-dominant dyads. The Female Dominance Index was highly accurate,

possibly because it was based on the outcomes of intra- and intersexual

conflicts, both of which influence an individual’s dominance. The proportion

of intersexual conflicts initiated was similar in its accuracy to the Female

Dominance Index and it was the only measure to be una�ected by missing

data. Measures were more accurate when groups were smaller, or the intensity

of aggression was higher, but their accuracy did not depend on the degree

of sexual dimorphism. To best represent dominance relations between the

sexes, we recommend reporting both the Female Dominance Index and the

proportion of intersexual conflicts initiated.

KEYWORDS

intersexual dominance, Female Dominance Index, dominance, sex, winner-loser

e�ect, DomWorld, agent-based model

Introduction

Dominance relations among individuals result from repeated agonistic interactions

(Drews, 1993). An individual that consistently defeats an opponent (evokes

submission) is dominant, while the victim is subordinate (Drews, 1993). Dominance

hierarchies function to reduce the frequency of conflicts because individuals

are unlikely to attack if they think they will be defeated (Jackson, 1991).

The dominance style of a group ranges on a continuum from despotic to

egalitarian (Vehrencamp, 1983). In groups where the difference in winning ability

among individuals is high, the dominance style is more despotic, and more
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dominant individuals gain greater access to monopolisable

resources such as food, space, or mates by outcompeting less

dominant individuals (Vehrencamp, 1983). When the winning

ability among individuals in a group is similar, the dominance

style of the group is more egalitarian and all individuals have

similar access to resources (Vehrencamp, 1983). Thus, the

dominance style of a group as well as the dominance rank of an

individual are important to its fitness and survival.

Prior attributes such as body size are often reported to

underlie the ability of one individual to defeat another (Chase

and Seitz, 2011). Thus, in species where males are larger

than females, males are often assumed to be dominant over

all females. Yet, in some species with male-biased sexual

dimorphism, females dominate somemales despite their smaller

body size [e.g., bonobos (Surbeck and Hohmann, 2013), vervets

(Hemelrijk et al., 2020), capuchins (Izar et al., 2021), macaques

(Hemelrijk et al., 2008), rock hyraxes (Koren et al., 2006),

wolves (Cafazzo et al., 2016), and giraffes (Horová et al., 2015)].

Therefore, prior attributes are not the only aspect that influences

dominance. Other factors also influence an individual’s ability to

win a fight, such as support from others in conflicts (White and

Wood, 2007), leverage (Lewis, 2002), and prior experience (Hsu

et al., 2006).

The winner–loser effect implies that in their subsequent

dominance interaction, winners are more likely to win again,

and losers are more likely to lose again. The winner–loser effect

has been found in many taxa ranging from crustacea, amphibia,

and insects to mammals including humans (Hsu et al., 2006).

In empirical studies, it has been shown to (partially) underlie

the formation of dominance hierarchies (Franz et al., 2015) and

in theoretical studies, dominance hierarchies similar to those

of real animals emerge based on winner–loser effects (Chase,

1974; Beacham, 1988; Hemelrijk et al., 2017). The effect has

been demonstrated in same-sex dyads, hermaphroditic dyads,

and when the sex is unknown (Hsu et al., 2006; Mesterton-

Gibbons et al., 2016) but has been studied seldom between

the sexes because studies of intersexual dominance are lacking

in comparison to studies on intrasexual dominance. Generally,

dominance relations are studied separately for each sex because

males and females are supposed to have different drivers

underlying competition; males compete for access to females

and females compete for access to food (Trivers, 1972). Yet,

clearly, males can act as a direct competitor for food and space

with females (Li and Kokko, 2019).

Whether individuals that engage in intersexual conflicts

experience the winner–loser effect has seldom been studied,

although there is indirect evidence suggesting that they do. The

winner–loser effect was demonstrated in dominance interactions

between pigs where half of the dyads were mixed sex (Oldham

et al., 2020). Also, in crickets, males that previously won a

conflict were more likely to attack a female than males that had

not fought (Adamo and Hoy, 1995), suggesting the winner–

loser effect can be carried over from intrasexual to intersexual

conflicts. Besides, in some agent-based models, where the

winner–loser effect is made to operate both within and between

the sexes, patterns emerge that resemble empirical patterns

(Hemelrijk et al., 2017; Hofstede et al., 2018). Therefore, the

winner–loser effect may be functioning in interactions between

the sexes as well as within a sex. Winning a conflict against a

member of the same sex may influence an individual’s ability

to win a conflict against a member of the opposite sex and vice

versa. Regarding intrasexual dominance hierarchies, while they

are normally calculated using only intrasexual conflicts, they

may be more accurate if they also included intersexual conflicts

because these provide more information about an individual’s

prior experience.

Species have often been grouped arbitrarily in categories of

either “male-dominant” or “female-dominant.” Yet, intersexual

dominance in a group is seldom binary. Rather, groups

may range from strongly male-dominant to strongly female-

dominant (Davidian et al., 2022; Kappeler et al., 2022b). For

instance, strict female dominance over males was supposed to be

widespread in lemurs, but intersexual dominance relations have

been shown to vary across groups and species, when they were

measured as the proportion of intersexual conflicts won and the

proportion of subordinate males (Kappeler et al., 2022a). What

remains unclear is which measure of intersexual dominance

best represents dominance relations between the sexes in groups

of animals. A study by Kappeler et al. (2022b) demonstrated

that the degree of intersexual dominance strongly correlated

among several measures of it, suggesting that all measures were

equally suitable. However, in empirical studies, the accuracy of

measures cannot be determined because there is no “true” value

of intersexual dominance with which the degree of intersexual

dominance based on observed conflicts can be compared.

Indeed, several traits such as group size, dominance style, or

a higher proportion of unknown relations have been shown to

bias the results of measures of dominance (Hemelrijk et al.,

2005; Klass and Cords, 2011; Douglas et al., 2017; Sánchez-Tójar

et al., 2018), although it is unclear how they influence measures

of intersexual dominance. While the accuracy of measures of

intersexual dominance cannot be estimated in empirical data, it

can be studied in a computational model, DomWorld, because

here both are known: the internal dominance of individuals that

influences their behavior as well as their observed competitive

interactions (Hemelrijk, 1999).

In the agent-based model, DomWorld, patterns of behavior

resemble those observed in real animals (Hemelrijk et al.,

2017). In it, individuals are guided by simple rules to group

and compete. The outcomes of their competitive interactions

are self-reinforcing. Individuals have internal dominance values

that determine their likelihood to attack and win conflicts

and, thus, reflect their real dominance. After a conflict, the

dominance value of the winner is increased (making it more

likely to win again) and that of the loser is decreased (making

it more likely to lose again), representing the winner–loser effect
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(Hsu et al., 2006, 2009). In the model, the internal dominance

value of an individual steers its behavior and is thus considered

the “real” dominance that cannot be known in empirical

studies. Data are collected in a similar way on the competitive

interactions in the model as in real animals. Thus, in the model,

the accuracy of different measures of intersexual dominance

can be determined by comparing the intersexual dominance

values based on the “real” internal values with those based on

observed conflicts.

DomWorld is suitable for this type of analysis for several

reasons. First, patterns of social behavior emerge in the model

that resemble those of real animals, including patterns of

intersexual dominance which have been confirmed in empirical

studies (Hemelrijk et al., 2008, 2020; Izar et al., 2021). Namely,

it has been shown that females are dominant over more

males if there is a higher proportion of males in the group

because frequent male–male aggression causes some males to

become victimized and over these males, females are dominant.

Second, DomWorld has previously been used to determine

the accuracy of different methods of deriving a dominance

hierarchy by comparing a hierarchy based on observed outcomes

of conflicts to the hierarchy based on internal dominance

values (Hemelrijk et al., 2005). Third, in the model, different

group sizes, sex ratios, dominance styles, and degrees of sexual

dimorphism can be simulated and the effects of each of these

traits can be studied in relation to the accuracy of measures of

intersexual dominance.

In the present paper, we study the accuracy and robustness

of measures of intersexual dominance using the agent-based

model, DomWorld. We first conduct a literature review

to find which measures of intersexual dominance are used

most often. Subsequently, we investigate in the model the

accuracy of four of these measures. We study how their

accuracy is affected by traits such as dominance style, group

size, and sex ratio. We examine the robustness of measures

by investigating whether the measures are unaffected by

reducing the dataset, thus by introducing a higher proportion

of unknown relationships (where two individuals do not

interact). We examine also whether intrasexual dominance

hierarchies based on observed interactions resemble the

real dominance relations within a sex (based on internal

values) more strongly if the hierarchy is calculated using

either only intrasexual conflicts or both intrasexual and

intersexual conflicts.

Materials and methods

For clarity and conciseness from hereon, we consider

measures of intersexual dominance from a female

perspective, but the male perspective can be calculated

as the inverse, e.g., if the proportion of intersexual

conflicts won by females is 20%, this means it is

80% for males.

Literature review

In August 2021, LS searched the Web of Science for

measures of intersexual dominance, under the keywords “female

dominance” (419 results) and “inter-sexual OR intersexual

dominance” (16 results). Seventy-five papers were found that

used a quantitative measure of intersexual dominance 141 times.

Disregarding whether measures were used repeatedly by the

same authors or research group, we considered only measures

that quantified patterns of dyadic agonistic interactions

between males and females, and excluded measures concerning

coalitions, affiliation, leadership, and feeding priority. We

preserved the definitions used in the papers and focused on

the measure of intersexual dominance. Thus, if two papers use

the measure “the proportion of intersexual conflicts won” but

defined winning differently, we counted them as the same. We

included studies both in the wild and in captivity.We considered

studies of animals in natural settings (groups in captivity or

the wild) as well as in artificial settings (e.g., test arenas). We

sorted the 141 measures into 22 distinct categories, combining

similar measures (Table 1). Eight measures that were only used

once are not shown. Refer to the Supplementary material for an

exhaustive list.

We selected the most common measures, including only

those used more than five times since these made up 80%

of the times that measures of intersexual dominance were

used. We did not use measures that compared frequencies of

aggression or submission between males and females because

(1) they treat intersexual dominance as a dichotomy and (2) a

higher frequency of aggression is not necessarily indicative of

dominance. The final measures of intersexual dominance chosen

were the proportion of intersexual conflicts won, the Female

Dominance Index, the proportion of female-dominant dyads,

and the proportion of intersexual conflicts initiated.

Description of measures

The proportion of conflicts won or initiated was calculated

per female for all their conflicts against males and then averaged

over all females. The proportion of female-dominant dyads

was calculated as the proportion of intersexual dyads where

females dominated males (won more than 50% of conflicts)

divided by the total number of intersexual dyads where a male

and female had at least one interaction. Here, we defined a

female-dominant dyad as females winning more than 50% of

conflicts against a male, but in the literature, there were different

definitions of a “female-dominant dyad” such as if females won

more than 50% of conflicts (e.g., Hohenbrink et al., 2016), more
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TABLE 1 Distinct categories of quantitative measures of intersexual

dominance.

# Measure Number of

times

published

1 Proportion of intersexual conflicts won

by females

36

2 Relative rank order or Female

Dominance Index*

27

3 Frequency of intersexual conflicts initiated

by males and females

20

4 Frequency of aggression initiated by males

and females

14

5 Proportion of female-dominant dyads 8

6 Proportion of intersexual conflicts

initiated by females

8

7 Frequency of aggression received by males

and females

3

8 Frequency of intersexual conflicts won by

males and females

3

9 Frequency of submission by males and

females

3

10 Sex of the highest-ranking individual 3

11 Average rank of males vs. females 2

12 Frequency of intersexual submission by

females

2

13 Proportion intersexual conflicts won that

were initiated by females

2

14 Proportion of all conflicts initiated by

females

2

Themeasures studied in this paper are in bold. “Conflict” refers to an agonistic interaction

that has a winner but does not necessarily involve aggression. “Aggression” refers to an

individual aggressing another but does not consider the behavior of the receiver.

*Some studies describe the position of males and females in the dominance hierarchy

relative to each other. We combine these with the Female Dominance Index since they

describe the same pattern.

than 75% conflicts (e.g., Knowles et al., 2004), or significantly

more conflicts than 50% (binomial test) (e.g., Hasiniaina et al.,

2018). We chose the threshold of more than 50% to make the

measure more comparable to our other measures of intersexual

dominance that do not allow for frequent “neutral” dyads i.e.,

those that are neither male- nor female-dominant.

The Female Dominance Index (Hemelrijk et al., 2008) is

the average proportion of males that females are dominant over

in a group, based on a hierarchy of all adults (constructed

from wins and losses). Based on this hierarchy, the Female

Dominance Index is the total number of males that each female

outranks, divided by the maximum number of males females

could dominate (number of females in a group multiplied by

the number of males in a group). If a female ties with a male

in her dominance rank, this is counted as 0.5 dominance of

the female over the male. This results in a Female Dominance

Index value that is the average proportion of males that females

dominate. Because the Female Dominance Index is affected

by how the dominance hierarchy is calculated, we studied

four popular methods of deriving a hierarchy and calculated

Female Dominance Index based on each: David’s score Dij

method (DS) (Gammell et al., 2003; de Vries et al., 2006),

Average Dominance Index (ADI) (Hemelrijk et al., 2005),

I&SI (de Vries, 1998), and randomized Elo-rating (Sánchez-

Tójar et al., 2018). For randomized Elo-rating, we kept the

parameters used in Sánchez-Tójar et al. (2018) meaning the

sigmoid parameter was set as 0.01 and k was set as 200, and we

randomized the order of interactions 1,000 times. For further

details on how these dominance hierarchies are calculated, refer

to Supplementary material.

DomWorld

Here, we summarize the main aspects of the agent-based

model, DomWorld. For a full description of the model,

see Hemelrijk (1999). In DomWorld, agents are guided by

cognitively simple rules to move, group, and compete. All agents

begin the simulation with an initial DOM value (Table 2) that

influences their likelihood to engage in and win conflicts and

is updated following conflicts. Individuals compete over non-

specified resources and have a risk-sensitive attack strategy

(Jackson, 1991; Hemelrijk, 2000). This strategy means that an

individual will only attack if it thinks it will win a conflict (so-

called “mental battle”). An individual is more likely to start a

conflict if it is more dominant than its partner i.e., has a higher

DOM value. The probability to win by agent i is calculated as

its DOM value divided by the sum of the DOM values of both

partners (DomRatio, Equation 1). If it thinks it will win, thus, if

this ratio is higher than a random number between 0 and 1, it

will initiate a “real” fight. Whether an individual wins (wi = 1)

or else loses (wi = 0) a real fight is calculated in the same way.

wi





1
DOMi

DOMi + DOMj
> RND (0, 1)

0 else

(1)

Following a conflict, the winner turns toward the loser, chases

it a ChaseDist, and the loser turns 180◦ and flees a FleeDist.

The DOM value of the winner increases and the loser decreases

by the same amount (Equation 2). The amount with which the

DOM value of both partners is updated following a conflict

depends on the rank distance between them and the intensity of

aggression (StepDom) of the initiator; a more unexpected result

or higher value of StepDom causes a larger update to dominance
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TABLE 2 Parameters in experiments in DomWorld.

InitDom StepDom Intensity of

aggression

Group size Percentage of females

Females Males Females Males

10 30, 50, 70

24 24 0.5 0.5 Medium 20 25, 50, 75

30 27, 50, 73

10 30, 50, 70

16 32 0.8 1 High 20 25, 50, 75

30 27, 50, 73

10 30, 50, 70

16 32 0.1 1 Medium 20 25, 50, 75

30 27, 50, 73

10 30, 50, 70

16 32 0.05 0.5 Low 20 25, 50, 75

30 27, 50, 73

InitDom is the DomValue with which individuals are initiated; StepDom represents the intensity of aggression of females and males; sex ratio is indicated as the percentage of females in

the group.

values than an expected result or a lower value of StepDom.

DOMi : = DOMi +

(

wi −
DOMi

DOMi + DOMj

)

∗STEPDOMi

DOMj : = DOMj −

(

wi −
DOMi

DOMi + DOMj

)

∗STEPDOMi

(2)

Experimental setup and analyses

The internal and observed degree of
intersexual dominance

Time in the model is based on activations, with 20

activations of all individuals equating to one period. We use

data in the model after a stable dominance hierarchy has

developed, namely from periods 230 to 260. The degree of

intersexual dominance based on internal dominance values

was calculated per individual as its average DOM value

over this time period. A dominance hierarchy was created

based on these values by ordering them from largest (most

dominant) to smallest (least dominant). Based on this

internal hierarchy, we calculated the average proportion of

males that females dominant (Female Dominance Index,

Hemelrijk et al., 2008). We measured the observed degree of

intersexual dominance by observing the competitive behavior

of individuals and calculated the different measures as

described above.

Parameters in experiments

We ran simulations with different parameters for the

initial dominance (InitDom) and intensity of aggression

(StepDom) of the sexes, resembling either sexually dimorphic or

monomorphic species (Table 2). Although we label individuals

“Male” and “Female,” the only difference between them is

their InitDom and StepDom and thus a simulation with male-

biased sexual dimorphism is equivalent to one with female-

biased sexual dimorphism. For a full list of parameters, refer to

Supplementary Table S1.

We simulate four different types of societies based on

the intensity of aggression of males and females (StepDom)

(Table 2). We do not use very low values for StepDom (e.g.,

Female StepDom = 0.01, Male StepDom = 0.1), because this

results in a group where all males always dominate females

(Hemelrijk et al., 2008). We also investigate how group size and

sex ratio (Table 2) influence the accuracy of measures.

Accuracy

For each of the 36 parameter settings, we ran the model

40 times. Per run, we estimated the accuracy of measures

of intersexual dominance by correlating each of the different

measures based on observed behavior with the internal degree of

intersexual dominance using a Spearman correlation. Regarding

the Female Dominance Index, we examined which of the four

ways chosen for deriving a hierarchy (DS, ADI, I&SI, and

randomized Elo-rating) resulted in the strongest correlation

with internal values.

We studied whether we derived intrasexual hierarchies

(hierarchies of a single sex) more accurately when using only

intrasexual conflicts or both intra- and intersexual conflicts.
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We calculated intrasexual dominance hierarchies of males and

females separately based on how often individuals won from

members of the same-sex (intrasexual conflicts) or members of

both sexes (both intra- and intersexual conflicts). We correlated

the ordinal rank position of individuals in the hierarchy relative

to members of their own sex with their position in the hierarchy

based on internal DOM values using a Spearman correlation.

Robustness

We determined the robustness of measures of intersexual

dominance in terms of their insensitivity to data reduction.

Omitting dominance interactions causes a higher proportion

of unknown relationships, which is known to affect other

measures of dominance (Klass and Cords, 2011). Here, for

each parameter setting, we omitted 0, 5, 10, 15, 20, and 25

periods uniformly chosen between periods 230 and 260 for

each of the 40 runs. For each number of omitted periods, we

calculated the four measures of intersexual dominance based

on observed behavior per run and correlated these values of

intersexual dominance with the proportion ofmissing data using

a Spearman correlation. When values of intersexual dominance

were less affected by missing data, they were considered

more robust.

Statistical analyses

Data manipulation and statistical tests were conducted in

R (version 4.1.2) (R Core Team, 2021) and RStudio (RStudio

Team, 2020). Graphs were created in Rstudio with ggplot2

(v3.3.6; Wickham, 2016) and ggpubr (v0.4.0; Kassambara, 2020).

Hierarchies created using DS and I&SI were done so using the

EloRating package for R (v0.46.11; Neumann and Kulik, 2020).

Hierarchies based on randomized Elo-rating were calculated

with the aniDom package in R (v0.1.5; Farine and Sánchez-

Tójar, 2021). We assessed the normality of data using Shapiro-

Wilk tests and based on the inspection of qq plots. Data

were non-normal, and thus, we used non-parametric tests

(Friedman test and Wilcoxon signed-rank test with Holm

adjusted p-values).

We studied which factors influenced the accuracy of

measures by fitting a general linear model using the glmmTMB

package (v1.1.3; Brooks et al., 2017). Since the response variable

was the correlation coefficient (non-integer) and our data was

bounded between 0 and 1, we use a beta family. The goodness of

fit was measured through statistics based on simulated residuals

from the package DHARMa (v0.4.5; Hartig, 2022). We checked

for co-linearity in multi-variate models using the variance

inflation factor (VIF). For the significance of factor variables, we

report the likelihood ratio test between the full model and the

model without the factor of interest and provide full summary

tables in the Supplementary material. We performed post-hoc

pairwise comparisons using the emmeans package (v1.7.4.1;

Lenth, 2021) to compare the estimated marginal means among

factors (p-values here were corrected for multiple comparisons

using the Tukey method).

Results

Female Dominance Index

The Female Dominance Index is the average proportion of

males that females dominate in a dominance hierarchy. When

the dominance hierarchy based on observed wins and losses was

calculated using DS, the Female Dominance Index was more

strongly correlated with the degree of intersexual dominance

based on internal dominance values than when the hierarchy

was calculated using ADI, I&SI, and randomized Elo-rating

[Friedman test: X2
(3)

= 93.33, p < 0.001; DS vs. ADI p < 0.001;

DS vs. ISI p < 0.0001; DS vs. Elo-rating p < 0.0001; ADI vs. ISI

p < 0.0001; ADI vs. Elo-rating p < 0.0001; ISI vs. Elo-rating p

< 0.0001, Figure 1A]. Thus, from hereon, we use DS to calculate

dominance hierarchies.

When studying dominance among same-sex individuals, the

position of individuals in a hierarchy relative tomembers of their

own sex (intrasexual hierarchy) was more strongly correlated

with the internal dominance hierarchy when both intra- and

intersexual conflicts were included in the calculation, rather than

just intrasexual conflicts (Males, Mann-Whitney-Wilcoxon Test

U = 916.5, n = 36, p = 0.003; Females, U = 879, n = 36, p =

0.009, Figure 1B).

Accuracy of measures of intersexual
dominance

The four measures of intersexual dominance differed in

their accuracy [Likelihood ratio test: X2
(3)

= 58.78, p < 0.0001].

The Female Dominance Index and proportion of intersexual

conflicts initiated correlated most strongly with internal values

and correlated significantly more strongly than other measures

(Figure 2A, Table 3). Nevertheless, values of all measures of

intersexual dominance based on observed behavior significantly

correlated with each other (p < 0.0001), and their correlation

coefficients ranged from 0.74 to 0.91 (Figure 2B).

Measures of intersexual dominance were significantly less

accurate when the intensity of aggression was low than medium

or high and the degree of sexual dimorphism did not influence

the accuracy of measures [Intensity of aggression: X2
(2)

=

178.14, p < 0.0001, emmeans post-hoc, High, Medium (sexual

dimorphism), and Medium (monomorphism) intensity vs. Low

intensity p < 0.0001, Supplementary Table S9]. Larger group

sizes resulted in weaker accuracy in all four measures of

intersexual dominance (Group Size: estimate = −0.051, SE =

0.0038, p< 0.001), while sex ratio did not have a significant effect

(estimate=−0.18, SE= 0.16, p= 0.28) (Figure 2C).

Frontiers in Ecology andEvolution 06 frontiersin.org

https://doi.org/10.3389/fevo.2022.982507
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org


Seex et al. 10.3389/fevo.2022.982507

FIGURE 1

(A) Spearman correlation coe�cient between the degree of intersexual dominance calculated using Female Dominance Index based on internal

values and Female Dominance Index based on observed outcomes of dominance interactions for di�erent methods of deriving a dominance

hierarchy for 36 di�erent parameter settings (40 runs per setting). (B) Spearman correlation coe�cient between the intrasexual hierarchy based

on internal DOM-values and the intrasexual hierarchy for each sex calculated from all conflicts of both sexes (intra- and intersexual conflicts) or

intrasexual conflicts only. **p < 0.01, ***p < 0.001, ****p < 0.0001.

Robustness of measures of intersexual
dominance

We studied the influence of a higher proportion of

missing data (and therefore a higher proportion of unknown

relations, Supplementary Figure S4) on measures of intersexual

dominance. Most measures indicated stronger dominance of

females over males when more data were missing. In the

case of the proportion of female-dominant dyads, missing

data significantly increased female dominance in 94% of

the parameter settings. This increase was true for 47% of

the parameter settings of the Female Dominance Index,

53% of parameter settings for the proportion of intersexual

conflicts won, and none of the parameter settings for

the proportion of intersexual conflicts initiated (Figure 3,

Supplementary Table S11).

Discussion

We studied in the model DomWorld (Hemelrijk, 1999)

the accuracy (correlation with internal values) and robustness

(influence of a reduced dataset) of four measures of intersexual

dominance commonly used in the literature: the Female

Dominance Index, the proportion of intersexual conflicts

won, the proportion of intersexual conflicts initiated and the

proportion of female dominant dyads. The Female Dominance

Index and the proportion of intersexual conflicts initiated were

more accurate than the other measures across a range of

group sizes, intensities of aggression, and sex ratios. Regarding

robustness, the proportion of intersexual conflicts initiated was

the only measure that was robust to missing data. Nevertheless,

all four measures performed well, and the degree of intersexual

dominance was significantly correlated among them.

Female Dominance Index

The Female Dominance Index is the average proportion of

males that rank below females in a dominance hierarchy of both

sexes (Hemelrijk et al., 2008). Values of intersexual dominance

based on Female Dominance Index were most accurate when

using DS to calculate the dominance hierarchy, followed closely

by the ADI while I&SI and randomized Elo-rating were the least

accurate. These results support the conclusions from a former

study that assessed the accuracy of dominance hierarchies in

DomWorld and also showed that DS was slightly better than

ADI and that I&SI performed worst (Hemelrijk et al., 2005). It
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FIGURE 2

(A) Median and inter-quartile ranges of Spearman correlation coe�cients of measures of intersexual dominance based on observed wins and

losses and based on internal DOM-values (36 parameter settings, 40 runs per setting) for four ways of measuring intersexual dominance. *p <

0.05, **p < 0.01, ****p < 0.0001. (B) Spearman correlation matrix among values from measures of intersexual dominance, based on all runs

from all parameter settings combined (n = 1,440). (C) Spearman correlation coe�cient between intersexual dominance based on measures

using observed behavior and based on internal DOM-values in relation to the intensity of aggression and group size. Red dotted lines indicated

the mean correlation coe�cient for that parameter setting (based on all measures). Large solid squares indicate averages for all sex ratios for

each measure of each combination of group size and intensity of aggression.
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TABLE 3 Emmeans post-hoc comparisons of the accuracy of di�erent measures of intersexual dominance.

Comparison Estimate SE P-value

Female Dominance Index—Proportion intersexual conflicts won by

females

0.295 0.088 0.006

Female Dominance Index—Proportion intersexual conflicts initiated by

females

0.038 0.090 0.974

Female Dominance Index—Proportion female dominant dyads 0.649 0.086 0.000

Proportion intersexual conflicts won by females—Proportion intersexual

conflicts initiated by females

0.256 0.088 0.021

Proportion intersexual wins by females—Proportion female dominant

dyads

0.354 0.084 0.000

Proportion intersexual conflicts initiated by females—Proportion female

dominant dyads

0.610 0.086 0.000

FIGURE 3

The relationship between measures of intersexual dominance and proportion of missing data for 36 parameter settings in DomWorld.

should be noted that the aim of I&SI is to produce a maximally

linear dominance hierarchy which is neither always the case in

hierarchies produced in DomWorld (de Vries, 2009), nor in real

animals (Douglas et al., 2017). Thus, I&SI should only be used

when a hierarchy can be assumed to be linear (de Vries, 1998).

In DomWorld, randomized Elo-rating did not produce a

dominance hierarchy similar to that based on the internal

dominance values and thus performed poorly compared to other

measures. This result contradicts a study that demonstrated

randomized Elo-rating is preferable to other methods for

more egalitarian groups (Sánchez-Tójar et al., 2018). We

attribute this disagreement to the different methods used. In

the study of Sánchez-Tójar et al. (2018), interactions were

simulated according to pre-assigned and static dominance ranks

of individuals where the difference in winning probability

between two adjacently ranked individuals was constant. Thus,

patterns of interactions may have been less realistic than

those in DomWorld where dominance is dynamic and reflects

experience with victory and defeat with other group members

and patterns of behavior have been shown to resemble those of

real animals (Hemelrijk et al., 2017).

The Female Dominance Index and the proportion

of intersexual conflicts initiated were the most accurate

measures from those studied here (although the Female

Dominance Index had a higher minimum, maximum and

mean values than the proportion of intersexual conflicts

initiated, Supplementary Table S6). We consider Female

Dominance Index to be theoretically superior to other
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methods since it incorporates both intrasexual (same-sex)

and intersexual (between-sex) conflicts, both of which may

influence an individual’s propensity to win in its subsequent

fight through the winner–loser effect. In DomWorld, intrasexual

dominance hierarchies were more accurate when hierarchies

were built using outcomes from conflicts among all adults

as opposed to just intrasexual conflicts. In line with this, an

empirical study has shown that the location of individuals in

a hierarchy based on same-sex conflicts correlated strongly

with their location in the hierarchy based on conflicts among

all adults, suggesting the two hierarchies are highly related

(Kappeler et al., 2022b). Thus, we propose that when studying

intrasexual dominance, intersexual conflicts should also be

considered because they may induce winner–loser effects

which influence an individual’s ability to win intrasexual

conflicts, and their inclusion may make intrasexual hierarchies

more accurate. Future studies should investigate how similar

or different hierarchies built from same-sex conflicts are

to those built from all conflicts among adults. Moreover,

evidence that the winner–loser effect occurs in conflicts

between the sexes is unclear and, thus, needs to be studied in

the future.

Accuracy and robustness of di�erent
measures

Measures of intersexual dominance were more accurate

when the group size was smaller and when the intensity

of aggression was higher. In smaller groups in DomWorld,

most individuals interact with each other (no unknown

relationships) and when the intensity of aggression is higher

the hierarchy is more differentiated and resembles a more

despotic species (Hemelrijk, 1999). Thus, in real animals,

measures of intersexual dominance may be more accurate

when groups are smaller and when groups are more despotic

because in both cases dominance relations are easier to infer.

Interestingly, sexual dimorphism had no influence on the

accuracy of measures of intersexual dominance. Therefore, the

same measures of intersexual dominance are useful for different

species, even if the sexes differ in their body size or intensity

of aggression.

The Female Dominance Index and the proportion of

intersexual conflicts initiated were significantly more accurate

measures of intersexual dominance than the other twomeasures.

Yet, the proportion of intersexual conflicts initiated was the

only measure that was not influenced by missing data. A

high proportion of unknown relationships has been shown to

influence measures of intersexual dominance (Kappeler et al.,

2022b). Here, we demonstrate that more unknown relations

caused three of our four measures to overestimate the degree of

female dominance over males. Thus, in the case of animals that

do not interact frequently, the proportion of intersexual conflicts

initiated might be more appropriate than Female Dominance

Index to measure the degree of intersexual dominance.

When possible, we recommend reporting both the Female

Dominance Index and the proportion of intersexual conflicts

initiated in studies of intersexual dominance. These measures

reflect different aspects of dominance between the sexes and

reporting them together helps to distinguish between these

aspects. The Female Dominance Index indicates where on

average females are positioned in the hierarchy relative to

males, while the proportion of conflicts initiated by females

indicates how uni-directional the agonistic relationship between

the sexes is. For example, in a group, some females may

dominate some males according to the Female Dominance

Index without females ever initiating conflicts against males

(thus, the proportion of intersexual conflicts initiated equals

zero). This is the case in some species of primate where females

are dominant over some males because these males are attacked

frequently by other males and fall in rank below some females

(e.g., Hemelrijk et al., 2008). Moreover, sometimes females

attack some males despite being lower in rank than these males

(here, the Female Dominance Index may be zero, while the

proportion of intersexual conflicts initiated is greater than zero).

Generalizability

In this study, we ignore the reasons why individuals

engage in conflicts. We assume that this approach makes

our results of general relevance. Moreover, although this

study was not based on real animals, we replicated some

results from an empirical study that compared measures

of intersexual dominance (Kappeler et al., 2022b). Namely,

values of intersexual dominance from the different measures

were highly correlated with each other, indicating that all

measures of intersexual dominance are equally useful. However,

using DomWorld, we have shown more subtle differences

among the measures because of our access to “real” internal

dominance values and the large amount of data we can simulate.

Nevertheless, our study has some limitations that may affect

the generalizability of our conclusions to real animals. First, the

internal degree of intersexual dominance was calculated using

the Female Dominance Index based on internal DOM values

which may have biased the internal values to correlate stronger

with the Female Dominance Index (calculated with DS) more

than the other measures. However, since all our measures were

significantly correlated with each other as well as having similar

levels of accuracy with internal values, we do not think there is a

strong bias.

Second, in DomWorld an individual will initiate a fight if it

thinks it will win, based on a ratio of its own and its partners’

dominance values compared to a random number. This rule

may not precisely reflect the real motivation of animals and
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thus, individuals in DomWorld may have a higher (or lower)

propensity to initiate fights that they do not win than in real

animals. Indeed, in sifakas, there seems to be an interesting

relationship between sex, initiation of agonistic interactions, and

the ability to win. Under certain conditions, males were more

likely to win intersexual conflicts if they initiated them than if

they did not, despite intersexual dominance being biased toward

females (Lewis et al., 2022). Thus, more research is required on

why individuals initiate conflicts, especially in intersexual dyads,

and whether the proportion of intersexual conflicts initiated

reflects intersexual dominance relations well in real animals.

Conclusion

We studied the accuracy of four measures of intersexual

dominance in a computational model, DomWorld, because

its patterns of dominance resemble those in empirical data

(Hemelrijk et al., 2017). We demonstrate that in smaller or

more despotic groups, all four measures were more accurate.

We urge future studies to report intersexual dominance by

using two of our most effective measures together, the Female

Dominance Index and the proportion of intersexual conflicts

initiated. We highlight the need to include both intra- and

intersexual conflicts when inferring a dominance hierarchy, even

when considering dominance among members of a single sex.
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