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Across group-living animals, linear dominance hierarchies lead to disparities in
access to resources, health outcomes and reproductive performance. Studies of
how dominance rank predicts these traits typically employ one of several dom-
inance rank metrics without examining the assumptions each metric makes
about its underlying competitive processes. Here, we compare the ability of
two dominance rank metrics—simple ordinal rank and proportional or ‘stan-
dardized” rank—to predict 20 traits in a wild baboon population in Amboseli,
Kenya. We propose that simple ordinal rank best predicts traits when compe-
tition is density-dependent, whereas proportional rank best predicts traits
when competition is density-independent. We found that for 75% of traits
(15/20), one rank metric performed better than the other. Strikingly, all male
traits were best predicted by simple ordinal rank, whereas female traits were
evenly split between proportional and simple ordinal rank. Hence, male and
female traits are shaped by different competitive processes: males are largely
driven by density-dependent resource access (e.g. access to oestrous females),
whereas females are shaped by both density-independent (e.g. distributed
food resources) and density-dependent resource access. This method of compar-
ing how different rank metrics predict traits can be used to distinguish between
different competitive processes operating in animal societies.

1. Introduction

In group-living animals, individuals can often be linearly ranked according to
their priority of access to resources or their ability to win conflicts (e.g. insects
[1,2], crustaceans [3,4], fish [5,6], birds [7,8] and mammals [9,10]). The resulting
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Figure 1. Differences between proportional and simple ordinal rank in two differently sized hierarchies. Ranks with darker shading have a competitive advantage
over those with lighter shading. The fifth-ranking individual in each hierarchy is demarcated with a white border. Under a simple ordinal rank framework, being
ranked fifth confers the same competitive advantages independent of hierarchy size. Under a proportional rank framework, being ranked fifth is more advantageous
in a hierarchy of 9 (proportional rank = 0.5) than in a hierarchy of 5 (proportional rank = 0). Adapted from Levy et al. [33].

dominance hierarchies are associated with a wide range of
traits, including physiology [11,12], immunity and disease
risk [13,14], behaviour [15,16], reproductive success [9,15],
longevity [15,17] and offspring survival [15,18,19]. The
causes and consequences of dominance rank are therefore
integral to our understanding of the evolution of animal
behaviours and life-history strategies.

When studying these causes and consequences, particularly
in societies with linear hierarchies, researchers commonly use
any one of several ordinal or cardinal rank metrics. Ordinal
rank metrics designate each individual’s order in the domi-
nance hierarchy, either by using the simple integer order
(1 through 1, hereafter called ‘simple ordinal rank’) or by scaling
the integer order by group size (producing ‘proportional’ rank,
also referred to as ‘relative’ or ‘standardized’ rank; e.g. [20-28]).
Cardinal rank metrics employ a range of possible approaches
that allow researchers to estimate not only an ordinal ranking,
but also the magnitude of power differences between adjacently
ranked individuals [29-31].

Often, researchers choose one of these dominance rank
metrics without stating the assumptions that the metric
makes about the nature of rank-based competition [20-23,25]
(but see [26,32,33]). The choice of a given rank metric is impor-
tant because studies sometimes find differences in the ability of
different rank metrics to predict rank-related traits, even in the
same population. For example, Archie et al. [26] demonstrated
that proportional rank, but not simple ordinal rank, predicted
risk of injury in female baboons in the Amboseli ecosystem in
Kenya [26]. In the same population, proportional rank was
also a better predictor of females’ faecal glucocorticoid concen-
trations than simple ordinal rank [33]. These studies highlight
the need to understand the contexts in which one rank metric
predicts a trait better than another.

Here, we examine the ability of two different rank metrics
to predict 20 sex- and age-class-specific traits in the Amboseli
baboon population (electronic supplementary material, table
S1). To keep the scope of our analysis reasonable, we focus
on two ordinal rank metrics rather than cardinal metrics,
but we discuss potential extensions to cardinal metrics in
the Discussion section. Specifically, we compare simple ordi-
nal rank (an integer-order system, commonly referred to as
just ‘ordinal rank’) with the metric most commonly known
as ‘relative’ or ‘standardized’ rank, but which we refer
to as ‘proportional’ rank because this term describes more

precisely the nature of the metric. We had two goals. First,
we explicitly identify the assumptions each metric makes
about the underlying competitive landscapes that shape
rank-related traits. In doing so, we identify theoretical
scenarios in which we expect either simple ordinal or pro-
portional rank to be a better measure of competitive
interactions and, therefore, a better predictor of rank-related
traits. Second, we identify which rank metric (simple ordinal
or proportional) best predicts a wide range of rank-related
traits in wild baboons, with the aim of better understanding
density-dependent versus density-independent patterns of
resource distribution and access in a complex animal society.

(a) Assumptions of simple ordinal rank and
proportional rank

As described above, an individual's simple ordinal rank
reflects the order in which an individual appears in a linear
dominance hierarchy (i.e. ranks 1, 2, 3...7n, where n is the
total number of individuals in the hierarchy; figure 1)
[8,34,35]. By contrast, proportional rank accounts for the
number of individuals being ranked (i.e. it accounts for hierar-
chy size) by measuring the proportion of other individuals in
a hierarchy that an individual outranks (figure 1) [20-28].
For example, an individual with proportional rank 0.75
outranks 75% of other individuals in its hierarchy. When the
number of individuals in the hierarchy does not vary in a
given dataset, simple ordinal and proportional ranks are per-
fectly correlated. However, if the study contains multiple
social groups with different hierarchy sizes, or if hierarchy
size varies over time, then simple ordinal and proportional
ranks are no longer interchangeable (see electronic supplemen-
tary material ‘Identifying changes in the relationship
between simple ordinal and proportional ranks over time’
and figure S4).

As a theoretical example of a situation in which simple
ordinal and proportional ranks are not interchangeable, con-
sider a hierarchy that contains five males. Those males will
have simple ordinal ranks 1-5 and proportional ranks 1, 0.75,
0.5, 0.25 and 0 (figure 1, n=>5). If, over time, four more males
join the group and are ranked at the bottom of the hierarchy,
the simple ordinal ranks of the original five males will
remain the same, but their proportional ranks in the larger hier-
archy will be 1, 0.875, 0.75, 0.625 and 0.5 (figure 1, n=9;
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Figure 2. (a) The theoretical and empirical relationships between male hierarchy size (x-axis) and resource availability (y-axis) using the example of oestrous female
baboons, a resource over which male baboons compete for mating success. The orange line shows a theoretical scenario in which the number of oestrous females in
the group (total resource base) is constant as the number of males in the hierarchy increases; in this case, male mating success (the resulting measured trait) would
be predicted by simple ordinal rank. The purple line shows a scenario in which the number of oestrous females increases in proportion to the number of males in
the hierarchy; in this case, male mating success would be predicted by proportional rank. The slope of the orange line is 0 and the intercept is r;, which designates
the quantity of resources available in a hierarchy size of 1 male (r; = 0.2 oestrous females in this figure). This value, r;, determines the slope of the purple line; i.e.
for proportional rank to perfectly predict mating success, resource availability must increase by r;, the quantity available to the first male, as each male is added to
the hierarchy. The empirical relationship between male hierarchy size and the number of oestrous females (Amboseli baboon data; black points) is positive, but the
slope is closer to the orange line than the purple line. Thus, we expect simple ordinal rank to best predict mating success. (b) Similar to (a), but the number of
oestrous females is plotted per capita (i.e. per adult male in the hierarchy). The orange curve illustrates the case in which the resource stays constant across different
hierarchy sizes; thus, average per capita resource access declines as hierarchy size increases. The purple line illustrates the case in which the resource base increases
proportionately with hierarchy size; thus, average per capita resource access is fixed. The black points represent the same empirical data as in (a). Note that the

framework above assumes that any given individual’s ability to maintain control of a resource is independent of group size. (Online version in colour.)

electronic supplementary material, figure S4). In this situation,
a researcher who uses simple ordinal rank would conclude that
the fifth-ranking male in the hierarchy remained in a constant
competitive position throughout the entire study period,
whereas a researcher who uses proportional rank would con-
clude that the fifth-ranking male transitioned from a rank of
0 to 0.5, a major change in dominance rank. Which researcher
is correct? The answer depends on the nature of the competi-
tive interactions for which dominance rank serves as a proxy.

The relationship between hierarchy size and resource avail-
ability is integral to the assumptions underlying the use of
simple ordinal versus proportional rank metrics (figure 2; elec-
tronic supplementary material, table S5). Using simple ordinal
rank assumes that the resource base over which individuals
compete will not increase as group size increases (figure 2,
orange lines). The result will be more intense competition,
on average, in larger groups and a worse outcome for the
lowest-ranking individuals in larger compared with smaller
groups. In this scenario, the most salient dominance measure
for a focal individual is how many individuals are ranked
above that individual. For example, in non-synchronous,
non-seasonal breeders such as baboons, no more than one or
two females are likely to be in oestrous on any given day,
even in groups with many females (other females may be
pregnant, lactating or in a non-oestrous phase of their cycle).
As group size increases, the daily availability of oestrous
females increases more slowly than either the number of
adult females or the number of adult males in the group
(figure 2a). The result is a decline in males’ average per
capita access to oestrous females as male hierarchy size

increases (figure 2b). If the male dominance hierarchy functions
like a queue in which males wait for mating opportunities, a
male’s mating opportunities will not depend on the number
of other males in his hierarchy per se, but instead upon the
number of males that are ranked above him [36] (electronic
supplementary material, table S5, competition for mates).
In other words, the fifth-ranking male in a hierarchy of 5 will
have the same mating access as the fifth-ranking male in a
hierarchy of 9. When average per capita resource access is den-
sity-dependent, we expect simple ordinal rank to be a better
measure of competition and a better predictor of traits deter-
mined by that competition compared with proportional rank.

By contrast, when average per capita resource availability
is density-independent, such that a larger hierarchy has a
proportionately larger resource base, we expect proportional
rank to be a better measure of competition and a better pre-
dictor of traits determined by that competition compared
with simple ordinal rank (figure 2, purple lines). This situ-
ation might occur, for instance, in competition for food if a
hierarchy grows from five to nine individuals and its home
range nearly doubles in size (with nearly twice the amount
of food). Unlike our mate competition example, the third-
ranking individual in the hierarchy of 5 has approximately
equal access to food as the fifth-ranking individual in the
group of 9. In this scenario, the most salient dominance
measure for a focal individual is the proportion of individuals
that it outranks. The individual ranked 5 of 9 is outranked by
four individuals, and the individual ranked 3 of 5 is out-
ranked by only two individuals, but both are dominated by
50% of their group mates, and the greater resource base of
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the larger group means that these two individuals experience
approximately the same resource access (figure 2, purple lines;
electronic supplementary material, table S5, competition for
food).

Density-dependent competition occurs when average
per capita resource access depends on hierarchy size (i.e.
when resources do not increase proportionately with increases
in hierarchy size), while density-independent competition
occurs when average per capita resource access is independent
of hierarchy size (because resources increase proportionately
with hierarchy size). We therefore predict that some rank-
related traits will be better predicted by simple ordinal rank
and others will be better predicted by proportional rank.
Furthermore, this difference in predictive power should reflect
the underlying competitive processes that shape the resulting
traits—specifically, the relationship between hierarchy size
and resource base. We assess this prediction by examining 20
traits measured as part of a long-term longitudinal study of a
wild baboon population, in which both sexes form linear dom-
inance hierarchies. We make two specific predictions about
when we expect simple ordinal versus proportional rank to
best predict a given set of traits. First, because the average
per capita number of oestrous females in a group does not
increase proportionately with male hierarchy size, we predict
that male traits associated with mate competition should be
better predicted by simple ordinal rank than by proportional
rank (figure 2) [37]. Second, we predict that female traits
should be better predicted by proportional rank than by
simple ordinal rank. We make this prediction because home
range size (and thus access to food) increases roughly in pro-
portion with group size [38], and because socioecological
models predict that food competition is the most salient form
of intra-sex competition for females [39], although other factors
are also important (e.g. [40]).

To date, only a handful of studies have tested the ability
of different rank metrics to predict traits of interest
[26,32,33,41-43]. Several other studies have used simulated
or empirical data to assess whether different rank metrics
produce different hierarchies, given the same data (e.g.
[44-48]). By comparing differences in the ability of simple
ordinal and proportional rank metrics to predict 20 traits in
a population of wild baboons, we perform the most extensive
comparison to date of the ability of different rank metrics to
predict traits. Our findings reveal a new way to understand
competition acting in a gregarious animal society and facili-
tate the generation of new hypotheses about the way that
competition shapes a diverse range of traits in social species.

2. Methods
(a) Study population

The Amboseli Baboon Research Project is a long-term study of a
natural population of savannah baboons located in Kenya's
Amboseli basin. Data collection began in 1971 and continues
today [49]. The population consists primarily of yellow baboons
(Papio cynocephalus) that experience some naturally occurring
admixture with olive baboons (P. anubis) [50-52]. The number
of social groups under observation at any given time has
ranged from 1 to 6, varying as a result of logistical considerations
or group fissions and fusions. All individuals in study groups are
visually recognized based on morphological and facial features.
Near-daily demographic, environmental and behavioural data
have been collected throughout the study, and paternity data

(beginning around 1995) and endocrinological data (beginning n

around 2000) have been collected for part of the study.

(b) Calculation of dominance rank

We routinely calculate both simple ordinal ranks and proportional
ranks for males and females on a monthly basis. Only adult
ranks are considered in this analysis. For traits measured in
immature individuals, maternal dominance rank is used as the
predictor variable.

Dominance ranks are determined by assigning wins and
losses in dyadic agonistic interactions between same-sex individ-
uals. Data on agonistic interactions are collected ad libitum
during daily data collection, typically while the observer is sim-
ultaneously carrying out random-order focal animal sampling
[53]. This sampling procedure ensures that observers continually
move to new locations within the social group and observe focal
individuals on a regular rotating basis. An individual is con-
sidered to win an agonistic interaction if they displace another
individual, or if they give only aggressive or neutral gestures
while their opponent gives only submissive gestures. All agon-
istic outcomes are entered into sex-specific dominance matrices
(i.e. adult males are ranked separately from adult females).
Individuals are placed in order of descending, sex-specific rank
so as to minimize the number of entries that fall below the
diagonals of the matrices [37,54].

Simple ordinal ranks are produced by numbering
individuals according to the order in which they occur in the
monthly matrix (1, 2, 3...1n, where n = hierarchy size), with 1
being the highest-ranking male or female in the hierarchy
and n being the lowest. Proportional ranks are computed
as 1 — ((simple ordinal rank — 1)/(hierarchy size —1)) to pro-
duce ranks that fall in the range of [0,1] for every hierarchy,
with 1 being the highest-ranking male or female in the hierarchy
and 0 being the lowest.

(c) Re-analysis of previous studies

We aimed to test whether 20 different sex- and age-class-specific
traits were better predicted by simple ordinal rank or proportional
rank in the Amboseli baboon population. We first identified pre-
vious publications from the Amboseli Baboon Research Project
that reported statistically significant effects of rank on various
traits. For a complete list of re-analyses performed, see electronic
supplementary material, table S1.

Our methods of re-analysis followed three steps:

1. We replicated as closely as possible the dataset used to produce
the original analyses. In the case of datasets stored on the Dryad
Digital Repository (datadryad.org), these datasets could be
matched exactly (see electronic supplementary material, table
S1). If the original dataset was not deposited on Dryad, we re-
extracted the dataset as well as we could from the Amboseli
Baboon Research Project’s long-term, relational database. How-
ever, the datasets we extracted were sometimes slightly different
from those originally analysed because the database changes
slightly over time as corrections are made. In all cases, we pro-
duced qualitatively close matches to the originally reported
dataset in terms of sample sizes and summary statistics.

2. We replicated as closely as possible the statistical calculations
presented in the original analysis (electronic supplementary
material, table 56). All re-analyses were carried out in R [55],
even though some original analyses were carried out in SPSS,
JMP or SAS. To maintain consistency across all analyses
reported here, all linear models, general linear models and
mixed-effects models were built using the function glmmTMB
[56]. All survival models were built using the function coxph
[57]. In some cases, differences between the original study and
our replication, either because of software differences or dataset
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differences, caused our replicated models to be slightly different
from the original models. However, our re-analyses were
qualitatively consistent with the original analyses.

3. For each of the models described in step 2, we built two
additional alternative models: (i) a model that replaced the
rank term used in the original model with the alternative rank
metric (proportional rank if simple ordinal rank was originally
used and vice versa). (ii) A null model that removed the rank
term from the model. We then extracted AIC values from all
three models to determine which model, if any, best fitted the
data. We interpreted an AIC difference of >2 to mean that one
model was preferred over another, with preference for the
model with a lower AIC score. This 2-unit cut-off is standard
practice and approximates a p-value of 0.05 [58,59].

3. Results

(a) Rank metrics differ in their ability to predict traits
Nineteen of the 20 traits were better predicted by one or both
rank metrics than by the null model (AAICpeferred — Nun < —2);
for one trait (adult female faecal glucocorticoids), AAIC
between the preferred metric and the null model was —1.4
(electronic supplementary material, table S1) [33]. For 15 of
the 20 traits (75%), we found that one of the two rank
metrics—simple ordinal or proportional—performed substan-
tially better than the other in predicting a given trait
(IAAICI| >2; figure 3; electronic supplementary material,
table S1). In addition, in 7 of these 15 models, only one of the
two rank metrics performed better than the null model. This
means that for 35% of traits (7 of 20), a relationship between
rank and a trait of interest would have been undetected if
researchers had chosen the alternative rank metric. For
example, male faecal glucocorticoid concentrations were pre-
dicted by simple ordinal rank (AAICsimpie ordinal - Nun = —3.6),
but not by proportional rank (AAICpoportional — Nun = 0.2).

(b) All male traits are better predicted by simple
ordinal rank

Whether proportional or simple ordinal rank was a better
predictor of a trait depended on the sex of the study individ-
uals, supporting our predictions that male and female
baboons experience different competitive regimes. Of the
seven male traits that were better predicted by one rank
metric than the other, all 7 (100%) were best predicted by
simple ordinal rank (male versus chance, p=0.02, two-
tailed binomial test). By contrast, of the seven female traits
that were better predicted by one rank metric than the
other, 4 (57%) were best predicted by proportional rank,
and 3 (43%) were best predicted by simple ordinal rank
(male versus female, p=0.07, Fisher’s exact test; female
versus chance, p=1.00, two-tailed binomial test). In two of
the three cases where traits could be directly compared
between adult males and females (faecal glucocorticoid con-
centrations and monthly injury risk), male traits were better
predicted by simple ordinal rank, whereas female traits were
better predicted by proportional rank. Additionally, the two
traits with the largest AIC difference between rank metrics
were the percentage of consortships obtained by males and
male faecal testosterone; both of these traits were best predicted
by simple ordinal rank (AAIC=27 and 25, respectively;
electronic supplementary material, table S1).

(c) All traits related to social and/or mating partners
are best predicted by simple ordinal rank

A second pattern that emerged from these results is that com-
petition for social and mating partners in both sexes was
better predicted by simple ordinal rank than by proportional
rank. Specifically, simple ordinal rank was a better predictor
for all three traits that can be interpreted in terms of access to
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social and mating partners—male percentage of consortships
obtained, female social connectedness to males and female
frequency of received grooming from males or females.

4. Discussion

Simple ordinal and proportional rank metrics make different
assumptions about competitive regimes in animal societies.
When average per capita resource access is density-dependent,
simple ordinal rank should predict competition-related
traits. By contrast, when average per capita resource access is
density-independent, proportional rank should predict com-
petition-related traits. In reality, competition within animal
social groups, which experience dynamic, ongoing changes
in group size and resources, will rarely be purely density-
dependent or density-independent. Instead, most competition
will reflect a mixture of these two regimes. This point is
illustrated in figure 2 for one resource important to males
(number of oestrous females); neither density-dependence
nor density-independence perfectly describes the relationship
between group size and resource availability. Nonetheless, in
many contexts, one or the other competitive regime will predo-
minate. In support, we have shown that proportional and
simple ordinal rank metrics differ in how well they predict
75% (15/20) of rank-related traits examined in the Amboseli
baboon population. Strikingly, in 35% of examined traits
(7/20), only one of the two rank metrics was predictive of the
trait, meaning that researchers could have failed to identify a
rank-related effect if they considered only a single metric.
In addition, our data indicate that male and female traits
are often shaped by different competitive regimes. Below, we
discuss these sex differences in more detail.

(a) Sex differences in competitive regimes in baboons
Males’ competitive environments appear to be frequently
shaped by density-dependent resource access, as evidenced
by the strong and consistent performance of the simple ordinal
rank metric in predicting many male phenotypes. This finding
supports our first prediction that traits shaped by competition
for oestrous females should be better modelled with simple
ordinal rank. Indeed, of the 20 traits we measured, male mate
guarding success (i.e. percentage of consortships obtained)
and faecal testosterone concentrations are most directly associ-
ated with male competition for mates [60,61], and these two
traits had the greatest difference in AIC favouring simple ordi-
nal rank (AAIC for the percentage of consortships =27; AAIC
for faecal testosterone=25). Several other male traits are
indirectly associated with mate competition and were also
better predicted by simple ordinal rank, including age at testi-
cular enlargement, male faecal glucocorticoid concentration
and male monthly injury risk [61-63]. The ability of male
baboons to obtain consortships with females approximates a
queuing system [37], such that a highly salient variable that
affects a male’s mating success is the number of males that
rank higher than him. This type of competitive environment
is consistent with our understanding of the contexts in which
simple ordinal rank will be a better predictor of resource avail-
ability than proportional rank (see ‘Assumptions of simple
ordinal rank and proportional rank’ above; figure 2).

In partial support of our second prediction, we found that
female competitive environments are often shaped by density-
independent competition: in over half the female traits in

which one of the two rank metrics performed better, n

proportional rank received stronger support than simple ordi-
nal rank. Although we do not have a direct measure of food
competition, three of the traits that were better predicted
by proportional rank are likely to be associated with food
competition, namely adult female faecal glucocorticoid con-
centrations (which can indicate food stress [33]), monthly
injury risk among adult females (which is indicative of conflict
over resources [26]) and the duration of post-partum amenor-
rhoea (which is tightly linked to energy balance [64]).
However, four female traits were predicted equally well by
both rank metrics, and three were better predicted by simple
ordinal rank (frequency of received grooming, social con-
nectedness to adult males and prenatal faecal oestrogen).
Thus, only some female traits reflect density-independent com-
petitive processes; other female traits are likely to be shaped by
density-dependent competition, or are the result of both
density-dependent and density-independent competition, per-
haps indicating that females are competing for resources other
than food.

Related to this point, our results suggest that, for both
sexes, average per capita access to social and mating partners
decreases as hierarchy size increases; that is, competition for
social and mating partners may be best understood as a den-
sity-dependent process. In addition to the male traits already
discussed, both of the female traits that can be interpreted in
terms of access to social partners were better described by
simple ordinal rank (frequency of received grooming and
social connectedness to adult males). This observation high-
lights the potential for our approach to help generate new
hypotheses and predictions that can be tested to understand
the key factors (e.g. access to food and mates) that shape
within-group competition. For example, we hypothesize
that traits related to social interactions often reflect female
competition for social partners, and that ‘prime’ social part-
ners are a limiting resource in a social group, such that
the number of prime social partners does not increase in
proportion with group size.

(b) Implications and potential extensions of our study
Because proportional and simple ordinal ranks reflect differ-
ent assumptions about the competitive processes influencing
social animals, the methods we use here can be applied in
other social systems to inform researchers’ understanding of
the competitive processes operating in their study species.
A researcher who compares proportional and simple ordinal
rank models and finds that simple ordinal rank is a much
stronger predictor of a trait (e.g. male access to females;
figures 2 and 3; electronic supplementary material, table S5)
can conclude that average per capita access to the resource
declines as hierarchy size increases, and that competition
for that resource is primarily a density-dependent process.
By contrast, a finding that proportional rank better explains a
trait (e.g. post-partum amenorrhoea duration in females;
figure 3) allows a researcher to conclude that the trait is
shaped primarily by density-independent competitive pro-
cesses, such that per capita access to resources are relatively
constant across hierarchy sizes. These methods and logic can
also be applied to other rank metrics, such as cardinal ranks
or coding individuals as alpha or non-alpha. Each metric
assumes a different underlying competitive process—for
example, coding individuals as alpha (highest-ranking) or
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non-alpha assumes that the alpha individual experiences a
different level of resource competition than all others in the
hierarchy, who in turn experience comparable resource compe-
tition with each other. Models that use each metric can then be
compared via an AIC score similarly to the present study.

Our study is the first systematic comparison of the ability of
different dominance rank metrics to predict numerous traits
in the same population. Proportional and simple ordinal
ranks have rarely been explicitly compared; to our knowledge,
only five studies, all in primate species, have previously com-
pared the predictive ability of these two rank metrics. Two
studies found that proportional rank better predicted the
phenotypes in question than did simple ordinal rank (male
consortship rates in rhesus macaques [32] and rates of injury
among female baboons [26]). A third study, in female baboons,
found that proportional rank better predicted faecal glucocor-
ticoid concentrations than did simple ordinal rank, but
whether a female had alpha status or not was an even better
predictor than proportional rank [33]. Similarly, a fourth
study reported that a ‘high versus low’ categorical measure
of rank better predicted female feeding time in rhesus
macaques than did proportional or simple ordinal rank, with
high-ranking females spending more time feeding than
low-ranking females [41]. A fifth study found that neither
proportional nor simple ordinal rank was a statistically signifi-
cant predictor of the probability of conception in female blue
monkeys [42]. In addition, several method-based studies
have tested whether rank orders differ depending on which
metric is used to calculate dominance rank, but these have
not used empirical data to compare how rank metrics perform
in predicting traits (e.g. [44-48]; but see [43]).

Our results also point to the value of long-term, individual-
based research [65,66]. Without many years of data or data
from multiple social groups, we would have been unable to
detect differences in the explanatory power of proportional
versus simple ordinal rank metrics. Through the comparison
of these two metrics, we are able to gain a deeper understand-
ing of the sex-specific competitive environments shaping
different traits in our study population. We see the previously
unappreciated differences in proportional and simple ordinal
rank metrics not as a weakness of research that has already
been performed, but as a new tool that can be employed in
the study of diverse systems.

Our findings also have implications for meta-analyses and
comparative studies of rank-related effects (e.g. [15,16,67]). It is
paramount that, before including studies that employ different
measures of rank, a meta-analyst considers whether rank
metrics presented across multiple studies are equivalent. For
example, studies that report effects of rank for ‘high’- versus
‘low’-ranking individuals create category thresholds based on
either proportional or simple ordinal ranks, depending on
whether ‘high” and ‘low’ refers to social position relative to
the whole population (simple ordinal rank) or to each social
group individually (proportional rank). Furthermore, if a
study is reporting on only a single social group over a short
time period, then hierarchy size is likely to be constant and
therefore simple ordinal and proportional ranks would be
equivalent. However, if a study is reporting on multiple
study groups or even a single study group over a long time
period, then rank metrics may no longer be interchangeable.
We therefore recommend that meta-analysts assembling data-
sets from multiple studies should (i) carefully consider the
underlying assumptions that link rank metrics to competitive

landscapes in order to determine which rank metric is most
appropriate, and (ii) include only studies with equivalent
rank metrics in a given meta-analysis, converting between
rank metrics when possible and necessary. When following
these recommendations is impracticable, meta-analysts
should acknowledge the limitations of drawing inferences
from studies with non-equivalent rank metrics.

Finally, our theoretical framework and analyses only con-
sider two ordered metrics of social rank; we do not consider
cardinal rank metrics, such as Elo rating or David’s score,
which do not assume equal distance in the hierarchy between
consecutively ranked individuals [29-31]. While a detailed
examination of the latent assumptions in these metrics and a
comparison of their ability to predict rank-related phenotypes
are beyond the scope of this paper, our results may also have
implications for the selection of cardinal rank metrics. For
example, a researcher that employs Elo ratings as their measure
of dominance rank must decide whether to use an animal’s raw
Elo rating or a standardized Elo rating (i.e. scale between 0 and
1); the standardized score accounts for differences in group size
or differences in the within-group range of Elo rating (see [48]
for some discussion). Future work should seek to determine
how the choice of standardized versus absolute cardinal rank
metrics fits into the theoretical framework we outline here
(e.g. how cardinal ranks map on to figure 2).

We hope that our findings encourage other researchers
working on long-term studies to perform similar analyses
comparing the predictive power of proportional and simple
ordinal rank metrics. We also encourage researchers to con-
sider and explicitly state the latent assumptions that are
made by using any particular rank metric and to consider
if their traits of study are more likely to be explained by
one rank metric versus another.
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