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ARTICLE INFO ABSTRACT

Keywords: Mate choice lies close to differential reproduction, the engine of evolution. Patterns of mate choice consequently have
Assortative mating power to direct the course of evolution. Here we provide evidence suggesting one pattern of human mate choice—the
Trait covariation tendency for mates to be similar in overall desirability—caused the evolution of a structure of correlations that we call

Agent-based modeling

the d factor. We use agent-based models to demonstrate that assortative mating causes the evolution of a positive
Cross-cultural studies

manifold of desirability, d, such that an individual who is desirable as a mate along any one dimension tends to be
desirable across all other dimensions. Further, we use a large cross-cultural sample with n = 14,478 from 45 countries
around the world to show that this d-factor emerges in human samples, is a cross-cultural universal, and is patterned in
a way consistent with an evolutionary history of assortative mating. Our results suggest that assortative mating can
explain the evolution of a broad structure of human trait covariation.
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1. Introduction

Mate choice is a pivotal decision on several timescales. Over the
lifetime of an individual, a chosen mate represents an important co-
operation partner, reproduction partner, and parenting partner. Over
deep time, mating dictates the nature of reproduction, lending mate
choice the power to generate selection pressures and shape patterns of
inheritance across generations. Here we explore one instance in which
patterns of human mate choice are predicted to have shaped human
evolution. We use agent-based models to show that assortative mating
for mate value—a common feature of human mating—predicts the
evolution of a signature pattern of trait covariation: a positive manifold
of desirability as a mate, such that a person desirable as a mate on any
one trait dimension is disproportionately likely to be desirable across
other dimensions as well. Further, we analyze a large cross-cultural
sample to provide evidence that an analogous positive manifold, which
we call d, emerges in human samples from around the world. Finally,
we compare models of assortative mating to models of rater biases and
halo effects and find that these biases cannot exclusively explain the
pattern of human trait covariation we observe. This research provides
the first evidence of a cross-culturally universal pattern of trait covar-
iation that is itself consistent with an evolutionary history of assortative
mate choice.

Humans mate with self-similar partners across a wide array of di-
mensions. For example, mated partners tend to be improbably similar
to one another in terms of education (Mare, 1991), intelligence
(Bouchard & McGue, 1981), and physical attractiveness (Feingold,
1988). One critical dimension of assortative mating is that for “mate
value,” or overall desirability as a mating partner (Sugiyama, 2015). To
the extent that all individuals vie for the most consensually desirable
partners on the mating market, those highest in mate value tend to have
the greatest power of choice and use that power to select high mate
value partners (Kalick & Hamilton, 1986). Mated partners consequently
tend to have correlated mate values (Shackelford & Buss, 1997).

Such assortative mating for mate value creates “cross-character as-
sortment”: correlations between mated partners on otherwise in-
dependent traits (Buss & Barnes, 1986). Consider a scenario in which
humans mate assortatively for mate value and mate value is determined
by just two preferred characteristics: kindness and intelligence. All else
equal, a kind person will be higher in mate value and will tend to attract
higher mate value partners. These high mate value partners, relative to
randomly chosen partners, are disproportionately likely to be in-
telligent. Assortative mating for mate value will therefore pair kind
people with intelligent partners at above-chance rates. Such cross-
character assortment does occur in married couples for specific traits;
for instance, physically attractive women tend to marry men higher in
status and resources (Buss & Schmitt, 2019; Elder, 1969).

When mated partners produce offspring, this pattern of mate choice
translates into a pattern of inheritance. Offspring inherit correlated
traits from their assortatively mated parents because human individual
differences tend to be heritable (Polderman et al., 2015). A kind person
mated to an intelligent partner will be relatively likely to produce off-
spring who are both kind and intelligent. The inheritance of correlated
traits, iterated across generations, can cause the evolution of trait
covariation: traits that are initially orthogonal in the population gra-
dually become correlated across generations. Consistent with this ra-
tionale, human couples do in fact show evidence of assortative mating
at both the phenotypic and genetic level (Hugh-Jones, Verweij, St.
Pourcain, & Abdellaoui, 2016; Robinson et al., 2017). Further, trait
covariances are frequently mediated by genetic factors, including
pleiotropic and correlated genes (Keller et al., 2013; Plomin, DeFries,
Knopik, & Neiderhiser, 2016). Finally, there exists a robust genetic
correlation between height and intelligence, which is consistent with
covariance in underlying genes from cross-character assortative mating
(Keller et al., 2013).

Beyond height and intelligence, a large prior literature explores,
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either directly or indirectly, correlations between desirable traits (see
Supplementary Table 1 for a non-comprehensive review). Findings from
this literature are mixed. Some trait correlations prove robust; others,
such as correlations between physical attractiveness and intelligence,
find only infrequent support. However, this literature is also marked by
relative homogeneity in participant populations and great hetero-
geneity in sample sizes, measures, and methods. Furthermore, studies in
this literature rarely test assortative mating as a potential source of trait
covariation. In light of this, in the current research we sought to provide
three novel contributions.

First, in conjunction with computational models of assortative
mating, we analyze a new sample of real-world data that is both large
and includes participants from around the world. Second, unlike the
prior literature, we do not focus on covariation in traits themselves but
on covariation in desirability—that is, in deviation of trait value from
the opposite sex's preferences. This is a subtle but important distinction.
To the degree that one sex's ideal preference is not maximal on a trait
dimension, mate value will be nonlinear with respect to that trait di-
mension. For example, people most strongly express a preference for
mates in the 90th percentile of intelligence, rather than the 99th
(Gignac, Darbyshire, & Ooi, 2018). This preference makes mate value a
non-linear function of intelligence: all else equal, high mate value
people will be relatively high on intelligence, whereas moderate mate
value people could be close to either the 99th or the 75th percentile on
intelligence. The trait covariation created by assortative mating for
mate value will consequently be nonlinear with respect to these trait
dimensions as well. The effects of assortative mating will therefore be
clearest when analyzing covariation in terms in desirability, rather than
in terms of absolute trait level.

Third and finally, while previous work has explored assortative
mating's power to construct covariation between two trait dimensions,
assortative mating actually predicts the evolution of a broader covar-
iance structure among preferred traits (Buss & Barnes, 1986). Humans
express mate preferences for a wide array of traits (Buss, 1989) and
these preferences predict real mate choices (Buss & Schmitt, 2019; Li
et al., 2013). When multiple preferences contribute to mate selection,
assortative mating for mate value has the potential to produce inter-
correlation in desirability across all preferred characteristics. More than
just bivariate correlations, what should emerge from assortative mating
for mate value across generations is a positive manifold of desirability,
which we call d, organized around mate value such that a person who is
desirable as a mate along any one preferred dimension is dis-
proportionately likely to be desirable across other dimensions as well.

We test this hypothesis using agent-based models and a large cross-
cultural sample. We first use a series of evolutionary agent-based
models to demonstrate that assortative mating causes the evolution of a
general factor of desirability, d, within a set of initially uncorrelated
traits and to identify a pattern of results diagnostic of this process. Next,
we compare data from these simulated populations to a sample of
n = 14,487 people from 45 countries around the world. We use this
cross-cultural sample to show that this d-factor does in fact emerge
across human populations and that it is patterned precisely as predicted
by our evolutionary agent-based models, suggesting human desirability
covariation is partially explained by an evolutionary history of assor-
tative mating.

2. Methods
2.1. Agent-based model

First, we constructed and analyzed an evolutionary agent-based
model of a mating market. The primary model generated 200 agents at
the start of each model run. Each agent possessed 10 traits; each trait
was itself the sum of 100 smaller “gene” values. Gene values were in-
itially drawn from random uniform distributions constrained between
values of 0 and 0.08. These start values were chosen so that the average
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starting trait value would be approximately M = 4.0. Agents also had
10 corresponding mate preferences; preferences, like traits, were each
the sum of 100 gene values themselves drawn from random uniform
distributions. Each agent was additionally assigned an energy value
based on the value of their traits. At the start of each model run, the
model selected a random value as optimal for each trait dimension.
Each agent earned energy proportional to the absolute deviation be-
tween their trait value and optimum value for that trait dimension such
that agents who were closer to the optimum value across all traits had
more energy. These energy values were used to control reproduction
and introduce natural selection into the model. Finally, all agents had a
sex: half of all agents were randomly assigned to be female and the
remaining half were male.

After initialization, agents followed a life cycle in which they
computed how attracted they were to one another, selected each other
as mates based on these attractions, reproduced with their chosen
mates, and then died. This life cycle was repeated for 1000 generations
of evolution.

2.1.1. Attraction

In the first phase of the life cycle, agents computed how attracted
they were to one another based on their mate preferences. Each agent
computed their attraction to all opposite-sex agents. Attraction was
calculated as the Euclidean distance between the agent's preference
vector and each potential mate's trait vector. These distances were then
scaled and transformed such that a value of 10 indicated that the po-
tential mate perfectly matched the agent's preferences, whereas a value
of 0 indicated that the potential mate was the worst possible fit to the
agent's preferences. This attraction algorithm has shown to be a good
model of the algorithm used by human mate choice psychology
(Conroy-Beam & Buss, 2017).

2.1.2. Mate selection

The attraction calculation phase produced two matrices: one matrix
containing how attractive each male agent found all female agents and
another containing how attractive each female agent found all male
agents. In the next phase of the life cycle, the model multiplied these
attraction matrices together to produce the mutual attraction matrix.
Each cell of this matrix represented how mutually attracted all possible
agent couples would be. The model next paired the most mutually at-
tracted possible couple and then removed this couple from the mutual
attraction matrix. This pairing process iterated until all possible couples
were formed.

2.1.3. Reproduction

Agents next reproduced with their chosen partner. Agent couples
reproduced in proportion to the sum of their energy values. In this way,
agents who had trait values closer to optimum—and mate preferences
for these trait values—were more likely to reproduce each generation.
Energy values were scaled prior to reproduction such that highest en-
ergy couple in each generation had 10% greater reproductive success
on average than the lowest energy couple, yielding a moderate selection
pressure in favor of optimum traits and preferences. Each offspring
inherited each of their preference and trait genes randomly from either
parent. A small amount of random normal noise was added to gene
values prior to inheritance to simulate mutation; the noise value added
to genes was scaled such that the resulting standard deviation added to
trait and preference values was equivalent to 0.1% of the total possible
trait range. Offspring trait and preference values were then calculated
as the sum of their mutated gene values. Half of all offspring were
randomly assigned to be female; the other half were randomly assigned
to be male. The number of offspring produced each generation was
equal to the starting population size.

2.1.4. Death
After reproduction, all agents of the parent generation died.

482
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Offspring then began the life cycle anew in the next generation. After
1000 generations of evolution, the model retained the final generation
of parent couples. The result for each model run was a final population
of n = 200 that represented the results of evolution under conditions of
assortative mating.

2.2. Cross-cultural data

2.2.1. Participants

Participants in the cross-cultural sample were n = 14,487 in-
dividuals (7961 female) from 45 different countries from all inhabited
continents around the world. Supplementary Table 2 shows the sample
size from each country. Participants in each study site were recruited
from two sources: roughly half of all participants were recruited from
university populations and the remaining half were recruited from
community samples. Not all study sites kept records of participant
sample source; however, among those sites with records (n = 6637),
47.14% (n = 3129) of participants came from community samples. All
participant data was collected in person because online samples tend to
be less representative of populations in developing countries (Batres &
Perrett, 2014). Participants were M = 28.79 years old (SD = 10.64) and
ages ranged from 18 to 91 (Mdn = 25). Most participants (n = 9236,
63.75%) reported being in an ongoing, committed, romantic relation-
ship. Of these, 49.26% reported being in a dating relationship, 12.59%
were engaged, and 38.14% were married.

We additionally analyzed two smaller, supplementary samples. The
first was a sample of newlyweds from Buss (1991). This was n = 214
people composing 107 newlywed couples that had each been married
for under 1 year at the time of participation. The second was a sample of
n = 382 people composing 191 romantic dyads. Participants were
M = 49.86 years old on average (SD = 14.48) and were in their re-
lationships for Mdn = 216.7 months.

2.2.2. Measures

In the cross-cultural sample, all participants reported their mate
preferences in an ideal long-term mate, described as a committed, ro-
mantic partner, using a 5-item mate preference instrument. This in-
strument contained five 7-point bipolar adjective scales on which par-
ticipants rated their ideal partner's standing on five separate traits:
intelligence, kindness, health, physical attractiveness, and financial
prospects. Each trait was rated between two extremes, for instance,
from 1 representing “very unkind” to 7 representing “very kind.”
Participants additionally used the same rating scales to describe their
own standing on each of these five traits and to rate their actual long-
term partner, if they had one. This mate preference instrument was
translated into local languages and back-translated by researchers at
each study site.

Participants in the newlywed sample reported their ideal long-term
mate preferences for 40 personality dimensions using a 40-item Big Five
personality questionnaire. For each participant, we also have ratings of
each participant's own traits on the same 40 items from four sources:
participant self-reports, partner ratings, and the ratings of two in-
dependent interviewers.

Participants in the romantic dyad sample reported their ideal pre-
ferences in a long-term, committed romantic partner on 20 7-point
bipolar adjective scales. These scales included the five dimensions
collected in the cross-cultural sample in addition to others, including
characteristics such as masculinity/femininity, religiosity, and desire
for a family. Participants each additionally rated themselves and their
romantic partner on each of these dimensions.

2.3. Data analysis
Data analysis proceeded in several parallel stages for both the agent-

based models and the cross-cultural data. First, within each country and
each model run, we calculated the average preferences of all males and
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the average preferences of all females. These preferences were used to
compute two values within country and within model run. We first
calculated the overall mate value of each agent, each participant, and
their partners as the Euclidean distance between that individual's traits
and the average preferences of the individual's opposite sex. This mate
value estimate is a single summary value that reflects the degree to
which each person or agent embodies the preferences of the opposite
sex across all dimensions. These distances were scaled such that a value
of 10 meant the individual perfectly matched the opposite sex's average
preferences and a value of 0 meant the individual provided the worst
possible match to the opposite sex's preferences. Prior studies have
found that these Euclidean mate values predict both desirability as a
mate and power of choice on the mating market (Conroy-Beam, 2017;
Conroy-Beam & Buss, 2017). For plotting purposes, agent mate values
were standardized to a common scale within model runs before pro-
ducing figures to control for variation in population mate values across
model runs.

Second, we used average preferences to calculate each agent and
each participant's “desirability” on each trait dimension. Desirabilities
were calculated as the absolute difference between the individual's trait
value for each dimension and the opposite sex's average preference
value for that dimension; desirability values were re-scaled such that
higher values indicated a closer fit to the opposite sex's preferences.
Rather than a single summary variable as for mate value, this yields a
vector of values for each agent or participant, with each value reflecting
the degree to which that agent or participant matches the opposite sex's
mate preference on that specific trait dimension. All analyses proceeded
analogously for the smaller dyadic samples as well.

Next, we subjected these desirability scores to principal component
analysis. Principal component analyses were run separately for each
run of the agent-based model and for each country within the cross-
cultural sample. Male and female desirability scores were additionally
analyzed separately because men and women have different mate
preferences (Buss, 1989). Each principal component analysis extracted
a single principal component from trait-level desirabilities. From these
principal component analyses, we saved the total variance in trait-level

A
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Variance Explaned By d-Factor

0.21
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desirability explained by this d-factor (averaged across males and fe-
males), the loadings of each desirability dimension onto this d-factor,
and each participant or each agent's factor score. If assortative mating
has constructed a d-factor such that individuals who are desirable on
any one trait are likely to be desirable on all other traits, this principal
component analysis should yield a principal component that explains
above-chance variance in trait-level desirability and that has pre-
dictable factor loadings. Conversely, if desirability dimensions do not
covary under a d-factor, this principal component analysis should ex-
tract a principal component that explains little total variance or that has
unsystematic factor loadings. All data, model script, and analysis script
are available on the Open Science Framework (https://osf.io/6g4pq/?
view_only =c6031e267223461dad32927f7e70d561).

3. Results

First, we examine the results of the evolutionary agent-based
models. Agents within these simulations mate assortatively for overall
“mate value;” across model runs, the correlation between partner mate
values in the final generation of the model was rpean = 0.94, 95% CI
[0.93, 0.94]. This agent-based model therefore allowed us to assess
whether an evolutionary history of assortative mating for mate value
would construct a d-factor from initially random traits such that agents
who are more desirable along any given trait dimension tend to be
desirable across all others as well.

Fig. 1 shows that the agent populations in the primary agent-based
model do in fact evolve a d-factor from initially uncorrelated traits. In
the first generation of evolution, when agent traits were uncorrelated,
the d-factor explained just M = 15.28%, 95% CI [15.16%, 15.41%] of
the variance in trait-level desirability across model runs. However, after
1000 generations of assortative mating, this d-factor increased in size to
explain M = 41.17%, 95% CI [39.75%, 42.56%] of the variance in trait-
level desirability. Although agent traits were initially distributed ran-
domly, by the final generation of the agent-based model, a d-factor
evolved such that agents that were desirable as a mate on any given
trait dimension were likely to be desirable across all other trait

d-Factor Score

0 4 8
Agent Mate Value

By L g
x

d-Factor Loading
o o
o (8]

o
o
!

500 750

Generation

0 250

025 0.00 0.25 0.50 0.7

Degree of Cross-Character Assortment

1000 -0.50

Fig. 1. Results from the primary agent-based model. Agents within this simulation evolve a d-factor that explains a moderate portion of trait variation (a). Scores on
this d-factor strongly predict agent mate value (b). Traits that generate greater cross-character assortment load more strongly onto the d-factor (c). Dots represent
individual observations; colored lines represent trend lines for individual model runs; black lines represent overall trends across model runs. Different colors

correspond to observations from different model runs.
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dimensions.

Evidence that assortative mating produced this d-factor comes from
two additional effects (Fig. 1). First, if the d-factor represents a general
dimension of desirability as a mate, agent d-factor scores should
strongly correlate with their overall mate value. Indeed, a multilevel
model with agents nested within model runs shows that, in the final
generation, agent mate values strongly predict their factor scores on the
d-factor across model runs, f = 0.98, SE = 0.001, p < .001.

Second, if the d-factor evolves because of assortative mating's ten-
dency to create cross-character assortment, traits that generate stronger
cross-character assortment should tend to load more strongly onto the
d-factor. To test this prediction, we calculated the cross-character as-
sortment generated by each trait dimension as the average correlation
between desirability on that dimension and partner desirability across
each of the other nine trait dimensions. We then used each trait's cross-
character assortment estimate to predict its factor loading onto the d-
factor. Indeed, in the final generation of the agent-based model, traits
that generated stronger cross-character assortment tended to load more
strongly onto the d-factor across model runs, = 1.10, SE = 0.03,
p < .001. That is, more than merely correlating with one another,
trait-level desirabilities correlate in a systematic way: each trait di-
mension's loading onto the d-factor is proportional to its actual in-
volvement in cross-character assortative mating.

Fig. 2 shows that the pattern of effects found in the primary agent-
based model do not appear in a model in which mate choice is random
with respect to mate preferences and agents therefore do not mate as-
sortatively for overall mate value. In this model, rather than pairing
based on mutual attraction, agents are placed into random couples in
each generation. Here the d-factor explains only a small proportion of
the variance in trait-level desirability in both the first generation,
M = 15.39%, 95% CI [15.27%, 15.51%] and the final generation,
M =16.32, 95% CI [16.16%, 16.48]. Agent mate values do predict
their d-factor scores, but relatively weakly, g = 0.26, SE = 0.02,
p < .001. Finally and critically, a trait's ability to generate cross-
character assortment does not predict its loading on to the d-factor
when mate choice is not assortative for mate value, = —0.03,
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SE = 0.03, p = .28. These results indicate mate choice that is not as-
sortative for mate value will not, on its own, cause the evolution of a d-
factor as observed in the primary agent-based model.

3.1. Alternative selection assumptions

The results of these primary agent-based models suggest that as-
sortative mating will cause the evolution of a d-factor. However, it is
possible that these results are artifacts of the particular selection model
we assumed. In particular, these models were parameterized such that
agent trait and preference values began with distributions centered near
M = 4.0. But the optimal values for each trait dimension were chosen
randomly between values of 1 and 7. This means that some traits by
default will tend to be subject to more stabilizing selection whereas
others will be subject to directional selection. This is a simplification of
selection and it is important to ensure that the results we observe are
not artifacts of this simplification.

The results of two variations of the primary agent-based model
suggest that these results are robust to assumptions about the nature of
selection. In the first of these variations, we altered the start conditions
of the model such that the optimal value for all traits was 4.0. This
means that all traits in this model begin and remain under stabilizing
selection throughout the duration of each model run. This model pro-
duces the same pattern of results as the primary agent-based model. A
d-factor still evolves such that agents desirable as a mate on one di-
mension tend to be desirable across others as well, ultimately ex-
plaining M = 32.83% of the variance in trait-level desirability, 95% CI
[31.08%, 34.58%]. Agent mate value still strongly predicted d-factor
scores in this model, § = 0.90, SE = 0.02, p < .001. Finally, d-factor
loading was still correlated with traits' involvement in cross-character
assortment, § = 1.17, SE = 0.04, p < .001.

Furthermore, because the d-factor is a byproduct of assortative
mating, this pattern of results remains even if selection is removed from
the models entirely. In the second variation of the primary model,
agents mated assortatively based on their preferences but reproduced
randomly with respect to their traits, meaning there was no selection on
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Fig. 2. Results from the agent-based model in which agents do not mate assortatively for mate value. The d-factor explains only a small proportion of the variance in
trait-level desirability (a). Agent mate value only weakly predicts agent scores on the d-factor (b). Finally, traits that generated more cross-character assortment do
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either preferences or traits. Even in this model, a d-factor still evolves
that explains a greater proportion of the variance in trait-level desir-
ability by the final generation (M = 45.67%, 95% CI [43.64%,
47.69%]) relative to the first generation (M = 15.23%, 95% CI
[15.10%, 15.37%]). Just as in the primary model, agent mate value still
strongly predicted d-factor scores, § = 0.97, SE = 0.004,p < .001, and
trait dimensions that generated stronger cross-character assortative
mating still loaded more strongly onto the d-factor § = 1.21, SE = 0.04,
p < .001. Overall, the d-factor observed in the primary, assortative
agent-based model—but not in the random agent-based model—does
not appear to be an artifact of the selection model assumed in the
primary model.

3.2. The d-factor across cultures

We next compared the results of these agent-based models to the
human cross-cultural sample to determine whether the assortative or
random choice model best approximates real-world data. Consistent
with prior research (e.g. Gignac et al., 2018), participants on average
expressed high but not maximal preferences on each of the five di-
mensions; the average preference value across traits and across parti-
cipants was M = 5.85 (SD = 1.12) out of a maximum of 7. Accordingly,
trait-level desirabilities were strongly but imperfectly correlated with
absolute trait values; Supplementary Table 3 presents the correlations
between absolute trait values and desirabilities for both males and fe-
males across countries.

When these desirabilities are subjected to principal components
analysis, precisely the same pattern observed in the assortative agent-
based model emerges in all 45 countries of the human cross-cultural
sample (Fig. 3). We estimated the d-factor separately for each country
by extracting the first principal component from participant trait-level
desirabilities in that country. Across all countries, this d-factor ex-
plained rZcan = 42.33%, 95% CI [40.15%, 44.51%)] of the variance in
trait-level desirability. As in the primary agent-based model, partici-
pants who were more desirable as a mate along any one preference
dimension were more likely to be desirable across all preference
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dimensions.

A multilevel model predicting participant factor score from overall
mate value, with participants nested within country, showed that, as in
the primary agent-based model, participant mate value strongly pre-
dicted d-factor scores, f = 0.99, SE = 0.02, p < .001. Finally, a mul-
tilevel model predicting d-factor loading from cross-character assort-
ment found a significant relationship, f = 0.35, SE = 0.05, p < .001,
such that, across countries, traits that generated more cross-character
assortment also loaded more strongly onto d. This means that desir-
ability dimensions are not only correlated, but that they show a sys-
tematic pattern of covariance: in human data, just as in agent-based
models of evolution under assortative mating, preferred trait dimen-
sions load onto the d-factor to the degree that they are actually involved
in cross-character assortative mating.

3.3. The d-factor, rater biases, and halo effects

The results of the primary agent-based model as well as the primary
analysis of the cross-cultural sample document a d-factor that appears
patterned as though it evolved through a history of assortative mating.
However, participant rating biases could provide an alternative ex-
planation for this d-factor. Participant trait ratings are not pure mea-
sures of the underlying trait values and almost certainly reflect parti-
cipant perceptual and rating biases to some degree. These biases, rather
than assortative mating, could in principle explain the emergence of the
d-factor in human data and likely do contribute to the rating covaria-
tion we observe. Nonetheless, several alternative agent-based models
and analyses suggest that it is unlikely that rating and perceptual biases
exclusively explain the existence of the d-factor observed in the cross-
cultural sample.

3.3.1. Rater bias

For instance, one possible alternative explanation for the d-factor is
that participants simply differ in rating style such that participants who
rate themselves more positively on any one dimension are biased to rate
themselves and their partner desirably across all other dimensions. This
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Fig. 3. Results from the human cross-cultural sample. Across countries, the d-factor explains a moderate amount of variance in trait-level desirability (a). Scores on
the d-factor are strongly correlated with participant mate value across countries (b). Desirability dimensions that are more involved in cross-character assortment
load more strongly onto the d-factor across countries (c). Dots represent individual observations; colored lines represent trends from individual countries; black lines
represent average trends across countries. Different colors correspond to observations from different countries.
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participant rating bias, rather than assortative mating, could potentially
explain the cross-cultural pattern of covariation in desirability across
trait dimensions.

Consistent with this possibility, an agent-based model of rater bias
can produce a similar pattern of results as the primary, assortative
agent-based model. Unlike the primary model, agents in the rater bias
model did not evolve a set of true trait values based on their mating
behavior. Instead, each agent was assigned a “bias” score drawn ran-
domly from a normal distribution centered on M = 4 with SD = 2.
Agents then “reported” perceptions of their traits and their partner's
traits using their bias scores. The model generated each agent's biased
self-reports by adding random normal noise to the agents' bias scores;
the amount of noise added was set such that bias would explain ap-
proximately as much variance in trait ratings as the d-factor does in the
cross-cultural sample. Agent preferences were furthermore preset to a
value of 7 for all dimensions; this simplification ensured that bias di-
rectly manipulated desirability across all trait dimensions. This model
therefore represents the consequences of trait ratings emerging ex-
clusively from biased perceptions, and not from assortative mating for
mate value, which allows us to identify and test the predictions made by
a rater bias hypothesis for the emergence of the d-factor.

This rater bias model is capable of producing a similar pattern of
results as the primary agent-based model and cross-cultural sample. The
d-factor in this data does in fact explain a substantial proportion of
variance, M = 43.67%, 95% CI [43.19%, 44.16%]; d-factor scores
strongly predict agent mate value, § = 0.99, SE = 0.001,p < .001; and
trait dimensions load onto the d-factor more strongly when they are
more involved in cross-character assortment, = 0.74, SE = 0.02,
p < .001. From these results, it would appear rater bias on its own
could account for the pattern of trait covariation observed across cul-
tures.

However, the similarity between the rater bias model and human
data disappears when agent trait ratings are supplied by multiple, dis-
tinct raters—as in the newlywed and romantic dyad samples. Because
agent trait ratings are based on bias and not on reality, agents are not
guaranteed to agree with their partners on how desirable they are on
any given trait dimension. To illustrate this, we re-analyzed the rater
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bias model using exclusively “other-reports” for all agents; that is, each
agent's trait ratings came from their mate's rating rather than their own.
The key difference emerges in the relationship of d-factor loadings to
cross-character assortment. Because each agent in a couple is rated by a
different rater (in this case, the agent's mate), and because raters do not
necessarily share the same rating biases, the degree of cross-character
assortment implied by agent trait ratings no longer tracks trait loading
onto the d-factor in this re-analysis, f = 0.01, SE = 0.02, p = .68.

Does the same occur in human data when participant trait ratings
are supplied by different raters? To determine this, we conducted the
same analyses on the newlywed and romantic dyad samples. We first
analyzed the newlywed sample using composite trait ratings based only
on the third-party interviewer ratings. This removes participant rating
biases from the data entirely. These analyses produced the same results
as in the cross-cultural sample and the primary agent-based model. The
d-factor explained r* = 25.52% of the variance in trait-level desirability
when trait ratings are based only on interviewer reports. Scores on this
d-factor were still strongly related to participant mate value, f = 0.95,
SE = 0.02, p < .001. Finally, traits loaded on to the d-factor in this
sample to the extent that they generated cross-character assortment,
B=0.62,SE=0.09,p < .001.

Furthermore, we conducted all analyses again using different trait
rating sources for each participant and their partner, analogous to the
final set of analyses for the rating bias model. Here we used Interviewer
1's ratings for all female participants and Interviewer 2's ratings for all
male participants (results do not change if this choice is reversed). If the
d-factor emerges in the newlywed sample exclusively because of rater
biases, we should see the correlation between trait d-factor loading and
cross-character assortment disappear in this sample as it did in the
rating bias model because interviewers do not necessarily share rating
biases. However, it does not. Even when participants and their partners
are rated by different raters, traits load onto the d-factor more strongly
when they generate stronger cross-character assortment, = 0.35,
SE = 0.10, p = .002.

We conducted the same analyses on the romantic dyad sample. For
the first analyses, we used self- and partner-report composites for trait
measures. Again, the same pattern of effects observed in the primary
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Fig. 4. Results from an agent-based model of the halo effect in which trait ratings are biased on the basis of one trait for which agents do mate assortatively. This does
produce a d-factor that explains a large proportion of variance in trait-level desirability (a); scores on this d-factor are correlated with agent mate value (b); and traits
load onto the d-factor more strongly when they more strongly generate cross-character assortment (c). However, d-factor loadings are strongly bimodal (c).
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agent-based models and the cross-cultural sample emerged in this
sample even when trait ratings were not based exclusively on self-re-
port. The d-factor explained r* = 25.52% of the variance in trait-level
desirability. Scores on the d-factor strongly predicted participant mate
value, f = 0.95, SE = 0.02, p < .001. Finally, traits loaded on to the d-
factor in this sample to the extent that they generated cross-character
assortment, 3 = 0.62, SE = 0.09, p < .001. Finally, and inconsistent
with the rater bias agent-based model, the same pattern of results re-
mains even when analyses are based exclusively on partner-reports,
meaning female partners were rated by a different rater (their mate)
than male partners. The d-factor still explains * = 25.52% of the var-
iance in trait-level desirability; d-factor scores strongly predict partici-
pant mate value (8 = 0.95, SE = 0.02, p < .001); and, crucially, traits
that generate more cross-character assortment loaded more strongly
onto the d-factor (8 = 0.55, SE = 0.14, p < .001).

3.3.2. The halo effect

A second alternative hypothesis for the d-factor is the halo effect.
Rather than the d-factor emerging due to assortative mating or rating
style, it is possible that traits appear to covary simply because people
falsely generalize desirability on one trait dimension to other trait di-
mensions. Such a halo effect could potentially account for the d-factor
as well as produce a d-factor that persists across different raters' per-
spectives as long as (1) people mate assortatively for some trait (e.g.
physical attractiveness) (2) this trait can be accurately perceived, but
(3) perceptions of this trait inspire biased ratings for other traits such
that, for instance, physically attractive people are spuriously rated as
possessing other desirable characteristics.

We created an agent-based model of this process to assess the pos-
sibility that such a halo effect could by itself account for the d-factor. In
each run of this model, we generated 100 agent couples. Mated agents
were assigned random but correlated physical attractiveness values,
generated such that the correlation between partner physical attrac-
tiveness was approximately r = 0.30. These agents then “rated” them-
selves and their partners. Agents were able to perceive and report their
and their partners' physical attractiveness with reasonable accuracy,
such that true attractiveness predicted approximately r* = 60% of the
variance in attractiveness perceptions. These physical attractiveness
perceptions were then used to produce the “biased” perceptions of the
agents' other 9 traits by adding random normal noise to the physical
attractiveness perceptions, again scaled such that bias would explain
approximately 45% of the variance in trait ratings.

Such a model of rating bias with partial assortative mating can in-
deed produce a d-factor similar to that observed in the primary agent-
based model and cross-cultural sample even when trait ratings come
from different raters (Fig. 4). However, this model makes a separate
prediction which is not supported by any of the human samples. Spe-
cifically, as can be seen in Panel C of Fig. 4, this rating bias model
predicts that desirability factor loading onto the d-factor will be sharply
bimodal. Across model runs, the trait upon which rating biases are
based loads heavily onto the d-factor whereas the biased ratings all load
relatively weakly. This bimodality can be seen clearly in a histogram of
factor loadings across model runs in this rating bias model (Fig. 5A).
This bimodality of factor loadings is not found across countries in the
cross-cultural sample (Fig. 5B); here, loadings are unimodal and, if
anything, distributed oppositely with a left skew rather than right skew.
In fact, the distribution of factor loadings in the cross-cultural sample is
far more consistent with that observed across models in the primary,
assortative agent-based model (Fig. 5C).

Finally, a second model of the halo effect could account for co-
ordination of bias among raters and produce a more realistic distribu-
tion of d-factor loadings. The bimodal distribution of factor loadings
produced in the halo effect model could emerge because we assumed
that all traits are equally subject to the halo effect. However, if the halo
effect more strongly influences some trait ratings, then trait d-factor
loadings might distribute more continuously, as in the human data and
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primary agent-based model. We constructed a second model of the halo
effect that assumes this variable degree of bias. Here, agents mate as-
sortatively for physical attractiveness just as in the first halo effect
model and other trait ratings are generated by adding random normal
noise to agents' accurately perceived physical attractiveness values.
However, the standard deviation of this noise varies such that the noise
added to some traits has a low deviation (and these traits are therefore
strongly affected by the halo effect) whereas the noise added to others
has a relatively large standard deviation (and these traits are therefore
weakly affected by the halo effect).
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Fig. 5. Histograms of trait d-factor loadings across model runs and across
countries from (a) an initial agent-based model of the halo effect, (b) the human
cross-cultural sample, (c) the primary, assortative agent-based model, and (d)
the revised halo effect model. The assortative agent-based model best re-
produces the left-skewed distribution of factor loadings observed in the cross-
cultural sample, however the revised halo effect model produces a more rea-
listic distribution than the initial halo effect model.
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Fig. 6 shows that this model of the halo effect can reproduce the
pattern of effects from the cross-cultural sample even when different
raters provide trait ratings of each agent and their partner. Further-
more, as can be seen in Panel D of Fig. 5, the distribution of factor
loadings is considerably less bimodal than in the initial halo effect
model and therefore is more realistic—although, still with an over-
abundance of high factor loadings. However, this revised halo effect
model makes a new prediction that is not strongly supported by our
human samples. In this model, the degree of halo effect a trait is subject
to affects both its loading onto the d-factor (stronger halo effect yields
larger correlation with other biased ratings) and the degree of co-
ordination between raters (weaker halo effect yields weaker coordina-
tion between raters). For this reason, loading on the d-factor has a
strong, linear relationship with inter-rater agreement. That is, there is a
stronger correlation between different raters' perceptions of the same
trait value for traits that load more strongly onto the d-factor, = 0.89,
SE = 0.01, p < .001 (Fig. 7A).

This novel prediction is not strongly supported in either of the
human samples for which we can calculate inter-rater agreement. In the
newlywed sample, we calculated the inter-rater agreement for each
trait by calculating the correlation between the two interviewers' trait
ratings for each participant. Among the two dyadic samples, this
newlywed sample is more consistent with the revised halo effect model:
there is a significant positive relationship between inter-rater agree-
ment and d-factor loading, b = 0.17, SE = 0.07, p = .02. However, in-
spection of the plot (Fig. 7B) suggests that the relationship in this
sample is more likely non-linear, where inter-rater agreement is highest
for traits that load either strongly or weakly onto the d-factor, but not
for intermediate loadings; indeed, a quadratic model (AIC = —108.39)
fits this data better than a linear model (AIC = —99.00). This does not
resemble the corresponding relationship within the halo effect model.
The romantic dyad sample provides even less evidence for this pre-
diction: in this sample, there is no correlation between d-factor loading
and inter-rater agreement, b = —0.11, SE = 0.19, p = .58, and the re-
lationship is, if anything, going in the opposite direction as the halo
effect model predicts (Fig. 7C). Overall, while it is likely that rater
biases and halo effects contribute to the d-factors observed in human
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samples to some degree, these analyses indicate it is unlikely that these
biases exclusively explain the observation of the d-factor.

3.4. Additional alternative explanations for the d-factor

Several further analyses establish that the d-factor observed in the
primary agent-based models and the cross-cultural human sample is
robust and diagnostic of an evolutionary history of assortative mating
(see supplementary material). First, the pattern of results observed in
the primary agent-based model is robust to higher mutation rates and to
lower levels of assumed trait heritability. Second, trait covariation
could alternatively emerge because different traits are manifestations of
a common underlying condition variable (Tomkins, Radwan, Kotiaho,
& Tregenza, 2004; Wolf & Weissing, 2010). However, the pattern of
results observed in the primary agent-based model and across countries
does not emerge in a simulation in which agent traits are manifestations
of an underlying condition factor and mate choice is not assortative for
mate value.

Two further results suggest this pattern of effects is specifically
explained by assortative mating and is not a mathematical inevitability
or a byproduct of background trait covariation. First, it is possible that
the d-factor and mate value relate simply because they are both cal-
culated based on deviations between an individual's traits and the op-
posite sex's preferences. However, whereas mate value is directly the
deviation between a person's traits and the opposite sex's preferences,
the d-factor is a structure of covariances between deviations across
dimensions. Any relationship between mate value and the d-factor thus
depends on the existence of such a pattern of covariances. Indeed, the
pattern of effects observed across countries does not emerge when mate
value and the d-factor are calculated based on scrambled participant
traits that do not share the raw data's correlational structure. This
shows that a d-factor is not inevitable, but rather depends on the par-
ticular covariance structure produced by assortative mating. Second,
the d-factor could be a byproduct of some other source of covariation
with no intrinsic connection to mate value. However, the pattern of
results observed in the cross-cultural sample and primary agent based
model do not emerge when mate value and d are computed based on
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Fig. 6. Results from an agent-based model of the halo effect in which trait ratings are biased on the basis of one trait for which agents do mate assortatively and in
which degree of bias varies across traits. This does produce a d-factor that explains a large proportion of variance in trait-level desirability (a); scores on this d-factor
are correlated with agent mate value (b); and traits load onto the d-factor more strongly when they more strongly generate cross-character assortment (c).
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deviations from random values rather than from the opposite sex's mate
preferences. This demonstrates that the d-factor is specifically orga-
nized around the opposite sex's mate preferences and is not simply a
byproduct of independent trait covariation.

4. Discussion

These results document a pattern of desirability covariation, d, that
emerges across 45 countries such that a person who is desirable as a
mate on any one trait dimension is more likely to be desirable as a mate
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across all other trait dimensions. Importantly, scores on the d-factor are
strongly correlated with individual mate value. Finally, more than
merely correlating with one another, desirability dimensions load onto
this d-factor to the degree that they actually generate cross-character
assortment. This pattern of results is precisely the same pattern that
emerges in agent-based models of evolution under assortative mating
but that does not emerge in models without assortative mating. Overall,
this suggests that an evolutionary history of assortative mating has
produced a specific pattern of desirability covariation in humans.

The potential for mate choice to shape evolutionary processes has
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long motivated research on human mating. However, empirical de-
monstrations of this power are difficult to provide and are consequently
relatively rare within the literature. This research provides one such
demonstration. Starting with the well-documented assumptions of as-
sortative mating for mate value and heritable individual differences, we
used evolutionary simulations to predict and provide the first evidence
for a cross-culturally universal d-factor. This lends critical support to
the widely held assumption that human mating provides a window into
human evolution. Further, it highlights the value of agent-based mod-
eling for studies of human mating. We cannot turn back the clock on
evolutionary time and directly observe the effects of human mating on
human evolution as they occurred generation after generation. But with
agent-based models, we can create simulated populations and observe
the consequences of evolution under different, experimentally ma-
nipulated mating systems. These consequences provide predictions to
test against human data, as we did here, allowing inferences about the
evolutionary effects of mate choice.

While promising, this research does have limitations and leaves
open some important future directions. First, although we do find evi-
dence of a d-factor consistent with an evolutionary history of cross-
character assortative mating, assortative mating is also clearly not ex-
plaining all of the trait covariation in our data. This can be seen, for
instance, in the fact that the correlation between d-factor loading and
cross-character assortment is weaker in the cross-cultural sample than it
is in the agent-based models, indicating other factors are influencing
the degree of trait covariation in our data. These other factors likely
include measurement variance, rater biases, condition-dependence
processes, facultative calibration, and even direct effects between
traits—for instance, intelligence may directly affect financial prospects
by influencing occupational success. Teasing apart the relative con-
tributions of assortative mating and these other sources of observed
covariation is a clear next step for future research.

The issue of rater bias and halo effects is particularly important.
Although our analyses suggest these biases cannot exclusively explain
the d-factor, they likely do contribute to a substantial degree. Parsing
out the proportion of desirability covariation that comes from true
variance rather than rater bias will be a critical but vital challenge for
future research. Furthermore, the d-factor and bias can provide mu-
tually compatible explanations for observed trait covariation because
the existence of the d-factor provides a coherent evolutionary func-
tional explanation for the existence of halo effects to begin with. Well-
designed person perception adaptations should take advantage of evo-
lutionarily recurrent statistical regularities that aid in making useful
inferences about others. As the primary agent-based model and cross-
cultural sample suggest, if assortative mating does actually construct
desirability covariation, then any halo effects in trait ratings do not
necessarily represent unrealistic bias; rather, they could represent ra-
tional inference in the face of incomplete information. In a world in
which desirability does covary due to assortative mating, person per-
ception adaptations should generate inferences about the desirability of
unknown characteristics on the basis of the desirability of known
characteristics and the structure of real-world desirability covariation.
If this were the case, one might expect that halo effect “biases” track the
structure of assortative mating, such that people are more likely to
generalize desirability among traits that more strongly generate cross-
character assortment than among traits less involved in assortative
mating. Our data do not allow tests of this prediction, but future re-
search could explore this possibility.

A second important future direction is resolving the mixed findings
in this broader research area. For instance, although in our samples
physical attractiveness, intelligence, and health load onto the d-factor
in theoretically consistent ways, some studies have failed to find cor-
relations between these traits (e.g. Feingold, 1992; Mitchem et al.,
2015). These inconsistencies must be explained. One obvious candidate
explanation is difference in measurement. For example, prior studies
finding null correlations between physical attractiveness and
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intelligence have often used standardized intelligence tests whereas our
samples exclusively used rated intelligence. It is possible that these
measures produce different results because they tap different con-
structs. For instance, rated intelligence measures might be more likely
to show covariance patterns consistent with assortative mating because
they more closely tap the folk concept of intelligence that actually
drives mate choice. After all, people select their mates on the basis of
their lay perceptions, and not on the basis of standardized intelligence
examinations. However, this does open a clear question for future re-
search: if the folk concept of intelligence does not tightly map onto g,
what precisely does it track?

We should also stress that the d-factor hypothesis does not make
strong predictions about the nature of bivariate relationships between
traits. The d-factor represents covariation in desirability across dimen-
sions, where desirability is absolute deviation from the opposite sex's
preferences. This covariation is agnostic with respect to the direction of
these deviations. The existence of a d-factor is equally consistent with
positive trait correlations (e.g. physically attractive people being more
intelligent) as it is with negative trait correlations (e.g. physically at-
tractive people being less intelligent) or non-linear relationships. It is
even possible—albeit unlikely—for there to be no correlation in trait
values but still correlation in desirability if, for instance, trait variability
increases with deviation from ideals. Moreover, the d-factor concerns
covariation in desirability across all dimensions that contribute to mate
value—not bivariate relationships between specific traits. For these
reasons, the clearest tests of the existence and nature of the d-factor will
come from looking at desirability covariation across multiple dimen-
sions and not at bivariate relationships among traits.

Overall, the universality and patterning of the d-factor in our cross-
cultural samples resemble a fingerprint of assortative mating on the
evolution of human trait distributions. Previous work has provided
evidence for the organizing effects of mate choice between specific
preferred trait dimensions (Keller et al., 2013). Our results show that
these patterns of desirability covariation emerge not merely between
specific traits but rather across all preferred trait dimensions and that
these patterns of trait covariation emerge across cultures from around
the world. Assortative mating appears to have shaped patterns of in-
heritance throughout human evolution such that mate value is not
distributed randomly across individuals; rather, desired traits covary
around an underlying dimension of mate value. This conclusion, if
valid, contributes to explaining the existence of human trait covariation
across domains and highlights the importance of mate choice in broadly
understanding human evolution.
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