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A B S T R A C T

Facial width-to-height ratio (fWHR) is an extensively studied morphological measure, which was presumably 
shaped by sexual selection and has been linked to a wide range of perceptual and physiological traits. Under
pinning these associations is the premise that fWHR is larger in men, which empirically exhibits a mixed and 
equivocal pattern in the literature due to variation in measurement, large sample sizes revealing small but 
significant differences, and a lack of control of body size. In Study 1, in a sample of 1949 faces, we used a 
Bayesian hierarchical model that incorporates prior information to simultaneously estimate sexual dimorphism 
in fWHR, adjusted for body size, across five measurement types. While we found larger fWHR in women, 
comparing this effect to variability in fWHR due to image capture settings revealed no robust evidence of sex 
differences in fWHR. In Study 2, we investigated sex differences in facial width specifically (also adjusted for 
body size), again incorporating prior information, and confirmed men have greater face width than women. 
Advances in this area can be made by shifting focus away from arbitrary ratios like fWHR to direct measures like 
facial width – as well as carefully considering prior evidence of existing associations.

1. Introduction

The human face conveys a wealth of biological and socially-relevant 
information, including emotions (Engell et al., 2010; Vuilleumier et al., 
2003), health status (Fisher et al., 2014; Jones et al., 2016; Russell et al., 
2016), trustworthiness (Bonnefon et al., 2017), attractiveness (Jones & 
Jaeger, 2019; Kordsmeyer et al., 2024) personality (Jones et al., 2012; 
Kramer & Ward, 2010), and threat potential (Tipples, 2007). These 
facial cues and signals carry social consequences, predicting hiring de
cisions (Zebrowitz & Montepare, 2008), election outcomes (Ballew & 
Todorov, 2007), and aspects of economic exchange (Jaeger et al., 2019).

Much research has focussed on the facial attributes that communi
cate this information, covering many aspects of facial shape, colour, and 
texture (Fisher et al., 2014; Jones, 2018; Mayer et al., 2017). One 
parameter has received significant amounts of attention - facial width- 
to-height ratio (fWHR), measured as the distance between the left and 
right zygions (facial width), divided by a measure of face length. The 
latter is typically realised as the distance between the midpoint of the 
brows or the highest point of the eyelids (a proxy for the nasion) and the 

middle of the lips or highest point of the upper lip (a proxy for the 
prosthion). Men with larger fWHR (i.e., a relatively wider face) are 
perceived as more masculine (Mileva et al., 2014) and aggressive 
(Geniole et al., 2014). Importantly, initial evidence suggested that men 
with larger fWHR actually possess those qualities – for example, they do 
engage in more aggressive behaviour across athletic contexts, laboratory 
tasks, and self-report domains (Carré & McCormick, 2008; Lefevre et al., 
2014; Lefevre & Lewis, 2014), exhibit more aggression in committed 
relationships (Wen & Zheng, 2020), and are more likely to die from 
interpersonal violence (Stirrat et al., 2012). A key biological assumption 
that underpins these findings is that fWHR is sexually selected (Hodges- 
Simeon et al., 2021; Weston et al., 2007), evolved by both intersexual 
selection (i.e., female mate choice, though evidence is mixed – Geniole 
et al., 2015; Hodges-Simeon et al., 2021; Valentine et al., 2014) and 
intrasexual competition. Evidence for the latter is relatively consistent, 
especially concerning perceptions of aggressiveness – men with rela
tively wider faces use this characteristic to signal social dominance 
(Alrajih & Ward, 2014), threat potential (Geniole et al., 2015; Zilioli 
et al., 2015; but see Dixson et al., 2017), or their position in a hierarchy 
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(Kordsmeyer, Freund, et al., 2019) to others.

1.1. Sexual dimorphism in fWHR

Despite early evidence that fWHR is sexually dimorphic in the pre
dicted direction in both facial photographs and skulls (Carré & McCor
mick, 2008; Haselhuhn & Wong, 2011; Weston et al., 2007), current 
evidence is mixed. Meta-analyses suggest a small but reliable sex dif
ference when measured from images and skulls (Geniole et al., 2015), as 
well as from skulls alone, though with varying results for different ethnic 
populations (Kramer, 2017). A multitude of individual studies, across 
diverse samples, show no significant differences between sexes across 
2D and 3D images (Kramer et al., 2012), and in Caucasian, African or 
Turkish population images (Lefevre et al., 2012; Özener, 2012). Other 
studies find supporting evidence for sexual dimorphism when fWHR is 
measured only in specific ways, such as defining face length as being 
from the nasion to the chin (Hodges-Simeon et al., 2021). Moreover, 
some studies suggest that when differences do occur, fWHR is larger in 
women’s faces (Kramer et al., 2012; Lefevre et al., 2012; Rostovtseva 
et al., 2021; Summersby et al., 2022), casting further doubt on the hy
pothesis that fWHR is an evolutionarily relevant cue, particularly that it 
is an intrasexual cue to formidability and threat potential in men.

1.2. Body size and fWHR

One possible explanation for the differences in sexual dimorphism is 
the role of body size, often termed allometry. A key assumption un
derpinning the signalling utility of fWHR is that it is unrelated to body 
size (Carré et al., 2009; Carré & McCormick, 2008; Weston et al., 2007), 
a claim that has rarely been explicitly tested (Caton & Dixson, 2022). 
However, there is evidence that fWHR is related to measures of body 
size, such as height and weight (Burton & Rule, 2013; Deaner et al., 
2012; Třebický et al., 2015), as well as muscularity (MacDonell et al., 
2018). Further, there is consistent evidence that body mass index (BMI) 
correlates with fWHR (Coetzee et al., 2010; Eisenbruch et al., 2018; 
Kramer et al., 2012; Lefevre et al., 2012; Mayew, 2013; Noser et al., 
2018; Saribay & Kleisner, 2018), such that individuals with greater BMI 
have a greater fWHR, and controlling for this variable can remove sex 
differences in fWHR (Lefevre et al., 2012). However, BMI is not an ideal 
measure of body size as it removes information on height, instead rep
resenting body mass scaled for height.

If fWHR shows positive relationships with body size, however it is 
measured, then this could lead to a spurious sex difference in fWHR 
when not controlling for size – sex differences may simply be due to men 
being larger than women, on average (Puts, 2010). Equally, in instances 
where there is no observed difference in fWHR, information about body 
size may mask this difference, given that the ratio is composed of two 
measures, which may be influenced separately by body size in complex 
ways (Caton & Dixson, 2022; Lefevre et al., 2012). A lack of consider
ation of body size generally may also explain the observed behavioural 
associations seen with fWHR, such as increased aggression – larger 
males may be more aggressive (Deaner et al., 2012; Sell, Tooby, & 
Cosmides, 2009), but this may be unrelated to fWHR.

1.3. Variation in fWHR measurement

An additional source of variation in the literature concerns the 
definition and measurement of fWHR. While facial width is consistently 
defined as bizygomatic width, facial height is defined in a variety of 
ways, with each showing varying patterns of sexual dimorphism and 
associations with behaviour and perceptions (discussed in great detail in 
Hodges-Simeon et al., 2021). For example, many researchers define 
facial height as the vertical distance from the upper lip (labiale superius) 
to the midpoint of the brows, termed fWHR-Brow, where the statistical 
significance of the sex difference is mixed (Haselhuhn & Wong, 2011; 
Krenn & Buehler, 2019; Lefevre et al., 2012). A subtle variation to this is 

to use the same bottom point (upper lip), but to use the highest point of 
the eyelids as the top, termed fWHR-Eyelid (Kramer et al., 2012; Stirrat 
& Perrett, 2010). Others define it as the distance between the nasion 
(fWHR-Nasion), the midline bony depression of the bridge of the nose 
between the eyes, to the upper lip, finding mixed evidence for a sex 
difference, or evidence in either direction (Kordsmeyer, Freund, et al., 
2019; Kramer, 2017; Özener, 2012; Rostovtseva et al., 2021; Sum
mersby et al., 2022). Another variant is to use the stomion (fWHR-Sto
mion) – the middle of the lips – as the lower point, and the nasion as the 
upper point, which shows no significant difference between the sexes 
(Robertson et al., 2017). Others define height by taking the nasion as the 
top and the lower chin as the bottom, termed fWHR-Lower, where evi
dence for dimorphism is also mixed (Hodges-Simeon et al., 2016; Lefe
vre et al., 2012, 2013; Robertson et al., 2017). Finally, other researchers 
have defined additional metrics based on available calliper measure
ments, finding evidence of dimorphism in either direction depending on 
which is used (Caton & Dixson, 2022).

It is worth stating the practical differences between these definitions. 
For example, the height component of fWHR-Lower measures from the 
nasion to the lower chin, while fWHR-Stomion measures from the nasion 
to the stomion. The difference in height between these metrics in adult 
faces is on average around 41–45 mm (Young, 1993), which despite 
being a relatively small distance, may contribute in part to the varying 
outcomes of fWHR measures, or simply be a source of noise. Still, all of 
the various measures of fWHR exhibit strong correlations, with some 
estimates in the region of 0.87 to 0.92 (Hodges-Simeon et al., 2021), 
which further influences the uncertainty in outcomes. Each variation in 
measurement produces varying patterns of results, which is perhaps 
unusual for such tightly correlated variables.

Taken together, these multiple measures suggest that consensus in 
the definition of fWHR is lacking, and that publication of results in the 
literature may be biased towards those that produce statistical signifi
cance – or at least allow researchers multiple attempts to test their 
fWHR-related hypotheses. For example, some recommendations call for 
focussing research efforts on those measures that produce statistically 
significant outcomes between sexes (Hodges-Simeon et al., 2021), 
despite considerable issues with p-values as a basis for inference, and the 
likelihood of magnitude errors (that is, a Type-M error) in estimates that 
can occur (Gelman & Carlin, 2014; McShane et al., 2019).

A further compounding issue across these various measures is that, 
perhaps in response to the mixed evidence surrounding dimorphism and 
the relationship of other variables with fWHR, researchers have com
mendably responded by testing hypotheses in large sample sizes of facial 
photographs or biometric datasets, with observations in the thousands 
(e.g., Caton & Dixson, 2022, n = 6068; Hodges-Simeon et al., 2021, n =
2449; Summersby et al., 2022, n = 17,067). Despite the increased pre
cision in estimation, the use of p-values as a method of inference in large 
samples can be problematic, as extremely small deviations from the null 
hypothesis can be highly significant, even if these differences are prac
tically meaningless (Lin et al., 2013). This reflects a key issue with the 
use of null-hypothesis significance testing as it relates to fWHR research. 
Differences between sexes are stated in terms of presence or absence, 
without much consideration about the size of the effect (but see Caton & 
Dixson, 2022; Geniole et al., 2015), and that any deviation from a point- 
null is considered worthy evidence of dimorphism, no matter how small 
(e.g., the ‘crud factor’, Meehl, 1967; Orben & Lakens, 2020). Each new 
result with fWHR is also considered independent of the wider literature – 
outside of meta-analytic approaches (Geniole et al., 2015; Kramer, 
2017), significant or non-significant results are stated with only a 
qualitative consideration of previous research, failing to consider how 
this evidence mounts in favour of one hypothesis or another.

1.4. A Bayesian perspective

Taken together, there are several issues with research examining 
sexual dimorphism in fWHR. The inconsistent pattern of sexual 
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dimorphism, a key component of the evolutionary-based signal utility of 
fWHR, has been examined in many studies with mixed results. This 
equivocal pattern could be due to the lack of controlling for body size – 
or using BMI as a control – which may mask or exaggerate differences. 
The wide range of fWHR measures, which we contend differ very little in 
practical terms given their correlations (Young, 1993), contributes to 
this mixed evidence base. Finally, the use of large samples and NHST, as 
well as the disregarding of uncertainty in the effect in the wider litera
ture, mean that even extremely small, practically insignificant differ
ences can be taken as evidence for a difference. A recent suggestion has 
been to avoid the use of fWHR altogether and instead focus solely on 
facial width alone (the consistent numerator in fWHR calculations in the 
literature). This measure shows a clear, large sex difference which re
mains after appropriate allometric control, as suggested by the one study 
available to date (Caton & Dixson, 2022).

We suggest that the principled application of model-based Bayesian 
inference (Gelman et al., 2020) can address the above issues in the study 
of fWHR. First, because a Bayesian analysis cannot proceed without a 
prior distribution, it allows the wealth of existing evidence regarding sex 
differences in fWHR to be incorporated into a model at the outset. This 
avoids the usual approach of taking results from NHST analyses in 
isolation and merging them with the wider literature only qualitatively. 
Second, a Bayesian analysis delivers the probability of a hypothesis, 
given the data, in contrast to the probability of the data given the null 
hypothesis (Kruschke, 2018). This difference allows for greater theo
retical understanding - a probability can be placed on the hypothesis 
that men have greater fWHR than women, in contrast to a rejection of a 
null hypothesis of no difference, which the p-value delivers. Similarly, 
the Bayesian approach allows for the straightforward acceptance of a 
null hypothesis - provided one is reasonably defined – which is difficult 
to do under the NHST framework (Kruschke, 2018). Finally, Bayesian 
models have the unique advantage of being generative (Haines et al., 
2020). This means that the downstream consequences of the model can 
be directly checked as new data can be created by the model, compared 
against the observed data, and examined. For example, by holding body 
size constant, the model can simulate samples of men and women, and 
the differences in fWHR in this population estimated.

Here, in Study 1, with a large sample of 1949 photographs, we use a 
Bayesian hierarchical linear model to simultaneously estimate sex dif
ferences in fWHR across five different measures, adjusting for height and 
weight. Taking advantage of the flexibility of these models, we incor
porate prior information about sexual dimorphism into our inferences to 
better represent the current literature. Finally, using posterior predictive 
simulation techniques (Chambert et al., 2014), we provide probabilistic 
evidence for the hypothesis of sexual dimorphism in fWHR, from both a 
point-null perspective as well as through the use of regions of practical 
equivalence (Kruschke, 2018) which we define from a measurement 
error perspective. In Study 2, we examine how facial width alone differs 
between men and women, leveraging the same probabilistic benefits of 
Bayesian inference, as well as extending previous research by testing 
dimorphism when controlling for upper body size as opposed to height 
and weight.

2. Study 1

2.1. Method

2.1.1. Samples of facial photographs
We obtained 1949 facial photographs (818 men, 1131 women) 

across nine different image sets, which were either open access data
bases, or collected by the authors for previously published projects. The 
projects and details of these databases are outlined in Table 1. Faces 
were drawn from a range of Western societies. Importantly, all images 
were taken under laboratory conditions, with neutral facial expressions, 
and facing the camera directly. While image conditions are consistent 
within a sample, they naturally differ between samples.

For all images, participants’ physical measured height (in centi
metres) and weight data (in kilograms) were available (except for 
sample 5, for which only self-reported height and weight were 
available).

2.1.2. Image landmarking and processing
All faces were automatically landmarked with a set of 68 points using 

the Python face recognition module (https://github.com/ageitgey/face 
_recognition), built on the Dlib machine learning package (King, 
2009). Despite a full set of landmarks being available, we used only 
those relevant for the derivation of fWHR. Importantly for the current 
study, the measurement of fWHR from automatic landmarks is tightly 
correlated with fWHR derived from manually placed landmarks, shows 
little bias in terms of ethnicity differences, and demonstrates little loss of 
information (Jones, Schild, & Jones, 2021). Nonetheless, we undertook 
a validation analysis on a subsample of 528 images (27 % of the total set) 
for which manually placed landmarks were available, which is described 
in Table S1 of the supplementary materials. We found no evidence of a 
differential pattern of fWHR calculation in men and women when using 
automatic landmarks, mirroring the findings of Jones, Jaeger, & Schild, 
2021, Jones, Schild, and Jones (2021). The landmark configuration for 
the faces is shown in Fig. 1.

2.1.3. Measures of fWHR
We derived five measures of fWHR, common in the literature, from 

the available landmarks. Facial width was calculated as the Euclidean 
distance between the left and right zygions, and was divided by five 
measures of height:

2.1.3.1. fWHR-Brow. Height was defined as the distance between the 
midpoint of the top of the upper lip or vermilion border (i.e., the ‘cupid’s 
bow’), to the midpoint between the brows. The midpoint between the 
brows was calculated by averaging the landmarks representing the inner 
points of the brows (e.g., where they begin).

2.1.3.2. fWHR-Eyelid. Height was defined here as the distance between 
the midpoint of the top of the upper lip (as in fWHR-Brow), to the 
midpoint of the uppermost point of the eyes. The midpoint was calcu
lated by averaging the two highest points across the two eyelids.

Table 1 
Dataset summary information.

Sample Study Country 
of origin

Age 
(M, 
SD)

Men Women Total 
N

1 Scott et al., 2013 UK
21.45 
(5.04) 94 130 224

2 Jones et al., 2015 UK
21.64 
(5.17) 104 150 254

3 Saribay et al., 
2018

Turkey 21.65 
(1.89)

91 94 185

4

Jünger, 
Kordsmeyer, et al., 

2018; Jünger, 
Motta-Mena, et al., 
2018; Kordsmeyer 

et al., 2019

Germany
23.17 
(3.39) 0 148 148

5 Stern et al., 2021 Germany 23.2 
(3.3)

0 256 256

6 Asendorpf et al., 
2011

Germany 32.8 
(7.4)

189 165 354

7
Penke & 

Asendorpf, 2008 Germany
23.7 
(2.7) 133 138 271

8
Morrison et al., 

2017 Poland
24.12 
(3.03) 50 50 100

9 Kordsmeyer & 
Penke, 2019

Germany 24.23 
(3.23)

157 0 157

Overall 818 1131 1949
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2.1.3.3. fWHR-Nasion. This height measure used the same lower point 
as the previous two measures (the midpoint of the top of the upper lip), 
but the upper point was defined as the nasion.

2.1.3.4. fWHR-Stomion. A slight alteration of fWHR-Nasion, measuring 
height from the nasion to the centre of the mouth where the lips meet 
(the stomion).

2.1.3.5. fWHR-Lower. Here, height was defined as the distance between 
the nasion and the lowest point of the chin.

These measures, as expected, exhibited strong correlations, ranging 
from 0.69 at the lowest (fWHR-Eyelid with fWHR-Lower) to almost 
perfect correlation at 0.97 (fWHR-Stomion with fWHR-Nasion). The full 
range is given in Fig. 1.

2.2. Analytic strategy – Bayesian model specification

We fitted a single hierarchical linear regression model to the data, 
the structure and justification of which is described below. The model 
was estimated using PyMC (Salvatier et al., 2016), and all code and data 
are available on the OSF (https://osf.io/uzqfh/).

2.2.1. Model structure
The model contained three common (i.e., fixed) effects – sex, with 

women as the reference category (zero), such that a positive coefficient 
for this variable indicates larger fWHR in men. Height and weight were 
the other common effects, which were z-score standardised across the 
entire dataset, so they can be interpreted as the change in fWHR units 
with a one standard deviation increase in height or weight, with all other 
predictors held constant. Consequently, the common intercept of the 
model represented the average fWHR for women’s faces. However, we 
incorporated a careful group (i.e., random) effects structure in the 
model. Specifically, there was a group-specific intercept for image 
sample (accounting for variability in fWHR across image sets), a group- 
specific intercept for each individual image (accounting for within- 
individual variability in fWHR, across measures), and most impor
tantly, a group-specific intercept for each fWHR measure, that allowed 
each measure to have its own intercept. In addition, each of the three 
predictors had group-specific slopes within each fWHR measure. A 

formal statement of the model is 

fWHRi,j,k = β0i,j,k + Sex*β1i +Height*β2i +Weight*β3i 

where i represents each of the five fWHR measures, j indicates which 
sample the observation is from, with k tracking which image the 
observation belongs to.

A critical feature of this model structure is that it induces partial 
pooling (Gelman et al., 2012; Gelman & Pardoe, 2006; Kruschke, 2014; 
McElreath, 2020). By treating the different measures of fWHR as a 
group-specific effect, the model can share information across them, 
making the individual estimates of each measure less noisy via shrinkage 
(Gelman & Pardoe, 2006). Stated another way, the model estimates a 
population-level regression model of sex, height, and weight on fWHR, 
as well as a sub-model for each of the five measures. The estimates for 
each sub-model are not the same as if each were being estimated in 
isolation, but are pulled towards the overarching model (Kruschke, 
2014). From an inferential perspective, this represents the assumption 
that the range of fWHR measures are instances of measures of fWHR 
drawn from a population of candidate measures, and incorporating their 
variability will shrink their individual estimates towards the population 
effect. Crucially, this avoids the common problem of testing multiple 
measure types in isolation and drawing inferences based on the presence 
or absence of statistical significance, as well as acknowledging the 
similarity in these measures.

The model used normal prior distributions on all coefficients, 
informed by sexual dimorphism in fWHR in the literature, and a t- 
distributed likelihood that reduces the influence of any outliers. A full 
description of the prior evidence and structure can be found in the 
supplementary materials.

2.3. A region of practical equivalence – what counts as ‘different?’

To address the issue of rejecting a point-null hypothesis which can 
easily occur in large samples, we considered carefully what constitutes a 
practically null value of a sex difference in fWHR. Estimates should be 
larger than this region to be deemed noteworthy. By setting this ‘region 
of practical equivalence’, or ROPE (Kruschke, 2018), we are able to 
assess the probability that the hypothesis of a sex difference is in or out 

Fig. 1. Facial landmark configurations defining each fWHR measure, along with correlations amongst measures.
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of this region, or to what extent it overlaps (Makowski et al., 2019), a 
considerably more informative conclusion than NHST (Jones, Jaeger, & 
Schild, 2021). We set our ROPE by conducting a Bayesian re-analysis of 
Kramer (2016), who examined variation in fWHR solely due to camera 
focal length, finding that around 0.5 fWHR units can be attributable to 
variation in camera focal length. As such, differences smaller than this 
can be considered poor evidence of dimorphism given they could 
equally be due to unrelated noise (see supplementary materials for a 
fuller description).

3. Results

3.1. Model estimation

The model was estimated using Hamiltonian Monte Carlo methods 
(Gelman et al., 2020; McElreath, 2020), and 40,000 samples were drawn 
from the posterior after a set of 30,000 tuning steps. All parameters in 
the model converged, with all R̂ ≤ 1.01 (Gelman et al., 2020).

3.2. Common effects

The common effects, indicating the population-level associations 
between sex, height, and weight, are discussed here. All results are 
visualised in Fig. 2.

3.2.1. Sex differences
The overall sex difference estimated by the model (adjusted for 

height and weight) was negative, with an average sex difference of M =
− 0.037, 94 % credible interval [− 0.051, − 0.021]. The posterior 

probability that this sex difference was negative under the model was 
100 % – that is, the model excluded entirely a larger mean fWHR in men. 
We also conducted a Bayes Factor analysis (Wagenmakers et al., 2010) 
on this coefficient to describe the change in likelihood of the sex dif
ference being equal to the mean difference set in the prior (M = 0.008) 
after seeing the data. This suggested the current data raised the odds of 
the alternative model, BF10 = 136. However, and most importantly, the 
posterior of the sex difference fell entirely within the ROPE, suggesting 
the clearly non-zero estimate was far smaller than variation attributable 
to simple camera focal length.

3.2.2. Height
The population level effect of height was also negative, M = − 0.042 

[− 0.049, − 0.034], with the entire posterior mass below zero, indicating 
that an increase of 1 SD in height was associated with a decrease in 
fWHR.

3.2.3. Weight
Conversely, the population level effect of weight was positive, M =

0.048 [0.042, 0.055], with the entire posterior mass above zero. A1 SD 
unit increase in weight was associated with an increase in fWHR.

3.3. Group-specific effects

The relationships between sex, height, and weight for each individ
ual fWHR measure (estimated with partial pooling) are discussed here. 
Despite small variations in magnitude, the effects were all in the same 
direction as the population level effects, indicating a consistent rela
tionship regardless of the chosen fWHR measure. All group-specific 

Fig. 2. First row – the prior and posterior distribution of the sex coefficient, with associated interval and Bayes Factor analysis, and the posterior distributions of 
height and weight. Note the distribution for sex falls entirely in the region of practical equivalence (ROPE). Second row – the posterior distributions of each co
efficient under each fWHR measure, illustrating a consistent pattern. Bottom panels – posterior predictive distributions of fWHR for new samples of men and women 
equated on height and weight, for the population effect (large panel) and each individual measure (bottom row). Lines represent cumulative density functions, 
illustrating the probabilities of fWHR being equal to or less than a given percentage. Men show consistently smaller fWHR than women.
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effects are shown in Fig. 3, and in all but one case (fWHR-Lower), the 
posterior masses were entirely below (sex, height) or above (weight) 
zero, implying a 100 % probability of the effect in that direction.

3.3.1. fWHR-Brow
This measure showed a negative effect of sex, M = − 0.030 [− 0.046, 

− 0.014], and height, M = − 0.036 [− 0.044, − 0.028], and a positive 
effect of weight, M = 0.049 [0.042, 0.056]

3.3.2. fWHR-Eyelid
This measure showed a negative effect of sex, M = − 0.031 [− 0.047, 

− 0.015], and height, M = − 0.056 [− 0.064, − 0.048], and a positive 
effect of weight, M = 0.069 [0.062, 0.076]

3.3.3. fWHR-Nasion
This measure showed a negative effect of sex, M = − 0.061 [− 0.076, 

− 0.045], and height, M = − 0.049 [− 0.057, − 0.041], and a positive 
effect of weight, M = 0.058 [0.051, 0.065]

3.3.4. fWHR-Stomion
This measure showed a negative effect of sex, M = − 0.038 [− 0.054, 

− 0.023], and height, M = − 0.044 [− 0.052, − 0.036], and a positive 
effect of weight, M = 0.051 [0.045, 0.058]

3.3.5. fWHR-Lower
This measure showed a negative effect of sex, M = − 0.023 [− 0.039, 

− 0.006], and height, M = − 0.024 [− 0.033, − 0.016], and a positive 
effect of weight, M = 0.013 [0.006, 0.02]. This measure showed a 0.005 
% probability of a male-biased sex difference – that is, just 0.005 % of 
the posterior of the sex difference was above zero.

3.4. Posterior predictive simulations

One further benefit of Bayesian models is their generative nature, 

which allows the probing of probabilistic questions that would other
wise be difficult or impossible to address with standard methods 
(Gelman et al., 2015). Briefly, the posterior distribution of estimated 
parameters is fed into the likelihood distribution, and a sample is drawn. 
By doing this across the whole posterior distribution, uncertainty is 
propagated from parameters (coefficients, variances, etc.) to observed 
data (Chambert et al., 2014). The model is thus able to generate new 
datasets based on both the observed data and the model. More simply, a 
posterior predictive distribution allows for the examination of uncer
tainty in new observations, rather than uncertainty in parameters 
(Martin et al., 2021).

Using this approach, we ask what is the probability that a given man 
has a larger fWHR than a woman, holding height and weight constant? 
This simple question is deceptively difficult to answer without Bayesian 
inference. Consider that raw fWHR scores are not adjusted for cova
riates, and a point estimate alone does not propagate uncertainty in 
parameters to new data. We answer this question for both the overall 
population level effects (i.e., integrating across the various measures), as 
well as for each measure alone, by passing the posterior distributions of 
the intercepts and slopes to a t-distribution, along with the model’s error 
variance, generating a sample of 40,000 women and men. These dis
tributions are illustrated in Fig. 2.

For the overall population effects, men had a 32 % probability of 
having a larger fWHR than women. Each individual measure showed 
similar proportions, all being considerably lower than a 50 % proba
bility: fWHR-Brow – 34.73 %, fWHR-Eyelid – 34.17 % fWHR-Nasion – 
21.99 %, fWHR-Stomion – 30.84 %, and fWHR-Lower – 38.28 %.

4. Discussion

In a large sample of faces, and across five different measures of 
fWHR, a hierarchical Bayesian model indicated a very small but 
consistent sex difference in fWHR in the opposite direction to theoretical 
predictions, being larger in women. This small effect was entirely within 
the bounds of differences expected solely from within-person variability 
resulting from camera focal length (Kramer, 2016).

The finding of sexual dimorphism being larger in women is in line 
with some estimates (Lefevre et al., 2012; Rostovtseva et al., 2021), and 
this was consistent across individual measures of fWHR. The use of 
model-based predictive simulations also suggested that women have 
roughly a two-thirds greater chance of having larger fWHR than men, a 
novel estimate of this sex difference. Conducting a Bayes Factor 
(Wagenmakers et al., 2010) analysis to the sex difference revealed that 
the current data raised the odds of the alternative hypothesis – that is, 
the sex difference does not equal that collected from the current litera
ture by a factor of around 137.

However, we stress here that this difference is likely to be unim
portant. The hypothesis of zero difference in fWHR between sexes is 
unrealistic, and small divergences from it are not strong confirmations of 
theory (Meehl, 1967). Instead, the magnitude of the effect is entirely 
within the boundaries of differences expected from within-person vari
ation attributable to camera settings (Kramer, 2016). As such, we sug
gest there is no noteworthy dimorphism in fWHR.

In contrast, we observed consistent effects of height and weight on 
fWHR, such that taller individuals had lower fWHR and heavier in
dividuals had greater fWHR. The magnitude of these effects was quali
tatively similar to the dimorphism difference. For example, a 1 SD 
increase in height was associated with a similar amount of change in 
fWHR as the average difference between men and women, suggesting 
that there is nothing particularly salient about fWHR as a secondary 
sexual characteristic. While separating height and weight is a useful way 
to measure allometry, these results are broadly consistent with existing 
literature that uses BMI as a control variable (Hodges-Simeon et al., 
2021; Kramer et al., 2012; Lefevre et al., 2012).

Fig. 3. Results from Analysis One. Top panel – the prior (lighter line) and 
posterior distributions of the sexual dimorphism in standardised face width. 
Bottom left – cumulative density functions of predicted distributions of women 
and men’s face width, adjusted for height and weight. Bottom right – the dif
ference between these predicted distributions, indicating the probability that 
men have higher face width than women. Shaded areas represent direction 
of effect.
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5. Study 2

We observed no noteworthy dimorphism in fWHR in Study 1. Here, 
in Study 2, we examine facial width in isolation as a possible sexually 
dimorphic facial parameter. In one of the largest studies to date, with 
calliper-based facial measures – and with comprehensive allometric 
control – Caton and Dixson (2022) showed a large and robust dimor
phism (d ≈ 1) of facial width (with larger facial width for men, on 
average), but mixed results of fWHR. Caton and Dixson (2022) also 
emphasise the statistical issues that arise with ratio measures like fWHR. 
Here, we undertake two analyses to examine whether facial width ex
hibits this notable dimorphism. In the first analysis, we again use 
Bayesian model-based inference to test whether dimorphism in facial 
width is present across the various samples in our current dataset, 
adjusting for height and weight. Importantly, we reanalyse the data of 
Caton and Dixson (2022) to derive a prior for the sex difference in the 
presence of height and weight, which is fed into our model. In the second 
analysis, we test whether dimorphism in facial width exists in a smaller 
subset of our data, controlling for a measure of upper body size, which 
more closely aligns with the approach of Caton and Dixson (2022).

6. Method

6.1. Analysis one

6.1.1. Samples and facial metrics
The same 1949 facial photographs and landmarks were used for 

analysis. As in Study 1, we only considered the pair of landmarks 
necessary to calculate face width. These data were available as part of 
the calculation of fWHR in Study 1. Participants’ height and weight were 
available for all faces.

6.1.2. Analytic strategy – Bayesian model specification
The model used here was again a single hierarchical linear regres

sion, which had a different formulation to the one used in Study 1, given 
there was only one measure of face width (as opposed to the multiple 
measures of face height before).

6.1.3. Model structure
The model again contained three common (i.e., fixed) effects – first, 

sex, with women as the reference category (zero). That is, a positive 
coefficient indicates a higher face width in men. As before, the model 
also contained z-scored height and weight as fixed effects. As facial 
width is measured in Euclidean distance, a unitless metric, we stand
ardised this by z-scoring about its grand mean, meaning that a 1 SD 
increase in height or weight indicated a change in facial width SD, and 
the intercept and sex coefficients represented the mean z-score of 
women’s faces, and the difference between men and women in z-score 
units, respectively.

We also incorporated a group-specific effect structure in the model. 
There was an intercept for image sample, accounting for variability in 
face width across image sets, and similarly to Study 1, each predictor 
had a group-specific slope within each image set, which again has the 
property of inducing partial pooling – a separate model is estimated for 
each dataset, but pulled towards an overarching model. While some 
groups in the dataset had no women or men in them, partial pooling is 
still useful as it allows the sex-specific facial width in those groups to 
flow to those that do have men and women’s faces. Formally, the model 
was: 

Z − Facial Widthi,j = β0j + Sex*β1j +Height*β2j +Weight*β3j 

where i represents each individual face, and j indicates which sample the 
face is from. As before, we used a t-distribution as the likelihood, making 
inferences robust to extreme measures.

We derived a set of informed priors for this model by conducting a re- 

analysis of the ANSUR II survey (Paquette et al., 2009) used by Caton 
and Dixson (2022), who demonstrated dimorphism in facial width. This 
allowed us to derive priors for our data from a rich dataset with physical 
measurements (see supplementary materials for the details of this 
analysis).

Finally, we also undertook an additional supplemental analysis that 
considered the effect of face width together with the multiple face height 
measures derived from the set of fWHR metrics used in Study 1, to 
examine whether any dimorphism in face width remained after applying 
partial pooling towards the effects of face height (see supplementary 
materials).

6.2. Analysis two

The second analysis focused on examining sexual dimorphism in face 
width while controlling for upper body size, albeit on a smaller sample 
taken from the larger set. As a composite measure out of three compo
nents of upper body muscularity (shoulder width, chest girth, and mean 
biceps girth), the highly sexually dimorphic upper body size variable is 
more closely focused on physical aspects that may relate to aggression 
and strength (Price et al., 2012; von Borell et al., 2019), and so testing 
for sexual dimorphism in facial width controlling for this variable may 
be especially informative.

6.2.1. Samples, upper body, and facial metrics
Participants from samples 4 (Jünger, Kordsmeyer, et al., 2018; 

Jünger, Motta-Mena, et al., 2018; Kordsmeyer, Freund, et al., 2019) and 
9 (Kordsmeyer & Penke, 2019) who had an upper body measure were 
used for this analysis, comprising a total of n = 305 individuals (all 148 
women from sample 4, and all 157 men from sample 9). The measure of 
facial width was used from their facial landmarks. Participants in sample 
4 (women) were scanned four times and in sample 9 (men) were scanned 
three times using the Vitus smart XXL bodyscanner running AnthroScan 
software (both Human Solutions GmbH, Kaiserslautern, Germany), 
while wearing standardised tight underwear and standing in a stand
ardised position (for details see Kordsmeyer, Stern, & Penke, 2019). 
AnthroScan’s automatic measures (all according to ISO 20685:2005, 
German Institute for Standardization, 2006) include the following pa
rameters to measure upper body size (in accordance with Price et al., 
2012, see also Kordsmeyer, Stern, & Penke, 2019; Stern et al., 2021): 
cross shoulder width (AnthroScan #3010, for sample 4’s women; for 
sample 9’s men, biacromial width was measured manually, for details, 
see Kordsmeyer, Stern, & Penke, 2019), bust-chest girth (#4510), and 
upper arm girth (left: #8520 & right: #8521). These three variables 
were aggregated, based on z-standardised averages of automatic mea
surements extracted from the three (men) or four (women) body scans, 
to form the variable upper body size. Reliabilities for the three/four 
body scans were high for all relevant measures (ICCs [two-way random, 
single measures] > 0.89, only for women’s cross shoulder width the ICC 
was lower, 0.39).

6.2.2. Model and prior specification
The model here was conceptually simpler, containing just two 

common effects – sex, with women as the reference category, and z- 
scored upper body size, which was z-scored within samples. Facial width 
was z-scored again across the current sample of 305 faces. There were 
necessarily no group-specific effects in this model. As we had no explicit 
prior information for this model, we opted to use weakly informative 
normal priors (mean 0 and an SD of 10) for all coefficients, with a t- 
distributed likelihood as before.

7. Results

7.1. Model estimations

The same estimation techniques were used as in Study 1, for both 
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analyses. All parameters in the models converged, with all R̂ = 1 
(Gelman et al., 2020).

7.2. Analysis one – common effects

To orient the reader, analysis one utilised the full sample of 1949 
faces. We limit our discussion on the common effects here, given the 
focus is on the overall dimorphism across samples and not within.

7.2.1. Sex differences
The overall sex difference estimated by the model (adjusted for 

height and weight) indicated a large and relatively wide posterior, M =
0.474 [0.113, 0.836], with a 99.6 % probability of being positive (e.g., 
men having higher face width than women). Given that face width was 
standardised, this suggests men have around a half a standard deviation 
higher face width than women.

7.2.2. Height
The population level effect of height was negative, M = − 0.023 

[− 0.034, − 0.012], with the entire posterior mass below zero, indicating 
that an increase of 1 SD increase in height was associated with 
decreasing facial width.

7.2.3. Weight
Conversely, the population level effect of weight was positive, M =

0.059 [0.048, 0.069], with the entire posterior mass above zero. A1 SD 
unit increase in weight was associated with an increase in face width.

7.2.4. Posterior predictive simulation
As in Study 1, we used a posterior predictive simulation to examine a 

hypothetical population of women and men’s faces measured for face 
width, equated on height and weight, and assessed the probability that 
men had a higher face width of any magnitude than women. These 
distributions are shown in Fig. 3. While the mean difference between 
these distributions was the same as the estimated sex difference coeffi
cient (M = 0.472), the uncertainty was wider, as uncertainty in pa
rameters is propagated to new observations. However, the model 
indicated that height- and weight-adjusted men had a 93.1 % probability 
of a higher facial width than women, ranging from − 0.174 to 1.15 units.

The supplemental analysis that examined dimorphism in face width 
in the presence of face height supported these results, confirming the 
pattern that men have wider faces than women.

7.3. Analysis two – common effects

This analysis used just the faces from samples 4 and 9, comprising 
women and men, respectively, for a sample size of 305 individuals. As 
such, the model was conceptually simpler and contained just two com
mon effects, discussed here.

7.3.1. Sex differences
The overall sex difference (adjusted for upper body size) indicated a 

very large sex difference, M = 1.896 [1.814, 1.968], with the model 
completely excluding zero as a credible hypothesis. Men have around 
almost a two standard deviation greater face width than women.

7.3.2. Upper body size
The effect of upper body size was positive with a 99.9 % probability, 

M = 0.046 [0.019, 0.074]. A1 SD unit increase in upper body size was 
associated with a consistent but relatively small increase in standardised 
face width, which is very similar in magnitude to the effect of body 
weight seen in Analysis One.

7.3.3. Posterior predictive simulation
A posterior predictive simulation was again used to generate a 

population of men and women’s faces but equated on upper body size. In 

this simulation, men had a 99.9 % probability of a higher facial width 
than women, ranging from 1.2 to 2.6 units.

8. Discussion

In two analyses, we find consistent and large dimorphisms in facial 
bizygomatic width. In the first analysis, using height and weight as 
controls as well as prior information from Caton and Dixson (2022), we 
find that men almost certainly have wider faces (a 97 % probability) 
than women, in the same large sample for which Study 1 suggested a 
negligible, female-biased difference in fWHR. This effect was also large, 
differing by around half a standard deviation. In a second analysis on a 
smaller subset of the sample, and controlling for upper body size – a 
variable that shares correlations with behavioural traits that fWHR has 
also been associated with, such as proneness to anger and aggressiveness 
(Price et al., 2012; von Borell et al., 2019) – we find that men clearly 
have much wider faces than women, with a very large effect size.

These findings lend support to those of Caton and Dixson (2022), 
who first described the consistent dimorphism in bizygomatic width. We 
extend their findings here using posterior predictive simulations. 
Beyond a simple average sex difference, the model-implied conse
quences illustrate that men almost always have a greater face width than 
women, which points to an evolved, reliable indicator of relevant traits 
such as formidability (Caton et al., 2022; Sell, Cosmides, et al., 2009). A 
further implication from both the analyses here is that much like fWHR, 
bizygomatic width is associated with height (negatively) and weight 
(positively), and, in our second analysis, associated with upper body 
size. These results suggest bizygomatic width is not independent of 
allometry.

9. General discussion

Across two studies and through the lens of Bayesian inference, we 
examined sexual dimorphism in fWHR and bizygomatic width. In Study 
1, by incorporating prior information, as well as controlling for height 
and weight, we found a small but consistent sexual dimorphism in 
favour of women (i.e., that women demonstrated larger fWHR). The use 
of partial pooling allowed us to consider the correlations amongst 
various measures of fWHR and to not treat them as separate, distinct 
measures. While this dimorphism was stronger in some measures (e.g., 
fWHR-Lower, as suggested by Hodges-Simeon et al., 2021), we consid
ered the differences against the backdrop of variability in fWHR that can 
be attributed to simple camera focal length (Kramer, 2016). Deriving a 
null region of practical equivalence from this variability, we found that 
sexual dimorphism fell comfortably within the defined bounds 
(Kruschke, 2018). Taken together, these results provide robust evidence 
against the predictions of fWHR being greater in men due to it being a 
sexually-selected signal of threat and dominance (Geniole et al., 2015).

A second key finding from Study 1 was that fWHR was not inde
pendent of body size, being negatively related to height and positively to 
weight. This suggests that studies linking fWHR to perceptions or 
behaviour may be confounded. For example, the link between fWHR and 
aggression may be a byproduct of the association between aggression 
and weight (Archer & Thanzami, 2007, 2009; Deaner et al., 2012). 
Controlling for weight indicated height was negatively associated with 
fWHR, which runs counter to the prediction that fWHR is an evolved 
signal of threat potential. Previous work that links perceptions of mas
culinity and dominance to larger fWHR (Merlhiot et al., 2021) may also 
be confounded by weight, given that body weight is detectable in the 
face (Coetzee et al., 2010; Mayer et al., 2017; Wolffhechel et al., 2015), 
and also influences judgments of masculinity and dominance 
(Holzleitner et al., 2014). Indeed, while Holzleitner et al. (2014) found 
taller men were rated as having more masculine looking faces, we found 
that taller men showed smaller, not larger, fWHR, which is again 
inconsistent with the theoretical underpinnings of fWHR and 
dimorphism.
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Taken together, our findings on fWHR suggest that however it is 
measured, any sexual dimorphism in this metric is inconsistent with 
theory and notably is far smaller than variation that might be attribut
able to variation in camera focal length. This does not preclude differ
ences in fWHR emerging in situations of physical measurement where 
focal length is not a concern, but these kinds of differences have not 
often been observed in published literature, and where possible, were 
incorporated into the prior distribution for the model (Caton & Dixson, 
2022; Kramer et al., 2012). Recent demonstrations have also shown that 
fWHR, when considered amongst other variables, has close to zero in
fluence on social perceptions (Jaeger & Jones, 2022), and other studies 
have questioned its links with behaviour (Özener, 2012; Zhang et al., 
2018) or physiology (Kordsmeyer, Freund, et al., 2019).

In contrast, Study 2, focusing solely on facial bizygomatic width, 
extended the findings of Caton and Dixson (2022) in a large sample of 
photographs. Men exhibited a clearly higher facial width than women, 
on average, when adjusting for body height and weight, and posterior 
simulations suggested that an individual man has a high probability of 
having a greater face width than a woman. Interestingly, facial width 
exhibited the same associations with body height and weight as did 
fWHR – taller individuals had narrower faces, and heavier individuals 
had wider faces. Caton and Dixson (2022) measured allometry via a 
principal component analysis of 93 body measurements (as opposed to 
height and weight, which we used to derive our prior distributions for 
our model) and found that facial width was correlated with components 
mapping onto traits such as bicep, forearm, neck, and chest circumfer
ence, concluding that faces evolved as a cue to formidability. Our own 
analysis with height and weight, informed by the data used for this 
initial investigation, suggests that at the very least, dimorphism in facial 
width remains after controlling for these associated measures. As a 
further step, in a smaller subsample of our data, we used a measure of 
upper body size as a control variable to assess sexual dimorphism in 
bizygomatic width, aligning more closely with the study of Caton and 
Dixson (2022). We found a notably larger dimorphism, and our model 
implied that almost any given man would have a greater face width than 
a woman. We also found that facial width shared a similarly sized as
sociation with upper body size as it does with weight – a small but 
positive relationship.

Conducting a sensitivity analysis (Depaoli et al., 2020; Kruschke, 
2021) using only weakly informative priors allowed us to examine 
whether this outcome was sensitive to the prior specifications. Using 
only weakly informative priors which exert little influence on the data 
(Lemoine, 2019) showed that, while the effects of height and weight 
were unaffected, the key sex difference was sensitive to the prior in
formation obtained from the calliper-measured face width data. The 
posterior probability of this average sex difference being positive 
dropped from almost 100 % to 82 % and thus captured zero as a credible 
hypothesis. One explanation for this is that facial width measured from 
photographs is a noisier, less reliable measure than when taken with 
calliper-based measures, as it can plausibly vary as a function of head 
orientation and camera distances (Zhang et al., 2020). Within this 
analysis, multiple image sets were combined with varying camera set
tings, and though we incorporated appropriate statistical controls, this 
may have impacted the precision of estimation. However, it is worth 
reiterating here the practicality of Bayesian inference and its alterna
tives – without a prior distribution formulated from a large, gold- 
standard measurement of facial width, our conclusions would be more 
uncertain. We contend this conclusion would be unwarranted, given the 
quality of prior information that can be incorporated. The reliability of 
measures of face width from facial images is a question easily addressed 
in existing databases of image-based fWHR measures.

Given the current results, what might be the explanation for greater 
face width in men? At an ontogenetic level, greater face width may be a 
consequence of the larger and faster growth of the mandible observed in 
boys and adolescent males (Matthews et al., 2018). Examining pre-and 
post-pubertal craniofacial growth trajectories, Matthews et al. (2018)

highlighted that a sex difference in the midface and mandible emerges in 
early childhood and becomes pronounced over time, with the simulta
neous flattening of the midface and protrusion of the jaw (along with the 
brow ridge) occurring more rapidly in males, particularly during pu
berty. This growth trajectory is in line with the consistent sexual 
dimorphism observed in the mandible in humans across recent history, 
which seems unaffected by climactic conditions that would point to 
natural selection as a driver of sexual dimorphism (Bejdová et al., 2013). 
As such, the ultimate driver of the facial width difference may be sexual 
selection. Whether this operates through intra-sexual competition (e.g., 
the ‘protective buttressing’ hypothesis, Carrier & Morgan, 2015; Puts, 
2016) or through inter-sexual selection by females with an attractive
ness preference, similar to non-human primates with conspicuous facial 
displays (Dixson et al., 2005; Petersen & Higham, 2020), is unclear. 
Indeed, the very first description of how sexual selection may have 
shaped fWHR (Weston et al., 2007), pointed out as a secondary finding 
that male facial width departs from that of females at puberty. While 
adult male and female face heights are similar, facial width is larger in 
males. However, Weston et al. (2007) also show that the relationship 
between skull size and facial width seems similar between males and 
females, suggesting that larger facial width is simply due to ontogenetic 
scaling. We have shown here that facial width dimorphism is reliably 
different, and remains after various controls for body size, arguably 
more useful than the skull sizes employed in the original work of Weston 
et al. (2007). While sexual selection is likely implicated in these facial 
metrics, future work - which will hopefully shift focus from fWHR to 
facial width – could test how perceptual, social, and psychological 
variables associated with facial width, and these findings can illuminate 
the way in which sexual selection shapes the human face.

One limitation to our studies is that, despite using several samples of 
faces, they are restricted in age range. Some findings suggest dimor
phism in fWHR changes throughout life (Summersby et al., 2022), as 
well as between ethnicities (Kramer, 2015). While this may be the case, 
it is unlikely that these differences would substantially overturn the 
estimates presented here. A broader limitation is our use of static images 
as stimuli. Recent work on fWHR has illustrated the close links between 
fixed properties of faces, such as bone structure, and the dynamic 
changes to appearance from facial musculature (Windmann et al., 
2023). That is, the role of fWHR in processes such as social perception 
may be more to do with emotion overgeneralisation (Kramer, 2016; 
Todorov et al., 2013) as opposed to physiological aspects, and simple 
photographs cannot discriminate between these sources. Even beyond 
fWHR, facial properties that have large effect sizes when studied in 
photographic contexts show mixed predictive utility in live interactions 
(Zhao et al., 2023). Ultimately, the role faces and their structures play in 
complex social environments may be largely incompatible with standard 
research paradigms in the field as we have used here, an approach that 
has been recently criticised (Satchell, 2019; Satchell et al., 2023).

Here, the use of Bayesian inference allowed us to simultaneously 
model sexual dimorphism in fWHR across a range of established mea
sures, injecting prior information into the analysis to avoid the pitfalls of 
NHST that have led to a mixed set of findings for this widely studied 
facial parameter. We conclude that any sexual dimorphism is in the 
opposite direction to what is predicted, and that it is certainly smaller 
than other sources of variability that are irrelevant to evolutionary hy
potheses. We extend the findings of others (Caton & Dixson, 2022) who 
contend that facial width alone carries evolutionarily relevant cues, and 
that researchers interested in facial morphology and its links with 
perception and behaviour should shift focus away from fWHR and on to 
bizygomatic width (Costa et al., 2017). We also suggest that in doing so, 
researchers consider the prior evidence for these hypotheses and have 
more stringent standards about what counts as evidence for or against 
them.
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Evidence from meta-analyses of the facial width-to-height ratio as an evolved cue of 
threat. PLoS One, 10(7), Article e0132726. https://doi.org/10.1371/journal. 
pone.0132726
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