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ARTICLE INFO ABSTRACT

Keywords: The development of costly traits such as immune function and secondary sexual traits is constrained by resource
Immune function availability. The quality of developmental conditions and the availability of resources in ontogeny may therefore
Testosterone

influence immune system functions and other biological traits. We analyzed causal pathways between family
socioeconomic position, strength of immune response, and five physiological biomarkers in young Latvian men
(n = 93) using structural equation modeling. Men from wealthier families had higher testosterone levels (r; =
0.280), stronger immune response (rs = 0.551), and higher facial attractiveness (r; = 0.300). There were weak,
non-significant correlations between family income, body fat percentage (r; = —0.147), and fluctuating asym-
metry (r; = —0.159). Testosterone partially (33.8%) mediated the effect of family income on facial masculinity.
Testosterone (positively) and adiposity (negatively) partially (4%) mediated the relationship between family
income and immune function. Higher facial masculinity, higher facial symmetry, and lower adiposity were
reliable and independent cues of better immune function (R? = 0.238) in a larger sample of young Latvian men
(N = 146). Resource availability in ontogeny has an important role for the development of immune function and
physical appearance, and it is a key parameter to be included in human eco-immunological research.

Facial asymmetry
Facial attractiveness
Resource availability

1. Introduction to the immunocompetence handicap hypothesis, lower immune re-

sponses in males compared to females result from the immunosuppres-

A highly developed immune system protects organisms from path-
ogens, parasites, and pathologies caused by the organism itself—how-
ever, having a highly developed immune system is energetically costly,
and its development is traded off against other traits and activities
(Roved et al., 2017), such as secondary sexual characteristics. In males,
secondary sexual traits are hypothesized to be honest signals of mate
quality (Folstad and Karter, 1992; Stephen and Luoto, 2021). According

sive effects of testosterone (Foo et al., 2020). This hypothesis has been
supported by findings from 38 species (Foo et al., 2017). Therefore, only
high-quality males with good genes can afford to display high-quality
secondary sexual traits (Roved et al., 2017; Stephen and Luoto, 2021)
whilst also being able to produce a robust immune response. The
development of secondary sexual traits is dependent on testosterone,
and on testosterone’s interaction with cortisol (Adam et al., 2017;
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Rantala et al., 2012).

Resource availability in ontogeny may affect both the development
of the acquired immune system and the development of secondary
sexual characteristics (Krams et al., 2019), such as facial masculinity
(Ekrami et al., 2021). Even minor variation in genetic, developmental,
and physiological quality among males can be amplified to perceptible
levels in secondary sexual characteristics (Luoto, 2019; Zaidi et al.,
2019). Men’s secondary sexual characteristics are attractive to women,
and since these sexual preferences are heritable (Zietsch et al., 2015),
they may comprise evolutionary adaptations whereby women use men’s
secondary sexual characteristics as cues for securing direct (e.g. bio-
energetic investment) and indirect benefits (e.g., good genes) for their
offspring from healthy, robust males (Luoto, 2019; Zaidi et al., 2019;
Stephen and Luoto, 2021).

Evolutionary—developmental studies on costly traits can observe
positive or negative correlations between the development of such traits
depending on whether the bioenergetic tradeoffs between competing
traits are more substantial than the total amount of resources that is
available for their development (Krams et al., 2019; Lauringson et al.,
2020; Rubika et al., 2020). For instance, facial masculinity is positively
correlated with immune function when immune function is measured
via the ability to produce antibodies in response to a novel antigen (in
this case: vaccine) (Rantala et al., 2013). When using a genetic measure
of immune function, facial masculinity does not reliably reflect this
genotypic facet of male immunity (Zaidi et al., 2019). This indicates that
focusing on genotype (as in Zaidi et al., 2019) is insufficient when
analyzing individual differences in immune function, and the use of a
more holistic suite of markers of immune function is preferable (Foo
et al., 2020). In this study, we therefore focused on phenotypic markers
of facial masculinity and immune function, which are also sensitive to
developmental conditions (cf. Krams et al., 2019).

Besides these phenotypic measures, resource availability in ontogeny
can influence the developmental stability of organisms, which may be
reflected in individual differences in a number of physiological traits
(Ellis and Del Giudice, 2019; Luoto et al., 2019a; Maner et al., 2017).
Fluctuating asymmetry is the sum of random deviations from perfect
symmetry in bilateral organisms (Gangestad et al., 1994). It is assumed
that deviations away from perfect symmetry reflect the impact of
developmental and environmental stress experienced by bilaterally
symmetric organisms during their development (Beasley et al., 2013;
Gangestad et al., 2010). Therefore, the bilaterally structured traits of an
organism that has developed in a poor environment or experienced high
levels of stress during ontogeny should have a greater degree of asym-
metry than an organism that developed in a stable, resource-abundant
environment. A meta-analysis of nonhuman animal studies found that
fluctuating asymmetry is a sensitive biomarker of environmental stress:
environmental stressors accounted for 36% of the variance in fluctuating
asymmetry across studies (Beasley et al., 2013). Thus, fluctuating
asymmetry is an important biomarker for evaluating the impact of
stressors on individual development. Fluctuating asymmetry is not
heritable (Blanckenhorn and Hosken, 2003), and it might be linked to
resource availability and the strength of immune system (Gupta et al.,
2016).

The exposure of developing organisms to environmental stressors
may have several physiological consequences, including a decline in
immune function. Mounting an immune response against a foreign an-
tigen may itself constitute a cost (Krams et al., 2012, 2013). Immune
responses to vaccines impair growth rate and developmental stability,
also increasing fluctuating asymmetry in growing organisms (Pre-
ndergast and Humphrey, 2014), suggesting trade-offs between immune
function and other energetically costly activities and traits. These
trade-offs may depend on the availability of resources: vaccination, for
example, results in a decreased ability to produce antibodies in in-
dividuals with limited access to resources (Krams et al., 2019). However,
the links between fluctuating asymmetry and fitness-related traits such
as sexual attractiveness and the ability to mount a novel immune
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response have never been tested based on their dependence on resource
availability in humans.

There is a strong preference for symmetry in mate choice across
species, and higher symmetry in facial and bodily parameters has been
cross-culturally associated with physical attractiveness and beauty
(Phalane et al., 2017; Stephen and Luoto, 2021). Higher facial and
bodily symmetry have been considered as indicators of good health
condition and genetic constitution (Gangestad et al., 2010; though see
Stephen and Luoto, 2021). Facial attractiveness—but not facial sym-
metry—has been linked with more robust immune function in African
men (Phalane et al., 2017).

We predicted that young men from families with a higher income
have (1) lower adiposity (Maner et al., 2017), (2) lower facial fluctu-
ating asymmetry, (3) higher facial attractiveness, and (4) more robust
immune function (as in Krams et al., 2019; a subsample of the current
sample). Although theoretically we remained agnostic about the rela-
tionship between family income and testosterone, recent research has
suggested a causal influence of testosterone on income (Hughes and
Kumari, 2019). Furthermore, both testosterone concentrations and life
history strategies have a significant heritable component (Luoto et al.,
2019a), so we expected (5) a positive relationship between family in-
come and testosterone. We also predicted that (6) testosterone mediates
the relationship between family income and facial masculinity. Both
negative and positive relationships between testosterone and immune
function have been previously reported; however, both positive and
negative correlations can be interpreted as supportive of an immuno-
suppressive effect of testosterone (Foo et al., 2017). It is well known that
obesity and fat mass impair immune function and that there is a bidi-
rectional link between testosterone and adiposity (Francisco et al., 2018;
Kelly and Jones, 2015; Rantala et al., 2013; a subsample of the present
sample). We therefore expected that (7) testosterone (positively) and
adiposity (negatively) mediate the effect of family income on immune
function. Based on prior research (Phalane et al., 2017), we also pre-
dicted that (8) facial masculinity is a more reliable cue of immune
function than facial asymmetry. We reanalyzed datasets from previous
research on relationships between immunity, facial attractiveness, vocal
attractiveness, height, adiposity, and family income (Krams et al., 2014,
2019; Rantala et al., 2013; Skrinda et al., 2014), updating datasets with
more participants on family income, and including traits (facial asym-
metry) and predictions that have not been analyzed before.

2. Method
2.1. Participants and facial photographs

We studied associations between family income, antibody titers
against hepatitis B antigen, facial fluctuating asymmetry, and facial
attractiveness in 146 young men (21.24 + 1.44 years old, mean + SD,
range 19-25 years) in southeastern Latvia in 2010. Participants were
students from Daugavpils University and Transportation College of
Daugavpils. Full color facial photographs were taken with Nikon D50
and Nikon D5200 digital cameras under standardized lighting condi-
tions with subjects having a neutral facial expression (Rantala et al.,
2012, 2013).

We included only those participants (n = 93) in our family income
analyses with (i) socioeconomic status known since their birth and (ii)
those whose socioeconomic status was relatively constant over time. The
existing data set was also restricted by participant lifestyles (no smoking
until 16, no drugs, no serious diseases). None of the participants was
dropped from the analyses because of serious disease, smoking, or drugs.
Descriptive statistics for the dataset are given in Table 1.

2.2. Immune system assay

Hepatitis B is a serious viral infection that can cause both acute and
chronic liver disease. This infection is transmitted through contact with
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Table 1

Descriptive statistics for the data.
Variable n Min. Max. Mean Std. error Std. dev.
Immune function 146 0.0 73 6.28 0.857 10.35
Adiposity 146 5.6 34.8 14 0.484 5.848
Testosterone 146 4.0 30.0 13.41 0.395 4.771
Facial masculinity 146 0.2 6.2 3.37 0.102 1.235
Facial asymmetry 146 2.6 56.6 16.29 0.872 10.54
Facial attractiveness 146 -3.4 2.97 -0.62 0.138 1.665
Family income 93 1 7 2.86 0.139 1.34

the blood or other body fluids of an infected person. Hepatitis B can be
prevented by safe and effective vaccines (Schonberger et al., 2013). We
activated the immune system of the subjects using a safe and effective
hepatitis B vaccine (Engerix-B, GlaxoSmithKline) (for more information,
see (Krams et al., 2014; Rantala et al., 2012; Skrinda et al., 2014)). We
collected venous blood in 6 ml vials to measure the presence of anti-
bodies before the vaccination. This was done to ensure that none of the
participants had hepatitis B-specific antibodies before the vaccination.
We thus measured the ability of the acquired immune system to produce
antibodies against a novel antigen (not the ability of the acquired im-
mune system to deal with an antigen already encountered by it).' One
month after the vaccination, we again collected 6 ml of venous blood to
measure the antibodies produced in response to the vaccination. To
determine serum hepatitis B surface antigen (anti-HBs) levels, we used
the commercially available AXSYM® AUSAB® microparticle enzyme
immunoassay (MEIA). Anti-HBs concentrations were expressed in
mIU/ml. Mean intra-assay CV was 2.9%, the lower level of detection was
2 mIU ml ! and the analytical range was 2-1000 mIU ml . The range of
anti-HBs in the sample was 0-73 mIU ml~l. The participants were
considered to develop seroprotection against hepatitis B virus if they
produced >10 mIU ml~! of anti-HBs.

2.3. Testosterone

Testosterone concentration was detected from 10 ml of venous blood
collected approximately 30 min before a dose of hepatitis B vaccine
(Engerix B, Glaxosmithkline) was administered. The second measure-
ment of testosterone was done one month after the vaccination. Blood
samples were collected between 9:30 and 11:00. Previous research has
shown no effect of this collection time on individual differences in
testosterone levels (e.g., Brownlee et al., 2005; Borraz-Leon et al., 2018,
2019, 2021). Testosterone levels were assessed using an in-house
competitive chemiluminescent enzyme immunoassay with commer-
cially available kits (Rantala et al., 2012). Serum samples were incu-
bated for 60 min at 37 °C with an alkaline phosphatase-labeled reagent
and polystyrene beads coated with polyclonal rabbit antibody. Unbound
material was removed by centrifugal wash, and bound quantities were
measured using a specific chemoluminescent substrate (a phosphate
ester of adamantyl dioxetane). Immulite® 2000 Total Testosterone
quality control samples were included to assess the assay reliability.
Mean intra-assay CV was 9.7%, the method lower limit of detection was
0.69 nmol 1! (manufacturer’s standard: 0.3 nmol 17! [1]) and the
analytical range was 0.69-55.55 nmol 17!, Testosterone levels were
consistent pre- and postvaccination (Cronbach o = 0.91) and we aver-
aged the values for each participant.

! Besides acquired immunity, the other part of the immune system is the
innate component, which developed earlier in evolution than acquired immune
responses. The innate immune system consists of all the immune defenses that
lack immunologic memory. Innate responses therefore remain unchanged
however often an antigen is encountered (Delves and Roitt, 2000).
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2.4. Adiposity

Each participant’s body fat percentage was measured using Omron
Body Composition Monitor BF500 between 8:00 and 9:30 AM. Partici-
pants did not consume any food before adiposity measurements.

2.5. Fluctuating asymmetry of faces

Six bilateral traits were used to calculate fluctuating asymmetry: the
inner (L1 in Fig. 1) and outer (L2) corners of the eyes, cheekbones (L3),
outer edges of the lower nose region (L4), corners of the mouth (L5) and
jawbones (L6). The traits were measured using the open source ImageJ
software version 1.42 (NIH, Bethesda, MD, USA) with an accuracy of
0.01 mm. The midpoints of each line were calculated using the following
formula [(left point — right point/2) + right point].

In a completely symmetrical face, all of the midpoints are positioned
on the same vertical line and the sum of all of the differences among the
midpoints is zero. Increasing values are reflective of and proportional to
increasing facial asymmetry (Borraz-Leon et al., 2017a, 2017b).

To ensure the reliability of fluctuating asymmetry measurements,
intraclass correlation coefficients were computed using the calculated
fluctuating asymmetry values from two different pictures of the same
participant (n = 146; r = 0.912; p < 0.0001). The average between the
two fluctuating asymmetry values for each individual was used for all
future calculations (Borraz-Leon et al., 2017a, 2017b).

2.6. Facial masculinity

The images were rated for facial masculinity by 35 heterosexual
Latvian men (mean age, 22.8; SD 3.2) and 30 heterosexual Latvian
women (mean age, 20.5; SD 2.0). The female participants reported
regular menstrual cycles and no use of hormonal contraception. The
facial images were rated on a seven-point Likert scale (1 = not mascu-
line, 7 = very masculine). Facial images were presented in random
order. Inter-rater reliability was high for all ratings (all Cronbach as
>0.93). Masculinity values were averaged across raters for all ratings.

2.7. Facial attractiveness

Caucasian women

Forty-two heterosexual reporting regular

Fig. 1. A composite sample photo showing six bilateral traits used to calculate
facial asymmetry. This sample photo represents the “average” face of young
Latvian men. It is made by merging photos of 25 young men together.
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menstrual cycles and no use of hormonal contraception from the Uni-
versity of Daugavpils, Latvia (mean age: 20.92 + 0.98 years old,
mean + SD) rated the facial images for sexual attractiveness on an 11-
point Likert scale (—5 = very unattractive, O = neutral and +5 = very
attractive). The women were selected from a larger group of 122 women
on the basis of being in the fertile phase of their menstrual cycle. The
fertile phase was calculated as the 5 days preceding ovulation and the
day of ovulation itself (Dunson et al., 1999). Ovulation was assumed to
occur 14 days before the onset of menses. The method is commonly used
in evolutionary psychological studies (e.g., Sohda et al., 2017). Images
were presented in random order. Inter-rater reliability was high for all
ratings (all Cronbach as >0.94) and they were thus averaged across
raters for all ratings.

2.8. Family income

There are several variables that characterize the socioeconomic
status of an individual, such as age, education, job class, and income
(often represented as annual household income of the individual: (e.g.,
Krams et al., 2019; Rubika et al., 2020; Tyrrell et al., 2016). The par-
ticipants were 19-25-year-old men; all were undergraduate students
with no job class achieved and with limited opportunities to work (none
worked either before or during the study) because of their full-time
studies. All of the participants lived with their parents during the
study. Thus, with the exception of family income, all socioeconomic
parameters of the subjects were similar. We interviewed the participants
and their parents about current family income and family income since
1991 when most of the subjects were born. This is when Latvia regained
its independence as a result of an economic crash and political crisis in
the USSR.

We divided the time since 1991 into five periods and assigned each
family into one of seven income categories. The statistical analyses were
done based on recalled total family income divided by the number of
family members. We included in the study only those families (n = 93)
that remained in their income categories since 1991 or shifted away
from the original socioeconomic status by a maximum of one category.
In 2010, the first income group consisted of families with equivalent to
or less than 50 EUR per family member/month; the second group,
50-100 EUR per family member/month; the third group, 101-150 EUR;
the fourth group, 151-200 EUR; the fifth group, 201-250 EUR,; the sixth
group, 251-300 EUR; and the seventh group, 301-350 EUR. This divi-
sion of income per family member/month corresponds to those tradi-
tionally used by Latvian economists and more recently by evolutionary
anthropologists (Krams et al., 2019; Rubika et al., 2020).

In 2000, Latvia’s population was 2.38 million people; in 2018, it was
1.89 million (United Nations, 2020). No other country has experienced a
more precipitous fall in population during that period (Rubika et al.,
2020; United Nations, 2020). The impact of Latvia’s population crisis is
severest and most evident in its poorest region, in the country’s south-
east corner bordering Belarus and Russia where this study was done. The
average monthly wage in this region is about half of the average wage in
Latvia (Central Statistics Office of Latvia, 2020). These factors created
an environment where most of the participants were unable to improve
their family income across decades (Krams et al., 2019).

2.9. Ethics statement

The study was approved by the Research Ethics Committee of Dau-
gavpils University, Latvia (05/2012). All participants provided their
written consent to participate in this study, and the ethics committee
approved this consent procedure. The experiment was conducted ac-
cording to the Declaration of Helsinki.

2.10. Statistical analyses

We used the nonparametric Spearman correlation analysis to test
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relationships between the study variables: family income, testosterone,
adiposity, antibody titers of hepatitis B antigen (immune function),
facial asymmetry, facial masculinity, and facial attractiveness. We per-
formed two mediation analyses using structural equation modelling
(SEM). In bootstrap analyses (10,000 bootstrap samples), mediation was
considered significant if the 95% bias-corrected confidence intervals for
the indirect effect did not include 0. In addition, we constructed a
theory-driven structural equation model which included all of the seven
variables measured in this study. The immune function variable was
Box-Cox transformed (x + 1, A = —0.225), while testosterone, adiposity,
and facial asymmetry were log-transformed to improve normality of
residuals. We used the Maximum Likelihood estimation method and
evaluated the fit of the SEM using several diagnostic metrics: the chi-
square test, the root mean square error of approximation (RMSEA),
and the comparative fit index (CFI). A good model fit was inferred when
chi-square p-value was >0.05, the RMSEA value was <0.1, and CFI was
>0.90. Standardized path coefficients and model fit index values were
calculated using SPSS AMOS.

3. Results
3.1. Bivariate correlations

We found a weak, non-significant correlation between family income
and adiposity (r; = —0.147, p = 0.160, n = 93; Fig. 2) and between
family income and facial asymmetry (r; = —0.159, p = 0.129, n = 93;
Fig. 2). Predictions 1 and 2 were therefore not supported by the data,
though the correlations were in the predicted direction in both cases. As
predicted, there were significant correlations between family income
and facial attractiveness (rs = 0.300, p = 0.003, n = 93; Fig. 2), between
family income and strength of immune response (r; = 0.551, p < 0.001,
n = 93; Fig. 2), and between family income and testosterone (r; = 0.280,
p = 0.007, n = 93; Fig. 2). Predictions 3, 4, and 5 were therefore sup-
ported by the data.

3.2. Mediation analysis: family income, testosterone, facial masculinity

There were significant bivariate correlations between family income
and testosterone, testosterone and facial masculinity, and family income
and facial masculinity (Fig. 2). To test prediction 6 about the mediating
effects of testosterone on facial masculinity, we performed a mediation
analysis with these variables entered into a SEM model. The change from
the total effect (¢ path) of family income to facial masculinity
(b =0.272, p = 0.013, 95%BootCIs [0.061, 0.447]) to the mediated
path with indirect effects was significant when testosterone was added
as a mediator (b =0.092, p=0.005, 95%BootCIs [0.026, 0.209])
(Fig. 3A).” The residual predictive power (direct effect) of family income
on facial masculinity (¢’ path) did not remain significant (b = 0.179,
p = 0.134, 95%BootCIs [—0.058, 0.373]) when the influence of testos-
terone on facial masculinity was partialled out. The percentage of
variance accounted for by introducing testosterone as a mediator was
33.8% (VAF = indirect effect/total effect * 100 = 0.092/
0.272 * 100 = 33.8%). Therefore, testosterone had a significant partial
mediating effect between family income and facial masculinity.

3.3. Mediation analysis: family income, testosterone, adiposity, immune
function

There were significant bivariate correlations between family income

2 Unstandardized coefficients are shown in Fig. 3A and B: note that because it
is not the amount of euros per month but family income category numbers
(Table 1, numerical variable with a minimum of 1 and a maximum of 7) that
were used in these analyses, a change of 1 in the model means that family in-
come shifts to another income group, as described in Section 2.8.
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and testosterone, testosterone and adiposity, adiposity and immune variables entered into a SEM model. The change from the total effect (c
response, and family income and immune response (Fig. 2). To test path) of family income to antibody response (b = 0.271, p < 0.001, 95%
prediction 7 about the mediating effects of testosterone and adiposity on BootCIs [0.178, 0.360]) to the mediated path with indirect effects was
immune function, we performed a mediation analysis with these significant when testosterone and adiposity were added as mediators
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(b =0.011, p = 0.038, 95%BootCIs [0.000, 0.039]) (Fig. 3B). The re-
sidual predictive power (direct effect) of family income on antibody
response (¢’ path) remained significant (b = 0.260, p < 0.001, 95%
BootCIs [0.164, 0.355]) when the influence of testosterone and
adiposity on antibody response was partialled out. The percentage of
variance accounted for by introducing testosterone and adiposity as
mediators was 4% (VAF = indirect effect/total effect * 100 = 0.011/
0.271 * 100 = 4%). This indicates that there are other important
mechanisms besides testosterone and adiposity through which family
income influences immune response, although testosterone and
adiposity did have a significant partial mediating effect.

3.4. Multiple regression analysis: facial asymmetry, facial masculinity,
adiposity, immune function

There were significant correlations between immune function and
facial asymmetry (rs = —0.319, p < 0.001, n = 146, Fig. 2) and between
immune function and facial masculinity (r; = 0.346,p < 0.001, n = 146;
Fig. 2). The correlation between facial asymmetry and facial masculinity
was weak and statistically non-significant (r; = —0.127, p = 0.127,
n = 146; Fig. 2), suggesting that these facial traits are mostly unrelated.
We performed a linear multiple regression analysis to test prediction 8.
The results showed that both facial asymmetry and facial masculinity
remained significant predictors of immune function (Table 2). This
multiple regression model with two predictors explained 16.9% of the
variation in immune function (R2 =0.169). In a post-hoc test, we
examined whether previous findings about facial adiposity being a
better predictor of immune function than facial masculinity (Rantala
et al., 2013) could be replicated in this sample using another measure of
adiposity (i.e. body fat percentage). Adding adiposity as a third inde-
pendent variable in the regression model showed that adiposity had
statistically significant predictive power above and beyond facial mas-
culinity and facial asymmetry (Table 3). The predictive power of this
multiple regression model with three predictor variables was higher (R?
= 0.238, AR? = 0.069) than in the model with two predictor variables.
These results indicate that higher facial masculinity, lower facial
asymmetry, and lower adiposity (measured as body fat percentage) are
reliable and independent cues of better immune function (Table 3).

3.5. Structural equation model

We constructed a structural equation model with all the variables
used in this study to show the hypothesized causal relationships between
the variables (Fig. 4). The model was based on our theoretical expec-
tations. The model explained a relatively high proportion of variance in
facial attractiveness (53%) and immune function (42%). The model
explained a significant proportion of variance in adiposity (27%) but
only limited variance in facial masculinity (16%), testosterone (12%),
and facial asymmetry (9%). The model fit was considered good: y2
(df = 8) =12.304, p = 0.138, RMSEA = 0.061, CFI = 0.982).

4. Discussion
The main findings of this study are that men with higher family

Table 2

A multiple regression model with two predictor variables and immune function
as an outcome variable (N = 146). Data on facial asymmetry and immune
function were transformed (as described in Method).

Variable Estimate Std. error t p VIF
(Intercept) 1.27 0.339 3.751

Facial masculinity 0.193 0.049 3.951 1.014
Facial asymmetry -0.764 0.239 -3.199 0.002%* 1.014
" p<0.01.

“" p<0.001.
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Table 3

A multiple regression model with three predictor variables and immune function
as an outcome variable (N = 146). Data on facial asymmetry, adiposity, and
immune function were transformed (as described in Method).

Variable Estimate Std. error t P VIF
(Intercept) 2.884 0.555 5.193 <0.001**

Facial masculinity 0.18 0.047 3.829 <0.001 1.019
Facial asymmetry -0.894 0.232 -3.849 <0.001 1.039
Adiposity -1.277 0.356 -3.585 <0.001%** 1.028
" p <0.001.

income during development had higher circulating testosterone, more
robust immune function, higher facial masculinity, and higher facial
attractiveness. Testosterone (positively) and adiposity (negatively)
mediated the positive relationship between family income and immune
function (r; = 0.551). The effect of the mediation, however, was rather
weak (VAF = 4%).° Testosterone partially (VAF = 38.7%) mediated the
effect of family income on facial masculinity, as predicted, although we
measured testosterone only in early adulthood and not longitudinally.
We interpret this result in such a way that current testosterone levels
serve as a proxy of testosterone levels in ontogeny, which would have
had a more direct causal role on the development of facial masculinity.
The only predictions that were not fully borne out by the data concerned
the relationship between family income and adiposity, and family in-
come and facial asymmetry. The relationships between these variables
were in the predicted direction (Fig. 2), but our study sample was not
adequately powered to provide statistically significant support for such
weak associations as were found in the data for these relationships.

We also found that higher facial symmetry, higher facial masculinity,
and lower adiposity (body fat percentage) were valid and independent
cues of a more robust immune response. Phalane et al. (2017) found that
African men with masculine faces had high cytokine response while
more symmetrical men had weaker cytokine response. Importantly, both
types of men’s faces were considered healthy and attractive by women
raters. We did not fully replicate Phalane et al.’s (2017) findings in our
sample of Latvian men, as men with more symmetrical faces had a more
robust immune response. The direct negative effect of immune function
on facial asymmetry (Fig. 4) suggests that the development of these
traits is interlinked and that higher facial asymmetry can serve as a
biomarker of less robust immune function. Although many previous
studies demonstrated negative relationships between the condition of
the environment or genetic quality of the organisms and the asymmetry
of facial and bodily parameters (Fink et al., 2006), a number of studies
found no significant association between costly morphological traits and
environmental stress (Graham and Ozener, 2016). The results of this
study show that the interplay between costly phenotypic traits (such as
immune function and facial attractiveness) and environmental stress
may be more dynamic and complex because the optimal functioning of
the immune system may be based on the availability of resources in the
environment where the organism develops.

The fact that we found strong correlations between facial attrac-
tiveness, adiposity, and testosterone—but only weak correlations be-
tween facial attractiveness, facial masculinity, and fluctuating
asymmetry (Fig. 2)—is consistent with the idea that variation in
testosterone levels tracks fluctuations in health status (Muehlenbein and
Bribiescas, 2005). As there is a bidirectional relationship between
testosterone and adiposity (Kelly and Jones, 2015; Rantala et al., 2013),
and as health is positively associated with attractiveness and attrac-
tiveness is negatively associated with adiposity (Stephen and Luoto,
2021; Sugiyama, 2015), it is logical that variation in health status should

3 For the proportion of variance accounted for (VAF) in one variable by
another, small, medium, and large effect sizes are defined as 0.01, 0.09, and
0.25 (Preacher and Kelley, 2011).
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Fig. 4. Structural equation model showing causal links between all measured variables. Standardized regression coefficients shown for each relationship, with
*p < 0.05; **p < 0.01; ***p < 0.001. Statistically significant relationships are shown with bolded arrows; non-significant relationships are shown with dashed ar-
rows. Squared multiple correlations (R?) are given for each endogenous variable. Positive relationships are shown in blue, negative ones in red. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

be linked with attractiveness partially via testosterone and adiposity.
However, the associations between facial attractiveness, facial mascu-
linity, and facial asymmetry were non-existent or weak (Fig. 2), poten-
tially because facial masculinity and asymmetry are proxies of
developmental rather than current conditions, and it is more logical for
attractiveness ratings to be associated with current rather than devel-
opmental conditions. It is also possible that the null finding between
facial masculinity and attractiveness arose because of the relatively poor
socioeconomic conditions of the study sample. Cross-national research
has, after all, shown that women’s preferences for facial masculinity are
stronger under conditions in which offspring survival is higher and
economic conditions are more favorable (Marcinkowska et al., 2019).

This study was limited in that only one facet of immune function was
used (i.e. the ability to produce an immune response against a novel
antigen). While using a phenotypic over a genotypic measure (e.g., Zaidi
et al.,, 2019) of immune function has clear advantages because of the
resource-dependent nature of immune development (Krams et al., 2019;
Rubika et al., 2020), studies that utilize a range of different measures of
immune function will naturally provide the most holistic information
about immunity and its different facets (Foo et al., 2020). Whereas prior
research has suggested that facial masculinity (Zaidi et al., 2019) and
facial symmetry (Phalane et al., 2017) do not reflect robustness of im-
mune function as measured by MHC heterozygosity (Zaidi et al., 2019)
and cytokine levels (Phalane et al., 2017), our results indicate that facial
asymmetry may in fact be as reliable an indicator of immune function as
facial masculinity, and that these indicators are non-overlapping. The
predictive power of facial masculinity and facial asymmetry may depend
on how immune function is measured, however, as other research using
functional cytokine analysis of Peripheral Blood Mononuclear Cells
(PBMCs) after Lipopolysaccharide (LPS) stimulation has found that
masculinity rather than symmetry is a more reliable cue of immune
function (Phalane et al., 2017).

Although the current study design was insufficient for distinguishing
between environmental and genetic factors affecting human develop-
ment (White and Puts, 2019), other studies support our findings that the
environment plays a significant role in inducing and guiding individual
development, including immune function and fluctuating asymmetry

(Beasley et al., 2013; Frankenhuis et al., 2019; Krams et al., 2019 Luoto
et al., 2019b). The complex interplay between genes, environment, and
phenotypic plasticity can even give rise to distinctive phenotypes such as
color morphs (Gilbert, 2005), diet morphs (Levis et al., 2018), or high
variation in traits such as adiposity (Maner et al., 2017; Rantala et al.,
2019) and antibody levels, as found in this study. This makes childhood
conditions in general and family income in particular highly important
parameters to be included in human eco-immunological research
(Bourke et al., 2016; DeBoer et al., 2017; Krams et al., 2019), especially
under conditions of resource scarcity and/or in conditions of high in-
come inequality. Our results further highlight the role of fluctuating
asymmetry in immunological research since it has been associated with
such medical parameters as susceptibility to infections (Van Dongen and
Gangestad, 2011) and indicators of stress and mental health
(Borraz-Leon et al., 2019; Borraz-Ledn et al., In preparation). We expect
future studies to seek closer integration between resource availability,
developmental conditions, immune function, fluctuating asymmetry,
and other physiological and health parameters, particularly in the
context of sexual selection and/or evolutionary life history theory.
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