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Altruistic behavior can be modulated by many factors including hormonal levels, but their reported effects
remain mixed. Understanding the proximate mechanisms of altruism such as these can help test predictions of
ultimate, evolutionary explanations. We investigated the relationship of the endogenous salivary levels of
testosterone and cortisol with Dictator Game (DG) offers as a proxy of altruism on a sample of general-population
participants (N = 158, 84 F, 74 M). Bayesian data analysis and model comparison showed both testosterone and
cortisol were negatively correlated with DG offers in women, while higher testosterone levels were associated
with greater generosity in men. These results suggest that high testosterone may promote altruistic behavior in

the service of status-seeking among men.

1. Introduction
1.1. Background

Altruism, meaning apparently selfless helping behavior toward
others, has long constituted an evolutionary enigma. Hypotheses such as
kin selection (Hamilton, 1964a, 1964b), reciprocity (Trivers, 1971) or
costly signaling, dubbed ‘handicap hypothesis’ (Zahavi, 1995), have
been proposed, and it seems that each could apply under some cir-
cumstances (West et al., 2011).

Proximate, mechanistic causes were also investigated, both of their
own accord and tied to the ultimate evolutionary causes. Among the
proximate mechanisms of altruistic behavior, hormonal levels had often
been the focus in both humans and animals. But despite the growing
attention toward this piece of the altruism puzzle, the specific hormonal
influences and their connections to the ultimate causes remain largely
unresolved.

Here we focus on the influence of testosterone (T) and cortisol (C)
levels on altruism, especially in terms of the dual hormone hypothesis
suggesting that basal T and C jointly influence behavioral traits associ-
ated with aggression and dominance (Mehta & Josephs, 2010). Con-
clusions insofar have been mixed, as summarized below. The aim of this
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study is to shed more light on this complex question and help integrate
the proximate hormonal influences with ultimate evolutionary expla-
nations, such as dominance displays in order to attract mates and cement
one’s social status.

1.2. Testosterone as an altruism modulator

A number of studies looked into the effect of sex hormones on pro-
social behavior, with ambiguous results. Various experimental games
are typically used as altruism proxies, among them the Dictator Game
(DG; Forsythe et al., 1994), where one player is allocated a sum of
money and may divide it between self and another player, who is passive
in this case. People on average allocate around 28%, with women being
usually more generous than men (Engel, 2011). In the earlier-devised
Ultimatum Game (UG; Giith et al., 1982), the second player has
agency and may accept or reject the first player’s offer. In the latter case,
neither gets anything. In the Public Goods Game (Marwell & Ames,
1981), players can contribute to a common pot where the contributions
are multiplied and divided equally (not based on the initial contribu-
tion) between players. Out of these games, the DG is the closest proxy for
“pure” altruism unaffected by other social considerations.

High-T men were found to offer non-significantly more in the UG
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than low-T men by Burnham (2007), and women with artificially raised
T offered significantly more in the UG than those who’d received pla-
cebo (but at the same time, women who believed that they’d received
testosterone offered less than those who believed they’d ingested pla-
cebo). Zethraeus et al. (2009) administered estrogen, testosterone or
placebo to postmenopausal women, and found no effect of sex hormones
on altruism, fairness and trust in several economic experiments, while
Zak et al. (2009) found that men with artificially raised testosterone
levels behaved less generously in the UG. Low-offer rejections in the UG,
often interpreted in terms of fairness preferences but also as aggression,
appeared to be increased by T (Burnham, 2007; Mehta & Beer, 2010),
decreased by it (Kopsida et al., 2016), as well as independent of it (Cueva
et al., 2017).

Such mixed evidence would suggest that the effects of T may be
context-dependent and influenced by other variables. This conclusion is
supported by Inoue et al. (2017), who found that high-T men with a
higher social rank (as maintained in a university rugby team hierarchy)
behaved more dominantly - offered less and demanded more - in the
UG, while high-T men of a lower rank behaved submissively. The au-
thors concluded that high T likely promotes strategic, rank-dependent
social behavior rather than straightforward dominance. A follow-up
study (Inoue et al., 2023) found that high-T men whose status has
risen recently do in fact behave more dominantly. In addition, high T
was also found to correlate with greater parochialism in experimental
games (Diekhof et al., 2014; Reimers et al., 2019; Reimers & Diekhof,
2015).

Proxies of earlier androgen exposure can also be measured to eluci-
date the effects of T on behavior. The second to fourth digit (2D:4D) ratio
is sexually dimorphic and thought to be dependent on prenatal T
exposure (e.g. Manning et al., 1998, Honekopp et al., 2007; experi-
mentally in rats Talarovicova et al., 2009), hence potentially serving as a
proxy of androgen levels in intrauterine development. Lower digit ratios
are thought to indicate higher intrauterine androgen exposure. How-
ever, the ratio may simply reflect shifts along the allometric line — larger
people have a lower 2D:4D ratio (Kratochvil & Flegr, 2009). Or, as
Knickmeyer et al. (2011) suggested, it might at least in early childhood
indicate neonatal T levels rather than prenatal androgen exposure.

Again, some studies found that participants with lower digit ratios
(potentially higher T exposure) were more generous, such as Millet and
Dewitte (2009) in the DG, but exposure to aggression cues inverted the
relationship, and partly Ronay and Galinsky (2011) in a rare face-to-face
UG setting. Other studies, in contrast, found people with lower digit
ratios more selfish, such as Branas-Garza and Kovarik (2013) or Buser
(2012) across several experimental games. However, the latter study
didn’t measure the ratio and only asked the participants whether their
index or ring finger on each hand is longer or of equal length, which
elicited criticism. Others found no effect (Branas-Garza et al., 2019;
Neyse et al., 2020; Parslow et al., 2019). The potential interplay of digit
ratio and actual T levels is also unclear. Van Honk et al. (2012) inves-
tigated the influence of testosterone on behavior in the Public Goods
Game, and found no main effect in either men or women, but there was a
significant effect of interaction of testosterone with the 2D:4D ratio:
Participants with low prenatal T exposure behaved more prosocially
after T administration, while those with high prenatal exposure
exhibited no significant change. The potential effect may not persist
across ethnic groups: In Galizzi and Nieboer (2015), an inverted U-
shaped relationship between DG giving and digit ratio was observed in
European-origin participants, but not across the whole participant pool
or in other single ethnic groups. To add to the complexity of the prob-
lem, Senci et al. (2020) observed a U-shaped relationship of digit ratio
and DG giving in a control sample not primed by social norms, and no
2D:4D ratio effect in their experimental sample primed by prescriptive
norms on generosity, concluding that biological foundation of altruistic
behavior exists, but can be overridden by social norms.

The mixed conclusions and vastly varying experimental designs
using only male or female participants, or both sexes, natural salivary or
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blood T, T administration or indirect cues of T exposure, different
experimental games, situations or questions to assess participants’
altruism, and often specific primings or cues make it nigh-impossible to
reliably generalize the overall effects of T on altruistic behavior. Stanton
(2017) reviewed the effects of T on decision-making in various contexts
(economic, social, ethical, consumer behavior). The reported effects of T
were mixed (mostly either promoting competition and risk-taking, or
null). With caution, it can be concluded that the effects of T depend on
context (such as the respective social rank, ingroup/outgroup status and
sexual or aggression cues, of which little has been investigated thor-
oughly up to date).

1.3. Cortisol: stress response and altruistic decision-making

As a ‘stress hormone’, cortisol (C) can indicate impaired mental and/
or physical health, and has been associated with impeded memory
function, though the duration of the effect, influence of timing and
relationship with acute/basal cortisol levels are not completely clear
(Bermejo et al., 2022; Brunner et al., 2006; Het et al., 2005; Staufenbiel
et al.,, 2013). Its overall relationship with cooperative and other
behavior appears across a range of vertebrate species appears to be
complex, in some cases inverse U-shaped (Raulo & Dantzer, 2018).

Human studies also don’t show a clear linear pattern. Starcke et al.
(2011) compared control and stress-exposed participants’ responses to
hypothetical realistic moral dilemmas with an altruistic and egotistical
reaction option, and while there was no significant difference between
both groups, participants whose C was more elevated after the stress task
exhibited more egotistical behavior.

Vinkers et al. (2013) studied the time-dependent effect of stress —
immediately and with a 75-min latency — on decision-making in the DG
and UG, and found the stressed participants to be less generous (time-
independently) and more prone to altruistic punishment immediately
after stress exposure, but less prone to it than controls after the latency
period. Measured salivary C levels did not correlate with altruism in the
games at any point. A study by Schulreich et al. (2022) corroborated
these results, showing a negative effect of cortisol increase on charitable
donations in the control group as well as the experimental group who
were subjected to the Trier Social Stress Test.

Contrary to those findings, Singer et al. (2017) found that young men
exposed to acute stress via the Trier Social Stress Test behaved more
altruistically in experimental situations. Their C levels correlated posi-
tively with altruism. Sparrow et al. (2019) also found young adults with
higher stress reactivity to be more generous, in this case in the DG.
Interestingly, older adults showed a (non-significant) negative associa-
tion of cortisol and generosity (while in general, older adults were still
more altruistic than young adults, as shown in previous studies (Bailey
et al., 2013, Matsumoto et al., 2016, Nakavachara, 2018, Ogawa et al.,
2018, Pornpattananangkul et al., 2019). Finally, Zhang et al. (2019)
found no effect of stress task-induced salivary cortisol on DG or UG
behavior in women, but found men to behave more altruistically in the
DG with more elevated C.

Schulreich et al. (2022) speculated that the apparent discrepancy
between studies finding an increase or decrease of altruism, respec-
tively, in relation to cortisol levels or their changes might come down to
competing effects of acute stress: impairing mentalizing (comprehension
of one’s and others’ intentions and behavior), while increasing empathy.
The salience of various factors (such as the perceived need of the
donation recipient) might be decisive in which of these opposite effects
becomes more pronounced.

All these experiments, though, concerned cortisol levels after expo-
sure to some form of acute stress, while basal C levels could be more
relevant in the long term. These were studied by Pfattheicher and Keller
(2014), who found that basal C correlated negatively with costly pun-
ishment of free-riders in the Public Goods Game (PGG). Costly punish-
ment is generally associated with altruistic concerns. However, PGG
contributions did not correlate with C levels. The study had male
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participants only.

Self-reported chronic stress, which would be associated with
increased basal C, was found to have no effect of donations in an
anonymous Dictator Game (Ceccato, Kettner, Kudielka, Schwieren, &
Voss, 2018). The role of basal cortisol — more interesting from the
perspective of Triversian reciprocity, as chronic stress negatively affects
memory and expected lifespan — in altruism has received little attention
as opposed to cortisol changes under acute stress, and it remains to be
investigated in more detail. The present study aims to be a part of that.

We are not aware of any C administration studies using the frame-
work of experimental games up to this point, making clearly dis-
tinguishing its effects less simple. However, since high C, especially in
the long term, is linked to stress and potentially impaired health and
chances of long-term survival, we should expect it to correlate nega-
tively with altruism, viewed through the lens of the reciprocal altruism
theory that requires high chances of future interactions and good
memory of previous ones.

1.4. Testosterone-cortisol relationship and the dual hormone hypothesis

The dual hormone hypothesis (DHH), posited by Mehta and Josephs
(2010), suggests that basal T and C jointly influence behavioral traits
associated with aggression and dominance, making high-T, low-C in-
dividuals more dominant and status-seeking, while high-T, high-C in-
dividuals would exhibit more status loss avoidance. Montoya et al.
(2012) reviewed the literature on the role of T and C in reactive
(impulsive) and proactive (instrumental) aggression, including social
dilemmas and games, and found the findings from experimental games-
utilizing studies with endogenous T and C alone or exogenous T sug-
gestive of the above-described interplay of T and C. T seems to promote
aggression and social status-seeking, while C is linked to social with-
drawal, and its high levels can nullify or override the effects of
testosterone.

Denson et al. (2013) investigated the effect of T*C in women on
reactive (retaliative, impulsive) aggression, and observed women with
both high T and C reacted more aggressively when insulted, while low
levels of both hormones predicted more submissive behavior. More in
line with the DHH predictions, Pfattheicher et al. (2014) found that
high-T, low-C corresponded to destructive (antisocial), but not altruistic
punishment in the PGG. In other words, high-T men with low C levels
significantly more punished other players who’d contributed just as
much as they or more in the PGG, but they did not punish free-riders any
more. Neither of the hormones correlated with costly punishment. The
study had male participants only. Behavior that could be interpreted as
antisocial was similarly found in high-T, low-C individuals with chronic
dominance in the Pfattheicher (2017) study, where male participants
played a “reversed DG”, where they could increase their earnings by
decreasing another (dummy) player’s earnings.

Zilioli et al. (2015) studied the effects of T and C on empathy, and
found that high-T individuals with low basal C had lower empathy
scores (in accordance with the folk perception of T as an ‘anti-empathy’
hormone), while the effect was reversed in individuals with high C
levels. Sex differences were observed by Sykora (2018), who found
support for the dual hormone hypothesis in risk-taking in women, but
not men, and not in competitiveness in either sex.

Prasad et al. (2019) found support for DHH when investigating the
interplay of testosterone and acute stress cortisol response on DG offers;
high-T individuals with low C response exhibited most dominant
behavior, keeping most of the endowment for themselves. Men and
women in the study showed similar patterns. In an earlier study using
the UG and the interplay of acute stress-induced cortisol change with
testosterone, though, sex differences were observed in the relationship
of acute stress and “retaliation” (rejecting an unfair UG offer): women in
the high-stress condition were less likely to retaliate than in the low-
stress condition, while men were more likely to do so (Prasad et al.,
2017).
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Both basal and acute cortisol levels may therefore play a key role in
modulating the dominance-seeking effects of testosterone. Moreover,
the dual hormone hypothesis might explain the inconsistency in re-
ported effects of T and C in studies investigating only one of these
hormones. The DHH-framework studies outlined above also show the
importance of differentiating between various behaviors of a single
category (impulsive/reactive v. instrumental/proactive aggression in
Denson et al. (2013) and Pfattheicher et al. (2014)) and highlight the
role of sex.

A review and series of studies by Grebe et al. (2019) suggest that the
majority of published studies are underpowered to detect a T-C rela-
tionship with behavioral traits. Their seven independent studies showed
no T*C effects, and only a weak effect of T on status-seeking. They point
out, however, that social environment context should be investigated
with regard to the dual hormone hypothesis (where single-sex or mixed-
sex settings could play a role, and opponent status cues may influence
the realized behavior (Knight et al., 2022)). Dekkers et al. (2019) per-
formed a meta-analysis of 30 papers investigating the DHH, yielding
tentative support to the hypothesis (at least where social status is con-
cerned). The effects seemed to be stronger in men. However, further
studies are needed to elucidate the subject, which we’re hoping to
contribute to.

In the present study, we investigated the relationship of basal T and C
(measured from salivary samples) with altruism in the DG. The majority
of previous studies suggest that high-T, low-C individuals exhibit more
dominant and status-seeking behavior, but the T*C connection with
altruism remains far less clear, therefore we aimed to fill this gap.

2. Methods
2.1. Participants and experimental procedure

The experiments were conducted at the Charles University in Prague
in June and July 2018 (for male participants) and 2019 (for female
participants). Participants were invited through Facebook. A maximum
of 18 enlisted participants could attend one session, and in total, 158
people participated (all central-European, 74 men, 84 women, mean
age = 29, median of age = 28, SD = 9.3). The sessions took place in late
afternoon only, always with same-sex heterosexual participants and al-
ways at the same time and the same season, in order to minimize the
noise of diurnal and seasonal fluctuation of hormonal levels.

On site, the participants were greeted at the reception and led to the
computer lab (each to their own station divided by partitions), where
they read and signed their informed consent and experiment guidelines.
Their saliva was collected into salivettes by passive salivation (rolling a
swab in their mouth for three minutes). They were aware that C and T
levels will be measured in the samples. After the salivettes were recov-
ered by the experimenter, they could begin the online questionnaire
including the Dictator Game and general demographic questions (sex,
age, education, socioeconomic standing). Other variables (self-reported
number of sexual and romantic partners, short personality survey,
health, temporal discounting and risk-taking, Ultimatum Game
behavior) were measured for a related study (Novakova et al., 2021);
optional participant photographs (to be used in a later study) were also
taken for a future study after the questionnaire was completed.

The DG was played for 400 tokens translatable into 40 CZK (roughly
2 USD). The participants were first presented with the rules and truth-
fully told that they would be randomly matched with another person in
the room and that their earnings at the end of the experiment would
reflect the game outcome. Before playing, the participants answered a
control question to assess whether they understood the rules of the game
correctly, and a question about having any previous knowledge of either
DG or UG (from lectures, literature etc.). Finally, the participants were
individually informed about the goal of the experiment and paid their
reward gained in the experiment, with the opportunity to gamble in a
die roll for a greater reward.
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2.2. Saliva treatment and analysis

All saliva samples were stored in salivettes in a freezer with —20 °C
until radioimmunoassayed for T and C levels at the Institute of Endo-
crinology in Prague. For the full methodology see Flegr et al. (2008). In
case of insufficient sample volume, only T assays were done, since T
effects were expected to play a more substantial role in altruism, based
on literature review. Insufficient material for analysis of either hormone
was found in four women and ten men. Only T was analyzed two women
and eleven men, and only C (where the amount of saliva for T analysis
was found insufficient at a later stage) in two women (no men).

2.3. Statistical analysis

We have conducted a Bayesian data analysis and model comparison
to assess the relationship between hormonal levels and altruism.

Sex (as an index variable with two levels), Testosterone, Cortisol, and
the interaction between Testosterone and Cortisol (as a T/C ratio) were
considered as potential predictors of the amount given by the partici-
pants in the DG. Logarithms of hormonal levels and the logarithm of T/C
ratio were used to avoid the measurement’s arbitrariness and other is-
sues connected to raw T/C ratios raised by Del Giudice & Gangestad
(2022). The logarithmic scale emphasizes the importance of the relative
increase (i.e. 10% increase in the T level) over the absolute increase (i.e.
1 particle/mol). Base 1.1 was used for all logarithms to create an intu-
itive predictor scale with 1 unit representing a 10% increase. Logarithms
were standardised before the analysis to allow for easy assignment of
priors to model parameters. Still, despite being made on logarithmic
scale, some predictions are visualised on the original scale to allow for a
straightforward interpretation. In addition, because some studies that
aim to evaluate the dual hormone hypothesis work with a more con-
ventional interaction term, the T*C product, we include results of
alternative analysis that works with the product instead of the ratio in
Supplement S11.

To avoid the omission of non-trivial relationships, we fitted a broad
set of models on the data. Each continuous predictor could enter the
analysis in 6 levels of increasing complexity: 0: No association between
the predictor and the altruism, 1: Linear relationship, 2-5: Spline model
of a given order (order 2 utilised linear, order 3 quadratic, 4-5 cubic B-
splines with nodes aligned with appropriate quantiles; see Supplement
S1 for spline visualisation and further introduction of the method).
Splines were constructed using the bs( ) function from the “splines”
package (RCoreTeam, 2019). We used splines instead of more common
polynomials, because spline-defined functions cover more versatile set
of curves in the acceptable minimum-maximum boundaries for the same
number of parameters as compared to polynomials, and because all
parameters corresponding to spline weights are advised to have the
same prior distribution, unlike slopes multiplying higher order poly-
nomials (see also McElreath, 2020 for further discussion on Bayesian
spline models).

A similar approach was recently brought forward as specification
curve analyses by Simonsohn et al. (2020) who, however, work in the
frequentist framework and explicit hypothesis testing. Our approach
combines multi-model inference common in the Bayesian framework
with model comparison and spline curve specification.

Sex could have a null relationship with the altruism (i.e. there was a
common intercept parameter for men and women), or influence the
altruism baseline (i.e. there was a separate intercept by sex), or interact
with continuous variables (i.e. each slope or spline weight had a sepa-
rate value for men and women). Thus 647 models were created (6 x 6 x
6 x 3-1; because the by-sex intercept and slope models without hor-
monal predictors represent the same structure). Models’ out-of-sample
predictive accuracy was compared using WAIC (Widely Applicable In-
formation Criterion) and the resulting weights.

w; = e 058 /Zj @054
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where A; represents the difference between ith model’s WAIC and the
lowest WAIC in the set (McElreath, 2020).

It is well known that the dependent variable (donation in the DG) has
a challenging distribution. There is an overrepresentation of people
donating exactly half of the entrusted money (200 tokens = 20 CZK),
and the distribution is constrained by the budget (0-400 here). We have
selected a mixture distribution reflecting this fact, a middle-inflated
beta-binomial distribution. There are two multiple logistic regressions
with the same predictors and model terms in each model. Parameter
values in these regressions are, however, independent. First regression,
linked to a probability term p in a simple binomial distribution, decides
the “middle inflation”; whether or not the participant donates the exact
half of the money regardless of other regression terms. The second
regression uses the standard beta-binomial distribution with N = 400, a
=ux0,p=(1-u)x0asalikelihood function. (The expected proportion
of the budget donated () and the overdispersion (¢) around this mean.
These parameters are sufficient to model discrete values between 0 and
400.)

The regression terms are linked to the log-odds of p and u. Parameter
6 is assumed to be constant and independent of sex.

We used weakly regularised unbiased priors in all models. Prior
distributions of regression parameters, both intercepts and slopes, were
characterised by normal distributions N (mean = 0, sd = 2). The poste-
rior distributions were extracted using the Hamiltonian Monte Carlo
sampler Stan (StanDevelopmentTeam, 2021) called by the rethinking
stan() infrastructure (McElreath, 2020). All compared Stan models were
built by a bespoke compiler. All data and computer code used in the
analysis are available at https://osf.io/pwztm/.

3. Results
3.1. Descriptive statistics

3.1.1. Dictator game

All 158 responses were valid: the participants finished the experi-
ment and correctly answered the control question for assessing whether
they understood the game. The mean amount allocated to another
player in the DG was 154.4 out of 400 tokens (~38.6%), median 200
(50%), sd 76.2. Women gave on average 165 tokens, men 142.4 tokens.
Previous knowledge of the DG or UG had no statistically significant ef-
fect on participants’ behavior.

3.1.2. Testosterone

For 16 of the 158 participants, testosterone levels could not be reli-
ably measured due to the small volume of extracted saliva. In the 142
remaining ones, the mean testosterone level was 0.566 nmol/]1 for men
(sd = 0.341), and 0.667 nmol/1 for women (sd = 0.222). Two men had
very low testosterone levels (together with one woman they were
marked as potential outliers, i.e. influential points, on the logarithmic
scale), therefore we decided to re-run the analysis without the three data
points. The results did not change (see Supplement S10). The two men
were, however, not enough to drag the whole male mean down; the
whole distribution of testosterone values in men resembles the distri-
bution of T values in women, just shifted by approx. 0.1 (see raw data
distributions in Supplement S9). We discuss the observed difference
further in Discussion.

3.1.3. Cortisol

Cortisol levels were available for fewer participants (N = 131), due to
the insufficient sample volume for both T and C assays in some cases.
The mean C level was 2.250 nmol/l for men (sd = 1.550), and 2.900
nmol/1 for women (sd = 1.250).

3.1.4. Testosterone-cortisol ratio
For participants with both T and C levels measured, T/C ratios were
computed. The mean ratio level was 0.33420 for men (sd = 0.383), and
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0.28625 for women (sd = 0.231). (Also see the comparison of raw
hormonal levels, interaction terms, and their logarithms in Supplement
S9.)

3.2. Models of T/C association with altruism

Biological sex and hormonal levels together influenced the expected
donation in the DG. Models that contained separate intercepts and
slopes for each sex offered a much better out-of-sample predictive ac-
curacy (total weight = 0.79) than models with common slopes (total
weight = 0.21) and models independent of sex (total weight = 0.00).

1st tertile cortisol

2nd tertile cortisol
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Out of the 100 best models, 77 were models with the interaction be-
tween sex and hormonal levels, 23 had at least by-sex intercepts. 100
worst models were exclusively models without the effect of sex. This can
be interpreted as participant sex playing a key role in predicting altru-
istic behavior.

The best model (slo_051) combined the complicated relationship
between log(C) and DG donation (fifth-order spline structure) with a
straightforward linear effect of log(T/C) ratio (Fig. 1, see Supplement S3
for the posterior distribution of model parameters). Although non-
trivial, C-related changes in the mean donation seem to be represented
faithfully by this curve. In the first 39 models, the relationship between
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Fig. 1. Predictions of the best model. The dashed vertical lines in the two upper rows indicate positions of the respective tertile means in complementary panels. The
raw data in these rows are limited to tertiles in panel titles. In the predictions from the perspective of T/C ratio, all raw data points are included (women shown in
orange, men in blue). The counterfactual value in the top left corner was held constant to produce predictions of change in donation with the x-axis in each panel (e.g.
if the T was held median, only C values varied to produce desired T/C ratios). The additional T/C ratio axes by tertiles in top two rows are added for easier
interpretation of the interaction term, which changes with both T and C. They allow to read all panels as having T/C ratio on the x-axis (the mean value for each
respective tertile is used to calculate corresponding T/C values for each x-axis tick). The solid lines represent mean predictions, and the semi-transparent corridors
span 89% compatibility intervals based on 10,000 samples from the posterior distribution. To see the inverse visualisation with hormonal levels logarithms and the
ratio on the original scale, see Fig. S4. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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C and donation is either the above-mentioned fifth-order spline (25
models), or none (14 models). The best simpler model can be found on
position 40 (slo_220), and even the best model using just cortisol to
predict altruism suggests the more complicated relationship (slo_050,
29th best model). Although the null C models fall second (total weight
0.28), it is improbable that the relationship is non-existent and we
identified a false pattern. It just means that no simple curve can faith-
fully represent the relationship over the whole recorded cortisol range.
The null model minimises the risk of overfitting, but at the expense of
overall low accuracy. In overall, the models with by-sex slopes and fifth-
order B-spline structure for log(C) predictor have an accumulated
weight of 0.47. Given the predictive accuracy and the comparison to
other models, the best model can be interpreted as realistically capturing
the complex hormonal influences.

The cortisol-altruism relationship can be described as U-shaped, with
U-reversal at the very beginning of the detected C range (i.e. incomplete
M-shaped in women and incomplete W-shaped in men; see Fig. 1, and
also Figs. S17, and S18, with the results of models that fall second and
third in the comparison). Both men and women with very low C levels
are predicted to donate similar amounts. Then, the donations rise
sharply in women and decrease in men to decrease, respectively rise
again to a similar amount around the mean of the third tertile. The lines
reach plateaus of high donations in women and low donations in men for
extremely high C values. Due to the limited sample size, however, the
compatibility intervals around the extreme ends are very wide, and one
shall be cautious in their interpretation. The concave profile of the curve
characterising women donations up to the third tertile and the convex
profile of donations by men do seem well-grounded.

With increasing T (either relative to C or absolute, depending on the
model, because, to some extent, these variables are interchangeable),
men’s donations increase, while women’s donations decrease (Fig. 2).
Parcellation of the model into two logistic regressions brings little new
information. If the donation is expected to rise according to the beta-
binomial model’s central tendency u, so does the probability of
donating the exact half of the budget p (see Supplementary Figs. S9-
S18). That is because the fair share represents a very generous offer. This
conclusion was not hard-wired in our model; the parameters of the re-
gressions were independent. The fact that the general patterns agree is a
good sanity check. It suggests that despite a complicated mixture

o
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g _| low testosterone medium testosterone high testosterone
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predicted donation
200
|

= T T 1 | T 1
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cortisol

Fig. 2. Aggregated prediction based on posterior distributions of the 10 best
models. The density plots depict the complete distribution of mean donation
prediction, including sample variation within each model. The shaded rectan-
gles span 89% of the posterior distribution means. White points indicate grand
means of the posterior distribution means. Low, medium, and high levels
correspond to mean values per 1st, 2nd, and 3rd tertile of data distributions.
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distribution, decisions whether or not to split the budget equally and
how much to donate otherwise are not governed by fundamentally
different underlying processes in participants’ minds.

T performs better as an isolated predictor than C (models with only T
have a cumulative weight of 0.08, C-only models just 0.03, models using
only T/C ratio have a cumulative weight of 0.07). The best model using a
single hormonal predictor employs two T splines (model slo_200, overall
5™ best model; see Supplementary Fig. S19 for the visualisation: the
function is growing, respectively declining over the whole T range, the
first spline only moderates the increase, respectively decrease of the
donation).

If testosterone is given enough space to interact with cortisol in men,
an interesting pattern emerges. The positive effect of T on DG offers is
most pronounced if C is sufficiently low. For higher C values in men, the
relationship between T and generosity gets slightly flattened or, possibly
even reversed (see, for instance, the testosterone-perspective plots in the
alternative models with log(T*C) product in Supplementary Fig. S32.
The best log(T*C) model WAIC = 934.53 was even slightly better than
the best log(T/C) model WAIC = 936.48). Caution, however, is advis-
able when interpreting this interaction, because of the relatively low
number of men with high C and T values (notice wide 89% ClIs of pos-
terior mean — shaded rectangles — in high-C men in Fig. 2).

The overall best model with T/C ratio suggests that the interaction
may be non-trivially present in the effect of the choice to split the budget
in half in women (see parameter estimates in Supplementary Fig. S6).
Women with higher log(T/C) are expected to show lower probability of
splitting the budget in half, while the continuous effect on the donation
otherwise does not show conclusive difference from 0. Further studies
should aim to replicate our effort to faithfully reproduce the mixture
distribution present in DG offers to support or revise such subtleties in
how hormonal levels are translated to realized signs of generosity.

Outside of extreme values, the set of models agree well that between
means of the first and the third tertile of T levels (see the dashed vertical
lines in Fig. 1 that indicate by-tertile means), the expected donation
declines with increasing T in women and rises with increasing T in men.
The effect of C between the respective tertiles is similar in women; they
donate conclusively less with higher C, unlike men.

The aggregated donation predictions for tertile-mean combinations
based on the set of 10 best models (Fig. 2) is in accord with this finding
(see Fig. S5 for their overview). As T increases, men donate more and
women less. Women’s donations tend to decrease with increasing C. In
contrast, men’s donations do not respond strongly to this hormone’s
changes, perhaps except for the moderating effect of C on the effect of T
(which is most pronounced when C is low as described above). These
effects are preserved even if we use the 100 best models instead of 10
(see Supplementary Fig. S20, see Fig. S21 if you prefer plot alignment
with alternating T levels).

These reported effects of hormones are robust, even though the
model omitting hormones’ effects scored relatively high (see Supple-
mentary Fig. S4, look for model int_000, 10th best model overall, the
relative weights of the best model slo_051 and this one are 0.68 and
0.32).

If we disrupt the relationship between hormones and donation by
randomly shuffling the vectors holding T and C values, we arrive at a
completely different picture (see Supplement S6). Models using separate
intercepts and slopes for each sex no longer cluster at the beginning of
the models’ weight comparison; they become interchangeable with
models predicting donations using common slopes. Furthermore,
models with a low number of splines are much favoured over the com-
plex models, which is not the case in the actual-data comparison in
Fig. S4 (this difference between the empirical and the scrambled dataset
is too large to be attributable to the sampling variation, see Supplement
S7).

The difference in donation between men and women, regardless of
the hormonal levels, is well established. The null model (no_000) is at
the end of the overall comparison. The weights in a simulation, where



J. Novakova et al.

hormonal levels and sex labels are randomly permuted (Supplement S6),
suggest the reversal of the predicted out-of-sample accuracy than re-
ported in Fig. S4 (see Fig. S23).

Still, there is a lot of unexplained variation in altruism even after sex
and hormonal balance are accounted for. The # characterising the
overdispersion of donation around the predicted budget allocation is
1.93 [89% CI 1.42-2.52] according to the best model, which suggests
relatively evenly spread beta distribution (higher 6 correspond to the
tighter distribution of probability density). The WAIC of the best model
is 936.49, and the WAIC of the worst model is 957.05, while the esti-
mated standard error of the best model’s WAIC is 66.50. That signals
that even the best model does not perform much better than the worst
model in the set. It is the huge overdispersion that causes it (see Sup-
plement S8), indicating there is still a lot of variation to explain. Put
simply, the best model likely captures the real complexity of T and C
influences on DG donations, but explains only a small variance in the DG
donation distribution. Future studies should also investigate the mutual
relationships of other physiological or neurological correlates. Never-
theless, our results suggest that the interaction between hormonal levels
and sex is an integral part of any model aiming to predict donation in the
DG precisely.

4. Discussion

Consistently with previous studies (see the Engel, 2011 meta-study),
women in our sample were more generous in the DG than men. We
observed that DG allocations consistently declined with increasing T in
women and rose, albeit less steeply, with higher T in men. The rela-
tionship between altruism and C was more complicated, roughly N-
shaped in women and U-shaped in men, again across all tertiles of T
levels; but it can be approximated that women contributed less with
rising C levels, while men exhibited a weaker opposite pattern (see
Fig. 2) — this is what happens between the mean value of the first and
third tertile.

According to the dual hormone hypothesis, behavioral patterns
commonly associated with high T tend to be more pronounced in in-
dividuals with low basal C. The results we observed do not neatly fit this
interpretation due to the nontrivial shape of the relationship of C with
altruism; high-T and low-C, but to some extent also high-C men as
opposed to median-C men behaved more generously in the DG.

While T, especially in men, is often thought to promote aggression
and selfishness (more or less suggested also by the studies of Zak et al.,
2009, Diekhof et al., 2014, Inoue et al., 2017, Reimers et al., 2019), the
actual reality appears more complicated. In fact, high-T men in our
sample donated more than low-T men (especially if they had low C
levels), more in line with Burnham (2007). The dual hormone hypoth-
esis suggests that high T (combined with low C) should be linked to
social status-seeking and aggression, and high C to social withdrawal
(modulating the effect of T on status-seeking).

In our study, greater altruism in high-T men could be interpreted in
terms of status-seeking and status display, which corresponds to Durkee
et al. (2020) findings that benefit-generation predicts status allocation
cross-culturally, whilst cost-infliction only predicts status weakly or not
at all. Interestingly, this interpretation is at odds with Inoue et al. (2017,
2023), who found high-T men to offer less and demand more in the UG,
and Pfattheicher (2017), where high-T, low-C dominant men took more
in a reversed DG. While the UG and reverse-DG can be compared to the
DG only with caution, these findings and their interpretation invite the
question: Is altruism a signal of dominance, or submission?

We suspect that the answer would be very much context-dependent,
and that the question itself, asked without adding “under conditions...”,
may be much too simplified to elicit any truly useful answers. It would
be useful to view both the hormonal influences on altruism and its ul-
timate benefits more in the view of life histories (and thus varying costs
and benefits), both within- and across studies (Roney, 2016).

If we interpret our results in light of broadly generalized mate choice
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and seeking strategies between the sexes — where men are more likely to
showcase the abundance of resources and women to look for these sig-
nals (e.g. Todd et al., 2007; Waynforth & Dunbar, 1995; Wiederman,
1993), it makes sense that the proximate mechanisms of hormonal in-
fluences on altruistic behavior should differ by sex, shaped by different
ultimate causes, here status display (relevant for mate attraction and
intra-sexual competition) for men.

A single study, of course, cannot bring any strong conclusions about
the evolutionary origins of human altruism. It can, however, represent
one important piece of the whole puzzle of factors contributing to the
evolution of altruistic behavior. The data-driven approach that we
employed revealed an interesting pattern that invites both further
theoretical development and empirical replication.

There were several potential limitations to the study. In our sample,
puzzlingly, women had higher mean T levels than men. A plausible
explanation is that salivary T correlates closely with serum T in men, but
not necessarily in women (Shirtcliff et al., 2002), making this a possible
limitation. Higher salivary T for women may reflect relatively lower
serum testosterone, since the linear regression equations for serum and
salivary T differ (Salimetrics, 2019). Fiers et al. (2014) raise concerns
about salivary T comparability to serum T levels and its difference be-
tween the sexes, where women had relatively raised salivary T
compared to serum T — a fact which may explain the difference observed
in our study.

In general, observed salivary T-behavior connections in men should
be treated as reliable, in women with some caution. Although salivary
testing of T in women was considered reliable based on multiple results
(e.g. Baxendale et al., 1982; Dabbs Jr, 1990), later studies showed that it
could reflect serum levels poorly (Fiers et al., 2014; Flyckt et al., 2009),
indeed to such an extent that some authors warned before using it to
estimate women’s T levels (Davison, 2009). High circadian variability
with episodic fluctuations exceeding the typical morning maxima was
detected by Al-Dujaili and Sharp (2012). Age may have played a role as
well, since T levels drop with age in both sexes to a similar relative
degree, but the absolute decrease is much greater in men (Keevil et al.,
2017). Inter-laboratory differences may also exist, although results from
multiple labs tended to be fairly in agreement in Dabbs Jr et al. (1995).
Lastly, the method of collection may have influenced the measured T
levels, especially in women; Prasad et al. (2017) found that when using
salivettes, there “was inflation of testosterone values at the lower end of
the distribution (ostensibly in female participants)”. While the salivette
cotton swab technique and passive drool collection exhibited close
correlation between measured hormonal levels in their study, it cannot
be excluded that the collection technique may have inflated the
measured T levels in women in our study. Moreover, while cotton swabs
and passive drool lead to very similar mean measured cortisol levels,
some studies indicate that the within-participant correlation may be low
(Kozaki et al., 2009), as some molecules contained in cotton may have
cross-linking with assay antibodies, and the cotton might absorb some of
the cortisol. However, as Kozaki et al. (2009) conclude, all hormonal
collection methods may introduce their own noise and potentially bias.

Salivary testosterone corresponds to bioavailable testosterone more
than serum T levels do, which is why we chose this collection method,
but it is very dependent on the experimental conditions, as outlined
above. It’s possible than women adhered more to the pre-experimental
instructions to drink more water before coming to the experimental
session and to salivate on the swab in their mouth for the whole three
minutes’ duration of saliva collection. That could also explain why
women’s testosterone results measured on average higher. In women,
there were also fewer samples where the swab contained too little ma-
terial for both T and C assays, which would support this potential
explanation.

We must stress that this result, while puzzling, doesn’t constitute a
major problem for the aims of the current study, since the Bayesian
analyses were done separately for men and women. One important take-
away for future studies is that separate sessions for different participant



J. Novakova et al.

groups should not be held, because the effect of the session (despite the
carefully maintained identical conditions of the session room, time of
day, time of year, instructions, researchers on-site and material equip-
ment) may potentially override the effect of treatment.

Given the more debatable comparability of salivary and serum T
levels in women and possibly raised salivary T (as compared to serum T)
in women relatively to men (Davison, 2009; Fiers et al., 2014; Flyckt
et al., 2009), we suspect that more studies arriving to similarly peculiar
results may have been conducted, but possibly unpublished due to
publication bias and concerns over data reliability. If that is so, their
publication is desirable in order to achieve greater reliability and
replicability in future studies.

Another potential limitation could be that only a single measurement
of C and T levels was done for each participant, making it potentially
prone to fluctuations. However, the experiments were conducted always
at the same time of day and season of the year, and all the participants
received the same instructions beforehand (that they should only come
if healthy, go to sleep at their usual time the previous day, avoid overt
stress or physical exertion before the experiment, drink enough water
and avoid consuming food and flavored drinks at least an hour before
the start of the experiment). Any out-of-the-usual hormonal fluctuation
in our sample should therefore only introduce noise, but no systematic
error.

Finally, while the stakes were only approx. 2 USD, a recent meta-
analysis of stake size in DG and UG found no effect of stakes on the
offer size in UG and a statistically significant, but practically very small
effect in DG (Larney et al., 2019), although it cannot be excluded that
some effect might exist within the context of hormonal levels.

To summarize, our findings provide tentative support for the dual-
hormone theory, where high-T men (especially if also low-C) may ex-
press their dominance through altruism as a status signal. This finding is
not that surprising given different mate choice strategies across sexes,
especially pertaining to resource signaling (Todd et al., 2007; Waynforth
& Dunbar, 1995; Wiederman, 1993).

Further studies and meta-analyses are sorely needed to ascertain the
hormonal effects on altruism (including predictions made by different
ultimate explanations of altruism) and the role of the dual hormone
hypothesis. The current evidence remains mixed, but differences in
study design (e.g. measuring salivary, blood or hair cortisol or testos-
terone; working with endogenous hormone levels or using hormonal
administration; putting the participants in either the role of proposer or
responder in a given game, or both; using experimental games or other
measures of altruism; anonymous or face-to-face setting in the game;
hypothetical or real stakes, and their value; mentioning specifically
testosterone before the experiment, etc.) may be responsible for some of
the observed differences, highlighting the need for carefully constructed
meta-analyses and for far more replication studies. For studying rela-
tively easily measurable proxies of androgen exposure, such as the digit
ratio, large-scale studies such as Neyse et al. (2020) are preferable. For
measuring hormonal levels directly, this is of course not attainable due
to the cost of obtaining and analyzing the samples, and future meta-
studies and replications can at least partly overcome the resulting
small-sample issues.

The findings ascertained here will hopefully contribute to untangling
the current enigma of hormonal influences of altruistic behavior, which
appears to be complex and often situationally-dependent. Our results
show that both high T and C were related to lower generosity in women,
while the relationship of T ran in the opposite direction in men, where it
was further modulated by the levels of C in a complex pattern. This
outcome tentatively suggests that altruism could be interpreted in terms
of status-seeking and display, in line with earlier findings of Durkee et al.
(2020) that benefit-generation rather than cost-affliction leads to higher
status allocation. However, further research is needed to test these
conclusions more thoroughly and in a greater variety of contexts and
methods, such as mixed-sex groups or higher stakes.
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