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Abstract
Objective Organizational hormone effects on the human brain and behavior are 
often retrospectively assessed via morphological markers of prenatal (e.g., 2D:4D 
digit ratio) or pubertal (e.g., facial width-to-height ratio, fWHR) hormone expo-
sure. It has been argued that markers should relate to circulating hormones particu-
larly in challenging, dominance/status-relevant situations. However, meta-analytic 
research indicates that fWHR, a frequently used pubertal marker, is neither reliably 
sex-dimorphic nor related to steroid hormones. This casts doubt on fWHR’s validity 
for reflecting hormone levels. Ulna-to-fibula ratio (UFR), an alternative, long-bone-
length-based pubertal marker, is sex-dimorphic and associated with dominance 
motivation. However, its hormonal associations were never tested before. We there-
fore explored UFR’s relationships to baseline and reactive hormone levels.
Methods We measured ulna and fibula length as well as shoulder/waist/hip circum-
ference of 81 participants (49 women; after exclusions) via anthropometry. Salivary 
hormone levels (estradiol, testosterone) at baseline and after a gross-motor one-on-
one balancing contest were measured via radioimmunoassay.
Results We replicated UFR’s dimorphism, unrelatedness to height, and correlations to 
other putative markers of organizational hormone effects. On an exploratory basis, we 
found UFR to be related to overall baseline testosterone and to competition-induced 
reactive surges in steroid hormones (estradiol, testosterone) overall and in women.
Conclusions Our results hint at UFR’s relationship to baseline testosterone and may 
indicate functional connections between outcomes of pubertal organizational hormone 
effects and contest-induced steroid reactivity. Pubertal organizational hormone effects 
may prepare the endocrine system for dominance and status contests. However, the 
small sample and the exploratory nature of our research demands replication.
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Introduction

Status changes (i.e., gains, losses) and dominance contests are functionally related 
to steroid hormones (e.g., Mazur, 1985) and the hormones relevant to female (estra-
diol; Stanton & Schultheiss, 2007) and male dominance (testosterone; Schultheiss 
et al., 2005) seem to differ. One possible origin of the hormonal mechanisms accom-
panying dominance contests may be found in outcomes of developmental hormone 
exposure preparing the endocrine system for challenge situations (Manning et  al., 
2014). Extending on this idea, this study explores relationships between ulna-to-fib-
ula ratio (UFR), a potential indicator of pubertal steroid exposure (Köllner & Bleck, 
2020), with baseline levels and contest-induced surges of estradiol and testosterone.

Organizational Hormone Effects

Hormones not only have transient activational effects, but also organizational hor-
mone effects, lasting influences of steroid hormones on brain and behavior during 
mammalian development (for review, Arnold, 2009). While organizational hormone 
effects were first found for prenatal development (e.g., Phoenix et al., 1959), recent 
research made clear that there is at least one additional organizational developmental 
stage where neuronal plasticity and elevated hormone levels again coincide: puberty 
(e.g., Schulz & Sisk, 2016, especially fig.  1; cf. standard textbook by Nelson, & 
Kriegsfeld, 2017). Growing evidence suggests that this is also true for human devel-
opment (Doll et al., 2016: male phenotypic masculinization; Shirazi et al., 2020b: 
GnRH deficiency; Shirazi et al., 2020a: visuospatial cognition). In addition, indica-
tors of organizational hormone effects during puberty are meta-analytically related 
to dominance behavior and aggression (Geniole et al., 2015; Haselhuhn et al., 2015).

Morphometric Markers of Organizational Hormone Effects

In research involving human participants, organizational hormone effects on brain 
and behavior are mostly retrospectively approximated via morphological markers of 
prenatal (e.g., digit ratio of second and fourth digit, 2D:4D; Manning et al., 2014) or 
pubertal (e.g., facial width-to-height ratio, fWHR; Carré & McCormick, 2008; for 
the use of the term “marker”, see Hönekopp et al., 2007) steroid exposure (see also 
bone length research by Martin & Nguyen, 2004).1 In short, proponents of mark-
ers assume simultaneous organizational hormone effects on (a) brain (and thus adult 
behavior) development and (b) the steroid-driven growth of hormone-sensitive body 

1 The marker approach is used by many scientists due to its low costs, non-invasive nature, and the pos-
sibility to include it in cross-sectional designs and studies involving healthy adults. Of course there are 
other methods to assess organizational hormone effects on the human brain, most prominently compar-
ing individuals with endocrine conditions to unaffected individuals (e.g. congenital adrenal hyperplasia, 
Beltz et al., 2021; complete androgen insensitivity syndrome, Hamann et al., 2014; isolated gonadotro-
pin-releasing hormone deficiency, Swift-Gallant et al., 2021; Shirazi et al., 2021; Shirazi et al., 2022) and 
also methods involving otoacustic emissions (McFadden & Pasanen, 1998) or auditory evoked potentials 
(McFadden & Champlin, 2000).
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dimensions during a developmental stage like the prenatal period or puberty. If these 
body dimensions do not experience further change after the end of a given develop-
mental stage, marker-behavior-relationships in adulthood may reflect organizational 
hormone effects on brain development (cf. Hönekopp et al., 2007).

The marker approach has sparked an ongoing debate in behavioral endocrinol-
ogy. Taking 2D:4D as an example, this ratio was criticized for replication prob-
lems (Leslie, 2019) and the practice of some researchers to atheoretically correlate 
it with a multitude of outcome measures (McCormick & Carré, 2020). However, 
large genome-wide association studies (Warrington et  al., 2018) and solid experi-
mental findings from animal research (Zheng & Cohn, 2011) nevertheless support 
the assumption that 2D:4D reflects prenatal hormone exposure (e.g., Swift-Gallant 
et al., 2020).

Markers of pubertal organizing hormone effects suffer from even less corrobo-
rating research being available (aside from some promising recent findings; Doll 
et  al., 2016; Shirazi et  al., 2020a, b). In particular, recent meta-analytic research 
indicates that fWHR, a frequently used possible pubertal marker, is neither reliably 
sex-dimorphic (Kramer, 2017; but see Köllner et al., 2018) nor related to baseline 
steroid hormone levels nor to contest-induced hormone reactivity (Bird et al., 2016), 
casting doubt on its validity for reflecting hormone levels (but see Welker et  al., 
2016a, for a low-powered finding possibly hinting at fWHR’s relationship to puber-
tal testosterone in Tsimane men).

Lacking sexual dimorphism is unacceptable for a marker of organizational hor-
mone effects: If a marker does not even reflect the large between-sex differences 
in developmental hormones (Ober et al., 2008), it is unlikely to reflect more fine-
grained within-sex differences between individuals (cf. Köllner et  al., 2022b). 
Above that, fWHR’s simultaneously lacking hormonal associations are problematic 
for two reasons. First, sex-steroids rise markedly during puberty, the time at which 
fWHR emerges (Weston et al., 2007), and stay high afterwards until at least middle-
adulthood (see fig. 1 in Ober et al., 2008, with steroids rising to a several-decades-
lasting plateau around the time of puberty; cf. Dimitrakakis & Bondy, 2009, for a 
similar trajectory of steroid levels across the female lifespan). Thus, based on the 
overall lifespan trajectory of steroid levels, continued associations between a puber-
tal marker and circulating baseline hormones in adulthood may potentially be plau-
sible, even though we are not aware of any longitudinal research on the individual 
stability of high pubertal hormone levels into middle adulthood.2 Second, and most 
importantly, organizational hormone effects may prepare the adult endocrine system 
for adaptive functioning in sexual and competitive, status-related, or dominance-
related encounters (cf. Manning et  al., 2014). If this should be correct, then we 

2 However, it may also be the case that individuals with high numbers of or more sensitive androgen 
receptors compensatorily produce lower levels of androgens later in life. This in turn would reduce or 
even change the sign of correlations between adult hormone levels and pubertal markers. While for 
example the Odense Androgen Study (Nielsen et al., 2010) did not find negative associations between 
CAG repeat polymorphism and circulating androgen levels in young men, we nevertheless cannot refute 
this alternative view completely and stress that our study is explorative in nature.
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would expect especially clear-cut connections between a pubertal marker and the 
magnitude of contest-induced hormone reactivity. Indeed, the competitive domain 
of sports is one of the areas which meta-analytically demonstrated the most substan-
tial relationships to a marker of organizational hormone effects to this date (2D:4D; 
Hönekopp & Schuster, 2010). Simultaneously, organizational hormone effects seem 
to be related to steroid level spikes in response to sport competitions (2D:4D asym-
metry; Kilduff et  al., 2013), which provides a preliminary empirical basis for the 
above-mentioned expectations.

The Ulna‑to‑fibula Ratio

Given fWHR’s lacking hormonal associations, and consequently, also lacking sex-
ual dimorphism, alternative markers should be identified. An alternative possible 
pubertal marker using bone lengths is UFR, the ratio of forearm length (measured 
from the ulna) to lower leg length (measured from the fibula). In general, pentadac-
tyl limbs should provide rich potential sources for markers of developmental sex 
steroids: Manning (2002) suggests that there is a hox-gene-controlled developmen-
tal link between the reproduction-relevant urogenital system and limbs in vertebrate 
evolution.

UFR is sexually dimorphic, with men displaying longer forearms (cf.Knight, 
1991; Tanner, 1990) relative to their lower legs than women (Köllner & Bleck, 
2020). UFR was sex-dimorphic (male > female), unrelated to overall body height 
(and thus no artifact of overall between-sex size differences; cf. Leslie, 2019), 
related to other potential markers of organizational hormone effects, and associated 
with dominance motivation in two studies (Köllner & Bleck, 2020; N = 126; Köllner 
et al., 2022b, N = 250).

UFR focuses on long bone growth, which is the target of pubertal organizational 
hormone effects of testosterone and estradiol (e.g. Vanderschueren et al., 2004; cf. 
Cutler, 1997; Juul, 2001, for details regarding biphasic sex-steroid-effects on puber-
tal bone growth). The sex-dimorphic ratio of ulna and fibula, two ontogenetically 
homologous bones, is considered to approximate sex-typical steroid exposure (for 
details, see Köllner & Bleck, 2020): Köllner and Bleck (2020) found sexual dimor-
phism of the upper limb (ulna; cf. Purkait, 2001) and used the lower limb as a ref-
erence for overall long bone growth. Correspondingly, hypogonadic men affected 
by Klinefelter syndrome have, besides low androgen-levels, a “feminized” lower 
UFR, with shorter arms relative to the elongated legs (and also a “feminized” higher 
2D:4D; Chang et al., 2015; Manning et al., 2013).

UFR involves large, easily measurable bone structures. It thus goes beyond sub-
tle, potentially more measurement-error prone variations in digit lengths or facial 
dimensions (further distorted by fat deposits in the cheeks; cf. Lefevre et al., 2013). 
UFR thus enables low-cost, non-invasive, and reliable body surface assessment of 
large bones, likely reducing measurement errors compared to subtle fWHR varia-
tions. Excellent interrater reliability data for ulna and fibula was reported by Köllner 
and Bleck (2020) and Köllner et al., (2022b; also compare unsatisfactory reliability 
for fWHR reported in the same study).
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The Present Study

However, UFR’s hormonal associations were never tested before, leaving a gap 
between the postulate of a hormone-sensitive body dimension and assessing actual 
hormone levels.

The most straightforward test for UFR’s hormonal associations would involve 
testing during the – currently unknown—time in development where UFR’s sexual 
dimorphism emerges. However, as a first exploratory test, adult participants may be 
acceptable. Thus, we conducted a study including anthropometric measurements and 
two salivary hormone measurements in adult participants, one before and one after 
an one-on-one dominance contest in the domain of sport. While refraining from 
deriving specific formal hypotheses due to the lack of a preregistration for these spe-
cific research questions, we expect UFR to be related to baseline hormone levels 
(which could not be demonstrated for the alternative fWHR dimension; Bird et al., 
2016). Further, we agree with Manning et al. (2014) in considering relationships of 
a marker with challenge-induced reactive hormone changes especially indicative of 
organizational hormone effects on the endocrine system. Such organizational hor-
mone effects on later hormone reactivity may facilitate challenging encounters (cf. 
challenge hypothesis; Archer, 2006) and help in maintaining or achieving high sta-
tus in later adult life (Mazur & Booth, 1998). Thus, we further expect UFR to be 
related to reactive hormone changes in a contest situation. We also gathered pre-
liminary data on UFR’s relationships to hormone changes dependent on contest out-
come (i.e., winning and losing), as the biosocial model of status would predict rising 
steroid levels in winners and falling levels in losers (Mazur, 1985; see also the recip-
rocal model by Mazur & Booth, 1998). An endocrine system ideally prepared for 
challenging encounters by higher developmental hormone exposure potentially may 
display such result-dependent changes in a more pronounced way. However, we have 
to note that the relationships between hormones and dominance in women are com-
plex and rest on much less available research compared to men. Much of the related 
work for making our predictions mainly rests on observations in men and/or regard-
ing testosterone (Archer, 2006; Mazur & Booth, 1998) and may not be fully general-
izable to women and/or estradiol. Nevertheless, some research indicates that similar 
relationships in women may exist, like rising or falling estradiol levels in response 
to winning or losing a dominance contest (Stanton & Schultheiss, 2007; with no 
corresponding findings for basal or reactive testosterone) or positive relationships of 
estradiol to intrasexual competition (attention, Fiacco et al., 2021) in premenopausal 
women. As estradiol seems to fluctuate during female sports competitions, its use 
for such studies can be recommended (Edwards & Turan, 2020). Thus, to provide 
a complete descriptive picture, we used a mixed-sex sample as well as simultane-
ous assessment of estradiol and testosterone for the first exploratory study on UFR’s 
hormonal associations.

Additionally, we aimed at replicating UFR’s sexual dimorphism, unrelatedness 
to overall body height, and convergent validity with waist-to-hip ratio (WHR) and 
shoulder-to-hip ratio (SHR), other body dimensions developing in a sex-dimorphic 
way during puberty, with higher scores observed for men than for women, respec-
tively (Köllner & Bleck, 2020; Köllner et al., 2022b).
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Method

Sample

We tested 90 and retained 81 healthy adults (49 women; age: M = 22.33  years, 
SD = 3.10, age range: 19–35) after exclusions (missing anthropometric and/or sali-
vary measurements, BMI ≤ 17.5, pregnancy, hormonal medication, suspicion regard-
ing fake contest feedback). Participants were mainly recruited via flyers in Frie-
drich-Alexander University’s sport science and sport department as part of a larger 
experiment on determinants of motor learning in a contest situation (preregistered at 
https:// osf. io/ f6q5t). We acknowledge the lack of an a-priori power analysis for our 
present research questions, as sample size was based on deliberations regarding this 
larger experiment: The funding grant was limited to 3600€ for participant payments 
with a participant receiving 20€ per testing day and two testing days. Thus, our sam-
ple size was limited to 90 participants.3

Design

Our design itself was correlational, but the main experiment featured between-sub-
ject-fake-feedback on contest performance (win vs. lose). Sex (female vs. male) was 
a categorical variable. Hormone concentrations and anthropometric measurements 
were continuous variables.

Materials

Anthropometric Measurements

BMI (weight in kg/squared height in m) was determined with a bathroom scale 
(weight) and participants’ self-report (height; aided by a measuring tape in case of 
doubt). A questionnaire assessed age and sex. After initial training, ensuring quality 
of anthropometric measurements, there was one measuring experimenter per partici-
pant. All anthropometric measurements were assessed in cm if not otherwise stated.

3 At the editor’s request, we conducted a post-hoc sensitivity power analysis in G*Power 3.1.9.7 
(Faul et al., 2009) to determine the minimum detectable effect size of our study, for a 80% test power 
with a p-level of .05 based on our sample of 81 participants after exclusions. This analysis suggested 
ρ(H1) = .31 with critical r at ± .219 (two-tailed) or ρ(H1) = .27 with critical r at .184 (one-tailed if expect-
ing positive associations between UFR and hormones). An analogous analysis was run for the subsample 
including 49 women (two-tailed: ρ(H1) = .39 with critical r at ± .282; one-tailed: ρ(H1) = .35 with criti-
cal r at ± .238). As this study is the first to examine associations of UFR and circulating hormones, an 
informed guess regarding what effect sizes would be plausible in the real world is not possible yet. We 
refrain from further speculation until replication. However, the domain of sports already yielded substan-
tial meta-analytic associations in marker research in the past (r = -.26 for 2D:4D and athletic prowess; 
Hönekopp & Schuster, 2010).
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UFR We measured UFR (averaged ulna length across left and right arm/averaged 
fibula length across left and right leg) via reference points for ulna (caput ulnae, 
olecranon) and fibula length (caput fibulae, malleolus lateralis) on seated partici-
pants according to Köllner and Bleck (2020), using precision calipers (0.02  mm; 
for details, see Bleck, 2018). Participants were dressed during measurements, aside 
from removing jackets, watches, jewelry, thick socks, and shoes. During ulna meas-
urement, they were asked to pull pullover sleeves etc. up over the elbow if possi-
ble. Given the excellent (Köllner & Bleck, 2020: 0.81 up to 0.99) to nearly perfect 
(Köllner et al., 2022b: 0.95 to 0.99) interrater reliabilities reported in earlier stud-
ies and given the already very resource-intensive testing protocol (two testing days, 
contest-setup), we did not re-establish interrater reliability separately for this par-
ticular study.

Body Circumference Measures We measured WHR (waist/hip) and SHR (shoulder/
hip) according to Hughes and Gallup (2003), using a measuring tape to determine 
circumferences at the smallest width between iliac crest and rib cage, the largest 
width between thigh and waist, and the greatest width of shoulder blades. Again, as 
interrater reliability for our lab’s established protocol is excellent also for circumfer-
ence measures (0.83 to 0.91, Köllner et al., 2022b), after initial training one experi-
menter each took measurements from a given participant.

Salivary Hormone Concentrations

Participants collected the unstimulated saliva samples (5 ml) in sterile polypropyl-
ene plastic vials (Greiner Bio-One CELLSTAR™, 50 ml) in separate rooms. The 
first sample was given while working alone on computer-administered question-
naires unrelated to our research after receiving on-screen instructions, the second 
after the experimental contest, again in a separate room. Participants sealed the vials 
directly after collection and experimenters immediately froze the samples when 
receiving them. Samples were processed and analyzed using radioimmunoassay 
(ImmunoChem™ Double Antibody Testosterone, MP Biomedicals LLC, Irvin, 
USA; Ultra-Sensitive Estradiol, Beckman Coulter, Brea, USA) and according to val-
idated protocols (described in Oxford et al., 2017). Saliva samples were assayed in 
duplicate for more reliable measurements. Lower limits of detection were 0.15 pg/
ml (estradiol; R2 = 0.97) and 2.61 pg/ml (testosterone; R2 = 0.98). Median intra-assay 
CVs were 12.60% (estradiol) and 7.72% (testosterone).

Procedure

For a flow chart of the experiment, please see Fig. 1. Two same-sex (as some domi-
nance-relevant aspects are more pronounced within-sex, Wilson, 1980) participants 
were scheduled to come to the lab at the same time. However, they were invited to 
come to different entrances of the building to prevent them from talking to each 
other prior to the contest. After greeting each other briefly under supervision of 
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the experimenters, being led into separate rooms, and providing informed consent 
prior to inclusion in the study, participants completed several tests unrelated to our 
research questions and a demographic questionnaire.

The main task included gross-motor balance (Steib et  al., 2018) learning on a 
stability platform (stabilometer)4 which can tilt 20° to the left or right, with the goal 
being to keep it within ± 5° of the horizontal (time in balance within 30 s trials, each 
followed by 60 s of rest). After one test trial and 3 baseline trials, participants com-
peted in a one-on-one contest spanning 10 training trials against their sex-matched 
opponent in the adjacent room, trying to score more time in balance than the other 
participant. The PCs displaying the win/lose-feedback were allegedly linked, but the 
outcome was predetermined via fake performance feedback: One participant won 8 
of 10 trials (win condition) and the other one just 2 of 10 trials (lose condition; see 
Schultheiss et al., 2005, for a similar contest structure in an implicit learning exper-
iment). This was followed by 3 non-competition trials to assess immediate motor 
learning after an additional break of three minutes after the contest trials. Finally, 4 
non-competition trials (one baseline, three to assess skill retention) were run on the 
next day.

Saliva samples were obtained 5  min prior to and 5  min after the stabilometer 
task, and thus approximately 35 min apart (see Fig. 1). The post-contest sample was 

Fig. 1  Procedural flowchart of the study. Note. Figure available at https:// osf. io/ f5hzg/, under a 
CC-BY4.0 license

4 We aimed to use a competitive task that should be unrelated to gender-differences in competition 
behavior or stereotypic attitudes (e.g., no mathematical tasks; Dreber et  al., 2013). Such “gender-neu-
tral tasks” have been shown to eliminate gender-differences in willingness to compete (Grosse & Riener, 
2010). Likewise, the task should be unrelated to pre-existing athletic skills (e.g., no common sport like 
cycling or soccer) and between-sex interactional dynamics (e.g., no mixed-sex dyads). Balancing on a 
stabilometer in same-sex dyads is a task that should be novel to most participants, not affected by gender-
stereotypes, and unrelated to pre-existing skills.
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obtained at least 26 min after the start and at least 11 min after the end of the 10 tri-
als of the win-lose-manipulation. On the subsequent second testing day, along with 
some unrelated tasks, anthropometric measurements were performed and partici-
pants were debriefed. Participants were paid 20€ per testing day (40€ overall).

Statistical Methods

All data files, the study logbook, analysis scripts for reported results, as well as the 
output files are available at https:// doi. org/ 10. 17605/ OSF. IO/ F5HZG. We used Pear-
son correlations, t-tests, and general linear models in Systat 13. Bayesian values 
were computed with JASP 0.14.1.0, Spearman’s rho and confidence intervals with 
SPSS 28.

Results

Data Preparation

UFR, height, WHR, and SHR were normally distributed.
Pre- and post-contest hormone levels were not normally distributed (Ws ranging 

from 0.55 to 0.86, ps < 0.001) and thus logarithmically transformed (ln; cf. Schulthe-
iss et al., 2012). Normality was heavily improved by these transformations for pre- 
and post-contest testosterone (Wpre/post = 0.96/0.95, p = 0.01/0.004) and estradiol 
(Wpre/post = 0.93/0.83, ps < 0.001). While perfect normality still could not be achieved 
by transformation, we side with Rasch and Guiard (2004) regarding the robustness 
of parametric testing and refer to the problem of bimodal distributions of sex hor-
mones. However, to prevent including invalid cases, as an auxiliary measure we also 
checked for extreme values that exceed “normal” outliers or natural variations and 
most likely represent measurement errors. Not a single transformed hormone score 
exceeded ± 4 SDs (99.9% of the population; see Köllner et al., 2021, October 15) of 
the study mean of the respective sex, thus there were no indications of such extreme 
outliers. Finally, all significant findings regarding our basic assumptions speci-
fied above (UFR’s associations to baseline and reactive testosterone/estradiol) also 
emerged when computing non-parametric Spearman correlations (rho; see below).

To obtain a reliable measure of post-contest reactive hormone levels independ-
ent from pre-existing baseline differences, post-contest scores were residualized for 
baseline levels and subsequently z-standardized.

Descriptive Statistics

Table 1 provides overall and Table 2 within-sex descriptive statistics (if a p-value 
is not accompanied by a correlation or t-value below, the latter can be found in 
the respective tables). Pronounced sex-differences were observed for body height 
(p < 0.0001) as well as baseline-testosterone (p < 0.0001), on average more than five 
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times higher for men than for women, but not for baseline-estradiol (p = 0.58) or 
residualized post-contest hormone levels (ps > 0.37; for t-tests, see Table 1). BMI, 
used as a basis for determining exclusions in the present study, was positively related 
to WHR overall and within-sexes, as well as negatively to SHR in women.

Inferential Statistics

Replication of Key Findings Regarding Marker Properties

Testing our expectations (see Tables 1 and 2 for correlations mentioned in the fol-
lowing), we first tried to replicate UFR’s performance regarding important “quality 
criteria” for markers of organizational hormone effects (see Köllner et al., 2022b). 
As expected, UFR was sex-dimorphic (for t-test see Table 1; d = 0.39) but only at 
non-significant trend-level. UFR was unrelated to body height  (BF01 = 5.58) overall 
and within-sex, and significantly related to WHR and SHR, other potential markers 
of pubertal organizational hormone effects.

UFR’s Hormonal Associations

Most importantly, UFR was significantly positively associated with baseline-testos-
terone (p = 0.03; rho = 0.22, p < 0.05; 95% CI [0.03, 0.44]), but not baseline-estra-
diol (p = 0.72; rho = 0.01, p = 0.94; 95% CI [-0.18, 0.26]). This overall testosterone-
related finding was not simply due to general sex-differences in testosterone, as the 
non-significant within-sex findings for women and men were similar in magnitude 
and direction (Fig. 2).

Fig. 2  Relationship between salivary testosterone and ulna-to-fibula ratio (UFR) in the whole sample 
(left) and dependent on sex (right). Note. N = 81, n♀ = 49, n♂ = 32. Testosterone levels (pg/ml) were ln-
transformed. Figure available at https:// osf. io/ f5hzg/, under a CC-BY4.0 license
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UFR also showed significant positive associations to reactive testosterone 
(p = 0.04; rho = 0.26, p = 0.02; 95% CI [0.02, 0.43]) and estradiol (p = 0.04; see 
Fig. 3; rho = 0.25, p = 0.03; 95% CI [0.01, 0.42]) overall and in women (testosterone 
in women: p = 0.02; rho = 0.35, p = 0.01; 95% CI [0.05, 0.56]; estradiol in women: 
p < 0.05; rho = 0.32, p = 0.03; 95% CI [0.01, 0.53]).

When additionally predicting UFR from feedback condition5 (win vs. lose) 
and reactive hormone levels, there were no Condition x Reactive Hormones find-
ings, neither overall (Fs(1,77) < 0.08, ps > 0.78, ηp

2s < 0.002) nor for women 
(Fs(1, 45) < 0.34, ps > 0.56, ηp

2s < 0.008), nor for men (Fs(1, 28) < 1.40, ps > 0.24, 
ηp

2s < 0.048). Figure 3 illustrates the absence of an effect of condition for both hor-
mones. Thus, winning or losing seemed to have no influence on the relationship 
between UFR and contest-induced reactive hormone surges.

Exploratory Analyses

While WHR and SHR were also sex-dimorphic (p < 0.0001), interrelated among 
each other (p < 0.0001), and related to baseline-testosterone (ps < 0.0001), they were 
not independent from overall body height (ps < 0.01) and did not show any connec-
tions to reactive hormone surges in challenge situations (ps > 0.34, see Table 1 for 
t-tests and correlations).

Additional Robustness Checks

Pitfalls of a Mixed‑Sex Sample Considering our mixed-sex sample, we applied addi-
tional robustness checks for our main overall findings while aiming to use the sam-
ple’s full power in the analyses. First, we additionally predicted UFR from respective 
sex hormone while entering sex as a covariate. While the effect was not significant 
anymore for baseline-testosterone (F(1, 78) = 2.13, p = 0.14, ηp

2 = 0.027), both reac-
tive results for testosterone (F(1, 78) = 4.00, p < 0.05, ηp

2 = 0.049) and estradiol 
(F(1, 78) = 4.78, p = 0.03, ηp

2 = 0.058) were preserved, respectively. Second, we 
z-standardized hormone-levels within sex and then used the resulting z-scores in 
the analyses. Again, the association between UFR and baseline-testosterone was not 
significant anymore (r = 0.17, p = 0.12) while both reactive results for testosterone 
(r = 0.19, p = 0.09) and estradiol (r = 0.22, p = 0.05) were preserved, however at non-
significant trend-level. Thus, it seems that our reactive findings were more robust 
than the testosterone-related baseline findings.

5 To check if female and male hormone changes were in the expected directions (e.g., based on Mazur, 
1985; Schultheiss et al., 2005; Stanton & Schultheiss, 2007), we looked at the descriptive post-contest 
hormone scores residualized for baseline. This was done on a descriptive level, given small cell sizes 
of 15 to 25 participants. Expected increases in winners emerged for testosterone in men (M = 0.18, 
SD = 0.67) and estradiol in women (M = 0.08, SD = 1.43). However, corresponding decreases in losers 
were not visible, as the residualized scores were positive and near zero for testosterone in men (M = 0.06, 
SD = 0.70) and estradiol in women (M = 0.02, SD = 0.92). While many studies fail to find winner-loser-
differences predicted by the biosocial model of status (see review on testosterone by Carré & Olmstead, 
2016), in spite of our small cell sizes, we see some descriptive differences between conditions.
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Applying the above-mentioned approach of adding sex as a covariate also to 
UFR’s marker associations (WHR, SHR), we found the corresponding associations 
slightly reduced and non-significant (Fs(1, 78) > 2.12, ps < 0.15, ηp

2s > 0.026).

Outliers To make sure our findings were not driven by outliers, we reran all cor-
relations of UFR and baseline or reactive hormone levels overall and within-sex in 
general linear models. No regression-based outliers were flagged in any case, thus 
our results were robust.

However, as an auxiliary check, looking at possible influential data points, we 
also tested if there were indications of possibly wrong measurements that were 

Fig. 3  Relationship between reactive hormone levels and ulna-to-fibula ratio (UFR) in the whole sam-
ple (left) and dependent on experimentally manipulated contest outcome (right). Note. N = 81, nloser = 39, 
nwinner = 42. Ln-transformed post-contest scores residualized for ln-transformed baseline levels. Please 
note that the most rightward data point for estradiol is no regression-based outlier, neither overall nor 
when adding condition as a moderator. Figure available at https:// osf. io/ f5hzg/, under a CC-BY4.0 
license
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not detected by our previous method of identifying extreme outliers using ± 4 SDs 
within-sex on baseline and post-contest scores. Applying the same method to residu-
alized post-contest scores, as can be expected from the two bottom-graphs in Fig. 3, 
there was one data point not fulfilling this criterion, which was also conspicuously 
atypical in the overall distribution (+ 6.33 SDs). Removing this data point, while 
leaving the relationship to reactive testosterone intact (overall: r = 0.27, p = 0.02, 
women: r = 0.36, p = 0.01), reduced reactive estradiol’s relationship with UFR 
to slightly below non-significant trend-level (overall: r = 0.17, p = 0.12, women: 
r = 0.21, p = 0.15). Again, there was no Condition x Reactive Hormones interaction, 
neither overall (F(1,76) = 0.01, p = 0.93, ηp

2 < 0.001) nor for women (F(1, 44) = 0.50, 
p = 0.48, ηp

2 = 0.011). Figure 4 shows our findings omitting the data point in ques-
tion. However, we have to note that this influential case nevertheless was a valid data 
point regarding the constituting pre- and post-contest scores and also considering 
our inclusion criteria.

FDR Correction At the editor’s request, due to the possible high Type-I-error-rate, 
we added FDR-corrections. The results of those corrections can be found at https:// 
doi. org/ 10. 17605/ OSF. IO/ F5HZG in two excel-sheets using the template provided 
by Pike (2011) and two different bases for making our corrections.

One sheet (“UFR_hormones_FDR”) uses the core of our expectations stated 
in the last paragraph of the introduction of the originally submitted manuscript 
(changes were made to this paragraph during peer review), which were baseline and 
reactive associations between UFR and the respective hormones (estradiol, testos-
terone), UFR’s dimorphism, independence from height (which was not expected to 

Fig. 4  Relationship between reactive estradiol levels and ulna-to-fibula ratio (UFR) in the whole sam-
ple (left) and dependent on experimentally manipulated contest outcome (right) after removing a con-
spicuously anomalous data point. Note. N = 80, nloser = 39, nwinner = 41. Ln-transformed post-contest 
scores residualized for ln-transformed baseline levels. Figure available at https:// osf. io/ f5hzg/, under a 
CC-BY4.0 license
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be significant anyway), and relationships to WHR and UFR, respectively (8 tests). 
Based on this, our key results hold up at least according to the graphically sharpened 
method, aside from UFR’s dimorphism and relationship to SHR.

The other sheet uses a more conservative approach (“UFR_hormones_FDR_all”) 
which includes all mentioned relationships not only overall as stated in the original 
manuscripts introduction, but also within-sex in addition to testing UFR’s dimor-
phism (22 tests). Here, our results would not be significant anymore according to the 
corrections, independent of applied FDR-correction-method.

Other Checks As estradiol is synthesized from testosterone (Vanderschueren 
et  al., 2004) and assays may feature cross-reactivity, we additionally checked 
whether the overall associations persisted when controlling for the other hormone, 
respectively. Both associations were reduced (β testosterone/estradiol = 0.18/0.16, p 
testosterone/estradiol = 0.13/0.17, ∆R2 testosterone/estradiol = 0.028/0.023), thus seemingly not 
driven by testosterone or estradiol alone, but by their joint action.

Discussion

Confirming earlier findings, we replicated UFR’s dimorphism, unrelatedness to 
body height, and correlations to WHR and SHR. UFR was associated with baseline-
testosterone overall. Within-sex relationships were similar in magnitude, but non-
significant, probably due to lacking test power. Relationships to contest-induced 
reactive steroid hormone surges emerged for testosterone and estradiol (overall 
and in women). These relationships were not driven by the action of one hormone 
alone, not moderated by experimentally manipulated contest-outcome (winning or 
losing), and related regressions contained no flagged outliers. However, removing a 
data point with extreme estradiol reactivity reduced our estradiol-related findings to 
slightly below non-significant trend-level.

Interpretation

UFR’s Hormonal Associations

UFR’s relationships to hormone reactivity were not exclusively attributable to 
actions of testosterone or estradiol alone and not influenced by contest outcome 
(winning/losing). Regarding the latter finding, our sample’s low overall power pre-
cludes premature conclusions regarding (non-)association of pubertal organizational 
hormone effects with later endocrine reactions to dominance contest outcomes as 
predicted by the biosocial model of status (Mazur, 1985). Preliminarily, UFR may 
be interpreted as an indicator of general, non-specific contest-induced hormone 
reactivity as an outcome of pubertal organizational hormone effects, possibly facili-
tating challenging encounters (cf. Archer, 2006) and thus apt to maintain or achieve 
high status in later adult life (Mazur & Booth, 1998). In other words, UFR may 
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approximate pubertal organizational hormone effects that modulate (or prepare) the 
endocrine system’s functioning in challenging, dominance-relevant situations later 
in adulthood (see Manning et al., 2014, for a related argument for 2D:4D). Within-
sex, our result remained significant only in women, but replication is needed before 
speculating regarding this additional result.

Overall, given that our findings on reactive estradiol dropped below trend-level 
when excluding a conspicuous – however valid—data point, it may be tempting 
to limit our conclusions to reactive testosterone only. This would be in accordance 
with the original testosterone-centered challenge hypothesis (Archer, 2006), but may 
be premature, as our sample was comparatively small and as recent research hints 
at links between estradiol and female competition (contest outcomes, Stanton & 
Schultheiss, 2007; intrasexual competition, Fiacco et al., 2021; sports, Edwards & 
Turan, 2020).

Interpreting the association between UFR and baseline-testosterone is a more 
complex task. For prenatal markers like 2D:4D, observing associations to circulat-
ing baseline hormones would allow no differentiation between current and organi-
zational effects and thus threaten the “marker” status for a previous developmen-
tal window (Hönekopp et al., 2007). For a potential pubertal marker like UFR, the 
case is different, as sex steroids rise in puberty (also causing pubertal organizational 
hormone effects) and remain stable afterwards (see model by Schulz & Sisk, 2016, 
Fig. 1) until well into middle adulthood, even though we are not aware of longitu-
dinal studies on individual stability of high levels of steroid hormone levels after 
puberty. Thus, continued associations between UFR and adult hormone levels are 
plausible for our young-adulthood-sample.

While the findings regarding baseline hormone levels were preserved when using 
non-parametric testing, they were, unlike the findings regarding reactive hormone 
surges, not robust to using sex as a covariate or computations with z-scores, stand-
ardized within sex. Further, baseline relationships between UFR and hormones may 
have been diminished or obscured by diurnal variations in hormone levels (e.g. 
Schultheiss et al., 2012), as restricting time of testing to specific time windows was 
technically not feasible. The main study required the simultaneous presence of two 
experimenters and two participants on two consecutive testing days (24 h apart) and 
thus the schedules of four persons had to be fitted together for each session cycle.

In general, our results should only be regarded as first evidence for UFR’s hormo-
nal associations. Larger samples are needed before drawing far-reaching conclusions. 
Past research has shown that marker research often captures real, but small-in-size 
effects on development that are difficult to demonstrate given the restricted sample 
sizes accessible to (psychological) research. For example, digit ratio‘s association 
with receptor genes was first denied, with a meta-analysis yielding no evidence for 
a role of androgen receptor gene efficacy (Voracek, 2014; N = 2.157). However, a 
considerably larger recent meta-analytic genome-wide association study identified 
genetic loci for digit ratio as well as associations with female androgen receptor sen-
sitivity (Warrington et  al., 2018; N = 15.661). Applied to our comparatively small 
sample comprising 81 individuals (for the issues associated with low power, see 
Button et al., 2013), we currently cannot say with certainty if our observed effects 
are real. In turn, the absence of findings for example regarding associations between 
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UFR and baseline estradiol could alternatively be due to the high risk of Type II 
errors in this study and does not necessarily mean that the picture will not be differ-
ent in a larger-sample-replication.

UFR’s Marker Validity

UFR’s only marginal sexual dimorphism likely is due to our small sample as well, 
as Cohen’s d is comparable to earlier studies (Köllner & Bleck, 2020; Köllner et al., 
2022b). UFR was again unrelated to overall body height, and thus can be consid-
ered an indicator of sex-steroid-dependent differential long bone growth, not just 
representing an artifact of general body-size-dependent bone growth patterns (cf. 
Köllner et al., 2022b; Leslie, 2019). Convergent validity with other pubertally deter-
mined body dimensions was replicated (Köllner et al., 2022b) for the overall sample, 
adding to the emerging picture that UFR’s marker function applies to puberty in 
particular. However, findings did not persist when using sex as a covariate and not 
within-sex—likely due to lacking test power, as the non-significant within-sex cor-
relations kept their direction.

Other Potential Markers

While WHR and SHR were also sex-dimorphic, their relationships to salivary hor-
mone levels were, except for baseline-testosterone, absent. This finding also held 
within-sex, where baseline testosterone showed a non-significant positive trend-level 
association with SHR in women, and a negative association with WHR in men. SHR 
and WHR are largely dependent on body fat distribution (Fink et al., 2003), which 
in turn may be influenced by various post-pubertal factors like nutrition in a stronger 
way than a more bone-based marker like UFR. In contrast to UFR, SHR and WHR 
were related to body size and thus possibly partly artifacts of sex-differences in over-
all size (cf. Leslie, 2019). Overall, we recommend UFR instead of WHR and SHR 
when estimating pubertal organizational hormone effects.

Limitations and Future Directions

Robustness of Results Our study calls for replication for several reasons. First, our 
hypotheses were not preregistered, as originally we had no funding available for 
radioimmunoassays and thus we could not foresee whether it would be possible to 
analyze the collected saliva samples at all.6 Second, as a related issue, as mentioned 
above our sample size was comparatively small, especially for establishing a new 
discovery with unknown effect size—UFR’s hormonal association—for the first 
time and given the small effect sizes observed here. As stated above, the study was 
part of a larger one-on-one contest study, involving the necessity for simultaneous 

6 See Declarations.
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presence of two experimenters and two consecutive testing days, severely limiting 
the possible observations within our available funding and research resources.

Overall, strong conclusions are not possible based on this study alone. When 
FDR-correcting for Type I error, our main results were not preserved. It may be pre-
mature to discard the results of the present exploratory study as a whole based on 
this fact alone given that those conservative corrections even failed in replicating 
some UFR-related findings that clearly emerged in a high-powered study (associa-
tions of UFR to other markers; Köllner et  al., 2022b) or even repeatedly (UFR’s 
dimorphism; Köllner & Bleck, 2020; Köllner et  al., 2022b). But this failure leads 
to the above-mentioned additional problem of our study, namely that Type II error 
problems further endangered drawing valid conclusions.

Nevertheless, there were some signs of statistical robustness of our findings which 
were previously checked for wrong measurements (± 4 SDs): Our main results were 
fully preserved when applying non-parametric testing and the reactive findings were 
robust to entering sex as a covariate or (at trend-level) even to using within-sex-
standardized scores in the analyses. In conclusion, while not discarding our findings 
as unreliable altogether, we encourage replication in well-powered samples.

Limitations of Salivary Immunoassays Salivary hormone radioimmunoassays like 
those used in our study were our method of choice due to the availability of fund-
ing and a specialized lab at our institution. Immunoassays, including radioimmu-
noassays, were criticized for yielding results inferior to other methods like serum 
analysis or tandem mass spectrometry, and seem to have low validity for example for 
estimating menstrual cycle phase (see empirical comparison of assessment methods 
by Arslan et al., 2022). Nevertheless, problems with measurement validity have been 
studied more intensively for enzymatic immunoassays (e.g., Welker et al., 2016b; see 
Chafkin et al., 2022, for an expansion of this work to chemiluminescent immunoas-
says, which seem to overestimate testosterone and cortisol and suppress testosterone 
sex differences when compared to LC–MS/MS). The latter are more susceptible to 
diverse biochemical parameters than the radioimmunoassays used by us, which use 
radiation as a physical parameter for analysis (Schultheiss et al., 2019). Thus, while 
our salivary hormone measurement may not have been ideal and probably also has 
its limitations, it still likely was a superior choice compared to the widely used enzy-
matic assays. However, future research projects similar to those for enzymatic and 
chemiluminescent assays should compare radioimmunoassays to LC–MS/MS as a 
gold-standard. Where feasible, mass-spectrometry-based (or blood-sample-based, 
see good performance of serum assessment compared to immunoassays in Arslan 
et al., 2022) assessment can be used to improve measurement validity.

Other Limitations As another limitation regarding measurement procedures, the 
practice of relying on self-reported height and only measuring actual height in 
case of doubt may have introduced some bias in our height variable (e.g., reporting 
errors, experimenter’s judgement). Likewise, we did not consider hormonal fluctua-
tions due to menstrual cycle stage in our analyses, as we had no objective measure 
available and a simple day counting method is problematic for several reasons, for 
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example due to many individuals not tracking their cycle appropriately or applying 
the day count incorrectly (Hampson, 2020).

In addition, while hormonal associations in adulthood add an important piece 
of evidence to UFR’s validation process, developmental studies are indispensable 
to validate a marker. Future longitudinal research should pinpoint UFR’s pubertal 
origin: Attributability to a specific developmental window is an under-researched 
criterion for pubertal markers, requiring longitudinal studies (see Lutchmaya et al., 
2004) assessing body dimensions, hormonal status, and behavioral and psychologi-
cal outcomes in prepubertal, peripubertal, and adult participants (cf. Köllner et al., 
2021, October 15). Unequivocally proving a marker’s pubertal origin requires ana-
lyzing the developmental time course of marker development vis-à-vis the develop-
mental increase in steroid hormones and the emergence of marker relationships with 
behavior.

As soon as UFR’s validity has been established, it should be tested whether it 
is solely a marker in the sense of a mere hormonal by-product of pubertal organi-
zational hormone effects that can be used to estimate them, or if it has additional 
implications on its own. For example, it is conceivable that it may be related to 
sports performance regarding upper-body-strength (cf. meta-analytic relationships 
between 2D:4D and athletic ability; Hönekopp & Schuster, 2010). Also, it may be 
a signaling cue of threat or dominance to the observer (see ratings of observers of 
fWHR; meta-analysis by Geniole et al., 2015).

Conclusions

In conclusion, our explorative results for the first time hint at UFR’s relationship to 
baseline-testosterone and also indicate functional connections between outcomes of 
pubertal organizational hormone effects and contest-induced steroid reactivity over-
all and in women. Along with UFR’s repeatedly demonstrated sexual dimorphism, 
this may provide an advantage over the frequently-used fWHR marker measure that 
does not share these properties (Bird et al., 2016), should our observed relationships 
replicate in larger samples. Especially, if UFR’s relationship to circulating hormones 
should re-emerge in other dominance or status-contest setups, this would support the 
notion that also pubertal organizational hormone effects prepare the adult endocrine 
system for dominance and status contests (see Manning et  al., 2014, for a related 
argument for prenatal organizational hormone effects). However, the small sample 
combined with explorative testing, failing some of the applied robustness checks 
(e.g., FDR-correction) precludes any strong conclusions until replication.
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