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The early environment in which an organism grows can have long-lasting
impacts on both its phenotype and fitness. However, assessing this environ-
ment comprehensively is a formidable task. The relative length of the
second to the fourth digit (2D :4D) is a broadly studied skeletal trait that is
fixed for life during ontogeny. 2D :4D has been shown to indicate various
early effects including the perinatal steroid milieu in both humans and
non-human animals. However, the fitness relevance of the early effects indi-
cated by 2D :4D remains unknown. Here, we investigated hindlimb 2D : 4D
and measures of lifetime performance in wild collared flycatcher (Ficedula
albicollis) females. We found that females with higher 2D :4D had a greater
number of recruiting offspring to the breeding population. This was the
case despite the fact that such females did not lay more eggs or breed more
frequently during their reproductive life. Our results support the suggestion
that 2D : 4D, known to be a retrospective marker of perinatal development,
positively associates with female quality in the collared flycatcher.

1. Introduction

The relative length of the second to the fourth digit (2D:4D) is a sexually
dimorphic skeletal trait in humans, with higher 2D:4D in women [1]. This
sexual difference develops during a narrow window of prenatal development
and remains after birth. Zheng and Cohn [2] clarified the underlying mechanism
in CD-1 laboratory mice. They found that testosterone increased while oestrogen
decreased the expression of genes involved in chondrocyte proliferation in specific
phalanges of the fourth digit. One of these could be the gene coding for SMOC1
(secreted modular calcium-binding protein 1), which also has a role in limb devel-
opment and the sexually dimorphic development of the gonads [3]. But this
mechanism can only be generalized across taxa with caution considering, for
example, the differences between birds and mammals in the direction of sexual
dimorphism in 2D : 4D (female-biased in mammals while male-biased in birds)
[4], or in the identity of the responsible digit (4D in taxa with female-biased 2D
:4D, while 2D in taxa with male-biased 2D : 4D) [5]. Besides sex steroid levels, sev-
eral other hormonal factors can affect digit ratio, such as the abundance and
responsiveness of steroid hormone receptors as well as the functional attributes
of steroidogenic enzymes [2,6—8]. Furthermore, beside sexual steroids, several
other hormones, such as somatotropin, thyroid hormones or glucocorticoids,
can affect chondrocyte proliferation [9]. Thus, it is possible that some of these
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Table 1. Repeatabilities of digit parameters in female collared flycatchers. Measurements of digit lengths and digit ratio from 40 randomly selected females [JEJ]
were used to calculate the repeatabilities of measuring and footprinting procedures. We also calculated between-year repeatabilities based on the digit
parameter values from the first two breeding attempts of 37 females.

measuring repeatability

footprinting repeatability between-year repeatability

R F39,40 R F39,80 F3637
20 0.989 180 <<0.001 0.004 0.655 6.7 <0.001 0.073 0.416 243 0.004 0.137
4D 0.993 279 <<0.001 0.002 0.879 22.8 <0.001 0.031 0.670 5.10 <<0.001 0.091

M40 0983 119 <0001 0005 0507 41 <0001 0091 0610 412 <0001 0104

[gs4/[euinof/b1obuiysijgndfianosjesol

Table 2. Descriptive statistics for breeding lifespan, lifetime egg production (LEP), lifetime recruit production (LRP) and 2D : 4D of recruit and immigrant female
collared flycatchers.

recruits (N = 96) immigrants (N = 172) total (N = 268)
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mean

above factors mask the effects of sexual steroids on the
development of sexually dimorphic 2D :4D.

Initially, the majority of digit ratio studies searched for
sexual dimorphism in 2D :4D and tried to verify the role
of perinatal steroid factors in its development, both correla-
tively and experimentally. Afterwards, 2D :4D was used as
a putative marker of perinatal sex-hormone action. How-
ever, independent of the drivers of variation in digit
ratios, it is also important to examine whether the early
environmental effects coded in 2D :4D have long-term rel-
evance to reproductive success, thereby making digit ratio
an indicator of expected fitness. In humans, 2D :4D was
found to be associated with health, disease risk, fertility,
attractiveness and may indicate reproductive success as
well [1]. In animal digit ratio studies, the commonly exam-
ined fitness-related traits are secondary sexual characters
[10-14]. To the best of our knowledge, no animal digit
ratio study has examined the relationship of 2D :4D with
reliable estimates of Darwinian fitness, such as lifetime
reproductive success (LRS).

We aimed to fill this gap by using long-term breeding
data and 2D : 4D measures from collared flycatchers (Ficedula
albicollis). We analysed how 2D : 4D is associated with fitness-
related life-history traits, namely breeding lifespan and two
estimates of LRS, lifetime egg production (LEP) and lifetime
recruit production (LRP). We focused on females only to
avoid the error caused by extra-pair paternity in LRS
estimation for males.

2. Material and methods

The collared flycatcher is a common breeding species in our
study area, which lies in the Pilis-Visegradi Mountains, Hungary
(47°43' N, 19°01" E). Between 2004 and 2011, we collected foot-
prints from the right foot of breeding individuals following the

method of Burley & Foster [15]. Lengths of the second and
fourth toes were measured twice at different times from the
three most complete footprints with outstretched toes with a
digital calliper (accuracy of 0.02 mm) by the same person. We
calculated repeatabilities using the method of Lessells & Boag
[16]. Both measuring repeatability (between the two measure-
ments of the same footprint) and footprinting repeatability
(between the three footprints) of digit lengths were highly signifi-
cant (table 1). Then, we averaged the measurements per digit
before calculating 2D : 4D. There was no significant within-indi-
vidual change from the first breeding event to the next one in
females’ digit lengths or digit ratio (paired f-tests: 2D: t3c =
0.058 p = 0.954, 4D: tz3o = —1.589 p =0.121, 2D : 4D: t3, = 1.498
p = 0.143) and the between-year repeatabilities were also signifi-
cant (table 1). Therefore, in the case of multiply sampled females,
we used the mean of 2D : 4D data from different footprints taken
at different times.

The three life-history traits were defined as follows: breeding
lifespan as the number of consecutive years in which females
bred; LEP as the total number of eggs laid over the lifetime;
and LRP as the number of lifetime offspring that returned to
the breeding population as mature individuals.

We excluded females that were involved in field experiments
that could influence their reproductive success. We also excluded
females that were not captured in each season between their first
and last breeding events to reveal the breeding histories of
females as accurately as possible. Because a significant pro-
portion of recruits return at 2 or 3 years of age, we needed
breeding data from 3 years after the last breeding event of the
females to estimate their LRP. Since the last year for which we
had available breeding data was 2015, we excluded females
that bred after 2012. A female not recaptured for at least 3
years after its last breeding event was considered dead. Finally,
we had adequate data from 268 females, of which 96 were
recruits and 172 were immigrants. Descriptive statistics of the rel-
evant variables are given in table 2.

We built generalized linear models to explore the relationship
between 2D : 4D and LRS estimates, using Poisson distribution



Table 3. Associations between 2D : 4D and lifetime recruit production (LRP) as well as lifetime egg production (LEP) based on the data of 96 recruited collared  [JEJ}
flycatcher females. Generalized linear models using backward stepwise model simplification were conducted with Poisson error and log link in the case of LRP
models and Gamma error and log link in the case of LEP models. Terms in the final models are marked with asterisks. Statistics for non-significant terms were
calculated by re-entering them in the final model. The number of degrees of freedom was 5 in the case of year of birth and 1 in all other cases.

LEP
estimate s.e. Wald »?
breeding lifespan 0.473 0.017 819.42
year of birth v 1.26
yearofb|rth s wm e em
year of birth 2004 -0.034 0.033 1.04
”ye»abruofbbifth s oo osn o
year of birth 2006 0.013 0.044 0.08
yéabr”o‘fbbbifth w S P PR
tarsus length 0.000 0.003 0.01

with log link for LRP and Gamma distribution with log link for
LEP. We entered LRP or LEP as dependent variable, breeding
lifespan, tarsus length and 2D:4D as continuous predictors,
and status, classified as recruits (ringed as nestlings) or immi-
grants (ringed as breeding adults), and the year of first
breeding (coding for possible cohort effects) as categorical pre-
dictors. Interaction of status with 2D :4D as well as breeding
lifespan was also entered because recruits and immigrants may
differ in the strength of maternal effects and their reproductive
strategy.

The models that included immigrant females proved to be
problematic because status and its interactions had a variance
inflation factor value that far exceeded 10, suggesting a multicol-
linearity problem. The interpretation of these models is also
complicated because we could not control for year of birth, and
there may be difference in the accuracy of LRS estimations
between recruits and immigrants. Therefore, we restricted the
models to the 96 recruit females (born between 2003 and 2008).
We first fitted simple models with only 2D:4D as predictor,
and then also examined the effect of 2D :4D while controlling
for other predictors such as breeding lifespan and tarsus length
(continuous) and year of birth as cohort effect measure (categori-
cal). The dispersion parameter of the LRP model (estimated
as the ratio of Pearson’s chi-square statistic to its degrees of
freedom) was 1.33, and we took it into account in the analysis.

To test the relationship between breeding lifespan and 2D:
4D we applied a generalized linear model with Poisson distri-
bution and log link with breeding lifespan as the dependent
variable and 2D : 4D as continuous predictor. The dispersion par-
ameter of this model was 0.59 and we took it into account in the
analysis.

During the analyses we performed backward stepwise model
simplification by sequentially removing non-significant terms.
Statistics for removed variables were calculated by re-entering
them in the final model. All statistical analyses were conducted
in Statistica 6.1 (StatSoft, Inc.).

3. Results and discussion

We found that females with higher 2D :4D produced more
recruits during their life (estimate = 9.07, s.e. =4.17, Wald
Chi-square = 4.73, p = 0.03, n = 96), even though they did
not breed more often (estimate = —1.55, s.e. = 1.64, Wald

LRP
estimate s.e.
<0.001* 0.594 0.107 30.91 <0.001*
0.939 5.85 0.321
0.962 0.339 0.353 0.92 0.337
0.308 —0.526 0.473 1.24 0.266
0.899 0.774 0.488 2.52 0.112
0.775 —0.404 0.706 0.33 0.567
0.606 0.368 0.493 0.56 0.456
0.908 —0.011 0.035 0.09 0.759
0.969 13.148 4728 173 0.005*
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Figure 1. Correlation between the residuals of lifetime recruit production on
breeding lifespan and digit ratio (2D : 4D) in the 96 recruited female collared
flycatchers.

Chi-square = 0.89, p = 0.35, n = 96), nor did they lay more
eggs during this time (estimate = —2.09, s.e. =1.41, Wald
Chi-square = 2.20, p = 0.14, n = 96). When we took tarsus
length, year of birth and breeding lifespan into consideration,
similar results were obtained (table 3, figure 1). Moreover, the
significant contribution of breeding lifespan to LRS [17] was
also confirmed (table 3). The higher recruitment success of
the offspring therefore resulted from their higher post-
fledging survival, natal philopatry or breeding ability, so it
may reflect higher offspring quality. This would mean that
females with higher 2D : 4D produce offspring of better qual-
ity; hence they have more recruits and greater genetic
contribution to the next generation, that is, higher fitness.
Thus, 2D:4D may indicate individual quality in females,
suggesting that the genetic or early environmental determi-
nants of 2D:4D development could also have long-term
effects on LRS. These early environmental determinants
could be both maternal hormonal effects [18-20] and
environmental effects during embryonic or postembryonic
development [10].
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Focusing mainly on maternal hormonal effects, we
discuss three possible, mutually non-exclusive explanations
for the relationship between female 2D:4D and LRP. We
previously found in a 1-year experiment that elevated yolk
testosterone increased left 2D : 4D of collared flycatcher fledg-
lings [20]. Although our long-term data were based on the
measurements of the right 2D :4D, if we suppose that body
sides differ only in their responsiveness to testosterone but
share similar developmental mechanisms, then it could be
suggested that yolk testosterone improves the LRS of females
in this species. To the best of our knowledge, no study has
investigated the effects of yolk hormones on LRS of the
returning offspring. However, experimentally increased
yolk testosterone was found to negatively influence the size,
production and fertility of eggs in females during the first
breeding attempt in two precocial bird species [21,22], and
this pattern contradicts our above suggestion.

It is also possible that other yolk androgens have simul-
taneous positive effects on 2D :4D and fitness-related traits.
In our collared flycatcher population eggs contain seven
times more androstenedione (precursor of testosterone)
than testosterone, moreover, offspring from eggs with rela-
tively higher androstenedione concentrations within a
clutch had a higher recruitment rate [23]. Furthermore,
Tschirren et al. [24] found in the same species that females
that produced eggs with high yolk androstenedione and
low yolk testosterone produced more recruits and lived
longer. Based on these and our findings, we would expect
that females from eggs with higher yolk androstenedione
levels would have higher 2D :4D and recruitment success;
moreover, they would deposit more androstenedione into
the eggs, thereby having more recruited offspring. However,
in conflict with this speculation, yolk androstenedione depo-
sition shows little mother—daughter resemblance in collared
flycatchers [25].

Another possible explanation for the positive relationship
between females” 2D :4D and their offspring’s recruitment
success is provided by glucocorticoids. We suggest the fol-
lowing scheme: stressed mothers lay eggs with high
corticosterone levels so their daughters have impaired
growth and increased hypothalamo-pituitary—adrenal
(HPA) axis responsiveness [26,27] accompanied by low 2D:
4D [28]. There is potential for these more responsive females
to deposit more corticosterone in their eggs [29], which will
also have detrimental effects on their offspring’s phenotype.
Thus, both low 2D :4D females and their offspring are low
quality individuals with increased glucocorticoid reactivity.
The frequent or chronic activation of the HPA axis by
deleterious physiological

environmental stressors has

References

consequences, which can negatively affect adult survival
and recruitment of fledglings [30] as well as female reproduc-
tive success [31]. Beside the stress-induced corticosterone
deposition, the epigenetic modification of hippocampal glu-
cocorticoid receptor gene expression may provide an
alternative mechanism for the transgenerational transmission
of stress responsiveness. In altricial bird species, post-natal
maternal stress appears to have greater effects on adult phe-
notype then pre-natal maternal stress [32]. It is therefore
conceivable that the quality of maternal care is associated
with offspring 2D : 4D [10] and affects the levels of hippocam-
pal glucocorticoid receptor expression [33] via epigenetic
alterations. If these epigenetic modifications are heritable,
then this results in similar responsiveness of the HPA axis
in offspring and grand-offspring, causing the relationship
between offspring 2D :4D and grand-offspring recruitment
success.

The contribution of the environmental component differs
between the factors shown to affect 2D : 4D development. More-
over, the relative significance of these various developmental
factors may depend on maternal environmental conditions.
However, irrespective of the exact physiological mechanisms
underlying digit ratio development, researchers are interested
in this trait under the assumption that the influences it reflects
are relevant for the reproductive life of the individual. Our
results are the first to support this by suggesting a positive
association between the number of lifetime recruits and 2D:
4D in female collared flycatchers.
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