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Abstract

In bird eggs, the theoretical expectation of a primary sex ratio (at conception) of 50:50
males/females often fails to materialize. Using PCR technology for sex verification in this
pilot study, we evaluated the primary sex ratio of 128 fertilized domestic goose eggs (Anser
anser) early in the laying season. Over 24 consecutive days of egg collection, 37% more
males were found (58% males vs. 42% females). This male-biased trend gradually declined
over the period, but an excess of males was still observed. Among the factors for predicting
the male sex ratio bias in a particular goose was the egg weight, i.e., heavier eggs tended
towards a male phenotype. The embryo sex of the first egg laid and the egg weight change
dynamics over the laying period were also noted. The correlation between actual and
predicted data was calculated, taking into account three parameters, and found to be 0.724.
To explain the effect of an implicit random/non-random process more adequately, we
introduced the concept of biased randomness. As well as being of academic interest, research
on sex ratio bias is crucial for goose breeding/reproduction programs and important as a
step towards understanding the physiological mechanisms that underly sex ratio bias in
these animals.

Keywords: Anser anser; goose eggs; embryos; sex ratio bias; egg weight change dynamics;
random series generation and estimation

1. Introduction

According to Hardy [1], the growing understanding of sex ratio variation across
vertebrate animals, including livestock species, is one of the more significant develop-
ments in evolutionary ecology. Moreover, there is still considerable disagreement and
ambiguity surrounding adaptive reasons for these variations. Inferring process from
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pattern can be challenging, in part because competing explanations can often lead to
contradictory conclusions.

Male and female avian embryos should theoretically be expected to be produced in
equal proportions during fertilization, since the avian ovary generates Z- and W-bearing
oocytes in equal quantities. This conforms to the notion of the primary sex ratio in animals
that have heteromorphic sex chromosomes [2]. In practice, however, the situation is
somewhat different in that, amongst hatched chicks, a secondary sex ratio different from 1:1
is observed. That is, some embryos die during the incubation process and the subsequent
secondary sex ratio observed varies depending on the bird species, breed, genetic features,
age of laying hens, ratio of females to males in a flock, etc. [2-8]. As such, data are difficult
to collect given the number of variables involved. Whether differential mortality completely
explains biases in hatching sex ratios (i.e., are there other contributing factors?) is the subject
of some debate in the literature; however, laying hens can directly influence the primary
sex of their offspring. This adaptive feature was addressed in birds [1,9], and equivalent
processes have been observed in mammals [10-15], among other groups.

At a causal level, Pike and Petrie [16] and Alonso-Alvarez [17] suggest that regulation
of offspring sex can be influenced by a change in the bird’s hormonal environment. An
altered sex ratio during the reproductive period has been indicated in chicken of different
genotypes [18,19]. The mechanisms for such adaptive changes can involve anatomical,
physiological, social, and genetic factors inherent in an individual, as well as external
environmental parameters [20-24]. To date, however, the causal mechanisms have not yet
been fully established.

When Narushin et al. [25] assessed the possible causes of sex ratio bias in ducks of a
commercial flock over seven years (2014-2020), key factors were identified that, perhaps to
some degree, influence, or are associated with, the shift in the embryo sex in one direction
or the other. These include (1) periods of duck egg lay, i.e., a growth or decline in the
number of eggs laid, and (2) weather conditions. For the latter, air temperature and wind
strength were the most significant, but these may be features of a more general seasonal
trend that could be associated with other yet unidentified causal mechanisms. Since in that
study, sex bias was measured as a flock average, it was not possible to reveal effects at the
level of the individual hen. That is, in a flock, different birds may be at different phases of
fecundity: for some, egg-laying growth might have already begun, whereas others may
still be in the deep recession or, perhaps, in the molt period.

In this investigation, we examined a flock of domesticated individual geese of the root
species Anser anser (sometimes referred to as A. a. domesticus; for brevity, we here refer to
these as A. anser). Notably, we took a different approach to the study of geese as they are
among a few domesticated avian species characterized by seasonal egg laying. We started
the experiment at the very beginning of their egg production period and, thus, all females
were in the growth cycle phase. According to Narushin et al. [25], this is especially critical
in influencing the embryo sex, while the weather factors are common to all individuals.
Trivers and Willard [26] hypothesized that possible sex bias (especially in seasonal breeders)
is influenced by parental condition. While parents in poorer health should have daughters,
parents in better health should generate sons. Toward the end of the laying period, the
female’s condition deteriorates, while the male’s condition remains virtually unchanged.
This imbalance leads to the expectation that a healthy male father has a much greater impact
on egg production than an unhealthy female parent. This factor is of no small importance
and significantly influences the sex ratio shift at the end of the laying period. Since we were
primarily interested in identifying embryo sex directly from egg parameters associated
with a specific bird, without considering the characteristics of the parents, this fact further
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confirmed the usefulness of conducting research at the beginning of laying, i.e., during the
production growth phase, when the parents are in equal physiological conditions.

Thus, the following reasons can be given in favor of studying the primary sex ratio of
goose embryos at the beginning of the productive period of egg-laying by their parents:

e  Both parents are in approximately the same physiological state, and the female’s basic
resources are not yet depleted;

e  Weather factors do not affect the possible adjustment (shift) of the sex ratio;

e As a consequence, the first eggs of the laying season better reflect the genetic and
physiological standard, which is confirmed by numerous studies conducted on both
wild and domestic goose species [27-32].

In this study, we therefore considered only the primary sex ratio determined by PCR
analysis. The purpose of this pilot study was hence to test the hypothesis that there are
significant differences in sex ratio at the primary level in geese early in the laying season
and, if so, to ask the question, in what direction is the change?

2. Materials and Methods
2.1. Study Flock

This pilot study was performed in as naturalistic an environment as possible in a do-
mestic waterfowl farm in Ireland, working with a flock of Legarth geese from Ballyrichard
Farm (Arklow, Ireland; 52°50’'5” N, 6°7'49” W). The appropriate flock management and
housing criteria were adhered to as described elsewhere [27-29]. Twenty female geese
were selected based on finding them laying in a nest that they would continue to use
for their clutch of eggs. They were labeled using spray paint with individual markings
and assigned individual identities with letters from A to V. It should be noted that not all
letters of the alphabet from this series were used and, therefore, the absence of some of
them further in the text does not mean their accidental omission or departure during the
experiment process.

2.2. Egg Handling and Molecular Sexing

During the observed laying period (from 10 February to 5 March 2021), a total of
135 goose eggs were obtained. The mean number of eggs per goose was 6.7 £ 1.2, with a
median of 6 and a range of 5 to 9 eggs between geese. Each egg was weighed (W) using
an electronic scale to the nearest 0.01 g. The eggs were collected and stored on farm at
6 °C to complete the whole batch for the experiment and then transported in isolated
egg transportation boxes for molecular sex identification analysis. The fertility state was
visually inspected at the blastoderm stage without incubation. The germinal disks of
all eggs were separated for the further polymerase chain reaction (PCR) analysis of the
sex-specific CHD1 gene sequences. The latter are highly conserved in most birds and
can be used as universal molecular sexing markers as described elsewhere [33-37], with
some modification [38].

Processing of the germinal disk samples for DNA extraction and sex-specific PCR was
performed for all eggs of the individual goose in one batch. Germinal disks were separated
from the yolk and frozen, and DNA extraction was performed using alkaline lysis. The
samples were dissolved in 280 puL lysis buffer (100 mM Tris-HCL, pH 8.0, 100 mM NaCl,
100 mM EDTA, 1% SDS and 10 mg/mL Proteinase K for 3 h at 56 °C). After precipitation of
proteins in saturated NaCl, the DNA was washed in ethanol several times, dried, dissolved
in TE bulffer, and stored at —20 °C. For PCR (using GoTaq® G2 Hot Start Taq Polymerase,
M7405, Promega, Madison, WI, USA; and CHD1-specific PCR primers as listed in Table 1),
the total amount of 25 ng DNA was applied as a template and 35 cycles were run at 57 °C
annealing temperature. After PCR amplification, the Z- and W-specific PCR products were



Poultry 2025, 4, 59

4 0f 20

evaluated via 2% agarose gel electrophoresis. Molecular sexing was achieved from 128 out
of 135 eggs; non-informative eggs were caused by technical and preparation losses.

Table 1. Forward (F1, F2) and reverse (R) primer sequences used for molecular sexing.

Primer Sex-Specific PCR Primer Sequences Amplicon
F1 5'-GTTACTGATTCGTCTACGAGA-'3
F2* 5'-GCTACTGATTCGTCTGCGAGA-'3 41154921;}) (((éIéILD)-_VZV))
R 5'-ATTGAAATGATCCAGTGCTTG-'3 p

* Primer F2 was modified according to reference sequences for chicken Z chromosome. All primers matched the
goose Z and W chromosome sequences, implying that they can be used for molecular sexing in geese.

2.3. Statistical Analyses

For mathematical representation, all eggs in which a genetically male embryo was
found were assigned a quantitative index of 1, and the group of eggs with genetically
female embryos was, respectively, assigned a quantitative index of 2.

Since in our studies there was no technical ability to evaluate absolutely all eggs laid
during the entire productive period, we limited ourselves to only the first month of egg
laying in the given goose population. Considering that over the entire period, i.e., from
February to June, the females would perhaps have laid approximately three times more
eggs [27,28], we needed to assess the representativeness of this experimental sample. For
this purpose, we implemented the calculation formula for minimum sample size from
Cochran [39] and the appropriate assumption on the margin of error (E). Cochran [39]
left the choice of the acceptable value of En,x to the discretion of researchers, however,
recommending its value at the level of 5% (0.05). Thus, our aim was reduced to calculating
the E value and comparing it with the permissible value of Emax. If the calculated E value
does not exceed Emax, i.e., 0.05, the sample can be considered representative. In this case, the
Cochran’s calculation formula for minimum sample size can be converted to the following;:

(N — n)oy
FT oo g

where N is the total number of eggs that 20 females could lay during the entire laying
cycle; n is the number of eggs in the studied experimental sample; and ¢y is the standard
deviation of the parameter under study, which in our case conforms to the presence of
a male or female embryo in the given egg. For the studied sample of 135 eggs, it can
be assumed that over a full laying season, the 20 females could lay around three times
more eggs, i.e., approximately 405 eggs. In this initial experimental sample, seven eggs
were not evaluated.

The STATISTICA 5.5 software (StatSoft, Inc./TIBCO, Palo Alto, CA, USA) and Mi-
crosoft Excel computational tools were employed to process the numerical data obtained
and assess the statistical significances using Student’s t-test and other relevant tests, such
as Pearson’s Xz goodness-of-fit test, Fisher’s test, G-test, and the Wald—Wolfowitz runs test.

3. Results
3.1. Sample Representativeness

The numerical series obtained in this pilot study included 74 “ones” (males) and
54 “twos” (females), reflecting the value of the function (y) for the presence of a male or
female embryo in a goose egg.

For this series (y), the standard deviation (c) was 0.50, which gave us the opportunity,
using Equation (1), to calculate the E value, which was 0.003. The obtained value of E
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was almost 20 times less than Enax = 0.05, indicating the representativeness of the egg
sample studied.

3.2. Cumulative Results for the Study Flock

The full data on eggs produced by each goose are presented in Supplementary Table S1.
This includes the number of eggs laid by each female during the observed period, their W in
g, and the ratio of male embryos (M) to female embryos (F). The respective graphic visualiza-
tion in Supplementary Table S1 allowed us to track the trend of changes in these indicators.

Due to some technical failures in this pilot study, it was not possible to measure the W
value in one egg of goose A and identify the embryo sex in one egg each of geese A, F, P,
O, and Q and in two eggs of goose K. Therefore, in the graphic images of Supplementary
Table S1, there may be discrepancies between the number of points corresponding to egg
weight and those showing the sex of the embryo.

Analysis of the data produced (Supplementary Table S1) did not enable us to identify
a general tendency for individual changes in the values of W and M:F across all geese. In
some individuals, an elevation in W over 24 days of the assessed period was accompanied
by a shift in the sex ratio towards females, while in the others there was, on the contrary, a
male bias. Sometimes, the M:F trend line remained unchanged. A similar situation was
observed in the case of a reduction in the W value during the first month of lay. In this
regard, we decided to carry out a general assessment for the entire experimental sample
of both females and the eggs they laid. Figure 1 provides an insight into the individual
distribution of the data obtained regarding the mean W values from each goose (Figure 1a)
and the sex ratio of males to females (Figure 1b).

Graphic visualization in Figure 2 helps us to assess the possible relationship between
mean W and M:F. Despite a large scatter of parameters (the range of M:F showed the varia-
tions from 0.5 to 5), which reduced the accuracy of the trend line approximation (Figure 2),
it was evident that the general trend of sex ratio changed from a clear predominance of
males in eggs of lower W to a reduction in their component in heavier eggs. At the same
time, when we used only the trend line as an information component, it was noticeable that,
both for lighter and heavier eggs, the M:F ratio was above 1. In other words, despite the W
value, the number of males in eggs always exceeded the number of females, although this
tendency was significantly reduced in eggs of greater W. However, the correlation between
mean W and M:F values was low (R = —0.190) and insignificant.

We also estimated possible differences in the W values of all the eggs that produced
embryos of a different sex (M = 1 and F = 2). The results of the f-test showed an insignificant
difference. The only thing that could be stated unequivocally was that the lightest egg
contained a female embryo, while the heaviest one contained a male embryo (Figure 3).

It is not possible to assert definitively that there is an absence of a relationship between
M:F and W, despite the insignificant results. This is due to the insufficient data to reject
the null hypothesis. Nevertheless, the trends obtained here could be especially useful for
conducting and analyzing further experiments.

We also attempted to track the general trend in the degree of excess of one sex over
the other during the assessed period, along with the trend in W (Supplementary Figure S1).
Both trend lines demonstrated a weak but stable trend of variability in the M:F
and W values.
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Figure 1. Mean data distribution across twenty females (A to V): (a) egg weight differences between
the laying geese; (b) male-to-female ratios between the laying geese. The M:F ratio was calculated
as the ratio of the number of eggs containing male embryos to the number of eggs containing
female embryos.
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Figure 2. Graphical dependence of the mean egg weight (W) from each goose and the sex ratio of
their embryos (M:F).
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Figure 3. Visualization of egg weight (W) data relative to male (blue dots) and female
(purple dots) embryos.

3.3. Embryos in Heavy and Light Eggs

As there is some relationship between sex ratio and W (Figure 2), we hypothesized
that it could be tighter if we divided eggs into two groups using the linear algebraic group
approach [40]. Applying this analytical approach, we sought to establish how smoothly the
trend of decreasing M:F value with increasing W is traced. A large range of the parameters’
values recorded during the analysis of this relationship (Figure 2) impugns the uniformity
of this trend. The first group, which included eggs from 9 geese, was conventionally
named “heavy eggs,”, i.e., their W was above the mean value, whereas the second group
(respectively, comprising eggs obtained from the remaining 11 geese) included “light
eggs”, with their W being correspondingly lower. Herewith, we considered the mean W
values obtained from each goose during the assessed period. Subsequently, the resulting
relationship between W and M:F was visualized in Figure 4.

The inferred trend lines enabled us to suggest that an increase in W of lighter eggs was
associated with an excess of females, which is consistent with other studies [26]. However,
the higher W values of the heavy eggs group gave a bias towards male embryos.

We also attempted to detect some distinctiveness of the changes in W and M:F when
broken down at the individual level. The respective results for each goose are presented in
Supplementary Figure S2.
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Figure 4. Graphical relationship of the weight (W) of heavy eggs (blue dots and line) and light eggs
(purple dots and line) with the sex ratio of their embryos (M:F).

3.4. Embryo Sex in the First EQQ

When considering the first egg among the 20 females, 16 geese had a male embryo in
their first egg, i.e., demonstrating a strong male primacy effect. However, the first eggs of
the geese we labeled as K, O, and Q were not sexed due to a technical issue, and therefore,
in our analysis we considered the sex of the embryo of the second egg she laid.

Considering the process of shifting the embryo sex during lay (Supplementary
Figure S3), we conclude that most geese (13 of 16, i.e., 81.25%) that laid their first egg
with a male embryo, gradually shifted to producing females by the end of the assessed
period (Supplementary Figure S3a).

For convenience, the linear regressions calculated for each trend line of Supplementary
Figure S3 are presented in Supplementary Table S2.

For each of the two groups considered, we tried to establish a possible relationship
between the M:F ratio and W; however, the trend turned out to be identical. In both cases,
with a rise in the W value, a lowering in the excess of males over females was observed
(Figure 5).
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Figure 5. Relationship between the sex ratio of goose embryos (M:F) and egg weight (W) depending
on the presence of a male or female embryo in the first egg laid.

3.5. Dynamics of Changes in W During the Egg-Laying Period

If we consider the graphs of individual changes in W in each female during the
assessed period (Supplementary Table S1), we can observe differences in the direction of
the trend line, that is, it can rise (10 geese), fall (5 geese), and, sometimes, remain unchanged
(5 geese). However, in addition to this, even lines of the same type had different angles
of slope, i.e., different change dynamics of this parameter. Using this unevenness, we
attempted to estimate how much the slope angle (TANW) of changes in W for the eggs of
each female would help us in predicting changes in the sex bias magnitude of the embryos
they produced. To achieve a more flexible evaluation of the results obtained, we singled
out the trend lines characteristic of the growth and decline of changes in W into separate
categories, calling them, respectively, “drop” and “growth”. As a result, the respective
dependencies were obtained as shown in Figure 6.
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Figure 6. Relationship between the slope of the trend line (TANW) that reflected changes in egg
weight (W) and the sex ratio of goose embryos (M:F).

3.6. Power of Synergy Model

In the previous subsections, we demonstrated several parameters characteristic of
each female goose, based on which, with some degree of probability, it was possible to
predict a possible change in the sex ratio of embryos in the eggs laid during the observed
egg production period. Nevertheless, the probability of such a prediction, which was
quite high for some individuals, gave very inaccurate results for others. However, the
fact remains that W of laid eggs, the tendency of the sex ratio change during lay, and the
embryo sex of the first egg laid can be effective criteria for assessing the M:F value. To
reach a more reliable prediction of results, we used the power of the synergy effect by
including all three analyzed parameters together in the prediction model. These three
parameters were W of laid eggs, the tendency of its change during lay (TANW), and the
embryo sex of the first egg laid (Em). Conventionally, data on the embryo sex of the first
egg were designated 1 if it was a male, and 2 if it was a female. Before proceeding to the
approximation of the data by the mathematical model, their multicollinearity was tested.
According to Kutner et al. [41], a strong correlation (near +1 or —1) between variables is a
sign of multicollinearity. In this regard, we estimated the Pearson correlation coefficient
(R) between the parameters W, TANW, and Em. The following results were obtained: for
the pair W and TANW, R = —0.333, for W and Em, R = —0.071, and for TANW and Em,
R = —0.091. Herewith, all R values were insignificant. Thus, the values used to obtain the
prediction formula were independent of each other.

The approximation of the experimental data was conducted by a linear regression equation:

M:F = 7996 — 0.025W — 0.092TANW — 0.997Em, (2)

where M:F is the dimensionless value of the males to females ratio from one goose during
the assessed period; W is mean egg weight from one goose (in g); TANW is the slope of
the trend line plotted according to W data from one goose (in rad); and Em is the embryo
sex in the first egg laid from the corresponding goose (1 if male and 2 if female). Herewith,
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W of those eggs in which the embryo sex could not be identified was not considered
during the analysis.

Usage of Equation (2) for computations demonstrated the correlation coefficient be-
tween the calculated and true data at the level of R = 0.327, although this value was not
significant. Consequently, we decided to increase the degree of the regression equation.
Understanding that such equations are extremely difficult to explain from the viewpoint
of biological processes, the task that we set for ourselves was, nevertheless, to test the
possibility of increasing the prediction accuracy based on the synergistic effect of the initial
parameters. As a result of mathematical processing of the experimental data, the most
accurate result was obtained using a second-order polynomial:

M:F = 50.878 — 0.601W — 6.816TANW + 34.338Em + 0.044W - TANW — 0.202W - Em +

19.612TANW - Em — 0.107W - TANW - Em + 0.002W? + 0.336(TANW)2 + 1.257Em?

)

with R =0.724 (p < 0.05).

Undoubtedly, the resultant Equation (3) cannot be used as a definitive tool for practical
prediction of the M:F ratio. With this equation, we merely wanted to demonstrate the
possible nonlinearity of multiple relationships between parameters, as well as the practical
potential of using these parameters in quantitative prediction of the sex ratio.

3.7. Randomness Tests

Assessing biological series for non-randomness is quite complex. This is due to several
factors, including the following:

e  The sample size is small, which is typical for our case due to the limited number of
geese and analytical capabilities.

e A high level of natural variability (genetics, environment, nutrition, stress, etc.) influ-
ences the result, which creates strong so-called “biological noise”.

e  The nonlinearity of parametric relationships, confirmed by the obtained dependence
(3). Traditional statistical methods are good at assessing linear relationships. However,
if the pattern is nonlinear, it is difficult to capture using standard statistics tools.

e  Many tests require normal distribution. In biological research, data often violate
these conditions.

e  High probability of false negatives, which happens quite often with small effects and
high noise levels.

In this regard, the implementation of the randomness verification procedure was
examined more closely. To assess the degree of randomness of the estimated series of
embryo sexes in laid eggs, that in our case consisted of 74 ones and 54 twos, we tried to
generate a similar, but random series, also consisting of ones and twos. As a system for
generating random numbers, we attempted to use the algorithm built into the MS Excel
program. However, given several skeptical comments about the degree of randomness of
such generation [42,43], we also used the classical method of removing balls from a closed,
opaque container. To do this, we prepared two identical balls, on one of which the number
1 was written, and on the second 2. By mixing thoroughly and blindly choosing one of the
balls, we generated another random row consisting of ones and twos. Thus, a comparison
of the series of sex characteristics of goose embryos was carried out with two random series,
conventionally called by us ‘Excel” and ‘balls’. For complete consistency, in the generated
random series we did not consider the eggs (seven pieces) that turned out to be unfertilized
in the actual dataset of goose eggs. The main comparative characteristics of each of the
data series are presented in Table 2.
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Table 2. Data from actual goose embryo sex series compared to generated random numbers.

Parameters Actual Data Random Excel Random Balls
Males total 74 61 64
Females total 54 67 64
Average males per a goose (£SD) 37+£1.0 31+18 32+12
Average females per a goose (£SD) 27+£12 34+17 32+12
Sex ratio (+£5D) 1.37 +1.53 # (58:42) 0.91 +2.15P (48:52) 1.00 + 0.82 *P (50:50)

b Tdentical superscripts indicate significant differences (p < 0.05); the absence of a corresponding index indicates
that the differences are insignificant.

Analyzing Table 2, one can conclude that we are not dealing with a random process
of sex bias. Obviously, the primary sex of geese, after all, does not conform to the classic
50:50 ratio. At least, randomly generated values showed results closer or even completely
corresponding to this ratio (0.91 and 1.00) than laid goose eggs (1.37). Hereby, the difference
between the Actual data and Random balls groups was statistically significant. However,
the difference between the values of the Random Excel and Random balls groups demon-
strated similar significance. If we increased the confidence interval, the difference between
the ratios of males to females for the Actual data and Random Excel groups conformed to
p <0.15, and for the Actual data and Random balls groups to p < 0.2. On the other hand,
with an individual analysis of the embryo sex in the eggs for each female, no significant
differences could be established between actual and virtual individuals. Furthermore, if we
placed them in increasing order of the sex ratio in the clutch, conventionally designating
the geese by serial numbers from 1 to 20, the resulting graphical dependencies (Figure 7)
were sufficiently similar.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Conventional ordinal number of a laying goose

‘—Q—Real —8—Random Excel Random balls ‘

Figure 7. The male-to-female ratios between virtual laying geese for actual and random data ranges.

Since it was not possible to draw an unambiguous conclusion, we paid more attention
to statistical confirmation of the sex bias reality. A possible candidate for an alternative
method to determine significance may be Pearson’s [44] x? goodness-of-fit test. This is
because the classical purpose of this Pearson’s criterion is precisely to assess how actual
values differ from theoretical probabilistic analogs [45,46]. In our case, the theoretical
probability of sex distribution is 50:50, i.e., the M:F ratio of 0.5 for each goose. However,
the calculation of the x? value for the M:F values shown in the graphical dependences
in Figure 7 suggested that the data for all three options, both for actual geese and their
virtual analogs, differed from the theoretical probability of 50:50 with p < 0.05. Herewith,
the Random balls value was identical to the theoretical random distribution, compared to
the other two series.
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We also decided to double-check the adequacy of the obtained differences between the
three datasets and the theoretically expected ratio (50:50) using the G-test. In principle, it is
similar to the XZ test; however, it is more often used in biometric analysis, and therefore
may be more suitable for such cases [47]. As expected, the G-test demonstrated similar
results: for all three obtained numerical series, the M:F ratio significantly differed from the
theoretical probability of 50:50 (at p < 0.05).

Using Fisher’s [48] exact test, comparison of the Actual data series with the Ran-
dom balls series demonstrated significant difference at p < 0.05. The probability level
for the difference between the Actual data and Random Excel values was slightly lower
than p < 0.1.

We also applied a nonparametric statistical test known as the Wald—Wolfowitz runs
test [49,50] that tests the hypothesis of randomness for two data sequences of equal length.
This test analyzes the so-called runs, i.e., a segment of the sequence consisting of adjacent
equal elements. As a result of implementing the Wald-Wolfowitz runs test, all analyzed
parameters, i.e., the numerical series (a set of ones and twos), the M:F ratio, the number
of males and, accordingly, females, were identified as datasets of random variables with a
significance level of p < 0.05.

4. Discussion

Here, we show that sex ratio in geese begins very male-biased but shifts towards a more
female bias over time. In other words, the geese tend to invest most in male offspring early
in the laying season. For the samples in the present pilot study (Supplementary Figure S1), it
can be noted that over 24 days of the egg-laying, there was a tendency for a slight elevation
in the number of female embryos (Supplementary Figure S1a). Moreover, judging by the
fact that, by the end of the observation period, the trend line only approached the average
value between these indicators (1.5), we can report a pronounced predominance of males
over females. The trend in W changes was the opposite of what one would expect in this
seasonal breeder as resources become depleted, and over the laying season the investment
in egg weight declined, reflecting the reducing energy reserves of the goose over time. That
is, the W value gradually reduced towards the end of the assessed period (Supplementary
Figure S1b). These findings agreed with those of Salamon and Kent [28], who studied the
weight of eggs laid by geese of the same breed group kept under the same conditions as
we investigated here. Several studies conducted on other goose breeds also demonstrate
a similar trend [32,51-57]. However, a large scatter of parameters and low, insignificant
coefficients of determination for both trend lines (R? = 0.014 in Supplementary Figure Sla;
and R? = 0.028 in Supplementary Figure S1b) did not allow us to draw unambiguous
conclusions regarding the obtained trends for changes in these parameters.

We were more successful in addressing the question of whether there was a closer
relationship between the embryo sexes and the parameters of their eggs and/or the char-
acteristics of their laying. It was not possible, however, to confirm significance of this
relationship in the aggregate analysis of the data produced. In this regard, we tried to
use the linear algebraic group theory [40] by executing the appropriate breakdown of the
results obtained according to various indicators characteristic of various affine samples of
laid eggs. Analysis of the obtained trend lines allowed us to conclude that all geese falling
into the group of heavy eggs (n = 9) showed a tendency towards a decrease in W by the
end of the assessed period or, in extreme cases, towards some constancy of this parameter
(Supplementary Figure S2a). At the same time, the geese whose mean W was lower (n = 11)
were conditionally divided into two subgroups. In one of them (4 geese out of 11), there
was a tendency for W to decrease, while in the other (7 geese out of 11), in contrast, the W
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value grew (Supplementary Figure S2c). As for the M:F ratio, a specific trend could not be
detected individually for a particular goose (Supplementary Figure S2b,d).

Despite some obtained information on the relationship between the parameters W
and MF, it was not enough to predict unambiguously the magnitude of sex bias in goose
embryos. In this regard, we also analyzed other related parameters, including the embryo
sex in the first egg. Most likely, this is due to the analogy with wild species. For example,
Ankney [58], when studying four-egg clutches of Lesser Snow Geese (Chen caerulescens
caerulescens), found that males predominated in the first two eggs laid, whereas females
predominated in the final two. That author put forward few hypotheses for discussion as to
why such a disproportion was possible. In our case, domestic geese were no different from
their wild counterparts and followed similar patterns of embryo sex in the first egg [58].

Another appropriate parameter to check was the dynamics of change in W during
the egg-laying period. Analysis of the obtained graphical dependencies (Figure 6) demon-
strated that, for geese that had a drop in W during the observed period of egg production,
the lower rate of such a decrease (up to constant values of W) coincided with a similar de-
cline in the proportion of males in the eggs laid. At the same time, birds that demonstrated
a growth in the W value had an increased proportion of female embryos, along with a
parallel increase in the W growth dynamics of laid eggs.

In Sections 3.2-3.5, we explored several single parameters characteristic of each female
goose, based on which, with some degree of probability, we were able to predict a possible
change in the sex ratio of embryos in the eggs laid during the estimated period of egg
production. Nevertheless, the probability of such a prediction, which was high for some
individuals, gave somewhat inaccurate results for others. However, the three examined
parameters, i.e., W of laid eggs, the tendency of its change during lay, and the embryo sex
of the first egg laid, can be effective criteria for assessing the M:F value. Using the power
of synergy principle, we inferred the appropriate formula (Equation (3)) that combined
the above three parameters. Thus, if we assume that the trends we observed during the
estimated period at the beginning of laying (24 days) were characteristic of the entire
egg-laying cycle of the geese, Equation (3) can be an effective tool for predicting reliable
information about the ratio of males to females among all eggs laid. Although the accuracy
has been improved compared to the single parameter approach, it is still far from possible
practical application. To a greater extent, this approach demonstrates the possibility of its
use in similar studies and can also be suitable for analyzing the degree of interaction of
selected influencing indicators.

Considering our findings with a degree of skepticism, it might be appropriate to
question the fundamental premise that a primary sex ratio bias indeed naturally exists
in geese. Were those authors right who state that the primary sex in bird eggs with a
sufficiently large sample has a 50:50 ratio, thus adhering to Fisher’s [59] theory of equal
investment? Was perhaps the series of embryo sexes we obtained purely random? For this
purpose, we implemented specific tests for statistical significance of the data produced in
this pilot study. The Pearson’s goodness-of-fit x? test, as well as the G-test, were not entirely
suitable for the conditions of our experiment, since the generated series of random data,
despite their “randomness,” differed from theoretical randomness, according to which all
geese must strictly observe the rule of equal sex ratio in laid eggs. This may be due to the
inaccuracy of providing significant results using Pearson’s criterion for relatively small
samples. In this case, Fisher’s [48] exact test is more suitable (e.g., [60]). Another advantage
of Fisher’s criterion is the fact that it adequately evaluates not only the differences between
the empirical and theoretical samples, but also between two independent data series.

Notably, generating a series of random data using MS Excel cannot ensure absolute
randomness, and this seems to be the case with most common software. For example,
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L’Ecuyer [43], testing some random number generators available in popular software
environments such as Microsoft Excel, Visual Basic, SUN Java, etc., concluded that they all
fail the tests by a wide margin. Nevertheless, when analyzing data on the number of males
and females in different samples, we were able to establish significant difference (p < 0.05)
according to Fisher’s test for comparing Actual data with the Random balls series, while
comparison with the Random Excel series resulted in a probability of significance at p < 0.1.

In order to completely eliminate possible questions about the random or non-random
distribution of sexes in goose eggs, we applied the Wald—Wolfowitz runs test [49,50]. This
test is used when it is necessary to check the randomness of the data distribution in a
sequence that in our case was a numerical series consisting of ones (males) and twos
(females). In fact, there are several limitations, amendments, and claims pertaining to this
method of testing randomness, as well as, probably, to any other test criterion [61,62]. We
chose, however, the Wald-Wolfowitz runs test since it operates with only two values (+
and —), relevant in our case, and is associated with the tabulated values of Student’s t-test,
which already made it possible to identify some differences between our data series.

The choice of a lower probability level, p < 0.2, made it possible to assume the non-
random nature of the number of females obtained in the series of actual data. Perhaps this
could give some hope for non-randomness if, at the same significance level (p < 0.2), the
series of values consisting of the obtained males (in the obviously random data generated
using Excel) failed to pass the test for the presence of a certain pattern. Perhaps, indeed,
generating random data series using Excel spreadsheets does not allow us to achieve the
principle of absolute randomness. From our point of view, however, the reason is also that,
perhaps for this case, it is necessary to introduce such a term as biased randomness. It is likely
that several other factors have some influence on the random process of sex ratio. Hereby,
the strength of the influence of these factors is sufficient to shift the classic 50:50 to one
sex or the other but is not sufficient to fix this shift as some kind of stable and significant
functional dependence.

From an evolutionary, functional, and behavioral ecology perspective, we described
here a significant observation and important data on sex ratio bias in domestic geese.
Early in the laying cycle, the geese produce more males, when in good body condition,
in accordance with the Trivers—Willard model [13,26]. The question for us is how this is
achieved. Our results allowed us to formulate several hypotheses that will help optimize
the conduct of experiments in the field of avian sex bias research. Aside from being of
academic interest, zoos and captive breeding programs can greatly benefit from research
on sex ratios [63]. Another major economic impact of the sex ratio skew in poultry eggs is
also possible, since producers prefer to obtain only males or only females, depending on
the further use of poultry products (e.g., [64-68]).

5. Conclusions

During the present pilot study on sex bias in domestic geese, the following relevant
and important observations were made:

1. During the first month of lay, there was a predominance of males over females at the
level of 37%. Over time, a gradual reduction in this prevalence of males was observed.

2. Opver the period of observation, a gradual decline in W was found. Herewith, there
was a tendency to increase the number of females in lighter eggs (whose W was below
the average), and, on the contrary, males in heavier eggs (with W above average).

3. A total of 13/16 (~80%) geese had males as the first embryo. The preference to-
ward a male embryo in the first-hatched egg tended to produce more females at the
end of laying.
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4. More pronounced dynamics of changes in W (both its growth and drop) conformed
to eggs in which male embryos predominated. A more uniform distribution of W
during the laying cycle was characteristic of the sex ratio bias towards females.

5. The combination of three parameters characterizing the egg-laying process in geese
(i.e., W, the dynamics of its change, and the embryo sex in the first egg) enabled us to
derive a calculation equation to predict the sex ratio during the observation period of
24 days quite accurately (R = 0.724).

6. The method we used to statistically compare the degree of randomness of the obtained
series of data on the embryo sex in goose eggs enabled us to conclude that there was
some probability for signatures of sex bias towards the predominance of males. At the
same time, generating a random series by the method of blindly selecting the virtual
male or female balls turned out to be preferable than using the respective software
built in MS Excel.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/poultry4040059/s1, Table S1: Goose egg data for the laying
period from 10 February to 5 March that corresponds to the laying period from Day 10 to Day 33;
Table S2: Linear regressions of the trend lines on Supplementary Figure 7 for each goose; Figure S1:
Trends in (a) embryonic sex, i.e., males (M = 1) vs. females (F = 2), and (b) egg weight (W) during the
24-day egg-laying period of geese; Figure S2: Trends in egg weight, W (a,c), and embryo sex ratio
(b,d) during the 24 days of the estimated egg-laying period with the corresponding breakdown of
geese into two groups laying heavy (a,b) and light (c,d) eggs; Figure S3: Trends in the sex of embryos
(M =1 and F = 2) during the 24-day egg-laying period, assessed depending on whether the first egg
laid was male (a) or female (b).
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