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ORIGINAL ARTICLE

Shell quality parameters of Japanese quail (Coturnix japonica) eggs as

estimated by non-destructive testing technology

Short running title: Quail shell parameters non-invasively tested
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Abstract: The quality parameters of quail eggshells find extensive utility in studies of
production efficiency and basic biology. Non-destructive evaluation methods are of particular
relevance. Herein, we developed a non-destructive technology for assaying such shell
characteristics as shell strength (F), thickness (T) and weight (Ws). Studies were conducted
using 176 eggs laid by 11-month-old quails from a resource population of F, crossbreds. The
main set of measured and calculated parameters included egg weight (W), volume (V) and
surface area (S). In addition, we determined an indicator of elastic shell deformation under a
non-destructive load of 0.5 kg (60.5). Use of this parameter set allowed us to make the most
accurate non-invasive prediction of the values of F (R = 0.756), T (R = 0.266) and W (R =
0.450) for quail eggs. As a result of comparative analysis of the current and previously
obtained equations for calculating W, the disadvantages of using empirical equations were
also identified. Herewith, we proposed the so-called index approach to forming mathematical
dependences, simplifying their further use, e.g., in breeding studies. As such, we selected the
following conditionally called indices: metabolism index (S/V) and specific elastic shell
deformation (8o0s/W). Following the approximation, more convenient and compact
dependences were produced. The correlation coefficients between the true and computed
values were 0.749 for predicting F, 0.262 for T, and 0.443 for W, with corresponding RMSE
values equal to 0.416 for F, 0.019 for T, and 0.105 for W, The established index
representation of empirical equations will serve as a crucial instrument for eggshell quality

control and application in quail breeding.

Key words: Japanese quail egg quality, shell quality, shell strength and thickness, shell

weight, elastic shell deformation, non-destructive testing technology



Abbreviations and units:

B: egg maximum breadth (cm); d: air cell diameter (cm); D: egg density; Dp: egg diameter; F:
shell strength (kg); h: air cell height (cm); L: egg length (cm); R: Pearson correlation coefficient;
R?: coefficient of determination; S: egg surface area (cm?); S/V: metabolism index (cm?/cm3);
T: shell thickness (mm or um); V: egg volume (cm3); Ve air cell volume (cm3); Vs: shell volume
(cm3); w: distance of the B axis offset from the egg center (cm); W: egg weight (g); W;: shell
weight (g); é: elastic shell deformation under the impact of a non-destructive load (mm); &o.s:
elastic shell deformation under a 0.5 kg non-destructive load (mm); &o0.s/W: specific elastic

shell deformation (mm/g); dmax: maximum shell deformation at failure (mm).



INTRODUCTION

There is a growing popularity for the consumption of Japanese quail eggs worldwide (Fig.
1) due to their nutritional value (Tunsaringkarn et al. 2013; Bayomy et al. 2017; Ali & El-Aziz
2019) and profitability (Volkovoy & Bondarenko 1989; Adom et al. 2023). It has led the poultry
industry to seek knowledge-intensive technological solutions to increase output and quality
control. Further advancements in quail breeding and production depend on the development
of novel technology for evaluating quail egg quality and other economically important
characteristics (e.g., Baumgartner & Bondarenko 1989; Ryabokon et al. 2005; Podstreshnyi et
al. 2010; Podstreshnyi & Tereshchenko 2012a,b; German et al. 2022). One of the most
significant factors affecting the efficiency of egg production is the shell quality (e.g., Hunton
2005), which is critical to the egg industry due to its impact on both production and food
safety. Strong, undamaged eggshells are essential to minimizing losses during egg collection,
transportation and processing, and this directly impacts the economics of the poultry industry.
Additionally, eggshells play an important role in preventing microbial contamination, ensuring

the food safety of the egg contents by acting as a natural barrier to bacteria.

The main quantitative factors by which one can judge the quality of a shell can be
characterized as follows: (i) the thickness of the shell and/or its weight; (ii) shell strength, and
(iii) shell deformation (e.g., Ketelaere De, 2004; Dunn, 2004; Bain, 2005; Solomon, 2010).
Control of shell quality has been thoroughly investigated for chicken eggs (e.g., Ketta &
Timova 2016). The nuances pertaining to quail eggs, however, compel us revisit the results of
many studies obtained for eggs of other species (e.g., Hunton 2005; Trnka et al. 2012; Ketta &

Tuimova 2016; Narushin et al. 2022). In view of this, we explored and sought to understand



how exactly these specific features of quail eggs manifest themselves.

Rahn and Paganelli (1989), based on data from 3217 eggs of extant non-passerine
species and subspecies, derived several allometric functions, i.e., dependences on egg weight
(W) that characterize the parameters of their shell, of which we will consider here its

thickness (T) and weight (Ws):

T =0.0546W "4 (1)

W, =0.0524w"'", (2)

in which T is measured in mm, and Wsand Win g.

If we recalculate these parameters (Eqs. 1 and 2) for a conventional quail egg weighing 10
to 12 g (e.g., Wilkanowska & Kokoszynski 2012), we obtain variations in the values of T =
0.15...0.16 mm, and those of W, = 0.68...0.83 g. However, this is far from the actual
measurements in nature as morphometric studies of quail eggs of the above weight
demonstrated shell parameter values at the level of T =0.21...0.22 mm, and Ws=0.9..1.0 g
(Wilkanowska & Kokoszyniski 2012). That is, quail eggs have their own distinctive peculiarities
that consistently fall out of the general range of characteristics typical to most bird eggs. In
other words, their shell indicators turn out to be 25-40% higher than predicted. By contrast,
the validation of Egs. 1 and 2 as applied to an average chicken egg weighing 60 g resulted in
the mean values of T=0.33 mm and W; = 5.0 g that are consistent with the actual ones (e.g.,

Romanoff & Romanoff 1949).



A similar situation is observed with another important parameter characterizing the
quality of the shell —its strength (F). Ar et al. (1979), using a much smaller sampling of eggs (n
= 200) that, nevertheless, covered 47 species from 26 families and 11 orders of birds, derived
an allometric dependence for F as follows:

F =50.86W"", (3)

where Fand W are measured in g.

After substituting the same values of W = 10...12 g into Eq. 3, we obtain the result of the
quail eggshell strength at the level of F = 0.4...0.5 kg. However, according to Buchar et al.
(2015) who studied this parameter in quails, the shell strength (F) value was in the range of
0.7...1.1 kg that exceeds the calculated predicted value by more than twofold. It should be
noted that the calculation of the predicted shell strength (Eq. 3) of a standard chicken egg
weighing 60 g gives the result of F = 2.2 kg; this is lower than the actual values reported in

several publications (e.g., Narushin et al. 2004, 2021b; Macleod et al. 2006; Trnka et al. 2012).

Thus, an automatic transfer to quail eggs of parameter relationships known for both
chicken eggs and some other average dependences is incorrect. This problem may arise when
using non-destructive methods for predicting shell parameters. Indeed, these assessment
methods are often empirical in nature, and what was quite adequate for the shell of chicken
eggs turns out to be of limited use for other bird species, specifically quails. While it would be
easy to estimate the shell quality using destructive methods, especially if this concerns
unfertilized food-grade eggs, a non-destructive prediction is essential to assess hatching eggs.
Careful and scrupulous development of these non-invasive methods for shell parameters of

hatching quail eggs includes several significant aspects of their subsequent practical



application as follows:

1. Development of technological methods for pre-incubation sorting. The results of
experiments by Ergun and Yamak (2017) suggest that the hatchability of quails from eggs
with thicker shells was slightly higher than in other groups, although the differences were
insignificant. Analysis of the incubation time using the eggs of 447 avian species (Narushin
et al. 2024c) showed that the incubation period of bird eggs is affected by the ratio of the
shell thickness to its surface area (7/S). Thus, by determining the T value before setting
eggs into the incubator, it would be possible to develop various technological solutions for
their most effective incubation in terms of energy saving and egg hatchability.

2. Implementation of selection and genetic measures for various crosses aimed at increasing
F. To study the relationship between the morphological, physical, geometric and other
characteristics of the egg and F, examination of shell properties should be carried out
using non-destructive technologies. Eggs with most "successful" parameters should
subsequently be incubated to pass on the required genes to the next generations.

3. Improving production efficiency. Non-destructive testing methods allow manufacturers to
verify the quality of products at different stages of production line, identify defects at early
stages and prevent defective eggs from reaching the consumer. Timely non-destructive
testing allows optimizing production processes and identifying problem areas and risk

zones, which helps to increase overall efficiency.

In general, non-destructive testing of eggshell quality is a complex task requiring the use
of modern technologies and methods to ensure safety and high quality of products. Given
that, compared to chicken, the volume of quail egg production is low, many enterprises are

not able to provide sufficiently complex technological solutions, such as NIR spectroscopy (e.g.,



Ahmed et al., 2025). In this regard, calculation methods based on conventional measurements
of geometric and/or physical parameters of the egg are preferable. We could apply similar
principles established during the studies using chicken eggs to quails. If we do, then among
the shell parameters characterizing F (in addition to T), there may also be Ws, or some of its
derivatives that require further examination. These may include its ratio to the surface area
(Ws/S; Tyler & Geake 1961) or to the weight of the entire egg (Ws/W; e.g., Narushin et al.
2004) that need further examination. Based on the physical shell properties, the shell strength
(F) can be predicted successfully using the magnitude of its elastic deformation (6) under the
impact of a non-destructive load (e.g., Voisey 1975; Voisey & Hamilton 1976; Voisey &

MacDonald 1978; Narushin et al. 2021b).

With the above in mind, the objective of this research was to develop methods for the
non-destructive assessment of the quality of quail eggshells, namely, T, Ws and F, based on
the geometric and physical egg properties and parameters, including 8. This non-invasive
methodology is crucial for controlling shell quality in zoological research and poultry

production practice.

MATERIALS AND METHODS

To achieve the above, 176 eggs were sampled from F, quails aged 11 months that
originated from a model resource population generated by interbreeding of layer (of Japanese
breed) and meat (of Texas breed) types (German et al. 2022, 2023; Prituzhalova et al. 2023;

Volkova et al. 2023). Using laboratory electronic scales, each egg was weighed (W) with an
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accuracy of 0.01 g. Using a caliper, the egg length (L) and maximum breadth (B) were
measured with an accuracy of 0.1 mm. All eggs were photographed (according to Narushin et
al. 2020a), and the L and B values, as well as the distance w of the B axis offset from the egg
center (Narushin et al. 2020b) and the egg diameter (D,) at the distance of L/4 from the
pointed end (Narushin et al. 2021a) were identified using egg images and Microsoft Picture
Manager software with an accuracy of 1 pixel. Knowing the size of L in mm and pixels,
respectively, the other geometric parameters, i.e., B, w and Dp, were converted to the metric

system of measurement.

The egg volume (V) and S were calculated using the following universal formulae
previously derived and tested for their adequacy using, among other species, quail eggs

(Narushin et al. 2024b):

DY D
y="_1/8917-29.998 2 || =2 | 1| 2.459+88.647% | =2 36262 +12.453 | LB’
128 L)\ B L) B L a)

-Dﬂj,(S)

w B w w
L L

B w D D D
S=xBL|0.389+0.188—-0.063—+0.365—2+0.114—2-0.168 +0.46—-—240.484
L L B L L L L B

in which all geometric variables are in cm, Visin cm3and S is in cm?.

The egg density (D) was calculated as the ratio of W to V.

Using the Egg Quality Testing System measuring complex (Stable Micro Systems,
Godalming, Surrey, UK), shell strength (F) was measured with an accuracy of 0.001 kg and the
degree of its maximum deformation at failure (6max) with an accuracy of 0.01 mm. Since the
process of shell deformation under loading is linear, as evidenced by both the information

from Stable Micro Systems (2022) and the publications of other authors who carried out

10
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similar measurements of quail eggs (Polat et al. 2007; Hassan & Geasa 2022), the shell
deformation (60.5) caused by a non-destructive load of 0.5 kg was recalculated using a formula

reflecting the linear dependence of &max on F:

1)
5 — max , 6
05 =5 (6)

where 605 and dmax are measured in mm, and F in kg.

The shell of a broken egg was thoroughly washed from the remaining contents, without
separating the subshell membrane. It was then air dried for 24 hours and weighed (Ws) to
within an accuracy of 0.01 g. Using a micrometer included in the laboratory equipment of Egg
Quality Testing System (Stable Micro Systems), T was measured at three points, i.e., near the

egg equator, the pointed and blunt ends, after which the value was averaged.

The shell volume (Vs) was calculated using a previously derived formula (Narushin et al.

2024d), taking into account the measured geometric parameters and T:
V. = 4T{0.1 1[ D} +2(L-3.361w—2T)(D, ~T)]
+0.03[ BD, +(L+36.26Tw—2T)(B+D,~2T) | (7)

+0.153[ B +2(L~2.908w-2T)(B~T) )

in which Vs is measured in cm3, and all other variables in cm.

Since one of the criteria reflecting F can be the shell porosity, we included in the
experiment a stage for determining the air cell volume (Vqc), as a possible indirect indicator of
porosity. The Ve value (in cm3) was calculated using a previously deduced formula (Narushin

etal. 2021c):

2
v 1.32B°h

ac L3

[h(/:2 +3.79Lw—4.08w") +0.012L(L* —=5.92Lw + 172.58w2)], (8)

11
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where h is the height of the air cell; all gecometric dimensions of the egg are used in cm.

Due to the difficulty of accurately measuring h, its value was calculated based on the
dimensions of the air cell diameter (d) using the previously derived formula from Narushin et

al. (2021c):

LB* =2d*w—/(2d*w—LB*)* —d*B*(L—2w)’

h=
2B°

(9)

Direct measurements of the d value were performed using a caliper (Fig. 2), with an accuracy

of 0.1 mm.

The measured geometric parameters of a quail egg are conventionally presented in Fig.

Several statistical and mathematical procedures that can be found in the STATISTICA 5.5
program (StatSoft, Inc./TIBCO, Palo Alto, CA, USA) and applications for the Microsoft Excel
program were used to process the data. Here, the Pearson correlation coefficient (R) and
regression models employing the coefficient of determination (R?) were used to evaluate the
validity of the determined associations, with significance being confirmed at the p < 0.05 level.
To assess the error in calculating the approximated equations, the Root Mean Square Error

(RMSE) value was used (e.g., Shi et al., 2020).

To check the adequacy of the approximation equations obtained from the experimental
results, we used the holdout method. This approach is the most basic type of cross-validation.

As a result, the data set is divided into two groups, referred to as the testing set and the

12
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training set. The function approximator only uses the training set to fit a function. We decided
to implement such a test using a double approach, when (i) eggs from the same experimental
flock, laid in the same period as those studied, are used, which, however, were not involved in
processing the results and deriving the corresponding empirical dependencies; and (ii) by
using a sample of eggs laid at a different time, by a different flock, kept in different conditions.
For the purpose (i), we selected an additional 10 quail eggs from the same flock and
performed similar measurements of the above parameters. The data obtained from these 10
eggs were not used in the approximation process; that is, they were used only as a verification
test. For the purpose (ii), we selected eggs of quails of the Japanese breed and of the Texas
White breed, which were used to create an F, quail resource population. Female of both
breeds were kept separately in multi-tiered cages with separate 22.5 x 40 cm compartments
(each bird occupying 900 cm?). All laying quails were kept under the same conditions: 16
hours of moderate artificial lighting, a temperature range of 20 to 25 °C, unrestricted access to
nipple drinkers, and full commercial feed for productive quails, which contains 18% crude
protein and 2900 kcal/kg of metabolizable energy. A total of 98 eggs were selected, of which
74 were from the Japanese breed and 24 from the Texas White breed. The procedure for
analyzing the eggs selected for cross-validation was identical to the experimental group of

eggs described above.

RESULTS AND DISCUSSION

The results of measurements and/or respective calculations of quail egg parameters are

presented in Table 1.

13
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Shell strength

Such parameter as shell strength (F) has always attracted the greatest interest of
researchers and practicians, as it is directly related to the economic losses of the egg industry.
As a result of the correlation analysis, we found that the best option for a non-destructive
prediction of the shell strength (F) value can be achieved by using the elastic shell
deformation method. As an acceptable load that does not result in a destructive effect for
quail eggshells, we set 0.5 kg. The results of this experimental procedure confirmed the
adequacy of this load setting, as well as the effectiveness of the F prediction by recording the
shell deformation values at éos5. The correlation value between these parameters was -0.514
(p < 0.05). At the same time, the relationship between F and 605 was hyperbolic (Fig. 4), and

the trend line (shown in yellow in Fig. 4) was approximated by the following equation:

~0.156
50.5

F

) (10)

in which Fis measured in kg, and 605 in mm.

The use of a hyperbola (Eqg. 10) to describe the dependence F = f(60.5) enabled to increase

the prediction accuracy to R = -0.706 (p < 0.05), and, accordingly, the determination

coefficient to RZ = 0.498, with RMSE = 0.450.

Other shell parameters had, although significant, a much more modest relationship with

T(R=0.231, p < 0.05);

Ws (R =0.282, p < 0.05);

ratio Ws/S (R =0.228, p < 0.05);

14
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e percentage of shell in the weight of the whole egg, Ws/W (R =0.178, p < 0.05).

Of the single parameters that could be determined non-invasively, i.e., while maintaining
the integrity of the egg, none demonstrated a significant relationship with the shell strength
(F) value. We did, however, have our positive experience in the synergistic effect of a similar F
prediction for chicken eggs when using the values of the egg’s W, V and/or S separately or in
addition to the & value (Narushin et al. 1995, 2004; Narushin 1998, 2001). We thus attempted
to apply the same approach to quail eggs. As a result, the following calculative equation was

obtained:

F ~ 0.000005W0A294S4A542

1.7047,2.72
Ss V

) (11)

where Fis measured in kg, 605 in mm, Win g, Vin cm?, and S in cm?.

Eg. 11 made it possible somewhat to improve the prediction of the shell strength (F)
value to R? = 0.572 with RMSE = 0.412 and, therefore, can be taken as a basis for practical use,

i.e., for both research and industrial applications.

Shell thickness

Unlike F, the prediction of the T value depending on &os was quite inaccurate, as
evidenced by a rather low, although significant, correlation coefficient (R = -0.158, p < 0.05).
While the obtained data could, with some degree of assumption, be described by a power
dependence (Fig. 5), the approximated formula was far from being suitable for its practical

application:

15
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T=—2 (12)

with R? = 0.035, p < 0.05,

in which T and 605 are measured in mm.
Eqg. 12 conformed to the trend line shown in pink in Fig. 5.

The scatter of T parameters relative to the trend line was so large that a more or less
accurate prediction was impossible. In this regard, we tried to improve the accuracy of the T
prediction by introducing other egg parameters into the calculation. Interestingly, the
correlation between T and V, as well as between T and S, was not significant (with R = 0.146
and R = 0.142, respectively). However, when analyzing the ratio of these parameters (S/V), the
absolute value of the correlation coefficient increased and was significant (R = -0.175, p <

0.05).

In a series of studies from our previous works (Narushin et al. 2024c,d,e,f), we suggested
that the S/V ratio of bird eggs can characterize the level of their embryonic metabolism. At the
same time, T also affects the metabolism of the developing embryo. Because of that, it can be
assumed that the maternal body can somehow influence the relationship between the T and
S/V values during egg formation. In this respect, in the set of parameters affecting the
calculation of T, we decided to use the S/V ratio, instead of individual S and V values. As a

result, the following mathematical expression was obtained:

0.403
0.578
S
5(?.5054W0.061 (V)
3

where T and 805 are measured in mm, Win g, S/Vin cm?/ cm3.

T= (13)

16
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The correlation between the calculated T values (Eq. 13) and the true ones was 0.266 and,
accordingly, was significant (p < 0.05). The value of RMSE was equal to 0.019. The accuracy of
this prediction, although it was higher than when using only the 605 value (Eq. 1), was clearly
insufficient for practical application. Nevertheless, the relationship between various egg
parameters and T can be very interesting from the viewpoint of the developmental physiology
of embryos inside quail eggs. Considering the peculiarities of the morphological structure of
quail eggs, in particular, the already noted disproportionately thick shell relative to the size of
the entire egg, the use of Eq. 13 for non-destructive calculation of T will significantly facilitate
the study of the physiology of embryonic development. Indeed, the shell is an important
factor on which the egg integrity, gas exchange, and the consumption of calcium and some
other microelements during embryonic development depend. In this regard, the T/S ratio may
be of special interest. We have already mentioned above that the value of this index has an
inverse relationship with the duration of incubation of bird eggs (Narushin et al. 2024c).
Therefore, a relatively accurate T/S prediction may be extremely relevant in studies on the
synchronization of quail hatching in an incubator. Therefore, we decided to pay close attention

to the method of calculating the T/S value.

Correlation analysis revealed that the highest significant T/S correlation was observed
relative to W (R = -0.556, p < 0.05), V (R = -0.578, p < 0.05) and S (R = -0.589, p < 0.05).
Although the 605 value showed a rather low and insignificant correlation (R = -0.107), it was
decided, however, to include it in the prediction. As a result of mathematical processing, the

following calculation equation was produced:

17
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T 1675.808W 00707109
E - 5O<O48S2,522 ’ (14)
0.5

in which T/S is measured in um/cm?, 805 in mm, Win g, Vin cm?3, and S in cm?.

In Eq. 14, the T values were used in um instead of mm, as before. This is because when
deriving empirical equations, which Eq. 14 belongs to, it is important that the values of the
variable parameters are in a relatively equal range (scale). This is important because when
constructing an empirical dependence, the variable with large values will dominate the
calculations (e.g., Seber and Lee, 2003; Montgomery et al., 2012; Myers et al., 2016). This can
distort the weight of other variables and lead to an inadequate model. When the parameters
are on different scales, it is difficult to compare which variable has a greater influence on the
result. Bringing to equal scales allows one to assess the significance of factors correctly. Also,
the use of more or less aligned values helps simplify the visual analysis. When analyzing
graphs and response surfaces, it is convenient if the variables make a contribution of

approximately the same level. This simplifies the perception of observed patterns.

The correlation between the computed T/S (Eq. 14) values and the true ones was 0.601
and, accordingly, was significant (p < 0.05), with RMSE = 0.829. A graphical visualization of this
relationship is shown in Fig. 6. It should be noted that the exclusion of any of the four
influencing parameters of the dependence T/S = f(60s5,W,V,S) entailed a decrease in the
calculation accuracy. Thus, Eg. 14 can be recommended for practical use when approximately

estimating the T/S ratio of quail eggs.

Shell weight

18
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There is one more parameter characterizing the shell properties that is the value of W.
In our previous study (Narushin et al. 2024a) conducted on 54 eggs of the same F, quail
resource population as in the current research, we proposed a calculation formula for W, in

which we used three main parameters: W, Vand S:
VVS — 433.204W4.967V—1.03SS—4.833' (15)

R? = 0.510 (p < 0.01),

where Ws and W are measured in g, Vin cm3, and S in cm?.

Therefore, our initial endeavor was to assess the adequacy of the previously derived
dependence to the current experimental data. However, the results of the calculation using Eq.
15 showed a significant, but rather low correlation relative to the true W;s values (R =0.217, p
< 0.05). Obviously, such a discrepancy is caused by the fact that the age of quails in our
previous study (Narushin et al. 2024a) was 2—-3 months, and hens in the current investigation
were 11-month-old. There have been several previous research reports pointing out
differences in the morphology of quail eggs in relation to changes in the age of laying hens
(e.g., Corréa et al. 2012; Zita et al. 2013; Santos et al. 2015), which may have caused such

discrepancies.

We decided to address this issue by approximating the results of the current experiment

with a dependence similar to Eg. 15. As a result, the following formula was produced:

VVS :9.412W0A521V1A44S72A212' (16)

in which Ws and W are measured in g, Vin cm?3, and S in cm?.
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The results using Eq. 16 gave a higher and more significant correlation with the true Ws
values (R = 0.408, p < 0.05), with RMSE = 0.107. Considering our positive experience in
improving the above prediction accuracy of other values characterizing the qualitative shell
indicators (F and T) when including the 605 value in the calculation, we also decided to test

the result of a similar prediction of Ws. As a result, the following equation was derived:

0.4057,1.567
825y

s = 0.087 02.239
Ops S

) (17)

where W and W are measured in g, 805 in mm, Vin cm3, and S in cm?.

Using Eq. 17, it was possible to increase slightly the correlation coefficient, which
amounted to R = 0.450 (p < 0.05), with RMSE = 0.104. Herewith, it should be noted that the

single correlation between W; and 0.5 was insignificant and low (R = -0.107).

Which parameters predict shell characteristics in the best way?

Based on the obtained results of assessing the qualitative characteristics of the quail
eggshell, it can be argued that the elastic deformation from the impact of a non-destructive
load is a significant additional factor, and, in the case of F, the main factor in these predictions.
This approach echoes the studies of chicken eggshells, where it has been known and utilized
for more than 60 years (Schoorl & Boersma 1962). Since the higher the value of the
non-destructive load, the more accurate the prediction of F (Voisey 1975; Voisey & Hamilton
1976; Voisey & MacDonald 1978), our recommendation is to test the quail eggshells with a
load of no greater than 0.5 kg. This limiting safe load value assured the integrity of the eggs

and the adequacy of the obtained characteristics of their shell.
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As for the use of more than one parameter for the assessment of shell characteristics,
the opinions of chicken egg researchers differ somewhat on this issue. For example, the
results of Voisey and Hunt (1976), as well as our study (Narushin & Chausovsky 1997), did not
show a special effect from the inclusion of several other egg parameters in the F prediction. At
the same time, other research data (Narushin & Morgun 1995; Narushin 1997), including the
theoretical approach implemented for assessing F (Narushin 1996), testified to the opposite.
Regarding a similar issue with relation to quail eggs, it can be stated unequivocally: the use of
a set of such parameters as the values of 605, W, V and S, undoubtedly have a positive effect

on the results of the prediction of shell characteristics, i.e., F, Tand W.

The best prediction outcome was obtained by recalculating the shell strength (F) value
(Eq. 11), and the worst one by calculating T (Eq. 13). Because the larger the set of parameters
involved in the calculation is, the more accurate the result becomes, it is possible that, in
order to predict the T value of quail eggs, other non-destructive measurements should be
used. These include, for example, the ultrasonic method for assessing T (ORKA 2020). Ergun

and Yamak (2017) successfully tested the applicability of using this device on quail eggs.

As revealed by the experience of comparative application of the previously derived
calculation equation for W; using a different sampling of eggs, the implementation of
empirical formulae is adequate only for the data that served as the basis for deriving this
formula. Hereby, the mathematical analysis we conducted when computing the indicators F, T
(and/or T/S) and W; is to a greater extent an example of a methodical approach that can be
successfully applied in delivering formulae for non-destructive determination of quail egg

parameters. Subsequently, the produced mathematical equations can be successfully used for
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eggs obtained from quails of the same population and age group and under identical feeding

and maintenance conditions.

Predicting ability of indices

The convenience of extensive use of such an approach naturally raises some doubts
about its wider applicability. After all, the examination of each new group of eggs should be
started from scratch, i.e., from analyzing the egg morphology of this group and then
approximating the shell parameters with a new, refined expression. In addition, this
expression will be adequate only for that specific sampling. We tried to simplify this
somewhat by transforming the obtained Eqgs. 11, 13 and 17 into the so-called index form. We
have previously used this type of mathematical transformation in studies of the mathematical
description of the geometry of bird eggs (e.g., Narushin et al. 2021a, 2023, 2024a). In this case,
a combination of certain parameters forms definite indices, the values of which are much less
variable than the parameters included in them. For example, in our Eq. 13 design, we used the
S/V ratio, which can be considered as a geometric index that also has physiological meaning
trough assessing potentially the level of embryonic metabolism (e.g., Narushin et al.

2024d,e,f).

Analyzing Eqgs. 11, 13 and 17, we noted that, mathematically, all the parameters of the
equation can be easily combined in the form of the following ratios: S/V, W/V and 80.5/W. The
S/V index we have already considered can be interpreted as the level of embryo metabolism.
The W/V ratio is nothing more than D. The third ratio, i.e., 60.5/W, can be conditionally called
the specific elastic shell deformation. Checking the correlation level between each of the shell

quality indicators (F, T and W) relative to the above indices demonstrated extremely low and
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insignificant coefficients of correlation with W/V (i.e., D). Considering that the W and V
parameters included in D are also present in the S/V and 60s5/W indices, we decided to
exclude the D values from the approximation process of the calculation equations. As a result,

the following formulae were proposed instead of Egs. 11, 13 and 17:

(S ]2.746
F =0.000076~02

) (18)
1.62
s
w
0.244
T= ) (19)
(6‘0-5]0'051 (Sj0.279
w 14
o 1.499 | 20)

s (505)0.092 (Sjl.lzg
w V

The parameters included in Egs. 18, 19 and 20 have the same dimensions as in Egs. 11,
13 and 17. The correlation coefficients between the computed and true parameters were
practically no different from those obtained for Egs. 11, 13 and 17, and were: 0.749 for Eq. 18,
0.262 for Eg. 19, and 0.443 for Eq. 20. Correspondingly, the values of RMSE were 0.416 for Eq.

18, 0.019 for Eq. 19, and 0.105 for Eq. 20.

The adequacy of the obtained calculation equations for F, T and W; (i.e., Egs. 18-20,
respectively), when using them relative to eggs not included in the analyzed sample, was
tested using the cross-validation holdout method, considering the parameters of 10
additionally measured eggs. The use of approximation formulae (18)—(20) demonstrated the
following results: calculation of F (Eq. 18), R = 0.703, RMSE = 0.418; T (Eq. 19), R = 0.150,

RMSE = 0.019; and W; (Eqg. 20), R =0.551, RMSE = 0.115. That is, the accuracy indicators of the
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obtained calculation data of eggs of the same experimental group of quails are extremely
close to the predicted values for the egg sample, based on which these calculation equations
were derived.

A similar test of empirical equations (18)—(20) on a sample of 98 quail eggs of the
Japanese and Texas White breeds yielded the following data: calculation of F (Eq. 18), R =
0.706, RMSE = 0.571; T (Eq. 19), R = 0.054, RMSE = 0.036; and W; (Eqg. 20), R = 0.369, RMSE =
0.621. It can be concluded that the results of using Eqs 18—20 demonstrated a fairly similar
order of values to those for the eggs of the experimental group, especially for the prediction
of shell strength F (Eq. 18). The prediction of W; (Eg. 20) values was somewhat lower than in
the experiment. However, the calculated T value (Eq. 19) was clearly lower with an
insignificant value of the correlation coefficient, which casts doubt on the possibility of

practical use of the empirical equation (19).

Shell thickness prediction: possible improvements

If the accuracy of the predicted values of F and W using the obtained calculation
equations (18) and (20) can be considered satisfactory, then this cannot be said about T. That
is, the elastic deformation of the shell is not such an informative indicator for the prediction of
its shell. It should be noted that the founders of this principle of studying the physical
characteristics of the shell, Schoorl and Boersma (1962), demonstrated that the greatest
correlation was obtained between deformation and percentage shell and the least one with
the strength of the chicken egg. Some explanation for the factor of low prediction of the T
value of quail eggs in comparison with chicken eggs may lie in the structural and physical
differences in the shell of these species. We have already mentioned in the Introduction

section about such deviations from the average values of the trend line derived from the data
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of the entire variety of bird eggs. If to assess the strength of the shell and its weight, which is
already important for commercial quail farming, it is sufficient to measure and/or calculate
the main non-destructive parameters of the egg, i.e., dos, W, V and S, then to predict the
thickness of the shell, this number of parameters is not enough. Perhaps it is advisable to add
ultrasonic diagnostics of the shell, e.g., commercially available apparatuses for testing shell
thickness, like the ultrasonic device by ORKA (2020). Ergun and Yamak (2017) successfully
tested the applicability of using this device to examine quail eggs. Nevertheless, despite the
insufficiently accurate prediction of the T value, the fact of its dependence on the S/V and

60.5/W indices remains undeniable, which can be used in breeding practice.

Ways of practical use of indexes

The index representation of empirical dependences has a clear advantage over
conventional parametric empirical equations. This is because it is much easier to evaluate
analytically and draw corresponding conclusions. It also simplifies the subsequent practical
work of breeders who concentrate their further research on changing the combination of
several interrelated parameters. As an example, consider a scenario of a possible analytical
procedure using Eq. 18. Suppose we are faced with the task of increasing F: Based on the
obtained mathematical dependence, we should increase the value of the numerator and,
accordingly, decrease the value of the denominator. To do this, the metabolic index (S/V)
should be increased, and, according to our previous research (Narushin et al. 2024e), this can
be done by giving the egg a more elongated, conical shape. At the same time, the specific
elastic shell deformation (60.s/W) should be reduced, which can be done by increasing W,
along with a relatively low value of 605. Thus, the breeder already has some initial settings and

potential selection traits for further work towards increasing F.
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Somewhat unexpectedly, at first glance, there was an absence of any significant
correlation between the size of the air cell and the shell parameters. This was associated with
the fact that we studied fresh eggs that were analyzed almost immediately after they were
laid. In our investigation, Vs was less than 1% of the total egg volume (Table 1), and the
variations of this parameter within the studied group did not allow us to identify its
relationship with the studied shell parameters. Perhaps this indicator can be excluded from

the analysis when conducting similar studies on freshly laid quail eggs.

CONCLUSIONS

Based on the performed Japanese quail eggshell quality experiments using
non-destructive testing technology and analysis of the obtained research results, the following
conclusions can be drawn:

1. The method of recording the value of elastic shell deformation due to a non-destructive
load of 0.5 kg (60.5) can be used successfully to predict such quality characteristics of the
quail eggshell as its F, Tand W.

2. The prediction accuracy can be significantly improved by introducing into the calculation,
in addition to the value of 605, other parameters of the egg: W, V and S. As a result of
deriving empirical dependences based on the obtained experimental data, the correlation
coefficients between the true and computed parameters were significant and amounted
to 0.756 for F (Eq. 11), 0.266 for T (Eq. 13), and 0.450 for W (Eqg. 17).

3. As indices, with the help of which it is possible to approximate mathematical dependences
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for calculating the shell parameters (F, T and W), we proposed the following,
conventionally called, metabolic index (5/V) and specific elastic shell deformation (6o0.5/W).
After approximation, more convenient and compact dependences were derived (Egs. 18,
19 and 20). Herewith, the correlation coefficients between the true and calculated values
practically did not differ from the parametric equations (Egs. 11, 13 and 17) and amounted
to 0.749 for F (Eq. 18), 0.262 for T (Eq. 19) and 0.443 for Ws (Eq. 20). The developed
mechanism of index representation of empirical equations is a more universal and
convenient tool for their analysis and further use in zoology (oology), quail breeding

studies, and practical control of shell quality properties.
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Table 1. Data on variables for quail eggs that have been measured and computed

Parameters Mean Standard deviation
Egg weight, W (g) 11.37 1.14

Length, L (cm) 3.26 0.14

Maximum breadth, B (cm) 2,50 0.09

Egg volume, V (cm3) 10.39 1.06

Shell surface area, S (cm?) 2299 1.56

Egg density, D (g/cm3) 1.094 0.025

Shell weight, W; (g) 094 0.12

Shell thickness, T (mm) 0.248 0.020

Shell strength, F (kg) 1.62 0.62

Shell maximum deformation, dmax (mm) 0.31  0.09

Air cell volume, Vi (cm?3) 0.07 0.04

Figure Legends

Fig. 1. A wholesale commercial quail egg tray (authors’ own photo).
Fig. 2. Measuring the air cell diameter (d).

Fig. 3. Scheme of measuring linear parameters of a quail egg.
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Fig. 4. Graphic dependence of the shell strength (F) on the value of its deformation (8o.s)
under the impact of a non-destructive load of 0.5 kg.

Fig. 5. Graphic dependence of the shell thickness (T) on the value of its deformation (60.)
under the impact of a non-destructive load of 0.5 kg.

Fig. 6. Graphical visualization of the relationship between the true (vertical axis) and

calculated (according to Eq. 14; horizontal axis) values of T/S.
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