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Running title: Pyriform egg model with two parameters
Abstract

Of the variety of bird egg shapes, perhaps the most fascinating and unusual are pyriform (pear-shaped, or conical) eggs. Among oologists, there is still no consensus on what exactly caused this evolutionary and ecological adaptation. To address this, our research was aimed to develop a minimalistic mathematical model for accurate description of the pyriform egg contour, i.e., using the minimum number of measurements. As such, egg length (L) and its maximum breadth (B) were found to be an optimal set of parameters that are easy enough to measure with the required accuracy. We tested four analytical premises that can be used for successful pyriform egg shape modelling. To validate these four model premises, images of pyriform eggs characteristic of 32 species were used. As a result, we derived a novel mathematical dependence that we called the pyriform model with two parameters. Based on this model, it is feasible to reconstruct geometrically any pyriform egg profile under study using only two egg measurements, i.e., L and B. Since pyriform eggs are characteristic of wild bird species that are most often investigated in the field, the measurement of only two parameters minimizes the time spent and, accordingly, the stress factor on the animals. The least error estimate for the new model was 3.9%, which turned out to be even more accurate than that for the previously developed model with three parameters.

Keywords: avian eggs; egg geometry; egg parameters; mathematical model of egg profiles; pyriform egg shape

1. Introduction
Pyriform (pear-shaped), or conical eggs are perhaps the most intriguing and unusual amidst the variety of avian egg shapes (e.g., Todd and Smart 1984; Barta and Székely 1997; Birkhead 2016). Thompson (2020) examined in detail all the available hypotheses on this issue, with a long list of relevant references (about 80) published over four centuries. These hypotheses can be summarized as follows (Thompson 2020):

· pyriform eggs are anecdotally “cemented” on to a cliff to avoid any loss;

· the pyriform shape secures a perfect egg balance on rocks;

· the pyriform shape allows for an egg to spin around its pointed axis, stay in its same position and minimize the loss from the breeding ledges under the blowing wind;

· the pyriform shape allows for an egg to “roll in an arc”, if displaced, and not roll off the breeding ledge;

· the pyriform shape prevents and/or reduces mechanical damage risk for the eggs; and

· the pyriform shape reduces the consequences of eggshell fecal/debris contamination.

Such close attention and unwavering interest in studying pyriform eggs undoubtedly inspires the development of algorithms for accurate mathematical description of this shape, with the aim of (i) subsequent digitization; (ii) simplification of the derivation of calculation formulae for related oomorphological parameters, e.g., egg volume, surface area, radius of curvature, etc.; (iii) comparative inter- and intraspecific variation analysis; (iv) calculation of shell strength properties; (v) studying the physiological characteristics of embryo gas exchange and nesting; (vi) embryonic development research and more (e.g., Stein and Badyaev 2011; Rosenbeger et al. 2021).

Preston (1953), whose work can be considered pioneering in the mathematical description of the various egg profiles, including pyriform ones, noted that his “investigation was not pursued primarily as a mathematical amusement” and it undoubtedly “may throw some light on several biological and ecological problems.” Nevertheless, despite the importance and relevance of developing an optimal mathematical model for the profile of pyriform eggs, implementation of this task has not been simple and has faced certain hurdles.
In addition, studies of pyriform eggs are most often carried out in the complicated field conditions, e.g., in hard-to-reach nesting sites. In this regard, it is extremely important for ornithologists to take measurements as soon as possible in order to minimize the stress factor for studied populations. Therefore, the minimized number of measurements and the simplicity of their implementation are significantly desirable for such oological material.
In principle, once having a digital profile of an egg, it is not particularly difficult to describe it mathematically, e.g., using a higher-order polynomial. However, this will result in describing each test egg by its own unique formula making it problematic to carry out further analytical procedures. The latter can include, for instance, the implementation of a comparative analysis of eggs or the derivation of basic equations using the classical formulae of integral geometry. In this regard, an algorithm was previously proposed (Narushin 1997; Narushin et al. 2021) for creating a plausible mathematical model of a geometric egg-shaped figure by comparing it with an actual egg and providing the necessary information about its deviation from the “standard” shape.

There are certain requirements for developing such an accurate model for pyriform eggs, the principal of which is the minimum set of initial measurements for any egg under study. After all, eggs of this shape are present only in wild avian species that nest, moreover, in hard-to-reach places. In this respect, the necessary measurements should be conducted as quickly as possible, without causing any disturbance or damage to the breeding stock.

Of the pyriform (conical) profile models developed to date (Preston 1953, 1968; Baker, 2002; Nishiyama 2012; Troscianko 2014; Biggins et al. 2018; Narushin et al. 2021; Shi et al. 2022), the minimum set of parameters used for its construction is three (Narushin et al. 2021). These are the egg maximum breadth, B, length, L, and the parameter w that reflects the distance between two vertical axes conforming to B and L/2 (figure 1).

In a recent model, Narushin et al. (2021) geometrically combined the parabola and Hügelschäffer’s model (Narushin et al. 2020) as shown in figure 1 that enabled the mathematical interpretation of the pyriform profile as expressed by the following formula:
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For convenience, this model will further be called the pyriform model. It could be used as a basic one for describing eggs of any conical profile, if it were not for the difficulty in measuring the parameter w. Indeed, B and L are the most common characteristics of the egg, first of all, due to the simplicity and accuracy of their measurement. In contrast, the value of w is hard to measure not only in the field, but even having digital images of eggs (Narushin et al. 2020). Herewith, this model (Eq. 1) was not so optimal and suitable for practical purposes.
A number of mathematical models have been developed for hen eggs whose profile can be characterized as classical ovoid (Carter 1968; Carter and Jones 1970; Petrović and Obradović 2010; Severa et al. 2013). However, none of these are suitable for our purposes because (i) they only work well for classic egg-shaped ovoids, being therefore not designed to mathematically interpret pyriform profiles; and (ii) they are based on the need to measure at least three input parameters.
Recently, Narushin et al. (2022a) encountered a similar problem when developing a combined mathematical formula for describing chicken eggs. The problem was successfully solved by using two fundamental premises: (i) the value of the parameter w is not constant but varies along the egg profile according to some functional dependence from its maximum value to 0; and (ii) the maximum w value is derived from the two main egg parameters, B and L, using Narushin’s model (Narushin 2001).

We have not excluded the possibility that the same approach could be used for the pyriform egg shape, although from a mathematical point of view, it is undoubtedly more complex than the egg-shaped ovoid (Biggins et al. 2018; Narushin et al. 2021). Therefore, verification of this hypothesis and an attempt to derive a mathematical formula for describing the shape of any pyriform egg with sufficient accuracy and using only two parameters, B and L, was set as the objective of the present study. To this end, initially, we undertook a deep theoretical study of the respective mathematical model for its further practical analysis as outlined below.

2. Theory

Previously, Narushin et al. (2022a) implemented a successful “symbiosis” of two mathematical models for describing the chicken egg profile, Hügelschäffer’s (Narushin et al. 2020) and Narushin’s (Narushin 2001) ones. By analogy with the above work, we aimed here to use the advantages of this approach in order to exclude the parameter w from the pyriform model (Eq. 1).

First of all, the pyriform model (Eq. 1) was modified to provide the same interval as in Narushin’s model, i.e., x = [0…L] instead of [–L/2…L/2] that was characteristic of Eq. 1. To do this, we used (L/2 – x) instead of x, bringing Eq. 1 to the following form:
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(2)

Previously, when deriving the equation with two parameters, Narushin et al. (2022a) used the B/L ratios characteristic of chicken eggs as a basis. For pyriform eggs, however, these are somewhat different, so we had to go through a similar path of transformations in Narushin’s model as was done in Narushin et al. (2022a). In the analysis of possible variations of conical eggs, Narushin et al. (2022b) also demonstrated that the B/L ratio ranged between 0.55 and 0.76. Just in case, we somewhat expanded this interval to [0.5…0.8] and calculated possible functional changes in the values of n in Narushin’s model (Narushin 2001):
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in which n was approximately defined from
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Based on the n data as provided in Narushin (2001), those of them that met the required B/L interval, i.e., [1.8…5.4], were further used. Substituting the n values from the specified interval with a step of 0.005 into formula (4), we generated 721 values that were subsequently approximated by the following dependence:
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with R2 ≈ 1.

The resulting dependences enabled to determine what the parameter w in Narushin’s model (Eq. 3) is equal to. To eliminate confusion with the value of w for the pyriform model (Eq. 2), we denoted it for Narushin’s model (Eq. 3) as wN. To compute wN, we found the difference between the values on the x-axis conforming to (i) maximum breadth, xB, and (ii) half egg length, xL/2 (figure 1). The xB value was derived by Narushin (2001) and corresponded to
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Then,
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or
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Substituting formula (5) into (8), the following final equation was obtained:
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In a previous study, Narushin et al. (2022a) demonstrated that the accuracy of the mathematical description of the egg contour using two main parameters can be improved by introducing a “sliding” principle of functional alteration in the value of the parameter w. We changed it in the range from the value of wN determined by Eq. 9 at the side of the sharp end to 0 at the side of the blunt end. This premise was justified by the fact that the blunt end of any egg is similar to an ellipse for which w = 0. But the accuracy of describing the sharp end increases when using the maximum values of w from the range of possible variations of this parameter. At the same time, it was shown that it was the value of wN that was optimal when selecting the maximum value of w for a particular chicken egg. This approach made it possible to achieve an accuracy of reproduction of the contour of actual eggs even higher than that with the measured parameter w. Thereby, to describe the profile of chicken eggs, the linear and ellipsoid functions were tested, enabling to estimate the rectilinear and curvilinear changes in the value of the parameter w.

Similar to Narushin et al. (2022a), we evaluated the respective dependences for the pyriform profile. As the maximum value of w, we again used the wN data calculated from Eq. 9.

1) Linear function

For this case, the change in the w values depends on the x values and occurs along the function that is shown conventionally in figure 2 and defined mathematically as:
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where a and b are constants to be determined.

According to our hypothesis, the value of w at x = 0 will be maximum, i.e., equals wN. Then, starting from Eq. 9,
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For x = L, we have w = 0 (figure 2). Considering Eq. 11, we can rewrite Eq. 10 in the following form:
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Then, substituting the values of the obtained coefficients a (Eq. 12) and b (Eq. 11) into Eq. 10, we have the final function of changing w as follows:
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2) Ellipse equation

For this case, w values are evenly changed depending on x along the ellipse curve. Since it is important that the value of w is smoothly decreased from its maximum value to 0, we limited the ellipse curve by the first quadrant (figure 3).

Then, based on the ellipse formula, the curve of changing w along the x-axis can be described as follows:
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where a and b are constants to be determined.

In our case, a conforms to the large semi-axis that coincides with the horizontal axis, and has the maximum value of L, i.e., a = L. The value of b corresponds to the length of the small semi-axis of the ellipse and its value is maximal, i.e., equal to wN.

With this in mind, we rewrote the formula (14) respectively in the following form:
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Thus, among mathematical models that could be used to describe any pyriform egg, we identified those based on the following premises: (i) pyriform model (Eq. 2) in which the value of w can be measured from the available image of the egg profile; (ii) pyriform model (Eq. 2) where the value of w corresponds to wN (Eq. 9); (iii) pyriform model (Eq. 2) where the value of w is not constant but varies along the x-axis according to Eq. 13; and (iv) pyriform model (Eq. 2) in which the value of w is not constant but varies along the x-axis according to Eq. 15.

To reach the present study objective, we tested the conformity of each of the above four models with profiles of actual eggs through experimental examination of pyriform eggs from 32 avian species.

3. Methods

Because pyriform eggs are laid only by wild species of birds, the analytical survey of these natural objects was limited to museum collection eggs that are often not available or do not represent a wide range of species. Since the egg profile analysis can be performed using egg images, we selected photographs of pyriform eggs available in open Internet sources including Wikimedia Commons.

Due to the fact that it is interspecific variability that is characterized by a much greater variety of egg shapes and sizes than intraspecific one (e.g., Blackburn 1991; Christians 2002; Mónus and Barta 2005; Rosenbeger et al. 2021), we chose images of at least one pyriform egg per each relevant species. As a result, the egg images from 32 bird species were subject to the consequent processing and examination (table 1).

Table 1. List of avian species laying pyriform eggs whose images were used in the current study

	Latin name
	English name
	Image source/reference

	Actitis hypoleucos
	Common sandpiper
	https://commons.wikimedia.org/wiki/File:Actitis_hypoleucos_MWNH_0255.JPG (KS&GC*)

	Actitis macularius
	Spotted sandpiper
	https://commons.wikimedia.org/wiki/File:Actitis_macularius_MWNH_0240.JPG (KS&GC)

	Alca torda
	Razorbill
	https://www.flickr.com/photos/blackcountrymuseums/5237094139/ (an image originally taken by the Black Country Living Museum, Dudley, UK, on 23 August 2010 and distributed under the terms of the CC-BY-NC-SA 2.0 license)

	Alectoris chukar
	Chukar partridge
	https://commons.wikimedia.org/wiki/File:Alectoris_chukar_MWNH_1084.JPG (KS&GC)

	Amblyospiza albifrons montana
	Thick-billed weaver (montana subspecies)
	Schönwetter (1960–1992)

	Aptenodytes patagonicus
	King penguin
	https://commons.wikimedia.org/wiki/File:Manchot_royal_MHNT.jpg (by Didier Descouens, 2011; distributed under the terms of the CC-BY-SA-3.0 license; Category: Bird eggs of the Muséum de Toulouse)

	Calidris melanotos
	Pectoral sandpiper
	Schönwetter (1960–1992)

	Calidris minutilla
	Least sandpiper
	Schönwetter (1960–1992)

	Calidris (Philomachus) pugnax
	Ruff
	https://commons.wikimedia.org/wiki/File:Philomachus_pugnax_MWNH_0164.JPG (KS&GC)

	Charadrius morinellus
	Eurasian dotterel
	https://commons.wikimedia.org/wiki/File:Charadrius_morinellus_MWNH_0297.JPG (KS&GC)

	Galerida cristata
	Crested lark
	https://commons.wikimedia.org/wiki/File:Galerida_cristata_MWNH_2215.JPG (KS&GC)

	Gallinago jamesoni
	Jameson's snipe
	Schönwetter (1960–1992)

	Gallinago media
	Great snipe 
	https://commons.wikimedia.org/wiki/File:Gallinago_media_MWNH_0193.JPG (KS&GC)

	Ibidorhyncha struthersii 
	Ibisbill 
	Schönwetter (1960–1992)

	Leucophaeus (Larus) atricilla
	Laughing gull
	https://commons.wikimedia.org/wiki/File:Larus_atricilla_MWNH_0343.JPG (KS&GC)

	Limnodromus scolopaceus
	Long-billed dowitcher
	Schönwetter (1960–1992)

	Limosa
	Black-tailed godwit 
	https://commons.wikimedia.org/wiki/File:Limosa_limosa_MWNH_0186.JPG (KS&GC)

	Numenius phaeopus
	Eurasian whimbrel
	https://commons.wikimedia.org/wiki/File:Numenius_phaeopus_MWNH_0176.JPG (KS&GC)

	Oenanthe isabellina
	Isabelline wheatear
	https://commons.wikimedia.org/wiki/File:Oenanthe_isabellina_MWNH_1866.JPG (KS&GC)

	Perdix
	Grey partridge
	https://commons.wikimedia.org/wiki/File:Perdix_perdix_MWNH_2036.JPG (KS&GC)

	Phalaropus lobatus
	Red-necked phalarope
	https://commons.wikimedia.org/wiki/File:Phalaropus_lobatus_MWNH_0244.JPG (KS&GC)

	Phoebastria (Diomedea) immutabilis
	Laysan albatross
	Preston (1969)

	Pinguinus impennis
	Great auk
	https://commons.wikimedia.org/wiki/File:Oeufs002b,47.png (by Adolphe Millot in Augé 1897–1904)

	Pluvialis apricaria
	European golden plover
	https://commons.wikimedia.org/wiki/File:Pluvialis_apricaria_MWNH_0292.JPG (KS&GC)

	Rissa tridactyla
	Black-legged kittiwake
	https://commons.wikimedia.org/wiki/File:Rissa_tridactyla_MWNH_0344.JPG (KS&GC)

	Stercorarius skua
	Great skua
	https://commons.wikimedia.org/wiki/File:Stercorarius_skua_MWNH_0302.JPG (KS&GC)

	Thalasseus maximus
	Royal tern
	https://commons.wikimedia.org/wiki/File:Thalasseus_maximus_MWNH_0387.JPG (KS&GC)

	Thalasseus (Sterna) sandvicensis
	Sandwich tern
	https://commons.wikimedia.org/wiki/File:Sterna_sandvicensis_MWNH_0433.JPG (KS&GC)

	Thinocorus rumicivorus (patagonicus)
	Least seedsnipe (patagonicus)
	Schönwetter (1960–1992)

	Tringa guttifer
	Nordmann's greenshank
	Schönwetter (1960–1992)

	Tringa totanus
	Common redshank
	https://commons.wikimedia.org/wiki/File:Tringa_totanus_MWNH_0210.JPG (KS&GC)

	Uria lomvia
	Thick-billed murre (Brünnich's guillemot)
	https://commons.wikimedia.org/wiki/File:Uria_lomvia_MWNH_2182.JPG (KS&GC)


* KS&GC, by Klaus Rassinger and Gerhard Cammerer, 2012; distributed under the terms of the CC-BY-SA-3.0 license; Category: Eggs of the Natural History Collections of the Museum Wiesbaden.
For each egg image, the B, L, and w values were measured in pixels using Microsoft Office Picture Manager. After that, egg images were conditionally dissected by at least 50 vertical lines, evenly spaced from sharp to blunt ends, and the egg diameter conforming to each of these lines was measured. The data obtained were used to generate a digital model of the actual egg profile.

The degree of correspondence of each theoretical egg profile to the actual one was estimated with approximating mean percentage error, ε (e.g., Makridakis et al. 1982):
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where k is a number of x points on the horizontal axis, and v1 and v2 are the relevant values of y produced respectively by (1) a direct measurement of the egg profile and (2) computation with a corresponding theoretical model.

4. Results

Since the studied egg images had sizes (specifically, measured in pixels), their size characteristic can be expressed with two indices as successfully used for this purpose somewhere else (Narushin et al. 2021). These are the well-known shape index, B/L (Romanoff and Romanoff 1949), and w/L ratio, with the latter describing the degree to which the axis of maximum diameter is distant from the center of an egg.

The obtained index values and images of eggs (figure 4) demonstrated variation in the shape of the pyriform eggs from 32 bird species involved in the present experiment.

On the whole, we can summarize that the pyriform eggs selected for this analysis represented a fairly wide shape variability. The estimated indices were within the following limits: B/L = [0.562…0.742], and w/L = [0.03…0.15].

According to the stated research objective, the following four model premises for constructing theoretical profiles of pyriform eggs were considered and tested.

Premise I. pyriform model (Eq. 2) in which the w value is measured from the available egg profile image.

To compare the actual profile of pyriform eggs and the theoretical one produced by substituting measurements of three parameters, B, L and w, and using them as the respective replacements in Eq. 2, three images of eggs were selected that differed significantly in their shape indices (figure 5).

Comparison of actual egg profiles (figure 5) and theoretical ones obtained as a result of measurements of B, L and w and their substitution in Eq. 2 is shown in figure 6.

The average error between the theoretical and actual egg contours for Premise I was ε = 6.3%, while the fluctuations between the minimum and maximum values were within a range of 2.7 to 9.6%.

Premise ii. Pyriform model (Eq. 2) in which the w value corresponds to wN, i.e., calculated from Eq. 9

Comparison of actual egg profiles (figure 5) and theoretical ones obtained using measurements of B, L and calculation of w according to Eq. 9, i.e., when it is equal to wN, with their subsequent substitution into Eq. 2, is given in figure 7.

The average error ε between the theoretical and actual contours for Premise II was 4.2%, whereas the fluctuations between the minimum and maximum values were within an interval of 2.0 to 8.5%.

Premise iii. Pyriform model (Eq. 2) in which the w value is not constant but varies along the x-axis according to a linear function (Eq. 13)

Comparison of actual egg profiles (figure 5) and theoretical ones derived by measuring B and L and calculating w according to Eq. 13, i.e., if w changes in a linear function, with their subsequent substitution in Eq. 2, is demonstrated in figure 8.

The average error between the theoretical and actual contours for Premise III was ε = 4.0%, with the fluctuations between the minimum and maximum values being 1.7 to 9.9%.

Premise iv. Pyriform model (Eq. 2) in which the w value is not constant but varies along the x-axis along the ellipsoidal function (Eq. 15)

Illustration of this comparison of actual egg profiles (figure 5) and theoretical ones resulted from measuring B and L and calculating w using Eq. 15, i.e., if it changes following the ellipsoidal function, with their subsequent substitution into Eq. 2, is provided in figure 9.

The average error ε between the theoretical and actual contours for Premise IV equaled 3.9%, its fluctuations between the minimum and maximum values being within an interval of [1.3…8.8%].

Previously, Narushin et al. (2021) derived the pyriform model (Eqs. 1 and 2) that turned out to be quite a suitable basic formula with three parameters for describing conical eggs that varied in shape and size within this sample of bird eggs. However, its practical use would be complicated by the fact that it is technically trickly to accurately measure the parameter w. In another research, Narushin et al. (2020) examined the shape of chicken eggs using 2-D imaging analysis, but could not reach a satisfactory measurement accuracy for this indicator w.

5. Discussion
Our current research suggests that measuring the parameter w in pyriform profiles is perhaps an even more complicated procedure than in conventional ovoid eggs. In any case, the error of constructing a profile with the measured parameter w (Premise I; figure 6) gave the largest error value (ε = 6.3%) in comparison with three other premises (p < 0.001).

In particular, the computational way of determining w based on Narushin’s model and using measurements of two main parameters, B and L (Eq. 9), turned out to be more accurate (Premise II; figure 7). The average error (ε = 4.2%) was significantly smaller (p < 0.001) than that for Premise I, i.e., when measuring the parameter w.

However, in our opinion, a more promising approach was to avoid the presupposition that the value of w should be constant. By analogy with the results of other previous studies on the profile of chicken eggs (Narushin et al. 2022a), the principle of “sliding” change in this parameter from its maximum value wN (Eq. 9) to 0 has also been verified to be effective for eggs of the pyriform profile. As with chicken eggs, we evaluated two possible “sliding” functions of w, linear (figure 2) and ellipsoidal (figure 3), for pyriform eggs in various wild avian species. Both dependences showed a more accurate result for the theoretical description of the egg profiles (Premise III, figure 8 and Premise IV, figure 9, respectively). Although differences in the average error ε between these two premises (III and IV) or in their comparison with Premise II (when using wN) were insignificant, the smallest error tended to be when using the ellipsoidal function (Premise IV, ε = 3.9%). This was in contrast to chicken eggs for which a more promising dependence was the linear one (Narushin et al. 2022a).

Thus, we suggested using Eq. 15 as the basis for deriving the final formula of the pyriform model with two parameters. To do this, Eq. 15 was substituted into Eq. 2, which resulted in the following final dependence:
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6. Conclusions

Based on the findings presented here, we conclude and emphasize two important points relevant to the pyriform egg model with two parameters as follows:

1. The profile of pyriform eggs is determined by two key parameters, egg length and maximum breadth. Using them, one can not only calculate the shape index of pyriform eggs, but also describe their contour. The derived equation (17) is a minimalistic and fairly accurate mathematical model for pyriform eggs based only on these two parameters as successfully tested on a sample of eggs representing 32 bird species.

2. The “sliding” nature of the parameter w used to simplify the mathematical model of pyriform egg shape, in combination with Narushin’s model, demonstrated a robust solution to avoid complex and inaccurate direct measurement of w. At the same time, this approach enabled to increase accuracy of the theoretical description of pyriform egg profile. Undoubtedly, this modus operandi should be used to create other models that allow mathematical representation of egg profiles.
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Figure captions

Figure 1. Geometry of the pyriform egg: B, maximum breadth; L, length; and w, distance between two axes drawn at positions conforming to B and L/2

Figure 2. Linear change in w values from 0 to L (as seen in Figure 1)

Figure 3. Ellipsoidal change of w values within an interval from 0 to L
Figure 4. Dimensional and visual characteristics of pyriform eggs involved in the experiment

Figure 5. Images of pyriform eggs whose profiles were selected for comparative demonstration: A Alca torda (https://www.flickr.com/photos/blackcountrymuseums/5237094139/; an image originally taken by the Black Country Living Museum, Dudley, UK, on 23 August 2010 and distributed under the terms of the CC-BY-NC-SA 2.0 license); B Aptenodytes patagonicus (https://commons.wikimedia.org/wiki/File:Manchot_royal_MHNT.jpg; by Didier Descouens, 2011; distributed under the terms of the CC-BY-SA-3.0 license; Category: Bird eggs of the Muséum de Toulouse); and C Perdix perdix (https://commons.wikimedia.org/wiki/File:Perdix_perdix_MWNH_2036.JPG; by Klaus Rassinger and Gerhard Cammerer, 2012; distributed under the terms of the CC-BY-SA-3.0 license; Category: Eggs of the Natural History Collections of the Museum Wiesbaden)
Figure 6. Comparison of actual egg profiles (blue outline) with theoretical ones (purple outline) obtained according to Premise I

Figure 7. Comparison of actual egg profiles (blue outline) with theoretical ones (green outline) obtained according to Premise II

Figure 8. Comparison of actual egg profiles (blue outline) with theoretical ones (red outline) obtained according to Premise iii
Figure 9. Comparison of actual egg profiles (blue outline) with theoretical ones (yellow outline) obtained according to Premise iv
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