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Synopsis The p ropo rtio ns in the size o f the av i an egg al bum en, yolk, an d s h e ll are crucial for un derstan ding bird survival and 

r epr oductive s ucces s because th eir re lations hips with volume and surface area can affect ecological a nd lif e history st rateg ies. 
Prior studies have focused on th e re lations hip between th e al bum en an d th e yolk, bu t li ttle is known about the sc aling rel ation- 
ship between eggshell m a ss and shape and the m a ss of the albumen and the yolk. Toward this end, 691 eggs of six pre cocia l 
species were exa mined, a n d th eir 2-D egg p ro files were photog raphe d and dig it ize d . The explicit Prest on e quat ion, which as- 
sumes bi latera l symmet rica l ge omet ry, wa s u sed to fit the 2-D egg p ro files and to c alcul ate sur face are as an d volum es b ase d on 

t he hypot hesis t hat eg gs can be tre ated as solids of profile revolution. The scaling relatio nshi ps o f eggs h e ll m a ss ( M s ), al bum en 

m a ss ( M a ), and yolk m a ss ( M y ), a s well a s t he sur face are a ( S ), volum e ( V ), an d total m a ss ( M t ) were det ermined . The explicit 
Preston e quat ion was va lidate d in descr ibing t he 2-D eg g p ro files. The sca ling expo nents o f M a vs. M s , M y vs. M s , and M y vs. M a 
were sma l ler than unit y, indic a ting tha t increases in M a and M y fail to keep pace wit h incre ases in M s , and that increases in M y 
fail to keep pace wit h incre ases in M a . Ther efor e, incr eases in unit n utrien t con ten ts (i.e., the yolk) invo l ve disp ropo rtio nately 
lar g er increases in eggs h e ll m a ss and di sp ropo rtio nately lar g er in creases in al bum en m a ss. The data al s o re vealed a 2/3-power 
sc aling rel atio nshi p between S and V for each species, that is, the simple Euclidean ge omet ry is obe yed. Thes e findings help to 

infor m our underst anding of av i an egg const ruct ion and re veal e vol u tio nary int er specific trends in the scaling of egg shape, 
volume, m a ss, and m a ss a l locat ion. 
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Introduction 

The av i an egg is a high ly integ rate d biolog ica l micro-
ecosystem, and egg size is o ne o f the key fact or s in-
fluencing r esour ce investm ent an d th e survival rate of
birds ( Finkler et al. 1998 ). How ev er, egg size can be
mea sured u sing different metr ics, t h at i s, m a ss, volume,
and surface area ( Narushin an d Roman ov 2002 ; Biese k
et al. 2023 ). Am ong th ese, m a ss i s genera l ly r egar ded
as a reliable p redicto r because i t can reflect the quan-
ti ty o f nu trients sto red wi t hin an eg g ( Asmun dson an d
Ba ker 1943 ; Col lins and Le cory 1972 ; Ricklefs 1977 ;
Ca rey et al. 1980 ; Wa rha m 1983 ; Troscia nk o 2014 ). Typ-
ica l ly, egg m a ss includes the m a ss of the yol k, a lbumen,
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C © Th e Auth or(s) 2024. Pu blis h ed by Oxford University Press on behalf of the
Fo r permissio ns, plea se e-m ai l: j ourna ls.permissio ns@ou p.co m 
an d eggs h e ll ( War ham 1983 ). Th e yolk is a li p id-rich
s ubs t ance t hat pos ses ses antib o dies. It serves as t he pr i-
mary energy source ( Criste et al. 2020 ). In cont rast, a l-
bumen is high in water content and provides hydration
( C ampb el l et a l. 2003 ). Fina l ly, t he eg gshel l prote cts the
yolk and al bum en an d prov ides extra c alcium to the
dev elopin g bird ( Simkiss 1961 ; Pagan e lli et al. 1974 ).
In addi tio n, i ts sur face are a influences t he ex chan g e of
atm osph eric gases between the embryo and the exter-
nal environment, which in turn is influenced by the
sc aling rel atio nshi p between egg volume and surface
area. Col le ct ive ly, th ese f eatures a ffect the dev elopin g
emb ryo as i t matures wi t hin t he eg g environm ent an d
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raws on its nut rit iona l r esour ces ( Dawson a nd Cla rk
996 ). 

Prior studies have pr imar i ly focuse d on the re-
atio nshi p between yolk m a ss and al bum en m a ss
 Asumndson et a l. 1943 ; Col lins and LeCo ry 1972 ). Fo r
xa mple, Wa rha m (1983) examined 23 species of Pro-
ella riif ormes a nd f ound that lar g er eggs tend to con-
ain less yolk and more albumen than sma l ler ones. Be-
ause th e re lations hip between the yolk and al bum en
 ffe cts the nut rit iona l reserves and b o dy size of new-
or ns, t her eby dir e ctly a lter ing adapt ab ili ty and com-
et it iveness ( Carey et a l. 1980 ), invest igato rs have p ro-
ose d the oret ica l models for explaining the relatio nshi p
etw een y olk an d al bum en m a ss in t he eg gs of differ-
nt species in the context of other factors such as fe-
ale size and the ambient environment ( Birkhead 1985 ;
adzinsik et al . 2001 ; Birc ha rd a n d Deeming 2015 ). On e
f the cl assic a l developmenta l mo dels prop oses t hat t he
 l locat io n o f r esour ces s h ould be maximized ( Collins
nd LeCory 1972 ; Ricklefs 1977 ). 

How ev er, the properties of the eggs h e ll , suc h as mass
 nd surface a rea, a re ra re ly m ention ed an d are usua l ly
onsidered per f unctor ily as auxiliary features in the re-
atio nshi p betwe en a l bum en an d yolk ( Asmun dson an d
ak er 1943 ; Wa rha m 1983 ; Fin kler et a l. 1998 ). How-
ver, the c haract er s of t he eg gs h e ll ar e r eport ed t o have
 significant influence o n the hat c hing rat e o f b ird eggs
 Dyk e a nd Ka iser 2010 ; Ortiz-Sa ntaliestra et al. 2020 ).
 or exam ple, the p ropo rtio n o f eggs h e ll m a ss t o t otal
gg m a ss i s report ed t o incre ase wit h incre asing tot al
gg m a s s, s uch t hat eg gs wit h t hick er a n d h eavier s h e lls
r e mor e likely to hatch s ucces sfu l ly t han t hose wit h
hinn er an d less h eavy s h e lls ( Asmun dson an d Baker
940 ; Wa rha m 1983 ; Dawson a nd Cla rk 1996 ; Na rushin
 nd Roma nov 2002). Based on a broad sample of bird
pecies, th e re lations hip betw een y olk and al bum en
on ten t is strongly correlated with the deg re e of embryo
a tura t ion (a lt ricia l vs. pre cocia l) and the elo ngatio n

f the egg, wh ereas eggs h e ll m a ss i s stro ngly co rrelated
it h t h e asymm etry of th e egg an d th e b o dy m a ss of the
ar ent ( Bir char d and Deeming 2009 ; Deeming 2018 ). 

It is im portan t t o not e t hat most f unct iona l egg t raits,
ik e ma ny biolog ica l fea tures, a ppear to co nfo rm wi th
ow er-law function s takin g the form Y = βX 

α , where Y
 nd X a re a ny two in terdependen t variables of in terest
e.g., m a ss an d volum e), α is th e scaling expon ent (i .e .,
h e s lope of th e ln-ln lin ear r egr essio n o f Y a gains t X ),
nd β is t he nor ma lizat ion constant (i .e ., the Y -int ercept
f the ln-ln linear r egr essio n o f Y a gains t X ) ( Pa gan e lli et
 l. 1974 ; Ra hn and Ar 1974 ; Rahn et al. 1975 ; Bir kh ead
985 ; Dawson a nd Cla rk 1996 ; Badzinsik 2001 ; for a
eneral re vie w, s ee Niklas 1994 ). It is a pparen t tha t
dY/dX ∝ X 

α−1 an d α = 

dY/Y 
dX/X . Wh en α is gre ater t han

nity (i .e ., α—1 > 0), t he der i vati ve o f Y wi th respect to
 i s an increa sing functio n o f X ; when α is sma l ler than
nity (i .e ., α—1 < 0), t he der i vati ve o f Y wi th respect to
 i s a decrea sing functio n o f X ; when α is e qua l to unity

i .e ., α—1 = 0), the deri vati ve o f Y wi th respect to X is a
on stant. In g en eral, th e num erica l va l ue o f α is seldo m
 qua l to unity, that is, a l lom eric re lations hips are gen er-
 l ly se en in the sca ling relat io nshi ps amo ng animal or
lant funct iona l t raits ( Ni kla s 1994 ). Thi s broad gen-
ra lizat io n p rovides a hypothesis fo r the scaling of egg
unct iona l t raits, p art icu larly r egar din g the scalin g of
a ter and n utrien t egg con ten ts wit h respect to eg gs h e ll
 a ss. Spe cifica l ly, we hypothesize d th at increa ses in the

l bum en an d yolk m a ss do not ke ep p ace wit h t he in-
reases in eggs h e ll m a ss, th at i s, the deri vati ve of albu-
en or yolk m a s s with res pect to eggs h e ll m a ss i s a de-

re asing f unctio n o f eggs h e ll m a ss. Thi s hypothesi s i s
re dicate d on the supposition that lar g er eggs r equir e
hicker s h e lls to provide me chanica l rig idity. This hy-
othesi s al so rests on t he f unct iona l relat io nshi ps o f the
l bum en an d th e y olk. G iv en t hat t h e al bum en provides
n aquatic environment for the yolk and that it serves as
 hydrosta tic “dam ping device” tha t can protect the yolk
rom ex cessiv e me chanica l perturb at io ns, i t is not un-
ea son able to suppose that the scaling exponent of yolk
 a ss vs. al bum en m a ss wi l l be less t han unity, t h at i s, in-

reases in yolk mass wi l l fai l to ke ep p ace wit h incre ases
n al bum en m a ss. 

In addi tio n t o variables suc h a s m a ss an d volum e,
gg shape has re ceive d considerable a tten tio n ( Presto n
953 ; B ridg e et a l. 2007 ; Troscian ko 2014 ; Shi et al.
023a ). F or exam ple, Pagan e lli et al. (1974) report that
 he sur face are a ( S ) v ersus v olume ( V ) scalin g relation-
hi p o f eggs ob eys a 2/3–p ow er rule, a findin g that
 a s be en explore d and verifie d using an explicit Pre-
ton e quat ion (denote d henceforth as EPE) by Shi et
 l. (2023a) b ase d on the as s um ption tha t t he eg g is
 solid of revol u tio n. However, i t remains unknown
h eth er th e scaling re lations hips am ong th e m a sses of

 he eg gshel l, yol k, or a l bum en obey simi lar ru les, a l-
hough a scaling relatio nshi p between egg m a ss and
gg vol ume (o r eg g sur face are a) h a s b een rep orted
 Pagan e lli 1974 ). If thes e s c aling rel atio nshi ps hold true
cros s s pecies, it s h ould be possible to non-dest ruct i vel y
stimate the p ropo rtio ns o f eggs h e ll, al bum en, an d yolk
imp l y by p hotograp hing an egg and qu antify ing its
 hape. In de e d, it i s fea si ble to n on-dest ruct i vel y mea-
ure egg volum e an d surface area egg using 2-D imaging
rot ocols ( S hi et al . 2023a ). 

To explore the sc aling rel atio nshi ps amo ng the fore-
 oin g eg g f unct iona l t ra its, we exa mined 691 eggs from
ix av i an species (t wo species of A n atidae a nd f our
pecies of Ph a si anid ae) an d m e asured t he m a ss of their
ggs h e l ls ( M s ), a l bum en ( M a ), an d yolks ( M y ) to de-
er mine t he sc aling rel atio nshi ps amo ng these variables
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Table 1 Sampling information of avian eggs 

Scientific Name Location Arrival Date Number Family 

Anas platyrhynchos Hanshan, Ma’anshan, Anhui Province May 22, 2022 111 Anatidae 

Anser cygnoides Shouguang, Weifang, Shandong Province May 26, 2022 120 Anatidae 

Alector is c hukar Liyang, Changzhou, Jiangsu Province October 22, 2022 120 Phasianidae 

Coturnix japonica Hanshan, Ma’anshan, Anhui Province May 22, 2022 112 Phasianidae 

Gallus gallus Hanshan, Ma’anshan, Anhui Province May 22, 2022 116 Phasianidae 

Phasianus colchicus Shanghe, Jinan, Shandong Province October 12, 2022 112 Phasianidae 
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using re duce d maj or axis reg ressio n p roto cols ( Nik las
1994 ). In addi tio n, th e scaling re lations hip between S
and V was det ermined . 

Materials and methods 

Egg sampling 

To en gag e t he var iation in t he eg g size an d s hape,
six av i an (commerci a lize d a nd theref o re unp rot ect ed)
species were u sed, th at i s, the two species of A n ati-
dae ( Anas platy rhy nchos do mes t icus a nd Anser cygnoides
do mes t icus ) a nd f our s pecies of P h a si anid ae ( Alect o ris
chuk ar dom est icus , Cot urn ix japon ic a dom esticu s , G allu s
gallus do mes t icus , a nd Ph asianus c o lchicus do mes ticus ).
Ther e wer e in tot al 691 eg gs, ran gin g betw een 111 and
120 eggs per species ( Table 1 ). The ge omet r ies of t he
six species of eggs span a broad spectrum of egg mor-
phospace ( Fig. 1 ). 

Data acquisition 

To obtain the m a ss of the three co mpo nents o f e ach eg g,
t he eg gs were placed into a st ain less-ste el p an (ST24P1;
SUPOR Limited by Share Ltd., Zheji ang , China) and
boi le d for ca. 30 min. After cooling them in cold wa-
t er, eac h egg was sep arate d into its com ponen ts, and
t he eg gshel l, yol k, and a lbumen were weighed separately
using an ele ct ronic b a lance (ME204/02, Mettler Tole do
Compa ny, Greif ensee, Sw itzerl and; measurement accu-
racy 0.0001 g). The total m a ss ( M t ) of each boi le d egg
was obtained by summing the m a sses of the three parts.

Calculation of egg surface area and volume 

To determine surface a rea ( S ) a n d volum e ( V ), each
fresh egg was p hotograp hed by one of two smartphones
h e ld by an adjustable tabletop ph on e m oun t. Beca use
of their different sizes (see Fig. 1 ), one smartphone
(H uawei P30Pro, H uaw ei, Don gguan, Chin a) wa s u sed
t o phot ograph t he eg gs of A. platy rhy n ch os , A. cy ani d es ,
C. jap oni ca , an d G. gallus , an d an oth er smartph on e
(Redmi K40S, Xiaomi, Kunshan, C hina) was use d to
p hotograp h t he eg gs of A. chukar and P. col chi cus . Each
egg im age wa s saved a s a b i tmap (i .e ., bmp) file at a res-
ol u tio n o f 600 d p i by Ph otos h op (version 13.0; Adobe,
San Jose, CA, USA). The Matlab (version ≥ 2009a;
Ma thWorks, Na t ick, MA, USA) proce dure was used to
extract the pla na r coordinates of the 2-D profile of each
egg ( Shi et al. 2018 ; Su et a l. 2019 ). The “adj dat a” f unc-
tio n o f the “b iogeo m” packag e (v er sion 1.3.5; S hi et al .
2022 ) b ase d o n R so ftware (versio n 4.2.0; R Co re Team
2022 ) was subsequently used to obtain 2000 approxi-
m ately equidi st ant dat a points for each profile. 

Th e S an d V of e ach eg g wer e pr e dicte d using the ex-
plici t Presto n e quat ion (denote d as th e EPE h ereinafter)
( Preston 1953 ; Shi et al. 2023a ). 

y = ±b ·
√ 

1 −
(x 

a 

)2 
·
(

1 + c 1 
(x 

a 

)
+ c 2 

(x 
a 

)2 
+ c 3 

(x 
a 

)3 
)

(1)

wh ere x an d y r epr esent the x - and y -coo rdinates o f a 2-
D egg p ro file in th e plan e, a i s h alf of t he eg g lengt h, b is
a pproxima tely half of the egg’s maximum width, and c 1 ,
c 2 , a nd c 3 a re pa ra met er s t o be estimat ed . The positive
an d n egat ive sig ns in the e quat io n rep resent the upper
a nd lower pa rts of a n egg , w i th i ts midline (i .e ., t he eg g
length axis) a lig ne d on the x -axi s. Ba sed on the hypoth-
esis of the solid of revolution, the S and V were calcu-
lated using the formulae ( Narushin et al . 2022 ; S hi et al.
2023a ): 

S = 2 π

∫ a 

−a 
y 

√ 

1 + 

(
dy 
dx 

)2 
dx (2)

and 

V = π

∫ a 

−a 
y 2 dx (3)

where dy/dx represents the first-order deri vati ve
of E quat ion ( 1 ). A prior study h a s demonst rate d that
av i an egg ge omet ry is a solid of revolution by compar-
ing the pre dicte d V using E quat ion ( 3 ) and the observed
V using a g raduate d cylin der m eth od descri bed by Shi
et al. (2023a) . 

Th e “fitEPE” fun ction in the “bioge om” p ac kage ( S hi
et al. 2022 ) based on R ( R Core Team 2022 ) was used
to fit the data points to estimate the values of a , b ,
c 1 , c 2 , and c 3 b ase d on th e Ne lder-Mead o p t imizat ion
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Fig. 1 Repr esentativ e examples of the eggs of the six studied bird species. 
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rotocols ( Ne lder an d Mead 1965 ) by minimizing the
esid ual sum o f squ ares (RSS) bet w een the observ ed and
re dicte d y values. The adjusted root-mea n-squa re er-
o r (RMS E adj ) wa s u sed to mea sure the go o dness o f fit
 Shi et al. 2023a ). 

RMS E adj = 

√ 

RSS /N 

W/ 2 

(4) 

her e N r epr esen ts the n umber of da ta poin ts on an
gg’s p ro file, and W rep resents the maximum width of
 he eg g. 

tatistical analysis 

h e power fun ction wa s u s ed to des cr ibe t he scaling re-
atio nshi ps between any tw o varia bles (i .e ., M a vs. M s ,
 y vs. M s , M y vs. M a , M t vs. V , M t vs. S , S vs. V ): 

Y = βX 

α (5) 

h ere X an d Y r epr esen t two in terdependen t variables;
r epr esents a norma lizat ion constant; α is the scaling

xpo nent o f Y to X . To stabilize the va ria nce of Y , both
ides on the power funct ion e quat ion of Y and X were
n-tra nsf ormed ( Niklas 1994 ): 

y = γ + αx (6) 

here y = ln Y , x = ln X , and γ = ln β . The intercept
n d s lope of th e r egr ession line wer e est imate d using
e duce d maj or axis protocols ( Ni klas 1994 ; Q uinn and
eough 2002 ; Smith 2009 ). 
Tukey’s h on estly significa nt difference (HSD) test
ith a 0.05 significan ce leve l ( Hsu 1996 ) was used to

est wh eth er th er e wer e significa nt differen ces in th e
MS E adj val ues o f the EPE fit across the six species. The
 o otstrap p ercent i le m eth ods ( Efron an d Ti bs hirani
994 ; Sandhu et al. 2011 ) were used to estimate the
5% confidence intervals (CIs) of th e s lope an d inter-
ept of the r egr ession line. All s tatis tical analyses were
er for med using R (version 4.2.0; R Core Team 2022 ). 

The sample size of eggs varie d, a l beit s lightly, across
he six spe cies, rang ing betwe en 111 and 120 ( Table 1 ).
ecau se thi s varia tion migh t poten t ia l ly influence est i-
ates of the numerica l va l ues o f scaling expo n ents an d
 -intercepts, we randomly sampled 100 eggs from each
f the six species and p o oled the 600 samples into one
ata set. We then used reduced major axis protocols to
stimate the two stat ist ica l p a ra met er s using 3000 ran-
om samples of 100 eggs drawn from the p o oled data
et of 600 eggs. The median, lower, and upper bounds
f the 95% CI for the scaling exponents and Y -intercepts
ere ca lcu late d to determine whet her t he 111 and 120

ample size differences across the six species signifi-
antly influenced the estimates of the two s tatis tical
a ra met er s. 

esults 

MS E adj fro m the EPE fo r a l l eggs ran g ed from 0.0020
 o 0.0200, whic h demonstrat ed the validity of EPE in
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Fig. 2 RMSE adj using the EPE for the profiles of the eggs of the six 
avian species. The numbers above the whiskers represent the 
coefficients of variation (%) in the RMSE adj values for the six 
species of bird eggs; the lowercase letters a–d above the numerical 
values on the top of each box indicate the significance of the 
difference in the means between any two species based on the 
Tukey’s HSD test. Means with different letters are significantly 
different at P < 0.05. The horizontal solid lines represent the 
medians, and the asterisks within boxes r epr esent the means. In 
the x -axis label, “Ap,” “Acy,” “Ach,” “Cj,” “Gg,” and “Pc” r epr esent 
A. platyrhynchos , A. cygnoides , A. chukar , C. japonica , G. gallus , and P. 
colchicus , r espectiv ely. 
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depicting the 2-D profiles of e ach eg g ( Fig. 2 ). Figure 3
s h ows th e fitte d resu l ts o f EPE fo r the 2-D p ro files o f six
eg g s amples s h ow n in Fig . 1 . 

Ther e wer e s tatis tic ally signific a nt ln-ln linea r scaling
re lations hips between al bum en m a ss ( M a ) an d eggs h e ll
m a ss ( M s ), between yolk m a ss ( M y ) and M s , between
M y and M a , between total m a ss ( M t ) and volume ( V ),
between M t and surface area ( S ), and S and V ( Fig. 4 ).
In each case, the 95% CIs of the scaling exponents did
n ot in clude zero, an d th e coefficien ts of determina tion
exce e de d 0.95 ( Fig. 4 ). Th e num erica l va l ues o f the scal-
ing exponents of M a vs. M s , M y vs. M s , M y vs. M a , M t
vs. V , and S vs. V were significantly sma l ler than unity,
where as t hat of the scaling exponent of M t vs. S was sig-
nificant ly gre ater t han unit y. The d ata indic a ted tha t (1)
th e in creases of M a did not keep pace with the increases
in M s ; (2) the increases of M y did not keep pace with
th e in creases in M s ; (3) the increases of M y did not keep
pace with th e in creases in M a ; (4) th e in creases of M t did
not keep pace with th e in creases in V ; (5) the increases
of S did not keep pace with the increases in M t ; and (6)
th e in creases of S did not keep pace with the increases in
V . Thus, with increasing egg size, the increases in yolk
an d al bum en m a ss did not ke ep p ace wit h t h e in creases
in eggs h e ll m a ss. Fin a l ly, th e num erica l va l ue o f the scal-
ing expo nent o f S vs. V was e qua l to 0.672, th at i s, the
scaling exponent was numerica l l y approximatel y e qua l
to 2/3. 

The 111 and 120 ine qua lity in eg g s ample size across
the six species did not significantly influence the esti-
mates of the numerica l va l ues o f Y -intercepts and scal-
ing exponents ( Table 2 and Fig. 4 ). The point estimates
of Y -intercepts and scaling exponents of each scaling re-
latio nshi p were a pproxima tely e qua l to th e m edians of
3000 replicates b ase d on t he 600 s amples (i .e ., 100 eggs
f or each species), a n d th e m edi ans of 3000 replic ates
fell wit hin t he 95% CIs of the co rrespo nding Y -intercept
an d s lope ( Table 2 an d Fig. 4 ). 

Discussion 

The analys es pres ented h ere in dica te tha t (1) sta t ist ica l ly
st rong sca ling relat io nshi ps exist amo ng a l l of t he var i-
ables of interest examined in this study; (2) increases in
yolk and al bum en m a ss fail to keep pace with increases
in tot al eg g m a ss; (3) eggs h e ll m a ss increa ses di sp ropo r-
tio nately wi t hin incre asin g ov era l l eg g size; (4) t he sur-
face area to volume sc aling rel atio nshi p o f t he eg gs of
each s pecies o beys a 2/3 power rule; and (5) the EPE
cor rect ly predicts egg surface area and volume non-
dest ruct i vel y. These r esults ar e co nsistent wi th t rade offs
am ong th e t hree f unct iona l ly spe cia lize d co mpo nents o f
the av i an egg , th at i s, prote ct ion (t he eg gshell), hydra-
tion (the al bum en), an d n utrien t reserves for embryo
deve lopm ent (th e yol k). Overa l l, a larger yol k re quires a
disp ropo rtio nately lar g er quanti ty o f al bum en (presum-
ab l y to remain hydrat ed), whic h in turn r equir es a dis-
p ropo rtio nately lar g er (t hicker) eg g s h e ll fo r p rote ct ion.
Compoun ding th ese interdepen dent re lations hips is the
sur face are a to v olume scalin g relation ship because to-
t al eg g size (as guag ed by v olume) h a s a n effect on
eg g sur face are a, which exposes t he eg g to dehydration
and is confined to a 2/3 (Euclidian) ge omet ry. These
findings are di scu ssed in gre ater det ail in t he following
se ct ions. 

Scaling relationship between yolk mass and 

albumen mass 

There is a lar g e variation in the ratio of yolk m a ss
( M y ) to al bum en m a s s ( M a ) acros s t he eg gs of av i an
sp ecies ( Rick lefs 1977 ). How ev er, the resul ts p resented
h ere in dica te tha t t here is a st at ist ica l ly st rong sca l-
in g relation ship betw een M y and M a ( Fig. 4 C), such
t hat t h e M y / M a ratio depen ds on egg size. In creases
in M y tend to correlate wi th disp ropo rtio nate increases
in M a , which is in accord wit h t he r esults r eported by
Wa rha m (1983) b ase d on 23 species of P rocella rif ormes.
This ph en om en ology may be explained by the fact that
th e al bum en conta ins a la r g e amoun t of wa t er, whic h
i s u sed fo r emb ry o dev e lopm ent an d is g radua l ly lost
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Fig. 3 Observed (gray) and predicted (red) geometries (boundary coordinates) of representative eggs of the six avian species. The red 
curv es w er e pr edicted by using the EPE. RMSE adj r epr esents the adjusted RMSE, which equals the ratio of the RMSE between the observed 
and predicted y -values to half the egg’s maximum width. Panels (A–F) represent different species. 
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Fig. 4 Bivariate scaling relationships between albumen mass and shell mass (A), yolk mass and shell mass (B), yolk mass and albumen mass 
(C), total egg mass and egg volume (D), total egg mass and egg surface area (E), and egg surface area and egg volume (F) for pooled data of 
the eggs of the six avian species. In each panel, the solid line is the r egr ession line; CI α r epr esents the 95% CIs of the scaling exponent (i.e., 
the slope); CI γ r epr esents the 95% CIs of the intercept; r 2 is the coefficient of determination; and n is the sample size 
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Table 2 Medians and the 95% CIs of the scaling exponents and Y -intercepts based on 3000 balanced random samplings 

Scaling γ .Median γ .LCI γ .UCI α.Median α.LCI α.UCI 

M a vs. M s 1.651 1.644 1.658 0.956 0.952 0.960 

M y vs. M s 1.205 1.199 1.212 0.933 0.929 0.937 

M y vs. M a -0.406 −0.419 −0.393 0.976 0.972 0.980 

M t vs. V 0.195 0.190 0.200 0.979 0.978 0.980 

M t vs. S −2.100 −2.108 −2.093 1.458 1.456 1.460 

S vs. V 1.575 1.574 1.575 0.672 0.671 0.672 

Her e, α and γ r epr esent the scaling exponent and Y -intercept, r espectiv ely; Median, LCI, and UCI r epr esent the median, low er, and upper bounds of 
the 95% CIs of the 3000 replicates of the scaling exponent or Y -intercept. There are scaling relationships between albumen mass ( M a ) and eggshell 
mass ( M s ), between yolk mass ( M y ) and M s , between M y and M a , between total mass ( M t ) and egg volume ( V ), between M t and egg surface area ( S ), 
and between S and V . Note: relative to the width of the 95% CI for each parameter based on the 3000 bootstrap replicates ( Fig. 4 ), the width of the 
95% CI for each parameter here is smaller, which was caused by not permitting replaceable samplings. 
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 hrough t he eg gs h e l l over t im e. Th er efor e, the lar g er
h e yolk (an d th er efor e th e embryo), th e m ore water
s r equir ed ( Car ey et al. 1980 ; C ampb ell et al. 2003 ).
his scaling re lations hip h a s pre dict ive va lue be cause
 y / M a is reported to a ffect the incub at ion p erio d, mo-

 ili ty, an d th e presen ce o f p rimary pl umage in newbo rn
irds ( Ricklefs 1977 ; Finkler et a l. 1998 ; Badzinsi k et al.
001 ). Am ong th e species examin ed in our study, the
n cu b at ion p erio d ran g es betw een 15 days for the sma l l
ggs of C. jap oni ca an d about 32 days for the lar g est eggs
f A. cygnoi d es . Due to th e limi tatio n o f r esour ces, ther e

s a t rade off betwe en the m a ss of th e yolk an d th e m a ss
f th e al bum en f or a ny giv en ov erall egg size ( Finkler
998 ; C hrist ian 2002 ; De emin g and B ir char d 2007 ). 

To determin e wh eth er th e scaling re lations hips
m ong th e three co mpo nents o f av i an eggs might hold
rue for other pre cocia l birds, we examined s e ven eggs
f the blue p eaco ck ( P a vo cris t at us ) a nd s e ven eggs of
 he Afr ican ostr ich ( St rut hio c am elus ) using the same
roto cols describ ed for the six species examined in de-
 ail ( Supplement ary Table S1 ). In addi tio n, we used the
ggs h e l l, a l bum en, an d yolk data repo rted fo r 23 species
f petrels published in Table 1 by Wa rha m (1983) , which
ere defined as “pre cocia l birds” b ase d on the pro-
o rtio n o f their yolk m a ss t o t ot al eg g m a ss ( > 24%).
a rha m (1983) used the mean data b ase d on a very

ma l l egg sample for each wild bird spe cies, rang ing be-
ween 1 and 16 eggs (see Onlin e Supplem entary Table
1 ). Thu s, there wa s no ne e d to use t he me an dat a for
he six av i a n species exa mined in our study when carry-
ng out linear r egr ession analyses of the two combined
ata sets because the means reported by Warham (1983)
re essent ia l ly single data points. The numerica l va lues
f the scaling exponents of M a vs. M s , M y vs. M s , and M y 
s. M a w ere observ ed t o c han g e s lightly, but did n ot sta-
 ist ica l ly deviate from those repo rted fo r the six species
 Fig. 5 ). Neverth e less, it is clear that lar g er data sets are
 equir ed to pr ov ide c anonic al sc aling rel atio nshi ps fo r
ther pre cocia l birds. 
nfluence of boiling on the scaling relationship 

f yolk mass vs. albumen mass 

 learly, dire ct measurements of fresh no n-bo i le d eggs
re desira ble. How ev er, in practice, it is very difficult to
ccura tely separa te and measure the liquid albumen and
 olk, ev en for an indiv idu al egg . For this rea son, m any
 rio r studies have used the same protocol as adopted in
ur study (e.g., Curtis 1912 ; Wa rha m 1983 ). How ev er,
cco rding to o ne repo rt ( Wa rha m 1983 ), boiling ca n re-
uce overa l l egg weight by as much as 1 − 3%, presum-
b l y because of water loss from the a lbumen, a lthough
he ba si s for thi s estim ate i s not m ade exp licitl y clear.
 ortuna te ly, in th e present study, th e num erica l va l ue o f
h e scaling expon ent of yolk m a ss vs. al bum en m a ss i s
.976 (with a 95% CI of 0.964–0.988), which is signifi-
antly sma l ler t han unity. If t h e al bum en lost m ore water
 han t he y olk, it w ould hav e f urt her decre ased t he scal-
ng exponent of yolk m a ss vs. al bum en m a ss. Ther efor e,
h e con clu sion th at increa ses in yolk m a ss do not keep
ace with the increases in albumen m a ss i s not j e op ar-
ized (and actually r einfor ced if al bum en water loss due

o b oiling o ccurs). Neverth e less, th e effects o f bo iling o n
stimates of egg scaling re lations hips m er it f urt her in-
est igat ion. 

ggshell and egg size 

revious studies have examined the co rrelatio n between
 s a nd M t a nd have shown that increases in M t tend

o result in disp ropo rtio nately lar g er increases in M s 
 Pagan e l li et a l . 1974 ). Here , we focused on the scal-
n g relation ships betw een M y a nd M s , a nd between
 a an d M s . Th e p o oled data s h ow that in creases in
 a an d M y do n ot ke ep p ace wit h t h e in creases in
 s ( Fig. 4 A, B). These results are consistent with the
e chanica l role of the eggshell , whic h provides pro-

e ct ion in tandem with coping wit h exter nal and in-
ernal pres s ure, th at i s, m atern al weight at hat c hing
n d tu b a l pres s ure, res pe ct i vel y ( Deeming et al. 2006 ).

https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae001#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae001#supplementary-data
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Fig. 5 Bivariate scaling relationships between albumen mass and 
shell mass (A), yolk mass and shell mass (B), and yolk mass and 
albumen mass (C) of 31 bird species. In each panel, the solid line is 
the r egr ession line; CI α r epr esents the 95% CIs of the scaling 
exponent (i.e., the slope); CI γ r epr esents the 95% CIs of the 
intercept; r 2 is the coefficient of determination; and n is the sample 
size. 
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Th e corre l ation bet ween egg m a ss a nd pa ren tal weigh t
is widely confirmed; lar g er b irds p rod uce lar g er eggs
th an sm a l ler birds ( Pagan e l lt et a l. 1974 ; De eming and
Bir char d 2007 ) because, during in cu b at ion, lar g er fe-
m ale bird s sitting on eggs c an prov ide hig her acc umu-
la tive hea t for ha t c hing eggs. If th e eggs h e ll is m echan-
ica l ly wea k, i t may b re ak under t he weight of t he fe-
ma le, resu lt ing in hat c hing failure . Fro m an evol u tio n-
ary p ersp e ct ive, eggs h e ll thickn ess s h ou ld sca le posi-
ti vel y wit h t he weight of the hat c hing parent. In addi-
t ion, the st rong eggs h e lls are n ecessary for birds to with-
st and exter n al di s turbances, s uch as wind pres s ures ex-
erted on the nest or o ther disrup t ions (ext rem e win ds
causing the nest to move, ca reless ha ndling by parents,
an d th e be havio r o f p redato rs), which c an c ause the
eggs h e ll to brea k ( Kema l and Rothstein 1988 ). In ad-
di tio n, the emb ryos r equir e calcium to deve lop th eir
bon es ( Simkiss 1961 ), an d lar g er s h e lls c an prov ide ex-
t ra ca lcium, which can resu lt in a heavier b o dy in terres-
t ria l anima ls and a stron g er bone density in y oun g birds
hat c hin g from lar g er eg gs. In t his co ntext, i t is wo rth
men tioning tha t the thinning o f b ird eggs h e lls due to
ch emical su bstan ces in th e environm ent (such as acid
ra in a nd p esticides) p oses a gre at t hre at to t he survival
o f b irds ( Ort iz-Santa liest ra et a l. 2020 ). 

2/3-pow er r elationship betw een the S and V of 
bird eggs 

Previou s studies h av e demon st rate d a sig nificant corre-
l ation bet ween M t and V , th at i s, r 2 = 0.98 for Canada
geese and r 2 = 0.96 for Lesser snow geese ( Badzinsik
et al . 2002 ), whic h i s consi stent wit h t he resul ts fo r the
six spe cies examine d in our study ( r 2 = 0.99). This pro-
vides a go o d ba si s for u sing m a ss to predict egg vol-
ume. In this co ntext, i t is worth mentioning that S and
V a re two importa nt pa ra met er s for the pou lt ry indus-
try and related biological r esear ch, and pr ovide insights
for the invest igat ion of po p u lat ion e cology and b io mo r-
p ho logy, such as pre dict ing b o dy weight and hat c hing
rate ( Nedomova a nd Bucha r 2013 ). For obj e cts of sim-
ilar in shape but differing in size, the relatio nshi p be-
tween S and V is known to follow S = aV 

2/3 . For exam-
ple, Pagan e lli et al. (1974) obtained S = 4.951 V 

0.666 for
t he eg gs o f 29 species o f wild and do mestic b irds. Our
study also found a significant sca ling relat io nshi p be-
tween S and V . Figure 4 E s h ows that there is a scaling
re lations hip between S an d V for th e p o oled data. This
2/3 power-l aw rel atio nshi p h a s b een rep ort ed t o be re-
lat ed t o eggs h e ll po rosi ty ( Asmundso n a nd Bak er 1940 ;
Na rushin a nd Michael 2002 ), which h a s im plica tio ns fo r
water loss an d th e ex chan g e of oxyg en betw een the egg
(spe cifica l ly the embryo) and the external atm osph ere. 
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onclusions 

ased on the examinatio n o f 691 eggs from six av i an
 pecies, the adjus ted root-mea n-squa re value f or each
gg wa s sm a l ler tha n 0.05 f o r the EPE fit, which demo n-
trates the validity of using the EPE to describe egg
 hape. Th er e wer e signific ant sc aling rel atio nshi ps be-
ween the al bum en m a ss ( M a ) an d th e eggs h e ll m a ss
 M s ), between the yolk m a ss ( M y ) and M s , and between
 y a nd M a , a nd t he numer ica l va l ues o f the expo nents
ere a l l sig nificantly sma l ler than unity given that the
pp er b oun ds of th e 95% CIs of the scaling exponents
ere a l l sma l ler than unit y. The d ata indic a te tha t in-

re ases in t he nutr ient reserve (t he yol k) re quires a dis-
 ropo rtio n ate increa se in the shell (a su ppo rt cost) and
he hydration reserve (the albumen). In addi tio n, the
ot al eg g m a ss ( M t ) i s no t pro port iona l to the egg sur-
ace area ( S ) and volume ( V ), and increases in S fail to
e ep p ace wit h t h e in crea ses in V becau se of the 2/3-
ow er relation shi p o f sphero id s such a s eggs. These re-
u lts li ke ly h old true for other A n atidae and Ph a si anid ae
pecies and can inform our un derstan ding of the evolu-
ion and r epr oduction of pre cocia l birds. 
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