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Synopsis The amniotic egg fu lfils a crit ica l role in rep rod uctio n by serving as an interface between the external environment
an d th e embryo. Because n on-av i an rept i les a re ra re ly in cu b ate d, they must be heated by, and absorb water from, the ovipo- 
si tio n si te fo r th e deve lop ing emb ryo. Th e m ech ani sms by which the y abs o rb sufficient, bu t n ot excess, water an d h ow th ese
mech ani sms vary with local hab i tat is lar g e ly unkn own, desp i te i ts significan ce to th eir evol u tio n. Here , we fir st per for med
histology, Fourier-tra nsf orm infra re d spe ct roscopy a nd dyna mic vapo r so rptio n experim ents to e lucidate th e m ech ani sms of
eggs h e l l absorpt ion for 56 rept i le spe cies. Then, we use d phylogenet ic comp arat ive ana lysis to test the hypothesi s th at the ab- 
sorpt ive cap acity of rept i le eggs h e lls in cre ases wit h ar idi ty o f the enviro nm ent. We foun d tha t wa ter abso rptio n incre ases in t he
p resence o f a su p erficial mucop o l ys acchar ide layer and decre ases wit h incre ase d ca lci um co n ten t. We found tha t eg gs from ar id
environments have highly absorbent eggs h e l ls, but on ly in spe cies wit h we a kly ca lcifie d s h e l ls. O ur resu lts sug gest t hat rept i le
eggs h e ll s h av e ov er ev ol u tio nary tim e tun ed a bsorptiv e c apacit y to env ironm ental m oisture leve l . S in ce th ese eg gs of ten must
s us tain co nflicting co nstraints, they may serve as insp iratio ns fo r new b io mimet ic materia ls, such as wat er filt ering m embran es
o r humidi ty s ens ors.
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ntroduction
he amniotic egg provides im portan t functions in re-
 rod uctio n, an d th e eggs h e ll itse lf fun ctions as an inter-

ace betw een embry o an d environm ent. Roughly 70% of
 l l terrest ria l vert ebrat es (19,000 species), including the
a st m ajo ri ty o f no n-av i an rept i les, use eggs to r epr o-
uce across a wide ran g e of environments ( Modesto and
nderson 2004 ; King and Lee 2015 ). How ev er, while
 ost birds in cu bate an d cr eate micr ohab i tats fo r their

ggs ( Hansell 2000 ; Deeming 2002 ), non-av i an reptiles
enera l ly do not, and are ther efor e often directly ex-
osed t o, and complet ely reliant o n, amb ient facto rs at
he si te o f ovi posi tio n ( Shine 1988 ; Deeming 2004 ). Se-
e ct ion by environmental challen g es both a biotic (i .e .,
mbien t tem pera ture, a lt itude, a nd humidity) a nd bi-
tic (incl uding microb ial infectio ns and p redatio n) h a s
 dvance A ccess publication May 16, 2024 
C Th e Auth or(s) 2024. Pu blis h ed by Oxford University Press on behalf of the
o r permissio ns, plea se e-m ai l: j ourna ls.permissio ns@ou p.co m 
ignifican tly sha ped egg ph en otype (m orph ology, struc-
ure, and co mposi tio n), in no n-av i an rept i les ( Packard
nd Hir sc h 1986 ; P ik e et a l. 2012 ; De eming 2018 ; D’Alb a
t al. 2021 ). The preci se mech ani sms be hin d th es e ass o-
i ations bet ween f orm a n d fun ction, h ow ev er, are st i ll
nclear.

Non-av i an rept i le eggs h e lls gen era l ly co nsist o f two
r three layer s, eac h con sistin g o f mul ti ple in tegra ted
rga nic a n d in organic compoun ds ( Packa rd a nd Hir sc h
986 ; Sc hleic h and Kästle 1988 ; Packa rd a nd DeMa rco
991 ). Th e inn erm ost layers, th e boun d ary l ayer an d th e
 embran a testa c ea are composed of mu lt iple layers of

rot ein fiber s w ith vary in g arran g em ents; th ese fibers
re co mposed o f k eratins a n d/or collagen ( Zh eng et al.
014 ; Cha ng a n d Ch en 2016 ; Álvarez et al. 2022 ) and
an be either random ly intermingle d or mat-li k e, a nd
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Fig. 1 Microstructure of eggshells in cross section (inner boundary not shown): (A) strongly calcified eggshell of Hemidactylus turcicus ; (B) 
simplified model of a strongly calcified eggshell containing large amounts of albumen (left) and a weakly calcified eggshell containing 
negligible amount of albumen (right); and (C) weakly calcified eggshell of Eumeces sc hneider i ; Ca, outer calcium layer; M, fibrous membrane; 
Al, albumen; and Y, yolk. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

loosely a rra n g e d or a lig ne d in p ara l lel layer s ( Pac kard
a nd DeMa rco 1991 ; Cha ng a n d Ch en 2016 ). Moreover,
th ese fib ers may b e emb e dde d in a mat rix o f p roteins
a nd ca rbohy drates leadin g to various co nfiguratio ns
(e.g., po rosi ties at different scales) ( Palmer et al. 1993 ;
D’Alba et al. 2021 ). In addi tio n, eggs h e lls often have
minera l const ituents (pre dominantly ca lcium carbon-
ate either in ca lcit ic or a ragonitic f orm ( Simkiss 1962 ;
Sily n-R oberts and Sharp 1985 ;) that can form a third,
s uperficial crys ta l line layer, as in cro co diles and most
turtles ( Fig. 1 A). The structure of squamate (lizards,
snak es, a nd a mphisbaenia ns) eggs h e ll s i s highly diver se ,
with a vast majo ri t y hav ing a distinct outer layer of
c alcium c arbonat e . In other s, th e eggs h e ll is less calci-
fied, an d th e c alcium c arb onate do es not form a dis-
t inct iv e outer lay er, bu t i t i s di spersed thro ugho ut the
s h e ll ( Packa rd a nd DeMa rco 1991 ; Sc hleic h and Kästle
1988 ; Choi et al. 2018 ; D’Alba et al. 2021 ; Legendre et
al. 2022 ). Tradi tio n ally, reptile eggs h ave been cla ssi-
fied as either rigid (cro co diles, som e turtles, an d m ost
g eckos), plia ble (turtles), or flexible , parc hment-type
eggs (most squamates and some turtles) ( Fig. 1 C). How-
ever, recent advances in the field ( Kusuda et al. 2013 ;
D’Alb a et a l. 2021 ; Legendre et a l. 2022 ) have s h own that
these cl assific ation s are ov ersimplified an d in n e e d of re-
eva luat ion. Kusuda et a l. (2013) , f or exa mple, s h owed
t hat six eg gs h e ll t ypes exist w it hin turt les alon e. Se lec-
tio n fo r different functio ns h a s likel y dri ven this varia-
tion in eggs h e ll structure.

Water m an agement i s one such crit ica l funct ion, as
water is essent ia l fo r emb ryo nic develop ment. In most
eggs, it is materna l ly source d v i a al bum en ( Tracy 1980 ;
Packard et al. 1982 ; Tho mpso n 1987 ; Andrews 2015 ),
bu t so me hav e a bsorbent s h e ll s th a t ca pt ure moist ure
from the environment ( Ack erma n et al. 1985 ). Varia-
tion in the extent of s h e l l ca lcificat ion (use d for bone
deve lopm ent by the embry o), tog et her wit h t he deg re e
of s h e ll porosit y c an s ubs tant ia l ly a ffe ct both me chan-
ical and resp irato ry functio n s ( Deemin g 2018 ). Min-
era lize d materia l is a b ar r ier t o wat er exc hange ( Gr ig g
1987 ), t hus f u l ly ca lcifie d s h e lls are less per me able and
genera l ly neither r equir e nor a l low acquisit ion of envi-
ronmen tal wa ter. How ev er, so me water u ptake occurs
in some species ( Fergu son 1982 ; A m os an d Rahn 1985 ;
Andrews 2015 ). Similar to av i an eg gs, t hese st rongly ca l-
cified eggs are most often produced with sufficient al-
bumen to provide the emb ryo wi th water d uring de-
ve lopm ent ( Packard et al. 1982 ). In contra st, m any
squamat e eggs (e .g., Bearded dragon, Pogon a vittic eps ;
Corn snak e, Pant hero p his gutt atus ) have lit tle albu-
men ( < 5% in weight, personal observation Gerben De-
b ruyn, Deeming and Ru ta 2014 ). Therefo re , wat er most
be sourced externally, and this abso rptio n is facilitated
by a scant minera lizat ion that s h ould ren der eggs h e lls
highly per me able ( Packard et a l. 1982 ; De eming and
Bir char d 2007 ).

The process of minera lizat ion of rept i le eggs h e ll s i s
n ot complete ly un der st o o d, but as in b irds, amo rphous
calcium may precipitate within an organic matrix of
mucopo l ys acchar ides and proteins in the oviduct that
in duce th e fo rmatio n o f crysta ls ( Sim kiss and Tyler
1959 ; Rodríguez-Navarro et al. 2015 ). The inco rpo ra-
tio n o f mucopo l ys acchar ides eit her diffu sely or a s a su-
perfici al l ayer o n top o f th e s h e l l, as se en in many spe cies
o f both no n-av i an rept i les ( Sim kiss and Tyler 1959 ;
Palm er an d Gui l lette 1991 ; C amp os-C asa l et a l. 2020 )
and birds ( Deeming and Ferguson 1991 ) could increase
resi stance to abra sion an d m e chanica l imp act ( Wotton
2004 ) and also hel p avo id desiccatio n ( C amp os-C asal
et al. 2020 ). Thi s i s becau se mucopo l ys acchar ides for m
hy drog en bonds with water mole cu les that hydrate the
s urrounding tis s ue ( Wotto n 2004 ). In addi tio n, less-
ca lcifie d squamate eggs have more proline in their eggs
than highly calcified gecko eggs h e lls, a potential addi-
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 iona l me c hanism t o increase wat er ret ention ( Sext on
t al. 2005 ).

The hydric envir onment str ongly influences incuba-
ion s ucces s and hat c hling size ( Tracy 1980 ; Packard et
l. 1982 ; Delm a s et al. 2008 ; Booth and Yu 2009 ; Gatto
nd Reina 2022 ). Eggs developing on a s ubs trate with
 high water potent ia l (i.e., more water present) yielded
ar g er hat c hlings an d high er hat c hing s ucces s. How ev er,
 he hydr ic environm ent does n ot a ffect hat c hing s ucces s
or species with highly calcified eggs as much. While
 hese eg gshells are less per me able, t hey st i l l natura l ly
ose water during in cu b at io n, as in b ird eggs ( Rahn et
l. 1979 ; Gr ig g 1987 ; Ar 1991 ). Import ant ly, eg gs h e lls
hat a bsorb lar g e amounts o f enviro nmen tal wa ter can
otent ia l ly a ls o los e i t rap id ly, leading to desiccat ion
nd emb ryo nic de at h un less impe de d by other st ruc-
ural co mpo nents o f t he eg gs h e ll , its c hemical compo-
i tio n, the size o f t he eg g, or t he wat er pot ent ia l of the
 urrounding s ubs trate ( Tracy and Snell 1985 ). For ex-
mple, eggs h e ll po rosi ty, which in rept i les de clines with
ncr easing gr ound tem pera ture to avoid desiccation v i a
va pora tive wa ter loss ( D’Alb a et a l. 2021 ) cou ld be a
tro ng determinant o f eggs h e ll perm eab ili ty. Thus, a
o mplex sui te o f eg g and eg gs h e l l propert ies ma ke each
pe cies sensit ive to their h ydric en vironment to differ-
n t exten ts ( Be lins ky et a l. 2004 ; De emin g and Fer guson
991 ).

The lar g e div ersi ty o f rept i le eggs h e lls an d th e wide
an g e o f enviro nmenta l cha l len g es t hat t hese eg gs face,
ake i t cri tical t o det ermine suc h for m–f un ction re la-

io nshi ps. El ucidating these relatio nshi ps wi l l not on ly
 e lp un derstan d h ow th eir perf orma nce may h e lp sur-
ival in specific environments but may als o s erve as in-
p iratio n fo r m aterial s with high w etta b ili ty fo r appli-
ation in gas adso rptio n, wa ter trea tmen t, separa tion,
mart text i les, and b io m edicin e.

Here , we t est ed t he hypot hesis t hat t he water ab-
orb ance cap acity of eggs h e ll s i s tuned to moisture con-
ent of th eir environm ent. We f urt her identify potent ia l
ggs h e l l st ructure p a ra met er s tha t could influence wa ter
apo r abso rptio n. Our p re dict ion s w ere as follows:

1) Influence o f the native environment: We predict
t hat eg gs h e lls laid in warmer and more arid en-
viro nments abso rb in creasingly m ore water vapor,
p art icu larly in wea kly ca lcifie d eggs h e ll s th at rely on
environmen tal wa t er ( Andrews 2015 ). S imilarly, we
predict that the so rptio n p roperties vary with nest
typ e (op en vs closed nests) as this a ffe cts the deg re e
t o whic h t he eg g is influenced by t he sur rounding
c limat e ( Deeming 2018 ; Nagy et al. 2019 ).

2) Influence o f eggshel l st ructur e: We pr edict that de-
g re e of c alcific ation w ill strongly a ffect eggs h e ll wa-
ter so rptio n p ropert ies. That high ly ca lcifie d eggs
do not absorb as m uch wa ter as weakly calcified
eggs h e lls are known, but we pre dicte d g radua l vari-
ation in the sorption properties linked to eggs h e ll
minera lizat io n, even wi t hin t he grou p o f weakly
ca lcifie d eggs h e l ls. In addit ion, we pre dicte d that
t he gre ater sur face are a o f highly po rous and thick
eggs h e ll s en ables grea ter wa ter va po r so rptio n. Fi-
na l ly, we pre dicte d t hat eg gs h e lls wi th a su perficial
layer of mucopo l ys acchar ides abso rb mo re water
vapor, as they bind water easily ( Wotton 2004 ).

To as ses s these pre dict ion s, w e first invest igate d the
tructure (v i a o p t ica l an d e le ct r on micr oscopy) and
hemical co mposi tio n (v i a differenti al staining and
ourier-tra nsf orm infra re d spe ct r oscopy (FTIR) of r ep-
 i le eggs h e lls across a b road sample o f species. We then
uant ifie d water vapor absorption u sing dyn amic va-
o r so rptio n (DVS). Lastly, we co nd uc ted phy logenetic
om para ti ve anal yses t o t est hypoth esized re lations hips
etween eggs h e ll structure , wat er vapo r abso rptio n, and
he native environment.

aterial and methods
ample collection and preparation

e acquired eggs or eggs h e l l frag ments of 56 non-
v i an rept i les (5 cro co dile-, 9 turtle-, a nd 42 squa mate
pecies) from museum loans (The Steinhardt Museum
 f Natural Histo ry , Tel Aviv , Israe l, an d th e Museum
ür Natur kun de, Ber lin, Germ any), don ations from Bel-
ian Zoos (Zoo of Antwerp and Zoo Pla nck endael), a nd
wo private bre e ders. E xperiments were per for med on
 l l 56 spe cies un less state d otherwise ( Supplementary
able S1 ). We only used eggs that s h owed n o emb ryo nic
eve lopm ent. In div idu al eggs vary in size , shape , yolk,
n d al bum en con ten t, a l l of which may a ffect their ma-
eria l propert ies. To cont rol f or these effects, a nd limit
ur t ests t o t he eg gshell itself, we cut sma l l frag ments
 ∼1 cm 

2 ) from a sta nda rdize d posit ion on the equator
f e ach eg g, r insed it in ethanol and kept it in a v i al in
0% ethanol unt i l test ing.

Th e DVS m eth od r equir es on ly sma l l samples
2.50 ± 0.50 mg) ( Van der Schueren et a l. 2013 ), a l low-
ng us to include species for which wh ole fres h eggs were
ot available and from a wide ran g e of environments
nd egg morp ho logies.

ynamic vapor sorption

o measure water vapor sorption of the eggs h e ll, we cut
 he eg gshells of 56 species ( Supp lementary Tab le S1 )
nto pieces of (2.50 ± 0.50 mg) and c haract er ized t hem
sing the Q5000SA DVS a ppara tus (TA instrumen ts).
e put the samples on meta lize d quartz sample pans

ol lowe d by drying at 35 

◦C and 0% relative humid-

https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae040#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae040#supplementary-data


110 G. Debruyn et al .

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ity (RH) and t hen incre ased t he RH in steps of 15%
a t a constan t tem pera ture of 25 

◦C un t i l 90% RH to
make it comparable between samples. The next step was
on ly starte d after e qui lib ri um (w eight chan g e percent-
age < 0.05 for 45 min), or after 900 min.

Scanning electron- and light microscopy

To v isu alize t he eg gs h e lls, we m ounted a piece of
eggs h e ll on an al umini um stub and sputter co ate d it
with gold/p a l ladium (10 mm thick layer). M icrograp hs
were then taken on a scanning ele ct r on micr oscopy
(S EM, FlexS EM 1000; Hi tachi)

To v isu alize the loc atio n o f mucopo l ys acchar ides in
t he eg gshel ls, we embe dde d e ach s ample in epoxy resin
using a 5-day protocol following th e m eth ods descri bed
by D’Alba et al. (2021) . Then, we tr immed e ach resin
block and se ct ione d each sample therein, to a thick-
ness of 3 μm using a Leica UC-6 u lt ra-microtome (Le-
ica Microsystem s, Germany). Next, w e performed Al-
cia n blue sta ining t o evaluat e the mucopo l ysaccharide
and glyco pro t eins cont ents ( Dong et al. 2012 ). Using
a DM1000 led o p tical microsco p e (L eica o p t ica l mi-
croscope), w e imag ed t he st ained eg g se ct ions and de-
termin ed wh eth er th e mucopo l ysaccharides were ei-
ther present as a distinct l ayer superfici a l ly on the
eggs h e ll , or t ogether w ith c alcium (diffuse thro ugho ut
t he eg gshell o r wi t h cryst al s). We u se d the reporte d va l-
ues o f calci um co n ten t from D’Alba et al. (2021) , who
used Alizarin red to stain calcit e , am orph ous calcium
carbonat e , arago ni t e , hydroxya pa tit e , an d oth er calcium
p hosp hates ( Lazcano et al. 1993 ; Lee et al. 2008 ).

Nesting ecology and life-history data

We used the reported values for porosity (ratio between
th e volum e of air spaces to th e total volum e), s h e ll
thicknes s ( μm), avera ge ground tem pera ture ( ◦C) from
D’Alba et al. (2021) . Simil arly, we c ategorized nest type
as either open or c losed , for ease of an alysi s, ba sed on
t he categor izat ion by D’Alb a et a l. (2021) . We obtaine d
t he unit less var iable ar idity index (AI), which is defined
as the ratio between p reci p i tatio n an d th e ab ili ty o f the
atm osph er e to r emove water thr o ugh evapo transpira-
tio n ( Zo mer et al. 2022 ) o r each spe cies cent roid . Not e
that a higher AI indicates a more humid environment
and low AI r epr esents a higher aridity.

Phylo g enetic analysis

We fir st evaluat ed t he distr ibu tio ns o f t he dat a by plot-
t ing a histog ra m a nd exa min ed th e data t o det ect any
cor related var ia bles usin g a co rrelatio n matr ix. Var i-
a bles w ere sca le d using the sca le funct io n o f the p ro-
gra mming softwa r e R ( R Cor e Team 2013 ).
Using TimeTree of Life ( ht t p://w w w.timetree.org ),
we acquired the phylogenetic info rmatio n o f all rep-
t i les in our data set a s described in detail by D’Alba et al
(2021) . To examin e wh eth er th e variables exhi b i t a phy-
logenet ic sig na l, we use d the “phylosig” function in the
Phyt ools pac kage in R to ca lcu late the Pagel’s Lambda
( Revell 2012 ; R Core Team 2013 ). We found a signif-
icant phylogenet ic sig na l for a l l varia bles ex cept av er-
age ground tem pera ture ( Supplemen tary Table S3 ). Ac-
cordin gly, w e use the R package “caper” to conduct a
phylog enetic g enera lize d least squares (PGLS) ( Orme et
al. 2018 ). A fterward s, we al so tested for normal distri-
bu tio n an d h om ogen eity of th e residuals an d ca lcu late d
th e phylogen et ic sig na l fo r the resid uals o f our m ode l
(l ambd a = 6.96e-05, p = 1), indica ting tha t our m ode l
adequa tely accoun ts for th e phylogen et ic st ructure in
t he dat a ( Revell 2010 ).

To test o ur hypo thesis on water so rptio n o f eggs h e lls
we included shell t ype, c alci um co n ten t, loca tio n o f mu-
copo l ys acchar ides, nest type, av erag e ground tempera-
ture and the interactions between s h e ll type an d AI, an d
s h e ll type and av erag e ground tem pera ture in the PGLS
m ode l as expla ining va ria bles ( Ta ble 1 ). Po rosi ty and
s h e ll thickn ess w ere ex cl uded fro m th e m ode l as th ey
were sep arately sig nificant ly cor rel ated w ith c alcium
con ten t ( P -value = 0.0072 and 0.0069, respe ct i vel y), so
we de cide d to on ly use ca lci um co n ten t in th e m ode l.
Next, we used the “dredge” function (MuMln R pack-
age , Bart on and Bart on 2015 ) to determine which vari-
ab les better exp lain ed th e va riation a nd ra nk ed them us-
ing Aka ik e inf o rmatio n cri terio n (AI C). Then, we se-
le cte d the top m ode ls (de l ta AI C < 2, Burnha m a nd
Anderson 2004 ) and model av erag ed the pa ra meter
est imat ions and the 95% CI for each variable in the
top m ode ls wit h t he zero-av eragin g m eth o d ( Grueb er
et al. 2011 ). This m eth od identifies th e mul ti ple re-
spon se varia ble wit h t he stron g est effe ct ( Na kagawa and
Frec klet on 2011 ).

Fourier-transform infrared spectroscopy

To determine the chemical co mposi tio n o f both the in-
n er an d outer side of an eggs h e l l, we re corde d the in-
frare d spe ct ra using a FTIR spe ct rometer e quippe d with
a univer sal att enuat ed t ot al reflect ance (ATR) att ach-
m ent (diam on d crystal) from Th erm o Scientific. We
r ecor ded two spectra for each species (46 species in to-
tal): o ne fro m the inside o f t he eg g an d on e of th e out-
side ( Supplementary Fig. S1 ) with a wavenumber range
from 4000 cm 

−1 to 400 cm 

−1 ( Supplementary Fig. S3 ).
For e ach eg gs h e ll, we took 32 sca ns a nd applied a res-
ol u tio n o f 4 cm 

−1 . Peaks around 3000 cm 

−1 , which we
attribut e t o both collagen a nd k erat in cou ld be p artly
caused by th e presen ce of –OH (water) in the sam-

http://www.timetree.org
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae040#supplementary-data
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Table 1 Model summary of relationship between water absorption of reptile eggshells (56 species) and both native environment and 
eggshell structure parameters 

Variable Estimate Std . Error 95% CI RI 

(Intercept) 0.96699 0.24231 ( −1.442, −0.492)

Aridity index −0.0528 0.09975 ( −0.248, 0.143) 1 

Eggshell type 1.13449 0.29818 (0.550, 1.719) 1 

Mucopolysaccharide layer 0.39922 0.15905 (0.0874, 0.711) 1 

Calcium 0.29336 0.13742 ( −0.563, −0.024) 1 

Aridity index: eggshell type 0.28287 0.12937 ( −0.536, −0.029) 1 

Av erage temperatur e 0.03486 0.06444 ( −0.161, 0.091) 0.24 

Nest type 0.06985 0.1717 ( −0.267, 0.406) 0.22 

Av erage temperatur e : Eggshell type Not included in top set of models 0 

Results from PGLS analysis. Variables in bold indicate statistical significance. 
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Fig. 2 Sorption profile at 5–95% r elativ e humidity of reptile 
eggshells. Showing the absorption on the Y -axis and the r elativ e 
humidity on the X -axis. Bottom group containing highly calcified 
eggshells containing sufficient albumen for the development of the 
embryo. Top group weakly calcified eggshells with generally lower 
amounts of albumen. 
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les. To rule out the influence of water, a l l samples were
tored in ethanol and dried at room temperature be-
ore the FTIR measurements were ta ken. Addit iona l ly,
TIR spe ct ra of both pure collagen a nd k eratin confirm
 hat t his pe a k can be att ribute d to col lagen a nd k eratin
 Ca rda m on e 2010 ; Riaz et al. 2018 ). To di stingui sh any
rou p ing in the chemical co mposi tio n o f t he eg gs h e lls,
e per for med a pr incip a l com ponen t an alysi s (PCA) on

he FTIR curves to reduce th e dim ensio nali ty o f t he dat a
nto two p rinci p a l co mpo nents summar izing t he var ia-
io n o f th e ch emical co mposi tio n o f t he eg gs h e lls. Th e
rst two p rinci p a l co mpo nents explain 76.57% of the to-
 al var iance of a l l eggs h e lls an d we v isu a lize d i t o n a PC
 i plot.

esults
ater absorption—DVS

vera l l, there is high variab ili ty in wa ter va po r abso rp-
io n amo ng reptile eggs h e lls. Eggs h e lls fr om cr o co diles,
 ost turtles, an d m os t gecko s pecies abso rb li ttle mo is-

ure ( < 10% at 95RH), while s quamates abs orb much
ore ( Fig. 2 ). According t o IUPAC c l assific ation, the

o rptio n p ro file o f reptile eggs h e lls s h ows a type III
sot her m, which descr ibes t he adso rptio n o n both

acr o-por ous an d n o n-po rous adso rbents, wh ere th e
 a ss increa ses exponent ia l ly ( Sangwichien et al. 2002 ).

spe cia l ly at th e high er re la tive h umidities, w e observ ed
 very steep slope.

ucopolysaccharide content

ucopo l ys acchar ides were found in eggshells of all
pecies but in varying locations. It was always det ect ed
h en ever calcium was present, eit her diffusely t hrough-
ut the eggs h e ll ( Fig. 3 B) or together with calcium crys-
als ( Fig. 4 B). Interestingly, in some species, we also
o und muco po l ys acchar ides as a con tin uous superficial
ayer on top of t he eg gshell ( Fig. 4 A–C), even wi thou t
h e presen ce o f calci um.

nfluence of eggshell structure, composition,
nd native environment on water sorption

 ll vari a bles ex cept interact ion effe ct betwe en aver-
ge ground tem pera ture and eggshell type were present
n the best set of models ( �AIC ≤ 2, Table 1 ).

e found t hat eg gshell type (i .e ., weakly vs strongly
a lcifie d) correlate d sig nificant ly wit h water sorption
f t he eg gshel ls. More spe cifica l ly, the high ly ca lci-
ed eggs h e lls of cro co diles, many turtles, an d som e
 eckos a bsorb less water vapor than the weakly cal-
ified eggs h e lls. In addi tio n, calci um co n ten t strongly
nfluen ces eggs h e ll perf orma n ce: as eggs h e l l ca lcifica-
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Fig. 3 Optical micrographs of reptile eggshells stained (Alcian blue) cross sections, showing the different ways mucopolysaccharides (blue 
stain) can be present. As a superficial layer in Acanthocercus atricollis (A) and Coleonyx mitratus (C) . Together with calcium, either diffuse 
throughout the eggshell in Ovophis monticola (B) or in calcium crystals e .g., Eublephar is macular ius (D) . Ca indicates calcium crystals on the 
surface of the eggshells. Eggshells are oriented with their outer surface at the top. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

t ion increase d, absorpt ion of water vapor significantly
de crease d. Th e presen ce of a superficial layer of mu-
copo l ys acchar ides on t he ou tside o f t he eg gshel l sig nifi-
cant ly incre as ed water s o rptio n. Mo reover, as p redicted
eggs h e lls of species inhab i ting mo r e humid envir on-
ments (high aridity index) absorb significantly less wa-
ter when comp are d to spe cies from arid environments,
how ev er, thi s wa s on ly t rue fo r those wi t h we a kly ca l-
cified eggs h e lls. We did not find a significant relation-
ship between the so rptio n p roperties o f high ly ca lcifie d
eggs h e lls an d th e aridity in dex. We foun d n o effect of av-
erage ground tem pera ture or nest type on water vapor
so rptio n ( Table 1 ).

Chemical composition of eggshells

Surface an alysi s of bo th in- and o u tside o f rept i le
eggs h e l ls by ATR-FTIR revea le d th eir ch emical compo-
si tio n ( Su pplementa ry Figs. S1 –S5 ) a n d complem ented
t he st aining dat a. FTIR spe ct ra providing the chemi-
cal fin g erp rints fo r so me rep resen ta t ive rept i le eggs h e lls
are s h ow n in Fig . 4 A. The pea ks of kerat in, col la-
gen, and c alcium c arbonat e , on ly ca lcite not arago-
nit e , were confirmed by compar ing t hem to pure ma-
ter ial ( Supplement a ry Fig. S7 ) a n d th eir peaks (in clud-
in g arag o ni te) were also co mp are d wi th p revio usly p ub-
lis h ed data ( Zhang et a l. 2012 ; Rodrígue z-Navarro et al.
2013 ; Cha ng a n d Ch en 2016 ; Elejalde-Cadena et al.
2023 ).
A dist inct absorpt ion b and centere d around 3275
cm 

−1 is t ypic a l ly associate d with –O H a nd –NH 2 from
wat er and prot eins. The bro ad b a nds a round 2920 a nd
2850 are assig ne d to –CH st retching o f p roteins (i.e.,
k eratin a nd collagen) a nd li p ids. Two peaks around
1635 cm 

−1 and 1525 cm 

−1 are ascribed to the pres-
ence of the amide I and amide II b ands, respe ct i vel y.
These peaks co mb ined wi t h t he amide III band around
1300–1200 cm 

−1 and 1157 cm 

−1 from C–H bonds
in dicate th e presen ce of k eratin a n d collagen. Th e
spe ct ra of both keratin and collagen are very similar
an d, sin ce th e s h e ll m embran e co nsists o f k eratin a nd
collag en, w e predicted a mixture of both ( Chang and
Chen 2016 ). How ev er, t he pe ak around 1743 cm 

−1 , at-
t ribute d to the stretching vib ratio n o f carbo nyl (C = O)
bonds ( Tizo et al. 2018 ), is not seen in the FTIR of
keratin bu t o nly in our m easurem ents for collagen
( Supplementary Fig. S7 ). This could be an indication
of high er am ounts of collagen in eggs h e lls o f so me
sp ecies. These p eaks are visible in the S nout ed cobra
( Na ja a nu l li fera ), Diamo nd pytho n ( Mo relia b redli ),
Corn snak e ( Pant hero p his gutt at us , Fig. 5 A), a nd two
species of lizard’s Common c huc kwa l la ( Sau romal us
ob esus ) an d th e Egyptia n spiny liza rd ( Uro mas tyx
ae gypt i a ) ( Supplem entary Figs. S1 –S4 ).

Addi tio nally, in almost all species, we find a broad
band from 1100 to 990 cm 

−1 th at i s a ssoci ated w ith
po l ys acchar ides, toget her wit h a sma l ler pea k around

https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae040#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae040#supplementary-data
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https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae040#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae040#supplementary-data
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Fig. 4 Water absorption by eggshells in relation to environmental aridity and calcium content. (A) Negative significant relationship 
between the water vapor absorption (% mass change) and Aridity index (unitless) in the native environment of the eggshells for species 
with weakly calcified eggs (blue points), no relationship for species with strongly calcified eggs (yellow points). (B) Negative significant 
r elationship betw een water absorption and calcium content of eggshell (for both w eakl y and highl y calcified eggs together). (C) 
Phylogenetic tree of the species in the study with color coded bars for the variables aridity (most inner band: dark red to light yellow), 
water sorption (middle band: dark to light blue), and calcium content (outer band: light to dark green). 
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240 cm 

−1 that can b e ascrib ed to both amide III
a nd a nd sul phate bo nds, potent ia l ly indicat ing that
he po l ysaccharides were s ome wh at sulph at ed . Suc h
hemical co mposi tio ns are found in (1) both the in-
 er an d ou tside o f wea kly ca lcifie d eggs of squamates
pe cies li k e the a rboreal rat snake ( Go nyoso ma oxy-
 eph al u m ) and grass snake ( Na trix na trix ) and (2) the
nside of highly calcified eggs h e lls such as the Nile
ro co dile ( Cro co dylus nil oti cus ) an d th e hawksbi l l tur-
 le eg gs ( Derm och elys c oria c ea ).
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Fig. 5 (A, B) Repr esentativ e FTIR spectra from the in- and outsides of r eptile eggshells, n umber cor responds to collection n umber 
( Supplementary Table S1 ). Dotted line indicates the most important peaks and green band indicates polysaccharides. (C) Principal 
component biplot showing the first and second principal component of the FTIR curves from reptile eggshells and measurements from 

pure collagen, keratin, and calcite. Squar es indicate measur ements fr om the outside- and cir cles indicate measurements fr om the inside of 
an eggshell. Orange = testudines, blue = lizards, yellow = crocodylia, and green = snakes. 

 

 

 

 

 

 

An oth er peak aroun d 1000 cm 

−1 cou ld a lso indicate
th e presen ce of a ph osphate ban d, but this overlaps with
the po l ysaccha ride ba nd, a nd thus we cannot be certain
t o whic h grou p i t is lin ke d . S imu ltane ous pea ks associ-
ated with proteins (amides), po l ys acchar ides, and sul-
ph ates al so in dicate th e presen ce o f glycop roteins, also
seen in bird eggs and are the main organic co mpo nents
of the cuticle ( Rodríguez-Navarro et al. 2013 ).

Some cro co diles in our data set, such a s the Nile
cro co dile ( Cro co dylus nil oti cus ), Dwarf cro co dile ( Os t e-
o laemus t et ras pis ), a n d th e saltwater cro co dile ( Cro co dy-
lus po ros us ) s h owe d addit iona l p hosp hate ba nds a round
687 and 557 cm 

−1 associated to a mide IV ba nd
( Supplementary Fig. S5 ). Traces of p hosp h ate are al so
s een in s quamat es suc h as the West ern Mexico W hi ptail
( A sp i d osc elis c os t atus ), Co mmo n chuckwa l la ( Sauro-
mal us o b esus ), an d th e gra ss sn ak e ( Nat rix nat rix )
( Supplementary Figs. S1 –S4 ). In turtles, we only found
t hese pe aks in t he log ger h e ad turt le ( Care tta c are tta ).

Sig nature pea ks of ca lci um carbo nate grou ps
(CaCO 3 ) are observed on the ou tside fo r most rep-
t i le eggs in our datas et. Thes e are from aragonite
crystals in testudin es, an d fro m calci te fo r a l l squamates
and cro co dylia. C alcite p eaks are visible in 1417, 874,
and 713 cm 

−1 . Only in Testudines did we find calcium
carbon ate crystal s in the fo rm o f arago ni te ( Fig. 5 A,
Su pplementary Fig. S6 ). Typ ical arago ni te peaks (1465,
1083, 854, 712, and 700 cm 

−1 ) are seen in all turtles.
No ne o f the species displayed any Vat erit e peaks (1087,
876, and 744 cm 

−1 , Fig. 5 A).
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Next, first and second p rinci p a l co mpo nents o f the
TIR curves s h ow two n oticable c lust er s: the fir st con-
a ining ma in ly the spe ct ra fro m the ou tside o f an
ggs h e ll an d th e secon d m easurem ents from th e inside
 Fig. 5 B). This dist inct ion in chemica l co mposi tio n is
ls o obs erved in the microscopic images ( Fig. 1 ). The
u tside o f t he eg gs h e ll m ost often h a s some deg re e of
 alcific ation, while th e inn er m embran e m ainly consi sts
f keratin and collagen fibers.

In mos t s pe cies with high ly ca lcifie d eggs such
s cro co diles, turtles, an d som e squam ates (m ainly
eckos), the outside surface of the eggs display very
n tense carbona te pea ks, whi le po l ys acchar ides- and
erat in pea ks are v ery w eak an d in som e cases ab-
ent ( Fig. 5 A). The spe ct ra resemble a lmost pure ca l-
ium ( Rodríguez-Navarro et al. 2013 ). How ev er, in-
ide of the eggs, the carbonate peaks are weak and
 h ows m o re intense peaks fo r k eratin a nd po l ysaccha-
 ides ( Supplement ary Fig. S4 ).

How ev er, in some squamates, th e ch emical compo-
i tio n o f th e inn er an d outer eggs h e ll surfaces is simi-
 ar, e.g ., Snou ted Cob ra ( Na ja a n n ulifera ) an d th e Euro-
ean blind snake ( Xerotyphl ops v ermi cul aris ) in corpo-
ate little calcium in their eggs h e ll ( Supplem entary Figs.
4 and S5 ).

iscussion
 ur resu l ts su ppo rt o ur hypo t hesis t hat sele ct ion to op-

imize water uptake fo r emb ryo nic develop ment h a s
 haped eggs h e ll structures and co mposi tio n. First, fro m
 mech ani s tic pers pe ct iv e, w e found that eggs h e ll per-
eab ili ty decreases with the level of minera lizat ion.
ept i le eggs have evo l ved two main st rateg ies to min-

mize desiccation risk in arid or other less fav oura ble
nv ironments (e.g ., salt water) or minimize asphyxiation
isk in wet environments. The first is seen in highly
a lcifie d eggs h e lls, e.g., Per sian gec ko ( Hemi d ac tylu s
u qu e orum ), Saltwat er cro co dile ( Cro co dylus p o ros us ),
n d th e re d-foote d to rto ise ( Ch elon oidis c arbon arius )
hat absorb almost no water vapor ( < 5%), and expe-
ience a net loss of 10.5–12.5% water during in cu ba-
io n ( Tho mpso n 1987 ) through emb ryo nic develop-
 ent an d an in crease in water vapo r p res s ure inside the

g g. As in birds, t h e al bum en is th e main source of water
or the embryo, and hence addi tio nal water abso rptio n,
nd highly sorptive eggs h e lls, are n ot n e e de d ( Ra hn et
l. 1979 ; Gr ig g 1987 ; Ar 1991 ). The se cond me ch ani sm
s seen in the weak s h e ll c alcific atio n o f most squamates
n d som e turtles. Th ese eggs h e lls are perm eable an d
 l low water vapor to pass through the pores (i .e ., air
paces) of the eggs h e ll ( Ack erma n et al. 1985 ; Be lins ky
t al. 2004 ). While this is well documented already, we
lso f ound la r g e variatio n in mo isture abso rptio n wi thin
 hese we a kly ca lcifie d eggs h e l ls rang ing from 15% in
i l liam’s mud turtle ( Pelusios Wi l l iamsi ) and Eur opean

lind snake ( Xerotyphlops Ver micular is) up to 40% in
 pecies s uch as the g re en iguana ( I guana I guana ), desert
o ni to r ( Va ra nu s gri seu s ), and b a l l python ( Python

eg ius ). Since t hese species lack or only have a sma ll
m ount of al bum en ( Deeming an d Ru ta 2014 ; perso nal
bservation GD), they must obtain water from the en-
ironment ( Tracy 1980 ; Adams et al. 2010 ).

From a more u lt imat e per spe ct iv e, w e found that
it hin t hese p art ia l ly ca lcifie d eggs h e l ls, spe cies from

rid environments absorb more moisture than those
rom humid enviro nments, su ppo rting the pre dict ion
ha t wa ter va po r abso rptio n is tuned to enviro nmental
o ndi tio ns. Parti al c alcific atio n o f eggs h e lls in dry envi-
onm ents, an d th e resu lt ing incr ease in envir onmental
at er uptake , may ther efor e be a result of sele ct ion on
esiccation resi stance. Thi s i s espe cia l ly t rue for rept i le
pecies that lack or have minimal al bum en ( Tracy 1980 ;
ho mpso n 1987 ; Deeming and Ruta 2014 ). Adding al-
 umen co uld be cost ly for t he fema le, p art icu larly in
r id environments, so eg gs t hat can obt ain water from
h e environm ent could be a crit ica l ada pta tion. The dis-
onne ct betwe en wa ter va po r abso rptio n and enviro n-
ent al ar idity in highly calcified eggs h e ll s i s not sur-

ri sing a s th ese species do n ot n e e d t o absorb wat er
rom the environment.

Wha t ca us es the obs erve d variat io n in water abso rp-
io n? We p redicted t hat eg gs h e ll structure an d compo-
i tio n, i .e ., th e in co rpo ratio n o f mucopo l ys acchar ides,
 nd different qua nt it ies of ca lcium cou ld ensure that the
mbry o receiv es a n adequate a mount of water during
eve lopm ent.

In line with this pre dict ion, and with previous
 esear c h ( Tracy 1980 ; Pac kard et al . 1982 ; Gr ig g
987 ; Palm er an d Guillette 1991 ; Be lins ky et al. 2004 ;
n drews 2015 ), we foun d t hat we a kly ca lcifie d eggs h e lls

re up to 10 × more a bsorptiv e than stron gly calcified
 nes. Mo re spe cifica l ly, and unique to this study we
 h ow that even within the category of weakly calcified
ggs h e ll s ( Grigg 1987 ; A ndrews 2015 ), sm a l l increases
f eggs h e ll min eralizatio n resul t in decreased water up-
ake by the eggs h e ll itse lf.

Moreover, mucopo l ys acchar ides also shape the sorp-
io n p roperties o f eggs h e lls. Th ese were t ypic ally found
iffusely t hro ugho ut t he eg gshell , t oget her wit h cal-
i um, o r as a distinct layer on top of t he eg gshell ( Fig. 3 ).
uch a superficial layer increases the wa ter va po r so rp-
 ion by effe ct i vel y bin ding water m ole cu les an d h e lps to
et ain t he absorbed water. Thi s i s al so the ca se in bi-
a lves, e chin oderms, an d amphi b ian species ( Wotto n
004 ). Th eir presen ce in a l l eggs h e l ls i l lust rates their
ig nificance, but a lso car r ies r is ks. Sin ce microbes eas-
ly diges t s ugars, a thin layer of them on top of the
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egg could p ro mot e bact er ial growt h a nd inf ection. Fur-
th er, enhan ced abso rptio n may also enhance desicca-
t ion by ext ract in g water from in side t he eg g: depend-
ing on the water vapo r p res s ure difference the eggshell
can absorb water from- or lose water to the environment
( Ack erma n et al. 1985 ; Sn e ll an d Tracy 1985 ). In birds,
mucopo l ys acchar ides play an im portan t role in eggs h e ll
minera lizat ion ( Hincke et al. 2012 ), but only a few stud-
ies hav e con sider ed the r o le of mucopo l ys acchar ides in
rept i le eggs ( Simkiss and Tyler 1959 ; C amp os-C asal et
al. 2020 ). Even though it h a s b een prop osed t hat t hey
have a similar b io mineralizatio n functio n, the y can als o
play a role in desiccation resistance.

Even though nest type a ffe cts environmenta l expo-
sure of eggs, and th us wa ter loss, i t was not co rrelated
wit h eg gs h e l l absorb ance . However, our c limat e vari-
a bles w ere ext racte d from spe cies occurrence cent roids,
an d th e aridity an d tem pera tur e surr oun ding n ests (mi-
croc limat e) may be different. Such precise data are be-
yon d th e scope of this study but holds a grea t poten t ia l
for f urt her studies. Additona l ly, m ost of th e high ly ca l-
cified eggs, which absorb very little water vapor, are ei-
t her bur ied (e.g., cro co diles o r many turtles) o r gl ued o n
a s ubs t rate (many ge ckos) ( D’Alb a et a l. 2021 ) and thus,
a detai le d examinat io n o f their microc limat e would be
mo re info r mative t han bro ad sca le climat ic variables.

PCA of the FTIR curves en abled u s to di stingui sh
bro ad p atter ns in t h e ch emical co mposi tio n o f rept i le
eggs h e lls. It furth er confirms that for most rept i les, the
outside h a s a differen t chemical com position t han t he
inside ( Packard and Hir sc h 1986 ; Sc hleic h and Kästle
1988 ; Packa rd a nd DeMa rco 1991 ). While the outside
h a s a higher con ten t of calcium, mostly in the form of
carbonat e , the inside is richer in pro teins, muco po l ysac-
cha rides, a n d ph osphates. O pt ica l microscopy and SEM
images clear ly s h ows th e t ypic a l rept i le eggs h e ll h a s a
mu lt i layere d st ruc ture, in w hich the outer layer is more
ca lcifie d, wit h var iable amounts of calcium depending
on the species ( Fig. 1 A–C; Kusuda et a l. 2013 ; D’Alb a et
al. 2021 ). By contrast, the inner layers co nsist o f mul ti-
ple layers of prot ein fiber s. Pre vious res earch h a s s h own
by staining that th ese fibers mainly consist of keratin
and/or col lagen ( C hang and C hen 2016 ; Álvare z et a l.
2022 ). The FTIR spe ct ra showe d that some species po-
tent ia l ly had high density of lipids in their eggs h e lls
(e .g., S nout e d cobra, Egypt ian spiny lizard, Fig. 5 A).
Li p ids can be present in the cuticle in different relative
p ropo rtio ns and could be a fo rm o f p rote ct ion a gains t
penet rat io n o f bacteria ( Sami u l la h and Roberts 2014 ;
D’Alba et al. 2017 ; Kuls hres htha et al. 2022 ), or indicat-
ing a higher con ten t of collagen as both collagen and
li p id s h ave simi lar pea ks a round 2920 a nd 2850 cm 

−1 .
It s h ould be n oted t hat t he FTIR spe ct ra look very sim-
ilar to that of pure collag en, how ev er it could also be
a col lagen-li ke p rotein ( Rab inowi tz and Shap iro 1972 ;
Riaz et al. 2018 ).

Interes tingly, on vis ual ins pectio n, i t seems that some
liza rds a re m ore close ly clustered togeth er comp are d
to snakes, s h owing t hat t h e ch emical co mposi tio ns o f
lizard species ar e mor e similar to e ach ot her t han to
snakes ( Fig. 5 C). It is difficult to interpret these just us-
ing FTIR spe ct ra and futur e r esear c h could det ermine
the potent ia l ly su btler differen ces in ch emical compo-
si tio n between liza rd a nd snak e eg gs, t h ese differen ces
may influence eg gshell f unctio ning. Fo r example, eggs
might benefit from a higher proportion of collagen to
in crease flexi b ili ty o f t he eg gs. Since eg gs can of ten be
v ery elon gate d ( D’Alb a et a l. 2021 ), having a more flexi-
ble egg is an advantage since eggs that are elongated and
high ly ca lcifie d cou ld be mo re p ro ne to b reakage when
s tres s is applied along the short axis. Inco rpo rating ex-
trem e am ounts o f calci um cou ld a lso be cost ly for t he fe-
ma le ( De emin g 2018 ). How ev er, futur e r esear c h on t en-
si le st rength an d pun ctur e tests in r ept i le eggs cou ld im-
prove our un derstan ding of th e m echanics of eggs with
a high con ten t of collagen.

In species with strongly calcified eggs h e lls, we foun d
the t ypic a l dist inct difference between the chemical
co mposi tio n o f th e inn er- an d ou tside o f t heir eg gs h e ll
( Supplementa ry Fig. S5 ) ( Packa rd a nd Hir sc h 1986 ;
Sc hleic h and Kästle 1988 ; Packard and DeMarco 1991 ).
Th e outer eggs h e ll s h owed to be high ly ca lcifie d, whi le
th e inn er m embran e i s protein aceou s. Like previou s re-
search, when c alcium c arbon ate wa s p resent, i t was in
t he for m o f calci te fo r most squa mates, a nd only in
turtles was it in the form o f arago ni t e ( S ily n-R oberts
a nd Sha rp 1985 ; Al-Bahry et al. 2011 ). Th e presen ce
o f vateri te is described in some squamat es suc h as
th e Chin ese cobra ( Naja atra ) ( Zh eng et al. 2014 ),
but we did not detect vaterite in any of our species.
The outer layer of most turtles such as the logger-
he ad turt le eg g ( Care tta c are tta ) a nd red-f oot ed t or-
toise ( Ch elon oi d es ca rbona ria) resembled a pure arago-
nite spe ct rum ( Ba ird a n d Solom on 1979 ; Sily n-R oberts
a nd Sha rp 1985 ). For the p anca ke turtle ( Mala c och er-
s us t o r nier i ), the outer surface also contained proteins.
S imilarly, t o snake eg gs, t h e in co rpo ratio n o f p roteins
such as col lagen cou ld increase the flexib ili ty o f the egg,
sin ce sph er ical eg gs like turt les are kn own to be m ore
fractur e r esistant, wher eas elongated eggs have a higher
tensi le st rength ( C ha ng a n d Ch en 2016 ). Addi tio nally,
s pecies s uch as t he s altwater cro co dile ( Cro co dylus p oro-
sus ) and co mmo n agama ( Aga ma a ga ma ) s h owed espe-
cia l ly high peaks of phosphat e . Int eresting is that some
species s h ow an addi tio nal peak at 600 cm 

−1 on the out-
side of their eggs h e ll, th ese pea ks cou ld be an indica-
tio n o f crysta l line ap at it ic p hosp hate in the cuticle or
calcium p hosp h ate a s thi s h a s b een do cum ented in th e

https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae040#supplementary-data
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ggs h e ll of s e veral reptiles ( Sc hleic h and Kästle 1988 ;
 amp os-C asal et al. 2020 ). Further testing will enable
s to identify the effects of these varying chemistries on
ateria l propert ies of t he eg gs.
Here, we s h ow that rept i le eggs h e ll ch emistry an d
 orph ology a re lik ely co-adapted at least in part to their
 ydric en vironm ent. In creased kn ow ledge of struc ture–

un ction re lations hips n ot only prom ote th e deve lop-
ent of the oret ica l b ases for surfaces with spe cia l wet-

ab ili ty, bu t also p rovide impo rtant st rateg ies and design
 rinci ples wi th the aim of mimicking natura l st ructures
n d fun ct iona lit ies ( Kong et al. 2019 ).

onclusion
e found that rept i les eggs h e lls absorb m ore water
h en th ey are g radua l ly less ca lcifie d, and have a su-
erfici al l ayer of mucopo l ys acchar ides. This was most ly
e en in spe cies nat ive to arid environments. It could be
 crit ica l ada pta tion a s fem ales do not h ave to provide
ufficien t wa t er t o the emb ryo fo r develop ments such as
een in the highly calcified eggs of cro co diles, most tur-
les, an d m ost g eckos. In st ead , wea kly ca lcifie d eggs h e lls
an absorb water from their environm ent an d transport
his inside the egg for the embryo. This could be advan-
a geous, es pecially in arid environm ents, wh ere water is
car ce. Futur e studies s h ould, h ow ev er, explore the po-
ent ia l cost associated with highly a bsorptiv e eggs h e lls,
ncl uding trade-o ffs wi t h incre ase d microbia l infe ct ion.
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