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Resumo 

Os ovos de cascas flexíveis são ausentes de reserva hídrica provida pela mãe, e 

necessitam absorver água, necessária para o seu metabolismo, através do meio de 

incubação que, em condições naturais, é diretamente influenciado pelo regime de chuvas. 

Desta forma, com o objetivo central de entender a fisiologia embrionária de répteis que 

possuem ovos de casca flexível, foram utilizados ovos de iguana verde (Iguana iguana) 

incubados sob diferentes potenciais hídricos variando de extremamente seco para 

extremamente úmido, onde foram avaliados parâmetros que refletem a fisiologia do 

balanço hídrico destes embriões: osmolalidade, massa seca, conteúdo de água e pressão 

interna dos ovos. Além disso diagnósticos por imagens de microscopia eletrônica de 

varredura e ressonância magnética também foram aplicados com o intuito de verificar a 

morfologia da casca destes ovos e a avaliação não invasiva do desenvolvimento 

embrionário sob diferentes condições hídricas, respectivamente. Dentre os principais 

resultados encontram-se um aumento bastante significativo da concentração osmótica de 

fluido alantóico em ambiente extremamente seco resultando em 385 mOsmol/kg. As 

taxas de massas mostram que os embriões exibem um aumento de 158% em tratamentos 

extremamente secos quando comparados com tratamentos úmidos. Em condições secas 

os ovos apresentaram deformação da casca e o embrião representou a maior parte do ovo 

inteiro, com frações muito pequenas de vitelo e alantoide. A espessura da casca varia 

conforme a condição hídrica, podendo apresentar uma redução superior a 50%. Além 

disso, existe um desgaste da casca do ovo ao final da incubação resultante principalmente 

da ação hídrica, além da degradação por microrganismos, e não da mobilização de cálcio 

para o embrião conforme ocorre em ovos de casca dura. Também foi possível verificar a 

presença de fibras internas na casca dos ovos de iguana que, provavelmente, são 

responsáveis por conferir a capacidade elástica aos ovos suportando absorção de grandes 

quantidades de água além do crescimento do embrião. As imagens de ressonância 

magnética permitiram detalhar o desenvolvimento embrionário sob diferentes condições 

hídricas, revelando variações na morfologia interna e externa (deformações da casca) do 

ovo, além de mostrar o impacto de ambientes secos na dinâmica espacial do interior do 

ovo, resultando em pouco espaço para o desenvolvimento do embrião. Afim de 

complementar o estudo de imagens, foram realizadas capturas de imagens de ressonância 

de ovos de H. mabouia e C. latirostris, onde pudemos observar pela primeira vez a 

presença de saco de ar em um ovo reptiliano de jacaré de papo amarelo com 90% de 
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incubação, revelando assim mais uma grande semelhança para com as aves, devido sua 

proximidade evolutiva. Considerando todos os principais dados obtidos, podemos 

concluir que a disponibilidade de água para o ovo afeta não só suas respostas fisiológicas 

como também a morfologia da casca, provocando aspecto deformado e reduzindo sua 

espessura devido à desidratação. Contudo, embriões de iguana apresentaram uma grande 

tolerância a ambientes hostis, e mesmo sob condições desfavoráveis foram capazes de 

completar seu desenvolvimento e eclodir. 

 

Palavras-chave: Herpetologia, Fisiologia Embrionária, Potencial Hídrico, 

Osmolalidade, Diagnóstico por Imagem. 
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Abstract 

The eggs of flexible hulls are absent from the water reserve provided by the 

mother, and need to absorb water, necessary for its metabolism, through the incubation 

medium that, under natural conditions, is directly influenced by the rainfall regime. Thus, 

with the main objective to understand the embryonic physiology of reptiles that have 

flexible shell eggs, green iguana eggs were used (Iguana iguana) incubated under different 

water potentials ranging from extremely dry to extremely wet, which were evaluated 

parameters reflecting the physiology of water balance of these embryos: osmolality, dry 

mass, water content and internal pressure of eggs. In addition, diagnostic imaging of 

scanning electron microscopy and magnetic resonance imaging were also applied to 

verify the shell morphology of these eggs and the noninvasive evaluation of embryonic 

development under different water conditions, respectively. Among the main results are 

a very significant increase of the osmotic concentration of allantoic fluid in extremely dry 

environment resulting in 385 mOsmol / kg. Mass rates show that embryos exhibit a 158% 

increase in extremely dry treatments when compared to moist treatments. In dry 

conditions the eggs showed deformation of the shell and the embryo represented the 

greater part of the whole egg, with very small fractions of calf and allantois. The thickness 

of the bark varies according to the water condition, being able to present a reduction of 

more than 50%. In addition, there is a detrition of the eggshell at the end of incubation 

resulting mainly from the water action, besides the degradation by microorganisms, and 

not the mobilization of calcium to the embryo as it occurs in eggs of hard shell. It was 

also possible to verify the presence of internal fibers in the shell of the iguana eggs, which 

are probably responsible for imparting the elastic capacity to the eggs, supporting the 

absorption of large amounts of water besides the growth of the embryo. Magnetic 

resonance images allowed detail embryonic development under different water 

conditions, showing changes in internal and external morphology (peeling deformation) 

of the egg, and show the impact of dry environments in the spatial dynamics of the interior 

of the egg, resulting in little space for the development of the embryo. In order to 

complement the study of images were performed resonance imaging catch H. mabouia 

and C. latirostris eggs, where we can observe the first time the presence of air bag in a 

chat yellow reptilian egg alligator 90% of incubation, thus revealing a great similarity to 

the birds, due to its evolutionary proximity. Considering all the main data obtained, we 

can conclude that the water availability to the egg affects not only its physiological 
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responses but also the shell morphology, causing deformed appearance and reducing its 

thickness due to dehydration. However, iguana embryos presented great tolerance to 

hostile environments, and even under unfavorable conditions were able to complete their 

development and hatch. 

 

 

Key-words: Herpetology, Embryonic Physiology, Water Potential, Osmolality, 

Diagnostic Imaging. 
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Introduction 

 

1. Reptiles 

Reptiles are represented in a single Class, Reptilia, Split into four Orders: Chelonia 

(turles, terrapins and tortoises), Squamata (lizards and snakes), Rynchocephalia (tuataras) and 

Crocodylia (crocodilians). Oviparity and incubation buried in terrestrial nests are the typical 

way of reproduction in all Orders; with the exception of some Squamates that exhibt oviparity 

and curl around the eggs to hatch than (i.e. Python molurus) and viviparity (i.e. some snakes), 

and some species of gecko that leave their eggs exposed (i.e. Hemidactylus mabouia) 

(DEEMING; UNWIN, 2004).  

Squamata can be found on all continents except Antarctica. This wide distribution, in 

tropical, subtropical, arid and even cold regions, shows a wide ecological, physiological and 

behavioral flexibility, which is corroborated by the great diversity of species, constituting the 

largest group of living reptiles (ZUG et al., 2001). This distribution occurred, among other 

factors, due to the cledoic eggs, that allowed the development of the embryo in a diversity of 

terrestrial environments. However, there are morphological differences between the types of 

eggs of the various species of reptiles, which may be significant for embryonic development.  

 

2. The cleidoic egg 

Reptilian eggs are all cleidoic, characterised by large yolks and the development of the 

embryo to an advanced free-living hatchling. Embryogenesis in the egg is supported by 

extra-embryonic membranes (Figure 1), i.e. the amnion, chorion, yolk sac and allantoic 

fluid, that variously offer physical protection, allow utilisation of the yolk, permit 

respiration, and enable storage of waste products; and they also have a fibrous shell 

membrane that covering the egg (DEEMING; UNWIN, 2004).   
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Figure 1. Below: Graphic representation of a reptilian egg and structures (JOVCEV, 

2016); Above: Picture of an open iguana egg with 90% of incubation (Personal file). 

 

According to Packard (1982), reptile eggs generally can be divided into three large 

groups, based on their shell structures: eggs with more flexible shells, those with little or 

none calcareous layer (most Squamata); eggs with intermediate shell flexibility (some 

chelonians); and rigid shelled eggs with a well-developed calcareous layer (crocodilians 

and some chelonians). 

In this sense, it is known that eggs of more flexible shells tend to present a greater 

variability in the gain and loss of water to the environment and may in some cases double 

or even triple their initial size, from the moment of laying to the final stage of incubation, 

due to the uptake of water throughout the embryonic development (SARTORI, 2012). For 

this reason, this type of egg becomes much more susceptible to environmental water 

variations than the others, with more rigid shells that tend to exchange very little water with 
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the environment, thus presenting little or no change in size during incubation (FEDER et 

al.,1982; PACKARD et al,1979; M.J. PACKARD et al,1982; WOODALL,1984; MORRIS 

et al,1983; PACKARD and PACKARD,1988b,1989).  

 

3. Embryonic development and the influence of environmental factors 

Considering the water susceptibility of eggs with flexible shell and added to the possible 

environmental adversities that the embryo may face during incubation (periods of drought 

and / or heavy rainfall), and the absence of parental care characteristic of reptiles 

(WARNER, 2011), it is necessary that the embryo presents great tolerance to these 

adversities or that there are physiological modulations that allow their full development. In 

addition, these conditions may have a profound influence on phenotypic development, thus 

having important consequences on the physical condition of the animal (WEST-

EBERHARD, 2003; GILBERT and EPEL, 2008) and, therefore, survival after hatch. 

According to Packard (1981b), approximately 70% of the egg mass of reptiles, at the 

time that they are layed, is composed of water. The water present in the albumen moves to 

the yolk sac through an osmotic process of a water potential present in the liquid that is in 

its interior. This process initiates inside the female and is perpetuated for up to one week 

after egg laying (PACKARD 1981a). However, the water regulation throughout the 

incubation process is still unknown. Thus, the water present in the albumen even before the 

posture could explain why in the first half of the incubation process the eggs show few 

changes in their mass, both when incubated in drier or wetter environments. This water 

reserve could prevent water stress in some species of water stress during the first stage of 

egg incubation. Nevertheless, during the second half of the hatchery period, the reserve will 

generally have been used making the embryo more vulnerable to environmental conditions 

and dependent on the uptake of water from the environment, causing a greater variation in 

egg mass. 

Sartori (2012) showed that the green iguana (Iguana iguana) eggs accumulate 0.02 mM 

of urea, representing 82% of the total measurable nitrogen residues accumulated within the 

allantoic during incubation. That is, it is necessary that the embryo develops properly even 

with the presence of potentially harmful residues within the egg. For this reason, the study 

by Tracy (1980) shows that less calcareous eggs are capable of large and rapid absorption 
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of water by the environment, which may be a strategy used to promote the development of 

embryos, allowing the absorption of water present in the ground. 

Eggs incubated on wetter substrates generally tend to have a shorter incubation period, 

with larger neonates and a higher birth rate than eggs incubated on drier substrates. This 

shows that these eggs are more sensitive to water variations of the environment 

(PACKARD, 1982). However, the ideal amount of moisture varies for each species. Still, 

little is known about the water balance that occurs during embryonic development in 

reptiles. Although there is robust evidence for the regulation of water and solute inside the 

eggs of reptiles and birds (BADHAM, 1971; VLECK, 1991), the physiological regulation 

of water uptake by eggs of these animals is still unclear. The results obtained by Warner 

(2011) suggest that the water absorption by eggs is, to a significant extent, a passive 

hydraulic process during the initial incubation; but live embryos are needed to maintain or 

regulate water uptake in later stages.  

The study of the water balance in reptile eggs has not been enough explored, and most 

of the studies work with rigid shelled eggs (calcareous layer). Thus, the knowledge of the 

development of more flexible eggs is still unknow. The fact is interesting, since the 

Squamata, lizards and snakes, which represent the most diversified reptiles and are the ones 

with the greatest geographical distribution present this type of egg. This study investigates 

the water relations of flexible shelled eggs in relation to the humidity of the incubation 

media in lizards. To do so, we used Green Iguana (Iguana iguana) eggs, because this animal 

(Figure 2) lives in different biomes as: Savannah, Semi-arid forest, Pantanal and Amazon 

rainforest, and therefore they must adjust their physiology according to the different rainfall 

regimes in order to complete the incubation process. 
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Figure 2. Adult green iguana in the left and hatchling iguana in the right. 

Source: Personal file. 

 

4. Objective of the study and initial hypotheses 

Therefore, the present study aims to analyze the implications of different water 

potentials during incubation in the embryonic development of reptiles that present eggs with 

more flexible shells. To do that, the object of the study are Iguana iguana eggs; where data 

from osmolality, internal pressure, egg mass (and fractions of the egg), water content, dry 

mass and scanning electrical microscopy of the shell were collected to verify which are the 

forms used by the embryo to maintain the homeostasis during environmental water changes 

and be able to fulfill the embryonic development.  

Our initial hypothesis, following the literature, are that eggs incubated in wetter media 

should have bigger hatchlings and a short incubation period, better use of the yolk, lower 

mortality during the development and thinner shell thickness.  
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Abstract 

Vermiculite is an expansive soil widely used in agriculture, industry and construction. It is 

also employed as an incubation media for avian and reptilian eggs for experimental studies due 

to its particular properties, especially the high-water retention capacity and thermal insulation, 

important to provide optimal water availability and temperature for oviparous embryos to 

develop. Reptilian embryos, in contrast to birds, lack parental care and can develop in a wide 

range of conditions in natural nests, with eggs exposed to varying hydric and thermal regimes. 

Several studies have evaluated the thermal influence on egg incubation, however, the hydric 

condition received less attention as it is dependent on the soil conduction rates and retention 

properties, which are not easy to determine. The water retention capacity of vermiculite is 

usually derived from predictive models because a single device cannot accurately measure the 

wide range of water potentials of the substrate. In this study we incubated green iguana eggs in 

vermiculite under varying water availability conditions and measured the resulting water 

potentials with different methods: Richard´s chamber, tension table and gypsum block data 

loggers. Our treatments resulted in a range of dry and moistened vermiculite only accurately 

measured with gypsum block from -26.7 kPa to -1443.19 kPa. With this technique we could 

find a positive correlation between the water availability and the measured water potential and 

a low coefficient of variation within each water saturation level. We demonstrated that the use 

of a single method was effective to determine the water potentials of the vermiculite in our 

incubation treatments.  We evaluated the different methods to measure vermiculite water 
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potential, the methods used in the literature of reptilian egg incubation and provided a critical 

overview of their advantages and disadvantages. The gypsum block method provided the more 

reliable data, in a short period of time, with a suitable measurement range and with the 

advantage of its versatility as it can be used both in the laboratory and in the field. 

Key words: Vermiculite, egg substrate, water potential, gypsum block. 

 

1. Introduction 

Vermiculite is a secondary mineral of the group of phyllosilicates, also known as 

expanding clay. Each monocrystal particle from its structure is formed by an overlaying of a 

number of sheets with well-defined thickness, separated by interlamellar spaces containing 

hydrated cations (SHINZATO, 1995; VALÁŁKOVÁ; MARTYNKOVÁ, 2012). 

Commercially, vermiculite is used in its exfoliated or expanded form, obtained after exposure 

to elevated temperatures (ca. 800 oC). This treatment vaporizes the inner water transforming 

the particles into laminated flocks containing air gaps, which confers a high adsorption capacity 

to the material (Wilson, 1983). Vermiculite has singular properties as high water retention, 

lightness, low chemical reactivity, absence of toxicity, thermal insulation and granulation that 

promotes aerated mixtures (JAY-ALLEMAND et al., 1992). Due to these properties 

vermiculite is used widely in agriculture as a substrate or additive serving as coverage for seeds, 

seedlings and soil conditioners and also has many applications in the industry and construction. 

It is also employed as an inert substrate for egg incubation of birds and reptiles, being one of 

the materials available to guarantee controlled conditions and repeatability in scientific studies 

presenting similar effects than sand (PACKARD et al., 1987).  

The hydraulic properties of a soil depends on its water retention characteristics and the 

conductivity of the water in the substrate (FONTENO, 1993). The driving force for water 

movement is the water potential (Ψw), defined as the free energy of water in a system relative 

to water in its pure and free state, measured as the potential energy (per unit mass or volume) 

and represents the relationship of soil-water-organism (plant or animal) (CASSEL; KLUTE, 

1986). The water movement occurs spontaneously from high to low Ψw. Water potential can 

be measured by the soil solution phase (soil water) and/or the energy status of the chemical 

species water in the soil. Total soil Ψw includes the matric potential and also gravitational 

(dependent on the position with respect to a reference elevation), osmotic (salt content in the 

soil solution), and gas pressure (from entrapped air). The sum of matric and gravitational 
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potentials is the main driving force for soil water movement. Current methods mostly used to 

determine the water retention curve of soils are: tensiometry (tension table), pressure 

(Richard´s) chamber and psychrometer.  

Most reptiles lay eggs in nests subjected to environmental fluctuations in pluviometric 

and thermal regimes. A large amount of literature is available regarding temperature effects on 

embryonic development, as it affects growth and sex rates (PACKARD, 1987; GUTZKE et al., 

1987a; GUTZKE et al., 1987b; XIANG et al., 2000; DU, 2010; HONG et al., 2013). Less 

attention was given to water relations of reptilian eggs, although the different eggshell structures 

which vary from very flexible to very rigid (PACKARD, 1982) can affect differently the 

exchange of water between the embryo and the surrounding media.  Many studies aimed to 

evaluate the effect of water availability to embryonic development by mixing vermiculite with 

varying water levels, which provides incubating substrates with different Ψw (TRACY, 1980; 

PACKARD, 1992; ZHAO et al., 2012). However, there are important limitations of current 

methods available to determine Ψw, which individually do not cover the entire range from moist 

to dry conditions (DURNER, 2005).  

 Despite vermiculite is known to retain water, a more refined analysis with the 

determination of water retention capacity curves are costly, time-consuming and laborious, as 

changes in volume and water content have to be simultaneously monitored. In addition, 

vermiculite granulation and regional suppliers can have a significant impact in its physical 

properties (GOMBOS, 2012). Therefore, vermiculite water retention capacity is not well known 

and is usually predicted from models based on geotechnical properties (MBONIMPA et al, 

2006). Because of that the majority of studies that use vermiculite as a substrate, varying in Ψw 

of zero to -1000 kPa (see Table 1), for egg incubation in laboratory doesn’t standardizes its 

methodology, making it extremely difficult to replicate this in future studies.   

Besides the difficulty in replicate, it’s also very important to know the subtract that you 

are using on your experimental incubation, because it can interfere directly on the results of the 

experiment. So, based on the methodologies found in the literature (Table 1) adopted to measure 

the water potential in incubation substrates, in this study we tested different methods (Richard´s 

table, pressure chamber and gypsum block) for the determination of Ψw of vermiculite but only 

the gypsum block device presented reliable data on the desired range of incubation hydrations 

for reptilian egg incubation. We therefore provide an overview of the techniques and Ψw used 

in the literature on reptilian incubation and critically evaluated methods usually applied: 
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tensiometry, pressure chambers and psychrometry. Finally, we could determine the best 

methodology choice according to the strong points of each technics.  

Material and Methods 

 

The study was performed at UNESP-Rio Claro, State of São Paulo, latitude 22º24′39” 

and longitude 47º33′39”. The vermiculite used was from; Type: thin granulometry. We tested 

8 treatments of vermiculite hydration by filling plastic boxes (dimension: 37 x 27 x 7 cm) with 

a mixture of 400 g of dry expanded vermiculite (Natura in Vita, Cosmópolis, SP, Brazil) and 

the proportions of vermiculite(grams):water(grams) of 1:0.25 (extremely dry, ED); 1:0.4 (very 

dry, VD) 1:0.5 (dry, D); 1:0.75 (wet, W); 1:1 (very wet, VW) and 1:1.5 (extremely wet, EW). 

This rage was chosen in order to represent an average of literature data present in Table 1. As 

controls we measured vermiculite with no added water 1:0 and a water saturated condition of 

1:2. Treatment boxes were maintained closed inside a climatic chamber at 30 ± 2oC and 75 ± 

3% humidity. However, beside the boxes are empty of eggs, they were not hermetically sealed 

so it can reproduce the environmental incubation system that allows the gas exchange by the 

eggs. 

Inside each box we burried one capsule of gypsum block data logger (GB2, EMB Brno, 

Czech Republic). The gypsum block consists of a cylindrical resistance device with two 

concentric electrodes embedded in a porous gypsum matrix. The sensor is buried in the soil 

where it exchanges water and solutes with the surroundings until equilibration. At equilibrium 

the matric potential of the sensor equals to the soil, and the generated electrical resistance, 

previously calibrated in the laboratory, can be related to the pressure potential of the soil. The 

electrical resistance should be corrected for temperature and the gypsum material slowly 

dissolves providing a buffer to salinity gradients (Scanlon et al., 2002), and according to the 

manufacturer the capsule should be changed every two years in case of continuous use. 

 For our measurements the previously calibrated gypsum data loggers were programmed by 

the company software (EMS Universal Software®; Mini 32.exe; version 4.3.21.0) to record 

one data point of pressure potential (kPa) every three hours. Data were stored in the data loggers 

and collected upon the end of the 8-day period. However, we disregarded the first two days of 

reading due to the stabilization period of the capsule to the substrate, then considering six valid 

days for the analyzes. Ψw curves based on daily means for each treatment were analyzed, 

variation coefficients and mean pressures.  
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We also tried Richard’s Chamber, Psychrometer and Tensiometry following standard 

procedure for each technique, to measure water potential of vermiculite. However, none of these 

techniques could read this substrate and for this reason we don’t have any data to show about 

then. 

 

Statistical analysis 

We determined the Ψw coefficient of variation and 95% of confidence interval of the 

mean from each condition durring the period of six day, and compared the different curves and 

daily means with one-way ANOVA and Tukey´s as a post hoc test to determine differences 

between the water treatments and time, respectively. Coefficients of variation (%) were 

determined by the ratio of the standard deviation and the mean. The level of significance was 

established as P < 0.05 and data is presented as mean ± standard error of the mean (s.e.m.). All 

tests were performed with SigmaPlot v 11.0. 

 

2. Results  

Data of Ψw (kPa) and time from the different incubation treatments obtained with the 

gypsum block technique is given in figure 1. Ψw of the control boxes during the 6-day period 

showed constant values for pure dry vermiculite (Ψw value of -1443 kPa) and a mean of -27 ± 

0.4 kPa for the 100% saturated treatment (Table 1). For the other treatments, Ψw mean values 

were within this range (Table 1). Ψw profiles from D (0:0.5), M (1:0.75) and VM (1:1) did not 

differ statistically from each other (one-way ANOVA, Tukey´s post hoc, P<0.05). The 

calculated coefficients of variation (Table 1) were higher in the conditions W (1:0.75) and VW 

(1:1), approximately 32%, in comparison to the other treatments that varied between 5-10%. 

When we grouped values by daily means (fig. 2) we found that the treatments D, W and VW 

were more homogeneous (one-way ANOVA, Tukey´s post hoc, P<0.05; Fig. 2C, D and E), as 

by day 3 there were no longer statistical differences between the daily means. However, the 

extreme treatments ED and EW daily means differed statistically until day 4 (one-way 

ANOVA, Tukey´s post hoc, P<0.05; Fig. 2A and F). 
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4. Discussion 

 

The determination of Ψw of the incubation media rather than volumetric water content 

in experiments of egg incubation is important because water is strongly retained by soil particles 

in fine-textured soils, which mean that even if soil water content is relatively high, liquid water 

may not be available to be absorbed. Therefore, each soil type displays different water retention 

curves, which can be determined by the methods most commonly used: tensiometry (tension 

table), pressure chamber (or Richard´s chamber) and psychrometer. Many factors affect the 

accuracy and efficiency of each methodology in the determination of the Ψw and usually it is 

needed an assortment of equipment to determine an entire range from wet to dry. Every soil has 

a different curve based on texture, structure, and organic matter content (DULEY et al., 1939; 

HALLIKAINEN et al., 1985). Therefore, soil curves cannot be related to each other the same 

way for all soil types. In addition, this relationship might not be unique and may differ along 

drying and wetting cycles, especially in finer-textured soils (DULEY et al., 1939; 

HALLIKAINEN et al., 1985). This is also applicable to vermiculite, which has many types and 

different granulation sizes, and this diversity will interfere in the choice of methodology and 

the results obtained.   

Particular limitations have been reported depending on soil physical properties and the 

range of soil moisture level. For example, soil physical properties as texture, shrinking or 

swelling due to precipitation, and evapotranspiration may influence soil-instrument contact and 

require different levels of maintenance. The desired sampling frequency is also an important 

factor since response times of different sensors vary over a wide range (i.e. some devices require 

soil moisture to equilibrate with the sensor matrix). For our incubation purposes, we tried all 

the above mentioned techniques, but because of the wide range of Ψw of our treatments it 

wasn’t possible to read the water potential of vermiculite on other equipment. Only the gypsum 

block methodology provided reliable data for the complete range of hydrations of the 

vermiculite we desired. Therefore, below we will indicate some of the factors influencing each 

of the technique employed in our study.   

 

Richard´s chamber/ Pressure chamber 
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One traditional standard method for the determination of the relationship between the 

amount of water in the soil and the energy that is retained within the pores or adsorbed in 

mineral particles was established by Richards (1965). In this method samples of soil are inserted 

in rubber rings on top of a porous board. The samples are saturated and subject to increasing 

levels of tensions in pressure chambers, usually from 0.0333; 0.1; 0.3; 0.5 to 1.5 MPa. Upon 

equilibrium, the samples are weighed in a precision balance, oven dried at 105°C for 48h and 

weighed again in order to determine the water content correspondent to the applied tension 

(EMBRAPA, 2011). 

Some of the disadvantages of the pressure chamber methodology are the elevated cost 

of the equipment, its substantial size, the need of a well-trained person to conduct the tests, the 

time required for equilibration of the sample and the applied tension and inadequate hydraulic 

contact between the sample and the porous board (BITTELLI & FLURY, 2009; ANTINORO 

et al., 2014). Also, this methodology provides accuracy only when measuring wet substrates, 

approximately until -1000 kPa (TAVARES et al., 2008). When applying this methodology to 

our treatments we could not obtain stable and reliable data, especially when measuring the driest 

conditions (ED, VD and D), because the equipment could not increase the range of tensions 

applied to the samples.  

 

Psychrometer 

 The psychrometer measures both the osmotic and matric potential of the soil 

(MOREIRA et al., 2014) in a range of 0 to –5000 kPa, however it provides more accurate 

readings under dry conditions (BROWN and CHAMBERS, 1987). The methodology is based 

on the relative humidity of the material which is measured through equilibration of the vapor 

conditions of the soil and the surrounding air resulting in a Ψw  directly related to the vapor 

pressure of the air (CAMPBELL and GARDNER, 1971; MELO FILHO; SACRAMENTO; 

CONCEIÇÃO, 2015). Temperature fluctuations or gradients can inflict significant errors as the 

method is temperature-dependent (COSTA et al., 2008; GUBIAN et al., 2012) and not 

recommended for use in soils with shallow depths. Calibration of the equipment is difficult 

requiring a large heat sink to be attached to the thermocouple (MOREIRA et al., 2014). Despite 

its high sensitivity it has a very slow reaction velocity, requiring a long time to reach vapor 

equilibrium. Psychrometer is commonly used in the field as it does not require a well-trained 

person for its operation. It is commercially available in different versions, including portable 

ones. 



24 

 

 We tested all treatments of vermiculite with a commercial psychrometer (Dewpoint 

Potentiameter WP4-T, Meter Environment), but the samples were unable to equilibrate with 

the equipment. As vermiculite is a very unstable material it compromised the use of the 

psychrometric method.  

Tensiometry (Tension table) 

 Tensiometry is one of the most common methods applied for Ψw determination of soils 

and preferentially used in the field to determine water curve retention, better suited for soils of 

high water content. Tensiometric methods are based on estimates of the soil water matric 

potential, which includes capillary effects and adsorption capacity of the soil. The tensiometric 

instruments contain a porous material in contact with the soil through which water can move. 

When the soil is dry, water is drawn out of the porous material and when the soil is saturated 

water flows in the opposite direction. Tensiometers do not require a specific calibration, but 

before measurements there must be enough time for equilibration between the device and the 

soil (ALMEIDA; ARAÚJO; SOUZA, 2010). 

The tension table is a model of tensiometric instrument adapted for use in the laboratory, 

in which gravity is employed to withdraw the water from the soil. This method requires a high 

maintenance protocol and has a limited measurement range, not suited for dry conditions 

(GRIGOLON, 2013). Therefore, all of our samples from dry conditions failed to have the Ψw 

determined, despite the moistened vermiculite provided good results.  

 

Gypsum Block 

The basic principle of a gypsum block device is that the electrical resistance of the block 

changes as the water content of the block changes. The matric potential of the device is derived 

from the measurement of the electrical resistance of the block, given a previously determined 

relationship between electrical resistance and Ψw of the matrix. The gypsum block requires that 

the matrix of the sensor equilibrates with the surrounding media.  This methodology is relatively 

less expensive, does not require high maintenance level, can be read electronically in real time 

with simple data acquisition systems and it is usually faster than others methods available. The 

quantitative performance of gypsum blocks can therefore be assessed only by direct field trial 

in any soil type (PEREIRA, 1951). Nonetheless, the disadvantages are the sensitivity to salinity 
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and temperature, and the need for replacement of the sensor's matrix because the block can 

degrade over time (SPAANS; BAKER, 1992). 

Our results obtained with the gypsum block were the most satisfactory within the range 

of hydration levels used. The accuracy was greater than the Richard´s chamber and tension 

table in a shorter time.  

The variability displayed in the incubation system can be accounted by the influences 

of the variations in atmospheric pressure, 30oC and 75%RU (KOOPMANS and MILLER, 

1966).  Evaporation of water is linked with temperature, via the evaporative cooling 

(SIFUENTES-ROMERO et al., 2018). Therefore, the hydration of the media and the resulting 

water potential is a dynamic process with varying steady-states due to evaporation cycles, that 

could be referred to as a dynamic equilibrium. Our results indicated that the hydration levels of 

the vermiculite influence the water potential non-evenly across time and different incubation 

treatments. We found that the treatments with the highest and lowest amount of water showed 

a higher mean variation, durring the six days, than the intermediate treatments. The study of 

KOOPMANS and MILLER, (1966) also showed water absorption and retention patterns with 

an initial period of greater variation tending to a plateau over time, similar to our data. Usually 

the eggs of reptiles and birds are incubated in a proportion of 1:1 (water:vermiculite) and despite 

the influence of granulosity of the vermiculite from different sources, this proportion of water 

probably guarantees a more uniform condition for the eggs to develop. 

Several studies reported the effect of the hydric environment during incubation in 

hatchling phenotypes for reptilian species (Table 1), considering different water potential 

treatments. The most common method used to determine water potential was the psychometer, 

using ranges of Ψw from -12 kPa to -1100 kPa, which are close to our Ψw levels. Many studies 

however, did not determined the Ψw experimentally and were based on unpublished calibration 

curves from the relationship between water potential and mass ratio of water and vermiculite.  

We suggest a diagram in Fig. 3, to help choosing the most appropriated method 

according to the range of moisture of the sample. From a research perspective, a combined 

device that provides both volumetric and tensiometric in situ readings would be valuable. 

Further refinement of remote sensing techniques presents promise to evaluate large-scale soil 

moisture distribution and variation. 
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5. Conclusion  

 The traditional methods for water potential analysis are generally good for wet samples 

of vermiculite but not for the entire range of wet to dry conditions usually required for 

experiments evaluating the effects of water availability during egg incubation. Therefore, to 

measure a wide range of humidity with good accuracy, the use of the gypsum block as a single 

equipment seems more reliable and efficient than a combination of equipment. Different water 

treatments showed variations in water potential dynamics, with conditions at very high or very 

low water content showing higher impact in fluctuations on water availability across time. 

 Besides it wasn’t found any data from water potential of Iguana iguana or any other 

reptile in natural environment, and that the closest thing is Table 1 for water potential in 

laboratory incubation, our observations also showed that is recommended to reset water loss 

weekly, due to evaporative loss in order to maintain the water potential stable.  

 Finally, it’s also recommended more studies about Ψw in the field. So, we can better 

understand the real challenges of eggs in nature due to rain regimes in different regions and 

ecosystems. 
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Table Captions 

 

Table 1. Levels of Ψw and methods used for its determination used in the literature from 

reptilian egg incubation 

  Species Methodology

/Substrate 

Ψw (kPa) Reference 

Testudine     

 
Chrysemys picta 

NI/ 

Vermiculite 
-200; -1000 Tracy et al., 1978 

 

 

Trionyx spiniferus 
NI/ 

Vermiculite 

-50; -150; -300; -500;      

-700; -900 
Packard et al., 1979 

 
Chrysemys picta 

Psychrometer

/Vermiculite 
-130; -375; -610 Packard et al., 1981a 

 
Chelydra serpentina NI -130; -375; -610 Packard et al., 1981b 

 

Chelydra serpentina 
Psychrometer

/Vermiculite 
-150; -375; -850 Morris et al., 1983 

 
Terrapene ornata  

Psychrometer 

/Vermiculite 
-150; -800 Packard et al., 1985 

 

Chrysemys picta 
Psychrometer

/Vermiculite 
-150; -300; -1100 Gutzke et al., 1987 

 

Chelydra serpentina 
Psychrometer 

/Vermiculite 
-150; -550; -950 Packard et al., 1987 

 
Chelydra serpentina 

NI/ 

Vermiculite 
-150; -950 Packard et al., 1992 

 
Trionyx spiniferus NI -150; -800 Packard et al., 1993 

 Chelydra serpentina; 

Trachemys scripta 

elegans 

NI/ 

Vermiculite 
-150 Janzen et al., 1998 

 

Emydura macquarii 
NI/ 

Vermiculite 
-100 Thompson et al., 1999 

 Ocadia sinensis; 

Mauremys mutica 

NI/ 

Vermiculite 
-220 Du et al., 2010 

 

 Apalone mutica NI/Sand -200 Van Dyke et al., 2010 

 
Pelodiscus sinensis 

NI/ 

Vermiculite 
-12; -220; -500; -750 Zhao et al., 2012 
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Pelodiscus sinensis 

NI/ 

Vermiculite 
-220 Hong  et al., 2013 

Squamata     

 Sceloporus 

undulatus 

NI/ 

Vermiculite 

-200; -230; -300; -420;      

-590 
Tracy, 1980 

 

Iguana iguana 
NI/ 

Vermiculite 
-150; -1100 Packard et al., 1992 

 Pituophis 

melanoleucus 

Psychrometer

/Vermiculite 
-150; -300; -1100 Gutzk et al., 1987a 

 
Podarcis muralis 

NI/ 

Vermiculite 
0; -12; -220 Xiang et al., 1999 

 
Elaphe carinata 

Psychrometer

/Vermiculite 
0; -220 Xiang et al., 2000 

 Lampropholis 

guichenoti; Bassiana 

duperreyi 

Psychrometer     

/Vermiculite 
-150 Booth et al., 2000 

 Gopherus agassizii; 

Python molurus 
NI -600 Oftedal, 2002 

 
 Eumeces chinensis 

NI/ 

Vermiculite 
-220 Du, 2004 

 

Lampropholis 

guichenoti 

NI/ 

Vermiculite 
0; -12; -200; -500 Du et al., 2008 

 
Anolis sagrei 

NI/ 

Vermiculite 
-150; -450 Warner et al., 2011 

 Anolis carolinensis; 

Coluber constrictor; 

Dipsosaurus 

dorsalis; Caretta 

caretta; Chrysemys 

picta; Kinosternon 

bauri; Hemidactylus 

turcicus; Callisaurus 

draconoides 

NI -100; -200; -340;-450 Packard et al., 1982 

*NI: Not informed by the author. 
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Table 2. Mean of water potential (Ψw, Mean ± s.e.m.), coefficient of variation (CV%) and 95% 

interval of confidence from different incubation treatments during the period of six days. 

 

Treatment 

 

Ψw (kPa) CV %  95% CI of the mean 

No added water  -1443±1 0.00% - 

ED  -988±15 9.69% 957-1019 

VD  -433±4 5.67% 425-441 

D  -131±4 17.09% 124-138 

W  -118±6 32.25% 106-130 

VW  -106±5 32.01% 95.4-117 

EW  -62±0.5 5.07% 61.3-63.4 

100% Saturation  -26±0.4 10.20% 25.7-27.4 
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Figure Captions 

 

Fig. 1 Relationship between Ψw (all values are negative and expressed in kPa) and time between 

the different incubation treatments. Ψw were measured with the gypsum block technique. 

Treatments vary from no addition of water, extremely dry (ED), very dry (VD), dry (D), wet 

(W), very wet (VW), extremely wet (EW) and water saturation.  

 

Fig. 2 Variation over the course of six days of the Ψw (all values are negative and expressed in 

kPa) in the different incubation treatments. Different letters denote statistical difference 

between time (one-way Anova + Tukey´s).  

 

Fig. 3 Diagram showing the measuring range of different methodologies for water potential 

determination.  
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Fig.1 
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Fig. 2  
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Fig. 3 

 

This is not the range of all equipment. It’s the tested range used in this study for the four 

methodologies. 
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Supplementary material 

 

Data from gypsum block of the treatments during time of acquisition (all values are 

negative). 

 

Time ED 

(kPa) 

VD 

(kPa) 

D 

(kPa) 

W 

(kPa) 

VW 

(kPa) 

EW 

(kPa) 

Saturated 

of water 

(kPa) 

No water 

(kPa) 

13/02/2016 

03:00 

1197.12 415.02 204.56 236.18 209.17 69.32 33.06 1443.19 

13/02/2016 

06:00 

1153.63 419.28 193.72 215.23 192.72 68.47 32.21 1443.19 

13/02/2016 

09:00 

1128.95 423.65 182.39 197.10 177.79 67.61 31.55 1443.19 

13/02/2016 

12:00 

1119.62 432.84 169.16 181.79 164.42 67.07 31.17 1443.19 

13/02/2016 

15:00 

1109.11 439.74 161.17 166.08 149.67 66.52 31.17 1443.19 

13/02/2016 

18:00 

1091.39 439.33 153.05 155.63 141.14 66.52 30.41 1443.19 

13/02/2016 

21:00 

1071.15 433.98 147.94 148.20 134.56 66.04 30.03 1443.19 

14/02/2016 

03:00 

1054.76 432.27 143.97 142.32 129.49 65.89 29.45 1443.19 

14/02/2016 

06:00 

1051.99 438.67 140.60 138.44 126.15 65.81 28.79 1443.19 

14/02/2016 

09:00 

1056.53 451.75 140.38 138.11 125.69 65.50 28.31 1443.19 

14/02/2016 

12:00 

1058.98 460.87 137.41 134.67 122.46 65.02 27.72 1443.19 

14/02/2016 

15:00 

1066.61 474.49 134.06 131.57 118.53 64.23 27.43 1443.19 

14/02/2016 

18:00 

1064.75 476.60 132.24 126.26 112.95 63.59 27.43 1443.19 

14/02/2016 

21:00 

1052.61 471.85 127.63 121.06 108.83 63.18 27.43 1443.19 

15/02/2016 

03:00 

1031.09 458.35 125.69 117.53 105.44 62.78 27.24 1443.19 

15/02/2016 

06:00 

1015.65 451.92 124.20 114.53 102.89 62.70 26.76 1443.19 

15/02/2016 

09:00 

1011.88 453.43 122.81 112.04 100.89 62.78 26.07 1443.19 

15/02/2016 

12:00 

1010.54 457.94 121.53 109.45 98.41 62.38 25.98 1443.19 

15/02/2016 

15:00 

1009.37 461.38 120.30 107.51 96.62 61.98 25.69 1443.19 
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15/02/2016 

18:00 

1004.16 461.13 119.00 105.18 94.82 61.57 25.20 1443.19 

15/02/2016 

21:00 

998.23 457.77 119.00 103.40 93.40 61.17 25.20 1443.19 

16/02/2016 

03:00 

988.58 453.34 118.89 101.86 91.98 60.93 25.20 1443.19 

16/02/2016 

06:00 

974.59 445.27 119.24 99.98 90.41 60.93 25.20 1443.19 

16/02/2016 

09:00 

949.87 433.08 119.95 98.01 88.60 61.17 24.90 1443.19 

16/02/2016 

12:00 

935.22 426.24 119.89 96.09 86.93 61.33 24.41 1443.19 

16/02/2016 

15:00 

929.46 426.49 119.42 94.61 85.52 60.93 24.50 1443.19 

16/02/2016 

18:00 

932.88 429.74 119.42 92.99 84.03 60.52 24.41 1443.19 

16/02/2016 

21:00 

948.07 440.65 119.00 91.43 82.38 60.12 24.50 1443.19 

17/02/2016 

03:00 

944.40 440.40 118.24 90.47 81.52 59.62 24.31 1443.19 

17/02/2016 

06:00 

930.40 432.02 118.30 89.02 80.64 59.62 24.90 1443.19 

17/02/2016 

09:00 

904.66 417.68 118.12 87.98 79.55 59.62 24.71 1443.19 

17/02/2016 

12:00 

876.52 404.44 117.82 86.93 78.60 59.62 24.50 1443.19 

17/02/2016 

15:00 

860.14 397.12 118.59 86.93 78.60 60.19 24.41 1443.19 

17/02/2016 

18:00 

855.31 396.11 119.42 88.33 80.06 59.87 24.50 1443.19 

17/02/2016 

21:00 

856.44 397.43 118.12 87.98 79.55 59.22 23.72 1443.19 

18/02/2016 

03:00 

866.03 402.54 116.46 87.27 78.53 58.65 23.72 1443.19 

18/02/2016 

06:00 

874.42 406.10 115.07 85.95 76.61 58.15 23.72 1443.19 

18/02/2016 

09:00 

865.28 403.17 113.13 83.10 74.44 57.90 24.12 1443.19 

18/02/2016 

12:00 

843.96 391.75 112.77 82.10 73.69 57.74 24.31 1443.19 

18/02/2016 

15:00 

828.02 384.56 113.25 81.08 72.85 58.31 23.72 1443.19 
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Abstract 

 Cleidoic eggs go through adversities during the incubation period as for example: little 

or no parental care, temperature, lack or abundance of available water in the substrate. Water is 

essential for embryonic development (dilution of excreta, metabolism of yolk, proper 

development of the embryo, etc.). Iguana iguana have flexible shelled eggs allowing a great 

exchange of water with the incubation media, for both loss and gain of water. This characteristic 

allied to the habitat where this species occurs (tropical and semi-arid regions) highlight the need 

for a better understanding of the water balance in ovo. In this study, a high water potential 

revealed allantoic osmolality of 385 mOsmol / kg at 90% of the incubation period and external 

deformation of the eggshell of the fertilized eggs submitted to this treatment. In addition, high 

water potential also revealed that increase of absorption at the end of incubation does occur and 

also interferes with the absorption of yolk.  

 

Key words: flexible shelled eggs, Iguana iguana, water potential, osmolality, water content, 

physiology, reptile. 
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1. Introduction 

 Reptilian eggs show a diverse eggshell structure, varying from very rigid eggshells, 

similar to those found in birds, to very flexible structures, which influence the water dynamics 

between the embryo and the surrounding environment along the incubation period 

(PACKARD, et al; 1982a); (SEYMOUR and ACKERMAN, 1980). Rigid shelled eggs (from 

crocodilians, some turtles, Geckos and Dibamid lizards) virtually do not exchange liquid water 

with the external surrounding media but can lose water vapour to the external air (TRACY et 

al., 1978; PACKARD et al, 1979; PACKARD 1981a; FEDER et al., 1982; M. J. PACKARD 

et al, 1982a; WOODALL, 1984). Eggshells with lower levels of calcification (some turtles) can 

exchange a small amount of water with the surrounding environment, i.e. C. serpentina eggs 

resting on the wettest substrate experienced net increases in mass during incubation, whereas 

eggs in all other experimental groups experienced declines in mass (MORRIS et al., 1983). 

However, eggs that present a leathery structure (like lizards and snakes) can absorb a great 

amount of water from the environment, and in some species eggs double in size from laying to 

hatching (PACKARD et al, 1979; FEDER et al., 1982; M. J. PACKARD et al, 1982a; 

WOODALL, 1984, SARTORI et al, 2012) but on the other hand are also more susceptible to 

desiccation during a severe drought. 

  Ratterman and Ackerman et al (1989) suggest that reptiles with flexible eggshell usually 

incubate its eggs in more humid field environment. Nevertheless, a low water potential can also 

be detrimental to developing embryos because the excess water content of the incubation media 

that can occupy air spaces generating a hypoxic environment (CLEGG 1981, PACKARD and 

PACKARD 1984). 

According to Packard (1981b), approximately 70% of the egg mass of reptiles at the 

time of egg laying is composed of water. The water present in the albumen moves to the yolk 

sac through an osmotic process of a water potential present in the liquid within the latter. This 

process occurs before egg laying and is perpetuated for up to one week after egg laying 

(PACKARD 1981a). However, water regulation throughout the incubation process is still 

unknown.  

In allantoic eggs, generally, the albumen is the principal reservoir for water, although 

most of the liquid in this compartment is translocated into the yolk during the first week of 

incubation (MORRIS et al, 1983; PACKARD et al., 1981a, 1983; WEBB et al, 1986). This 

water movement can cause an enlarge of the yolk, while the albumen is simultaneously reduced 

in size (PACKARD et al., 1981a, 1983; WEBB et al, 1986).  
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One of the greatest physiological adaptation of cleidoic embryos is to converting 

ammonia, from the catabolism of proteins, into uric acid (or urate) that is precipitated in the 

chorioallantoic membrane. The uric acid does not occupy osmotic space, so the solvent 

capacitance of the limited reservoir of water is preserved for support of the embryonic 

metabolism. In this scenario, the synthesis of uric acid is a way to prevent cumulation of toxic 

material inside the egg and conserve water as a solvent for more soluble wastes, such as urea 

(NEEDHAM, 1931; E. BALDWIN, 1964; PACKARD, 1982b). 

 

 If we consider the absence of parental care of reptilian eggs (WARNER, 2011), that are 

usually laid in dug burrows or under leafage, and the environmental adversities that embryos 

may face during embryonic development such as periods of drought or heavy rainfall, these 

flexible-shelled eggs should present a set of physiological characteristics and flexibility in order 

to complete development and overcome these possible environmental challenges until hatching. 

Therefore, we aimed to investigate how water availability affects embryonic development of 

the lizard Iguana iguana, since this animal lives in different biomes as: Savannah, Semi-arid 

forest, Pantanal and Amazon rainforest, and therefore they must adjust their physiology 

according to the different rainfall regimes in order to complete the incubation process (see 

Introduction Section). According to the literature, we expected to have bigger eggs and embryos 

in wetter substrate. So, in order to evaluate this, we determined osmolarities of egg fluids, wet 

and dry masses and growth water absorption and mortality rates of eggs incubated under 

varying levels of water potential that could represent the variety of biomes that it inhabits. 

 

2.Material and Methods 

2.1 Experimental animals 

The green iguana (Iguana iguana) is a lizard, with flexible-shelled eggs, from Central 

and South America that reproduces once a year, laying an average of 30 eggs per clutch. In 

South America, the breeding season occurs between September and December, which 

corresponds to the local raining season. Although these animals inhabit regions of tropical 

climate, i.e. Central America and North of South America, these animals also inhabit regions 

of semi-arid climate in northeastern Brazil characterized by prolonged dry seasons, that may 

occur during reproduction period.  
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For our study, eggs were collected soon after laid from captive females at a scientific 

breeding program at the Zoology Department, UNESP (Jacarezário), Rio Claro, SP, Brazil. 

Adult Iguana iguana were maintained in a large outdoor vivarium with water ad libitum and 

fed daily with vegetables and fruits. Oviposition occurred once a year between September and 

December, with clutches ranging from 15 to 60 eggs. All experimental procedures were 

approved by the Ethics Committee on Animal Care at the São Paulo State University (CEUA-

UNESP no.0299). Eggs were placed in plastic boxes (38 x 28.5 x 6.5 cm) incubated in 

environmental chambers set at 30o ± 0.6 o C), semi-buried in vermiculite allowing gas exchange. 

Throughout the incubation period (IP) eggs were candled to check viability and infertile or dead 

eggs were discarded. A total of 421 green iguana eggs were used in the present study. 

2.2 Water potential of vermiculite 

We used vermiculite as the substrate incubating media, mixed with different volumes 

of water to provide six different water potential treatments. Water potential (WP) is the free 

energy of water in a system that drives its movement and measured as potential energy (per unit 

mass or volume) (CASSEL; KLUTE, 1986). A fixed amount (400g) of fine granulometry 

vermiculite (Natura in Vita, Cosmópolis-SP, Brazil) was mixed with tap water in the following 

proportions: 0.25 extremely dry (ED); 0.4 very dry (VD); 0.5 dry (D); 0.75 wet (W); 1 very wet 

(VW) and 1.5 extremely wet (EW). On a weekly basis, we added the amount of water lost by 

evaporation or absorbed by the eggs (maximum 7% of total water), that was determined by the 

difference between the weight of the initial set (box+vermiculite+water) and the final set 

(box+vermiculite+water after one week) both without eggs. 

We determined the water potential (WP) from the six incubating treatments and from 

pure vermiculite using the method of gypsum block. In each treatment box, we buried a wired 

gypsum capsule/block (EMS®). The capsules were connected to a computer and programmed 

by the company software (EMS Universal Software®; Mini 32.exe; version 4.3.21.0) to collect 

one data point every hour, for the period of a week. This period enabled equilibrium of the 

equipment and the substrate providing a robust analysis of the water potential profile of the 

vermiculite in the different treatments. The data obtained were -988 kPa, -433 kPa, -131 kPa, -

118 kPa, -106 kPa, -62 kPa for the six treatments (ED, VD, D, W, VW, EW), respectively. 

Lower negative values represent drier substrates, and pure vermiculite presented a value of -

1443 kPa. A completely saturated substrate presents a water potential of zero. 
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2.3 Experimental protocol 

2.3.1 Osmolality 

We measured the osmolality of yolk (OY) and allantoic fluid (OA) from eggs soon after 

laid, and at 30, 50 and 90% of the incubation period (IP). Samples of 0.5 ml of yolk and allantoic 

fluid were collected from six eggs from each treatment and each IP. Samples were serially 

diluted (3 times to guarantee the total freezing of the sample by the osmometer) with distilled 

water, and aliquots of 150 µl were measured in duplicate in a freezing point osmometer 

(Knauer, Germany). Data was corrected by the dilution factor to provide mOsmol/kg.  

 

2.3.2 Wet and dry masses 

The wet mass of eggs was determined by weighing they weekly. 

To obtain the dry mass of the eggs, we also collected six eggs from each treatment and 

IP and dried they in an oven (Logen Scientific L.S. 1.5) set at 60oC.  

With these values it was possible to calculated the WC from the difference between wet 

and dry masses and the hydratation rates of the eggs in IP of 30%, 50% and 90% of age. As 

soon as eggs hatched we measured weight and length of hatchlings and calculated mortality 

rates of the treatments.  

2.4 Statistical analysis 

Water potential data from pure and all incubation media treatments were analyzed by a 

One-Way ANOVA. Osmolality of yolk and allantoic fluids, dry masses and water content were 

analyzed by a Two-Way ANOVA with incubation period and treatment as factors. All analysis 

was performed with the Sigma Plot 12.0 software with an attributed significance level of P < 

0.05.  

 

3. Results  

Osmolality of the yolk, initially at 228 ± 8 mOsmol/kg tended to decrease with the 

progression of incubation time (Table.1). Significant difference was shown in ED and D 

treatments between the IPs, where it could be seen that as far as the embryo develop the OY 

present very distinct values that decrease during the time. This was the most relevant response 
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from the yolk, suggesting that the lack of water can interfere in the yolk absorption by the 

embryo.   

Osmolality of the allantoic fluid started as 295 ± 8 mOsmol/kg (Table. 1), and also 

showed a trend of decrease throughout the incubation period. In comparison to yolk osmolality 

the OA was lower. With the higher the amount of water available in the vermiculite media, we 

found lower osmotic potential in the allantoic fluid. 

The data showed that at 90% of IP in ED condition, the OA was 385 mOsmol/kg, the 

highest value of OA. Also, at 90% of incubation in EW and VW conditions the data showed 

the lowest values of OA (47 and 46 mOsmol/kg, respectively). Only in ED and D was 

significant difference to other treatments. Suggesting that the water directly interferes in the 

concentration of the allantoic fluid, and that the embryo even in extreme conditions can survive 

the high osmolality and hatch. However, there was no statistical change at the point of W 

treatment if the amount of water continued to increase.  

The mean wet mass of iguana eggs at oviposition was 15.9 ± 0.43 g. The amount of 

water present at this point was 14.7 ± 1.8g, representing 71% of the total initial egg mass. Eggs 

from dry incubation settings ED and VD exhibited lower egg masses when compared to eggs 

incubated in wetter conditions. Higher egg masses relate to higher water contents.  

For the dry mass, eggs presented high values in wettest treatments, and lowest values in 

dryest treatments (Table. 1). The data of driest (ED and VD) conditions were statically different 

from the wettest ones. The same pattern was found in water content data, but in both cases 

seems to be a limit for the increase of dry mass and water. The EW treatment, presented inferior 

values than the VW. This could mean that in EW, the egg starts to be in a stressful condition 

with too much water. 

 Significant differences occurred in all treatments and IPs, but wettest treatments 

presented higher WC than dryest ones, especially at 90% of IP. In ED treatment, WC stabilized 

at 50% and 90% of IP, this means that the embryo had to deal with a very small amount of 

water in the second half of incubation and they still hatched.   

 Through the water content data, we were also able to calculate the hydration rates in the 

different water potentials during all IP (Table. 1). The data show that the increase in water 

absorption occurs in a greater proportion at 90% in more humid treatments. In dry treatments 
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(ED and VD) the increase of absorption at the end of incubation did not occur (ED) or was not 

very marked (VD). 

Treatment D present the lowest rate at 30% with great increase until 90% of IP; and EW 

treatment didn’t have great increase in hydration rates at IPs, probably because the incubation 

media was to wet and the egg didn’t need to storage water from that or in a secondary hypothesis 

that the EW media is already a hydric stressful environment for the embryo.  

 In order to fully understand how water influences the flexible egg of iguana, we also 

determined rates of the fractions of the egg, in comparison with the whole egg, at the moment 

they were laid and at the end of incubation at 90% of IP (Fig. 1). 

The mass rates of the fractions in D (0.5), W (0.75), VW (1) and EW (1.5) treatments 

were almost the same at 90% of IP. However, in VD (0.4) the yolk mass rate decreased and the 

embryonic mass increased. This also happened in ED (0.25), but in this case the allantoic mass 

rate decreased too. The embryo exhibited an increase of 158% in ED when compared to the 

EW treatment. 

This can be explained for the lack of water in the substrate. So, in ED scenario the 

embryo represents the bigger part of the whole egg, with very small fractions for yolk and 

allantoic sac. The allantoic fraction in this case is less than a half (43%) of the same allantoic 

fraction in EW scenario, which is 57% of reduction of the allantoic volume in ED condition. 

The size of the hatchlings varied between treatments and showed statistical differences 

(ANOVA One Way). However, the mass of the hatchlings did not show statistical difference 

between treatments. But we can highlight that the ED treatment provides animals with the 

lowest weight and one of the lowest length. So, the amount of water can interfere in the size of 

the offspring when they hatch. 

We also calculated the rates of natality, mortality and natural rupture (Fig. 2). Besides 

the greatest rates of natality were seen the wettest treatments, just a few amounts of eggs were 

left to hatch in treatments ED and VD, because they were used in experiments and also because 

a fungi infection of the genus Aspergillus occurred, that is associated with mortality in 

artificially incubated eggs according to Rand (1980). So, we cannot assume that wetter is better 

in this case. 
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4. Discussion 

The relationship between water content and water potential for a soil is denominated as 

water retention curve and was determine to document the behavioral of the vermiculite (Grim 

1968). These data shown that when the substrate sample is saturated with water (EW) the WP 

is close to zero, but as the samples becomes drier, more negative the WP will be. 

We could observe that the first third of incubation is the most critical period, as the 

embryo appears to be more susceptible to external environmental changes. That can explain 

why, generally, the OA is mostly higher at 30% than at 50% and 90%. However, the OA at 

50% and 90% in VD, D, W, VW and EW treatments wasn’t significant different. Only ED 

present significant difference at 50% and 90% of IP. 

 There was significant difference between treatments and IP, but the wetter the substrate 

the higher the dry mass (DM) will be according to the data. According to Packard (1992), green 

iguana eggs incubated in -150 kPa (which is close to our Dry treatment) and -1100 kPa (which 

is close to our Extremely Dry treatment) increased in mass during the first 48 days of 

incubation, but those in the wet environment exhibited a much larger increase in mass than did 

those in the dry environment. Also, eggs exposed to the wet media declined in mass at the 

interval before hatching and weighed considerably more prior to hatching than at oviposition, 

whereas eggs in the dry environment declined substantially in mass at this interval and weighed 

less late in incubation than on day zero. Still according to this author, DM of carcasses of 

hatchlings from wet environments was larger, and mass of residual yolks was smaller than for 

hatchlings from dry media. 

 Nevertheless, the yolk mass change between the treatments at 90% of IP. ED and VD 

treatments present the lowest value of yolk mass, statistically differing from the others 

(ANOVA one way). This can suggest that the lack of water maybe accelerated the consumption 

of yolk and the development of the embryo, so it can hatch early and scape from this potential 

hydric stress. Our data about yolk consumption corroborates with Gutzke et al. (1987) were 

Chrysemys picta embryos from eggs on dry substrates catabolized more lipids and fewer non-

lipids than those from eggs on wet substrates. 

 Eggs incubated in dry media frequently exhibit shells deformations (Fig. 3). This was 

observed by Lynn and von Brand (1945); Tracy et al. (1978) in turtle eggs (flexible) and 

according to the authors it can be explained by transpiration water loss exceeding the uptake of 

liquid water from the substrate, eggs thereby declining in mass durring incubation, and possibly 

being deformed. They also said that embryos frequently exhibit abnormal development. 
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However, in our study eggs submitted to ED conditions did show deformed shells, but the 

embryos hatched and appeared to be normal, but we did not follow the development of the 

offspring.  

 According to Tracy et al., 1978, reptile eggs that absorbed substantial amounts of water 

during IP hatch larger and heavier offspring than eggs incubated in low amount of water in the 

media. However, our data for length and weight did not show significant differences between 

the treatments. This may suggest that beside the water interfere in physiological factors, it not 

change de size of the animal.  

 Tracy et al., 1978, suggest that osmolality inside the egg is presumed to be lower than 

that of the substrate, leading to an inward diffusion of liquid water across that part of the shell 

in contact with the vermiculite.   

Packard et al. (1979) in a study of softshell turtle (Trionyx spiniferus) affirms that 

osmolality inside the egg is relatively insensitive to changes in temperature, and that 

evaporation of water probably would not lead to a sufficient decrease in osmolality of the egg 

to have a detectable effect on inward transport of liquid from the soil. 

The OY and the OA varied durring IP and between treatments. This could be, mostly, 

because of the amout of water available in the incubation media and also because of the use of 

the yolk and allantoic sac durring IP. According to Packard et al. (1983), the amount of water 

present in the yolk of eggs varied during incubation because water potential of substrates, and 

the dry mass of yolks in eggs declined during incubation as embryos withdrew nutrients. 

Furthermore, the allantoic sac keeps all the nitrogen excreted by the embryo during incubation, 

causing its osmotic concentration to increase over time. 

Still according to Packard et al. (1983) the water content (WC) at the beginning of 

incubation was quite low, but increase during IP and the eggs incubated in wet substrate present 

more WC than the others. However, the significant difference just appears after 50% of IP. This 

data corroborates ours, because ED and VD treatments present the lowest hydration rates at 

90% of IP when compared to the other treatments.  

The study of Packard et al (1985) shows that the total amount of lipid in carcass plus 

yolk did not differ between turtles incubating on wet substrates and those on dry media, so 

water availability to embryos may have had more with mobilization 

and translocation of lipids than with their catabolism. However, it can be seen in Figure 1 that 
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the size of the yolk is smaller as the water potential increases. This suggests that for Iguana 

iguana, the use of yolk is intensified when there is a reduction of water availability in the media. 

  

5. Conclusion 

The lack of water can interfere in yolk absorption, since that during IP the value of OY 

tend to decrease and have significant difference in ED and D incubation media. However, the 

yolk mass in ED and VD treatments was significant lower than the others, suggesting a greater 

use of the energy source may be for an early hatch so it can escape from a potential hydric stress 

or metabolic water production.  Also, the OA decrease durring IP too. However, at 90% of IP 

in ED conditions it show osmolality of 385 mOsmol/kg, the highest value of OA. And at 90% 

of IP in EW and VW conditions the data showed the lowest values of OA (47 and 46 

mOsmol/kg, respectively). This suggests that the water directly interferes in the concentration 

of the allantoic fluid, and that the embryo even in extreme conditios can survive at high 

osmolality and hatch. 

Eggs presented data of high dry mass in wettest treatments and lowest values in dryest 

treatments. Also, the EW treatment, presented inferior values than the VW. This could mean 

that in EW, the egg starts to be in a stressful condition with too much water. 

For WC, wettest treatments present higher WC than the dryest ones, especially at 90% 

of IP. The data show that the increase in water absorption occurs in a greater proportion at 90% 

in more humid treatments. In dry treatments (ED and VD) the increase of absorption at the end 

of incubation does not occur (ED) or is not very marked (VD).  

Data of mass rates of the fractions showed that embryo exhibits an increase of 158% in 

ED when compared to the EW treatment. This can be explained for the lack of water in the 

substrate. So, in ED scenario the embryo represents the bigger part of the whole egg, with very 

small fractions for yolk and allantoic sac. The allantoic fraction in this case is less than a half 

(43%) of the same allantoic fraction in EW scenario, which is 57% of reduction of the allantoic 

volume in ED condition. 

Finally, we conclude that the animal can adjust itself to non-ideal conditions and hatch 

even in extreme scenarios. This is an indicative of physiological plasticity of the embryo, that 

allow it to fulfil its development. However, it’s also possible to see that the range of treatments 

VD (0.4) to VW (1) represents some kind of comfort zone for embryo development, and that 
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the extremes ED (0.25) and EW (1.5) start to be uncomfortable for the embryo fulfil its 

development.  

Nevertheless, more study must be done in this area. Primarily, investigating drier 

conditions than -988 kPa for Iguana iguana eggs incubation to see if they can survive in more 

extreme situations and how they do it. Secondly, by measuring the water potential in the field 

of nests in nature at different environment, to check if this animal truly experiences these 

challenges.    

 

6. Acknowledgements 

 

We thank Prof. Alvaro Pires da Silva (in memoriam) for the technical support with water 

potential data collection instructions of vermiculite. This study was financed in part by the 

Coordenação de Aperfeiçoamento de Pessoal de Nível Superior - Brasil (CAPES) - Finance 

Code 001 to LBTC (CAPES); MRS and ASA (FAPESP No 2012/16537-0). 

 

 

 

 

 

 

 

 

 

 

 

 

 



48 

 

Figure Captions 

 

Figure A.1 Rates at Zero (I) and 90% of IP-Fractions of the Iguana egg. Rate of fractions 

that compose the egg represented graphically showing the differences between treatments. 

Figure A.2 Rates of dead, natural rupture and hatch of iguana eggs.  Data on mortality and 

hatching of iguana eggs, showing causes of egg death during the incubation period. 

Figure A.3 Iguana egg with shell deformation due to dry media incubation. Effect of lack 

of water during incubation causes dehydration and deformation of iguana eggs. 
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Figure A.1 
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Figure A.2 
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Figure A.3 
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Table Captions 

 

Table B.1 Parameters of water potential, osmolality and hydration of eggs; and size of hatchlings in the different treatments studied. (N=06 for 

each treatment and IP). Standard deviation is presented under the data values. 

 

 

Legend of statistical symbols: 

-Asterisk symbol (*) indicates difference between incubation periods within a treatment; 

-Letters indicate difference between treatments in the same incubation period. 

 

 
Water potential Yolk osmolality (mOsmol/kg) Allantoic osmolality (mOsmol/kg) 

Yolk 

Mass (g) 
Dry Mass (g) 

 Proportion 

of water (g) 
WP (kPa) 0% 30% 50% 90% 0% 30% 50% 90% 

90% 
0% 30% 50% 90% 

I - - 228 

(±30.6) 

    295 

(±19.5) 

     11.1 

(±6) 

    

0.25 100 -988.06   267* 

(±20.7) 

200** 

(±23) 

115** 

(±25.6) 

  353a* 

(±39.3) 

103** 

(±82.8) 

385b* 

(±130) 

2.14b 

(±0.6) 

  7.9**a 

(±1.7) 

10.6** 

(±5.6) 

10.2*a 

(±1.9) 

0.4 160 -433.51   213 

(±20.7) 

171 

(±60) 

153 

(±30) 

  80 

(±0) 

97 

(±31.5) 

47 

(±16.3) 

2.57b 

(±0.6) 

  10.3b 

(±2.4) 

10.8a 

(±2.5) 

10.9bc 

(±3.4) 

0.5 200 -131.39   231* 

(±39) 

127** 

(±67) 

147** 

(±32.7) 

  216a* 

(±135) 

87** 

(±51.8) 

53** 

(±20.7) 

6.99a 

(±0.7) 

  10.2 

(±0.8) 

12.4b 

(±2.9) 

18.3*bc 

(±0.8) 

0.75 300 -117.86   200 

(±25.3) 

133 

(±72) 

149 

(±19.5) 

  133* 

(±100) 

50** 

(±30.5) 

51** 

(±19.5) 

7.35a 

(±0.8) 

  14.5b 

(±2.1) 

14.9 

(±4.6) 

19.7*b 

(±0.5) 

1 400 -106.26   226 

(±93) 

178 

(±92.4) 

160 

(±40) 

  69 

(±17.7) 

55 

(±32.1) 

46 

(±15.1) 

7.14a 

(±0.98) 

  15.1**b 

(±2.8) 

12.6**a 

(±3.8) 

20.2*b 

(±0) 

1.5 410 -62.36   200 

(±63.8) 

201 

(±88.8) 

175 

(±52.1) 

  89 

(±13.7) 

50 

(±30.5) 

47 

(±16.3) 

6.49a 

(±1.3) 

  14.9**b 

(±2.5) 

14.5**a 

(±3.9) 

16.6*b 

(±0.01) 
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Table B.1 (Continuation).   

 

 

Legend of statistical symbols: 

-Asterisk symbol (*) indicates difference between incubation periods within a treatment; 

-Letters indicate difference between treatments in the same incubation period. 

 

 

 

 
Water content (g) Egg hydratation rates by IP 

Dimensions of iguana 

 hatchling  

 0% 30% 50% 90% 30% 50% 90% 
Weight 

 (g) 

Length  

(cm) 

I 14.7 

(±6.02) 

             

0.25   11.2*a 

(±1.7) 

17.9ab 

(±5.6) 

18.3ac 

(±1.9) 

76% 122% 125% 11.7 

(±0.95) 

24.9 

(±1.4) 

0.4   16.5b 

(±2.4) 

18.8b 

(±2.5) 

20.4bc 

(±3.4) 

112% 128% 139% 12.9 

(±1.6) 

26.3 

(±1.5) 

0.5   8.9* 

(±2.8) 

13.9**a 

(±2.9) 

28.1***abc 

(±0.8) 

61% 95% 191% 12.9 

(±1.7) 

24.5 

(±1.9) 

0.75   17.4b 

(±2.1) 

17.8 b 

(±4.6) 

28.2ab 

(±0.5) 

119% 121% 192% 12.8 

(±1.7) 

24.9 

(±1.3) 

1   18.1b 

(±2.8) 

19.6a 

(±3.8) 

37.5*abc 

(±0) 

123% 134% 255% 12.9 

(±1.7) 

25.3 

(±1.2) 

1.5   18.2b 

(±2.5) 

17.8ab 

(±3.9) 

22.8*ac 

(±0.01) 

124% 121% 156% 12.6 

(±1.7) 

24.9 

(±1.3) 
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Chapter III- Ultrastructural morphology of the green iguana (Iguana iguana) eggshell 

under different hydric conditions 
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Abstract 

Reptilian eggs have variable shell types according to species, ranging from rigid to flexible. 

Flexible eggs do not possess a water reserve, and for this reason they depend on rainfall regimes 

to perform their water balance by absorbing water from the incubation media quickly and in 

large amounts. In this way, these eggs need to be able to accommodate the absorbed water and 

size changes of the embryo throughout their development. Thus, the study verified the 

morphological and chemical characteristics of the eggshell of Iguana iguana, known to be very 

flexible, in different water concentrations. Among the main findings were a very variable 

thickness reduction according to the water regime that can reach up to 50%, the concentration 

of calcium and magnesium also appears to suffer water influence. And, finally, the 

morphological characterization tells us that this type of egg presents scattered calcareous 

rosettes in its external part and a network of fibers intrinsically arranged in the inner part. 

 

Key words: Reptile; scanning electron microscopy; chemical analysis; egg; eggshell 
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1. Introduction 

Reptilian eggs can be divided into three large groups: rigid shells, intermedium and flexible 

shells. Eggs of flexible shells are found in snakes, some lizards and some chelonians; and eggs 

of rigid shells are found in crocodilians, some chelonians and some lizards (PACKARD et al., 

1982b). 

The cleidoic egg presents some essential functions for the well development of the embryo 

such as: protection from damage and pathogens, water and gas exchange, source of minerals 

for embryo development (CHANG; CHEN, 2016). 

According to Packard, Phillips and Packard (1992), green iguana eggshells are composed 

of a fibrous layer with only small, isolated, and widely dispersed crystals scattered among the 

fibers.  

The calcareous component of reptilian eggshells is calcium carbonate, which occurs as 

calcite in shells of squamate and crocodilian eggs (Erben, 1970; Erben and Newesely, 1972; 

Ferguson, 1982; Krampitz et al., 1972; M. J. Packard et al., 1982a) and as aragonite in chelonian 

eggs (Baird and Solomon, 1979; Erben, 1970; M. J. Packard, 1980; M. J. and G. C. Packard, 

1979a; Young, 1950). The eggshell of green iguanas (Iguana iguana) also lacks a calcareous 

layer, but isolated crystals of calcareous material nonetheless may be found among the fibers 

of the shell membrane (Kriesten,1975). These different eggshell compositions are probably the 

main cause of susceptibility of dehydration in flexible shelled eggs described by Rand (1968). 

In the literature, we can find the terms shell units and calcareous rosettes to describe the 

morphology of egg shells. In this sense, we can assign the term shell units to structures that 

make rigid shells (PACKARD, 1999), and calcareous rosettes to those that make flexible shells 

(NUNES, 2008). 

Compared with eggs from other groups of reptiles, rigid shelled eggs, such as turtles and 

crocodiles, in which the initial water content is 78% (Belinsky et al., 2004), Squamata eggs 

have on average 69% water, with 66% considering only the flexible ones (Belinsky et al., 2004). 

Most Squamata do not have a water reservoir provided by the mother, flexible eggs, as do other 

groups of oviparous reptiles (TRACY et al., 1978; PACKARD et al., 1981; TRACY and 

SNELL, 1985), and for this reason the water required to complete development must come from 

outside sources, for example the soil moisture (NUNES, 2008). 
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For this reason, Squamata eggs are capable of large and rapid absorption of water from the 

external environment, being able to double or even triple in size during the incubation period 

(TRACY, 1980; SEXTON et al., 2005; SARTORI et al, 2012; CHANG; CHEN, 2016). 

However, to do that it’s necessary to possess a flexible material with good elasticity for the 

eggshell to adjust in this new condition without causing rupture.  

So, our initial hypothesis is that flexible shelled eggs must have specific structures that 

allows the egg shape change according to the environment, and this could interfere in the 

thickness of the egg shell making moist environments favor thinner eggshell thickness than dry 

environments, due to the greater availability of water to be absorbed by the egg. 

In this sense, the study aimed to analyze the ultrastructure and chemical composition of the 

green iguana (I. iguana) incubated under different water availability, in order to better 

understand the structural morphology of a flexible egg, and its ability to increase in size and the 

capacity to stretch after the absorption of large proportions of water along the incubation period. 

 

2. Material and Methods 

 

2.1 Experimental animals 

As described in Chapter II, Iguana iguana is a lizard that lays flexible-shelled eggs, from 

Central and South America that reproduces once a year, laying an average of 30 eggs per clutch. 

In South America, the breeding season occurs between September and December, which 

corresponds to the local raining season. Although these animals inhabit regions of tropical 

climate, i.e. Central America and North of South America, these animals also inhabit regions 

of semi-arid climate in northeastern Brazil characterized by prolonged drought seasons.  

The eggs were collected from the scientific breeding program at the Zoology Department 

at UNESP – Rio Claro, SP, Brazil. Adults Iguana iguana were maintained in a large outdoor 

vivarium with water ad libitum and fed daily with vegetables and fruits. Oviposition occurred 

between September and December of (years), with clutches ranging from 15 to 60 eggs. Upon 

collection eggs were placed in plastic boxes with vermiculite as substrate with different 

proportions of water: 0.25 extremely dry (ED); 0.4 very dry (VD); 0.5 dry (D); 0.75 wet (W); 

1 very wet (VW) and 1.5 extremely wet (EW). The proportions of water resulted in water 
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potential (WP) of -988 kPa, -433 kPa, -131 kPa, -118 kPa, -106 kPa and -62 kPa, from driest to 

wettest (See Chapter II).  

 

2.2 Experimental design  

All experimental procedures were approved by the Ethics Committee on Animal Care at the 

São Paulo State University (CEUA-UNESP no.0299). Eggshell samples were collected from 

eggs soon after laid (Initial) and close to hatching, at 90% incubation. A total of 69 green iguana 

eggs were used in the present study. 

All embryos were previously euthanized by being placed in a closed box with cotton wool 

moistened with inhalable anesthetic (isoflurane) for two hours to ensure embryonic death before 

opening the egg for sample collection. 

The eggshell samples (0.5 cm2) were cut with scissors and washed with distilled water, to 

remove blood and allantoic fluid, and dried on paper towels under light pressure. Samples were 

fixed and stored with Karnovsky solution. For processing of the material, the eggshells samples 

were washed in PBS, dehydrated with ketonic acids, submitted to critical point and sputtered. 

Finally, samples were placed in a Hitachi® electronic/scanning microscope and the images 

visualized with the software TM 3000 (Hitachi®). Images were captured in sagittal and 

transversal planes. With the sagittal images we calculated the thickness of the eggshell using 

the ImageJ® software v. 1.51j8.  With the transversal images we performed chemical analysis 

using the software Swift ED 3000 X-Stream (Oxford Instruments ®). For this, we selected three 

triangulated sites of the eggshell and averaged the element composition values obtained. 

Also, the bromatological analysis of the iguana eggshells at Initial and 90% of IP for all 

treatments was carried at the Laboratory of Bromatology – UNESP Botucatu, were 6 samples 

of iguana eggshells from each treatment were analyzed.   

 

 

3. Results 

At initial stage, in Figure 1, it’s possible to see that the eggshell has a more smooth and 

intimate appearance, with the presence of calcareous rosettes on its external surface, as well as 

the presence of well defined pores. The internal membrane appears to have a softer texture and 
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it is not possible to identify its compound fibers at this incubation period. Nevertheless, just 

above the inner membrane, when removed, we can notice the presence of a large number of 

regular distributed calcareous rosettes. Finally, in the cross-sectional view of the eggshell at 

initial stage it’s possible to see fibrous structures permeating the shell medium and calcified 

rosettes on the external part. 

At 90% of incubation we could detect structural differences in the eggshell due to the 

different water treatments. It’s possible to see in Figure 2, on Picture ED, a very rough surface 

appearing dehydration of the material. The samples of ED treatment contracting and deformed 

a lot, making it difficult to collect images, clearly a response to dehydration. Picture VD showed 

cracks, but the material was less dehydrated and in general aspect smoother than ED. In picture 

D, circular structures that appear to have been sanded / worn, but not dehydrated. The external 

part of the shell appears to be crumbling. Figure W, external part not dehydrated but with more 

degradation than in Picture D. Picture VW, material does not present dehydration, but some 

degradation probably by the action of water, transport of Ca into the egg, and by the stretching 

of the egg due to the absorption of water. Picture EW, smoother appearance than the other 

treatments, presence of cracks possibly due to the stretching of the egg by the absorption of 

water from the external environment and Ca mobilization. 

It appears that during the incubation the eggshell loses its mineral content, remaining with 

thin calcareous layer and thicker fibrous layer, when compared to the initial one. So, we did a 

chemical analysis in the scanning microscope during the acquisition of the images, according 

to methodology described above. The results are shown in Table 1 as percentage, because the 

equipment only provides data in percentage, that was made by using an average of three spots 

of each sample from each treatment and the standard error. 

The cross-sectional view of eggshell was also captured in the different treatments in 

90% IP (Figure 3), and was possible to measure the eggshell thickness using ImageJ® software 

v. 1.51j8 getting the values: 16.5 (mm); 8 (mm); 12 (mm); 12.2 (mm); 10.5 (mm); 12 (mm) and 

12 (mm), respectively for Initial period, 90% IP treatment ED; 90% IP treatment VD; 90% IP 

treatment D; 90% IP treatment W; 90% IP treatment VW and 90% IP treatment EW. There was 

a statistically significant difference between the samples in a t-Test with 95 percent of 

confidence interval. 

In Figure 3, Picture ED shows a very degraded shell with degraded appearance, thinner 

than the others, number 1 indicates the external part with pronounced desquamation, and 
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number 2 indicating the fibers which constitute the shell and give flexibility, but in this case the 

fibers are more compact and tighter probably due to the dry environment condition. Picture VD, 

is less degraded than ED, but still with dehydrated appearance, the external part (1) are less 

degraded and the fibers (2) are less compact than in ED. Picture D, presents circular structures 

that appear to have been sanded, but not dehydrated, in the external part (1) there is a clearer 

presence of calcareous rosettes well defined, the fibers (2) appear to be decompressed and free. 

Picture W, show the external part not dehydrated but with more degradation than in Picture D, 

external part (1) show degradation of calcareous rosettes, possibly due to the action of water, 

and the fibers (2) appears to be a little tighter, possibly due to a stretch caused by the absorption 

of water by the egg. In Picture VW both calcareous rosettes (1) as the fibers (2) appear to be 

tighter, possibly due to a stretch caused by the absorption of water by the egg. Picture EW, the 

external part (1) has a visually lower thickness than the other treatments, probably due to Ca 

mobilization, also the fibers (2) apparently are less compacted but more elongated than in the 

other pictures, probably due to the stretching of the shell and the abundance of water from the 

external environment. 

Moreover, the thickness reduction was also calculated. In this case we find out that the 

reduction was: 52%, 27%, 26%, 27%, 36% and 27% for the treatments ED, VD, D, W, VW 

and EW, respectively. It cannot be said that the reason for more pronounced reduction of 

thickness in the ED treatment is due to the mobilization of calcium, because what the chemical 

and bromatological analyzes suggests is that calcium will only suffer a decrease in the more 

wet treatments. In this way, what we can suggest is that the most likely reason is the dehydration 

of the shell, due to the very dry condition of the incubation media. 

By removing the inner membrane, we can find the fibers that constitute the shell of the 

iguana eggs, conferring flexibility and providing great stretch ability due to the water absorption 

of the incubation media and the growth of the embryo (Figure 4). We also quantified the 

elements that form these fibers, in the scanning microscope, they are shown in Table 1. 

However, we were unable to quantify ED and VD treatments because the fibers were very 

entangled and the machine was unable to detected the chemical elements in there. 

 

4. Discussion 

It is known that magnesium and calcium and are absorbed from the eggshell to support 

skeletogenesis (Elaroussi et al., 1988; M. J. Packard and G. C. Packard, 1991). So according to 
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Packard, Phillips and Packard (1992), iguana eggs incubated in wet substrates presents more 

calcium and magnesium in the embryo carcass when compared to eggs incubated in dry 

substrate, and this relation is inversely proportional to the concentration of calcium in yolk, 

which according to the authors shows a higher concentration of calcium and magnesium under 

drier conditions, suggesting that in a more wet treatments there is more solubilization of the 

yolk minerals, facilitating their transport to the embryo. 

Our findings in this study, show that the concentration of calcium is higher under the 

wettest conditions for the eggshell (bromatological and chemical analysis of eggshell and inner 

fibers), and that magnesium is also more present in wettest treatments (chemical analysis of 

eggshell). This proves that, for iguana eggs, mobilization of calcium and magnesium for 

skeletogenesis is indeed influenced by the water potential of incubation media and also provide, 

at least mostly, by the yolk and not by the shell. 

Most squamate reptiles lay eggs with extremely flexible shells (G. C. Packard et al., 

1979a). In some species, there is no calcareous layer, and the eggshell consists only of a fibrous 

shell membrane. This morphotype is characterized by eggs of desert iguanas (Dipsosaurus 

dorsalis) (PACKARD et al., 1982b). 

The images captured in this study for iguana eggs at 90% of IP under different water 

treatments are very similar of those find in the study of Packard et al., 1982b with Anolis 

carolinensis. In both cases the external part of eggshell shows gross morphology of a thin 

calcareous crust with sanded aspect. This could be because of natural degradation of the shell 

durring incubation, undergoing erosion by water and incubation substrate, promoting exfoliated 

appearance. 

Also according to Packard et al., 1982b and Packard et al., 1979b, it seems like iguana 

eggshell at Initial stage is similar to Chrysemys picta and Chelydra serpentina, that appears to 

be composed of an open network of spheres (calcareous rosettes) with loose organization of the 

shell layer, but in iguana shell the layout of these structures is much more spaced and irregular 

than for C. picta and C. serpentina, probably because this last one is composed of a more 

calcareous material then the first one. 

Packard et al. (1979b) also suggests that water swelling of the eggs can occur only in 

the event that the shell layer has a loose organization and the shell/shell membranes are 

compliant and distensible. 
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The inner fibers that also form the shell are the main responsible for its flexibility. Our 

cross section and inner membrane images reveal the similarity of these fibers in Iguana iguana 

to the images captured by Packard, 1982b, with Dipsosaurus dorsalis. Both have a very similar 

interconnected fiber network arrangement.  

Considering that the presence of pores in iguana eggshell are dispersed and that these 

inner fibers are responsible for the ability to stretch, it’s reasonable to think that maybe the 

water absorption by the egg from the environment occurs precisely through these internal fibers 

that permeate the eggshell, presenting a similar mechanism to the human skin, for example.  

 

5. Conclusion 

Among the greatest findings of our work are the influence of water on the reduction of 

shell thickness, ranging from 26 and 27% in wet environments to 52% in drier environments. 

However, when checking the chemical composition of eggshells, we noticed that the 

highest concentrations of calcium and magnesium were found in wet treatments. This 

corroborates with data in the literature where iguana eggs incubated in wet substrates present 

more calcium and magnesium in the embryo carcass when compared to eggs incubated in dry 

substrate. Therefore, we can conclude that calcium mobilization for skeletogenesis occurs from 

the yolk rather than the eggshell, differing entirely from the mobilization that occurs in hard-

shelled eggs. 

Regarding the structure of the shell, we can conclude that this is formed initially by 

well-defined calcareous rosettes and arranged in a more spaced shape than in rigid shelled eggs. 

Also, in 90% of IP we can observe that the material undergoes erosion, most probably due to 

the actions of the substrate and the concentrations of water. This reveals a more dehydrated 

appearance in dry treatments (presence of many cracks) and a more sanded appearance as the 

amount of water in the substrate increases. 

Finally, it is also possible to note the large presence of internal fibers in the composition 

of the eggshell of iguana. These represent a key role in the ability to stretch of the egg, as 

already seen and compared with the literature, due to the absorption of water through the 

incubation media and embryo size changes throughout its development. This eggshell 

flexibility should be more investigated in future studies, in order to may be an alternative source 

of synthetic material that can be applied in biomedical devices, medical equipment, and so on.  
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Table captions 

 

Table 1. Rates of chemical composition of the iguana eggshell in Initial stage and in all 

treatments at 90% of IP, data collected by the scanning electron microscope. All data are 

expressed as a percentage, by the microscope, of the amount of each element in the area 

selected. 

 

External part of the shell      

 Initial ED VD D W VW EW 

Magnesium 
(standard error) 

0.361  
(±0.03) 

0.281 
(±0.00) 

0.699 
(±0.03) 

0.678 
(±0.2) 

0.617 
(±0.1) 

0.973 
(±0.2) 

2.553 
(±1.0) 

Calcium 
(standard error) 

25.07 
(±1.9) 

29.51 
(±10.1) 

12.49 
(±3.1) 

27.81 
(±2.9) 

22.79 
(±5.8) 

35.46 
(±3.5) 

23.18 
(±7.2) 

        

 

Inner membrane       

 Initial ED VD D W VW EW 

Calcium  
(standard error) 

nd nd nd 1.6 
(±0.05) 

5.8 
(±0.05) 

7.5 
(±3.7) 

8.4 
(±3.6) 

 

nd: not detected by the microscope. 

Data didn’t show statistically significant difference on ANOVA on Ranks test (P = 1.000). 
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Figure captions 

 

Figure 1. Morphological constitution of iguana eggshell in Initial stage. 

Figure 2. Morphological constitution of iguana eggshell in 90% of IP for all treatments 

(external part). 

Figure 3. Cross-sectional view of the iguana eggshell in 90% of IP. 

Figure 4. Fibers that constitute the iguana eggshell in magnification of x3.0K. 
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Figure 1. Morphological constitution of iguana eggshell in Initial stage. 

 

Picture A shows the internal membrane with magnification of x3.0K. It’s possible to see a 

detachment of the inner membrane (left) and porosity of the intact membrane (right).  Picture B, 

magnification of x3.0K, present internal membrane (1) with smooth appearance, detaching from the 

shell (2) that shows a granular surface. Picture C, magnification of x5.0K, showing a pore (1) very 

evident and calcareous rosettes (2) that compose the eggshell. Picture D, magnification of x800, present 

the cross-sectional view of the eggshell, as well as the inner membrane (1), fibrous structures of the shell 

(2), and calcified rosettes on the external part (3). 
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Figure 2. Morphological constitution of iguana eggshell in 90% of IP (external part). 

 

Picture ED (extremely dry treatment, magnification of x1.0K) showing a very rough surface with 

general appearance of dehydrated eggshell. Picture VD (very dry treatments, magnification of x1.0K) 

shows cracks, but the material is less dehydrated and with general aspect smoother than ED. Picture D 

(dry treatments, magnification of x1.0K) present circular structures that appear to have been sanded, but 

not dehydrated. Picture W (wet treatments, magnification of x1.0K) external part not dehydrated but 

with more degradation than in Picture D. Picture VW (very wet treatments, magnification of x1.0K) 

does not present dehydration, but some degradation (because the action of water, transport of Ca into 

the egg, and by the stretching of the egg due to the absorption of water). Picture EW (extremely wet 

treatment, magnification of x1.0K) smoother appearance than the other treatments, presence of cracks 

possibly due to the stretching of the egg by the absorption of water. 
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Figure 3. Cross-sectional view of the iguana eggshell in 90% of IP. 

 

Picture ED (extremely dry treatment, magnification of x 800) very degraded shell with dehydrated 

appearance, visually thinner than the others, number 1 indicates the external part with pronounced 

desquamation, and number 2 indicating the fibers which constitute the shell and give flexibility, but in 

this case the fibers are more compact and tight probably due to the dry environment condition. Picture 

VD ( very dry treatment,  magnification of x 800) less degraded than ED, but still with dehydrated 

appearance, the external part (1) are less degraded and the fibers (2) are less compact than in ED. Picture 

D (dry treatment,  magnification of x 800) circular structures that appear to have been sanded , but not 

dehydrated, in the external part (1) there is a more clear presence of calcareous rosettes well defined, 

the fibers (2) appear to be decompressed and free. Picture W (wet treatment, magnification of x 800) 

external part not dehydrated but with more degradation than in Picture D, external part (1) show 

degradation of calcareous rosettes, possibly due to the action of water, and the fibers (2) appears to be a 

little tighter, possibly due to a stretch caused by the absorption of water by the egg. Picture VW (very 

wet treatment, magnification of x 800) in this case both calcareous rosettes (1) as the fibers (2) appear 

to be tighter, possibly due to a stretch caused by the absorption of water by the egg. Picture EW 

(extremely wet treatment, magnification of x 800) the external part (1) has a visually lower thickness 

than the other treatments, probably due to Ca mobilization, also the fibers (2) apparently are less 

compacted but more elongated than in the other pictures, probably due to the stretching of the shell and 

the abundance of water from the external environment. 
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Figure 4. Fibers that constitute the iguana eggshell in magnification of x3.0K. 
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Chapter IV- Inside the reptilian egg: non-invasive morpho-physiological 
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Abstract 

MRI is a widespread technique that allows scientists to perform experiments in a non-invasive 

way, besides to help diagnoses in veterinary medicine. Egg study is essentially invasive and 

destructive, because when opened the incubation must be ended and the procedures, generally, 

destroy the internal incubation environment. This raises some questions as: can we study 

embryos without end the incubation, and reduce the number of animals killed for experimental 

purpose? or Are there other structures inside the egg, other than those already known? In order 

to answer these questions, we performed MRI scans of three different reptile species in different 

water potentials respecting their biology. Our findings in this study shows that water directly 

interferes in flexible shelled eggs morphology and physiology, and that for the first time it was 

possible to locate an air sac in a crocodilian egg that was found in the same position as in avian 

eggs. 

 

 

Key words: Herpetology, Magnetic Resonance Imaging (MRI), Water Potential, Egg Shell, 

Reptile. 
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1. Introduction 

 

Nuclear magnetic resonance (NMR) was first described and measured by Isidor Isaac Rabi 

(RABI, 1937). Isidor I. Rabi, Felix Bloch, and Edward M. Purcell, all physicists, observed that 

magnetic nuclei, like hydrogen and other elements, could absorb and emit electromagnetic 

radiation (radio frequency energy) when placed in a magnetic field (KAUFFMAN, 2014). 

Following this, Raymond Vahan Damadian was the first to propose the idea of applying NMR 

to medical imaging, creating the magnetic resonance imaging (MRI) for the first time 

(DAMADIAN, 1971), and in this case the different interactions of hydrogen atoms with oxygen 

or carbon in the biological tissues generate different responses of electromagnetic radiation, 

allowing to observe anatomical structures, metabolic dysfunctions, inflammatory processes and 

other changes (DALE, 2015). 

 NMR was first used in embryonic development research by Lohman (1988), seeking to 

understand morphogenesis of various species at different ages, including bird embryos. 

Over the years, MRI has become widely diffused, especially in the medical field, helping 

to diagnose diseases. This also applies in the field of veterinary medicine, where we find the 

highest concentration of the use of this technique for non-human animals (KNOTEK et al., 

2018; KUONI et al., 1993 and STRAUB et al., 2001). 

Avian egg MRI scanning is becoming more widespread for different reasons. Whether for 

the knowledge of animal biology or commercial viability (BAIN et al., 2007; FALEN et al., 

1991). 

In nature we have different kinds of vertebrate’s eggs, and besides avian eggs being the 

most studied, there are also reptilian eggs that vary considerably in shape, morphology, 

physiology and type of shells (CHANG; CHEN, 2016). 

Reptilian eggshells can vary from rigid to flexible, and this will directly influence the 

necessity and ability of water absorption from the incubation media (PACKARD, et al; 1982), 

since rigid shelled eggs has water reserve provide by the mother and flexible shelled ones does 

not have, so they must absorb water from the external environment provide by rain regimes 

(TRACY et al., 1978; PACKARD et al, 1979; PACKARD 1981b; FEDER et al., 1982; M. J. 

PACKARD et al, 1982; WOODALL, 1984). 
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Nevertheless, whenever we conduct in ovo studies these are essentially invasive-terminal 

experiments and, in most cases, we end up destroying the entire internal environment of the 

embryo. This, in addition to being destructive, may also mask important aspects of animal 

biology which we do not yet fully understand. 

Amphibians and reptiles, are today mostly presented in illustrative drawings or pictures 

(Pough et al., 1996; Kent et al., 2001; De Iuliis et al., 2007). Because of that, techniques that 

allow ex ovo experiments, i.e. MRI, Computed Tomography (CT) and X-Ray, are essential for 

embryonic science. But, the application of MRI in order to better understand the morphology 

and physiology of reptilian eggs, in a non-invasive way preserving all the structures, is still 

poor.  

 

Therefore, in this study we tested MRI technique in three kinds of reptilian egg based in the 

eggshell type: Iguana iguana (flexible shelled egg), Caiman latirostris (rigid shelled egg) and 

Hemidactylus mabouia (rigid shelled egg). The reasons to choose these species was: Firstly, 

because we wanted to see if there is any effect of the water potential from incubation substrate 

that could change the morphology during incubation period inside of the eggs that have different 

kinds of eggshell, which directly influences the water absorption capacity. Secondly, if it’s 

possible to collect good images from rigid shelled eggs using MRI, since they have a thicker 

and calcareous eggshell that could block the MRI signal making it difficult to scan. Thirdly, to 

answer questions that are absent in the literature, such as: Can we study embryos without end 

the incubation? And Can we use imaging diagnose as a resource for reduce the number of 

animals killed for experimental purpose, specially for morphology?   

 

2. Material and Methods 

 

2.1 Experimental animals 

Eggs were collected from the scientific breeding program at the Zoology Department in 

UNESP - Rio Claro. All experimental procedures were approved by the Ethics Committee on 

Animal Care at the São Paulo State University (CEUA-UNESP no.0299) and Ethics Committee 

on Animal Care at the São Paulo University-IFSC (CEUA/IFSC no. 04/2016). The eggs of three 

species were analyzed, Iguana iguana, Caiman latirostris and Hemidactylus mabouia, which 
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were maintained in a large outdoor vivarium or living at the Zoology Department in UNESP - 

Rio Claro. A total of 16 reptilian eggs were used in the present study (12 I. iguana eggs, 02 

C.latirostris eggs and 02 H. mabouia eggs. 

 

2.1.1 Iguana iguana 

Adults Iguana iguana were maintained in a large outdoor vivarium with water ad libitum 

and fed daily with vegetables and fruits. Oviposition occurred once a year between September 

and December, with clutches ranging from 15 to 60 eggs. 

The iguana eggs were placed in plastic boxes with vermiculite as substrate and different 

proportions of water as treatment according to the water potential (WP).  The proportions of 

water were: 0.25 dry (D); 0.5 intermediary (I) and 1.5 wet (W), resulting in the WP of -988 kPa, 

-131 kPa and -62 kPa, respectively, and incubated in incubation chamber at 30oC. The images 

were collected in the following incubation periods (IP): Initial (shortly after the female laying 

the eggs), 30% IP, 50% IP and 90% IP. 

We choose three different water conditions because this is a flexible shelled egg, with no 

water reserve provided by the mother, who needs to absorb it from de incubation media to 

regulate the metabolic functions in order to fulfill the embryonic development (TRACY et al., 

1978; PACKARD et al., 1981a; TRACY and SNELL, 1985; NUNES, 2008), and this egg can 

double or even triple in size during the incubation period (SARTORI et al, 2012). So, we can 

also see if the water changes the internal morphology, at different ages (IP), of the egg besides 

to describes its morphology by itself.  

 

2.1.2 Caiman latirostris 

Adults caimans were maintained in a large outdoor vivarium with water ad libitum and fed 

once a week with chicken meat. Oviposition occurred once a year between December and 

January, with clutches ranging from 10 to 20 eggs. 

Eggs were placed in plastic boxes with vermiculite as substrate and a water potential (WP) 

of -131 kPa corresponding to the intermediary (I) treatment for iguana and incubated in 

incubation chamber at 30oC. 

In this case we choose just one WP because crocodilian egg are well known as a rigid shelled 

egg, who exchanges very few water with the incubation media (TRACY et al., 1978; 

PACKARD et al., 1981a), since the mother provides some water reserve inside the egg around 

78% (Belinsky et al., 2004). And also, because of this minimum hydric variation, the images 
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were collected just at 90% of IP in order to see the morphological characteristics of the embryo 

right before hatching. 

 

2.1.3 Hemidactylus mabouia 

Eggs of Hemidactylus were obtained at the Zoology Department in UNESP - Rio Claro 

from free animals living there. The eggs were placed in dry vermiculite (without addition of 

water) at water potential of -1443kPa, in order to respect the biology of the animal that has a 

very rigid shell and, usually, places its eggs in dry places without needing a great water regime 

for the development of the embryo (ROCHA et al., 2011). Again, because of this minimum 

hydric variation, the images were collected just at 90% of IP in order to see the morphological 

characteristics of the embryo right before hatching. 

 

2.2 Experimental design  

The magnetic resonance images were acquired using a 2T field horizontal superconductor 

magnet from Oxford Instruments, model 85310HR, which operates in conjunction with a 

Bruker® Avance AVIII (Bruker-BioSpin, Inc., Billerica, MA) spectrometer, a system 

broadband (2 to 400 MHz) with two transmission channels (1H and X), four receive channels 

(1H or X, any combination), four-channel parallel acquisition, 300V / 200A gradient sources, 

12 channel channels shimming, 16 Gauss / cm gradients, two 1 and 2 kW RF amplifiers, 

respectively (1H and X). The software used was Paravision 5.1.  

Following this reasoning, the FLASH (Fast-Low Angle Shot) sequence was used to acquire 

images. The parameters used in this sequence were: TR = 30 ms, TE = 3.3 ms, flip angle = 15 

°, 16 means, resulting in an acquisition time of about 12 minutes per sample. The FOV used 

was 25.6 x 25.6 x 12 mm3 with a matrix of 128 x 128 x 12 points, producing a spatial resolution 

of 200 x 200 x 1000 m3. 

In order to minimize any external factor, as temperature and water availability that could 

interfere in the metabolism of the embryos and for consequence in its morphology, we 

transported all eggs in small boxes with incubation substrate (vermiculite) at the same water 

potential of all treatments used, and inside a thermal bag to preserve a warm environment 

(30oC). 
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3. Results 

 

At first, we collected images from Iguana iguana egg at Initial stage of IP, without any 

treatment. The result is in Figure 1, and it is possible to see that basically the inside of whole 

egg is yolk. 

 During the development of the iguana embryos under different water potentials, it was 

observed that in the dry treatment (0.25) with 30% IP the embryo (E) occupied almost all of the 

egg, due to lack of water, which consequently reduced the amount of allantoic fluid produced 

when compared to the other treatments at the same age (Figure 2). Also, the yolk (grey mass in 

circular shape, indicated by the letter Y) was bigger in wet treatments than in the dryest one, 

probably because the hydric stress of the incubation media who forces the embryo to metabolize 

the yolk faster in order to hatch early and avoid the stressful environment.   

At the age of 50%, it is possible to notice a clear deformation of the egg due to 

dehydration in the drier treatment. In this treatment the eggs had the appearance of raisins, but 

they still hatched. It may also be noted that the wet treatment (1.5) presented greater volume of 

allantoic fluid (dark grey mass located near the back of the embryo, indicated by the af) was 

present, when compared to the others at the same age (Figure 2).   

Still in Figure 2, at 90% of IP, the embryos assume a spiral position (Figure 3) in order 

to fit inside the eggs. However, we noticed the clear lack of space in the dry treatment eggs, 

which means that the embryo needs to be folded in more turns inside the egg, besides presenting 

very little allantoic fluid visible in the image since the body of the embryo is quite close to the 

eggshell. Even in the 90% IP, we can observe that in the wet treatment, the embryo is occupying 

less space inside the egg and with more amount of amniotic fluid visible in the image (dark 

gray part around the embryo). 

The higher the hydrogen concentration, the brighter the image (more aqueous material), 

and in the case of a few hydrogen atoms the image will become darker as seen in Figure 4 

indicated by the letter A, so we can assume that this structure presents air in its composition 

because it is not reactive during MRI.  

The air sac is well known in bird eggs but has not yet been confirmed for reptiles. In 

this image we noticed its presence near the face of the caiman embryo. However, in order to 

prove its existence, C. latirostris egg was dissected and we found the presence of this structure 
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just below the chorioallantoic membrane (CAM), indicated by the red arrow in Figure 5, at the 

same position as found in the MRI images. In Figure 4, we also can see in images 1 and 2 the 

presence of the yolk (indicated by the letter Y). 

For Hemidactylus eggs in MRI, Figure 6, it’s possible to see a very thick eggshell 

(indicated by the letter S in images 1 and 2). And also, some allantoic fluid (indicated by the 

letters af in images 1 and 2) leaving little space for the embryo (indicated by the letter E in 

images 1 and 2). The embryo also presented a spiral form just as C. latirostris and I. iguana. 

 

4. Discussion 

 

Three reptile species were used in this study in order to check the water influence during 

incubation, and also to see all structures inside the egg following its development. Iguana 

iguana is native from southern Mexico to central Brazil and Bolivia (KRYSKO et al., 2007) 

and inhabits diverse habitats as Savannah, Semi-arid forest, Pantanal and Amazon rainforest 

(LOEBMANN; HADDAD, 2010). This means that iguana eggs must adapt to the diverse water 

conditions present in these environments, since it doesn’t have water reserve provide by the 

mother. 

On the other hand, C.latirostris is a native species from Brazil, Argentina, Bolivia, 

Paraguay and Uruguay (FILOGONIO et al., 2010). They present a rigid shelled egg, with some 

water reserve provided by the mother. Because of that and the fact that adults generally live by 

rivers, as they depend on water to thermoregulate, and that females usually lay their eggs under 

organic remains as leaves (VERDADE, 1995), it’s possible to say that this kind of egg realizes 

few water exchanges with the external environment. 

Hemidactylus mabouia is present in different Brazilian ecosystems such as the Atlantic 

rainforest, Savannah, Semi-arid forest, Amazon rainforest, and some islands off the Brazilian 

coast (ROCHA and BERGALLO, 2011). It’s a reptile that has a rigid eggshell and usually lays 

its eggs in dry places as walls (ROCHA et al., 2011). Because of that, this egg also doesn’t 

realize high water exchanges with the external environment. 

According to Knotek et al., 2018, MRI in reptiles is suitable for imaging of the 

respiratory tract, liver, gastrointestinal tract, urogenital tract and soft tissue masses like tumors. 

Nevertheless, we were able to scan whole eggs besides the eggshell type without interfering in 

the quality of the images. Still according to Knotek et al., 2018, its recommended to use sedation 
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or light anesthesia in order to keep the animal still. However, we were able to scan live eggs 

without sedation or anesthesia, the embryos inside the eggs behaved well in the machine and 

eventually moved, but in these cases, we tried other scans in order to get images as clean as 

possible. 

Furthermore, as we can see in the study performed by Hansen et al. (2013) they also 

confirm that noninvasive imaging is useful to reducing the number of animals used, provide 

measurements in vivo, and also that individuals can be measured repeatedly, allowing for more 

robust paired statistical comparisons. 

Besides all these advantages, MRI is also a good tool to perform specifically organ 

analyses. For example, in our images of C. latirostris egg its possible to see the embryos brain 

and in future studies we can measure the size of one or several organs of interest during the 

incubation of the same egg. 

During the scanning, it was possible to see that the iguana yolk is brighter then caiman.  

Raiti and Haramati (1997), find that the yolk of leopard tortoise (Geochelone pardalis pardalis) 

is also bright, and this may be correlate to the fat-containing of the yolk. In other words, this 

could mean that caiman yolk has more water content than iguana and leopard tortoise, since fat 

has a stronger signal (brighter) than water (KNOTEK et al., 2018). 

According to Peebles et al. (1999), avian eggs (rigid eggshell) loss water through the 

eggshell during incubation period, along with the compartmentalization of water throughout 

the egg for embryonic osmoregulation, and they also produce metabolic water. This could be 

an explanation for the lower signal of caiman yolk, because if they produce metabolic water 

during incubation this will represent a lower signal (darker) than fat. Indicating why caimans 

may have more water in the yolk than iguanas. 

In this sense, it’s possible to see a clear influence from WP of the substrate in the internal 

morphology of the egg, and how these eggs are susceptible to water variance during IP. And 

besides the dry incubation substrates causing a very small allantoic fluid production and 

deformation of the shell (both visible in Figure 2) and more yolk consumption (unpublish data), 

the eggs of these treatment still hatch. Our data thus corroborate at least with the first theory 

proposed by Tracy (1980). 

After the initial stage of IP were the embryo is more sensitive to temperature changes 

(PACKARD, 1991), the embryo starts to develop major structures, organs systems and 

metabolize the yolk; in this later stage the embryo is more susceptive to water changes of the 

incubation environment than to the temperature (SIFUENTES-ROMERO et al., 2018). This 
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could explain why we have morphological deformation in iguana eggs at 50% when incubated 

in dry substrate.  

Avian air sac has an important role before the embryo hatch. This structure provides 

air for the first inspiration which allows the bird embryo to inflate its lungs. This behavior is 

called “pipping” and it was described in many studies of avian embryology (LOCY and 

LARSELL, 1916a, b; MCCOSHEN and THOMPSON, 1968; DUNCKER, 1978; BURTON 

and TULLETT, 1985). It’s usually on top of the embryo, right in front of the beak, so the bird 

can punch the membrane and inhale the air content present there (Figure 7). 

Just like turtle lungs observed in MRI (SUMMA et al., 2012; STRAUB et al., 2001 

and KUONI et al., 1993), as for MRI of avian eggs (bird air sac inside the egg) (BAIN et al., 

2007; HOGERS et al., 2009), both (lungs and air sac) appear as a totally black silhouette. 

In this work we were able to identify the presence of an air sac in a reptilian egg for 

the first time. By doing MRI scans of C. latirostris eggs, it was possible to see the presence of 

air sac (Figures 4 and 5) at 90% of IP in the same position as in avian eggs (right in front of the 

embryo nose).  

At this point, we supposed that rigid shelled eggs could present air sac. So, in order to 

check that, we also scanned eggs of H. mabouia at 90% of IP. These eggs presented a very thick 

and calcareous eggshell, little amount of the allantoic fluid and the yolk was not located; this 

may suggest that, at the end of IP for this animal, the yolk is already absorbed by the embryo 

who is ready to hatch. This yolk data is similar from those of Morris et al. (1983) for Chelydra 

serpentina eggs. And finally, it wasn’t possible to see any indication of an air sac in this kind 

of egg.  

McCoshen and Thompson (1968) showed that bird embryos do make sounds inside 

the egg when it’s close to hatch. One explanation, according to the authors, is to synchronize 

the clutches hatch. This avian behavior was also described in Breed (1912); Kirkman (1931); 

Weaver (1943); Collias (1952) and Vince (1964a, b and 1966). 

It’s known that crocodilian embryos also vocalize inside the egg in order to 

synchronize the hatchling (VERGNE and MATHEVON, 2008; VERGNE et al., 2009; 

VERGNE et al., 2011). 

Considering this vocalization behavior, maybe we can assume that air sac is not only 

for “pipping” but it can be useful as an acoustic box. However, to confirm this, more 

investigation must be done, specially, in reptilian eggs. The first step is, probably, scan eggs 
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from other species to see if the air sac is present in all Order Crocodylia, for being evolutionarily 

close to birds (BRISCOE et al., 2018). And if this is true, it is an evolutionary matter that is 

going to open another field of study. 

 

5. Conclusion 

 

The egg scanning by using MRI technique was successful for three different reptile 

species, with different kind of eggshells, without the use of anesthesia. This is one more step 

for experiments in vivo, allowing scientists to perform tests in a non-invasive way and allowing 

to replicate test in the same individual. 

In this study we can conclude that water directly affects the morphology of Iguana 

iguana eggs, but besides dry environments that may cause shell deformation and very low 

allantoic fluid production, the animals still hatch. Proving that they are capable to tolerate 

diverse incubation moisture, and showing an extraordinary plasticity.  

The presence of an air sac in a crocodilian egg was describe for the first time in this 

study, and it was found in caiman eggs from Caiman latirostris at 90% of incubation, at the 

same position as in avian eggs. This was probably the most relevant finding of this work, 

proving that caiman and birds have more in common things that we thought. In addition, this 

air sac in a caiman egg could be used also as an acoustic box, allowing the embryo to vocalize 

inside the egg in order to synchronized the hatch, but this last possibility still need more 

investigation to be proved.    

Finally, we could demonstrate that the use of MRI is feasible for reptilian eggs, without 

the use of anesthesia or sedation, and that different kinds of eggshell didn’t interfere in the 

quality of the image. This is good news for the science field, because now we can use 

noninvasive images as a tool for morphological purpose reducing the number of animals killed 

in experimental protocol, promoting the use of the same individual for several scanning images 

over time which is great for a robust data and replicability. And the last, but not less important, 

the possibility to capture images of specifically organs over time in the same individual for a 

detailed study.    
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Figure captions 

 

Figure 1. Initial stage of IP of I. iguana. 

Figure 2. MRI of I. iguana eggs under different water potentials and IPs. 

Figure 3. Iguana embryo outside of the eggshell, but still with chorioallantoic membrane 

(CAM), showing the spiral position of the embryo inside the egg. 

Figure 4. MRI of C. latirostris at 90% of IP. 

Figure 5. Dissection of C. latirostris egg showing the air sac under the CAM.   

Figure 6. MRI of H. mabouia at 90% of IP. 

Figure 7. Graphic representation of domestic fowl egg. Source: Duncker (1978). 
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Figure 1. Initial stage of IP of I. iguana. 

 

 

Figure 2. MRI of I. iguana eggs under different water potentials and IPs. 

 

In this figure, E represents the location of the embryo; Y indicates the location of the yolk and af 

indicates the presence of allantoic fluid. 
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Figure 3. Iguana embryo outside of the eggshell, but still with chorioallantoic membrane 

(CAM), showing the spiral position of the embryo inside the egg. 

 

The eggshell was removed, but we preserved the embryo inside the CAM so it’s possible to see its 

position in spiral form, as well as the yolk and the vascularization of the chorioallantoic membrane. 

 

Figure 4. MRI of C. latirostris at 90% of IP. 

 

In this figure we it´s possible to see the embryo in spiral form, the yolk (indicated by the letter Y) and 

the air sac (indicated by the letter A). 

 

Figure 5. Dissection of C. latirostris egg showing the air sac under the CAM.   
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Alligator egg was dissected first by removing part of the calcareous layer (image 1) preserving the CAM. 

Then it was possible to notice under the CAM a space who looked like a small balloon and when we 

open, it was found the air sac of a crocodilian egg (red arrow in image 2). Finally, in image 3, we 

removed the CAM and exposed the embryo in spiral form, as the yolk (yellow mass).  

 

 

Figure 6. MRI of H. mabouia at 90% of IP. 

 

In this figure we can see a very thick egg shell (indicated by the letter S), some allantoic fluid (indicated 

by the letters af) leaving little space for the embryo (indicated by the letter E). This image shows the 

same egg in two different MRI slides, so we can see the embryo better in image 1 and the thickness of 

the shell in Image 2.  
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Figure 7. Graphic representation of domestic fowl egg, with emphasis on air sac (A), right in 

front of the beak of the bird embryo (E), and the chorioallantoic membrane (CAM). Source: 

Duncker (1978). 
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Chapter V - General Conclusions 
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It was first described that vermiculite is a widely used substrate for egg incubation, 

because it has a high water absorption capacity and also a high temperature retention. However, 

these two characteristics also turns it a difficult material to measure water potential with good 

precision. 

Many studies that worked with reptile incubation tried to measure the water potential of 

vermiculite by using, generally, the psychrometer methodology. Nonetheless, it was explained 

in Chapter I that this is not the best choice of methodology for vermiculite. And despite we tried 

not only psychrometer, buy tension table and Richard’s Chamber, it was Gypsum Block the 

methodology that provide good results in a short period of time.  

This means that to use data from papers that didn’t used Gypsum Block to measure 

water potential in incubation media it’s, probably, recommended an application of a correction 

factor or a new measurement of these data with the appropriated methodology.  

The different treatments of water potential of vermiculite used in this study revealed 

some physiological responses in Iguana iguana eggs described in Chapter II. In this section, 

we firstly see that the embryo represents a fraction of 52.15% of the egg in ED condition, 

meaning an increase of 158% if compared to the embryo fraction of EW condition. This didn’t 

mean an increase of embryo size in ED, but infers that eggs incubated in extremely dry 

conditions doesn’t have high amounts of allantoic fluid (29.97% in ED; 48.65% in EW) or yolk 

(12.71% in ED; 21.43% in EW) when compared to eggs incubated in extremely wet conditions. 

Therefore, the embryo occupies more space inside the egg.  

Also in Chapter II, the osmotic parameters seemed altered in ED conditions with the 

higher value of 385 mOsmol/kg in allantoic fluid at 90% IP against to 47 mOsmol/kg at 90% 

IP in EW condition. And besides the ED condition, all other treatments seem to decrease the 

osmotic concentration during IP. Yolk osmotic values also showed a pattern to decrease along 

the IP in all treatments, with statistical significant difference in ED and D conditions. 

It seems that the first third of IP is a critical period, since generally I. iguana present 

higher allantoic osmotic values at this point then in the rest of incubation. This could also be a 

strategy for water absorption, since the egg is more concentrated at 30% IP it’s easier to absorb 

water from the external environment. However, more study must be done in this area in order 

to prove this.   

Just laid eggs have an amount of water of 71% from the total initial egg mass. Eggs in 

ED and VD conditions present the lower dry mass, showing statistical difference from the other 

treatments. However, the hatchlings from these treatments didn’t differed in weight and length 

from the others.  This may indicate that the lack of water didn’t affect the size of hatchling at 
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first, but it will interfere in physiological parameters such as osmolality that could be damaging 

for the embryo if exposed in extremely dry conditions. To prove that, more study must be done 

in this field, probably by measuring allantoic osmolality of I. iguana eggs incubated in dryer 

conditions than the treatments used in this work.  

Because of this water impacts on the physiology of the embryo, Chapter III is dedicated 

to investigate images from scanning electron microscopy of Iguana iguana eggshell under 

different water potentials. Those images showed that I. iguana eggshells present pores in a very 

spaced pattern from one to another, making it difficult to observe them by area, and not allowing 

an estimate of the total pore number present in the shell. Exactly because this pore-spaced 

pattern, we can suggest that water and gas exchanges should be made mostly through the 

permeability of the eggshell itself than only by the pores. 

Also, in Chapter III we could see the effect of the water and its lack in eggshells at 90% 

of IP. At this point, we presented a wild morphological variation for the external part of the 

eggshell and also a significant thickness reduction in ED condition (52% of reduction), when 

compared to the initial thickness values at the moment of laying, probably due to dehydration. 

And finally, we described the inner layer of the shell that is constituted by a network of organic 

fibers that provide the flexibility capacity, which is an outstanding characteristic of this type of 

egg.  

In order to understand the affect of water in the morphology of the egg, we also did RMI 

scans of I.iguana eggs under different water potentials and at different incubation periods. 

These images were presented in Chapter IV, revealing that at 50% of incubation under ED 

condition the egg is deformed and it was impossible to detect the presence of allantoic fluid. 

However, at 90% of incubation under ED condition the egg doesn’t seemed deformed, but still 

the allantoic fluid wasn’t located. 

In comparison of the other substrate hydratation conditions was possible to see a 

difference in the yolk, where in the Dry condition it is much smaller than in the Intermediate 

and Wet conditions used. This is probably due to the dehydration but may also be because of 

the production of metabolic water in wetter conditions. 

Chapter IV is also dedicated to the morphological study of rigid shelled eggs as C. 

latirostris and H. mabouia, that were scanned at 90% of incubation but in this case the water 

potential wasn’t the main goal because we wanted to see the morphology of the embryo, the 

structures of the egg, and if the MRI technique is valid for rigid shelled eggs due to the high 

thickness of the eggshell. 
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MRI was valid for this kind of egg, and we also discovered some remarkable thing about 

C. latirostris egg. This caiman egg presents an air sac in front of the nose of the embryo, just 

like avian eggs, and H. mabouia doesn’t has this structure proving that it’s not related to rigid 

shelled eggs.  

The air sac is used in “pipping” behavior, showing that this animal is very similar to 

birds due to its evolutionary proximity. Other possible use for the air sac is as an acoustic box, 

since both crocodilians and birds vocalize inside the egg when it’s close to hath, in order to 

synchronize the hatchling.   

However, more studies must be done in this area. Firstly, by scanning more eggs from 

more crocodilian species to see if this structure is present in all Order Crocodylia. Secondly, by 

investigate if there is any relation of the air sac to the vocalization pre-hatchling as an acoustic 

box. 

In summary, this work provides some insights about the influence of the water during 

incubation of flexible shelled eggs of Iguana iguana, revealing that these eggs can resist to 

hostile environments that lack in water and still hatch. However, there is still a lot to investigate 

about dry substrate tolerance in embryo physiology and shell morphology due to flexibility. In 

addition, this study opens a new field of work in crocodilians eggs with the aim to see if air sac 

is truly present in all Order Crocodylia, and if there is other function for it than “pipping”.  
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