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Summary 

The Nile crocodile (Crocodylus niloticus) is a predator, scavenger and an economically 

valuable aquaculture species in sub-Saharan Africa. Nile crocodiles are farmed principally for 

their skins, which are used to manufacture high-value leather goods. By-products of this 

process, such as meat and fat, also have economic value.  

Despite its economic importance, little is known of the Nile crocodile’s reproductive 

physiology beyond behavioural and anatomical descriptions, and some cursory seasonal 

endocrine profiles. In this manner, C. niloticus is not unique: such a paucity of knowledge of 

the reproductive processes exists for all crocodilian species worldwide, though some species 

are better researched than others. Furthermore, very little is known about factors that affect egg 

fertility, foetal survival and resulting hatchling survival. If environmental influences during 

incubation can be controlled for, the effect of maternally- and paternally-associated factors on 

embryo, foetal or hatchling survival or performance can be investigated. The egg phase is a 

critical, self-contained period of the crocodile life cycle, and, compared to the juvenile or adult 

phases, is an accessible, relatively inexpensive specimen type that can be used to investigate 

these factors.  

During the first half of embryonic development, the formation of the chorioallantois and its 

fusion with the overlying shell membrane results in a macroscopically visible, circumferential 

opaque band immediately beneath the shell around the lesser diameter of the egg. This band 

grows as incubation progresses. Crocodilian eggs that were not fertilised, or which contain 

embryos that died early in development, have no such visible band, and are referred to as 

‘unbanded’. In research described in this thesis, the grouping effect of clutch on the mass of 

the various components (shell, shell membrane, yolk and albumen) of unbanded eggs was 

evaluated. The effect of potential confounding variables on egg mass and the mass of individual 
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egg components was assessed. Clutch was found to have a strong grouping effect on egg mass, 

as well as on the masses of individual unbanded egg components. The mass of each component 

of unbanded eggs was strongly positively correlated with the mass of the egg. Fertile eggs had 

substantially lighter yolks and shells than unbanded eggs of similar mass. Controlling for egg 

mass and incubation period, foetal mass was inversely associated with the mass of the intra-

abdominal yolk. The period within the laying season during which an egg was laid, had no 

significant effect on its mass, nor on the mass of any of its components.  

The occurrence of runt hatchlings is a pervasive issue in captive crocodile hatcheries. Such 

hatchlings are either severely underweight at hatching, or fail to thrive after hatching to the 

point that they inevitably succumb. Disorders of calcium (Ca) and phosphorus (P) metabolism 

have been well described in reptiles, and may arise either from insufficient provision, or 

aberrant metabolism of these elements. Prior researchers found an association between runt 

Crocodylus porosus hatchlings and low plasma Ca (although based on their findings, this 

relationship was not manifestly causal). Given the potential role of these elements in foetal and 

hatchling pathologies, the present research sought to measure and describe Ca and P 

concentration and content (and variabilities thereof) in the various components of unbanded 

and fertile C. niloticus eggs. The grouping effect of clutch on the concentration and content of 

these elements was determined, and the effect of potential confounders was assessed.  

The Ca and P content of the unbanded egg’s shell and yolk were influenced principally by the 

mass of the respective component, and to a lesser extent by the concentration of the element in 

that component. Contrastingly, shell membrane and albumen Ca and P content were influenced 

primarily by the concentration of the element. Shell Ca concentration was similar to that of 

pure calcium carbonate.  

Fertile egg yolk Ca content was significantly lower than that of size-matched unbanded eggs, 

suggesting a net depletion of Ca, however yolk Ca concentration of fertile eggs was found to 
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exceed that of unbanded eggs in some cases, which could suggest temporary storage of shell-

derived Ca. Yolk P concentration and content of fertile eggs was found to be consistently lower 

than that of unbanded eggs. It was concluded that the yolk is the primary source of P for the 

developing foetus, while Ca is derived principally from shell and yolk.  

Research reflected in this thesis will hopefully be of value in preparation for future research, 

and in the planning of clinical diagnostic and therapeutic interventions on crocodile farms.  
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Chapter 1. General introduction and literature review 

1.1 Introduction 

The Nile crocodile Crocodylus niloticus (Laurenti 1768) is an opportunistic apex predator and 

scavenger in African freshwater ecosystems. It is the largest reptile in Africa, and worldwide 

is second in size only to Crocodylus porosus of Australia and South-East Asia (Alderton and 

Tanner, 1991). It is one of 26 living crocodilian species (Grigg and Kirshner, 2015), all of 

which have a tropical or subtropical distribution (Thorbjarnarson, 1996). Crocodilians are 

classified in the reptilian clade Archosauria, which includes the extinct dinosaurs as well as the 

extant crocodilians and birds (Thompson et al., 2004). Crocodilians have been divided further 

by Brochu (2003) into Gavialoidea (gharials) and the Brevirostres (crocodiles, alligators and 

caiman). 

In South Africa and other sub-Saharan African countries, C. niloticus is intensively farmed for 

skin and meat (Fergusson, 2010), however the capacity to produce sufficient quantities of 

vigorous hatchlings by captive brood stock may represent a potential chokepoint in the 

profitability and expansion of farming enterprises. In addition to this economic motivation, 

there is reason to investigate factors affecting crocodile hatchling production from a purely 

scientific standpoint. To quote Dzialowski and Sotherland (2004): 

“Acquiring in-depth knowledge of the sensitivity of developmental trajectories to 

environmental perturbations including maternal investment of nutrients and energy in 

eggs, will improve our understanding of the genesis and importance of maternal effects 

manifested in phenotypes of hatchlings.” 

Variations in egg size and shape and the mass and content of egg components may conceivably 

affect the health and viability of the resulting hatchling, however little is known about how 
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maternal investment in crocodilian eggs relates to the fitness of the hatchling (Nelson et al., 

2010).  

Returning to an economic motive, it can be surmised that improvement in the productivity of 

layer females on a commercial farm may be achieved by (a) increasing the number and 

proportion of healthy, fertile eggs laid, (b) improving the incubation and hatching processes to 

decrease the incidence of embryonic death and optimise foetal development, and (c) optimising 

management of neonates in their transition to independent life, to minimise the occurrence of 

poor growth or mortality.  

Focusing on point (a), before commencing with studies on the effect of treatments or 

interventions aimed at improving the production of healthy, fertile eggs, it is imperative to 

accurately describe any natural variation in measures such as egg size, egg mass, and the wet 

and dry masses of egg components. The potential grouping effect of clutch, and the possible 

effects of confounding variables must also be described. As an example, a trial may be planned 

which intends to evaluate the effect of a feed additive for breeding females on yolk size at 

laying, since maternal diet could conceivably affect egg quality (Webb and Manolis, 1991). 

Sample selection presents researchers with some important questions. Should a single egg be 

sampled from a large number of clutches, or should multiple eggs be sampled from a smaller 

number of clutches? Prior research has shown that clutch effects represent important sources 

of variation (Webb and Manolis, 1991). Would it be a valid study design, to use females from 

one breeding pond as a test group, and females from another breeding pond as a control group? 

Is it necessary to collect all sample eggs at the same time, or can samples be collected piecewise 

throughout the laying season? Only once the effect of such potential confounding and grouping 

variables on egg size, component size and other outcome variables are known, can further 

research be properly planned and samples optimally selected.  
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Unbanded eggs are those eggs that were never fertilised, or those where the embryo died prior 

to formation of a visible opaque allantochorionic band immediately beneath the shell. Since 

they are a by-product of captive hatchling production with no economic value, they are readily 

available and provide a potentially useful insight into the health of the female and her 

environment, which in captivity may encompass aspects of animal husbandry.  

Chapter 2 of this thesis describes methods developed to open and process both unbanded and 

fertile eggs. These methods were used to generate specimens used in the research projects 

described in Chapters 3, 4 and 5.  

The first research project, described in Chapter 3 of this thesis, aims to describe the variability 

in egg mass and the masses of individual egg components of unbanded and fertile eggs, and to 

assess the grouping effect of clutch and the effects of potential confounding variables on these 

measurements.  

Calcium (Ca) and phosphorus (P) are biological macronutrients essential for life (Lawrence, 

2008). Ca plays an essential role in bone and tooth formation, nerve conduction, intracellular 

transduction of intercellular chemical messages, blood coagulation and as a cofactor in 

enzymes. P is essential for bone formation, cell membrane phosphoprotein and phospholipid 

structure as well as the formation of nucleic acids (Shaker and Deftos, 2018).  

Disorders of Ca and P metabolism are common in captive reptiles (Marcus, 1981) and have 

been well described in crocodilians (Lane et al., 1984, Huchzermeyer, 2003, Manolis and 

Webb, 2016). It is conceivable that an inadequate supply of Ca or P to the developing embryo 

from an egg that is improperly provisioned with these elements may result in embryonic or 

foetal death or the birth of a diseased hatchling. It was with this potential pathogenesis in mind, 

that the second and third research projects forming this thesis were conceived (Chapter 4 and 

Chapter 5).  
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The overarching aim of research described in Chapter 4 and Chapter 5 was to describe the 

concentration and content of Ca and P in unbanded and fertile components of the Nile crocodile 

egg, characterise the grouping effect of clutch on these measurements, and to investigate the 

effect of potential confounding variables on these elements. Furthermore, an attempt was made 

to model the net movement of Ca and P from the freshly laid egg, to the developed foetus by 

comparing size-matched unbanded and fertile eggs close to the date of hatching.  

1.2 The Nile crocodile: habits and ecology 

From an evolutionary standpoint, crocodiles and birds are relatively closely related (Grigg and 

Kirshner, 2015). This relationship can be cautiously exploited by crocodile researchers who, 

due the current paucity of crocodile-specific research, may be forced to rely on avian research 

to draw comparisons and conclusions. The proximity of birds and crocodilians is most evident 

in the reproductive biology of the megapode birds of Australia and New Guinea, which, like 

crocodilians, produce superprecocial young and do not brood after laying, instead relying on 

exothermic decay of vegetable matter within a nesting mound to produce the heat required for 

incubation. At least one megapode species has been reported to have temperature-dependent 

sex determination as is seen in crocodilians (Göth and Booth, 2005).  

Comprehensive accounts of the habits of wild Nile crocodiles have been provided by Cott 

(1961), Pooley and Gans (1976) and Pooley (1982). Nocturnally aquatic, they come ashore 

during the day to bask, but may return to water to avoid the midday heat (Cott, 1961). Most 

hunting takes place from an aquatic environment (Cott, 1961). Prey selection is highly 

opportunistic and depends on species availability and the size of the crocodile. Hatchling 

crocodiles feed principally on insects and small amphibians. Davenport et al. (1990), in a study 

of juvenile crocodile feeding behaviour, observed C. porosus to explosively jump out of water 

to catch terrestrial insects. Subadult crocodiles eat fish, water birds, small to medium sized 
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mammals and reptiles. Fully grown adult crocodiles may feed on large ungulates and even 

hippopotamus. All size classes eat carrion if available (Pooley, 1982).  

The mortality rate of young crocodiles in the wild is high, but a precise figure is difficult to 

determine since it is likely influenced by environmental and ecological conditions, and tracking 

of wild crocodiles from hatching to maturity is exceptionally difficult (Pooley, 1982). A 

suggestion of the maximum allowable mortality was provided by Blake and Loveridge (1975), 

who estimated that if eggs are collected from wild nests immediately after laying, returning 5% 

of the resulting young crocodiles at 1 m in length would be adequate to ensure survival of the 

wild population.  

1.3 The Nile crocodile in captivity 

In Southern Africa, besides existing as protected populations in national parks and private game 

reserves, the Nile crocodile is commercially farmed for its skin and meat (Carruthers, 2008). 

Huchzermeyer (2003) distinguished four categories of crocodilians in permanent or temporary 

captivity. “Captive” crocodiles are those kept for display, education or research, but which 

have no productive goal. “Wild-caught” crocodiles are wild crocodiles that are temporarily 

restrained for research, or prior to slaughter. “Ranched” crocodiles are grown for production 

of skin or meat but are hatched from eggs collected in the wild. “Farmed” crocodiles are 

hatched from eggs laid by captive breeding stock.  

Fergusson (2010) provides an enlightening review of the conservation status of wild C. 

niloticus populations throughout Africa, together with a summary of recent commercial 

outputs.  Caldwell (2017) provides a more recent summary of trade and export figures, and 

Isberg et al. (2019) has provided further information on the conservation status of wild 

populations. 
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In the former Rhodesia and modern-day Zimbabwe, which was at the forefront of Nile 

crocodile commercial production and research prior to political upheavals (Jenkins et al., 

2004), wild-harvested eggs were, and remain, the main source of hatchlings. Rearing stations 

are concentrated near Lake Kariba, the Zambesi River and its tributaries (Blake and Loveridge, 

1975). According to a report compiled for the 2004 IUCN-CSG, in 2003 Zimbabwe exported 

a total of 115 825 dead or living crocodiles (Jenkins et al., 2004). In 2016, the Crocodile 

Farmers’ Association of Zimbabwe (CFAZ) reported exporting 113 491 skins (Caldwell, 

2017). In Botswana, a small number of farms, restricted to the northern region of the country, 

produce crocodile products from a combination of wild-harvested and captive-laid eggs 

(Dzoma et al., 2008), and in 2015, importing countries reported obtaining 4400 skins from 

Botswana (Caldwell, 2017). 42 455 skins were reported by importing countries to have been 

obtained from South African sources in 2016 (Caldwell, 2017). Importing countries reported 

receiving 11 876 skins from Mozambique in 2016. South Africa itself imports hatchlings from 

Mozambique, which likely feature in South Africa’s subsequent export figures (Caldwell, 

2017). 

It is evident from these figures that the Nile crocodile can make a meaningful contribution to 

the agricultural economies of Southern African countries. Research directed into improving 

captive breeding productivity may improve profitability of farming enterprises. Furthermore, 

a better understanding of reproductive physiology obtained by on-farm research could have 

application in the conservation of wild populations.  

1.4 Reproduction in crocodilians 

Knowledge of crocodile reproduction is limited, compared to what is known of reproduction 

in more traditional domestic species. For C. niloticus the publications of Cott (1961) and 

Pooley (1962) are still heavily relied upon for detailed descriptions of reproductive behaviour, 
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however these are lacking in their description of the underlying reproductive physiology. 

Khosa et al. (2012) described the production of hatchlings from captive-laid eggs as 

“successful”. A search of the available literature revealed very little in the way of scientific 

research into Nile crocodile hatchling production. This lack of data necessitates extrapolation 

from research into other crocodilian species, non-crocodilian reptiles and birds.  

The most complete summary of research on crocodilian reproduction remains the review by 

Ferguson (1985) which focused on Alligator mississippiensis, although substantial research has 

been performed since its publication. The review by Thorbjarnarson (1996), which focuses on 

comparative interspecific aspects of the relationship between female size, egg size, clutch size 

and reproductive frequency as predictors of reproductive success presents a useful summary 

from a zoologist’s perspective.  

 The reproductive cycle 

Crocodilians have a long reproductive lifespan with a single breeding season per year during 

which a variable proportion of female animals may breed (Ferguson, 1985). So-called “double-

clutching” has been reported in some species (Platt et al., 2012) whereby a single female lays 

more than one clutch of eggs in a single year. The female Nile crocodile reaches sexual maturity 

at approximately 1.6–2.3 m in length, while the male is mature at 2.1–3.3 m: this substantial 

variation was reported from different researchers at different locations (Cott, 1961, Ferguson, 

1985, Graham, 1968). Reportedly, female crocodilians experience some reproductive 

senescence late in life, associated with a reduction in clutch size (Thorbjarnarson and 

Hernández, 1993). Obese female crocodiles may produce clutches containing fewer eggs 

(Manolis and Webb, 2016), which was hypothesised to be due either to reduced abdominal 

space required for a large clutch, or to the endocrine effects of obesity on ovulation rate.  
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Joanen and McNease (1975) investigated the reproductive biology of A. mississippiensis, 

noting that during the Northern Hemisphere winter months, complete reproductive dormancy 

occurred. With the onset of spring (March), courtship behaviour occurred, which had a duration 

of up to three months. In the last month of the spring season, male alligators started producing 

sperm, and copulation occurred. Oviposition occurred in early summer and hatching occurred 

in late summer.  

In tropical South-East Asia, captive Crocodylus siamensis were shown to lay eggs midway 

through the dry season (February), and continue into the early part of the wet season (June) 

(Platt et al., 2012). In the Kruger National Park, C. niloticus nesting begins in late October and 

continues to January (Swanepoel et al., 2000).  

Multiple paternity has been reported in a variety of crocodilian species, including A. 

mississippiensis (Davis et al., 2001, Lance et al., 2009a), Alligator sinensis (Wu and Hu, 2010), 

C. porosus (Lewis et al., 2013), Caiman latirostris (Amavet et al., 2008), Melanosuchus niger 

(Da Silveira et al., 2011) and recently also C. niloticus (Nöthling, 2019 (personal 

communication)). 

 Reproductive anatomy and physiology 

Female crocodilians have two ovaries, situated cranioventral to the kidneys and attached to the 

dorsal body wall (Huchzermeyer, 2003). In A. mississippiensis the right ovary is larger than 

the left and contains more follicles (Lance, 1989).  

The reproductive tract of A. mississippiensis is divided into seven distinct regions along its 

length: the anterior infundibulum, posterior infundibulum, uterine tube, uterotubal junction, 

anterior uterus, posterior uterus and vagina (Palmer and Guillette, 1992). These anatomical 

regions are similar to those found in birds, but quite different to those of non-archosaur reptiles. 

After ovulation, the yolk travels through the infundibulum. The albumen is formed in the 



9 

 

uterine tube. The shell membranes are formed in the anterior uterus, and mineralisation of the 

shell occurs in the posterior uterus. However, unlike birds, which lay their eggs sequentially as 

they are formed, female crocodilians retain the entire clutch of eggs within the tubular genitalia 

until they are simultaneously oviposited (Palmer and Guillette, 1992). 

Follicular growth in reptiles involves multiple histological and physiological changes, 

including proliferation of yolk, development of the oocyte as well as changes in the granulosa 

and thecal cells (Uribe and Guillette, 2000). In A. mississippiensis, the pre-ovulatory oocyte 

was reported to range from 5 mm to 45 mm in diameter (Lance, 1989), however in this study 

no indication was provided of the mean size or range immediately prior to ovulation. Using 

ultrasonography, a direct correlation was found between the size of A. mississippiensis follicles 

and serum testosterone and oestradiol concentration (Lance et al., 2009b). The size of corpora 

lutea forming subsequent to ovulation can indicate recent reproductive activity (Guillette et al., 

1995): those with a diameter of at least 4 mm likely occur subsequent to an ovulation in the 

year of examination.  

Serum oestradiol in alligators has been shown to increase from basal levels (< 367 pmol/L) to 

around 1836 pmol/L in April (Northern Hemisphere spring), reaching a peak in May. A similar 

pattern of testosterone production was shown in males, where a peak serum testosterone 

concentration of just under 5.20 nmol/L was reached in May. Serum progesterone was shown 

to increase in alligators around the time of ovulation, from basal (< 7.95 nmol/L) to a maximum 

of 50.88 nmol/L in early June, which corresponded with the period around egg-laying (Lance, 

1989). These steroid hormone profiles reflect earlier behavioural observations of Joanen and 

McNease (1975) and other researchers. 

In research conducted on Nile crocodiles in Zimbabwe, males showed an increase in serum 

testosterone in June, July and August (from < 1.7 nmol/L to between 6.9 and 27.7 nmol/L), 

while in the female, oestradiol showed an increase during the same period from basal 
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(< 367 pmol/L) up to a level as high as 3671 pmol/L. Progesterone followed a rather scattered 

distribution throughout the year, however levels were uniformly low during the autumn period 

(March–May), with samples reaching peaks of up to 8.26 nmol/L through the remainder of the 

year (Kofron, 1990). A marked difference in peak plasma progesterone levels between A. 

mississippiensis and C. niloticus is evident: Lance (1989) speculated that Kofron (1990) may 

have missed a transient rise in plasma progesterone with monthly sampling of C. niloticus 

females.  

 Nesting and commercial egg collection 

Depending on species, crocodilian eggs are deposited in holes dug by the female (as in C. 

niloticus, Crocodylus johnstoni, Crocodylus intermedius and Gavialis gangeticus), or in 

nesting mounds constructed prior to laying, (as in C. porosus, A. mississippiensis, A. sinensis, 

Tomistoma and Caiman spp.) (reviewed by Ferguson (1985) and Ackerman and Lott (2004)).  

Hatchlings for commercial growing may be produced from eggs derived from wild nests, or 

from eggs laid by captive females (Thorbjarnarson, 1999). In South Africa, farms that practice 

captive breeding typically house adult crocodiles in communal ponds, around which are 

artificial nesting banks of soft sand. Taking care to keep adult crocodiles at bay, eggs are dug 

up from nests by farm staff and laid in their original orientation in an incubation box as 

described by Manolis and Webb (2016), surrounded by a substrate such as vermiculite. These 

eggs are then transported to a temperature and humidity-controlled incubator. Researchers have 

recommended that transport should be avoided between eight and 16 days after laying or close 

to the time of hatching, since vibration or trauma during these periods may cause detachment 

of the allantochorion and foetal death in early incubation, or premature hatching in late 

incubation (Bock et al., 2004). Trauma-induced early embryonic death occurs due to the 

shearing of delicate blood vessels joining the chorion with the outer layer of the allantois 

(Ferguson, 1982, Joanen and McNease, 1987, Chabreck, 1978, Blake and Loveridge, 1975).  
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 Incubation temperature, hatchling phenotype, health and growth rate 

Vertebrates that do not have distinct differences in sex chromosomes may exhibit temperature-

dependent determination of phenotypic sex (TSD) (Bull and Vogt, 1979). The occurrence of 

TSD in extant crocodilian species has been reviewed by Lang and Andrews (1994). 

Ackerman and Lott (2004) summarized factors contributing to the within-nest variation in 

temperature through the incubation period in reptiles. The temperature of the nest is influenced 

by metabolic heat produced by the developing embryo or foetus (which in reptiles is negligible 

until late incubation), and soil temperature. Soil temperature in natural nests is in turn affected 

by the position of the nest (shaded or exposed), its depth, soil heat conduction characteristics, 

soil moisture, season, and diurnal sinusoidal variation. In crocodile egg hatcheries, much of 

this source of variability is removed when eggs are kept under controlled conditions, usually 

buried in a substrate such as vermiculite and kept at a constant temperature and humidity.  

In C. niloticus, Hutton (1987) found that, if temperature-controlled laboratory incubation was 

commenced at between day 0 and day 30 of incubation, a temperature of 28 °C resulted in only 

female offspring. Eggs incubated at a mean temperature of 31 °C also resulted in only female 

offspring. Eggs incubated at 34 °C resulted in a preponderance of male offspring, and a small 

minority of female offspring.  

In addition to his findings on temperature-associated sex differentiation, Hutton (1987) also 

found that Nile crocodile eggs incubated at higher temperatures (34 °C) had incubation periods 

that were substantially (around 25 days) shorter than those incubated at lower temperatures 

(28 °C). Hatching success was highest at 31 °C, and lowest at 34 °C. Eggs incubated at higher 

temperatures produced hatchlings with shorter total length that grew faster than their longer, 

lower-temperature siblings. The researcher speculated that this difference in post-hatching 

growth rate could be because hatchlings incubated at higher temperatures utilised less of their 
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intra-abdominal yolk during incubation, which was then available to sustain them in the post-

hatching period (Hutton, 1987).  

Webb and Smith (1984), cited in Webb and Cooper-Preston (1989), found that incubation 

temperature affected the survival rate of C. johnstoni. Webb et al. (1983b) found that C. 

johnstoni hatchlings from eggs incubated at 34 °C exhibited a far higher rate of anatomic 

abnormalities than those from eggs incubated at 30 °C. At lower temperatures (26–28 °C), all 

embryos died prior to hatching, with a high incidence of jaw and tail abnormalities as well as 

runting. These researchers theorised that there is an optimal average temperature of around 31–

32 °C at which incubation should take place to avoid such defects. This “optimal temperature 

theory” was confirmed by research done in A. mississippiensis by Joanen et al. (1987). In A. 

mississippiensis, Crocodylus palustris, C. johnstoni, C. porosus and Caiman crocodilus, an 

incubation temperature of 31 °C can be expected to produce more females, and a temperature 

of 32 °C can be expected to produce more males (Lang and Andrews, 1994). 

Whitehead et al. (1990) also investigated the effect of incubation temperature on embryo 

development of C. johnstoni. They found that a sigmoid growth curve existed at all incubation 

temperatures from 28 °C to 33 °C, that growth rates were substantially faster at higher 

temperatures, and that hatchlings from eggs incubated at higher temperatures tended to be 

smaller with a greater quantity of residual yolk. The period of incubation that was most 

sensitive to temperature-associated effects was the period of organ differentiation during early 

incubation. Organ development occurred much faster at higher temperatures, but was not 

accompanied by a temperature-associated increase in absolute mass. Once this differentiation 

phase was complete, the growth rate appeared to be far less dependent on temperature.  

Piña et al. (2007) showed that C. latirostris hatchlings incubated at 31 °C were longer and 

hatched later than those incubated at 29 and 33 °C, but that body mass was similar among 

incubation temperatures. This suggested that earlier hatching is accompanied by a greater 
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provision of intra-abdominal yolk. Neither initial body mass nor clutch affected post-hatching 

growth, however hatchlings incubated at 33 °C grew more slowly during the first year than 

those incubated at 29 or 31 °C. 

Allsteadt and Lang (1995) found that A. mississippiensis hatchlings incubated at 32 °C were 

larger than those incubated at 29 °C. In contrast to the studies of Hutton (1987) and Piña et al. 

(2007), in this study the relationship between residual yolk mass and incubation temperature 

was not immediately clear: larger yolk masses occurred at 31 and 33 °C, whereas smaller yolk 

masses occurred at 29 and 32 °C. The residual yolk of female hatchlings exceeded that of 

males, but males were on average larger. Importantly, clutch had a strong influencing effect on 

all egg and hatchling variables, suggesting that maternal factors play an important role in 

determining hatchling phenotype.  

As well as affecting post-hatching growth rate, incubation temperature was also shown to affect 

skin pigmentation: skin pigments were deposited earlier in incubation in those eggs subjected 

to higher temperatures (Deeming and Ferguson, 1989, Murray et al., 1990). 

 Hydration state and partial pressures of gases 

Temperature is probably not the only nest-associated factor with influence on embryo health 

and survival: water loss and gain and gas tension (oxygen and carbon dioxide) likely also have 

significant effect (Whitehead, 1987). Lutz et al. (1980) studied the relationship between the 

hydration state of unbanded Crocodylus acutus eggs and their gas permeability. As the water 

content of shell and membrane increased, there was a corresponding marked decrease in gas 

permeability. Crocodilian eggs have a much greater water vapour conductance than birds’ eggs 

(according to Packard et al. (1979), eggs of A. mississippiensis conduct water at a rate five 

times that of avian eggs of similar size), but are able to replenish lost water using ambient water 

vapour if placed in a humid environment (Grigg, 1987).  
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In C. johnstoni and C. porosus, maximum consumption of oxygen does not occur in the foetus 

immediately prior to hatching, but peaks when incubation is less than 90 percent complete 

(Whitehead et al., 1990). In C. niloticus eggs incubated at 31 °C, oxygen consumption 

increases in a roughly linear fashion from day 53 to day 80 of incubation, plateaus from day 

80 to approximately day 95, whereupon it declines to hatching at day 100 (Aulie and Kanui, 

1995). Alligator foetuses were shown to stop growing during the last week of incubation prior 

to hatching (Nelson et al., 2010, Ferguson, 1985), entering a phase of dormancy during which 

they internalised the yolk, closed the yolk scar and possibly gathered strength for the process 

of egg emergence.  

Flexibility in the rate of development, sex ratio and timing of hatching may afford crocodiles 

the capacity for short-term adaptations, which could improve population survival rates under 

adverse circumstances (Thompson, 1989, Shine and Brown, 2007). In particular, the 

synchronisation of hatching may allow the female to assist hatchlings to emerge from the nest 

(Thompson, 1989).  

1.5 Crocodilian eggs  

The amniote egg is a self-contained package that must nourish the developing embryo and 

provide it with all its growth and maintenance requirements until the hatchling is able to feed 

independently. Additionally, it must protect the embryo from predation by insects, dehydration, 

and microbial invasion (Thompson et al., 2004). 

The composition of the eggs of oviparous species varies. It has long been recognised that avian 

species that produce precocial young lay eggs with larger yolks, higher energy density and less 

water than those species that produce altricial young (Carey et al., 1980, Tarchanoff, 1884).  

C. niloticus eggs are tough and ellipsoidal, with a hard, calcareous shell, a thick shell 

membrane, and in infertile or recently laid fertile eggs, a jelly-like transparent albumen. The 
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yolk is surrounded by a very thin, easily ruptured vitelline membrane (Pooley, 1982). This 

general description seems to be applicable to other crocodilian species: a similar account was 

given for C. porosus by Burley et al. (1988). 

Crocodilian eggs are laid at a relatively late stage of development. In A. mississippiensis an 

embryo within a newly laid egg consists of between 9 and 20 somites, a notochord, an obvious 

primitive streak and undifferentiated brain and otic vesicles. It lies on top of the yolk and is not 

attached to the overlying shell membrane (Ferguson, 1985). Head measurements have been 

used as a method of staging A. mississippiensis foetuses (Deeming and Ferguson, 1990). 

According to Peterka et al. (2010), in C. niloticus the degree of maturation as measured by 

head morphometrics correlates more closely with body mass than it does with incubation 

period.  

Length of the incubation period varies with environmental temperature. C. niloticus eggs 

incubated at 28 °C took approximately 111 days to hatch, while those incubated at 34 °C took 

approximately 84 days to hatch (Hutton, 1987). C. johnstoni eggs incubated at 29 °C took 100.9 

days (SD 1.8 days) to hatch, while those incubated at 33 °C took 68.4 days (SD 1.5 days) to 

hatch (Whitehead et al., 1990).  

Early studies of unbanded and fertile C. niloticus eggs and hatchlings were broadly descriptive 

(Pooley, 1969) and confined to wild populations (Bigalke, 1931, Modha, 1967). Little further 

published research has been done on the eggs of this species with the exception of Hutton 

(1987) who investigated temperature-dependent sex determination. 

 Egg size and hatchling size 

Little specific research has been done on the size and mass of crocodilian eggs and their 

components. Rather, such measurements are taken as part of research into other aspects of egg 

physiology, and must be extracted from these reports.  
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Alligator mississippiensis eggs were measured at three locations in the southern United States. 

A mean egg length of 7.25 to 7.57 cm, with a mean width of 4.08 of 4.47 cm was reported 

(Cardeilhac et al. (1999), cited by Huchzermeyer (2003)). In a study of the effect of incubation 

temperature on A. mississippiensis hatchlings, Allsteadt and Lang (1995) weighed eggs from 

three clutches. Mean egg mass per clutch varied from 74.65 g (SD = 3.53 g, n = 51) to 78.0 g 

(SD = 2.40, n = 41). Garnett and Murray (1986), in a study of factors affecting the growth of 

captive C. porosus hatchlings, used eight clutches of eggs with clutch mean masses ranging 

from 65.5 g (SD 1.2 g) to 117.2 g (SD 4.2 g). In a study of the chemical composition of 

Crocodylus novaeguineae eggs, Jenkins (1975) analysed samples from eggs that ranged in 

mass from 45.7 g to 84.6 g. Nöthling et al. (2019b) used a computer model to estimate the 

volume of 316 C. niloticus eggs from shells after hatching. They found a median egg volume 

of 99.9 ml (upper boundary of lower quartile: 92.6 ml, lower boundary of upper quartile: 

106.1 ml).  

It is evident from the data presented in the previous paragraph that, of the crocodilian species 

studied so far, eggs vary considerably in size (and mass) within species. The same is true for 

bird species. Most variation in bird’s egg mass has been found to occur between, rather than 

within clutches. It has been found that female birds tend to produce successive clutches 

containing eggs of similar size. Older laying hens were shown to produce heavier eggs. In 

chickens, ducks and turkeys, it has been shown that intermediate-sized eggs have the best 

hatching rate (Christians, 2002). 

In general, it seems as though bigger crocodilians produce bigger eggs, both among and within 

species. Greer (1975) found within a limited sample set that species attaining a greater total 

length, tended to produce larger clutches with bigger eggs, which in turn produced larger 

hatchlings. For A. mississippiensis, Deitz and Hines (1980) found that mean egg mass per 

clutch was positively associated with clutch size (but the relationship was loose: clutch size 
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explained just 49% of mean egg mass). Thorbjarnarson and Hernández (1993) found that larger 

female Orinoco crocodiles laid greater numbers of larger eggs earlier in the season than smaller 

females, and were less likely than smaller females to be reproductively quiescent in a given 

season. The relationship between female size, clutch size and egg size was different in birds 

and crocodiles to the finding in oviparous snakes by Ford (1989), who noted that if female size 

was kept constant, there was an inverse relationship between clutch size and egg size. C. 

johnstoni eggs were reported to contain a greater proportion of yolk and a smaller proportion 

of albumen than C. porosus and A. mississippiensis (Manolis et al., 1987), however these 

findings should be interpreted with caution, since these authors compiled their figures from the 

research studies of others. Furthermore, sample numbers were low and the potential effects of 

confounding variables were not taken into account. Regardless, it seems likely that varying 

evolutionary pressures on different crocodilian species have resulted in differences in the 

composition of their eggs.  

In A. mississippiensis and C. porosus, it was found that eggs tended to have greater variation 

in mass between clutches than within clutches (Deitz and Hines, 1980, Garnett and Murray, 

1986), however for C. latirostris, Stoker et al. (2013) found that the within-clutch variation in 

egg mass was greater than the mean egg mass variation among clutches, and Pooley (1962) 

reported that there can be significant variation in egg size within clutches.  

Deitz and Hines (1980) found that the mean egg mass within a clutch of A. mississippiensis 

eggs was positively related to the mean mass of hatchlings within that clutch, a finding 

consistent with the later findings of Garnett and Murray (1986) for C. porosus. Furthermore, 

the mean hatchling mass of A. mississippiensis clutches varied more than the mass of individual 

eggs within clutches, a finding that was again consistent with findings by Garnett and Murray 

(1986) for C. porosus. The latter researchers found that the mean hatchling mass of eight 
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clutches varied by clutch from 40–80 grams, and that even within a clutch, there was a 

substantial variation in hatchling mass (SD varying from 16–20 g).  

In C. johnstoni, Webb et al. (1983b) showed that for each increase by one gram in egg mass, 

hatchling mass is expected to increase by 0.62 g, and that egg mass explains 89% of variation 

in hatchling mass. For C. porosus, Webb et al. (1983a) demonstrated that hatchlings increased 

by 0.64 g for each additional gram in egg mass, and that 79% of the variation in hatchling mass 

was explained by egg mass. These findings were very similar to those of Deeming and 

Ferguson (1989), who found that the masses of A. mississippiensis hatchlings in their final 

stage of incubation correlated strongly with the initial mass of the egg (R2 = 0.78, coefficient 

of initial egg mass 0.635), and that hatchling mass constituted 66.76% (SD 3.55%) of the mass 

of the egg. Isberg et al. (2005) found that egg length had a significant effect on hatchling head 

length, snout-vent length, total length and belly width of C. porosus.  

In an investigation of factors affecting the survival of C. porosus hatchlings in captivity, Brien 

et al. (2014) found that hatchling body mass at four days of age is expected to increase by 

0.54 g for each one gram increase in egg mass. (F = 48.74, R2 = 0.83, P < 0.0001).  

The mass of individual emu (Dromaius novaehollandiae) egg components increased 

significantly as egg mass increased, however the relative contribution of albumen and yolk to 

eggs did not vary with egg mass. Hatchling mass increased significantly with egg mass, and, 

independent of initial egg size, larger hatchlings had less residual yolk than did smaller 

hatchlings (Dzialowski and Sotherland, 2004). Brien et al. (2014) found that lighter C. porosus 

hatchlings compensated to some extent by growing faster than heavier hatchlings: the authors 

speculated that this could be as a result of consumption of a greater quantity of residual yolk.  

Nöthling et al. (2019a) developed a method to estimate egg volume from scale photographs of 

hatched egg remnants, and used it to investigate the relationship between estimated egg volume 
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and hatchling mass (Nöthling et al., 2019b). They found that hatchlings from the same clutch 

tend to be very similar in mass. However, if the grouping variable of clutch is not considered, 

there is considerable variation in hatchling size for a given egg size. Overall, there was a strong 

positive linear relationship between hatchling mass and the estimated volume of their eggs of 

origin (R2 = 0.85, n = 316). These researchers used the relationship between estimated egg 

volume and hatchling mass to introduce a new concept, namely the ‘productivity’ of the egg. 

They found that the productivity of C. niloticus eggs varied from 0.57 grams of hatchling per 

ml of egg, to 0.81 g/mL. The productivity was influenced by clutch: 54.6% of variation 

occurred within clutches and 45.4% of variation occurred among clutches.  

 Eggshell 

Romanoff and Romanoff (1949) and Terepka (1963) provided early descriptions of the 

microscopic structure of the avian eggshell, but a more recent review of eggshell formation in 

birds, with some reference to reptiles, has been provided by Hincke et al. (2012). 

The calcareous eggshell protects the egg content from microbial and mechanical damage as 

well as desiccation, while allowing the exchange of gases through the pores (Nys et al., 1999). 

In A. mississippiensis, the mass of the shell constitutes approximately ten percent of the wet 

mass of the egg (Nelson et al., 2010). During eggshell formation in crocodilians, Ca is 

withdrawn from bone (Wink and Elsey, 1986, Lance et al., 1983) and from dermal scutes 

(Dacke et al., 2015) and is deposited in the form of calcium carbonate on the outer fibres of the 

shell membrane from a supersaturated solution in the shell gland (Hincke et al., 2012).  

In C. porosus, the combined mass of shell and shell membrane was shown to increase by 7.27 g 

for each increase by 1 cm in breadth of the egg (SE = 0.91 g, R2 = 0.73, n = 30), and by 2.98 g 

for each 1 cm increase in egg length (SE = 1.14, R2 = 0.58, n = 30). In C. johnstoni, the 

combined mass of shell and shell membrane was shown to increase by 2.97 g for each increase 
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by 1 cm in egg breadth (SE = 0.68, R2 = 0.46, n = 44), and by 1.81 g for each increase by 1 cm 

in egg length (SE = 0.74, R2 = 0.37, n = 43) (Manolis et al., 1987).  

In a recent research paper into the composition of a small sample of unbanded and fertile C. 

latirostris eggs, Leiva et al. (2018) found that unbanded eggshell and shell membrane 

contributed 19.5% (SD 2.6%) to total egg mass. 

According to Ferguson (1982), the calcified eggshell varies in structure from the surface to the 

shell membrane. This researcher examined the shell and shell membranes using electron 

microscopy and characterised the crystalline structure of the eggshell using energy dispersive 

X-ray analysis, determining that the alligator eggshell is made up principally of calcite (CaCO3) 

crystals. At the surface, there is an outer, densely calcified layer consisting of calcite crystals 

with their long axes oriented at right angles to the shell surface. Immediately beneath this layer 

exists the honeycomb layer, which has the calcite crystal axes oriented parallel with the surface. 

Beneath the honeycomb layer is a very thin organic layer, and beneath this layer lie the 

mammillary knobs. The mammillary knobs are the nucleation sites of initial calcification of 

the shell on the outer shell membrane (Solomon et al., 1994). Using atomic absorption flame 

spectroscopy (AAS) and measuring in triplicate from three separate samples derived from 

single eggs analysed at regular intervals after laying, Ferguson (1982) found that an infertile 

(unbanded) alligator eggshell contained on average 31.7% Ca, while the opaque banded 

portions of shells from fertile eggs varied from 33.2 to 41.4% Ca. He found that the difference 

in Ca concentration between opaque and non-opaque zones was not statistically significant. 

Marzola et al. (2015) added to Ferguson’s work on crocodilian eggshell structure by describing 

and comparing the appearance of the pores and surface appearance of the eggshells of A. 

mississippiensis, the Philippine crocodile Crocodylus mindorensis and the smooth-fronted 

caiman Paleosuchus palpebrosus. Kern and Ferguson (1997) confirmed earlier findings by 

Ferguson (1982), namely that the equator of the eggshell had far more pores per surface area 
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than the ‘shoulders’ of the egg, which in turn had far more than the poles. Stoker et al. (2013) 

found that C. latirostris eggs with fewer pores per surface area were associated with reduced 

embryo survival. Wink and Elsey (1994) and Wink et al. (1990) compared infertile and fertile 

eggshells of the Chinese alligator A. sinensis and the American alligator A. mississippiensis, 

noting thicker shells with fewer open pores in infertile eggs. 

Cedillo-Leal et al. (2017) found that C. latirostris eggs with rougher shells were more tolerant 

of being submerged in water early in development: this was thought to be due to the entrapment 

of air bubbles at the eggshell surface.  

The chalky white opaque band that forms around the lesser circumference of the fertile egg in 

crocodilians has been well described. The band is created by changes to the shell and shell 

membrane caused by the developing chorion. Initially it starts as a focal spot, but expands to 

form a ring around the lesser circumference of the egg. It widens to encompass the entire egg 

by the end of incubation (Ferguson, 1985). This band is used by crocodile farmers to 

differentiate fertile from infertile eggs. In C. niloticus eggs, the development of this band is 

non-linear over the course of incubation (Nöthling, 2018 (personal communication)). 

Embryonic death can be identified in eggs that have unexpected cessation of band growth, or 

narrower bands than those of their clutchmates. Infected or rotten fertile eggs may exhibit black 

or green blotching of their bands (Ferguson, 1985).  

Crocodilian eggs incubated in very moist environments may develop longitudinal cracks in 

their shells. Cracked eggs lose water four to five times quicker than uncracked eggs kept in the 

same conditions (Grigg, 1987).  

Ferguson (1981) found that acids produced by bacteria in the mound nests of alligators assisted 

in the extrinsic dissolution of the calcified shell, which progressively weakens the eggshell as 

incubation progresses, allowing for more gas and water vapour conductance and ultimately 
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easier hatching. The withdrawal of solids from the eggshell during foetal development was 

posited by Whitehead (1987) to alter the conductance of the eggshell to oxygen and carbon 

dioxide, which would moderate the exposure of the foetus to hypoxia and hypercapnia as 

incubation progresses.  

Kern and Ferguson (1997) incubated fertile eggs in two groups, at 30 and 33 °C respectively. 

For both of these temperature groups, the thickness of the eggshell decreased through 

incubation. The reduction in shell thickness was most pronounced at the poles of the egg at 

both temperatures, however there was significant reduction at the equator and the ‘shoulders’ 

of the egg as well. There was a greater thinning effect at eggs incubated at 33 °C. The process 

of eggshell thinning did not appear to be very noticeable until approximately 40 days of 

incubation, whereupon it began in earnest.  

 Shell membrane 

The shell membrane of crocodilian eggs is much thicker than that of birds’ eggs (Ferguson, 

1982, Lutz et al., 1980). In A. mississippiensis it has been reported as 150–250 µm (Ferguson, 

1982) or 50–216 µm thick (Kern and Ferguson, 1997). That of C. acutus was reported by Lutz 

et al. (1980) to be 430 µm thick. The shell membrane of A. mississippiensis was reported to be 

formed of many layers of fibres, each running haphazardly in different directions (Ferguson, 

1982). The innermost surface of the shell membrane is covered by a surface coating 3–8 µm 

thick, referred to by Kern and Ferguson (1997) as the limiting membrane. This membrane abuts 

against the albumen in the freshly laid egg.  

The fibres forming the shell membrane are approximately 0.5–2.0 µm in diameter, and were 

shown to expand or contract in response to moisture level. Shell membrane is tightly attached 

to the shell at the beginning of incubation, but is loose and easily detachable near the time of 

hatching (Kern and Ferguson, 1997).  
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 Yolk 

Yolk contains most of the nutrients and chemical energy required by the developing embryo 

(White, 1991, Thompson et al., 2004). In A. mississippiensis, most hatchling solids are derived 

from the yolk (Nelson et al., 2010). Crocodilian yolk consists principally of proteins and fats 

which are oxidatively catabolised for energy (Whitehead, 1990). When adjusted for egg-size, 

the mean dry mass of yolk of A. mississippiensis declined with duration of incubation (Packard 

and Packard, 1989), indicating consumption by the developing foetus.  

However, the maternal provisioning to oviparous species by the yolk extends beyond mere 

nutrition. Schwabl (1993) demonstrated that the yolk of zebra finches (Taenopygia guttata) 

and canaries (Serinus canaria) contained testosterone in relatively high concentration which 

did not appear to influence sex differentiation. In canaries, yolk testosterone concentration had 

a positive association with the hatchling’s social rank.  

The maternal liver synthesises protein-lipid complexes which will form the substance of the 

yolk: these are predominantly vitellogenin and VLDLγ (Thompson et al., 2004). 

According to Manolis et al. (1987), at 1.058 g/cm3 for C. johnstoni, 1.042 g/cm3 for C. porosus 

and 1.038 g/cm3 for Alligator missippiensis, the yolk of crocodilian eggs is of greater average 

density than the figure for yolk density of 1.035 g/cm3 reported by Romanoff and Romanoff 

(1949) for the domestic fowl. However, these data were collated from different research studies 

and were not formally statistically compared.  

Nelson et al. (2010) showed that yolk mass of A. mississippiensis increases with increasing egg 

mass and that alligator eggs contained a substantially greater proportion of yolk than chicken 

eggs. Wet alligator yolk mass contributed approximately 47% to total egg mass (mean yolk 

mass 35.95 g (SD 3.82 g)). For each gram that egg mass increased, wet yolk mass of A. 

mississippiensis eggs increased by a mean value of 0.41 g (R2 = 0.83) (Nelson et al., 2010).  
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A sample of nine C. porosus egg yolks was found to weigh an average of 31 g in a study by 

Burley et al. (1988). Another study by the same authors reported the mass of yolk in seven 

samples of C. porosus to have a mean value of 29.6 g (range: 24.0–49.7 g), which constituted 

a mean of 36.5% of total egg mass. No indication of variability was provided for mean egg 

mass (Burley et al., 1987). 

In C. porosus, the mass of the yolk was calculated to increase by 19.3 g for each increase by 

1 cm in egg breadth (SE = 2.25 g, R2 = 0.74, n = 19), and by 9.24 g for each increase by 1 cm 

in egg length (SE = 3.45 g, R2 = 0.61, n = 22). In C. johnstoni, yolk mass was calculated to 

increase by 19.38 g for each increase by 1 cm in egg breadth (SE = 1.71 g, R2 = 0.86, n = 37), 

and by 9.38 g for each increase by 1 cm in egg length (SE = 3.58 g, R2 = 0.39, n = 38) (Manolis 

et al., 1987). Leiva et al. (2018) found that C. latirostris yolk contributed 52.1% (SD 3.7%) to 

total egg mass. 

Ahn et al. (1997) showed that young laying hens (28 weeks of age) produced eggs with the 

lowest ratio of yolk to albumen, while 55 to 78-week-old hens produced the highest ratio, and 

that of old hens (97 weeks) was intermediate. Furthermore, they showed that larger chicken 

eggs contained on average a lower ratio of yolk to albumen than smaller eggs. No such 

information exists for crocodilian species. Nelson et al. (2010) found that the chicken egg yolk 

comprised 28.8% of total egg mass, with a mean mass of 17.14 g (SD = 2.54 g). The chicken 

yolk mass increased with increasing egg mass: for each gram that egg mass increased, yolk 

mass increased by a mean of 0.37 g (R2 = 0.52).  

Finkler et al. (1998) found that aspirating approximately 20% of the mass of a chicken egg 

yolk had no effect on hatchling mass, however the researchers postulated that removing yolk 

from the egg may decrease the nutrition available to the neonate, thereby reducing its survival 

after hatching.  
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Whitehead (1990) showed that intra-abdominal yolk was sufficient to sustain the energy needs 

of resting C. johnstoni hatchlings for up to four weeks without obvious deterioration in body 

condition, while simultaneously allowing for increase in body length.  

These findings show that, in general and across species, yolk tends to increase in mass with 

increasing egg mass. However, for those studies where such information is available, there also 

appears to be substantial variability in yolk mass for a given egg size. Furthermore, there are 

few studies on the variability in yolk composition, which could have differential influence on 

the nourishment of the embryo, foetus or hatchling.  

 Albumen  

In birds’ eggs, albumen is the primary source of water for the developing embryo. Its solid 

component consists principally of specialised albumen proteins in addition to trace elements, 

carbohydrates and vitamins (Sotherland and Rahn, 1987). Unlike birds’ eggs, crocodilian eggs 

have no chalazae that extend through the albumen to the yolk (Ferguson, 1982).  

Albumen has been shown to contribute to avian hatchling biomass, particularly in the latter 

part of incubation (Muramatsu et al., 1990). Two mechanisms of albumen uptake have been 

proposed, which are summarized by Nelson et al. (2010): One hypothesis (Deeming, 1991) 

proposes that a hole forms in the amnion, and the albumen mixes with the amniotic fluid, from 

where it is ingested by the embryo. The second hypothesis (Yoshizaki et al., 2002) proposes 

that the chorion, yolk sac membrane and amnion actively transports albumen water and solids 

by endocytosis into the yolk sac and amnion, from where they are either absorbed or ingested 

by the embryo.  

The albumen of hens’ eggs was shown by Nelson et al. (2010) to contribute the greatest amount 

to egg mass (a mean contribution of 61.9%, with a mean albumen mass of 36.81 g, SD 3.17 g). 

Chicken albumen mass was positively associated with egg mass (coefficient 0.554, R2=0.739). 
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In the same study, Nelson et al. (2010) showed that alligator albumen mass was positively 

associated with egg mass, with coefficient 0.52, and a very high R2 value of 0.90. Albumen of 

A. mississippiensis was found to contain approximately 96% water. The mass of albumen 

increased with increasing egg mass at a rate faster than that of yolk mass (Nelson et al., 2010), 

which was similar to the findings of Finkler et al. (1998) for the domestic fowl.  

The mean mass of the albumens in a sample of seven C. porosus eggs was 41.6 g (range: 32.7–

53.0 g), which constituted a mean value of 51.2% of total egg mass (Burley et al., 1987). For 

C. latirostris, Leiva et al. (2018) found that albumen contributed 28.5% (SD 5.1%) to total egg 

mass. 

Albumen of C. porosus was described as stickier and firmer than that of the hen’s egg (Burley 

et al., 1987), despite having a lower proportion of solids. The researchers suggested that this 

was because of the presence of a hydrophobic, potentially antimicrobial protein, which they 

called ‘crocalbumin’.  

In another study on the eggs of C. porosus, albumen mass was shown to increase by 23.65 g 

with each increase by 1 cm in egg breadth (SE = 3.20, R2 = 0.67, n = 21), and by 13.01 g with 

each increase by 1 cm in egg length (SE = 3.38, R2 = 0.62, n = 19). In C. johnstoni, albumen 

mass was shown to increase by 13.77 g for each increase by 1 cm in egg breadth (SE = 2.12, 

R2 = 0.66, n = 40), and by 8.73 g with each increase by 1 cm in egg length (SE = 2.64, 

R2 = 0.50, n = 38) (Manolis et al., 1987).  

The albumen water available for development may restrict the growth of the embryo: in a study 

on the domestic fowl by Finkler et al. (1998), reducing the albumen content of eggs by 

approximately 20% was found to reduce the wet mass of the near-term embryo as well as the 

length of the tibiotarsus, while reducing yolk mass by the same amount did not alter hatchling 

mass.  
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Albumen makes up between 42 and 47% of total egg mass in C. porosus, C. johnstoni and A. 

mississippiensis (Tracy and Snell, 1985, Ferguson, 1982), cited in Manolis et al. (1987). 

Chicken egg albumen was shown to contain a greater fraction of solids than alligator egg 

albumen, and albumen contributed approximately 43% wet mass to whole egg mass (Nelson 

et al., 2010), with a mean mass of 33.13 g (SD 4.54 g).  

From the above studies, it appears that the proportional contribution of wet albumen to total 

egg mass is far more variable than that of wet yolk. Since albumen consists principally of water, 

and crocodilian eggs are incubated in enclosed, humid nests, it seems likely that water vapour 

may move to and from albumen during development. The effect of environmental humidity 

may serve as an important confounder in determining the mass proportion of albumen, which 

may in turn impact embryonic or foetal development.  

1.6 Ca and P in the developing embryo 

Ca is essential for normal physiological function in animals. In higher organisms the majority 

of Ca is contained in bone and teeth together with P in the form of hydroxyapatite 

[Ca10(PO4)6(OH)2], and a small quantity can be found in intra- and extracellular fluids, where 

its concentration is kept within tightly controlled limits by movement to and from bone deposits 

(Carafoli, 1987). Ca is continuously removed from cells by an energy-dependent transport 

mechanism: any disease process that disrupts this active process can lead to cell death (Nicotera 

et al., 1992). 

 Component Ca and P concentration and content 

Archosaur embryos mobilise substantial quantities of Ca from extra-embryonic sources during 

the second half of incubation (Packard and Packard, 1989). In oviparous species, this must 

originate from the yolk or must be obtained from the shell, across the chorioallantoic membrane 

(CAM) (Packard and Clark, 1996). In lizards and snakes, most Ca comes from the yolk. In 
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crocodilians most Ca comes from the shell, however yolk may serve as a temporary storage for 

shell-derived Ca so that the residual yolk at hatching contains as much or even more Ca than 

the yolk of the freshly-laid egg (Packard and Packard, 1989).  

In a study of A. mississippiensis, Packard and Packard (1989) sampled one egg from each of 

six clutches on days 0, 16, 33, 40, 49, 57, 65 and 73 after laying, and analysed component Ca, 

P and Mg using atomic absorption spectroscopy (AAS). Mean foetal Ca content remained 

consistently low until approximately day 40, when it began increasing rapidly until hatching. 

Mass-adjusted mean foetal P content noticeably increased from approximately day 15 of 

incubation, and began to increase rapidly from about day 40. Yolk Ca content did not 

substantially change from laying until day 33, whereupon it began to decline in a steep linear 

fashion, but from day 65 until hatching it increased rapidly again. The P content of the yolk 

was shown to decline linearly from day 33 onwards, however at hatching there was a substantial 

quantity of P present in residual yolk. In their discussion of results, the researchers noted that 

it appeared that all embryonic P was obtained from yolk stores, but that a large proportion 

(approximately 0.1 g) of Ca was obtained from the shell. They also noted that the movement 

of Ca appeared to occur in both directions across the yolk sac epithelium.  

These findings were similar to those of Jenkins (1975) who studied the composition of a small 

sample of C. novaeguineae eggs, and concluded that most embryonic Ca was derived from the 

eggshell.  

From these studies, it appears that prior researchers focused principally on yolk and shell and 

primary sources of Ca, and yolk as the primary source of P. Little mention was made of the 

albumen as a potential source of Ca or P for the developing embryo.  
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 Regulation of embryonic Ca  

Ca is maintained in homeostasis by the interaction of the hormones calcitonin, parathyroid 

hormone (PTH) and calcitriol (vitamin D3). These hormones act on intestine, bone and kidney 

to allow excretion or promote conservation of Ca. Calcitonin lowers plasma Ca concentration 

by inhibiting bone resorption, promoting renal Ca excretion and reducing intestinal Ca 

absorption. PTH stimulates bone resorption, reduces renal excretion and promotes intestinal 

absorption of Ca. Calcitriol is synthesised by the liver from precursor molecules, and stimulates 

intestinal transport of Ca. The yolk sac epithelium, the CAM and chorioallantoic placenta 

(CAP) are likely targets of action for these hormones (Packard and Clark, 1996). The yolk sac 

is derived from the embryonic gut: therefore the physiological control of Ca transport across 

the yolk sac membrane may be similar to that which regulates the transport of Ca across the 

intestinal epithelium (Packard and Packard, 1989). Indeed, it has been confirmed that tissue of 

the avian yolk sac membrane expresses some of the same genes as avian intestinal epithelium, 

including the Ca transport genes CAT1 and TRPV6 (Yadgary et al., 2011).  

Packard and Clark (1996) suggested that the yolk sac membrane is the most important site of 

regulation of Ca transport in species that rely heavily on yolk Ca during embryonic 

development (such as lizards and snakes), while the CAM may be more important among 

species that are rely predominantly on shell Ca (such as crocodilians).  

In the embryonic chick, the CAM is derived from ectodermal, mesodermal and endodermal 

tissue. It functions in respiration by forming a network of capillaries lying beneath the shell, 

forms part of the wall of the allantoic sac containing the embryonic waste products, and actively 

transports water and ions to and from the embryo (Coleman and Terepka, 1972).  

In the chicken egg, transport of Ca across the CAM from the shell to the foetus occurs as an 

energy-dependent process starting on day 12–14 of incubation and continuing until hatching 



30 

 

(Terepka et al., 1976). This process was shown to be mediated by a Ca-binding protein and 

dissolution activity of the enzyme carbonic anhydrase. Interestingly, this Ca-binding protein 

was shown to contain residues of γ-carboxyglutamic acid, which is also found in certain 

Vitamin K-dependent hepatic coagulation proteins such as prothrombin. If CAM cultures were 

treated with the Vitamin K antagonist warfarin, the Ca transport ability of the Ca-binding 

protein was significantly reduced (Tuan, 1979).  

Excess Ca can affect cellular function by inhibition of essential enzymes such as Na+, K+-

activated ATPase, phosphofructokinase, pyruvate kinase and pyruvate carboxylase, and its 

cytoplasmic concentration is maintained within narrow limits. The cells responsible for the 

transport of Ca, such as those of the shell gland or intestine, are presumably equally susceptible 

to the negative effects of high concentrations, and therefore must perform their function 

without significantly changing their intracellular ionised Ca concentration (Garrison and 

Terepka, 1972, Packard, 1994). The process by which this occurs was partially elucidated in 

the early 1990s, when Akins and Tuan studied the uptake of calcium across in vitro cultures of 

ectodermal tissue using transmission electron microscopy, and by following the kinetics of a 

45Ca2+ marker isotope. The researchers showed that calcium taken up from the shell was likely 

stored in endosome-like vesicles of the chorioallantoic epithelium (Akins and Tuan, 1993a, 

Akins and Tuan, 1993b).  

Once the chick hatches, it no longer has access to a steady supply of shell Ca and must rely on 

Ca in the intra-abdominal yolk for continued skeletal mineralisation until sufficient Ca can be 

absorbed via the gastrointestinal tract. During the late embryonic period, the yolk accumulates 

calcium, bound to the yolk protein phosvitin (Moran, 2007), which presumably serves as a 

reserve for continued bone mineralisation after hatching.  
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1.7 Pathologies of hatchling crocodiles 

The hatching rate of A. mississippiensis was found to be lower in captivity than in wild 

populations (Joanen and McNease, 1987). The hatching rate of the Chinese alligator A. sinensis 

was low in captivity, however hatching success in wild populations was unknown (Wink and 

Elsey, 1994). 

In captive C. porosus, mortality within the first year of life is a significant source of economic 

loss and often exceeds 15% (Webb et al., 2013). Runting, also known as the failure to thrive 

syndrome (Huchzermeyer, 2003), is a common issue in captive crocodilian production, with a 

variety of suspected causes (Shilton et al., 2014), including improper food or feeding strategies, 

social and housing-related stress, management protocols, as well as within-clutch effects 

(Webb et al., 2013). Brien et al. (2014) found that clutch, but not hatchling mass at four days 

of age, affected the incidence of failure to thrive syndrome among C. porosus.  

Regardless of cause, it has long been observed that hatchlings that are early to start feeding 

tend to be healthier than those that do not. Webb et al. (2013), in summarizing the work of 

prior researchers including Garnett and Murray (1986), stated: 

“…individual hatchlings that initiate feeding rapidly, and thus start to grow quickly, are 

the least likely to suffer from (failure to thrive syndrome).” 

In a study of the effect of dietary variation, stocking density, handling frequency and clutch of 

origin on growth, feed intake and feed conversion efficiency, Garnett and Murray (1986) found 

that, of all the predictor variables measured, clutch of origin explained the most variability. 

Given that a clutch originates from a single female, it is conceivable that female-derived factors 

are transmitted to the offspring through the egg, which then affect the pre- and post-hatching 

health of the offspring. If abnormalities can be detected in the egg, perhaps they can be avoided 

in future clutches by treating the female appropriately prior to egg-laying.  
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Ca deficiency, manifesting as rickets, occurs commonly in crocodiles fed phosphorus-rich red 

meat without supplementary Ca, or in those kept out of sunlight without vitamin D3 

supplementation (Manolis and Webb, 2016). Some hatchlings may not be able to optimally 

convert the content of the egg to hatchling tissue: so that on hatching they may be nutrient 

deficient (Webb and Manolis, 1991).  

Shilton et al. (2014) identified severe osteoporosis in long bones of runt C. porosus hatchlings, 

but speculated that this was likely due primarily to inanition. Serum Ca and P were found to be 

slightly lower in runt hatchlings than in normal hatchlings (Isberg et al., 2009) however the 

authors suggested that this may have been related to the markedly low serum albumin of runts, 

since Ca is strongly albumin-bound. Total body Ca or skeletal Ca of hatchlings was not 

determined in these studies.  

 Pathologies of Ca and P regulation in egg formation 

Halogenated hydrocarbons such as the polychlorinated biphenyls (PCBs), DDE 

(dichlorodiphenyldichloroethylene, C14H8Cl4) and DDT (dichlorodiphenyltrichloroethane 

C14H9Cl5) are persistent environmental pollutants that accumulate in the food chain, and have 

been shown to induce eggshell thinning in birds (Hickey and Anderson, 1968, Ratcliffe, 1967). 

The half-life of DDE is approximately 11 years (Sadasivaiah et al., 2007). Despite ratifying 

the Stockholm Convention of 2001 (Bouwman, 2004), indoor spraying of these compounds is 

still done in South Africa and other African countries in an attempt to control pyrethroid-

resistant malaria vectors in endemic and epidemic areas (Bouwman et al., 2006). Due to its 

cumulative nature, species at the top of the food chain such as predatory birds, reptiles, otters 

and whales are vulnerable to intoxication, however sensitivity to intoxication varies among 

species (Lundholm, 1997).  
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Lundholm (1997) reviewed the known effects of these compounds on egg formation in birds. 

The transport of calcium across the mucosa of the shell gland is associated with the co-transport 

of sodium and bicarbonate ions. If the transport of either of these ions is impaired, there is 

likely to be a corresponding disruption in calcium transport (Lundholm, 1990). A critical step 

in the process of eggshell formation is the formation of carbonate ions in the shell gland, a 

process catalysed by carbonic anhydrase (Holm et al., 2006). Bebout and Hempleman (1994) 

found that treatment of chickens with the carbonic anhydrase inhibitor acetazolamide decreased 

eggshell thickness and increased the number of shell pores per unit surface area, which greatly 

increased the water vapour conductance of the shell. Simply depriving the hens of dietary 

calcium also resulted in thinner shells, but produced no change in functional pore area. Ducks 

treated with p,p’-DDE showed significant eggshell thinning, associated with a reduction in 

calcium content in the lumen of the shell gland. Conversely, Stoker et al. (2013) found a 

reduced pore density in association with contamination by organochlorine compounds in C. 

latirostris, and posited this reduced pore density as a possible cause of reduced hatchability.  

Disruption of prostaglandin activity represents an alternative mechanism for the toxic effects 

of halogenated hydrocarbons: prostaglandins may be involved in bicarbonate ion secretion in 

the eggshell gland. Inhibition of prostaglandin function may result in reduced bicarbonate ion 

secretion, which in turn would cause reduced calcium influx through the shell gland mucosa 

(Lundholm, 1993).  

Oestrogens are required for the production of yolk and albumen, the formation of medullary 

bone and the mobilisation of calcium in eggshell formation in birds and reptiles (Elsey and 

Wink, 1986). It was hypothesised that increased hepatic clearance of oestrogens could cause 

thinning of shells. The mixed-function hepatic oxidase inducer, phenobarbitone was 

administered to laying hens, which caused a significant reduction in circulating oestradiol and 

calcium, together with thinner eggshells (Chen et al., 1993). Exogenous compounds that lower 
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circulating or effective oestrogens or compete for oestrogen binding sites could conceivably 

result in thinner eggshells by this mechanism.  

Skaare et al. (1991) found organochlorine residues in Nile crocodile eggs and foetuses from 

lakes in Kenya, but did not investigate any possible associated abnormalities. Arukwe et al. 

(2016) identified anthropogenic environmental toxins in water and Nile crocodile tissue on a 

South African crocodile farm, but did not specifically associate any of the toxins with 

identifiable egg defects. It was noted further by Arukwe et al. (2016) that farm management 

did report lower than expected hatching rates, however a variety of potential confounding 

factors makes the establishment of a direct causal relationship impossible. The Nile crocodile 

is a long-lived apex predator, and may thus be particularly susceptible to the effects of such 

cumulative environmental toxins which could manifest as abnormalities of egg development 

and shell calcification. An understanding of the pathogenesis of such conditions, together with 

knowledge of normal egg Ca and P distribution and metabolism could help to identify and 

gauge the severity of environmental intoxication.  
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Chapter 2. Egg processing methodology 

All eggs were derived from a single crocodile farm in the North West Province, South Africa. 

Female crocodiles were accommodated in one of five breeder ponds. Eggs from these ponds 

were removed from nests by farm staff and placed in one of two incubators. A single pond 

contributed eggs to one incubator, and the remaining four ponds contributing eggs to the second 

incubator. Eggs from both incubators were used in the research detailed in this thesis. Breeder 

crocodiles were fed a mixture of slaughtered crocodile carcasses, and chicken carcasses 

enriched with a supplement containing vitamins, omega-3 fatty acids and microminerals. 

In the course of this research, 967 unbanded eggs from 209 clutches were processed, together 

with 30 fertile eggs from 30 clutches. Unbanded eggs were collected once all fertile eggs within 

the clutch had hatched. Unbanded eggs (those eggs that were unfertilised, or whose embryos 

died at a very early stage in development) are an unfortunate by-product of captive hatchling 

production. However, for the researcher they have utility in that they are freely available, and 

are likely representative of the egg prior to consumption of any nutrients by the developing 

embryo or foetus.  

The repeatable opening, separation, weighing and processing of many unbanded and a limited 

set of fertile eggs posed challenges which required invention. This chapter describes the 

procedures followed that were required to generate the specimens required in the research 

projects described in Chapters 3, 4 and 5.  

2.1 Preparation prior to opening of unbanded eggs 

At the processing laboratory, each uniquely numbered egg was cleaned with a gauze swab 

moistened with deionised water, placed on a recessed baking tray, and allowed to air dry for at 

least 30 min at 21 °C (Figure 2.1). 
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Figure 2.1. 

Air drying of clean eggs 

 

After air drying, each egg was weighed in grams using a calibrated analytical balance (Mettler-

Toledo PM1200, Greifensee, Switzerland), accurate to 3 decimal places. A shield was made 

from a cardboard box to prevent air currents from affecting accuracy of measurement.  

The greater and lesser diameter of each egg were measured in millimetres using a digital 

Vernier caliper, accurate to two decimal places.  

Clean, dry eggs were sealed in resealable polyethylene bags, and refrigerated at 4°C prior to 

further processing.  

2.2 Opening of unbanded eggs 

To facilitate repeatable opening of eggs without cracking the calcareous eggshell, a simple 

lathe mechanism was designed (Figure 2.2). 
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Figure 2.2. 

Device for opening of eggshell. A: headstock. B: tailstock. C: vacuum dust collection port 

 

A padded head- and tailstock (Figure 2.2, parts A and B) clamped the egg at its poles, while 

allowing free rotation around the long axis of the egg. A Dremel® tool (Dremel Corporation, 

Mount Prospect, Illinois, USA) with a diamond grit cutting wheel was used to cut through the 

calcareous shell around the lesser diameter, while leaving the shell membrane intact (Figure 

2.3).  

 

Figure 2.3. 

Cutting through eggshell 
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Eggshell material lost as dust was collected through a cardboard port connected to a vacuum 

cleaner (Figure 2.2, part C). The operator of this equipment wore polycarbonate safety goggles, 

nitrile gloves and a facemask with an inorganic particle filter to protect against dust inhalation. 

After incision with the Dremel tool, the egg was again weighed with the laboratory scale 

(Mettler-Toledo PM1200) to determine the quantity of shell lost as dust.  

Eggs had their shell incised in batches, and were put back into resealable bags pending the 

following processing steps. To prevent cross-contamination, a new pair of nitrile gloves was 

donned for each egg during further steps in the opening process. 

Using a new scalpel blade for each egg, the shell membrane visible beneath the 

circumferentially incised eggshell was cut (Figure 2.4).  

 

Figure 2.4. 

Incision through shell membrane 
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Egg content was evacuated. This required practice to avoid mixing of yolk and albumen. New 

disposable polystyrene fast food containers were used to contain the yolk and albumen for 

weighing. Each container was opened and cut in half along its hinge, and each half was marked 

with the egg number and “Y” for yolk, or “A” for albumen using an indelible pen. Containers 

were pre-weighed so that the mass of the egg component could be determined by subtraction.  

With practice, it was possible to have the yolk flow out of the incised egg, while retaining the 

gelatinous albumen within (Figure 2.5), which could then emptied into the second container. 

Rotten eggs invariably had clotted albumen that could not be separated from the rotten yolk.  

 

Figure 2.5. 

An example of a clean separation of yolk from albumen 

 

In many eggs, the perivitelline membrane ruptured, causing mixing of the yolk and albumen. 

In such cases, yolk and albumen were manually separated (Figure 2.6).  
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Figure 2.6. 

Manual separation of yolk and albumen where the yolk was fluid 

 

Three samples resulted from this process: a polystyrene container containing the yolk (Figure 

2.7), a second polystyrene container containing the albumen (Figure 2.8), and the empty shell 

and shell membrane.  

 

Figure 2.7. 

Egg yolk with intact perivitelline membrane 
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Figure 2.8. 

Clear uncontaminated albumen 

 

After egg content evacuation and separation was complete, each component was weighed, and 

the mass of the polystyrene container was subtracted to give a figure for net component mass. 

The eggshell and membrane were weighed together prior to drying and separation, to obtain a 

combined wet weight of both these components. 

Commercially available, 100 ml food-grade plastic containers were pre-weighed, marked and 

used for yolk and albumen frozen storage and freeze drying.  

Where the perivitelline membrane was intact after egg opening and separation, it was broken 

using a scrap of polystyrene, and the yolk content was thoroughly mixed.  
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Figure 2.9. 

Transfer of yolk to storage container 

 

Approximately 30 g of yolk was then poured from the polystyrene container (Figure 2.9), into 

the marked, labelled yolk storage container (Figure 2.10). Residual yolk was discarded. The 

same was done for albumen.  

 

Figure 2.10. 

Labelled plastic storage container, containing egg yolk 

 

It was not always possible to perfectly separate yolk and albumen (see Figure 2.6). In some 

cases, this was due to variation in the liquidity of the yolk, and in other cases due to mishandling 
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by the operator. To quantify the degree of mixing of yolk and albumen, a clarity score was 

assigned.  

An albumen clarity score of 1 was assigned where the albumen was clear and contained no 

visible contamination from yolk or other sources (Figure 2.11). 

 

Figure 2.11. 

Albumen clarity score of 1 

 

An albumen clarity score of 2 was assigned where the albumen was mostly clear, but contained 

some cloudy regions where contamination by yolk or other sources had occurred (Figure 2.12).  

 

Figure 2.12. 

Albumen clarity score of 2 
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An albumen clarity score of 3 was assigned where the albumen was heavily clouded or grossly 

contaminated (Figure 2.13).  

 

Figure 2.13. 

Albumen clarity score of 3 
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2.3 Drying of unbanded egg components 

Yolk and albumen samples were freeze dried using a laboratory freeze dryer (Instruvac, 

Vac-Tech, Midrand, South Africa) at −50 °C and 8 mTorr in batches of 10 containers, a 

constraint imposed by drying chamber size. It was found through trial and error that 10 

containers of approximately 30 g of yolk each, required about 36 h in the freeze dryer for 

desiccation, while 10 albumen containers required 72 h, presumably because of albumen’s 

higher water content.  

After weighing, the lyophilised plug of freeze-dried yolk or albumen was transferred to a 

labelled resealable plastic bag. The plug was crushed into a fine powder by rolling it vigorously 

through its resealable bag with a stainless-steel rolling pin. To ensure that yolk and albumen 

samples were completely free of moisture, open resealable bags were further oven dried at 

50°C in a laboratory oven for an additional 12 h. In a pre-trial study, it was found that at least 

4 h at 50°C were required to dry a yolk sample to constant mass. After oven drying, yolk was 

transferred to labelled glass vials sealed with rubber stoppers (Figure 2.14), and albumen to 

new labelled plastic resealable bags (Figure 2.15).  

 

Figure 2.14. 

Labelled vial containing freeze-dried and oven dried yolk 
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Figure 2.15. 

Labelled, sealed plastic bag containing freeze dried and oven dried albumen 

 

Once the combined wet weight of the shell and shell membrane had been determined, the empty 

halves of each egg’s shell and shell membrane were placed in the recesses of a baking pan for 

drying.  

Each steel baking pan could accommodate 14 empty eggshells. Baking pans were placed in a 

laboratory oven at 50 °C for at least six hours (Figure 2.16). It was found that no further 

reduction in mass of eggshell and membrane occurred after drying at 50 °C for four hours.  
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Figure 2.16. 

Oven drying of eggshells and shell membranes 

 

After at least six hours in the oven at 50 °C, dried shell and shell membrane were separated by 

hand. For most samples it was possible to simply pull the contracted shell membrane out of the 

shell, leaving the calcareous shell behind. In other cases, the shell membrane needed to be 

teased away with the edge of a scalpel blade. After separation, dried shell and membrane were 

placed in separate resealable plastic bags and weighed.  

Shell membrane, inside its resealable bag, was crushed manually between the fingers, until it 

formed a relatively homogeneous collection of particles, each around 3 mm in length and width 

(Figure 2.17). Shell was crushed inside its resealable bag using a steel rolling pin (Figure 2.18) 

until it reached a maximum estimated particle diameter of 1.5 mm (Figure 2.19).  

 

Figure 2.17. 

Crushed and dried shell membrane 



48 

 

 

Figure 2.18. 

Crushing of dried eggshell 

 

 

Figure 2.19. 

Crushed eggshell 

 

2.4 Collection of fertile eggs 

30 fertile eggs were collected, one each from 30 different clutches between the 5th of January 

2017 and the 18th of January 2017, between ten and five days prior to their predicted hatching 

date. Working quickly, eggs were carefully removed from incubation boxes, cleaned with a 

gauze swab moistened in deionised water, dried with a paper towel, marked with a unique 

number, placed in individual resealable plastic bags and placed between frozen gel packs in a 

polystyrene cold storage box. Special care was taken not to subject the eggs to severe 

vibrations, nor to disturb neighbouring eggs in the clutch. At the processing laboratory eggs 
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were transferred directly to a refrigerator at 4 °C, where they remained for the next 24 h prior 

to further processing.  

After at least 24 h in the refrigerator, the surface of each egg was cleaned again using a clean 

gauze swab and deionised water. They were then allowed to air dry for one hour at 21 °C. As 

for unbanded eggs, they were weighed on an analytical balance and dissected carefully into 

pre-weighed, marked polystyrene containers.  

2.5  Dissection of fertile eggs 

In contrast to those of unbanded eggs, the shells of late-incubation fertile eggs are thin, brittle 

and crack easily. The shell was tapped at the pole using the handle of a pair of surgical scissors 

(Figure 2.20), and shell was picked off with Adson tissue forceps (Figure 2.21), leaving the 

intact shell membrane behind.  

 

Figure 2.20. 

Breaking eggshell at the pole 

 



50 

 

 

Figure 2.21. 

Picking off shell fragments 

 

Once a portion of shell approximately 3 cm in diameter had been removed from the pole of the 

egg, a pair of surgical scissors was used to make a cross-shaped perforation in the shell 

membrane, through which the foetus was extracted. This was easiest if the foetus was oriented 

with its head facing the hole (Figure 2.22). 

 

Figure 2.22. 

Head-first extraction of the foetus from the egg 

 

Where the coiled tail of the foetus was oriented towards the hole, patient manipulation allowed 

the tail to be uncoiled through the hole and the foetus delivered tail-first (Figure 2.23). 
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Figure 2.23. 

Tail-first extraction of the foetus from the egg 

 

After extracting the foetus from the egg, the attachment between the foetal membranes and the 

intra-abdominal yolk sac was cut (Figure 2.24). 

 

Figure 2.24. 

Cutting of attachment between foetal membranes and yolk sac 

 

The foetus, together with its intra-abdominal yolk, was weighed in a polystyrene container, and 

the spinal cord was severed by forcing a scalpel blade between the skull and the first cervical 

vertebra (Figure 2.25). 
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Figure 2.25. 

Severing of spinal cord with scalpel blade 

 

The intra-abdominal egg yolk was removed by opening the peritoneal cavity with surgical 

scissors, clamping the yolk’s attachment to the foetal intestine with a haemostat, and cutting  

the attachment with scissors (Figure 2.26). 

 

Figure 2.26. 

Separation of intra-abdominal yolk from foetal intestine 

 

The yolk and separated foetus were then weighed in their respective polystyrene weighing 

containers. The yolk was transferred to a pre-weighed plastic container for freeze-drying. The 

perivitelline membrane surrounding the egg yolk was broken using a new scalpel blade.  

The foetus was homogenised in a food processor for three minutes (Figure 2.27), together with 

a weighed quantity of deionised water (approximately 50 ml in volume). At the end of the three 
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minute period, a greyish tissue slurry remained (Figure 2.28), which was transferred to a pre-

weighed plastic container for freeze-drying.  

 

Figure 2.27. 

Homogenisation of the foetus 

 

 

Figure 2.28. 

Homogenised foetal tissue 

 

Remaining foetal fluid and foetal membrane within the egg were evacuated and placed in pre-

weighed plastic containers for freeze drying.  

Freeze drying of the homogenised foetus, yolk of the fertile egg, and the mixture of remnant 

foetal fluids and foetal membranes followed the same method used for yolk and albumen of 
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unbanded eggs. Foetal yolk, and the mixture of foetal membranes and remnant foetal fluids 

required 36 h to freeze dry completely, while foetal tissue required 72 h.  

The wet shell and shell membrane were manually separated using a gloved finger. It was much 

easier to separate the shell and shell membranes of fertile eggs than those of unbanded eggs.  

After separation and weighing, the shell membrane and shell were placed in separate pre-

weighed plastic containers and oven-dried at 50 °C for at least six hours. Shell and shell 

membrane, as well as freeze dried homogenised foetus, yolk, foetal membranes with foetal 

fluids were then oven dried at 50 °C for at least six hours (as detailed for unbanded eggs). Dried 

samples were crushed within resealable plastic containers, and transferred to sealed, labelled 

glass vials pending analysis by a commercial laboratory (for further details of laboratory 

analysis, refer to Section 4.4.3).  
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Chapter 3. Egg mass relative to component mass in unbanded and 

fertile Crocodylus niloticus eggs 

A modified version of this chapter was published in the journal Aquaculture with the following 

reference: 

Brown, G.J., Forbes, P.B., Myburgh, J.G. and Nöthling, J.O., 2019. Nile crocodile (Crocodylus 

niloticus): Egg mass relative to egg component mass in unbanded and fertile eggs. Aquaculture, 

505, pp.423-430 

3.1 Abstract 

Crocodylus niloticus eggs are a useful starting point to study reproduction in this species. Using 

samples collected from a single farm during a single breeding season, the present research 

aimed to describe and compare the masses of unbanded and fertile eggs and their components. 

The clustering effect of clutch on egg and egg component mass was investigated, and the 

relationship between the mass of unbanded eggs and their components, together with the effect 

of possible confounding variables was explored. 

Estimated egg volume (ellipsoid volume) was strongly positively correlated with egg mass. A 

strong positive linear relationship existed between egg mass and the combined mass of the 

foetus and intra-abdominal yolk, as well as between egg mass and the isolated yolk-free foetal 

mass. If egg mass and incubation period were kept constant, foetal mass increased by 1.1 grams 

for each gram that yolk decreased. The wet yolk and dried shell masses of fertile eggs were 

significantly lower than those of size-matched unbanded eggs. Clutch had a strong clustering 

effect on all component masses, particularly total egg mass and hatchling mass. Unbanded egg 

mass and its individual component masses tended to be similar within a clutch, however some 

variability existed which should not be discounted.  
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The mass of an egg was strongly positively linearly correlated with the mass of each of its 

components.  

The period within the laying season an egg was laid had no effect on its mass nor the mass of 

any of its components, whereas the breeding pond in which the female resided did affect these 

measurements.  

The strong clustering effect of clutch on total egg mass and the masses of all egg components 

must be accounted for when selecting samples for future studies. The potential confounding 

effect of breeding pond of origin (which related to female size in the current study) should be 

considered, particularly where the age or size of females differ among ponds. 

3.2 Keywords 

Nile crocodile; clutch; egg; egg mass; yolk; shell 
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3.3 Introduction 

The Nile crocodile (Crocodylus niloticus Laurenti 1768), a threatened apex predator of African 

freshwater ecosystems (Pooley, 1982), is intensively farmed for skin and meat in Southern 

Africa (Fergusson, 2010). Eggs may be collected from the nests of wild or captive females 

(Dzoma et al., 2008, Thorbjarnarson, 1999).  

Production of healthy hatchlings dictates the success of farming with crocodilians. Nelson et 

al. (2010) showed that yolk mass, as well as albumen mass, are positively related to the mass 

of American alligator (Alligator mississippiensis) eggs, although albumen mass increases more 

rapidly with an increase in egg mass. They also showed that the mass of A. mississippiensis 

foetuses increases in a 1:1 ratio with a decrease in yolk mass, suggesting that the yolk mass of 

an egg is an important determinant of hatchling mass. Working on the American alligator, 

Ferguson (1982) showed that part of the outer aspect of the shell is lost due to acidic dissolution 

from the environment, and part of the inner aspect of the shell is lost to provide Ca to the 

developing conceptus. Brien et al. (2014) showed that Crocodylus porosus egg mass was 

predictive of hatchling mass, and that the growth trajectory of hatchlings in the first 24 days of 

life was predictive of their growth trajectory within the first 90 days and beyond. Hutton (1987) 

suspected that differences in the growth rate of Nile crocodile hatchlings of similar initial size 

could be ascribed to differences in their yolk-free body mass and the mass of their intra-

abdominal yolk. Unbanded eggs are those that do not form an opaque band around their lesser 

circumference, suggesting failure of fertilisation or early embryonic death. They are freely 

available on crocodile farms. The mean hatchling mass of clutches is positively related to the 

mean egg mass of clutches in various crocodilian species (Deitz and Hines, 1980, Garnett and 

Murray, 1986, Stoker et al., 2013). These studies suggest a need to describe the size and ratios 

of egg components to total egg mass, and to compare the component masses between unbanded 
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and fertile eggs, as such information will facilitate future studies aimed at better understanding 

the causes of variation in the size, growth and survival of hatchlings. 

Clustering effects may reduce the power of a study, and must be identified and quantified prior 

to study design (Killip et al., 2004). The intracluster correlation coefficient (ric) quantifies the 

similarity of subjects within clusters with respect to a variable of interest. If ric approaches zero, 

there is little similarity among subjects within a cluster and if it approaches one, subjects within 

a cluster approach equality with respect to the variable. The gain in power of a study by 

including more than one subject from a cluster in a sample decreases with an increase in ric. 

When ric reaches one, there is no gain in including more than one subject per cluster (Dohoo et 

al., 2009). Whitehead (1987) stated that one egg from a clutch provides a good estimate of the 

average egg mass of a clutch. In support of this view, for C. porosus, the variation of egg size 

among clutches is larger than that within clutches (Garnett and Murray, 1986). The same is true 

for A. mississippiensis (Deitz and Hines, 1980). These studies, as well as those of Stoker et al. 

(2013) on Caiman latirostris and Pooley (1962) on C. niloticus also show considerable 

variation in egg size within clutches. From this follows that there is a need to quantify the 

clustering effect of clutch on the size of crocodilian eggs and their components. 

Flowing from the above, the four aims of this descriptive study on the Nile crocodile are as 

follows: 

1. To quantify the mass of the components of unbanded eggs and those of fertile eggs that 

are within a few days of hatching, relative to egg mass. 

2. To compare the component masses of unbanded and fertile eggs. 

3. To quantify the clustering effect of clutch on total egg mass and the masses of the 

individual components of unbanded eggs.  
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4. To determine the relationship between the mass of unbanded eggs and that of their 

components, as well as to evaluate the effect of potential confounding variables on 

unbanded egg and component mass. 

3.4 Materials and methods 

The University of Pretoria Animal Ethics Committee approved the study (certificates v104-15 

and v109-16 (Appendix F)).  

 Egg collection 

C. niloticus eggs were collected in 2016 from a commercial farm in the North West Province, 

South Africa. Clutch information was copied from farm records (lay date, predicted hatching 

date, actual hatching date, total eggs in clutch, and number of live hatchlings). 

Eggs from five breeder ponds were incubated under vermiculite in polystyrene boxes separated 

by clutch at 30–32 °C, 85% relative humidity.  

Unbanded eggs (967 from 209 clutches) were collected once all viable eggs within a box had 

hatched, and fertile eggs (30 from 30 clutches) were collected between five and ten days before 

predicted hatching date. Each experimental egg was uniquely numbered prior to transfer to the 

laboratory. For transport, fertile eggs were surrounded by ice packs for at least two hours to 

render the foetus insensible, and then stored in a laboratory refrigerator at 4 °C for a minimum 

of 24 h prior to processing, which occurred within 48 h of collection.  

Immediately prior to laboratory processing, all eggs were cleaned with gauze moistened with 

deionised water, and its surface air dried for an hour at 21 °C in a well-ventilated room. After 

drying, individual egg mass was determined in grams to three decimals using a calibrated 

analytical balance (Mettler-Toledo PM1200, Greifensee, Switzerland). Throughout the study, 

this is the mass used and reported as “egg mass”. 
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 Processing of unbanded eggs 

After cleaning, 176 “unbanded” eggs were found to in fact be banded or rotten and were 

discarded. The maximum length and width of each remaining unbanded egg was measured in 

millimetres using a digital Vernier caliper accurate to two decimal places. The formula for the 

volume of an ellipsoid was used to approximate volume, since crocodilian eggs are accepted 

to be ellipsoid in shape (Marzola et al., 2015, Stoker et al., 2013). Cleaned, dried eggs were 

placed in resealable plastic bags and refrigerated at 4 °C pending further processing. Eggs were 

not weighed again after refrigeration, so an unmeasured loss of mass may have occurred from 

transpiration during refrigeration. 

A device was made to hold an unbanded egg firmly while rotating it around its long axis, 

without cracking the eggshell (Figure 2.2: note padded head- and tailstocks (A and B), and dust 

collection shroud C). The eggshell was then cut around its width with a Dremel® tool (Dremel 

Corporation, Mount Prospect, Illinois, USA) and a fine cutting disc leaving the underlying shell 

membrane intact. 

After cutting the eggshell, the egg was weighed again, and the shell membrane beneath the 

incised shell was cut using a scalpel blade. Egg contents were evacuated, where possible 

avoiding mixing of yolk and albumen. Yolk, albumen, and combined shell and shell membrane 

were separated into disposable pre-weighed polystyrene containers for weighing, and each 

component’s isolated wet mass was determined by subtraction. The difference in egg mass 

before and after the eggshell cutting process, was added to the combined wet mass of shell and 

membrane, to find a total wet mass of the shell and shell membrane.  

An albumen clarity score (CS) was assigned.  
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A CS of 1 was assigned where albumen was clear, with no visible contamination from yolk or 

other sources (Figure 2.11). A CS of 2 was assigned where the albumen was mostly clear, but 

contained some cloudy regions of contamination (Figure 2.12). A CS of 3 was assigned where 

the albumen was heavily clouded or grossly contaminated (Figure 2.13).  

To reliably separate the shell and shell membrane of unbanded eggs, they were oven dried 

(Labcon, Ferndale, South Africa) at 50 °C for six to eight hours, after which they were 

separated and weighed into pre-weighed resealable plastic bags.  

To obtain an estimated total dry mass of the unbanded eggshell, the mass of dried shell was 

added to a figure calculated to be the mass of dry unbanded shell lost as dust during cutting. 

This figure was calculated by assuming first that the proportional water content of unbanded 

eggshells was identical to that of fertile eggshells. The dry mass of each fertile eggshell (n = 30) 

was divided by its wet mass, both of which were explicitly measured. The average figure of all 

measurements (0.9620) was then multiplied by the wet mass of unbanded eggshell lost as dust 

during the Dremel cutting process, to obtain a figure for dry mass of unbanded eggshell lost 

during this process.  

Unlike dry shell mass, dry unbanded shell membrane mass was directly measured. The 

respective dry masses of yolk and albumen were determined for eggs with CS of 1 (n = 185), 

by freeze-drying a sub-sample at -50 °C, 80 mTorr using a laboratory freeze dryer (Air and 

Vacuum Technologies, Midrand, South Africa) and oven-drying at 50 °C until no further loss 

of mass occurred over a two-hour oven-drying period. The calculated dry mass proportion from 

the sub-sample of each component was then multiplied by the total wet mass of that component 

to determine the dry mass fraction of the entire component. 
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 Fertile eggs 

For each fertile egg (n = 30), the mass of the foetus, the foetal membranes together with foetal 

fluid, the yolk, the shell and the shell membrane were directly measured. 

Shells of fertile eggs in late incubation are thin and brittle, and were opened by tapping the 

eggshell at one of the poles and picking off shell fragments, leaving intact shell membrane 

behind. Once a portion of shell roughly 3 cm in diameter had been removed, the shell 

membrane was perforated, the foetus removed and the attachment between foetal membranes 

and intra-abdominal yolk sac cut.  

Killing of foetuses within fertile eggs was performed according to IUCN-CSG recommended 

practices (Manolis and Webb, 2016). By the time each foetus was removed from its egg, it had 

been kept at or below 4 °C for at least 24 h. To ensure that it was dead and not merely in a state 

of torpor, the foetus was immediately decapitated: no haemorrhage or movement occurred 

during this process.  

The abdominal wall was incised, and the yolk contained in the perivitelline membrane was 

removed from the abdomen. The separated yolk and foetal tissue were then weighed, and the 

foetus was homogenised. After removing the foetus, a mixture of foetal fluid, foetal membranes 

and remnant albumen remained within the egg. These were removed and weighed together.  

Unlike those of unbanded eggs, the shell and shell membrane of fertile eggs could be easily 

separated when wet. The separated wet masses of eggshell and shell membrane were measured. 

Once separated, all fertile egg components were freeze- and oven-dried, and their dry masses 

measured. 
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 Data analysis 

Microsoft Access and Excel (Microsoft Corporation, Redmond, Washington, USA) were used 

for data storage and manipulation, and Stata 14 (StataCorp LP, College Station, Texas, USA) 

was used for statistical analysis.  

 Description of the masses of egg components and hatchlings relative to 

total egg mass (aim 1 of the study) 

3.4.5.1 Masses of unbanded eggs and their components 

The mass contribution of each component to the total mass of each unbanded egg was 

calculated and, ignoring clutch, the mean, standard deviation, minimum and maximum were 

reported. 

The relationship between egg mass and ellipsoid egg volume was determined by simple 

regression.  

3.4.5.2 Masses of fertile eggs and their components 

The mass contribution of each component to the total mass of each fertile egg was calculated 

and, ignoring clutch, the mean, standard deviation, minimum and maximum reported. 

Linear regression was used to determine the relationship between foetal mass and egg mass, 

foetal mass and yolk mass and yolk mass and egg mass. Multivariable regression was used to 

determine the effects of egg mass, yolk mass and incubation length on foetal mass, and to 

compare component masses of fertile and unbanded eggs. 

 Comparing component masses of unbanded and fertile eggs (aim 2 of the 

study) 

For each fertile egg, one CS 1 unbanded egg was selected such that the masses of the two were 

as close as possible to equal to form a mass-matched pair. A one-tailed paired t-test was used 
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to determine whether the yolk mass and dry shell mass of fertile eggs were respectively lower 

than those of unbanded eggs. 

 Quantifying the clustering effect of clutch on the masses of unbanded eggs 

and their components (aim 3 of the study) 

The clustering effect of clutch was quantified by determining the ric with clutch as cluster 

variable for the masses of unbanded eggs and their components. To determine the ric for each 

of these variables, no covariates were included in the model and only those clutches were used 

for which the masses of at least two unbanded eggs or their components were available. 

The within-clutch ranges in mass of wet unbanded eggs and their components were determined 

to demonstrate the variability within clutches. 

 The relationship between the mass of unbanded eggs and their components, 

as well as the effect of potential confounding variables on unbanded egg 

and component mass (aim 4 of the study). 

Selected variables that could confound the masses of eggs and their components were assessed, 

as such confounders must be accounted for in the design of future studies. Using clutch as a 

cluster variable, a multilevel mixed-effects regression model was used to assess the effect of 

egg mass and the potential confounding covariates of pond, albumen clarity score, date of 

laying, number of eggs in clutch and within-clutch percentage of fertile eggs on egg mass, wet 

yolk mass, combined wet mass of shell and shell membrane, dry shell mass, and dry shell 

membrane mass of unbanded eggs. Covariates that had no significant effect on the outcome 

variable (P ≥ 0.05) were sequentially removed from the model. 
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3.5 Results  

 Masses of unbanded eggs and their components 

Of 791 unbanded eggs from 198 clutches, 185 from 95 clutches had an albumen clarity score 

(CS) of one, 291 from 138 clutches had a CS of two and 315 from 150 clutches had a CS of 

three. A summary of the masses and mass ratios of the components of unbanded eggs are 

presented in Table 3.1 and Table 3.2. All variables were positively skewed, with the exception 

of wet albumen mass, which was negatively skewed. 

 

Table 3.1. 

Summary of the masses (in grams) of unbanded eggs and their components, ignoring the 

clutch of origin of each egg or egg component 

Component Mean SD Min Max n 

Egg mass 97.76 16.39 57.65 144.81 791 

Combined wet shell and membrane 14.61 2.36 9.41 22.68 791 

Dry shell 10.50 1.70 6.75 16.00 791 

Dry shell membrane 1.52 0.26 0.96 2.53 791 

Wet yolk 39.63 9.07 21.59 74.03 185 

Wet albumen 36.32 7.06 17.75 54.80 185 

Dry yolk 26.11 5.00 16.06 37.42 101 

Dry albumen 15.55 3.77 8.35 29.78 101 
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Table 3.2. 

Masses of unbanded egg components expressed as a percentage of total egg mass, ignoring 

the clutch of origin of each egg or egg component 

Component Mean % SD % Min % Max % n 

Combined wet shell and membrane 15.01 1.21 12.12 21.78 791 

Dry shell 10.79 0.91 8.57 14.31 791 

Dry shell membrane 1.57 0.19 1.07 2.45 791 

Wet yolk 42.56 5.61 29.44 62.21 185 

Wet albumen 39.24 4.99 21.32 49.41 185 

Dry yolk 28.13 3.34 21.97 38.39 101 

Dry albumen 16.89 3.94 8.08 35.05 101 

 

If eight extreme values were removed (representing likely transcription or typographical 

errors), a strong positive linear relationship was evident between ellipsoid egg volume and egg 

mass (Figure 3.1), with the equation: 

Volume in millilitres = 0.26 + 0.88 (egg mass in grams) 

(SE of coefficient of egg mass 0.003, 95% CI 0.87–0.89, r2 = 0.99, n = 784, df = 782, t = 255.4, 

P < 0.001) 

Intuitively, the gradient of the fitted line approximates egg density.  
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Figure 3.1. 

Relationship between egg mass and volume, calculated as the volume of an ellipsoid 

 Masses of fertile eggs and their components 

A summary of the masses of fertile egg components and their mass ratios are shown in Table 

3.3 and Table 3.4.  

  



68 

 

Table 3.3. 

Summary of fertile egg and component masses, expressed in grams 

Component Mean SD Min Max n 

Egg mass 105.67 12.50 78.86 124.31 30 

Wet shell 11.07 1.09 8.54 13.79 30 

Wet shell membrane 3.39 0.36 2.75 4.12 30 

Dry shell 10.66 1.10 8.18 13.59 30 

Dry shell membrane 1.54 0.15 1.12 1.90 30 

Wet yolk 17.62 4.75 11.19 30.28 30 

Wet foetus 50.39 7.72 36.06 68.29 30 

Wet foetal membranes 21.53 4.17 16.10 30.56 30 

Dry yolk 7.82 2.15 5.16 13.05 30 

Dry foetus 23.16 2.88 16.49 28.55 30 

Dry foetal membranes 0.84 0.50 0.42 2.22 30 

 

Table 3.4. 

Masses of fertile egg components expressed as a percentage of total egg mass 

Component Mean (%) SD (%) Min (%) Max (%) n 

Wet shell and shell membrane a 13.79 1.34 10.77 16.56 30 

Wet shell 10.56 1.13 8.55 12.94 30 

Wet shell membrane 3.24 0.38 2.23 3.99 30 

Dry shell 10.17 1.14 8.10 12.70 30 

Dry shell membrane 1.47 0.15 1.17 1.72 30 

Wet yolk 16.57 3.25 10.46 24.36 30 

Wet foetus 47.77 5.52 32.85 58.49 30 

Wet foetal membranes 20.36 2.93 14.94 28.44 30 

Dry yolk 7.35 1.48 4.88 10.57 30 

Dry foetus 22.12 3.22 17.42 29.26 30 

Dry foetal membranes 0.81 0.49 0.39 2.33 30 

a Determined by addition of wet shell and wet membrane 
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A single foetus with a broken yolk, that caused a non-normal distribution of the residuals and 

heteroskedasticity, was removed from the model assessing the relationship between the 

combined mass of the foetus and its intra-abdominal yolk as well as other models involving 

yolk and foetus. 

There was a strong positive linear relationship between egg mass and the combined mass of 

the foetus and its intra-abdominal yolk (Figure 3.2a). The relationship between the combined 

mass of the foetus and its intra-abdominal yolk, with incubation period as covariate is described 

by the following regression equation: 

Mass of foetus with its intra-abdominal yolk = −39.4 g + 0.50 (incubation period) + 0.70 (egg 

mass). The F-statistic (2, 26 df) = 90.2, P < 0.001, r2 = 0.87. 

Keeping egg mass constant, the combined mass of the foetus and its intra-abdominal yolk 

increased by 0.50 grams for every day that the incubation period increased (SE 0.24, 95% CI 

0.01–1.00, n = 29, df = 26, t = 2.08, P = 0.047). Keeping incubation period constant, the mass 

of the foetus with its yolk increased by 0.70 g for every increase by one gram in egg mass (SE 

0.055, 95% CI 0.59–0.82, n = 29, df = 26, t = 12.74, P < 0.001). 

Figure 3.2b shows a looser positive, linear association between egg mass and the mass of the 

intra-abdominal yolk of the foetus in the final 10 days of incubation. Incubation period, which 

had no significant effect (P = 0.16) was removed from the model. The regression equation was: 

Yolk mass = −9.75 + 0.26 (fertile egg mass). The F-statistic (1, 27 df) = 21.9, P < 0.001, 

r2 = 0.45. 

(SE = 0.06, 95% CI = 0.15–0.37, n = 29, df = 27, t = 4.68, P < 0.001) 

The yolk-free isolated foetal mass was significantly linearly associated with egg mass, but with 

substantial variation (Figure 3.2c). Incubation period, which had no significant effect 

(P = 0.67) was removed from the model. The regression equation was: 
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Isolated foetal mass = 2.15 + 0.46 (egg mass). The F-statistic (1, 27 df) = 34.1, P < 0.001, 

r2 = 0.56.  

(SE = 0.08, 95% CI = 0.30–0.63, n = 29, df = 27, t = 5.84, P < 0.001)  

No significant association existed between the mass of the intra-abdominal yolk, and the wet 

mass of the foetus from which it was removed (P = 0.40).  

 

Figure 3.2. 

Association between total egg mass and (a) combined mass of foetus and intra-abdominal 

yolk, (b) intra-abdominal yolk, and (c) and yolk-free foetus 

 

The regression equation describing the effects of incubation period, egg mass and the mass of 

intra-abdominal yolk on isolated yolk-free foetal mass was as follows: 
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Isolated yolk-free foetal mass = −42.47 g + 0.54 (incubation length) + 0.73 (egg mass) – 

1.10 (yolk mass). The F-statistic (3, 25 df) = 33.6, P < 0.001, r2 = 0.80. 

Isolated yolk-free foetal mass increased by on average 0.54 g for each incubation day between 

ten and five days prior to predicted hatching date (SE = 0.26, 95% CI = 0.01–1.06, n = 29, 

t = 2.10 (25 df), P < 0.05). Keeping the incubation period and yolk mass constant, the isolated 

yolk-free foetal mass increased by 0.73 g for each increase in egg mass by one gram (SE = 0.07, 

95% CI 0.57–0.88, n = 29, t = 9.76 (25 df), P < 0.001). Keeping egg mass and incubation 

period constant, isolated yolk-free foetal mass increased by 1.1 g for each gram that the yolk 

decreased (SE = 0.20, 95% CI = −1.51 to −0.68, n=29, t = −5.49 (25 df), P < 0.001). 

 Comparison between component masses of unbanded and fertile eggs 

The egg masses of the unbanded and fertile eggs of each of the 29 mass-matched pairs differed 

by no more than 5.0 g. 

The wet yolk mass of the 29 fertile eggs was 28.64 g (SE 1.28, 95% CI 25.81–31.48) lower 

than those of the 29 unbanded eggs (t = 20.7, df = 28, P < 0.001), and their dried shell mass 

0.49 g (SE 0.27, 95% CI −.06 to 1.04) lower (t = 1.82, df = 28, P = 0.04) (Figure 3.3).  

 

Figure 3.3. 

Comparison of masses of wet yolk (a) and dry shell (b) for fertile and unbanded size-matched 

eggs 
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 The clustering effect of clutch on the masses of unbanded eggs and their 

components 

Clutch had a strong clustering effect on the mass of all egg components, particularly total egg 

mass and dry shell mass (Table 3.5). The high ric’s for the mass of unbanded eggs and the 

components thereof suggest a high degree of similarity of these respective masses within 

clutches. The ric’s indicate that 90% of the variation in egg mass, 89% of the variation in dry 

shell mass, 74% of the variation in dry shell membrane mass, 79% of the wet yolk mass and 

66% of wet albumen mass are due to variation among clutches. They also indicate that 10% of 

the variation in egg mass, 11% of the variation in dry shell mass, 26% of the variation in dry 

shell membrane mass, 21% of the wet yolk mass and 34% of wet albumen mass are due to 

variation within clutches. 

Of those 185 clutches from which the mass of two or more unbanded eggs were collected, the 

mean egg mass of the clutches varied from 63.7 g to 139.0 g, whereas the mean and SD of the 

clutch means were 98.1 g and 15.9 g. In line with the high intraclass correlation coefficient, the 

mean of the within-clutch SDs of these 185 clutches was 4.2, which is about one quarter of size 

of the SD of clutch means. 

The within-clutch range of the mass of unbanded eggs and various of their components are 

summarised in Table 3.6, which shows that egg mass varied by as little as 0.06 g in one clutch 

and by as much as 57.0 g in another, whereas egg mass varied by 8.1 g or less in half the 

clutches and by 8.1 g or more in the remaining half. When the 185 clutches are sorted in order 

of increasing range of their egg masses, the range in egg mass within clutches varied by 6.8 g 

among the middle 92 of the clutches. When viewed against the overall mean egg mass of 98 g, 

these small ranges within clutches are in line with the very high intraclass correlation 

coefficient for egg mass. Figure 3.4 and Figure 3.5 show large variations in wet yolk mass and 

dry shell mass among clutches relative to substantially smaller variations within clutches, 
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which are in line with the high intraclass correlation coefficients shown in Table 3.5 and the 

relatively small within-clutch ranges shown in Table 3.6. 

 

Table 3.5. 

Intraclass correlation coefficients (ric) of unbanded Nile crocodile eggs, measured for 

clutches containing two or more sampled unbanded eggs 

Measurement Specimens Clutches ric 

Egg mass  779 186 0.90 

Dry shell mass  779 186 0.89 

Dry shell membrane mass 779 186 0.74 

Wet yolk mass (CS 1) 92 46 0.79 

Wet albumen mass (CS 1) 182 92 0.66 

 

 

Table 3.6. 

Summary of within-clutch ranges in the masses of unbanded eggs and their components 

 Range in mass (g) 

Component  Min Median Maximum IQR Clutches 

Egg 0.06 8.06 56.97 6.80 185 

Wet yolk (CS 1) 0.05 4.74 17.12 4.73 46 

Dry shell (CS 1) 0.01 0.46 1.95 0.62 46 
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Figure 3.4. 

Wet yolk mass of each egg in each of 46 clutches containing at least two eggs with a clarity 

score of one 

 

 

Figure 3.5. 

Dry shell mass of each egg in each of 46 clutches containing at least two eggs with a clarity 

score of one 
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 Relationship between the mass of unbanded eggs and their components, 

and the effect of potential confounding variables  

3.5.5.1 The association between potential confounders and egg mass 

Neither date of laying (P = 0.75) nor within-clutch hatching percentage had any effect on egg 

mass and they were removed from the model. Pond and number of eggs per clutch remained in 

the final model (n = 792 eggs, 198 clutches, r2 = 0.55, Wald Chi-squared (5 df) = 259.5, P < 

0.001). Keeping the number of eggs per clutch constant, females in pond 3 laid eggs that were 

on average 22.2 g heavier than females in pond 0 (SE 2.33, 95% CI 17.6–27.6, z = 9.50, P < 

0.001) and females in pond 4 laid eggs that were on average 22.2 g heavier than eggs laid by 

females in pond 0 (SE 2.16, 95% CI 18.0–26.5, z = 10.28, P < 0.001). Keeping pond constant, 

egg mass decreased by 0.20 g for each increase by one in clutch size (SE = 0.08 g, 

95% CI −0.37 to −0.05, z = −2.51, P = 0.01). 

3.5.5.2 The association between potential confounders and wet yolk mass 

Neither within-clutch percentage of fertile eggs (P = 0.18) nor date of laying (P = 0.14) nor 

pond (P > 0.10) nor number of eggs per clutch (P = 0.25) affected wet yolk mass, and they 

were removed from the model. Egg mass remained in the final model (n = 185 eggs, 95 

clutches, r2 = 0.67, Wald Chi-squared (1 df) = 224.4, P < 0.001). The final regression equation 

was: 

Wet yolk mass = −6.68 + 0.50 (egg mass). 

For each additional gram that egg mass increased, wet yolk mass increased by 0.5 g (SE = 0.03, 

95% CI 0.44–0.57, z = 14.98, P < 0.001). 
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3.5.5.3 The association between potential confounders and the mass of the shell and shell 

membrane 

Neither within-clutch percentage of fertile eggs (P = 0.92) nor date of laying (P = 0.56) nor 

number of eggs per clutch (P = 0.44) affected the wet mass of the shell and shell membrane 

combined and they were removed from the model. Egg mass, pond and clarity score of the 

albumen (CS) remained in the final model (n = 792 eggs, 198 clutches, r2 = 0.77, Wald Chi-

squared (7 df) = 1326, P < 0.001). 

Controlling for pond and CS, the combined wet mass of shell and shell membrane increased 

by 0.12 g for each gram that egg mass increased (SE = 0.004, 95% CI 0.11–0.13, z = 27.5, 

P < 0.001). Controlling for egg mass and CS, the combined wet masses of shells and shell 

membranes of eggs laid by females in pond 3 were on average 0.48 g greater than that of eggs 

laid by females in pond 1 (SE = 0.24, 95% CI = 0.01–0.94, z = 2.01, P < 0.04). Controlling for 

egg mass and pond, the combined wet masses of shells and shell membranes of CS 3 eggs were 

on average 0.44 g greater than those of CS 1 eggs (SE = 0.09, 95% CI = 0.27–0.60, z = 5.1, P 

< 0.001). 

Neither number of eggs per clutch (P = 0.53) nor within-clutch percentage of fertile eggs 

(P = 0.15) nor date of laying (P = 0.07) affected the dry mass of the shell and they were 

removed from the model. Only egg mass, pond and CS remained in the final model (n = 791 

eggs, 198 clutches, r2 = 0.76, Wald Chi-squared (7 df) = 1471, P < 0.001). Controlling for pond 

and CS, dry shell mass increased by 0.09 g for each gram that egg mass increased (SE = 0.003, 

95% CI 0.08–0.09, z = 32.5, P < 0.001). Controlling for egg mass and CS, the dry masses of 

shells of eggs laid by females in pond 3 were on average 0.09 g greater than that of eggs laid 

by females in pond 1 (SE = 0.003, 95% CI = 0.08–0.09, z = 32.5, P < 0.001). Controlling for 

egg mass and pond, the dry shell mass of CS 3 eggs was on average 0.12 g higher than that of 

CS 1 eggs (SE = 0.05, 95% CI = 0.03–0.21, z = 2.61, P < 0.009). 
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Neither the number of eggs per clutch (P = 0.94) nor within-clutch percentage of fertile eggs 

(P = 0.51) affected dry shell membrane mass and they were removed from the model. Egg 

mass, pond, date of laying and CS remained in the final model (n = 791 eggs, 198 clutches, 

r2 = 0.58, Wald Chi-squared (8 df) = 515, P < 0.001). Controlling for the other covariates, dry 

shell membrane mass increased by 0.01 g for each gram that egg mass increased (SE = 0.0007, 

95% CI = 0.010–0.013, z = 17.67, P < 0.001). Controlling for other covariates, the dry shell 

membrane masses of eggs laid by females in pond 2 are expected to be 0.08 g lower than that 

of eggs laid by females in pond zero (SE = 0.028, 95% CI = −0.13 to −0.023, z = −2.80, 

P = 0.005). Controlling for other covariates, dry shell membrane masses are expected to 

decrease by 0.002 g for each day later in the season a clutch is laid (SE = 0.0009, 95% 

CI = −0.005 to −0.0009, z = −2.99, P = 0.003). Controlling for other covariates, the dry shell 

membrane masses of CS 3 eggs are expected to be 0.04 g higher than those of CS 1 eggs 

(SE = 0.014, 95% CI = −0.015 to −0.068, z = 3.08, P = 0.002). 

3.6 Discussion 

The current study benefitted from a large sample of captive-laid unbanded C. niloticus eggs, 

and a smaller sample of fertile eggs within a few days of hatching. This allowed for a 

comprehensive description of the size and masses of unbanded and fertile eggs and their 

components, as well as the between- and within-clutch variability of the masses of unbanded 

eggs and their components. 

Deeming and Ferguson (1989) found that the mass of late-incubation alligator embryos had a 

positive linear relationship with initial egg mass. This finding was supported by data from the 

present study, where the combined wet mass of foetus and yolk depended substantially on total 

egg mass, with heavier eggs yielding heavier foetuses and yolks in a strong linear fashion. 



78 

 

The substantial difference in yolk mass between size-matched fertile and unbanded eggs 

confirms findings by Webb et al. (1987) for Crocodylus johnstoni. The present study’s finding 

that the yolk-free foetal mass increases by 1.1 g for each gram that the yolk gets lighter is very 

similar to that of Nelson et al. (2010) who showed that the yolk mass of American alligator 

eggs decrease in a 1:1 ratio with an increase in foetal mass. If the relationship between foetal 

mass and yolk mass is considered in light of the large variation in the contribution of yolk to 

total egg mass in unbanded eggs, it follows that variation in yolk size for a particular egg mass 

could result in a variation in the mass of hatchlings from eggs of the same mass. 

The lower dry shell mass of fertile eggs than those of mass-matched unbanded eggs is most 

likely due to a withdrawal of inorganic elements, principally calcium, from the eggshell as 

shown in the American alligator by Ferguson (1982).  

The present study found a mean combined wet mass proportion of shell and membrane for C. 

niloticus that was noticeably higher than that reported by Webb et al. (1987) for C. johnstoni 

and C. porosus. 

The current study shows that there is a very strong, positive, linear relationship between the 

masses of Nile crocodile eggs and their ellipsoid volumes, suggesting very little variation in 

density among eggs of different masses. 

Although others have observed that the masses of crocodilian eggs are very similar within 

clutches (Deitz and Hines, 1980, Brien et al., 2014), the current study quantified the variation 

within and among clutches using the intracluster correlation coefficient. 

Pooley (1962) noted that there was substantial variation in length and weight of C. niloticus 

embryos from the same clutch, but did not provide figures for their masses. Garnett and Murray 

(1986) found that variability in egg and hatchling mass within C. porosus clutches was small 

relative to that between clutches, and provided clutch means and standard deviations. Stoker et 



79 

 

al. (2013) provided clutch means and standard errors of the means for egg masses of eight 

clutches of C. latirostris: when converted to standard deviation, the within-clutch variation was 

substantial.  

Clutch had a very strong clustering effect on the masses of all egg components, evidenced by 

the high values for ric, especially for egg mass. This is of importance when planning new 

studies. Unless the aim of a study is to further investigate within-clutch effects on egg size, an 

experimental design using fewer (even only one) eggs per clutch but from as many clutches as 

possible would be preferred over a design that includes more eggs from fewer clutches. 

Date of laying within a season had no effect on total egg mass, nor on the masses of individual 

components, a finding that was in agreement with that of Brien et al. (2014) for C. porosus, 

but different to that of Staton and Dixon (1977) for Caiman crocodilus.  

The present study’s findings suggest that the period within the laying season does not have to 

be considered when collecting C. niloticus eggs for future studies involving the masses of egg 

or their components, however in light of recent findings by Brien et al. (2014), consideration 

should be given to potential effects of season on other outcomes such as hatchling growth rate 

or the incidence of failure to thrive.  

Maternal genotype, age, size, disease status and nutritional state could affect the mass of eggs 

and their components (Andrews, 2004). Factors which affect the size of the eggs and their 

components may be correlated to factors (such as size and age of the female) that could affect 

her probability of being bred by a fertile male, which would directly impact hatching rate. In 

the present study, neither egg mass nor the masses of egg components were related to hatching 

rate. Again, the captive environment may have masked such a relationship: a small territory 

inhabited by many crocodiles, with an artificially high male:female ratio may have resulted in 

a greater likelihood of being mated.  
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Eggs from ponds 3 and 4 were substantially heavier than those from pond zero. These two 

ponds accommodated a greater proportion of bigger, older females. The positive association 

between egg size and size of female crocodilians has previously been reported by 

Thorbjarnarson (1996) and Verdade (2001).  

It cannot be explained why eggs with albumen clarity scores of 3 were not only associated with 

significantly heavier combined wet shell and shell membrane masses but also dry shell mass. 

Clarity score was independent of total egg mass.  

This study provides detailed data on the variability of crocodile egg components and their 

association with hatchling mass. This new information will assist in the planning of further 

studies regarding parameters influencing captive breeding success rates. 
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Chapter 4. Calcium and phosphorus in unbanded eggs of the Nile 

crocodile (Crocodylus niloticus) 

An article based on this chapter was submitted in altered form to the journal Aquaculture 

Research in June 2019. 
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4.1 Abstract 

The Nile crocodile is farmed for leather and meat in South Africa by producing hatchlings from 

captive-laid eggs. Little is known about factors affecting egg hatchability and hatchling vigour. 

Egg provision of calcium (Ca) and phosphorus (P) could conceivably influence foetal or 

hatchling health. Unbanded eggs are those which do not form an opaque band around their 

lesser circumference, indicating either a failure of fertilisation, or early embryonic death. The 

present research aimed to describe the concentration and content of Ca and P in each unbanded 

egg component (shell, shell membrane, albumen and yolk), and to assess whether clutch had a 

grouping effect on the concentration or content of Ca or P in these components. Additionally, 

it aimed to quantify the effect of the potential confounding variables clutch size, laying date, 

pond of origin, component mass and component Ca and P concentration on the content of Ca 

or P in unbanded egg components.  

Ca and P concentrations in specimens of unbanded eggs were measured by inductively coupled 

plasma optical emission spectroscopy (ICP-OES), and Ca and P content was calculated from 

each component’s respective dried mass.  

Shell Ca and yolk Ca and P content were influenced primarily by the mass of their respective 

component, and secondarily by the concentration of each respective element. Shell membrane 

and albumen Ca and P were influenced primarily by the concentration of the element within 

the component. Shell Ca concentration was similar to that of pure calcium carbonate and was 

not significantly influenced by the grouping effect of clutch.  

Eggshell made by far the greatest contribution to total egg Ca while contributing no measurable 

P.  

Shell membrane was found to be a highly variable specimen type: it was suspected that this 

reflected issues with sample processing. Albumen contributed variable, but generally very low 
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quantities of Ca and P to the egg. Yolk contributed by far the greatest quantity of P and a 

significant quantity of Ca. Both yolk Ca and P concentration and content were substantially 

influenced by the grouping effect of clutch.  

In the newly laid egg, the principal reservoirs of Ca for foetal development are the shell and 

yolk, and of P, the yolk. If cost of chemical analysis is a consideration, future studies may be 

advised to take specimens of only these components when evaluating the effect of preventive 

or therapeutic interventions.  

 

4.2 Keywords 

reptile, Nile crocodile, crocodile, crocodilia, egg, calcium, phosphorus, shell, shell membrane, 

albumen, yolk 
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4.3 Introduction 

Crocodilians are grown for their skin and meat in subtropical and tropical regions throughout 

the world. In Southern Africa, the indigenous Nile crocodile (Crocodylus niloticus) is farmed 

intensively (Carruthers, 2008, Fergusson, 2010). Farmed hatchlings are produced from 

artificially incubated eggs, which are either harvested from wild nests or are laid by captive 

females (Thorbjarnarson, 1999). Production of vigorous hatchlings from captive-laid eggs has 

obvious economic benefits for the farmer.  

Joanen and McNease (1977) found that Alligator mississippiensis eggs from wild nests had 

higher hatching rates than those laid by captive females. Khosa et al. (2012) found no 

significant difference in hatching rate between wild and captive-laid C. niloticus eggs, but 

found that wild-harvested clutches from certain regions of Zimbabwe contained more eggs than 

those laid in captivity. These findings suggest that the hatchling yield of captive-laid eggs may 

be lower than that of wild-harvested eggs.  

Factors influencing clutch size, fertility and hatching rate in crocodilians are poorly understood. 

Crocodilian eggs that fail to develop, either due to infertility or due to early death of the 

embryo, can be identified by their failure to form a visible opaque band around their lesser 

circumference. Unbanded eggs are of no value to crocodile farmers but present an opportunity 

for researchers to study egg composition and associated influences.  

Lance et al. (1983) suggested that maternal dietary micro- or macronutrient or fatty acid 

composition may influence alligator egg hatching rate. Inadequate provision or pathological 

metabolism of Ca and P are common in captive reptiles (Marcus, 1981). The symptoms of 

metabolic bone disease in crocodile hatchlings have been reviewed by Huchzermeyer (2003) 

and include kyphoscoliosis and rubbery jaws with glassy teeth. Lane et al. (1984) reported 
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easily fractured long bones and spinal compression fractures in alligator hatchlings fed a Ca-

deficient diet on a Florida farm.  

Embryos of birds and oviparous reptiles obtain Ca from yolk and eggshell (Simkiss, 1991), but 

the ratio of each component’s contribution varies according to species (Stewart and Ecay, 2010, 

Packard and Packard, 1989). The role of Ca and P (or deficiencies thereof) in the suboptimal 

production of hatchlings by apparently healthy female crocodiles has not been well studied. 

To optimise selection of sample type, egg number and clutch number in future studies, the 

concentration, content and variability of Ca and P in each egg component must be measured 

and statistically described, both within and among clutches. Additionally, the effect of potential 

confounding variables in sample collection must be accounted for.  

Jenkins (1975) researched the mineral content of a small sample of unbanded and fertile 

Crocodylus novoguinae eggs, and Packard and Packard (1989) investigated the mobilisation of 

Ca and P by A. mississippiensis embryos, however subsequent this work the topic remains 

largely unresearched.  

Given this gap in knowledge, the present research had the following two aims: 
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1. To describe the concentration and content of Ca and P in each component of unbanded 

Nile crocodile eggs and assess whether clutch had a significant grouping effect on these 

parameters.  

2. To assess to what extent the amount of Ca and P within an unbanded egg component 

(shell, shell membrane, yolk or albumen) is affected by the clutch size, the date of laying 

within a laying season, the female’s pond of residence, the total wet mass of the 

component and the concentration of the element within that component.  

4.4 Materials and methods 

All procedures were approved by the University of Pretoria Animal Ethics Committee 

(certificates v104-16 and v109-15 (Appendix F)). 

 Specimen collection and preparation 

Unbanded C. niloticus eggs were collected from two incubators on a single commercial farm, 

once viable eggs within the incubation box had hatched.  

Eggs were cleaned, opened and their components separated and weighed as detailed previously 

by Brown et al. (2019). Only eggs with a clear, uncontaminated albumen (n = 185) were 

considered for further processing and analysis. Combined shell and shell membranes were oven 

dried at 50 °C for six to eight hours (Labcon, Ferndale, South Africa), after which the two were 

manually separated and their respective dried masses determined.  

Direct measurement of the dry mass fraction of unbanded egg shells could not be performed, 

because clean separation of wet shell and shell membrane of unbanded eggs was not possible. 

For the research study described in Chapter 3, as well as later in Chapter 5 of this thesis, fertile 

egg shell and shell membrane were separated while wet, and the dry fraction of fertile eggshell 

was determined. Since unbanded and fertile shell and shell membranes were macroscopically 

highly similar in appearance and texture, for this study an assumption was made that the dry 
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fraction of unbanded egg shell and shell membranes was identical to that measured for fertile 

eggs. A mean dried mass fraction of 30 fertile eggshells was used as a proxy for the dry mass 

fraction of unbanded shells. An estimate of the wet mass of unbanded eggshells and shell 

membranes was thus determined from their respective estimated dried mass fraction.  

A weighed aliquot of each yolk and albumen sample was freeze-dried at −50 °C, 80 mTorr (Air 

and Vacuum Technologies, Midrand, South Africa) and oven-dried at 50 °C to constant mass. 

The dried aliquot was then weighed, and the dried mass proportion of yolk and albumen 

determined.  

 Sample analysis 

Analysis was performed by a commercial laboratory under supervision. A pilot analysis of 24 

eggs was performed to check efficacy of sample digestion and identify potential sources of 

measurement error. 

 Sample digestion and analysis 

Approximately 0.2 g of each sample was weighed into clean Teflon microwave digestion tubes 

using a laboratory microbalance (Micro Precision Precisa XT220A (Appendix E)). Ten 

millilitres of 70% HNO3 (Sigma-Aldrich, Johannesburg, South Africa) was added to each 

digestion tube using a 10 mL micropipette (Eppendorf, Dubai, UAE). Samples were pre-

digested for 15 min while swirling at room temperature, then 1 mL of 60% H2O2 (Sigma-

Aldrich, Johannesburg, South Africa) was added before digesting for a further 15 min at room 

temperature.  

Digestion tubes were placed in a microwave digester (Mars 6, CEM Microwave Technology 

Limited, Buckingham, UK (Appendix D)) and digested for 50 min (ramp-up time 20 min to 

200 °C, hold time 30 min). After digestion and cooling to room temperature, the sample was 

rinsed from the digestion vessel into an empty 50 mL pre-weighed polypropylene tube 
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(Plastpro, Johannesburg, South Africa). The net mass of liquid solution was determined by 

subtraction. One millilitre of this solution was aspirated with a Rainin variable micropipette 

(Mettler Toledo, Greifensee, Switzerland) and weighed in grams, accurate to two decimals.  

The density of the liquid sample could then be determined using the formula 

density = mass / volume, and the total volume of the solution could be determined using the 

formula:  

Volume = ((Combined mass of container and sample) – (Container mass))/ (density of liquid)  

An Agilent 5100 (Agilent Technologies, Santa Clara, California, USA) inductively coupled 

plasma, optical emission spectrometer (ICP-OES) equipped with an autosampler was used for 

sample analysis. Argon plasma flow rate was 15 litres per minute and nitrogen shear gas flow 

rate was 1.2 litres per minute. Nebuliser (Agilent OneNeb Series 2, Agilent Technologies, 

Santa Clara, California) sample flow rate was 0.6 litres per minute. Wavelengths of 370.602 nm 

(Ca) and 178.222 nm (P), both measured radially, gave the most consistent measurements. 

Sample concentration was determined from the mean of three replicates.  

Calcium and phosphorus standards (Inorganic Ventures, Christiansburg, Virginia, USA) 

diluted to concentrations of 1, 10, 20, 50, 100, 250 and 400 mg/L were used. A 1% HNO3 

solution was used as a sample blank. A calibration curve with an R-squared value of 0.9999 

was considered acceptable. Limit of detection (LOD) and limit of quantification (LOQ) for 

each element were determined by calculating the standard error of the emission value for each 

concentration value on the ICP-OES Ca and P standard emission curve, and then dividing this 

figure by the slope of the regression line. The LOD was calculated as 3 times this value, and 

the LOQ as 10 times this value (Shrivastava, 2011).  
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 Control of quality and accuracy of analysis 

A powdered multivitamin certified reference material (CRM) was used to evaluate potential 

matrix effects and provide a measure of method and instrument accuracy (Standard Reference 

Material 3280, National Institute of Standards and Technology (NIST), Gaithersburg, 

Maryland (Appendix A)). Certified concentrations for Ca were 110.70 g/kg with an allowable 

variation of 5.30 g/kg above or below this value, and for P, 75.70 g/kg with an allowable 

variation of 3.20 g/kg. Twenty-six CRM sub-samples were separately weighed, digested and 

analysed. A blank sample, a multivitamin NIST CRM sample, as well as samples of acid-

dissolved pure KH2PO4 equivalent to 227.59 g/kg P (Appendix C) and pure CaCO3 equivalent 

to 400.44 g/kg Ca (Appendix B) were analysed after every 20 samples to check for instrument 

drift.  

Intra-assay variability in sample analysis was determined by including blind duplicate samples 

of shell (n = 11), shell membrane (n = 11), yolk (n = 8) and albumen (n = 6) among submitted 

samples.  

 Specimen Ca and P determination 

Of 185 eggs with an albumen clarity score of one, samples from 95 unbanded eggs from 78 

clutches were analysed. All 95 had Ca and P concentration measured for shell membrane, yolk 

and albumen. A pilot analysis showed low variability in shell Ca concentration and negligible 

shell P concentration, so to save costs, only 29 shell samples (from 15 clutches) were analysed. 

 Data analysis 

Microsoft Excel (Microsoft Corporation, Redmond, Washington, USA) was used for data 

collation and Stata 14 (Statacorp, College Station, Texas, USA) for statistical analysis.  
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4.4.6.1 Assessment of measurement accuracy 

The mean, SD and CV were determined for each set of reference material results. These values 

were then compared with certified values to gauge measurement accuracy.  

The intra-assay mean, SD and CV were determined for each duplicate sample pair.  

4.4.6.2 Concentration and total content of Ca and P in unbanded egg components, and the 

grouping influence of clutch on these measurements.  

After assessing normality of distribution, outliers greater than three standard deviations from 

the mean were noted and excluded. For normally distributed variables, the mean and standard 

deviation were determined for the concentration and content of Ca and P in each component. 

Where the distribution was found to be non-normal, the median, 25th and 75th percentiles were 

used. The proportional contribution of each component to total egg Ca and P was described.  

The intracluster correlation coefficient was determined for each component’s Ca and P 

concentration and content to assess the grouping effect of clutch on these variables.  

4.4.6.3 Assessment of the effect of covariates on concentration and content of Ca and P in 

each component.  

To eliminate possible clutch effects as a source of bias, a single egg was randomly selected 

from each of the 78 clutches. Ca and P concentration and content of each component were 

graphed using histograms and visually inspected for normality of distribution. The Stata 

command “sktest” was used to formally assess normality of distribution at the 5% significance 

level. In certain cases, extreme outlying data points (greater than 3 SD from the mean) were 

excluded. If, after excluding these outliers, the histogram and sktest suggested that the 

concentration or content of Ca or P in a component was still non-normally distributed, a log 

(base 10) transformation was performed. Multiple regression was then used to assess the effect 

of the potential predictor variables clutch size, lay date, pond of origin and component mass on 
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the outcome variables of Ca and P concentration per component. Non-significant variables 

(P > 0.05) were successively excluded in sequence of decreasing P-value. Using the same 

predictor variables (with the addition of Ca and P concentration), the multiple regression was 

repeated for the outcome variables of Ca and P content per component. All regression models 

were checked for normality and heteroscedasticity of residuals (Breusch-Pagan / Cook-

Weisberg test).  

For eggshell Ca concentration and content, a low number of shell samples were analysed (29 

shells from 15 clutches). A trial analysis with a multi-level mixed-effect model was used, with 

clutch as a stochastic second-level grouping variable. A likelihood ratio test was used to 

compare this model to a multiple regression model without considering the effect of clutch. If 

the likelihood ratio test was not significant (P > 0.05), a multiple regression model, without 

clutch as grouping variable, was used.  
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4.5 Results 

 Assessment of measurement accuracy 

For Ca, the LOD was 0.01 g/kg and the LOQ was 0.04 g/kg. For P, the LOD was 0.002 g/kg 

and the LOQ was 0.007 g/kg. Mean CRM Ca measured 2.70 g/kg (2.6%) lower than the lower 

limit of the certified concentration, and 7.95 g/kg (7.2%) lower than the mean certified 

concentration (measured mean = 102.75 g/kg, SD = 1.26, n = 26). Mean CRM P measured 

0.30 g/kg (0.4%) higher than the lower limit of the certified concentration and 2.90 g/kg (3.8%) 

lower than the mean certified concentration (measured mean = 72.82, SD = 1.00, n = 26). 

Calcium carbonate equivalent to a known 400.44 g/kg Ca was measured at 1.4% lower than 

expected (measured mean = 395.03, SD = 2.74, n = 22), while monopotassium phosphate 

equivalent to 227.59 g/kg P was measured at 4.4% lower than expected (measured 

mean = 217.57, SD = 3.74, n = 22). 

Duplicate yolk and eggshell samples showed the lowest variability in concentrations. P was 

below the limit of detection for all shell samples in the present study (Table 4.1). Shell 

membrane Ca concentration was highly variable among duplicate samples.  
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Table 4.1. 

Summary of average intra-assay CV (%) of duplicate Ca and P concentration measurements 

  Ca P  n 

Shell  0.34  —a  11 pairs 

Shell membrane  15.54  4.15b  11 pairs 

Albumen  1.47  2.76  6 pairs 

Yolk  0.54  0.52  8 pairs 

a. P was below the limit of detection for all shell samples  
b. Shell membrane P was not reliably detected in three samples submitted for 

determination of intra-assay CV. 
 

 Relationship between element content, element concentration and 

component mass 

Figure 4.1 summarizes the association between the amount of Ca or P in a component, the 

concentration of the element in that component, and the mass of the component. It is evident 

that wet mass of the shell and yolk has by far the greatest effect on the content of shell Ca 

(Figure 4.1b) and yolk Ca (Figure 4.1l) and P (Figure 4.1n) respectively. Although in shell 

membranes, the concentration and content of Ca as well as those of P are linearly related, the 

amount of each element is tiny. The amounts of Ca in the shell, and those of Ca and P in the 

yolk greatly exceed that found in the albumen and shell membrane.  
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Figure 4.1. 

Association between egg component Ca or P content, and the concentration of each element 

in that component (graphs a, c, e, g, i, k and m), or the wet mass of the component (graphs b, 

d, f, h, j, l, and n). 
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 Concentration and total content of Ca and P in each unbanded egg 

component 

Descriptive statistics for the concentrations of Ca and P are presented in Table 4.2, and those 

for the content of Ca and P in each component are given in Table 4.3. For normally distributed 

variables the mean and standard deviation is given, while for non-normally distributed 

variables, the median, 25th and 75th percentiles are provided.  

Table 4.2. 

Concentrations of Ca and P in each egg component (g/kg); (one randomly selected egg per 

clutch) 

 Mean SD Median p25a p75b n 

Ca       

Shell 391.87 3.90 — — — 15 

Shell membrane — — 17.88 9.98 28.82 74c 

Albumen — — 1.72 1.33 2.17 78 

Yolk 7.83 0.34 — — — 78 

P       

Shell membrane — — 0.17 0.12 0.21 75 

Albumen — — 0.55 0.45 0.75 78 

Yolk 13.56 0.34 — — — 78 

a. 25th percentile 
b. 75th percentile 
c. Three outliers evident in Figure 4.1c and d were excluded 
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Table 4.3. 

Ca and P content (in grams) of each egg component (one randomly selected egg per clutch) 

 Mean SD Median p25a p75b n 

Ca       

Whole egg 4.22 0.65    6 

Shell 3.90 0.47 — — — 15 

Shell membrane — — 0.03 0.01 0.04 74 

Albumen — — 0.027 0.02 0.033 42 

Yolk 0.21 0.04 — — — 42 

P       

Whole egg 0.38 0.07 — — — 42 

Shell membrane — — 0.00026 0.00016 0.00034 75 

Albumen — — 0.009 0.007 0.013 42 

Yolk 0.37 0.07 — — — 42 

a. 25th percentile 

b. 75th percentile  

The relative contributions of each component to the total Ca or P content of the egg are shown 

in Table 4.4. 

 

Table 4.4. 

Percentage contribution of each component to egg Ca and P content (one randomly selected 

egg per clutch) 

 Mean SD Median p25a p75b n 

Ca       

Shell 91.77 3.79 — — — 15 

Shell membrane — — 1.52 0.48 1.95 15 

Albumen — — 0.70 0.57 0.89 15 

Yolk 4.67 0.54 — — — 15 

P       

Shell membrane — — 0.07 0.05 0.09 42 

Albumen — — 2.45 1.98 3.69 42 

Yolk 97.08 1.46 — — — 42 

a. 25th percentile 

b. 75th percentile  
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The intracluster correlation coefficients (ric) for Ca and P concentration and content are 

summarised in Table 4.5. Three high outliers were excluded from the determination of the ric 

for shell membrane Ca concentration and content, because they likely represented 

contamination by the shell. Clutch had a weak grouping effect on shell Ca concentration, but a 

strong grouping effect on shell Ca content. Clutch had a slightly stronger grouping effect on 

yolk Ca and P concentration than it had on yolk Ca and P content. Clutch had a very weak 

grouping effect on albumen Ca and P concentration as well as content (refer to Table 4.5). 

 

Table 4.5. 

Intracluster correlation coefficients (ric) for the concentration and content of Ca and P in each 

egg component 

 ric n eggs n clutches 

Ca concentration    

Shell 0.39 29 15 

Shell membrane 0.63 28 14 

Albumen 0.12 32 15 

Yolk 0.79 32 15 

P concentration    

Shell membrane 0.59 29 15 

Albumen 0.17 32 15 

Yolk 0.76 32 15 

Ca content    

Shell 0.87 29 15 

Shell membrane 0.75 28 14 

Albumen 0.20 14 8 

Yolk 0.64 16 9 

P content    

Shell membrane 0.69 29 15 

Albumen 0.15 16 9 

Yolk 0.68 16 9 
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 Assessment of the effect of covariates on content of Ca and P in each 

component.  

Of the potential predictor variables clutch size, date of laying, female’s pond of residence, wet 

mass of the component and component element concentration, the covariates that most 

influenced the content of Ca and P in each component were element concentration and 

component mass.  

In the regression models, albumen and yolk Ca and P content and concentration appeared in 

some cases to be statistically influenced by pond, date of laying and clutch size. However, 

relatively small numbers of specimens in each group together with very small coefficients (10−3 

to 10−4), makes meaningful biological interpretation dubious. For example, yolks of eggs from 

Pond 3 had an apparently lower Ca concentration than those of Pond 0 (coefficient: –0.32 g/kg, 

P = 0.03), however Pond 3 contributed only seven eggs to this model, while Pond 0, which 

contributed the greatest number, contributed 36.  

4.5.4.1 Shell Ca content 

A very small variation in shell Ca concentration was found (refer to Table 4.1, Figure 4.1a), 

and a likelihood ratio test showed no advantage to using a multilevel model over a simple 

regression model for shell Ca content measurements (P = 0.055). Shell Ca content was 

normally distributed. The regression model was a good fit (F statistic (7, 21 df) = 51.55, 

P = 0.001, r2 = 0.95, n = 29). Wet shell mass was the only significant predictor of shell Ca 

content: for each gram that wet shell mass increased, the shell Ca content increased by 0.27 

grams (SE = 0.02, 95% CI = 0.23–0.32, df = 21, t = 12.25, P < 0.001). 

4.5.4.2 Shell membrane Ca and P content 

Despite removing gross outliers greater than three standard deviations from the mean, shell 

membrane Ca content was not normally distributed and required log transformation. The model 
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for predicting log transformed shell membrane Ca content was a good fit (F statistic (8, 63 

df) = 6859.09, P < 0.001, r2 = 0.99, n = 72).  

The log of shell membrane Ca content is estimated as −3.26 + 0.23 (wet shell membrane mass 

in grams) + 1.00 (log of shell membrane Ca concentration in g/kg) 

(SE of coefficient of wet shell membrane mass = 0.006, 95% CI = 0.22–0.25, t = 41.43, 

P < 0.001; SE of coefficient of log of shell membrane Ca concentration= 0.005, 95% 

CI = 0.99–1.01, t = 209.76, P < 0.001).  

After removing an outlier, the model for predicting log transformed shell membrane P content 

was a good fit (F statistic (8,65 df) = 3098.51, P < 0.000, r2 = 0.99, n = 74).  

The log of shell membrane P content is estimated as −3.24 + 0.23 (wet shell membrane mass 

in grams) + 1.02 (log of shell membrane P concentration in g/kg)  

(SE of coefficient of wet shell mass = 0.005, 95% CI = 0.22–0.24, t = 44.21, P < 0.001; SE of 

coefficient of log of shell membrane P concentration = 0.01, 95% CI = 1.00–1.03, t = 137.24, 

P < 0.001). 

4.5.4.3 Albumen Ca and P content 

The model for predicting albumen Ca content was a good fit (F statistic (7, 31 df) = 27.23, 

P < 0.001, r2 = 0.86, n = 39). If albumen Ca concentration increased by 1 g/kg, albumen Ca 

content increased by 0.01 grams (SE = 0.001, 95% CI = 0.01–0.02, df = 31, t = 11.82, 

P < 0.001). Wet albumen mass (in grams) was also predictive of albumen Ca content: for each 

increase by one gram in albumen mass, albumen Ca content increased by 0.006 g (SE = 0.001, 

95% CI = 0.007–0.016, df = 31, t = 5.44, P < 0.001).  

The model for predicting albumen P content was a good fit (F statistic (2, 36 df) = 108.26, 

P < 0.001, r2 = 0.86, n = 39). Albumen P concentration had a significant effect on albumen P 

content (coefficient 0.014, SE = 0.001, 95% CI = 0.012–0.017, t = 14.20, P < 0.001). The wet 



100 

 

mass of albumen (in grams) had a tiny but statistically significant effect on total albumen P 

(coefficient 0.0002, SE = 0.00004, 95% CI = 0.0001–0.0002, t = 4.53, P < 0.001).  

4.5.4.4 Yolk Ca and P content 

Controlling for other covariates, the Ca content of the egg yolk increased by a mean of 0.005 

g for each increase by one gram in wet yolk mass (SE = 0.0003, 95% CI = 0.004–0.005, 

df = 32, t = 18.6, P < 0.001), and increased by 0.03 g for each increase by one g/kg in the yolk 

Ca concentration (SE = 0.005, 95% CI = 0.02–0.04, df = 32, t = 6.15, P < 0.001).  

The P content of egg yolk increased by a mean of 0.03 g for each increase by one g/kg in the 

concentration of P in the yolk (SE = 0.009, 95 % CI = 0.012–0.048, df = 32, t = 3.43, 

P < 0.05).  

Controlling for other covariates, the P content of egg yolk increased by 0.008 g for each 

increase by one gram in the wet mass of the yolk (SE = 0.0005, 95 % CI = 0.007–0.009, 

df = 32, t = 18.32, P < 0.001). 

4.6 Discussion 

Reference material Ca and P concentrations measured consistently lower than certified values, 

by between 1.4 and 7.2%. This systematic error may have been caused by issues in sample 

processing and analysis, including incomplete sample digestion, incomplete sample 

nebulisation, or chemical matrix effects (Gaines, 2011).  

Given this error, it is logical to assume that the actual concentration of Ca and P in egg samples 

was also slightly higher than measured. However, the error was present across all sample types, 

so while absolute values may be under-reported, the relative values are useful in comparing Ca 

and P in different egg components. 
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Duplicate submissions of eggshell and yolk specimens yielded consistent concentration 

measurements (mean CV less than 0.6%), which suggests that laboratory sample handling and 

analysis was consistent, and that yolk and eggshell samples were by nature homogeneous. By 

contrast, duplicate shell membrane samples yielded highly variable concentrations from 

successive analyses. It is suspected that the flaky, highly heterogenous shell membrane samples 

may have been contaminated by shell during separation of these two components. This was 

particularly evident in shell membrane Ca concentration, which had extremely large mean CV.  

Albumen Ca and P concentrations both had high intra-assay coefficients of variation compared 

to those of shell and yolk. Freeze-dried albumen was a delicate, macroscopically homogeneous 

white powder. Without further investigation it is difficult to explain the relatively large intra-

assay CV for this component, however subtle contamination of some albumen samples by yolk 

cannot be ruled out. Such contamination may have occurred either during sample processing, 

or during the prolonged interval between egg laying and hatching.  

Regression models for Ca and P concentration failed to explain much of their variability. 

Besides variation in Ca and P concentration of shell membrane and albumen specimens due to 

technical issues already described, there may be unmeasured causes of variation in Ca and P 

concentration seated in females and ponds. An attempt was made to restrict the effect of female 

in regression models by selecting just one egg from each clutch. In the case of shell Ca 

concentration, where two eggs from each of 15 clutches were used, it was confirmed 

beforehand that clutch (or female) only had a weak grouping effect. Despite this, females 

differed with respect to unmeasured variables, such as age, parity and geographic origin. No 

attempt was made to balance the data with respect to these variables. Eggs used for the 

regression analyses came from five different breeding ponds. Although pond was included as 

a factor in all regression models, two ponds contributed only seven eggs each, one pond 

contributed 15 eggs, a fourth contributed 20, and the fifth contributed 46. This low per-pond 
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sample contribution reduced the ability to accurately assign biological significance to 

statistically significant yet marginal differences between ponds. A further complication is that 

unmeasured variables that differ from female to female are confounded with those seated in 

ponds, since each female lived in one pond only.  

The most important factors influencing the Ca and P content of unbanded egg components, 

were element concentration and component mass. Other factors such as pond and date of laying 

within laying season were statistically significant in some models, but typically had very low 

coefficients and thus minimal impact on their respective regression models.  

As might be expected, the shell is the source of the majority (about 92%) of the Ca in the egg. 

The highly similar concentrations of shell Ca among samples from different clutches laid by 

different females implies that the shell gland of any female Nile crocodile consistently produces 

a calcium carbonate shell of uniform Ca concentration. This low variability, together with a 

low intracluster correlation coefficient for shell Ca concentration suggests that a small number 

of randomly selected eggs, with no regard to their clutch of origin, is a fair sampling strategy 

to determine the mean Ca concentration of eggshells in a population.  

In the multivariable regression model, shell mass was the only significant predictor of shell Ca 

content: shell Ca concentration was non-significant, underpinning the finding that Ca 

concentration in the eggshell has very low variability. Bigger eggs have more shell Ca for no 

other reason than that they have more shell. As was noted for Crocodylus porosus (Burley et 

al., 1987), C. niloticus eggs tend to be of similar size within clutches (Brown et al., 2019): the 

high intracluster correlation coefficient for shell Ca content showed that their shell Ca content 

is also very similar within clutches relative to between clutches.  

Since eggshell has a similar Ca concentration as pure calcium carbonate, if analytical 

equipment is unavailable one may gain a fair estimate of the Ca content of the unbanded 
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eggshell simply by multiplying the concentration of Ca in dry calcium carbonate (about 40%, 

or 400 g/kg) by the dried mass of the eggshell.  

Given the large variability in shell membrane Ca among the samples analysed, and the apparent 

within-sample heterogeneity shown using duplicate measurements of Ca concentration, all 

results for shell membrane Ca in the present study should be interpreted with caution. 

Compared to shell Ca and yolk Ca and P concentrations, shell membrane P concentration 

showed a large range in values. In an unbanded egg, it would be expected for shell membrane 

to be an inert lining of the shell with a consistent P content. The large variation found in the 

present study is likely indicative of a processing issue. An alternative cause of such variability 

in concentration could be the unpredictable exchange of Ca and P with other components in 

the incubator prior to egg collection. However, given the size of the variability, it seems that 

gross contamination of some samples is a more likely cause.  

Mean concentration and content of Ca and P in the albumen was very low, and varied 

comparatively widely. Both albumen Ca concentration and wet mass of albumen were 

predictive of albumen Ca content, however the concentration of Ca in the albumen had a far 

greater effect than wet albumen mass. The albumen contained on average less than one percent 

of total egg Ca and three percent of albumen P, so it seems unlikely that it is a significant 

contributor to the developing foetus’ requirements of these elements.  

Yolk had the highest concentration of P of all unbanded egg components, with very low 

variability among sampled eggs. Yolk also had a relatively high concentration of Ca. The yolk 

contributed by far the largest amount of P and the second largest amount of Ca to the egg. This 

finding suggests that the yolk is the primary source of P for the developing foetus, which is not 

surprising given that it contains substantial quantities of vitellogenin and other phosphate-rich 

lipoproteins (Noble et al., 1991).  
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The present research enhances knowledge of the distribution of Ca and P in the components of 

the unbanded crocodilian egg. It will facilitate the study of Ca and P metabolism in the fertile 

egg of the Nile crocodile, which will expand on work done by Packard and Packard (1989). Ca 

is present in substantial quantities in the shell and yolk, and P in the yolk. These components 

represent the primary sources of these elements for the developing foetus and should be the 

focus of samples for future research into preventive or therapeutic interventions, particularly if 

the cost of chemical analysis restricts sample numbers.  
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Chapter 5. Calcium and phosphorus in fertile eggs of the Nile 

crocodile (Crocodylus niloticus) 

The contents of this chapter will be submitted in modified form to a peer-reviewed journal.  
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5.1 Abstract 

The source of calcium (Ca) and phosphorus (P) for the developing Nile crocodile (Crocodylus 

niloticus) foetus has not been studied, however research in other species suggests that it is 

principally derived from yolk and shell. Using inductively coupled plasma optical emission 

spectroscopy (ICP-OES), the Ca and P concentration and content of 30 fertile eggs was 

determined within 10 days of hatching, and findings were compared with those for size-

matched unbanded eggs (eggs which fail to form an opaque band around the lesser 

circumference, indicative of failure of fertilisation or early embryonic development). For Ca, 

shell contained the highest concentration and content, followed by the foetus and then the intra-

abdominal yolk. For P, the foetus contained the highest concentration and content, followed by 

the intra-abdominal yolk. Yolk Ca and P concentration did not vary widely among unbanded 

eggs, but was quite variable in the intra-abdominal yolk of late-incubation foetuses within 

fertile eggs. Yolk Ca concentration of fertile eggs was in some cases found to exceed that of 

unbanded eggs, suggesting that Ca is stored there after being removed from the shell, however 

Ca content (defined as concentration multiplied by mass) was consistently lower among fertile 

eggs, indicating net yolk Ca depletion. Yolk P concentration and content of fertile eggs was 

consistently lower than that of unbanded eggs, suggesting a net depletion of yolk P reserves, 

without replenishment.  

5.2 Keywords 

Calcium, phosphorus, embryo, egg, crocodile, crocodilian, alligator, egg. 

5.3 Introduction 

Calcium (Ca) is essential for normal physiological function in animals, including 

mineralisation of bone and teeth, where it complexes with phosphate ions in the form of 
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hydroxyapatite (Carafoli, 1987). It also functions in nerve conduction, intracellular signalling, 

blood coagulation and as an enzyme cofactor. Phosphorus (P) is required for bone formation, 

incorporation into cell membrane phosphoproteins, and is an integral constituent of nucleic 

acids (Shaker and Deftos, 2018). It functions in intracellular fluid balance, and is an essential 

component of adenosine triphosphate (ATP) (Thompson et al., 2013). Abnormalities of Ca and 

P metabolism can result in a variety of skeletal disorders among captive reptiles (Marcus, 

1981). In crocodilians these disorders may include glassy teeth, rubbery jaws and an increased 

incidence of fractures (Huchzermeyer, 2003, Lane et al., 1984, Manolis and Webb, 2016).  

The role of abnormal Ca or P metabolism in ovo on the subsequent performance of the hatchling 

in a farmed situation has not been formally studied. Shilton et al. (2014) showed that mild 

hypocalcaemia and moderate hypophosphataemia, as well as distinct hypoalbuminaemia and 

osteoporosis occurred more commonly in runt Crocodylus porosus hatchlings than in normal 

sized hatchlings. The authors speculated that this may have been associated with post-hatching 

inanition. 

The contributions of the various components of the fertile egg to Ca and P in the foetus have 

been studied in Alligator mississippiensis (Packard and Packard, 1989) and in Crocodylus 

novaeguineae (Jenkins, 1975). Ca and P in the Nile crocodile egg have not been investigated.  

During embryonic development in oviparous species, Ca from extra-embryonic sources (yolk 

or shell) is moved across the CAM and yolk sac membrane to the conceptus (Packard and 

Clark, 1996). In lizards and snakes, most Ca comes from the yolk. By successively opening 

eggs through the incubation period and analysing the Ca and P content of its various 

components, Packard and Packard (1989) showed that the shell of A. mississippiensis was the 

main source of foetal Ca, with yolk serving as a temporary storage for shell-derived Ca in the 

last third of incubation.  
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In addition to the Nile crocodile’s utility to man as an aquaculture species in the production of 

leather and meat, it is also a long-lived apex predator in African freshwater ecosystems (Pooley, 

1982), and is thus likely to be a useful sentinel species in the detection and quantification of 

cumulative environmental toxins (Lundholm, 1997). In birds, organochlorine pesticides such 

as dichlorodiphenyltrichloroethane (DDT) have long since shown to alter eggshell calcification 

(Ratcliffe, 1967, Hickey and Anderson, 1968). Research in other crocodilian species has shown 

that normal eggshell anatomy and physiology may be altered by exposure to environmental 

pollutants (Stoker et al., 2013). Given that organochlorines may affect the Ca status of bird and 

crocodilian eggs, description of the concentration and content of Ca in egg components may 

be of value under conditions where organochlorine toxicity is suspected. 

Before studying the effect of dietary supplements or alterations in management protocols on 

egg or hatchling Ca or P, methods must be developed to separate, process and analyse samples 

to yield accurate, representative results. The natural variability in concentrations and amounts 

of Ca and P in each component must be described for normal eggs, and potential confounding 

factors that could affect these measurements must be identified. The principle sources of Ca 

and P for incorporation in the foetus must be identified, together with an approximation of each 

component’s relative contribution. This will allow for comparative study of pathologies of Ca 

and P metabolism in Nile crocodile eggs in captive and wild populations.  

In the fertile crocodile egg, development of the chorioallantois in early incubation results in 

physical changes to the shell membrane that are visible through the shell. This process is known 

as ‘banding’: eggs in which this fails to occur (due either to lack of fertilisation or early death 

of the embryo) are known as ‘unbanded’ eggs. In the research presented in this thesis, freely 

available unbanded eggs were used as proxies for very early-stage fertile eggs, under the 

assumption that unbanded eggs reflect the Ca and P content and distribution of fertile eggs 

prior to the onset of embryonic metabolic activity.  
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Chapter 4 of this thesis described the variation in Ca and P concentration and content of 

unbanded eggs, and investigated the effect of potential confounding variables on these 

parameters. The present chapter focused on the fertile egg, and had the following aims:  

1. To describe the concentration and content of Ca and P in the components (shell, shell 

membrane, yolk, foetal membranes and foetal fluids, and foetus) of fertile eggs. 

2. To assess the relationship between foetal Ca and P content and that of the other fertile 

egg components.  

3. To determine the main sources of Ca and P for the developing conceptus by comparing 

fertile eggs to unbanded eggs of similar mass.  

5.4 Materials and methods 

All research procedures were approved by the University of Pretoria Animal Ethics Committee 

(approval certificates v104-16 and v109-15 (Appendix F)). All eggs used in this study were 

collected in 2016 from a commercial crocodile farm in the North West Province, South Africa.  

 Specimen collection and preparation 

Unless stated otherwise, all laboratory equipment and methods (such as freeze- or oven-drying) 

used in preparation of fertile egg samples was identical to that used for unbanded eggs. All 

fertile egg specimens were digested and analysed in batches with unbanded egg samples. For 

a more detailed description of egg processing, refer to Chapter 2 of this thesis. Killing of 

foetuses within fertile eggs was performed according to IUCN-CSG recommended practices 

(Manolis and Webb, 2016). 

Briefly, fertile C. niloticus eggs (n = 30; one from each of 30 clutches) were carefully collected 

between ten and five days prior to their predicted hatching date, uniquely numbered and placed 

immediately on ice. All eggs originated from the same farm, but from different breeding ponds 

during the same season. At the processing laboratory, eggs were refrigerated for 24 h at 4 °C 
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before each egg was cleaned with a swab and deionised water and allowed to dry for at least 

an hour at room temperature. The mass of each egg was determined in grams, to three decimals. 

The shell overlying one pole of the egg was broken, and shell fragments removed and kept for 

later weighing, resulting in a shell-free region about 30 mm in diameter. The shell membrane 

was cut with a scalpel and the foetus removed from the egg with rat-toothed forceps. The 

attachment between the intra-abdominal yolk sac and the allantochorion was cut with scissors.  

To ensure the foetus was dead and not in a cold-induced torpor, it was decapitated prior to 

dissection. No haemorrhage nor movement occurred during decapitation. The intra-abdominal 

yolk within its perivitelline membrane was removed from the abdomen. Remaining foetal 

fluids, remnant albumen and foetal membranes were removed from the empty egg and placed 

in a weighing container. The shell was separated from the shell membrane. All components of 

the fertile egg (shell, shell membrane, yolk, foetus, and a mixture of foetal membranes, foetal 

fluids and remnant albumen) were weighed separately in pre-weighed containers and their 

masses determined by subtraction. The foetus was homogenised. An aliquot of homogenised 

foetal tissue, the entire yolk, and the entire mixture of foetal fluid, foetal membrane and 

remnant albumen were stored in separate containers for freeze drying. After freeze drying, 

samples were oven dried to constant mass. The shell and shell membrane were oven dried for 

at least six hours at 50 °C.  

 Specimen Ca and P determination 

Ca and P concentrations were determined using inductively coupled plasma optical emission 

spectroscopy (ICP-OES) for each component of 30 fertile eggs (shell, shell membrane, yolk, 

foetus, and a mixture of foetal membranes and residual foetal fluids). Details of the process of 

analysis and the determination of limits of detection and quantification are identical to those 

for unbanded eggs, and are provided in 4.4.3.  
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Ca and P content was calculated by multiplying dry component mass by element concentration.  

 Assessment of measurement accuracy 

Methods used to assess accuracy of measurement using certified reference materials and 

quality control samples are identical to those used for unbanded eggs and are reported in 4.4.4. 

As was done for unbanded eggs, the within-sample method repeatability and specimen 

homogeneity was assessed by splitting the specimens derived from six eggs (shell, shell 

membrane, yolk, foetus and a mixture of foetal membrane and foetal fluid) into paired aliquots 

and submitting each of these to the laboratory as separate samples.  

 Matching of unbanded and fertile eggs 

To compare unbanded eggs with similar fertile eggs, each fertile egg was matched to an 

unbanded egg of which the mass was as close as possible to, but within five grams above or 

below its own mass. When selecting pairs, the only criterion considered was egg mass: other 

potential covariates such as laying date, pond of origin on the farm and clutch of origin were 

not considered.  

For unbanded eggs, separation of shell membrane from shell was performed on dried samples. 

As discussed in 4.4.1, the wet mass of unbanded shell and shell membrane was estimated by 

assuming that they respectively contained the same fraction of moisture as that of fertile eggs, 

for which both wet and dry masses were measured. 

For shell membrane and yolk, pairing fertile eggs with size-matched unbanded eggs allowed 

for a direct comparison of measured Ca and P concentration and content. However, only three 

of 30 unbanded shell samples used in the prior study (Chapter 4) came from eggs that could be 

size-matched to fertile eggs. Cost constraints prevented the analysis of more samples. 

Therefore, to compare shell Ca content of unbanded eggs with size-matched fertile eggs, a prior 

finding was exploited: namely that the unbanded eggshell Ca concentration was almost the 
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same among a random selection of eggs (refer to Table 4.2). The mean shell Ca concentration 

of 29 analysed unbanded eggs was 391.21 g/kg (SD 3.78 g/kg, min 384.22 g/kg, max 

398.56 g/kg). This equated to a very low CV of 0.97%, indicating that the mean value for Ca 

concentration was a good approximation of the Ca concentration in all unbanded eggshells. 

The principle determinant of Ca content in an eggshell was the mass of that eggshell (refer to 

Figure 4.1 a and b). The dry shell mass was therefore multiplied by the mean concentration 

value (391.21 g/kg) to provide an estimate of the shell Ca content of a given egg.  

 Data analysis 

Microsoft Excel (Microsoft Corporation, Redmond, Washington, USA) was used for collation 

of data, and Stata 14 (Statacorp, College Station, Texas, USA) was used for statistical analysis. 

5.4.5.1 Assessing normality of distribution 

Ca and P concentration and content for each component were graphed using histograms and 

visually inspected for normality of distribution. The Stata command “sktest” was used to 

formally assess normality of distribution at the 5% significance level.  

5.4.5.2 Descriptive statistics 

For normally distributed concentration and content variables, the mean, standard deviation, 

minimum and maximum were reported. For non-normally distributed concentration and 

content variables, the median, 25th and 75th percentiles, minimum and maximum were 

reported.  

5.4.5.3 Comparison of Ca or P concentration and content between size-matched pairs 

Ca and P concentration were determined on a dry matter basis. Unfortunately, data for the total 

dry mass of 14 of the 30 size-matched unbanded yolk and albumen samples was missing. This 

meant that only 16 eggs could have their yolk and albumen Ca and P content determined. 

Comparison was confined to these 16 pairs.  
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A primary aim of the study was to determine whether fertile eggs differed from size-matched 

unbanded eggs in their component Ca and P concentration and content. Egg mass was the only 

factor considered when selecting an unbanded egg to pair with each fertile egg: other potential 

confounding variables were not considered. By the time the 30 fertile eggs were made 

available, the collection of unbanded eggs was already complete and significant effort had been 

put into opening, separating, sorting and drying their components. To optimise measurement 

accuracy, unbanded eggs to form sample pairs had to be chosen from those with albumen clarity 

score of 1 (refer to Figure 2.11), which greatly reduced the potential pool of samples. The 

imposition of further restrictions (such as ensuring that paired eggs were selected from the 

same pond or clutch) would have made the selection of an adequate number of pairs impossible.  

In performing the statistical analysis, it was therefore necessary to use a statistical model that 

could account for the effect of potential confounders. Where unbanded and fertile component 

Ca and P concentration and content were normally distributed, a mixed-effects multilevel 

regression model was used, with the predictor variables fertile status, egg mass, pond of origin, 

date of laying, and clutch. Size-matched pair was a second-level (grouping) variable.  

5.4.5.4  Association between foetal and fertile egg component Ca and P content 

To assess the association between foetal Ca (or P) content and that of the fertile egg’s shell, 

shell membrane and yolk, a simple multi-variable regression model was used, with foetal Ca 

or P content as the outcome variable, and shell Ca content, shell membrane Ca (or P) content, 

yolk Ca (or P) content, foetal membrane Ca (or P) content, and total egg mass as the predictor 

variables.  
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5.5 Results 

 Assessment of accuracy of measurement 

Since fertile egg samples were analysed together in a batch with unbanded egg samples, the 

same data were used for method and instrument calibration. Statistics describing accuracy of 

measurement (limit of detection, limit of quantification and standard reference material values) 

can be found in 4.5.1.  

Duplicate shell and shell membrane samples showed the lowest variability in Ca concentration. 

Foetal fluids and membranes showed highly variable Ca and P concentration among duplicate 

samples (Table 5.1).  

 

Table 5.1. 

Summary of average of intra-assay coefficients of variation, expressed as percentages, of six 

duplicate measurements of Ca and P concentration in each fertile egg component 

  Ca  P 

Shell  0.24  —a 

Shell membrane  1.57  4.43 

Yolk  4.74  3.38 

Foetus  3.38  2.45 

Foetal fluids and membranes  18.81  15.79 

a P was below detection limit in all shell samples  

 Masses of the components of size-matched unbanded and fertile eggs 

Of the 30 size-matched unbanded and fertile egg pairs, mean within-pair difference in egg mass 

was 1.10 g (SD 1.26 g, min 0.001 g, max 4.98 g). 

Mean masses of size-matched unbanded and fertile egg components are shown in Table 5.2.  

Although the mean total mass of unbanded and fertile eggs was very similar, the mean wet 

mass of shell and the yolk of fertile eggs was noticeably lower than that of unbanded eggs.  
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Table 5.2. 

Wet masses (g) of components of 30 pairs of Nile crocodile eggs, with each pair consisting of 

a fertile egg and an unbanded egg matched according to whole egg mass 

  Unbanded  Fertile 

  Mean SD  Mean SD 

Shell  13.44a 1.80  11.07 1.09 

Shell membrane  1.98b 0.25  3.39 0.36 

Yolk  46.73 9.47  17.62 4.75 

Albumen  40.37 7.71  — — 

Foetusc  — —  50.39 7.72 

Foetal membrane and fluid  — —  21.53 4.17 

Whole egg  105.94 12.76  105.67 12.50 

a, b Wet mass of unbanded shell and shell membranes were estimated (refer to Section 5.4.4) 

c Mass of foetus after removing intra-abdominal yolk 

 

 Comparison of Ca or P concentration and content between size-matched 

pairs 

Statistics describing unbanded and fertile Ca and P component concentrations are shown in 

Table 5.3, and those describing unbanded and fertile component Ca and P content are shown 

in Table 5.4. 

As was seen for unbanded eggs, shell Ca concentration was highly consistent among 

observations. Shell membrane Ca concentration was normally distributed among fertile egg 

samples, in contrast to the highly positively skewed data obtained for unbanded egg samples. 

Yolk from unbanded eggs contained a higher mean concentration of Ca than yolk from fertile 

eggs. Foetal tissue contained a substantial concentration of Ca and P, with comparatively little 

variability between samples. The mixture of foetal membranes, foetal fluid and residual 

albumen contained a fair concentration of Ca and P that varied considerably compared to the 

foetal tissue.  
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Table 5.3. 

Concentrations of Ca and P (in g/kg) in the components of unbanded and fertile Nile crocodile eggs 

 Unbanded  Fertile 

 Mean SD Median p25a p75b n  Mean SD Median p25 p75 n 

Ca              

Shell 392.62 4.23    3c  390.01 2.88    30 

Shell membrane   17.33 9.99 34.47 29d  12.47 2.39    30 

Yolk 7.72 0.33    30  6.02 1.92    30 

Albumen   1.61 1.31 1.76 30        

Foetus        26.00 1.81    30 

Foetal membrane and fluid        6.33 3.85    30 

P              

Shell membrane   0.18 0.14 0.21 29d    0.09 0.08 0.10 30 

Yolk 13.45 0.39    30  10.39 1.24    30 

Albumen   0.66 0.53 0.76 30        

Foetus        17.72 0.97    30 

Foetal membrane and fluid        4.52 1.52    30 

a 25th percentile 

b 75th percentile 

c Only three unbanded shell samples were measured: refer to Section 5.4.4 above 

d One unbanded shell membrane sample was excluded due to suspected contamination by shell 

 



117 

 

It is evident from Table 5.4 that most Ca in fertile eggs is contained in the shell and foetus, 

with a substantially smaller quantity in the yolk and shell membrane. 
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Table 5.4. 

Mean Ca and P content (in grams) in size-matched pairs of unbanded and fertile eggs 

 Unbanded  Fertile   

 Mean SD Median p25a p75b  Mean SD Median p25 p75  n 

Ca              

Shellc 4.38 0.60     4.16 0.43     30 

Shell membraned   0.03 0.01 0.05  0.02 0.004     29 

Yolke 0.23 0.04     0.05 0.02     16 

Albumene 0.03 0.009           16 

Foetus       0.60 0.07     30 

Foetal membrane and fluid         0.003 0.0026 0.005  30 

Total egg 4.59 0.65     4.82 0.40     16 

P              

Shell membrane   0.0003 0.0002 0.0003    0.0001 0.0001 0.0002  29 

Yolk 0.40 0.07     0.08 0.02     16 

Albumen 0.01 0.004           16 

Foetus       0.41 0.05     30 

Foetal membrane and fluid         0.003 0.002 0.004  30 

Total egg 0.41 0.07     0.50 0.05     16 

a, b 25th and 75th percentile 

c Estimated shell Ca content based on mean shell concentration of 391.21 g/kg 

d One unbanded shell membrane sample was excluded due to suspected contamination by shell 

e Total dry yolk and albumen mass data is missing for 14 of 30 samples. 
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5.5.3.1 Total egg Ca content 

Numerically, the average content of Ca in fertile eggs is 0.23 g higher than that in unbanded 

eggs, whereas the average content of P in fertile eggs is 0.09 g higher than that in unbanded 

eggs (Table 5.4).  

However, if the effect of potential confounding factors were taken into account in a multilevel 

mixed-effects regression model, fertility status had no significant effect on Ca content 

(P = 0.50). The only factor affecting total egg Ca content was wet egg mass: for each increase 

by one gram in wet egg mass, total egg Ca content increased by 0.03 g (SE = 0.008, 95% 

CI = 0.012–0.042, z = 3.56, P < 0.001). The Wald’s chi-square value for this model was 55.48 

(P < 0.001, df = 8).  

Fertility status was the only factor that had an effect on total egg P content. Fertile eggs 

contained on average 0.08 g more P than unbanded eggs (SE = 0.036, 95% CI = 0.015–0.15, 

z = 2.37, P < 0.05). The model’s Wald’s chi-square value was 69.87 (P < 0.001, df = 8).  

5.5.3.2 Shell 

Shell Ca concentration was measured for only three unbanded eggs of 30 pairs, so comparison 

between unbanded and fertile shell concentration cannot be made here. A mean Ca 

concentration was used to determine an estimated unbanded shell Ca content (refer to 5.4.4).  

Without considering the effect of covariates, the measured mean Ca content of 30 fertile 

eggshells was 0.22 g (SD 0.55 g) less than the mean estimated Ca content of 30 eggshells from 

size-matched unbanded eggs. However, in the multilevel mixed effects regression model, egg 

mass was the only significant predictor of shell Ca content. For each one gram increase in egg 

mass, shell Ca content increased by 0.035 g (SE = 0.005, 95% CI = 0.024–0.045, z = 6.47, 

P < 0.001). A coefficient of −0.31 for fertility status suggested that, controlling for covariates, 

shells of fertile eggs are expected to have 0.31 g less Ca than those of unbanded eggs. However, 
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the effect of fertility status did not reach significance (P = 0.075). In line with this finding, 

Figure 5.1 shows that the Ca content of shells from fertile eggs were mostly, but not always, 

lower than that of the shells of unbanded eggs of similar mass. The Wald’s chi-squared value 

of the model was 81.51, with P < 0.001, and df = 8. It can therefore be concluded that egg mass 

remains the principle determinant of shell Ca content, even among a mixture of unbanded and 

fertile eggs.  

 

Figure 5.1. 

Difference in measured shell Ca content of fertile eggs and estimated shell Ca content of size-

matched unbanded eggs 

 

5.5.3.3 Shell membrane 

Shell membrane of unbanded eggs had relatively low Ca and P concentrations, and a relatively 

large variation in these values. The wet mass of the shell membrane of unbanded eggs was 

estimated from measurement of fertile eggs. Due to these potential methodological issues, the 

researchers are hesitant to speculate on differences in Ca and P content between unbanded and 

fertile shell membranes.  
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5.5.3.4 Yolk  

The distribution of concentrations of yolk Ca and P in specimens of fertile eggs was noticeably 

wider than from those of corresponding size-matched unbanded eggs (Figure 5.2).  

 

Figure 5.2. 

Frequency distribution of yolk Ca and P concentration in unbanded and size-matched fertile 

eggs 
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In the mixed-effects regression model, it was found that the Ca concentration in the yolk of 

fertile eggs was on average 1.68 g/kg lower than that of unbanded eggs of similar size 

(SE = 0.64, 95% CI = −2.93 to −0.42, z = −2.62, P < 0.05). The model’s Wald’s chi-squared 

value was 35.41, with P < 0.001. As an exercise, if the effect of covariates other than fertility 

status (egg mass, pond, clutch, date of laying), which were either non-significant or had very 

small coefficients, was disregarded and the mean value of fertile yolk Ca concentration 

(6.02 g/kg) was simply subtracted from the mean value of unbanded yolk Ca concentration 

(7.72 g/kg), a very similar figure of 1.70 g/kg was obtained. 

Using a mixed-effect regression model and after correcting for the possible effects of wet egg 

mass, pond of origin, clutch of origin and date of laying, the P concentration in the yolk of 

fertile eggs was on average 3.56 g/kg lower than that of unbanded eggs of similar size 

(SE = 0.41, 95% CI = −4.36 to −2.76, z = −8.69, P < 0.001). The model’s Wald’s chi-squared 

value was 252.80, with P < 0.001 and df = 8. If the effect of covariates was disregarded and 

the mean value of fertile yolk P concentration (10.39 g/kg) was subtracted from the mean value 

of unbanded yolk P concentration (13.45 g/kg), a similar figure of 3.06 g/kg was obtained. 

After correcting for egg mass, yolk Ca concentration, pond of origin, date of laying and clutch 

of origin, the Ca content of yolks of 16 fertile eggs was on average 0.17 g lower than that of 

yolks of 16 unbanded eggs of similar size (SE = 0.01, 95% CI = −0.20  to −0.14, z = −11.50, 

P < 0.001) (The model’s Wald’s chi-squared value was 1587.34, with P < 0.001 and df = 9). 

As for yolk Ca concentration, if the effect of covariates was disregarded, and the mean value 

of fertile yolk Ca content (0.05 g) was subtracted from the mean value of unbanded yolk Ca 

content (0.23 g), a figure of 0.18 g was obtained, a value very similar to that found using the 

mixed-effect regression model. This difference can be seen in Figure 5.3.  

Similarly, for yolk P content, fertile eggs had on average 0.26 g less P than unbanded eggs 

(SE = 0.03, 95% CI = −0.33 to −0.2, z = −8.27, P < 0.001) (The model’s Wald’s chi-squared 
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value = 1401.45, with P < 0.001, df = 9). If the mean value of fertile yolk P content was simply 

subtracted from the mean value of unbanded yolk P content, a figure of 0.32 g was obtained 

(Figure 5.3).  

 

Figure 5.3. 

Comparison of Ca and P content between size-matched pairs of fertile and unbanded egg 

yolks 

 

 Association between foetal Ca and P content and that of other fertile egg 

components 

Using a multivariable regression model it was shown that the only predictor of foetal Ca 

content, was yolk Ca content. After removing non-significant interaction terms, for each gram 

that foetal calcium content increased, the yolk calcium content was expected to increase by a 

mean of 1.80 g (SE = 0.69, 95% CI = 0.39–3.22, t = 2.61, F(1, 28 df) = 6.83, r2 = 0.20, 

P < 0.05).  
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After removing non-significant interaction terms, it was found that for each gram that foetal P 

content increased, the P content of a mixture of foetal membrane, foetal fluid and residual 

albumen decreased by a mean of 6.91 g (SE = 3.13, 95% CI = −13.32 to −0.50, t = −2.21, F(1, 

28 df) = 4.87, r2 = 0.15, P < 0.05).  

5.6 Discussion 

 Within-sample variation 

As seen in Table 5.1, the largely inorganic, homogeneous shell samples generated the most 

repeatable within-sample measurements, a situation similar to that seen for unbanded eggs 

(refer to 4.5.1). By contrast, the freeze- and oven-dried mixture of foetal membranes and foetal 

fluid was heterogeneous, and repeated analysis yielded highly variable results. It consisted of 

dried, leathery foetal membrane together with the powdery remnant of dried foetal fluids and 

residual albumen. Collecting a representative sample of this mixture was difficult. If future 

analysis of foetal membranes or fluids is desired, a possible solution to this issue would be to 

first collect the foetal fluid and residual albumen, then rinse the foetal membranes with 

deionised water prior to drying and analysis.  

As discussed previously (refer to Section 2.5 of this thesis), it was far easier to separate the 

shell and shell membranes of fertile eggs than those of unbanded eggs, likely due to weakening 

of the attachment between the organic shell membrane and mammillary layers of the shell 

during incubation (Ferguson, 1982). This was reflected in the mean within-sample variability 

for shell membrane Ca, which was much higher for unbanded eggs (Table 4.1) than in fertile 

eggs (Table 5.1). Shell membranes of fertile eggs, which peeled away easily from their shells, 

were probably less susceptible to contamination by shell Ca than those of unbanded eggs.  

Interestingly, repeated analyses of specimens taken from a particular fertile egg yolk varied 

more than those taken from a particular unbanded egg yolk. For duplicate unbanded egg 
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samples, the CV of yolk Ca concentration was 0.54% and for yolk P concentration it was 0.52% 

(Table 4.1), while for six duplicate sample pairs of fertile egg yolk the CV for Ca concentration 

was 4.74% and for P it was 3.38%. This could suggest that there is an uneven utilisation of 

yolk Ca and P from the yolk by the foetus. For yolk Ca, a possible alternative explanation is 

that the portion of yolk immediately beneath the yolk sac membrane has a higher concentration 

due to active local deposition of shell-derived Ca, as discussed by Packard and Packard (1989).  

The developing foetus and recently-hatched neonate benefit from a store of energy-rich yolk 

phosphoglycerides, such as phosphatidylcholine and phosphatidylethanolamine (Noble et al., 

1991). Rather than having P uniformly bound up in such phosphoglycerides and distributed 

evenly through the yolk, data from the current study showed substantial variability in P 

concentration in paired specimens derived from the same fertile yolks, which suggested an 

uneven P distribution. Redistribution of yolk lipid may occur between yolk content and yolk 

sac membrane during incubation (Noble et al., 1990, Noble and Moore, 1967), which may 

explain variability in P content from different sampling sites on the same yolk. A tentative 

alternative explanation is that there is simply some stratification of these compounds in the 

yolk based on their density, which is reflected in varying figures for P concentration.  

 Comparison of unbanded and fertile eggs 

In selecting a size-matched unbanded egg to pair with each fertile egg, only the relative masses 

of the two eggs, and not clutch (female) of origin, breeding pond, or time within the laying 

season were considered, however these potential sources of variability were accounted for in 

the statistical models. In support of such an approach, it has been shown in previous work that 

unbanded yolk Ca and P content is principally determined by egg mass (Figure 4.1), and that 

larger eggs have a tendency to contain larger yolks in a linear fashion (refer to 3.5.5.2). 
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An alternative approach could have been to remove an egg from a clutch immediately after 

laying, arrest its development by chilling, and use it for direct within-clutch comparison with 

a fertile clutch mate near the point of hatching. If costs and commercial farming considerations 

do not constrain the purchase of a larger number of freshly laid fertile eggs, this approach may 

be easier to implement prospectively, since it has already been shown that eggs are more similar 

in mass within clutches than between clutches (Table 3.5). This would obviate the need to 

weigh many randomly selected unbanded eggs to find an optimally size-matched pair. Such an 

approach would also simplify statistical analysis by removing possible confounding factors. In 

previous reptilian egg research (Packard et al., 1984, Packard and Packard, 1989), this method 

has been applied. Such a method also lends itself most easily to the study of eggs within wild 

nests.  

5.6.2.1 Total egg Ca and P 

Descriptive statistics indicated that the mean total Ca content of fertile eggs was numerically 

approximately 5% higher than that of size-matched unbanded eggs, and that of total fertile egg 

P approximately 20% higher than size-matched unbanded egg P (Table 5.4). However, when 

evaluated using a multilevel mixed-effects model, fertility status had no significant effect on 

Ca content: the only factor affecting total Ca content among a mixed sample of unbanded and 

fertile size-matched eggs was wet egg mass.  

Fertility status did appear to affect egg P content: fertile eggs contained on average a fraction 

of a gram more P than unbanded eggs. This cannot be easily explained, but given that the 

difference was very small (less than 0.1 g) and the number of samples analysed was also small 

(16 matched pairs), caution should be exercised when attaching significance to this finding. 

Tissues containing P in the fertile egg may have been more amenable to digestion and analysis 

which reflected as higher P concentration and hence content. Another potential explanation is 

that this very difference in P content is an important determinant of the fertility status of the 
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egg. Such differences in P content could reflect variations in the type of lipoprotein molecules 

between unbanded and fertile eggs. However, if differences in lipoprotein composition were 

present which would affect embryonic development, one might expect such effects to manifest 

further along in development, resulting in death during incubation. The effect of lipoproteins 

on embryonic development in crocodilians requires further research, but a helpful overview of 

the topic in reptiles is provided by Thompson et al. (2004).  

Simply by comparing content of Ca and P in unbanded and fertile components, it is evident 

that the principle source of Ca for the developing foetus is the shell and yolk, and for P, the 

yolk.  

5.6.2.2 Shell Ca 

In the present study, only three size-matched unbanded eggs were used to compare shell Ca 

concentration with that of fertile eggs, making the drawing of meaningful conclusions difficult. 

However, when the mean shell Ca concentration of 15 unbanded eggs used in the previous 

study (Table 4.2) is compared with that of the fertile eggs in the present study, there is very 

little apparent difference (unbanded eggs: mean 391.87 g/kg, SD 3.90, n = 15; fertile eggs: 

mean 390.01 g/kg, SD 2.88, n = 30). A likely explanation for this is that shell Ca is simply 

removed by the chorioallantois via enzymatic digestion of the innermost shell layers (Tuan et 

al., 1986), without changing the remaining shell.  

When comparing measured shell Ca content of fertile eggs with the estimated shell Ca content 

of unbanded eggs in a mixed-effects regression model, fertility status had no apparent effect, 

and the only predictor of total shell Ca was egg mass. However, on evaluation of Figure 5.1, it 

is evident that for 22 of 30 size-matched pairs, the shell of the unbanded egg contained a greater 

amount of Ca than the shell of the fertile egg. While all pairs of eggs consisted of members that 

were within 5 g of each other, it is possible that those pairs with a greater mass differential 

exerted a disproportionate effect on mean shell Ca content. 
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5.6.2.3 Shell membrane Ca and P 

As discussed, due to methodological issues, unbanded egg shell membrane was likely an 

unrepresentative specimen, in contrast to that of fertile eggs, which was probably more 

representative. The shell membrane of fertile eggs contained a very low concentration of P, but 

a Ca concentration that was approximately double that of the yolk (Table 5.3), however total 

content of both elements was very low (Table 5.4). Since Ca must necessarily be moved from 

the shell across the shell membrane to the chorioallantois during the process of foetal 

development (Ferguson, 1985), it is possible that any Ca found in the shell membrane 

represents Ca “in transit” from shell to chorioallantois.  

Since it was shown that the shell membrane contains negligible quantities of Ca, a possible 

improvement on the method used, would be to measure the combined shell and shell membrane 

Ca instead of trying to separate these two layers.  

5.6.2.4 Yolk Ca and P 

Figure 5.2 shows a wider distribution of Ca and P concentration among fertile egg yolks 

compared to unbanded egg yolks. For fertile yolk Ca, the spread in concentration is quite wide, 

with approximately as many fertile egg yolks displaying a Ca concentration of 3–4 g/kg as 

those displaying a concentration of 9–10 g/kg. A possible explanation for this is that uptake of 

Ca by the foetus from the yolk occurs in waves, which in turn are followed by waves of uptake 

of Ca from the shell by the CAM, stored temporarily in the yolk. If this is the case, then the 

histogram for yolk Ca concentration shown in Figure 5.2 is a snapshot of a dynamic process. 

Alternatively, the present findings could be mirroring those of a study by Packard and Packard 

(1989), which showed a sudden sharp increase in mean adjusted yolk Ca content in the last 

seven days of incubation in A. mississippiensis eggs. The temporal change in component Ca 

and P concentration and content of fertile eggs was not evaluated in the present study, so a 

direct comparison with the study by Packard and Packard (1989) is not possible. However, 
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among the samples used in the current study there was some variability in the time between 

projected hatching and the date of sample collection, so the spread in Ca concentration may be 

reflective of this. In the regression analyses, length of incubation was not identified as a 

statistically significant covariate, however the effect may have been small enough to escape 

notice, given the limited sample size.  

The graphic of yolk P concentration seen in Figure 5.2 cannot be explained by ‘uptake in 

waves’ theory, since there is not a ready source of P outside of the yolk available to supplement 

yolk reserves of this element as they are incorporated into foetal tissue. Another possible 

explanation for the shape of the graphs for fertile egg Ca and P, is that there is a continuous 

exchange of Ca and P between yolk and foetus against a background of net transfer from the 

former to the latter. Packard and Clark (1996) noted that the flux of Ca across the yolk sac 

epithelium of avian embryos was bidirectional, but could not explain its mechanism of action.  

Regardless of possible temporal changes in Ca and P concentration in fertile yolks, Figure 5.3 

shows that there is clearly far less total Ca and P in fertile yolks than in size-matched unbanded 

yolks, indicating that the yolk is an important source of these elements for the developing 

foetus.  

The Ca concentration in the yolk of fertile eggs was about the same or higher than that in the 

yolk of size-matched unbanded eggs, whereas P concentration in the yolk of fertile eggs was 

lower than in the yolk of size-matched unbanded eggs. It is probable that fertile yolk Ca content 

declines due to a reduction in yolk volume through incubation, while fertile yolk P content 

declines due to a reduction in both yolk volume and P concentration through incubation.  

Packard and Packard (1989) found that the residual yolk of A. mississippiensis at hatching 

contained Ca and P in the ratio 2:1 — similar to that found in the skeleton. Data from the 

present study did not reflect such a ratio. However yolks were not sampled at precisely the 
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same interval prior to hatching, so it is possible that Ca uptake from the shell may have been 

in progress, and would have ultimately led to such a residual yolk Ca:P ratio by the time of 

hatching.  

5.6.2.5 Ca and P in foetal membrane, foetal fluids and remnant albumen  

As discussed, sample processing methodology for this component requires some alteration 

before reliable conclusions can be drawn. However, median figures indicate that net 

contribution of this mixture of components to overall Ca and P content is very small.  

5.6.2.6 The contribution of albumen Ca and P to the foetus 

Compared to yolk (for Ca and P) and shell (for Ca), the concentration and total amount of Ca 

and P in the unbanded egg albumen was very low, suggesting that this component contributed 

little to foetal Ca and P.  

 Conclusions 

The present research describes Ca and P concentration and content in the components of the 

fertile Nile crocodile egg, which will allow for comparison with other crocodilian and reptilian 

species. Most Ca for foetal development is derived from the shell and yolk, and almost all P is 

derived from the yolk. The present study’s findings support those of Packard and Packard 

(1989) in A. mississippiensis.  

In future studies, shell and yolk are the samples that should be collected and analysed to assess 

the effect of management interventions, dietary alterations or fat-soluble toxic substances on 

crocodile egg Ca and P metabolism. 
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Chapter 6.  Summarising discussion 

The study of crocodilian breeding has followed a trend that has mirrored the changing 

economic importance of these species over the past fifty years. Early research was performed 

by naturalists interested in understanding how crocodilian species interacted with their wild 

environment.  

Recently, as a market for high quality crocodile leather has become established, more intensive 

research into crocodilian reproductive physiology has sought to address production- and 

husbandry-related issues confronting intensive commercial crocodile farmers.  

Assessing the efficacy of interventions such as changes in nutrition, selection of breeding 

females or alteration of incubation regimens on egg composition or hatchling health, requires 

meticulous planning and execution of research trials. An essential component of any research 

study is data collection, which requires time and often substantial amounts of money. Where 

crocodile eggs or neonates are concerned, the seasonal nature of crocodile breeding means that 

samples are available once a year, so a missed opportunity often requires postponement of 

sample collection to the following year, with all the associated disadvantages that this imposes. 

For this reason, embarking on sample collection with a clear vision of the type and number of 

specimens required as well as potential pitfalls in sample collection, confers a substantial 

advantage to the researcher.  

To briefly summarise the preceding chapters of this thesis, in Chapter 3 the variation in masses 

of unbanded and fertile C. niloticus eggs and their components was described, together with 

the percentage contribution of each component to total egg mass. Egg mass was related to 

estimated egg volume, the effect of potential covariates on the mass of the egg and its various 

components was described, and the grouping effect of clutch on the masses of unbanded and 

fertile egg components was assessed. In Chapters 4 and 5 the Ca and P concentration and 
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content of each component of unbanded and fertile eggs was measured and the grouping effect 

of clutch on these variables in unbanded eggs was assessed. The effect of potential confounding 

factors that may have prevailed on this particular farm on Ca and P concentration and content 

in unbanded and fertile eggs were evaluated, and the Ca and P concentration and content of 

size-matched unbanded and fertile eggs were compared.  

Knowledge gained from this research should have application in further research into captive 

hatchling production as well as into conservation and assessment of the reproductive health of 

wild populations. As one of the first in-depth studies of Ca and P in Nile crocodile eggs, the 

present research was necessarily descriptive. It allowed the development of skills transferrable 

to the study of other inorganic as well as organic egg constituents, and provided a stimulus for 

the devising of new research questions. 

All egg samples used in the present research were derived from the same farm, a fact which 

conferred both advantages and disadvantages to the data and its interpretation. While it cannot 

be claimed (or even implied) that data from these studies are representative of all Nile 

crocodiles everywhere, the fact that samples were handled in a similar manner, came from 

females kept under similar conditions and fed a similar diet should allow for the drawing of 

conclusions about natural variations within a population.  

Through trial and error, lessons were learned about how to (and how not to) dissect crocodile 

eggs. Eggs gradually lose mass through transpiration during storage. This can be managed by 

processing the eggs soon after collection, keeping them as cool as possible by refrigeration, 

and by storing them separately in small sealed plastic bags to reduce water loss.  

The albumen clarity score (Section 2.2) is an important consideration when selecting samples. 

In the studies described in this thesis, it was found that most unbanded egg samples were 

unsuitable due to putrefaction or coagulation of yolk and albumen. The use of the clarity score 
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allowed these eggs to be identified immediately and discarded. Unbanded eggs were removed 

at the end of the incubation period once all fertile eggs had hatched. Had they been removed 

immediately or within a few days of laying, eggs would have been fresher at opening, and a 

greater proportion may have had an albumen clarity score of one.  

The antibacterial effects of albumen proteins in birds’ eggs have been discussed by Burley et 

al. (1987), who found no such proteins in albumen of Crocodylus porosus. Instead, the 

researchers suggested that the thick crocodilian shell membrane forms the main barrier against 

microbial invasion. The immune function of the shell membrane, particularly during 

development of the chorioallantois in the fertile egg, represents an interesting avenue of further 

research.  

Separation of shell and shell membrane in unbanded eggs was difficult, reflecting the findings 

of Kern and Ferguson (1997). The process of separation in unbanded eggs so severely 

compromised the quality of the resulting shell membrane samples, that reliable conclusions 

could not be drawn on their Ca and P content. In future research, such mechanical separation 

should be avoided. If chemical analysis must be performed on unbanded eggshells or 

membranes, they must either be analysed together, or the shell must be removed from the shell 

membrane by dissolution in a weak acid. The same difficulty does not exist when separating 

the shells of fertile shells and shell membranes.  

As discussed in Chapter 1, maternally derived factors transmitted to the foetus through the egg 

may affect the pre- and post-hatching health of the embryo, foetus or hatchling. The way the 

egg is handled during the incubation period may also influence hatchling health. Moreover, 

genetic traits of male origin transmitted to the foetus could conceivably affect foetal size, 

growth rate or health. Where multiple sires are available, the possibility of superfecundation 

(polyandry) introduces yet another confounding variable that must be accounted for in study 

designs.  
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Webb et al. (1983b) found that Crocodylus johnstoni clutches laid at the beginning of the laying 

season tended to contain greater numbers of larger eggs. In the current study no such 

association was found in captive Nile crocodiles. However, Webb et al. (1983b) evaluated a 

wild population, while the present research was confined to captive-bred animals on a single 

farm. The environmental pressures on a wild population are in all likelihood vastly different to 

the stresses of animals in captivity, so it may be unwise to categorically state that the time 

within the laying season has no effect on C. niloticus clutch or egg size.  

Although each clutch was not traced to a particular female, a breeding pond containing females 

that were on average larger and more mature, was also the source of the largest eggs, a finding 

consistent with prior research (Thorbjarnarson and Hernández, 1993, Huchzermeyer, 2003, 

Deitz and Hines, 1980). An inverse relationship was found between egg mass and the number 

of eggs in a clutch (Section 3.5.5). This contrasted with the findings of Deitz and Hines (1980) 

for Alligator mississippiensis and Thorbjarnarson and Hernández (1993) for C. intermedius, 

who found positive relationships between clutch size and egg mass.  

Nile crocodile eggs are not perfectly ellipsoid and may vary considerably in shape. This was 

discussed in detail by Nöthling et al. (2019a), who devised a mathematical method for 

determining the original egg volume from a photograph of an egg remnant found in the nest 

after hatching. In research described in Chapter 3 of this thesis, it was found that the volume 

of an egg, estimated as its ellipsoid volume, correlated closely with its mass. If mass and 

volume can be measured or accurately estimated, then density can be calculated. Variations in 

the density of eggs from different populations could imply variations in shell thickness or the 

ratio of lipid to water of the egg content, which may in turn have implications for the nutrition 

of the developing embryo.  

Controlling for egg mass, there was a positive correlation between incubation time and the 

combined mass of the foetus and its intra-abdominal yolk, suggesting that foetal growth was 
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occurring even in late incubation. All foetuses examined during the last ten days of incubation 

had internalised their yolk, which suggested that they were probably in the late-incubation 

plateau phase of the sigmoid development curve described by Whitehead et al. (1990). 

Incubation period had no effect on the isolated intra-abdominal yolk mass. Since all eggs were 

incubated at the same temperature, this may have reflected either a natural variability in yolk 

mass among egg specimens, or a temporary suspension of yolk uptake by the foetus in late 

incubation. The apparent gain in mass of late-incubation foetuses observed may have been due 

to the uptake of water from residual albumen or foetal fluids. Given the relatively small sample 

size (n = 30), it may also have been a coincidental, as Nöthling et al. (2019b) found that for a 

particular egg volume, hatchling mass may vary. 

The mass of the intra-abdominal yolk of the foetus was loosely correlated with the egg in which 

it was contained (Section 3.5.2). The grouping effect of clutch on foetal or hatchling mass was 

not investigated, however findings of the present research appear to support those of Brien et 

al. (2014), who found that clutch had a substantial grouping effect on Crocodylus porosus 

hatchling mass. In further support of these findings, Nöthling et al. (2019b) recently found that 

hatchling mass varied substantially for a given egg volume but tended to be fairly consistent 

within clutches.  

Prior researchers have explored the relationships between foetal size, the quantity of intra-

abdominal yolk at hatching, stresses during incubation and post-hatching growth rate in 

crocodilians, and have shown conflicting results (Piña et al., 2007, Hutton, 1987, Allsteadt and 

Lang, 1995). Hutton (1987), in his evaluation of the effect of incubation temperature on sex 

determination in C. niloticus, did not specifically measure the mass of intra-abdominal yolk 

(he did not sacrifice any hatchlings) however he did speculate that smaller hatchlings could 

carry a greater quantity of abdominal yolk. The current research found that egg mass correlated 

strongly with hatchling mass (confirming the findings of Deeming and Ferguson (1989)), and 
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egg mass correlated loosely with intra-abdominal yolk mass, but contrary to Hutton’s 

suggestion (Hutton, 1987), hatchling mass did not correlate with intra-abdominal yolk mass.  

Clutch was shown to have a strong grouping effect on the mass of unbanded eggs, as well as 

that of their components (Section 3.5.4). Furthermore, unbanded egg yolk mass varied little 

within clutches relative to between clutches (Table 3.5 and Figure 3.6). Subsequent to the data 

collection and analysis presented in this thesis, Nöthling et al. (2019b) found that the 

productivity of an egg (defined as hatchling mass relative to egg volume) varied slightly more 

within clutches than between clutches (55% of variation occurred among eggs of the same 

clutch and 45% among eggs from different clutches).  

If the findings of the present study are combined with those of Nöthling et al. (2019b), it 

appears likely that there should be a greater variability in egg productivity within a clutch, 

where the yolk mass varies less, than between clutches, where the yolk mass varies more. The 

influence of initial yolk mass on foetal mass (and hence egg productivity) requires further 

investigation. Finkler et al. (1998) found that aspiration of 20% of yolk mass from chicken 

eggs resulted in no significant difference in hatchling mass or the length of long bones, 

compared to those from sham-aspirated eggs. Whether the extremely fragile perivitelline 

membrane of the Nile crocodile egg lends itself to aspiration of its content as described by 

Finkler et al. (1998) remains to be seen. An alternative methodology to that of Finkler et al. 

(1998) to investigate the role of initial egg yolk mass on hatchling mass may involve the 

sacrificing of a certain number of eggs within a clutch immediately after laying and assessing 

the correlation between the mean within-clutch yolk mass and mean within-clutch hatchling 

mass. In such a study, foetal size and growth rate may be influenced by sire-derived genetic 

traits, so single-sire breeding or genetic testing would be needed to eliminate superfecundation 

as a source of variability.  
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The effect of a given yolk mass for a given egg size on post-hatching health and growth has 

also not been investigated. Brien et al. (2014) found for C. porosus that the failure-to-thrive 

syndrome appeared to be heavily influenced by clutch and could not be explained by clutch 

variables such as egg size. Assuming all clutches were managed in the same manner, this could 

suggest that unexplained maternal factors were at play. A possible approach to investigating 

the effect of such factors on clutch viability would be to determine whether specific females 

repeatedly lay clutches containing a higher-than-average proportion of weak, abnormal or 

poorly growing hatchlings. These females could then be culled and carefully examined. On 

farms with large communal ponds containing many breeding females, it is presently very 

difficult to identify specific females and match them to their clutches. Such investigation would 

be best carried out under conditions where females are kept in small groups.  

The Ca and P content of each component of the unbanded egg were primarily affected by the 

mass of that component, except for albumen, which was affected principally by each element’s 

concentration (Section 4.5.2). In fertile eggs within ten days of hatching, most Ca was 

contained in the shell and foetus, while most P was contained in the yolk and foetus (Section 

5.5.3). A sample of fertile eggs had a wider spread of yolk Ca and P concentration than did a 

sample of size-matched unbanded eggs, whose yolk Ca and P concentrations tended to fall 

within a narrow range (Figure 5.2). As discussed in 5.6.2, this could reflect the dynamic process 

of transfer of Ca (and P) between yolk, foetus and, in the case of Ca, shell. As with egg mass 

and egg component mass, clutch also had a strong effect on yolk Ca and P concentration and 

the Ca and P content of all unbanded components, with the exception of albumen. This fact is 

important for the design of future studies. Where total sample numbers are constrained by 

factors such as time or cost, studies should be designed by selecting a low number of eggs from 

as large a number of clutches as possible. Each clutch is laid by only one genetically distinct 

female, who in turn is subject to an array of environmental, managerial, social and nutritional 
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stresses that may vary from year to year. It is therefore logical that clutch, rather than female, 

is the lowest order egg grouping variable. 

Chapter 7. Concluding statements 

The crocodile egg is a perfectly packaged, self-contained reproductive unit that, together with 

its clutchmates, is the representative of the parent animals’ contribution to the following 

generation. It is also considerably easier to study than its famously intractable parents.  

For this thesis, a general, yet detailed description of the relationship between the components 

of unbanded and fertile Nile crocodile eggs was made. Although prior work on this topic has 

been done, these studies lacked particular focus on the relationship between egg components.  

Given that captive reptiles are susceptible to disorders of Ca and P metabolism, a topic poorly 

researched in the crocodilians, the present research into Ca and P in the Nile crocodile egg 

provides a potential reference for researchers and clinical veterinarians who may suspect a 

disorder of Ca or P metabolism.  
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