
 

 i 

THE CARAPACIAL SCUTES OF HAWKSBILL  

TURTLES (ERETMOCHELYS IMBRICATA): DEVELOPMENT, 

GROWTH DYNAMICS AND UTILITY AS AN AGE INDICATOR 

 

 

 

 

 

 
Pushpalatha M. Palaniappan 

Master of Science 

Universiti Putra Malaysia 

 

 

 

Thesis submitted in fulfilment of requirements for the  

Degree of Doctor of Philosophy 

 

 

 

SCHOOL FOR ENVIRONMENTAL RESEARCH 

CHARLES DARWIN UNIVERSITY 

DARWIN 

 

 

 

January 2007



ii

DECLARATION 

I hereby declare that the work herein, now submitted as a thesis for the degree of 

Doctor of Philosophy of the Charles Darwin University is the result of my own 

investigations, and all references to ideas and work of other researchers have been 

specifically acknowledged. I hereby certify that the work embodied in this thesis has 

not already been accepted in substance for any degree, and is not being currently 

submitted in candidature for any other degree. 

Signed: 

Pushpalatha M. Palaniappan 

Dated:  8 January 2007 



 

 iii

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

In memory of my mother, Tanalacmi Suppiah



 

 iv 

ACKNOWLEDGMENTS 
 
My deepest gratitude goes to my supervisors, Mahaguru Professor Grahame Webb, 

Mr. Charlie Manolis and Dr. Corey Bradshaw, for providing me with guidance, 

support and humour over the duration of my study. Grahame – you are an 

inspiration! Ribuan terima kasih, tuan. 

 

I would like to acknowledge the financial support of Universiti Malaysia Sabah who 

provided me with study leave and a scholarship to pursue my studies. I am truly 

indebted to Wildlife Management International (WMI) for support in each and every 

aspect of my study. Financial support and resources for this project were mainly 

provided by WMI with contributions from the Rural Industries Research and 

Development Corporation (RIRDC) and past support from the Japanese Bekko 

Association (JBA) on hawksbill research at Crocodylus Park is also gratefully 

acknowledged. In addition, thank you to Peter Whitehead and the Key Centre for 

Tropical Wildlife Management, and the Faculty of Education, Health and Science of 

Charles Darwin University for financial assistance while conducting fieldwork. I am 

also grateful to the Parks and Wildlife Service of the Northern Territory and 

Anindilyakwa Land Council in Groote Eylandt for permission to collect hawksbill 

eggs in 2004. 

 

I would like to express my gratitude to Ellie Hayward and the laboratory staff at 

Charles Darwin University for providing technical assistance. Gloria Ryan – all your 

help in Building 42 is very much appreciated! Very special thanks also to Rachel 

Mayhead at the Research Branch for attending to my endless requests. 

 

Marine Turtle Research Group (MTRG) headed by Drs. Annette Broderick and 

Brendan Godley from the University of Exeter, U.K. kindly provided photographs of 

the C1 plates of wild E. imbricata from the British Virgin Islands, and gave me 

access to information on size and measured growth rates from that E. imbricata 

population. 

 

I am also indebted to Dr. Felix Moncada, CIP, Ministry of Fishing Industries (Cuba), 

who now directs the turtle program in Cuba, for permission to use the raw growth 

data prior to their publication. 

 



 

 v 

 

Michael Yerbury graciously provided statistical guidance for Chapter 6. 

 

The help and kindness from all the staff at Crocodylus Park, especially Jacob Bar-

Lev, Cade Broomhall, Sue Fraunefelder, Michelle Gray, Ian Hunt, Akira Matsuda, 

Sandra O’Connor, Kwan Jan Nim Dave M. Ottway, John Pomeroy, mi hermano 

Ashley Webb, and Katisha and Greg Wilson, is truly appreciated. I would like to 

extend my deep appreciation to the countless volunteers who helped with the turtles, 

in particular the repeat offenders - Noeleen Beckett, Chrystel Galea, Sebastian 

Iglesias, Rachel Mayhead, Lorrae McArthur, Jaime Pang Quee, Tammy Pershouse, 

Jenny Petursson, and Heather Thompson.  

 

To Christine Bach, Noeleen Beckett, Valerie Boll, Kris Brooks, Laurel Converse, 

Nicole Cranston, Kieran Eadie, Sebastian Iglesias, Lorrae McArthur, Yeni Mulyani, 

Maxine Rawson-Rodriguez, and Heather Thompson – your warmth and company 

helped make Darwin my home away from home. Thank you!  

 

Heather Thompson, my fellow minstrel and confidante - may you always have a flag! 

 

I am truly blessed to have the love and support from my father, M. Palaniappan, 

brother, Anand Palaniappan, and best mate, Lee Shiau Chin, in my endeavours. 

Thank you for always being there for me! 

 



 

 vi 

ABSTRACT 

 

The primary objective of the research reported here was to decipher information on 

the relationship between size and age from the keratin plates of the carapace of 

hawksbill turtles, Eretmochelys imbricata. This required a detailed description of the 

development and differentiation of the keratin plates, and the formulation of a 

morphological model, consistent with all past observations, in which integrated 

changes in structure and pigmentation. Particular attention here was applied to 

estimating somatic growth rates from the spatial arrangement of the colour pattern. 

 

During the course of the study, advances in egg incubation, embryology and captive-

raising were made, which are reported. They have implications for efforts being 

made to produce E. imbricata for conservation and/or commercial purposes, through 

captive breeding and raising. Similarly, a morphometric analysis was carried out so 

that any shape changes likely to affect the utility of any morphological age indicator 

found could be accounted for.  

 

The keratin plates of E. imbricata have a laminate structure, with each lamina being 

a corrugated band of β-keratin, separated by spaces that reflect light differently and 

are a zone of weakness. These laminae are not annual structures, and at least 3 to 5 

are laid down each year. 

 

Growth arrest lines across the dorsal surface of a keratin plate form in consecutive 

winters, and they separate short shelves of keratin at the margin of imbrication, on 

the ventral surface of the keratin plate: both indicate annual growth and if present 

have opportunistic utility for aging. However, they are difficult to read in most 

individuals. The colour pattern within the keratin plates is also an index of annual 

growth. It results from isolated colonies of melanocytes in the dermis, secreting 

melanin that becomes trapped within the keratin laminae. The pigmentation tends to 

form in zigzag rows, across the growing edge of the C1 plates, and gives the 

appearance of moving backwards across the keratin plate when in reality, the plate is 

growing forward, surrounding the pigment layer.  

 

In E. imbricata greater than 400-500 mm SCL these rows of pigmentation are highly 

correlated with successive winters, and they can be used to quantify the size-age 
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relationship in captive-raised and wild E. imbricata. In animals less than 400-500 

mm SCL, in addition to winter bands there are supernumerary bands that need to be 

corrected for. 

 

When used in conjunction with a mark-recapture study, the assessment of colour 

bands can provide a wealth of new information on annual growth rates not otherwise 

available. When applied to a stockpile of E. imbricata shell plates, a size-age 

relationship can be derived for the wild population from which the shell plates came, 

although corrections for individuals up to 400-500 mm SCL may be needed.  
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CHAPTER 1 



 1 

CHAPTER 1: INTRODUCTION 

 

1.1 General 

 

Hawksbill turtles Eretmochelys imbricata, are a medium-sized sea turtle with a 

tropical distribution around the world (IUCN, 2006). A distinguishing characteristic 

from other sea turtle species is their strongly overlapping or “imbricate” scutes, 

although in some of the largest, oldest individuals the extent of imbrication can be 

greatly reduced, or lost altogether (Deraniyagala, 1939). The common name, 

Hawksbill, is derived from its narrow, bird-like head and beak. The beak is believed 

to be an adaptation to pry and probe for food in crevices and cavities in its natural 

habitat among rocks and coral (Carr et al., 1966). Eretmochelys imbricata have 

always been valued for their thick, carapacial shell plates, also called "tortoiseshell", 

which have a plastic-like consistency and a colour pattern comprised of dark mottled 

colour patches within a more translucent matrix, similar to that found in some land 

tortoises (Parsons, 1972). The plates are used to make a variety of practical and 

ornamental handicrafts, and have been traded and used in international commerce 

long before the time of Christ (Parsons, 1972). 

 

The World Conservation Union (IUCN) considers that the global population of 

hawksbill turtles, when viewed as a single unit, meets the criteria for "critically 

endangered"  (IUCN, 2006). This appears to reflect faulty criteria rather than any real 

risk of global extinction (Mrosovsky, 2003), but there seems no doubt that the status 

of E. imbricata was or remains poor in many countries, due partly to unsustainable 

harvesting (Groombridge and Luxmore, 1989; Meylan and Donnelly, 1999; CITES, 

2002).  

 

Pritchard (1997) contends that concerns about the declining global status of wild E. 

imbricata populations in the 1970s and 1980s were not based on hard data on rates of 

decline, but rather on an inability of scientists to equate the high numbers of 

individuals in international trade (Milliken and Tokunaga, 1987) with the relative 

low density of nesting at all known nesting sites.  

 

The 1990s saw many countries implement improved management and controls, 

which included more or less standardized monitoring in different regions. It also saw 

Japan (the major importer of E. imbricata shell plates in the 1980s) withdraw its 
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reservation under CITES (in 1992) thereby ending legal international commercial 

trade. By the year 2000 it was clear that a number of monitored populations were 

increasing, some very rapidly (CITES, 2002). In the Caribbean, Cuba began phasing 

down its legal commercial harvest, from around 5000 hawksbills per year, which had 

been sustained for many years, to <500 per year (Carrillo et al., 1999). This has 

probably assisted the recovery of populations in nearby countries such as Puerto Rico 

and Mexico, although greatly improved management in Mexico since 1990 is 

considered the major cause of population increases there (Garduño et al., 1999). 

Recent genetic information is confirming that the majority of hawksbills that nest on 

Mexican beaches live in Mexican waters, and thus the status of the national 

population is largely a reflection of improved local management after 1990 (Diaz-

Fernandez et al., 1999; Bass and Witzell, 2000).  

 

The ability to quantify status objectively, track changes in population size and 

structure over time, and manage wild E. imbricata populations for conservation 

and/or sustainable use purposes, all require the development and application of 

appropriate survey methodologies, each of which has constraints and limitations and 

is based on certain assumptions.  

 

The most common method employed for monitoring trends in wild E. imbricata 

populations is to count the number of adult females visiting and/or nesting on the 

same nesting beaches over time (Meylan, 1982; CITES, 2002). While providing a 

fundamental index of biological significance, such monitoring only represents a 

small part of the entire population: it excludes non-nesting females, adult males and 

the successive cohorts of juvenile and sub-adult turtles that together constitute the 

bulk of the wild population. Nesting females in any one year may only represent a 

few percent of the total population (CCMA, 1998), and the assumption that it 

provides a reliable index of whether the bulk of the population is increasing, 

decreasing or stable, which is fundamental to assessing status, is rarely if ever tested. 

 

There are obvious logistic difficulties involved in getting access to all life stages of a 

wild E. imbricata population. They complete their life cycle in a diversity of 

different environments including the open ocean, coral reefs, and inshore waters 

generally and terrestrial sandy beaches on both mainland and off-shore islands and 

keys. The general life history (Deraniyagala, 1939; Carr et al., 1966; Witzell, 1983) 

starts with an average clutch size of 140 eggs in a clutch, located 10 cm to 90 cm 
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below the surface on sandy beaches, often under overhanging vegetation. On 

average, nesting females lay 3 clutches (range 1-4 clutches (Witzell, 1983)) in the 

years in which they do nest, and individuals nest each 2-4 years. Hatchlings make 

their way out of the nest chamber, down the beach to the surf, and swim out to sea. 

This is the beginning of a pelagic phase, about which little is known. It is thought to 

last a few years (the “lost year”) (Witham, 1980; Carr, 1982), but may be highly 

variable in different regions.  

 

After reaching about 20 cm SCL (straight carapace length) E. imbricata take up 

residency in shallow coral reefs where they feed and grow at highly variable rates. 

This is the first stage where they are logistically available for study and where 

abundance, growth rates and other parameters can be quantified (e.g. Boulon, 1984; 

Limpus, 1992; Diez and van Dam, 2002a). However, at around 50-60 cm SCL 

movement away from these reefs appears to be commonplace. Where the dispersing 

E. imbricata move to, and where they find the resources to grow to maturity, which 

for females occurs at high variable sizes between regions (Table 1.1), is very poorly 

understood. 
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Table 1.1. Reported size (SCL; Straight Carapace Length) for nesting female 
hawksbill turtles. 

Country Mean SCL Source 
Australia (Torres Strait) 76.4 cm Limpus et al. (1989) 
Australia (northern Great 
Barrier Reef) 

75.0 cm Dobbs et al. (1999) 

Solomon Islands 80.5 cm McKeown (1977) 
East Malaysia 69.9 cm Pilcher and Ali (1999) 
West Malaysia 70.6 – 80.5 cm Chan and Liew (1999) 
South Yemen 69.4 cm Hirth and Carr (1970) 
Sudan 66.0 cm Hirth and Latif (1980) 
Oman 73.3 cm Ross (1981) 
Cuba *78.5 cm Prieto et al. (2001) 
Puerto Rico 82.8 cm CITES, 2002 
Barbados 85.6 cm CITES, 2002 
Mexico 70.9 – 109.0 cm CITES, 2002 
Guyana 85.5 cm Pritchard (1969)  
Costa Rica 83.8 cm Carr et al. (1966) 
Antigua 72.6 – 98.0 cm CITES, 2002 
Brazil 91.6 cm Marcovaldi et al. (1999) 

(*erroneously  listed as 83.5 cm SCL in CITES (2002), when it was really 83.5 CCL; 
and only 78.5 cm SCL). 
 

It was thought that mature E. imbricata were the most sedentary of sea turtles 

(Witzell, 1983), and that adult females did not undertake long reproductive 

migrations like some of the other sea turtle species (Carr, 1952; Bustard, 1979). Tag 

returns have shown some hawksbills can travel great distances after nesting, which 

casts doubt on that assumption (Miller et al., 1998; Meylan, 1999). However, satellite 

tracking (Hillis-Starr et al., 2000; Horrocks et al., 2001; Moncada et al., 1999; 

Manolis et al., 2000) has confirmed that the majority of adult female E. imbricata 

return from nesting beaches to specific feeding grounds, which may be close or 

distant, but that once they arrive they are indeed very sedentary. From a management 

point of view, which is typically a national responsibility despite international 

cooperation, it is significant that some national populations are largely restricted to 

national waters for feeding and breeding (Moncada et al., 1999; Manolis et al., 

2000). 

 

The age ranges reported for other species of wild sea turtles include leatherbacks 

(less than a year to 22.9 years for animals with SCL of 40.4 cm to 150.1 cm (Zug and 

Parham, 1996)); Kemp’s ridleys (2 to 15 years for animals with SCL of 18.8 to 72 

cm (Zug et al., 1997)); green turtles (3 to 14 years for animals with SCL of 28 to 74 

cm (Zug and Glor, 1997)); and olive ridleys (5 to 38 years for animals with SCL of 

20.5 to 64.4 cm (Zug et al., 2006)). 
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There is little information available on the size and age structure of wild E. imbricata 

populations. Based on harvest data from Cuba and using a mean size-age relationship 

derived from various sources, Carrillo et al. (1998) provided an initial estimate of the 

likely age-structure of the wild population of in Cuban waters. The only other 

insights come from in-water studies. At feeding grounds off Mona and Monito 

Islands, Puerto Rico, the sizes of turtles at their initial capture range from 20.0 to 

84.5 cm SCL, with a strong bias towards smaller animals (Diez and van Dam, 

2002a). Near Baja California the reported size range is 34.4 to 74.2 cm SCL also 

indicated a population biased towards juveniles and subadults (Seminoff et al., 

2003). Similarly, Sanches and Bellini (1999) reported that E. imbricata caught in a 

ten-year study in the Archipelago of Fernando de Noronha, Brazil ranged from 29.0 

to 79.0 cm SCL and there was a bias towards smaller turtles. Limpus (1992) and 

Chaloupka and Limpus (1997) reported female and male hawksbills in the southern 

Great Barrier Reef ranging between 36.9 and 80.0 cm SCL. They felt most E. 

imbricata attained maturity at or near the mean nesting size (Table 1.1), but this 

conclusion was not supported by large samples of hawksbill females examined 

during Cuba’s harvest program (Moncada et al., 1998). In Cuba maturity in females 

is gradually attained over a wide range of sizes: 51-55 cm = 3.9%; 61-65 cm = 7.0%; 

71-75 cm = 19.1%; 81-85 cm = 100%. 

 

1.2 Population dynamics 

 

The size of any wild E. imbricata population existing within a defined area, at any 

one point in time, and the nature of any trends in the population over time 

(increasing, decreasing or stable), will ultimately be the result of how the main 

population parameters or dynamics integrate with each other (Webb et al., 2003). 

These dynamics fall into two main classes: dynamics that are increasing the E. 

imbricata population (rates of reproduction and rates of immigration), and dynamics 

that are decreasing the population (rates of mortality, including losses to harvest, and 

emigration). 
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1.2.1 Reproduction 

 

All sea turtles, including E. imbricata, are generally considered to be “late maturing 

and long-lived” animals, although it is now apparent (CITES, 2002) that some 

hawksbills grow and mature appreciably faster in some regions than in others, for 

example the Cuban population (CCMA, 1998). In comparison to other reptiles, E. 

imbricata have exceptionally high fecundity– an average of 140 eggs per clutch and 

400-500 eggs in a nesting year, which occurs each 2-4 years. It is always assumed 

that this high fecundity is offset by high mortality during the early phases of the life 

cycle with less than one out of 1000 eggs surviving to adulthood (Richardson et al., 

1999; CITES, 2002).  

 

1.2.2 Immigration and emigration 

 

There is little in the way of age- or size-specific rates of immigration or emigration 

for any wild E. imbricata populations inhabiting a particular area. In his study site in 

the southern Great Barrier Reef, Limpus (1992) estimated that 23% of the population 

of juveniles was exchanged annually, reflecting high rates of immigration and 

emigration. This degree to which this rate applies to other areas is unknown. It could 

be affected by the southerly location of this study site (1000 km south of nesting 

areas) and the slow rates of growth E. imbricata have while there. Leon and Diez 

(1999) suggested that the high density of immature E. imbricata, and nearly 

complete absence of adult-sized animals at their study site in Jaragua National 

Park/Cabo Roho, Dominican Republic, was evidence for E. imbricata moving 

between different developmental habitats at different phases in their life cycle. But 

no rates of immigration or emigration were provided. The satellite tracking results of 

Horrocks et al. (2001) also demonstrated that adult females were not residing in the 

shallow reefs where juveniles were typically found, which again indicates 

immigration and emigration but at unknown rates. 

 

Genetic analyses have identified molecular markers (such as mitochondrial DNA 

haplotypes) that can be used to distinguish some nesting populations from others, but 

the full diversity of haplotypes at a particular nesting location is seldom known. 

Aggregations of hawksbills at foraging grounds generally have a greater mixture of 

haplotypes than those sampled on nearby nesting beaches (Bowen et al., 1996; 

Bowen and Bass, 1997; Diaz-Fernandez et al., 1999) indicating that turtles from 
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diverse nesting areas are moving into and out of feeding grounds (CITES, 2002). 

When coupled with data from tag returns and satellite tracking, more insights into the 

origins of females that nest on particular beaches are being gained (CITES, 2002), 

but rates of immigration and emigration remain elusive.  

 

1.2.3 Mortality rates 

 

In long-lived animals such as E. imbricata, age- and or size-specific survival rates 

are critically important to understanding and/or modeling population processes 

(Chaloupka and Musick, 1997; Crouse, 1999), because the effects of errors in 

survival estimates accumulate over long periods of time. In the case of E. imbricata, 

there are observations on the causes of mortality at different life stages but few 

quantified rates of mortality. 

 

The highest rates of mortality appear to be amongst eggs, hatchlings and small 

immature turtles. Hawksbill eggs are subject to flooding, overheating and being 

washed away by wave action during extreme weather events. They are also subject to 

predation by insects, crabs, lizards, birds and mammals, including humans. In 

contrast, numbers of E. imbricata nests lost due to being dug up by other nesting 

females is generally low, because they do not typically nest in high densities. 

Mortality rates from egg laying to hatching are highly variable between sites 

(Horrocks and Scott, 1991; Chan and Liew, 1999), but around 40% mortality of eggs 

seems reasonably common (Moncada et al., 1999 – Cuba; Garduño et al., 1999 – 

Mexico; van Dam, 2002b – Puerto Rico). 

 

Hatchlings in transit from the nest to the shore, and from inshore to offshore waters, 

are known to be taken by crabs, lizards, marine and non-marine birds, mammals, 

sharks and bony fishes (Fowler, 1979; Seabrook, 1989; Witherington and Salmon, 

1992; Gyuris, 1994; Mroziak et al., 2000), but the rates of loss are unknown. 

 

The unpredictable nesting strategy of hawksbills, which often involves isolated nests 

on offshore islands and keys, may improve the survival chances of hatchlings by 

avoiding the types of predator cues that come from mass colonial nesting. However, 

there are no definitive data indicating that mortality is higher or lower at sites where 

E. imbricata nest at high or low densities respectively.  
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Tiger sharks (Galeocerdo cuvieri) and bull sharks (Carcharhinus leucas) are known 

predators on juvenile turtles (Witzell, 1987; CITES, 2002). Shark fishermen in the 

Northern Territory, Australia, report that most large tiger sharks (>2.7 m long) 

caught on reefs contain juvenile hawksbills in their stomachs (pers. comm. to G. 

Webb). Juveniles are also caught throughout the world as bycatch in fishing nets, and 

are often the target of legal and illegal fisheries. 

 

Once E. imbricata reach a relatively large size, survival rates are generally assumed 

to be high (CITES, 2002). Rates of mortality among adult nesting females at Jumby 

Bay, Antigua (Richardson et al., 1999) have been estimated as up to 6% per year. 

Historically, the major cause of adult mortality was probably harvesting by people, 

for the carapacial shell plates and for meat, but harvesting has declined in many areas 

due to greater controls and the banning of international commercial trade. But 

subsistence use, sometimes linked to bycatch in fisheries operations, continues in 

many countries. The harvesting of adult females on nesting beaches was historically 

very intense in some countries, for example Panama (Meylan and Donnelly, 1999), 

and probably continues opportunistically in many countries today.  

 

The common assumption that only one in 1000 hatchling E. imbricata survive to 

adulthood may obviously be the case in a stable population at carrying capacity. 

However, even relatively minor density-dependent effects on survival rate would 

provide E. imbricata with a mechanism for increasing their rate of population 

recovery if wild populations were depleted. A reduction in mortality rate from 99% 

to 98% is a 100% increase in recruitment rate. If the low density nesting strategy of 

E, imbricata reduced mortality rates, even slightly, there would be sound reasons for 

selection to favour it. 

 

In any overview, even if it were possible to quantify accurately the specific rates of 

mortality due to different causes, it would be impossible to quantify the interactions 

between them, and then integrate all this information into a relationship between age 

and mortality rate for any wild population of E. imbricata. The only real mechanism 

for achieving an integrated estimate of age-specific survival rates, across the full 

range of animals in the population, is to quantify the age structure of a population 

and measure the mean trend from cohort to cohort (Caughley and Sinclair, 1994). 

Harvest data available from Cuba provided a unique opportunity to do this, for at 

least one population (Carrillo et al., 1998). 
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1.2.4 Recruitment 

 

Nesting has been a central focus of E. imbricata research, so it is often possible to 

estimate rates of recruitment of hatchlings into the population from year to year, at 

the sites where such research is carried out (see Section 1.2.1 above), or in regions. 

For example, estimates of regional nesting can be made for the Caribbean (CITES, 

2002), and if average survivorship of eggs to hatching is around 60%, very basic but 

reasonable estimates can be derived. However, rates of recruitment in successive 

age-cohorts within the wild E. imbricata population as a whole are unknown. The 

only exception appears to be rates of recruitment of new adult females into the 

nesting population at some sites. The results of an 11-year study at Jumby Bay, 

Antigua, indicate that each year 13.3% to 25.6% of nesting females were new 

recruits, that had not nested at Jumby Bay before and may not have nested anywhere 

else (Richardson et al., 1999). This would equate to a maximum annual rate of 

population recruitment (for reproductive females), in a relatively stable population, 

of at least 9%, because only 30-40% appear to nest annually, even after accounting 

for tag loss. Recent studies at this site have shown that the remigrant subpopulation 

has remained stationary whereas the new female subpopulation will continue to grow 

in size by an average of 10% per annum (Richardson et al., 2006). In wild recovering 

populations, where nest abundance is increasing rapidly, for example 35% per year 

in Barbados (CITES, 2002; ROC, 2002), the rate of adult recruitment is clearly 

higher than 9%. 
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1.3 Carapacial scutes as morphological age indicators 

 

1.3.1 General 

 

Hawksbill turtles are the only sea turtle species with thick, keratinised carapacial 

scutes. Physical growth rings or ridges have been described on the external surface of 

those plates (Deraniyagala, 1939), which are homologous to the concentric ridges 

described on the keratin scutes of other chelonians (Wilson et al., 2003). Ohtaishi et 

al. (1995) examined these and other potential morphological age indicators in E. 

imbricata. He described growth annuli within sections of the long bones, as have 

been described in other chelonians (Zug, 1991). With respect to the keratin plates he 

found that the C1 (costal) plate (Plate 1.1) was the most suitable for examining any 

sequential changes over time, because it is broad and not covered by the imbricate 

part of other scutes along its anterio-lateral margin, which constitutes the growing 

edge.  
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Plate 1.1. Arrangement of scutes on the 
carapace of E. imbricata indicating the 
location of left and right C1 keratin plates 
(C1L and C1R). 

 

Ohtaishi et al. (1995) identified three structural elements of the C1 plates that 

reflected annual growth increments due to seasonal changes in growth rate (Figure 

1.1; Plates 1.1 and 1.2): 

 

a.  Physical ridges along on the external surface of the C1 plates, demarcated 

by growth arrest lines [as described by Deraniyagala (1939)]; 

 

b.  Horizontal layers of keratin within each plate, stacked in the vertical 

plane and responsible for the sequential ridges along the surface of the 

keratin plate (Figure 1.1); and, 

 

c.  Alternating patterns of dark and light pigmentation within the keratin 

plates which at least in captivity corresponded to age (Plate 1.2). 
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Figure 1.1. Diagram from Ohtaishi et al. (1995) indicating growth arrest 
lines on the external surface of C1 keratin plates of E. imbricata and the 
lamina structure within the keratin plates responsible for them. 

 

 
Plate 1.2. Changes in the colour pattern within an E. imbricata C1 
keratin plate that reflect fast growth in captivity (1 to 3), versus slow 
growth in the wild (3-7) prior to being introduced into captivity.  

 

Tucker and Limpus (1995) and Limpus and Miller  (1996) confirmed that physical 

ridges were present on the external surface of some keratin plates, and that those on 

the supracaudals (post-vertebral scutes at the posterior of the carapace) at least, were 
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annual in nature, with erosion and remodeling affecting the degree to which they 

could be used to estimate absolute age in individuals. 

 

Research reported later by Kobayashi (2001) and Carrillo et al. (1998) quantified the 

relationship between the number of colour bands on the C1 plates of E. imbricata 

and SCL. This was used to derive a preliminary relationship between size and age for 

the Cuban population of E. imbricata, which was applied to harvest data from Cuba 

and used to provide the first estimates of the population age structure of any wild 

population of E. imbricata. 

 

Tucker et al. (2001) rediscovered the laminate structure of the keratin plates of E. 

imbricata, confirming the descriptions of Ohtaishi et al. (1995). They did not 

examine the external ridges across the C1 plate but assumed that all lamina were 

annual. As this indicated the E. imbricata they examined were much older than the 

estimates provided for similar size animals by Carrillo et al. (1998), they considered 

the results of that study to be in error. They also pointed out that the manner in which 

the pigmentation varied in the sequential layers of keratin at the same site were not 

consistent with its use to define sharp endpoints. 

 

Kobayashi (2001) reported that pigmentation within bands on the C1 plates was 

highly correlated with seasonal changes in the water surface temperature, but failed 

to find a correlation between colour banding and growth rates or age in the 

predominantly juvenile E. imbricata she studied: shedding more doubt on the 

methodology used by Carrillo et al. (1998). Yet in tracking known-aged E. imbricata 

raised in captivity in Japan for over 20 years, Ohtaishi et al. (1995) had reported a 

direct correlation between age and the number of colour bands. Likewise, WMI 

(2000) had observed a relationship between increased pigmentation during periods of 

slow growth in the E. imbricata being raising in captivity. 

 

In any overview, the structure and colour of the keratin plates of E. imbricata is 

affected by changes in growth rate, in both captive-raised and wild individuals, 

which suggests that the plates contain information on the relationship between size 

and age. The inability to decode that information reflects in part the lack of a 

comprehensive morphological model describing how the plates form and develop 

their distinctive pattern of pigmentation, and what systematic changes occur with 
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increasing size and age. Thus the potential to use the keratin plates as a 

morphological age indicator remains somewhat unclear. 

 

1.3.2 Development and differentiation of keratin plates 

 

The starting point for understanding the basic morphology of keratin plates lies in 

their development and differentiation within the embryo. Chelonian embryology has 

been studied since the 18th century (Owen, 1849; Haycraft, 1890; Goette, 1899), and 

a detailed recent account has been given by Ewert (1985). Haycraft (1890) and 

Goette (1899) looked at the development of the hawksbill carapace (mainly the 

bones), whereas Voeltzkow (1903) studied the development of the hawksbill brain. 

Deraniyagala (1939) and Miller (1982, 1985) looked specifically at the embryology 

of sea turtles including the hawksbill turtle. Melouk (1949) described the process of 

amnion formation in E. imbricata as being conspicuously different from the other sea 

turtles, so the possibility that hawksbills may differ fundamentally in the way the 

keratin plates form cannot be rejected.   

 

Alibardi and Thompson (1999a) provided the first ultrastructural description of 

differentiation of the epidermis of the carapace and plastron in the Chelonia, using 

the Australian pleurodiran turtle Emydura macquarii as a model. These authors also 

looked at the morphogenesis of the shell and scutes of the same turtle (Alibardi and 

Thompson, 1999b). Matoltsy and Huszar (1972) studied the epidermis of the turtle 

Pseudemys sp. to obtain information about differentiation products (e.g. synthetic 

organelles, lipid droplets, mucuos granules, and vesicular bodies) and sequential 

events leading to the ultrastructural formation of the relatively thin keratin on their 

horny layer. They found that the horny cells of the turtle were similar to horny cells 

of other vertebrates, in having the cells enveloped by a thickened plasma membrane 

and filled with filaments. In contrast to the horny cells of mammals, birds and 

amphibians, those of chelonians contain an electron translucent matrix (Matoltsy and 

Huszar, 1972). The presence of lipid in a relatively large proportion of turtle horny 

cells reveals close relationships with bird horny cells that contain large masses of 

lipid. They concluded that the keratinization process in the turtle epidermis may be 

characterized as a composite of that seen in birds and amphibians. 

 

The carapacial scutes of E. imbricata develop in the embryo as juxtaposed structures 

with a thin keratin layer, and they are not imbricate at hatching. They become 
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strongly imbricate in the juvenile phases, but become juxtaposed again in older 

specimens, as the imbricate edge becomes eroded (Deraniyagala, 1939). A young 

(age unknown) hawksbill turtle that had lost its second left costal scute, together with 

the upper halves of the 6th and 7th marginal scutes of the carapace, was able to 

regenerate replacements after six months (Deraniyagala, 1939).  

 
The epidermal keratinised structures in reptiles and birds (e.g., scales on legs) are 

characterized by the presence of both alpha (α) and beta (β) type keratin proteins 

(Alexander, 1970; Sawyer et al., 2000), and the keratin plates of E. imbricata are 

reported to contain α and β keratin (Baden and Maderson, 1970). However, the 

relationship between the different types of keratin and the laminate structure of the 

keratin plates (Ohtaishi et al., 1995; Tucker et al., 2001) is unclear. 

 

Alibardi and Thompson (1999b) studied the formation of the scutes and dermis of the 

carapace in embryonic Emydura macquarii using light and electron microscopy. 

They noted that carapace morphogenesis began at embryo stage 15 [stages according 

to Yntema (1968)], and that the shape of the carapace was mostly completed by 

embryo stage 19. With regard to E. imbricata, Miller (1985) and Deraniyagala 

(1939) reported that carapace formation commences at Stage 21, after about 30% of 

development has occurred [stages by Miller but equivalent to Stage 14 of Yntema 

(1968) and stage B (13 days) of Deraniyagala (1939)], and ends at Stage 29 after 

about 86.0% of development has occurred [equivalent to Stage 25 of Yntema (1968) 

and Stage F (64 days of Deraniyagala (1939))].  

 
The pigmentation within the keratin plates of E. imbricata begins in the embryo, and 

results from the secretion of melanin. Melanins are among the most widespread 

natural pigments (Prota, 1980, 2000), typically produced as a secretory product of 

melanocytes. There are a wide range of melanin pigments with different structures 

and compositions. They include black or brown nitrogenous eumelanins; yellow or 

reddish brown, sulfur-containing pheomelanins (e.g., the trichochromes of low 

molecular weight); and other pigments whose chemical and physical properties are 

intermediate between those of typical eumelanins and pheomelanins (Prota, 1980, 

2000). Despite the evident differences in molecular size and general properties, all 

these melanin pigments are biogenetically related, and they arise from a common 

metabolic pathway in which dopaquinone is the key intermediate (Prota, 1980, 

2000).  
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The light and dark melanin bands that radiate out on the C1 keratin plates of E. 

imbricata (Plates 1.1 and 1.2) are rarely continuous from the left to the right side of 

the plate: they do not always follow the exact contours of the outer edge of the 

growing plate, or of the surface ridges described by Ohtaishi et al. (1995)(Figure 

1.1). However, they indicate that at certain times, in specific locations on the keratin 

plate, that melanocytes are secreting melanin at the same time that keratin layers are 

being secreted. There is thus some "on-off" mechanism involved in pigmentation. 

The seasonal changes in melanin deposition reported by Kobayashi (2001), with 

black "speckles" (melanin) being laid down in the low temperature period of the year 

(also the dry season), and amber areas during the high-temperature period of the year 

(wet season), suggest that the trigger is related to factors affecting growth. This is 

also consistent with the observations on pigmentation in captive-raised E. imbricata 

by Ohtaishi et al. (1995) and WMI (2000). 

 

1.3.3. Growth and the size-age relationship 

 

The importance of being able to derive a morphological age indicator for any reptile, 

including E. imbricata, lies in the ability to quantify time relations associated with 

different biologically significant endpoints, often easily recognisable on the basis of 

size. According to Andrews (1982) there are three landmark endpoints – size at 

hatching at zero age, the size at sexual maturity for which age is usually unknown 

and the maximum size attained, for which age is seldom known. Although growth 

rates per se can be used to provide insights into a variety of different biologically 

significant questions, for example comparisons between the ability of different 

habitats to support wild populations (Diez and van Dam, 2002a), their role in 

quantifying the size-age relationship is significant at a higher level of resolution. To 

quantify the demography of wild populations or describe processes at the population 

level, for example predicting rates at which depleted populations may be able to 

recover or rates of sustainable harvest, the ability to relate size to age is critical 

(Bjorndal and Bolten, 1988; Chaloupka and Musick, 1997; Crouse, 1999). 

 

Growth rates dictate the size-age relationship, and with E. imbricata they are thought 

to be influenced directly and indirectly by internal factors such as body size, sex, and 

genotype (Limpus, 1992; Boulon, 1994; Chaloupka and Limpus, 1997) and external 

factors, such as food quality and quantity, competitors, predators, ambient 
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temperatures and latitude (Leon and Diez, 1999). Even at a general level, it is not yet 

clear how environmental and physiological variables act, either singly or in concert, 

to influence the highly variable growth rates reported (CITES, 2002). Individuals in 

the same region can grow at vastly different rates if they exploit nearby sites of 

differing quality of environmental and physiological variables (Diez and van Dam, 

2002a). Variation in growth rates can have profound effects on the age and size at 

which sexual maturity is reached (Chaloupka and Musick, 1997; CITES 2002, Diez 

and van Dam, 2002a), in different sites within the same region (CITES 2002), and 

thus the rates at which new adults can be recruited into the nesting cohorts of 

recovering wild populations (Limpus, 1992).  

 

The extent of the reported variation in growth rates of the same sized E. imbricata, 

between different sites in the same general region, are well exemplified in Table 1.2 

(CITES, 2002). The result of such variation is that there is no mean or average size-

age relationship for E. imbricata that can be applied to subpopulations of E. 

imbricata that need to be managed. For example, the recovery of the Mexican 

population of E. imbricata has been attributed to local management of the population 

in Mexican waters (Garduño-Andrade et al., 1999), where they exhibit fast growth 

rates. If the population processes and models designed to guide management were 

based on size-age relations predicted on the basis of the extensive growth data 

reported for Mona Island in Puerto Rico (Table 1.2), where growth rates are low, the 

results would be highly misleading. However, the errors and biases would be greatly 

reduced if based on the much higher growth rates reported from nearby Monito 

Island, which although located approximately 5 km away from Mona Island, 

demonstrate much higher size-specific rates of growth (Table 1.2). 
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Table 1.2. Summary of growth rates of wild hawksbill turtles (Eretmochelys 
imbricata). [Source: CITES, 2002; Mortimer et al., (2002) for Seychelles data]. 

Study area 
 
 
 
 

Size class: 
SCL (cm) 

 
 
 

Mean size of 
studied animals 

(cm) 
 
 

Average 
growth rate 
(cm/yr) ± 

SD 
 

Range of 
growth 
rates 

(cm/yr) 
 

95% 
Confidence 
intervals 

 
 

Sample 
size: 

turtles; 
increments 

 
30-35  15.7   1 
40-45  5.9   1 
60-65  2.4 ± 0.1   2 Bahamas 
65-70  3.1   1 
20<29 28.9 4.13 + 1.24 1.47-6.28 3.43-4.83 12 
30<39 36.85 3.48 + 1.25 1.95-7.29 2.93-4.03 20 
40<49 45.43 1.89 + 1.45  -1.84-6.43 1.45-2.33 42 
50<59 53.95 1.44 + 0.82 0.00-3.15 1.04-1.84 16 
60<69 64.45 1.53 + 0.75 0.57-2.62 0.93-2.13 6 

West Coast bank 
reef, Barbados 

70<79 76.07 0.17 + 0.55  -0.13-0.99 -0.37-0.71 4 
20<29 28.2 8.18 + 0.79  7.63-8.73 8 
30<39 34.7 8.14 + 2.4  7.16-9.12 23 
40<49 44.7 6.89 + 2.19  5.14-8.64 6 
60<69 67.9 1.35 + 0.54   2 
70<79 78 1.24 + 1.5   2 

Doce Leguas + Isla 
de Pinos, Cuba 

80<89 (nesting) 83.4 0.83 + 0.98  0.15-1.51 8 
20<29  2.63 ± 1.41 0.46 - 5.77 2.23-3.03 48; 68 

30<39  3.07 ± 1.77 0.1 - 7.76 2.53-3.61 41; 101 

40<49  2.9 ± 1.59 0.82 - 8.03 2.24-3.56 22; 74 

50<59  2.22 ± 1.08 0.46 - 8.03 1.55-2.89 10; 38 

60<69  0.74 ± 0.15 0.1 - 1.55 0.57-0.91 3; 5 

70<79  0.25 ± 0.13 -0.59 - 1.42 0.16-0.34 8; 11 

Mona Is. reef,  
Puerto Rico 

80<89  -0.29 ± 0.02 -  1; 1 

20<29  2.65 ± 1.56 0.46 - 6.76 2.12-3.18 33; 52 

30<39  3.17 ± 1.77 -0.49 - 5.38 2.54-3.79 31; 80 

40<49  2.64 ± 1.43 0.71 - 7.14 1.80-3.49 11; 50 

50<59  2.05 ± 0.63 1.06 - 5.01 1.34-2.76 3; 12 

Mona Is. cliff, 
Puerto Rico 

60<69  1.39 ± 0.17 0.88 - 1.9  1; 2 
20<29  6.48 ± 3.05 0.46 - 9.08 5.18-7.78 21; 22 
30<39  6.47 ± 3.44 2.7 - 9.08 5.09-7.85 24; 40 
40<49  5.35 ± 2.82 2.28 - 8.84 3.68-7.02 11; 29 
50<59  4.19 ± 2.1 1.36 - 6.27 2.89-5.49 10; 25 
60<69  3.91 ± 1.53 1.81 - 6.22 2.69-5.13 6; 12 
70<79  2.69 ± 0.43 2.32 - 3.06  2; 2 

Monito Is.  
cliff wall, Puerto 

Rico 

80<89  1.33 ± 0.36 0.39 - 3.06 0.41 - 0.92 3; 3 

Lanza Zó, 
Dominican Republic 

30<40  8.84 + 1.25 7.2 - 10.5 7.74  – 9.94 5 

 20<29  5.3 + 1.45 3 - 7.2 4.45 – 6.15 11 

Cabo Rojo, Muelle 
Oeste, Playa Oeste  

Dominican Republic 
30<39  4.04 + 1.62 2.1 - 6.2 2.62  - 5.46 5 

30<34  6.6   1 
35<39  3.8 ± 1.4   2 
40<44  4 ± 2.4  1.28 - 6.72 3 
45<49  2.2 ± 0.2   2 
50<54  3.7 ± 1.0   2 

St. Thomas, US 
Virgin Islands 

55<60  1   1 
20<29  7.47 +  2.2  6.55 - 8.39 22 
30<39  6.76 + 1.8  6.22 - 7.30 42 
40<49  6.55 + 2.0  5.37 - 7.73 11 

Río Lagartos, 
Yucatán, Mexico 

85<95 
(nesting) 

 0.34 +  0.26  0.17 - 0.51 9 
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Table 1.2. Continued. 
Study area 

 
 
 
 

Size class: 
OCCL-max 

(cm) 
 
 
 

Mean OCCL-
max (cm) 

 
 

Average 
growth rate 
(cm/yr) ± 

SD 
 

Range of 
growth 
rates 

(cm/yr) 
 

95% 
Confidence 
intervals 

 
 

Sample 
size: 

turtles; 
increments 

 

 40 – 50 44.9 2.7 + 0.7 1.9 – 4.6  23 

Aldabra Atoll, 
Seychelles 

50 – 60 54.4 3.2 + 1.3 1.4 – 5.5 
 

17 

 60 – 70 69.9 3.7   1 

 70 – 80 73.8 1.6 + 1.2 0.1 – 2.8  4 

 

1.3.4 The importance and potential use of morphological age indicators 

 

Implicit within the population age structure of any wild population of animals is 

information on age-specific survival rates, which as discussed above, is one of the 

most critical yet difficult population dynamics to quantify (Caughley and Sinclair, 

1994). With sea turtles, little is known about some key population dynamics, 

especially age-specific survival rates, which confounds the extent to which computer 

simulation models can be used to predict what populations may or may not do when 

subject to certain manipulations (Chaloupka and Musick, 1997). The ability to 

quantify a population age structure is usually linked to whether or not there are 

known morphological age indicators: structures that can be sampled from individuals 

in a wild population, that can be used to estimate their age. For example, in mammals 

the cementum or dentine in the permanent teeth can be used to age them (Ohtaishi et 

al., 1995). Otoliths are commonly used with the aging of fish (Heifetz et al., 1999; 

Cappo et al., 2000). 

 

The conventional approach to quantifying the relationship between age and size in 

sea turtles is through mark-recapture studies (Bjorndal and Bolten, 1988; Limpus, 

1992; Diez and van Dam, 2002a). These require an enormous effort to collect 

meaningful data, often over many years. Because recaptures are rarely one year 

apart, and it is not always clear that individuals have remained in the same growth 

environment between captures, analysis of results can be complicated and their 

interpretation affected by numerous biases. In areas characterised by low growth 

rates (Table 1.2), there is a further difficulty, namely that growth rates can reach zero 

before the sizes at which maturity occurs are obtained (e.g. Mona Island, Puerto 

Rico). So the size-age curve derived from such studies is essentially the size-age 

curve that would be experienced if individuals did remain at these sites throughout 

their growth history. In the slow growing population studied by Limpus (1992), an 
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annual turnover of 23% of individuals was estimated, suggesting that permanent 

residents may be the exception rather than the rule.  

 

In terrestrial and freshwater turtles, it has long been recognized that ridges or rings 

on the keratinised outer layer of the carapace and plastron scutes reflect changes in 

growth rates linked to season and thus age (Gibbons, 1976; Germano, 1988; Zug, 

1991; Kennett, 1996; Germano, 1998; Hailey and Coulson, 1999; Berry, 2002; 

Wilson et al., 2003). However, there is no one method of counting these growth rings 

and estimating absolute age from them that can be widely applied to other 

chelonians. Nevertheless, patterns in the number of growth rings in relation to age 

can provide a statistical basis for estimating age for some species, but it requires a 

calibration technique for each species in each environmental situation and ideally an 

estimate of the statistical prediction error associated with any age estimation (Wilson 

et al., 2003).  

 

With E. imbricata, these physical growth rings on the keratin are not as obvious as in 

many freshwater and terrestrial turtles, but they do exist (Figure 1.1), and where they 

do, almost certainly have utility for quantifying growth rates and thus the relationship 

between size and age (Ohtaishi et al., 1995). But in the specific case of E. imbricata, 

the dorsal surfaces of the keratin plates are often scratched and eroded by the coral 

and rock habitats in which they live, and the marine environment is more 

thermostable than that in many lakes, rivers or on land. Both these factors probably 

influence the more restricted development of ridges relative to many turtles, and the 

increased difficulty in discerning them in larger turtles. 

 

Skeletochronology with sea turtles (Zug et al., 1986; Zug, 1990; Zug, 1991; Parham 

and Zug, 1997; Snover, 2002; Zug et al., 2002; Snover and Hohn, 2004; Zug et al., 

2006), including E. imbricata (Ohtaishi et al., 1995), clearly has potential as a 

morphological age indicator. It requires the turtles to be dead so that long bones can 

be removed and sectioned. Growth rings reflecting seasonal changes in growth rate 

are laid down in the bones and can be counted. The earliest rings, in younger turtles, 

are lost or distorted by resorption or remodeling of the bone, so absolute age of 

individuals from hatching to maximum size may not always be possible to estimate 

(Zug et al., 1996; Zug, 1991; Snover, 2002; Snover and Hohn, 2004). Although this 

does not constitute a significant problem if the objective is to quantify the mean size-



 21 

age relationship in a population, where different samples of individuals of different 

sizes can be used to construct a composite relationship.  

 

As discussed above, the colour pattern in the keratin plates of E. imbricata appears to 

have potential as a morphological age indicator (Ohtaishi et al., 1995; Carrillo et al., 

1998; Kobayashi, 2001), despite rejection of the technique by Tucker et al. (2001). A 

method for decoding the age information with confidence would need to be 

developed and tested before it could be applied more broadly. The fact remains that 

there is no clear understanding of how the keratin layers and colour patterns form 

and are altered by subsequent growth in any chelonian species, despite a number of 

hypotheses (e.g., WMI, 2000; Wilson et al., 2003). 

 

Most studies conclude the ability to use keratin structure or colour as a 

morphological age indicator is easier in younger animals relative to older ones 

(Kennett, 1996; Germano, 1998, Wilson et al., 2003). This is due to factors such as 

sloughing, abrasion of carapacial or plastral plates, and reductions in growth as size 

and age increase that make growth rings or ridges less obvious. When animals are 

grown in captivity to study such changes the possibility that shape changes occur 

relative to wild-raised E. imbricata needs to be considered. Brown et al. (1982) 

reported captive-raised E. imbricata yearlings were significantly heavier than their 

wild counterparts. He also reported some shape changes, with the captive individuals 

tending to be relatively longer and flatter, with smaller heads but longer fore-flippers, 

which increased swimming efficiency after two months of age (Brown et al., 1982). 

 

Regardless of what morphological age indicator is used, it is unlikely that it will 

provide a direct and complete historical record of the relationship between size and 

age for individuals. If research questions require individual histories to be 

reconstructed, then corrections are needed for the sizes and ages not discernible from 

the morphology. However, for the purposes of quantifying the relationship between 

size and age in a population, morphological age indicators can be used to estimate 

some annual growth increments at some different sizes, providing information 

similar to that derived from mark-recapture studies. The important difference is that 

the growth increments are annual and are thus not biased by differing percentages of 

winter and summer growth. Because such estimates are essentially measures of 

instantaneous growth rate for different sized individuals, they allow the mean 

relationship between size and age to be readily quantified without having complete 
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and accurate size-age histories for individuals (Webb et al., 1978; Webb et al., 1983; 

Webb et al., 2003). 

 

Another advantage of this approach (Webb et al., 1978) is that the relationship 

between instantaneous growth rate and mean size provides a clear and biologically 

significant insight into the type of model that best describes the size-age curve over 

time. Growth in reptiles is rarely modeled by a single negative exponential (although 

often fitted), because there is often a wide size range over which increases in length 

are linear, and in addition, various biological events (attainment of maturity, egg-

production, attainment of behavioural dominance), that can change growth rates 

abruptly (Moll and Legler, 1971; Webb et al., 1983; Congdon et al., 1993), and thus 

alter the size-age curve.  

 

1.4 Objectives 

 

The general objective of this study was to further the pioneering work of Ohtaishi et 

al. (1995) on the identification of morphological age indicators within the keratin 

plates of E. imbricata. Specific objectives were: 

 

1.  To conduct a detailed investigation of the development and differentiation of 

the keratin plates of E. imbricata, to establish a dynamic morphological model 

that could confirm whether or not there a morphological basis for claims that 

certain structural elements had utility as morphological age indicators.  

 

2.  To use the model specifically to determine whether the pigmentation pattern on 

the keratin plates of E. imbricata could used as a morphological age indicator. 

 

3. To derive coefficients for predicting SCL growth increments from growth 

increments measured on the C1 keratin plates and to provide a framework for 

the quantifying the size-age relationship from those growth increments. 
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4.  To test the precision and accuracy with which the pigment pattern can be used 

to predict the size-age curve in a population of captive-raised E, imbricata in 

which the real relationship between size and age is known. 

 

5.  To test the precision and accuracy with which the pigment pattern can be used 

to predict the size-age curve in two populations of wild E. imbricata, in which 

the real relationship between growth rate and SCL is known for some size 

classes from mark-recapture studies. 

 

During the course of the work new information on egg incubation, temperature 

dependent embryo development rate coefficients, raising technologies for juveniles 

and on the morphometric relationships defining shape in juvenile E. imbricata were 

collected and are included here. 

 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
CHAPTER 2 



 25 

CHAPTER 2:  EMBRYOLOGY 

 
2.1 Introduction 
 

To describe and understand the histological development and structure of scutes and the 

epidermal keratin layer on them, that forms into a hard, keratin plate during post-

hatching growth, E. imbricata embryos from the wild were obtained and examined. It 

was considered important to establish a morphological baseline for the present study, 

namely the structure and colour of the keratin plates at the time of hatching. A range of 

different techniques for dealing with eggs, embryos and incubation were developed, 

which are described here and in Annex 1. The histological structure of the carapacial 

scutes is described in Chapter 4. 

 

2.2 Wild eggs  

 

In this study, the eggs from two E. imbricata nests were used. The nests were located 

after fresh tracks were sighted from a helicopter on North East Isles, off Groote Eylandt, 

on 20 February 2004 (Table 2.1). The traditional Aboriginal owner required some eggs 

to be left in each nest, so not all eggs were taken. Core nest temperatures were measured 

by inserting the probe of a Fluke KLJ Digital Thermometer (Model 51), calibrated 

against a standard thermometer (+ 0.05°C), into the bolus of the eggs as soon as the eggs 

were found. One egg from each clutch was opened in the field to ensure the eggs 

contained live embryos, and to quantify the approximate stage of embryological 

development that had been reached in accordance with techniques developed and 

described in Annex 1.   

 
Table 2.1. Details of two Eretmochelys imbricata nests collected from North East Isles 
on 20 February 2004. 

Clutch 
No. 

Nest 
Temperature 

Eggs in 
Nest 

Eggs 
Taken 

Latitude/Longitude 

1 32.6°C 72 67 13° 38’ 47” S, 136° 56’ 38” E 
2 31.8°C 103 95 13° 38’ 04” S, 136° 56’ 03” E 

 

Eggs from both nests (N= 164) had their upper surface marked with a pencil prior to 

removal from the nest. Eggs were removed and placed (in the same orientation as they 

were in the nest) in eskies (portable iceboxes) filled with beach sand collected in and 
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near the nests. The eggs were flown to Nhulunbuy (50 km) by helicopter on the same 

day (20 February 2004) and then airfreighted by commercial jet to Darwin (600 km) the 

next day (21 February 2004).  

 

On arrival in Darwin, the eggs were taken to the facilities at Wildlife Management 

International’s (WMI) Crocodylus Park. All eggs were reoriented as necessary to bring 

the pencil mark back to the upper surface (some eggs had rotated during transport). Ten 

eggs from each clutch were measured and weighed. Two measures of egg width were 

taken on the essentially spherical eggs, with digital vernier calipers (Dick Smith 

Electronic + 0.05 mm) (Table 2.2). Egg mass was measured with a Sartorius Lab 

Precision Digital Balance (Model L420D) (+ 0.01 g). 

 
Table 2.2. Mean and SDs of E. imbricata eggs collected from North East Isles. 
Values in parentheses are ranges. 

Clutch Width 1 (mm) Width 2 (mm) Weight (g) N 
1 37.1 + 0.55 

(35.8 – 37.7) 
37.2 + 1.33 

(33.8 – 38.5) 
28.4 + 1.59 

(25.8 – 29.6) 
10 

2 34.8 + 0.71 
(33.0 – 35.5) 

34.1 + 1.60 
(31.1 – 35.4) 

23.2 + 1.81 
(19.6 – 24.9) 

10 

  

2.3 Egg incubation 

 

Half of each clutch was incubated at 29°C and 31°C, in two different incubators (Table 

2.3). 

 

Table 2.3. Distribution of E. imbricata eggs in the two incubators. 
Temperature Clutch 1 Clutch 2 Total 

29°C 33 48 81 
31°C 34 47 81 
Total 67 95 162 

 
 

Eggs were incubated in Labec water-jacketed incubators (Plate 2.1). These only had the 

capacity for heating (no refrigeration), so they were maintained in an air-conditioned 

room, in which ambient temperature ranged from 19°C to 28°C but was normally 22°C 

to 25°C. 
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Plate 2.1. Water-jacketed Labec incubator with water tray through which air was 
continually bubbled using an aquarium pump.  

 

Air was continually pumped into each incubator via a standard aquarium pump through 

air stones within a water-filled tray (35 cm x 23 cm x 13 cm high) at the bottom of each 

incubator (Plate 2.1). This maintained high humidity and ensured the gaseous 

environment in each incubator was never compromised.   

 

Eggs were half buried in moist beach sand in black plastic trays (35 cm x 29 cm x 6 cm 

high), which were placed on stainless steel racks in the incubators (Plate 2.2). 

Temperature in each incubator was monitored daily with a Yellow Springs Instruments 

Co. Inc. (Model 43TA) thermometer (+ 0.1°C), calibrated against a standard 

thermometer. The thermistor probe in each incubator was contained within a small, 

sealed, bottle of water in the centre of each incubator, so that like the eggs, it was 

thermally buffered against rapid changes in air temperature when the inner glass door of 

the incubator was opened for any reason.   

 

Both incubators (29°C and the other at 31°C), maintained their desired temperatures 

within + 0.2°C throughout the period of incubation. For the WMI embryo series 
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discussed in Annex 1, seven (7) of the same types of incubator were used: one for each 

different temperature (27°C, 28°C, 29°C, 30°C, 31°C, 32°C, 33°C).   

 

 
Plate 2.2. Eggs half-buried in moist beach sand and placed in 
the Labec water-jacketed incubator. 

 
Having the eggs isolated from each other on the trays and half exposed to the air, had 

two main advantages.  

 

a.  Firstly, it prevented metabolic heat increasing the egg temperature above that 

of the incubator air space. When eggs are incubated as a bolus, buried in sand 

or other substrates, metabolic heat can increase the egg temperature by 1-2°C 

without it being detected in the incubator air space (see for example Webb and 

Cooper-Preston, 1989). This can be a serious bias if development at precise 

incubation temperatures is being studied (Annex 1).  

 

b.  Secondly, it allowed eggs to be examined daily so that dead eggs, which 

become discoloured, could be detected, removed and opened in order to assess 

the embryo age at death. If dead eggs are not removed rapidly, it is often 

difficult to determine their age at death because of decomposition. 
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Daily inspections of the eggs allowed general checks on the hydric environment, and if 

eggs appeared overly dry and/or showed any sign of desiccation, water was sprayed onto 

the exposed eggshells and sand. 

 

As a check on temperature-specific development rates in this study (Annex 1), and in 

order to obtain embryos for histological examination, some embryos were sampled each 

5-days from Clutch 2 (at 29°C). The embryos were euthanased, photographed, fixed in 

either Bouin’s solution or buffered formalin, and later transferred to 70% ethanol. 

 

The success with which the live E. imbricata eggs were incubated through to hatching is 

summarised on Table 2.4. Eggs that did not hatch fell into 3 classes: eggs with no sign of 

an embryo and no putrification (N = 13) (assumed to be infertile); eggs that were highly 

putrefied and, in which no embryo remains could be found (N = 5) (assumed to be early 

embryonic deaths); and full-term embryos that were dead (N = 2). The contents of these 

eggs were not examined under a microscope. 

 

Table 2.4. The success with which E. imbricata eggs were incubated using the 
techniques described. 

 Clutch 1 Clutch 2 Total Eggs incubated (%) 
Eggs collected 67 95 162 - 
Infertile 0 13 13 - 
Dead at or near 
collection 

0 5 5 - 

Embryo series - 6 6 - 
Eggs incubated 67 71 138 - 
Died during 
incubation 

2 0 2 1.4 

Normal 
hatchlings 

65 71 136 98.6 

 

 
2.4 Ageing the wild nests 

 

One egg from each of the two clutches used in this study was opened in the field to 

verify the embryos were alive. They were preserved in 70% ethanol and their head 

lengths (HL) measured with vernier calipers. Clutch 1 was well developed (Stage 29 of 

Miller, 1985) and almost ready to hatch. Clutch 2 was only recently laid (Stage 17 of 

Miller, 1985). The real temperature at which the embryos had been developing was 
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unknown, but at the time of collection the nest temperature for Clutch 1 was 32.6°C. 

Given metabolic heat in late-term embryos could be expected to raise the clutch 

temperature by 1-2°C, mean nest temperature was assumed to be 31°C (this did not take 

into account daily fluctuations of temperature). Real age was estimated by predicting the 

Morphological Age (MA) at 29°C (MA29) using Formula A1.4 (see Section A1.3 in 

Annex 1) and adjusting it for the 31°C Temperature-dependent development rate 

coefficient (DRC) derived from Formula A1.6 (see Section A1.4 in Annex 1). For 

Clutch 2, nest temperature at the time of collection was 31.8°C, and in this case the 

MA29 was derived from Formula A1.1 and the DRC for 31.8°C derived from Formula 

A1 (Table A1.2). 

 

The difference between predicted and real times to hatching in the incubators, based on 

an MA29 hatch time of 60 days (Annex 1), were minor (Table 2.5) which is consistent 

with the errors in the DRCs derived in Annex 1 being minor. 

 
Table 2.5. Estimated ages of E. imbricata embryos when nests were found and 
predicted and measured times to hatching. 
Clutch Head 

Length 
(mm) 

MA29 
(days) 

(HL 
or 

Ratio) 

Incubation 
temperature 

(°°°°C) 

Predicted 
days to 
hatch  

Real 
days 

to 
hatch 

Error 
days 

1 16.9 45.9 Ratio 29 14.1 13.0 -1.1 
  45.9 Ratio 31 12.1 13.0 0.9 
2 2.3 8.2 HL 29 51.8 52.0 0.2 
  8.2 HL 31 44.3 46.0 1.7 

 

2.5 Hatching 

 

The process of hatching involves the developed embryo breaking free of the egg, while 

its yolk sac is still external. Sometimes only the head protrudes from the shell and at 

other times most of the body. However, the internalization of the yolk sac takes <3 days, 

and so after hatching they were left on the moist sand of the incubation tray until the 

yolk sac was withdrawn into the body cavity (Plate 2.3). 
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Plate 2.3. Different stages of hatching. Some hatchlings have exited their shell, 
others have just pipped and a few have not yet hatched. 

 

Hatchlings from Clutch 1 (N = 65) completed yolk internalisation between 5 and 8 

March 2004 (5 March 2004 is taken as the collective hatch date for Clutch 1), and those 

from Clutch 2 (N= 71) between 6 and 12 April 2004 (6 April 2004 is taken as the 

collective hatch date for Clutch 2). All hatchlings with internalised yolk were measured 

(Table 2.6) with Dick Smith Electronic digital vernier calipers (+ 0.05 mm) and weighed 

on a Sartorius Lab Precision Digital Balance (Model L420D) (+ 0.01 g) for Clutch 1 and 

an A & D Co. Ltd. Digital Balance (Model K0003) (+1 g) for Clutch 2. Statistical tests 

showed that the differences in SCL were not significant for Clutches 1 (t-test, t = 1.107, 

p = 0.3131) but was significant for Clutch 2 (t-test, t = -2.646, p = 0.0101). Significant 

differences were also found in BWt for Clutches 1 (t-test, t = 3.632, p = 0.0006) and 2 (t-

test, t = -4.076, p = 0.001). 

 

Table 2.6. Details (Mean + SD) of E. imbricata hatchlings from two clutches at 
emergence. Values in parentheses are the ranges.  
Clutch N  SCL (mm)  BWt (g)  

 29°°°°C 31°°°°C 29°°°°C 31°°°°C 29°°°°C 31°°°°C 
1 32 33 41.8 + 1.077 

(39.7 – 44.2) 
41.6 + 0.996 
(39.4 – 43.3) 

14.8 + 0.915 
(12.9 – 16.3) 

14.1 + 0.645 
(12.9 – 15.4) 

2 31 40 39.9 + 1.227 
(37.0 – 41.6) 

39.2 + 1.101 
(36.1 – 40.9) 

12.7 + 3.028 
(10.0 – 14.0) 

11.8 + 0.832 
(10.0 – 13.0) 
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Hatchlings were marked according to clutch and incubation temperature by cutting a 

small notch in different marginal scutes (Table 2.7) (see Figure A2.1 for nomenclature 

of scutes). 

 

Table 2.7. Notches on hatchling marginal scutes to identify 
them to clutch and incubation temperature. 

Clutch Temperature Marked marginal scutes 
1 29°C Left 10 
1 31°C Left 11 
2 29°C Right 10 
2 31°C Right 11 

 

On 15 May 2004, when hatchlings were approximately 39 (Clutch 2) and 71 days of age 

(Clutch 1), additional marginal scutes were notched so that all hatchlings were given an 

individual identification number. Given that they already had marginal 10 or marginal 

11 marked, on either the left or right side (Table 2.7), the additional notches were 

restricted to marginal scutes 4 to 9 on either side (Table 2.8). 

 

Table 2.8. Example of individual markings on the hatchlings. LM = left marginal, RM 
= right marginal. 

Number Clutch  Temperature Hatchling Added 
1-6 1 29°C LM10 RM4-9 
7-12 1 29°C LM10 LM9 RM4-9 
13-18 1 29°C LM10 LM8 RM4-9 
20-25 1 31°C LM11 RM4-9 
26-30 1 31°C LM11 LM9 RM4-9 
31-36 1 31°C LM11 LM8 RM4-9 
1-6 2 29°C RM10 LM4-9 
7-12 2 29°C RM10 RM9 LM4-9 
13-18 2 29°C RM10 RM8 LM4-9 
20-25 2 31°C RM11 LM4-9 
26-30 2 31°C RM11 RM9 LM4-9 
31-36 2 31°C RM11 RM8 LM4-9 

 

2.6 Discussion 

 

The results presented here increase the available information on E. imbricata egg 

collection, incubation and embryological development. They confirm the findings of 

Nodarse et al. (1998) and Godfrey et al. (1999), that E. imbricata eggs can be collected 
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in the field and transported considerable distances without compromising embryo 

survival. They also provide new information on the relationship between embryo stages, 

ages and development rates at different constant incubation temperatures that can be 

used to exert greater control and standardization when incubating embryos at different 

constant temperatures. 

 

The E. imbricata eggs collected and incubated here (38.5 mm diameter; 29.6 g weight) 

are comparable to hawksbill eggs found elsewhere (Van Buskirk and Crowder, 1994), 

with the smallest reported from Palau Island (34.5 mm; 23.0 g) and the largest from 

Cousin Island in the Seychelles (40 mm; 29.8 g), respectively. It is thus likely that E. 

imbricata embryos from other areas are of similar size to those reported here, especially 

during the first half of incubation before there is scaling to egg size. If the egg 

orientation in the nest is retained, eggs are clearly robust, with the ones used here being 

moved long distances without hatchability being overly compromised. There may well 

be embryological stages at which embryos are more sensitive to mechanical damage 

through movement (Parmenter, 1980): too few clutches were examined in this study to 

add additional insights into this possibility. 

 

Incubation in shallow trays, on open racks, where the eggs can be inspected daily, is 

clearly effective. Incubation times reported for E. imbricata eggs at different 

temperatures here are similar to those reported by Raj (1976), Mrosovsky et al. (1992), 

Loop et al. (1995), Dobbs et al. (1999) and Godfrey et al. (1999) and thus it would seem 

likely that the relationship between embryological development rate, incubation time 

and incubation temperature are similar. If so, the development rate coefficients reported 

for E. imbricata here (Annex 1) can probably be applied elsewhere. It should be 

expected that differences in development rate and total incubation time at constant 

temperature would occur if eggs were incubated as a bolus in containers of beach sand, 

within an incubator where the temperature of the air space was controlled at a constant 

temperature.  Metabolic heat can significantly increase the temperature of a clutch of 

crocodilian eggs in a bolus within a wild nest (Webb and Cooper-Preston, 1989), and 

there is no reason to doubt the same would not occur with turtle eggs.  The problem can 

be overcome by incubating them in shallow trays more exposed to the incubator air 

space. 
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The embryos recovered in this study were used to undertake a variety of histological 

examinations that are discussed in Chapter 4. As described by Miller (1985), the 

carapacial scutes are delimited (permanently) about halfway through the period of 

embryological development. Clefts develop across the smooth surface of the embryonic 

carapace at stages 23 to 24 of Miller (1985) - about 24 to 27 days incubation at 29°C - 

which subsequently develop into the sulci that delimit each carapacial scute. By 

hatching, the location of each scute is permanently fixed. 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
CHAPTER 3 
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CHAPTER 3: CAPTIVE RAISING 

 
3.1 Introduction 
 

The way in which the keratin plates form in the earliest post-hatching stages of E. 

imbricata, from hatching (40 mm SCL) to about 200 mm SCL, is difficult if not 

impossible to study in the field. This is the pelagic phase, often termed the "Lost year" 

(Carr, 1987), in which juveniles are thought to drift with ocean currents while hidden in 

floating rafts of Sargassum (Carr, 1987; Walker, 1994): probably feeding on small 

crustaceans within them (Bjorndal, 1997). They are only ever found opportunistically. 

 

Accordingly, to study the structure and development of keratin plates in E. imbricata 

here, hatchlings were raised in captivity. This allowed detailed observations to be made 

on the changing structure, shape and colour pattern of keratin plates, in the same 

individuals, over time. It also provided insights into how the colour pattern could be 

affected by changes in the raising environment. Understanding how the E. imbricata 

were raised, and the environmental stresses to which they were exposed, is essential to 

interpretations of the colour pattern made in later chapters. 

 

Despite some pioneering work by WMI and others, the literature on captive husbandry 

of E. imbricata remains limited, superficial and sometimes contradictory (Whitaker, 

1980; Witzell, 1980; Brown et al., 1982; Whitaker and Frazier, 1993; Donnelly, 1994; 

Montero and Pena, 1996; Nodarse et al., 1998). There is no recognised manual for 

raising E. imbricata hatchlings, and there are obvious risks of survival and growth rates 

being compromised (Glazebrook and Campbell, 1990; Donnelly, 1994; Nodarse et al., 

1998). The techniques I used, were often novel ones, and so they are described in some 

detail here, as are the general results of raising in terms of changing length and body 

weight over time, and the effects of a density experiment carried out opportunistically. 

In addition to providing essential baseline information for this study, is hoped that the 

results will assist others attempting to raise E. imbricata in captivity, for conservation, 

research or commercial purposes.  
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3.2 Controlled environment room (< 8 months of age) 

 

3.2.1 Structures 

 

Hatchlings were initially housed in an air-conditioned room (“room”) in which 

environmental temperatures were reasonably well-controlled relative to the raising shed 

(“shed”) and pool (“pool”), to which they were moved after 8 months. 

 

 
Plate 3.1. Hatchlings from Clutch 1 in the tank: 1 = full spectrum light; 2 = submersible 
aquarium pump; 3 = aquarium heater in PVC pipe; 4 = water circulation pipe. The hide 
board is in the foreground and the temporary plastic mesh partition for weaker turtles in 
the background. 
 

The room contained two elliptical, plastic tanks (231 cm x 115 cm x 51 cm high), 

elevated off the floor on bricks and with one end of each tank tilted to provide deep (13 

cm) and shallow (3 cm) water ends. When tilted in this way, each tank held 

approximately 150 litres of seawater (Plate 3.1), regularly collected from the ocean in an 

800-litre storage container on a trailer, kept in a shaded location next to the room. 
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An aquarium heater (200W), inserted into a short PVC pipe, was used to maintain the 

water temperature at 29°C. A full spectrum light was mounted sideways over each tank 

and operated for 8 hours (9 am to 5 pm) each day, a routine followed on a daily basis. 

There was no specific reason for the 8-hour light cycle. However, it was noted that the 

turtles were less active and did not bite each other when they remained in the dark. A 

submersible aquarium pump, in the deep end of the tank, continually circulated water 

within each tank. The pump pushed water through a 3 cm diameter PVC pipe, 2 m long, 

with holes (5 mm diameter) drilled at 10 cm intervals. 

 

A wooden "hide board" (70 cm x 35 cm) was positioned 15 cm above the water at the 

shallow end (Plate 3.1) to provide hatchlings with shelter if they required it. The tanks 

were covered with black plastic at night, to maintain water and air temperatures. During 

cooler months, a heater fan (2000 Watt) was used to prevent ambient air temperature in 

the room declining. A temporary plastic mesh partition was erected from 15 April 2004 

to 17 May 2004 to separate weaker hatchlings that were not eating well. 

 

3.2.2 Diet and maintenance 

 
The turtles from Clutch 1 (N = 65) hatched on 5 to 8 March 2004 (5 March 2004 is taken 

as the collective hatch date for Clutch 1). After 5 days without food, they were offered 

twice daily. They were initially offered turtle pellets (Nippon Aquatic Turtle food # 

20002, Japan) but other brands of aquatic turtle pellets [Reptile TEN (Wardley, USA); 

ReptoMin (Tetrafauna, USA)] were later used interchangeably. Finely chopped squid 

(Photololigo spp.) was also provided to the hatchlings.  

 

Some individuals from Clutch 1 did not initiate feeding on the above diet (see below), so 

various other foods were offered in addition to the pellets and squid to both Clutches 1 

and 2. Frozen mincemeat [Turtle Dinner (beef heart base with fish product, spinach and 

carrot, and added vitamins and minerals) by Fish Fuel Co., South Australia] was 

introduced when Clutch 1 hatchlings averaged 28 days of age (on 2 April 2004) and 

those of Clutch 2, 5 days of age (on 11 April 2004). To this was added other available 

fish in a finely chopped form [Tommy ruff (Arripis georgianus), pilchards (Sardinops 

sagax), shark meat (Carcharhinus spp.)] and some commercially produced barramundi 

pellets (Ridley Aqua-feed, Queensland). Shell grit was also provided separately as a 
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calcium supplement (two tablespoons of shell grit were put into each tank after the tanks 

were cleaned, first once every two days then on a daily basis).  

 

The quantity of food provided was about 3% of the mean body weight per feed. Turtles 

were fed twice per day (at 10 am and 2 pm) every day until 28 August 2004 when it was 

reduced to once a day (12 pm). Due to the small amount of food offered and consumed, 

there was little pollution of the seawater (salinity ~30o/oo), which was initially changed 

every two days, after the second feed. Excess food from the first day, if any, was 

removed. The tanks were scrubbed, cleaned and rinsed with fresh water. On 18 May 

2004, daily cleaning of the tanks was implemented, after the second feed, in order to 

maintain water quality.  

 

3.2.3 Monitoring growth through inventories 

 
In the immediate post-hatching period (from 21 March 2004 to 9 May 2004) forty (40) 

E. imbricata, 10 from each clutch and from each incubation temperature, were selected 

at random from the tanks each week, and measured: trends in growth thus do not reflect 

those in the same sample of individual turtles.  

 

In addition, at monthly intervals, all turtles from Clutch 1 and 2 were measured. After 

the turtles were marked individually (on 15 May 2004) the same 40 individuals, 

representing both clutches and temperature treatments were measured each week. These 

turtles were marked with a notch in the right supracaudal scute for ease of identification. 

 

3.2.4 Measurements 

 
A primary goal of the present study was to quantify growth rates and determine the 

extent to which they could be predicted from measures taken on the C1 plates: so basic 

measures of size were needed. But at the initiation of the research, it was unclear 

whether changes in shape of the C1 plate and/or of the animals themselves, would need 

to be accounted for. It was considered possible that captive-raised E. imbricata may 

have a different shape than their wild-raised counterparts, and that E. imbricata from 

Australia generally may have some consistent differences in shape to E. imbricata from 

elsewhere. If so, and it was not accounted for, it could affect the broader application of 
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any results obtained. Accordingly, it was decided to take a reasonably comprehensive 

range of measures from the E. imbricata as they grew, and to use the measures to 

undertake a general morphometric analysis, allowing the average captive-raised animal 

in this study to be reconstructed accurately from any one measure (Annex 2).  

 

At each inventory, the following measurements taken were: Head Length (HL), Head 

Width (HW), Straight Carapace Length (SCL), Straight Carapace Width (SCW), 

Plastron Length (PL), and three straight measurements of the right first costal (C1) scute, 

termed ‘Straight A’; ‘Straight B’ and ‘Straight C’. Measurements of Curved Carapace 

Length (CCL) and three curved measurements of the C1, termed ‘Curved A’; ‘Curved 

B’ and ‘Curved C’, were taken only during the weekly sampling periods. Body Weight 

(BWt) was measured at all inventories. The exact endpoints for each measure and degree 

of measurement resolution are in Annex 2 (see Figures A2.1 and A2.2; Table A2.1).  

 

3.2.5 Digital photographs 

 

Keratin plate size and colour for each individual, at each inventory, were recorded with a 

digital Sony DSC F717 (5 Mega pixel) camera. The dorsal surface of the complete 

carapace and the right C1 plate (C1R) were both photographed, each with a centimeter 

scale in the picture (Plate 3.2a and b). An extra photograph of the plastron was taken 

during the weekly sampling up to 18 September 2005  (Plate 3.2c). 

 

 
Plate 3.2. Example of photographs taken during inventories: dorsal view of the carapace 
(a), C1R at a right angle (b), and ventral view of the plastron (c). 
 

3.2.6 Mortalities 

 

While in the controlled environment room, mortality varied between the two clutches. 

Clutch 1 (N = 65) had a 41.7% mortality rate (N = 27) over the 240 days of raising. It 
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occurred mainly when hatchlings were between 38 and 61 days of age. Necropsies 

revealed the deaths were most likely caused by starvation, which seem self-induced, for 

unknown reasons (a variety of foods were on offer). In contrast Clutch 2 (N = 71) had 

only 1 mortality (1.4 %) over the 240 days. This hatchling (aged 41 days) drowned when 

one front flipper was caught on the hinge of the hide board and it was unable to raise its 

head above the water. Total mortality, in both clutches, was thus 20.6% (28 of 136 

hatchlings). 

 

The difference in mortality rates between the two clutches was probably attributable to 

management practice, particularly food. If hatchlings did not feed actively or show 

interest in the food offered, they lost weight rapidly and died. Once they lost weight to 

the extent of being noticeably thin, especially on the neck, efforts to save them by 

offering a much wider range of foods were not successful. Clutch 2 (but not Clutch 1) 

was given frozen mincemeat from the start, on which they fed voraciously. This seemed 

to maintain their interest and appetite for the variety of other foods introduced: none 

showed signs of starvation. 

 

3.3 Raising shed and pool (> 8 months of age)  

 

After 8 months raising in the controlled environment room, mean weight was 1410 g for 

Clutch 1 (N = 38 survivors) and 1007 g for Clutch 2 (N = 70 survivors). Stocking 

density seemed excessive relative to when the raising experiment started [Clutch 1 N = 

65; at mean weight 14.5 g per tank; Clutch 2 N = 71; at mean weight 12.2 g each per 

tank] and so the animals were moved from the controlled temperature room to one of 

two different locations: "shed" or "pool". By this time considerable individual variation 

in size was apparent, so the surviving juveniles, from both clutches (N = 108), were 

pooled and re-sorted. They were then raised at different densities to determine the 

degree to which growth rates in captivity would be density-dependent (see Section 

3.3.3).   
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3.3.1 Shed 

 

The semi-enclosed shed had a concrete floor area 6 m x 38 m with a permanent 

waterproof awning roof and sides that could be rolled up and down to help control 

ambient air temperature. Within the shed was a battery of the same plastic tanks (Plate 

3.3) used in the room. Seawater was re-circulated from the tanks to a holding pond 

through a particle pre-filter, a sand filter, a protein skimmer and a biofiltration tank. The 

temperature of the water in the holding tank was adjusted up or down to meet the desired 

temperature of 29°C, by the thermostatically flow of hot or cold water through heat 

exchange coils in the holding tank. Overflow of water from the holding tank was 

distributed independently to each tank, and overflow from each tank was connected to a 

single pipe back to the particle filter. Reconstituted salt water was used instead of 

seawater after January 2006, when it was no longer feasible to truck sufficient quantities 

of seawater to the site. Salt water (>20o/oo) marginally above the blood osmolality of 

seas turtles (15-16o/oo) had been shown in previous WMI experiments to be adequate for 

the long-term maintenance of good health in captive E. imbricata. 

 

 
Plate 3.3. Plastic tanks in the shed where turtles were kept from November 2004 
to October 2005. 
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3.3.2 Pool 

 

The pool was 30 m long by 5 m (150 m²) wide with water depth ranging from 0 to 0.8 

m. It was subdivided by prawn trawl netting partitions (Plate 3.4) into 7 pens, each 4.3 m 

by 5 m (21.4 m²). The pool had a concrete base with concrete block walls, all of which 

were coated with fibreglass to give a smooth, waterproof surface. The turtles were kept 

in seawater from November 2004 until January 2005 when reconstituted salt water used. 

Water was circulated from the pool, through a conventional sand filter and protein 

skimmer, back into the pool. Two large water tanks (combined capacity 65 kilolitres) 

adjacent to the pool, allowed the saltwater to be stored while cleaning and maintenance 

took place. Chlorine blocks and liquid chlorine were used as required, to maintain free 

chlorine levels at approximately 1 ppm. This was primarily to control algal and bacterial 

growth. The pool was partly shaded by a large shade-cloth awning. Adult E. imbricata 

occupied five of the 7 sub-pens and two were available for the animals being raised here. 

 

 
Plate 3.4. One of the pens in the pool where the turtles were housed. Note the prawn 
trawl netting partition on the right (arrow). 
 
 

3.3.3 Effects of variable stocking density 

 

The key goal of raising the juvenile E. imbricata was to study the structure and colour of 

the keratin plates as they grew. However, the effects of density on juvenile E. imbricata 

growth rates are unknown and so it was decided to opportunistically test different 
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densities while the raising took place. One hundred (100) measured turtles were 

subdivided amongst six tanks with a similar mean size in each tank (Table 3.1, Plates 3.5 

and 3.6). An additional 6 individuals were placed in one of the pool sub-pens. The 

experiment commenced on 1 November 2004 and ended 129 days later on 10 March 

2005, when all animals were inventoried. Results are discussed in Section 3.4. 

 

 
Table 3.1. Distribution and size (SCL) of E. imbricata to investigate the effects of 
stocking density. 

Location Stocking 
Density 

N Mean SCL 
(mm) 

Mean 
bodyweight (g) 

Density 
(kg/m2) 

Tank A High 27 204.0 1020 10.6 
Tank B Low 6 201.2 1006 2.3 
Tank C High 27 205.6 1020 10.6 
Tank D Low 6 205.7 1126 2.6 
Tank E High 28 204.2 1014 10.9 
Tank F Low 6 209.2 1134 2.6 

Pool (1 pen) Low 6 218.9 1277 0.4 
 

 

 
Plate 3.5. E. imbricata in one of the High Density tanks in the shed. 
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Plate 3.6. E. imbricata in one of the Low Density tanks in the shed. 

 

After all turtles were inventoried, they were re-sorted amongst the tanks and pool pens 

(Table 3.2), so that each enclosure had approximately the same total mass of turtles. The 

number housed in the pool increased to 31 in 2 sub-pens. The majority of the turtles (N 

= 23) shifted from the shed to the pool had been compromised for reasons that were 

never clearly identified. They were weak, and as some died the remainder were put into 

one pen in the pool. This situation continued to 9 October 2005, when all the turtles 

were inventoried and all animals were shifted to the pool. 

 

Table 3.2. The location, number and size (SCL) of 104 E. imbricata 
re-distributed to the shed and pool on 10 March 2005. 

Location N Mean SLC 
(mm) 

Mean  
bodyweight (g) 

Tank A 9 325.8 3847.7 
Tank B 10 310.1 3273.3 
Tank C 11 302.8 2922.5 
Tank D 13 296.9 2674.1 
Tank E 14 290.3 2366.1 
Tank F 16 260.1 1774.7 

Pool (Pen 1) 7 343.3 4503.1 
Pool (Pen 2) 24 249.1 1539.3 

 



 45 

3.3.4 Diet and maintenance 

 

3.3.4.1 Shed 

 

Turtles in the shed were fed a mixture of barramundi pellets, shark meat (Carcharhinus 

spp.), Tommy ruff (Arripis georgianus), pilchards (Sardinops sagax), squid (Photoligo 

spp.) and coral prawns (Penaeus spp.). The amount of food was maintained at about 3% 

of mean body weight per feed. Between 1 November 2004 and 7 February 2005 they 

were fed once per day, at around 9 am. Between 7 February 2005 and 27 March 2005 

feeding was reduced to 4 times per week and further reduced to three times per week 

after 27 March 2005. Dried blocks of dead coral were placed in each tank, so the turtles 

could break off and eat pieces as a calcium supplement. 

 

The procedure for feeding in the shed involved pumping the salt water from the tanks to 

the holding tanks, and replacing it with fresh water for feeding. The turtles were given 

approximately two hours to feed, and then the fresh water was discarded, tanks scrubbed 

clean and then refilled with the salt water. When re-circulating, water temperature was 

maintained between 28°C and 30°C and salinity maintained between 17 and 22o/oo
. 

 

3.3.4.2 Pool 

 

Turtles in the pool were given the same food, on the same days, as the turtles in the shed. 

The recirculating salt water was pumped to large holding tanks and feeding was 

undertaken in fresh water. The turtles were given approximately two hours to feed, after 

which the water was discarded and the pool cleaned and refilled with salt water. Salinity 

was maintained at the same levels as in the shed by the addition of salt. Water 

temperature in the pool was much more variable than in the shed, and during the cooler 

months of the dry season dropped to around 20°C. There was no capacity to heat the 

pool as a whole, but a warm water area was established in each pool using a rectangular 

fibreglass compartment, 2.4 m x 1 m x 1m high (Plate 3.7) which extended from the 

bottom to the top of the pool.  Water inside the compartment was heated with a 240W 

immersion electric heater. The turtles could and did enter this "warm-water" area 
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through a clear plastic swinging ‘door’ as required. It was assumed that this provided 

them with options to better thermoregulate, but it was not tested in any detail. 

 

 
Plate 3.7. Rectangular-shaped fibreglass compartment used to provide a warm water 
area in the pool. 
 

3.3.5 Mortalities 

 

Between 1 November 2004 and 9 October 2005 (Table 3.3), 39 of the 108 juvenile E. 

imbricata (36.1%) died. One turtle was severely bitten by the other turtles and drowned 

when it became too weak to lift its head out of the water to breathe. The smallest 

individual turtle disappeared from the turtle pool for unknown reasons (believed to be 

predation by birds). Autopsies were conducted on animals that died, but the reasons for 

death were rarely obvious. There were two management accidents regarding salinity in 

the shed water. The first occurred during the last two weeks of February 2005 where the 

salinity gradually increased to 39o/oo. This problem, undetected for two weeks, occurred 

when the water in the tanks that was lost due to evaporation was replaced with salt water 

instead of fresh water. The salinity was brought down to normal levels on 1 March 2005. 

The second incident caused a steep increase in salinity (~54o/oo) when the amount of 
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pool salt added to fresh water to make reconstituted seawater was miscalculated. The 

majority of turtles became severely dehydrated, and at least 7 died as a consequence, 

perhaps from the accumulated effects of both salinity management accidents. Adding 

fresh water to dilute the tank water rectified the problem. The two salinity accidents 

spanned between 10 March and 12 April 2005.  

 

Some juvenile E. imbricata had previously been observed to be very territorial and 

highly aggressive (WMI, 1996, 1997), which also is known to occur in the wild 

(Sanches and Bellini, 1999). The behaviour does not appear to be continuous, but results 

in bites on the softer parts of the body, particularly around the eyes, tail and back of the 

neck. These bites, particularly on the eyes, definitely contributed to mortality. Self-

induced starvation appeared the most significant cause of mortality (Table 3.3). This did 

not occur in E. imbricata of this size range raised previously by WMI, and thus there 

may be other reasons behind the failure to thrive that were not detected in the autopsies. 

 

Table 3.3. Details of juvenile mortality. 
Cause of mortality N 

Drowned 1 
Bird predation 1 
Dehydration 7 

Self-induced starvation 30 
 

 

3.3.6 Monitoring growth 

 

Growth was quantified through regular inventories in which the turtles were measured as 

described in Section 3.2.3. Sampling was reduced from weekly to once a month in the 

shed and pool, and once every two months after March 2005. Regular monitoring of 

growth ceased on 9 October 2005, when all the turtles were shifted to the pool (Clutch 1 

was 583 days of age, Clutch 2 was 551 days of age). Although this was essentially the 

end of the experimental raising research, some E. imbricata were opportunistically 

measured after this time, up to October 2006. 
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3.4 Results: growth rates  

 

3.4.1 General 

 

Growth was monitored on a regular basis from hatching until the turtles from Clutch 1 

were 583 and Clutch 2 were 551 days of age. The raising was conducted in a number of 

different types of environment, as described above: room, shed and pool. General trends 

in SCL and body weight over time show steadily increasing mean size and variance 

(Figure 3.1; Tables 3.4 and 3.5). 

 

 
Figure 3.1. SCL (in mm) versus age (in days) for E. imbricata raised in captivity. Boxes 
represent + 1 SD on either side of the mean (heavy line) and horizontal bars indicate the 
range. Numbers are sample sizes for each inventory. 
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Table 3.4. Details of mean growth (mm SCL) of E. imbricata raised in captivity (as 
shown on Figure 3.1). 

Age (d) Mean SCL + SD SE Range N 
0 – 30 46.9 + 6.00 0.31 36.1 – 59.2  381 
31 – 60 67.8 + 7.78 0.51 50.9 – 90.8 229 
61 – 90  92.4 + 11.10 0.73 63.8 – 120.6 228 
91 – 120  120.4 + 15.24 0.97 80.5 – 161.9 248 
121 – 150  146.6 + 18.23 1.21 96.4 – 192.2 228 
151 – 180  172.1 + 20.54 1.36 113.4 – 219.3 228 
181 – 210  197.4 + 23.33 1.62 130.3 – 247.4 208 
211 – 240  218.3 + 25.48 1.79 136.9 – 285.0 203 
241 – 270  232.2 + 26.93 2.00 166.5 – 315.3 182 
271 – 300  251.6 + 29.35 2.18 180.6 – 347.8 182 
301 – 330  274.2 + 32.80 2.07 191.0 – 379.3 250 
331 – 360  289.9 + 34.33 3.50 207.8 – 396.7 96 
361 – 390  303.6 + 36.89 3.18 196.9 – 405.0 135 
391 – 420  312.7 + 40.96 5.08 218.6 – 424.0 65 
421 – 450  323.8 + 42.00 4.76 221.8 – 425.4 78 
451 – 480  325.4 + 48.21 9.11 225.0 – 427.1 28 
481 – 510  330.8 + 45.66 6.05 226.6 – 431.6 57 
511 – 540  350.5 + 46.60 5.49 230.4 – 439.1 72 
541 – 570  362.0 + 43.82 4.87 237.1 – 448.8 81 
571 – 600  362.9 + 49.54 10.81 245.6 – 456.1 21 

 
 

 
Figure 3.2. Body weight (in g) versus age (in days) for E. imbricata raised in captivity. 
Boxes represent + 1 SD on either side of the mean (heavy line) and horizontal bars 
indicate the range. Numbers are sample sizes for each inventory. The period where body 
weight stabilised (435 to 495 days) relates to a marked increase in salinity for animals 
being raised in the shed.   
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Table 3.5. Details of mean BWt growth (g) of E. imbricata raised in captivity (as 
shown on Figure 3.2). 

Age (d) Mean BWt + SD SE Range N 
0 – 30 19.9 + 6.6 0.3 10 – 38 381 
31 – 60 52.8 + 17.2 1.1 18 – 112  229 
61 – 90  125.5 + 41.4 2.7 41 - 260 228 
91 – 120  256.1 + 86.8 5.5 75 – 586 248 
121 – 150  429.6 + 144.0 9.5 130 – 938 228 
151 – 180  665.0 + 216.1 14.3 211 – 1336 228 
181 – 210  926.8 + 315.1 21.8 274 – 1846 208 
211 – 240  1199.2 + 426.4 29.9 299 – 2685 203 
241 – 270  1421.2 + 511.9  37.9 516 – 3496 182 
271 – 300  1832.2 + 692.5 51.3 599 - 4640 182 
301 – 330  2265.2 + 874.0 55.3 665 - 5595 250 
331 – 360  2564.5 + 1019.4  104.0 824 - 6235 96 
361 – 390  2851.0 + 1102.0 94.8 697 – 6608 135 
391 – 420  2935.8 + 1251.2 155.2 952 – 7400 65 
421 – 450  3327.7 + 1345.1 152.3 861 - 6604 78 
451 – 480  3332.4 + 1481.5 280.0 1049 - 6431 28 
481 – 510  3397.8 + 1513.7 200.5 765 - 7243 57 
511 – 540  4320.9 + 1702.6 200.7 1027 – 7885 72 
541 – 570  4675.3 + 1719.2 191.0 1184 - 8388 81 
571 – 600  4589.5 + 1990.4 434.3 1062 - 8457 21 

 

The mean growth rates in SCL for all individuals raised as a function of age (Figure 3.3) 

and mean SCL between inventories (Figure 3.4), both show similar trends over 

increasing size and time. Up to 1.7 years (600 days) of age, growth rates in SCL initially 

increase, then remain stable and then decrease. It indicates an essentially logistic curve 

(Figure 3.5) for the mean relationship between size and age in this captive-raised 

population (up to 1.7 years). If examined closely it indicates a positive exponential, 

followed by a period of linear growth, followed by two negative exponentials.  
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Figure 3.3. Mean growth rate (mm SCL/day) 
versus age (in days) between inventories, as 
calculated from the means in Figure 3.1 and Table 
3.4. Blue dots indicating raising in the room and red 
dots in the shed and/or pool. 

 

 
Figure 3.4. Mean growth rate (mm SCL/day) 
versus mean SCL between inventories, as calculated 
from the means in Figure 3.1 and Table 3.4. Blue 
dots indicate raising in the room and red dots in the 
shed and/or pool. 
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Figure 3.5. The mean relationship between mean 
SCL and age derived from the means in Table 3.4. 

 

Examples of the individual SCL and BWt trajectories of 4 of the E. imbricata raised 

until October 2005, up until they were 1.7 years of age, are in Figures 3.6 (SCL) and 3.7 

(BWt). They represent both clutches, raised in different ways. The chronology of 

husbandry events known or suspected to have affected growth rates are in Table 3.6.  
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Table 3.6. Chronology of husbandry events during the raising of E. imbricata in 
captivity that may have affected growth, from 2004 to 2005. 
No. Date Consecutive day 

(1 = 1 Jan 2004) 
Event 

1. 20 February 2004 51 Eggs collected 
2. 5 March 2004 64 Clutch 1 hatched 
3. 6 April 2004 96 Clutch 2 hatched 
4. 15 May 2004 135 Hatchlings marked with 

individual scute numbers 
5. 19 May 2004 139 First inventory for individual 

hatchlings 
6. 1 June – 31 August 

2004 
152 – 243 Winter 2004 

7. 1 November 2004 305 Turtles moved from room to 
shed/pool; Density experiment 
starts 

8. 15 February 2005 411 Salinity in shed increases 
gradually to 39o/oo 

9. 1 March 2005 425 Salinity in shed brought back to 
normal levels 

10. 10 March 2005 434 Density experiment ends; 
Turtles re-sorted  

11. 18 March 2005 442 Excess pool salt added and 
salinity increases 

12. 12 April 2005 467 Salinity detected at 54o/oo and 
returned to normal 

13. 1 June – 31 August 
2005 

517 – 608  Winter 2005 

14. 9 October 2005 647 All turtles moved to pool 
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Figure 3.6. SCL (in mm) of 4 individual E. imbricata (between 19 May 2004 and 9 
October 2005). The left line indicates transfer from the room to the Shed (S) or Pool (P), 
and the start of the density experiment. The right line is the re-sort on 10 March 2005, 
when LM11 8-9 was transferred from the pool back to the shed. 
 
All E. imbricata were transferred from the constant environment room on day 305 (1 

November 2004): most (N = 100) went to the shed and were involved in the density 

experiment, but some (N = 6) went to the pool. RM10 7-8 and LM11 8-9 both went to 

the pool on day 305(Figure 3.6). The rate at which their SCL was increasing in the room 

appeared to change little with the transition to the pool. At the second major re-sort on 

day 434 (10 March 2005), one of these individuals was retained in the pool (RM10 7-8) 

and the other (LM11 8-9) was returned to the shed during a re-sort on 10 March 2005: 

its rate of increase in SCL decreased dramatically.  

 

The individuals, LM11 9-8 and RM11 8-5 (Figure 3.6), that went from the room to the 

shed on day 305 both experienced a short-term reduction in SCL growth rate 

immediately after the transfer. There was a second reduction in SCL growth rate after 

the final re-sort on day 434. When the changes in size over time in these four individuals 

are examined in terms of BWt (Figure 3.7) rather than SCL (Figure 3.6), similar trends 

are apparent. The reduction in growth after the second re-sort on day 434 was strongly 

apparent in terms of body weight (Figure 3.7), which declined between inventories. At 
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the individual animal level, changes in growth rate were ultimately a function of 

increases or decreases in feeding, with changes in body weight preceding those in SCL. 

The ability to detect such changes was a function of their magnitude and of the timing of 

inventories (weekly up to bi-monthly). 

 
 

 
Figure 3.7. BWt (in g) of 4 individual E. imbricata (between 19 May 2004 and 9 
October 2005). The left line indicates transfer from the room to the Shed (S) or Pool (P), 
and the start of the density experiment. The right line is the re-sort on 10 March 2005, 
when LM11 8-9 was transferred from the pool back to the shed.  
 
When changes in growth rate rather than in SCL or BWT per se are examined, more 

detailed insights into the pattern of growth during captive raising are apparent. Figure 

3.8 shows the changes over time in BWt growth rate, expressed as the percentage 

change in BWt between successive inventories, plotted against the second inventory date 

for each couplet. Marked fluctuations in growth rate accompanied the two periods in 

which salinity increased. 
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Figure 3.8. Changes in BWt (in g) of the 4 individual E. imbricata in Figures 3.3 and 
3.5. The left line indicates transfer from the room to the shed or Pool, and the start of the 
density experiment. The right line is the re-sort on 10 March 2005, when LM11 8-9 was 
transferred from the pool back to the shed. The three arrows correspond to events in the 
chronology in Table 3.6: (8) salinity in the Shed increased to 39o/oo; (9) salinity returns 
to normal levels; (11) salinity in the Shed increased to 54o/oo; (12) salinity in the Shed 
returns to normal after 25 days. Horizontal brackets denote winter in 2004 and 2005.   

 
 

3.4.2 Stocking density experiment 

 

When the E. imbricata were transferred from the controlled environment room to the 

shed or pool, on day 434 (10 March 2004), the effects of two densities were tested in 6 

pens within the shed, with a further group, at very low density, raised in the pool (see 

Table 3.1). The results of the final inventory on day 430  (6 March 2005), after 125 days 

of raising, are summarised on Figure 3.9. Two animals that died during the experiment 

were excluded from the analysis. 
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Figure 3.9. Growth in SCL over 125 days, expressed as a percentage of initial SCL, for 
high and low density treatments in the Shed and for the single low density group raised 
in the Pool. Boxes are + 1SE, and horizontal lines the maximum, minimum and mean. 
Numbers are sample sizes and letters refer to the tanks used (Table 3.1). 
 
The results (Table 3.7) indicate that E. imbricata grew at similar rates in the shed, 

regardless of whether they were maintained at densities of 6 individuals per tank (B, D 

and F) or 25 to 28 per tank (A, C and E). By way of contrast, the 6 animals in the pool 

demonstrated significantly faster growth rates than all treatments in the shed, with the 

exception of the low density group in Tank D. When the data from each treatment were 

pooled [N = 80 (high density); N = 18 (low density); and N = 6 (pool), there was still no 

significant difference between high and low density treatments (ANOVA F (1, 96) = 

1.468; p = 0.229) but there was a significant difference between the shed and pool 

(ANOVA F (1, 101) = 10.138; p = 0.0019). 
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Table 3.7. The results of testing (ANOVA) each density treatment with each other 
treatment. NS = not significant at the p = 0.05 level. 

Pool A B C D E F 
Pool 0.0016 0.0150 0.0024 NS 

(0.2110) 
0.0042 0.0332 

Tank A - NS 
(0.8441) 

NS 
(0.8057) 

NS 
(0.0722) 

NS 
(0.5505) 

NS 
(0.5385) 

Tank B  - NS 
(0.9627) 

NS 
(0.2050) 

NS 
(0.8676) 

NS 
(0.7415) 

Tank C   - NS 
(0.0963) 

NS 
(0.7216) 

NS 
(0.6393) 

Tank D    - NS 
(0.1446) 

NS 
(0.3468) 

Tank E     - NS 
(0.7974) 

Tank F      - 
 
Although an effort was made to ensure each tank in the shed had similar sized animals 

(Table 3.1), the E. imbricata in the pool had a restricted size range and the largest mean 

size. Within this size range, the pool animals still grew significantly faster than the shed 

animals (ANOVA F (1, 65) = 13.960; p = 0.0004), but to examine whether any 

underlying effects of initial size were involved, absolute growth as a function of initial 

size was examined (Figure 3.10).  

 

Regression analysis indicated that there was no significant trend in absolute growth as a 

function of size in either the high density (p = 0.7511), low density (p = 0.7770) or pool 

(p = 0.5973) treatments. However, there was a weak but significant trend across all 

treatments for the smaller animals to grow proportionally faster than the larger ones (r2 = 

0.093; p = 0.0018) (Figure 3.11). Multiple regression analysis indicated no significant 

difference in this trend between high and low densities (p = 0.1371), but E. imbricata in 

the pool, independent of size, still grew significantly faster than those in the high and 

low density treatments (p = 0.0014). 
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Figure 3.10. Absolute growth in SCL as a function of initial 
SCL for individuals in the high density (blue), low density 
(red) and pool (green) treatments.  

 

 
Figure 3.11. Growth of SCL expressed as a percentage of 
initial SCL, plotted as a function of initial SCL. The line is 
the mean regression for all data pooled (r2 = 0.093; p = 
0.0018). 
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3.5 Other captive-raised E. imbricata available 

 

Four captive-raised adult E. imbricata are retained at WMI premises, 3 females and 1 

male (Plate 3.8). They came from eggs collected and hatched in 1996, and are housed 

together in a separate subsection of the pool (see Section 3.3.4.b), with an adjacent sand 

bank where it is hoped nesting will occur. The females developed large ovarian follicles 

in 2005 (Webb et al., 2005) and dug nest chambers, but did not nest and the ovarian 

follicles had regressed by 2006 (as determined by ultrasound examination). The keratin 

shell plates of these older individuals were used to determine how growth continues in 

larger captive-raised E. imbricata.  

 

WMI had also retained the carcasses and shell plates of other E. imbricata, of different 

sizes, some from the wild but mostly from captive-raising. All were made available and 

were used throughout this study. 

 

 
Plate 3.8. Captive-raised adult E. imbricata at WMI premises, when approximately 10-
years of age. 
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3.6 Discussion 

 
Captive raising was the only option available for tracking the sequential development of 

the keratin plates in E. imbricata and for studying pigmentation within them. The raising 

environment clearly affects the pattern of pigmentation in captivity (Chapter 6), so it is 

important that the exact methods used here, and the growth rate results obtained, are 

described. 

 

In addition to this specific use of the results, the new information on eggs, embryos and 

incubation obtained (Chapter 2), and the methods and results of the captive raising 

presented above, both have direct application to the further development of captive 

propagation strategies for E. imbricata. It would seem technically possible to raise as 

many E. imbricata as may be required for conservation or commercial purposes. 

 

Commercial captive production of E. imbricata is an option for maintaining culturally 

sensitive consumptive uses of E. imbricata without having to harvest them from the wild 

(Donnelly, 1994; Nodarse et al., 1998). With Green turtles (Chelonia mydas), captive 

production in the Cayman Islands has been successfully pursued for over 30 years, 

mainly to produce turtle meat (Fosdick and Fosdick, 1994).  With E. imbricata, the shell 

plates needed to make traditional "tortoiseshell" products can no longer be exported or 

imported because E. imbricata is listed on Appendix I of CITES (Herrera et al., 1998; 

Webb, 1999, 2000). Production through captive breeding and raising may be the only 

option available for ensuring such traditions can survive. As in crocodile farming 

(Hutton and Webb, 2003), the ability to produce E. imbricata in commercial quantities 

will depend on the problems encountered being solved through research and adaptive 

management. 

 

Raising technologies for E. imbricata could also be used for conservation purposes. 

Based on advice from their Marine Turtle Specialist Group, the IUCN World 

Conservation Union believes the world population of E. imbricata is critically 

endangered (IUCN, 2006). Despite this interpretation being challenged (Webb and 

Carrillo, 2000; Mrosovsky, 2003), restocking is a management option that could be used 

for rebuilding wild populations, globally or nationally. As with Kemp’s Ridley sea 

turtles (Lepidochelys kempii) (Wood, 1982; Fontaine and Williams, 1997), it will require 
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the development of suitable technologies for dealing with eggs, embryos, incubation and 

captive raising.  

 

Sea turtles raised in captivity have often been reported as having accelerated growth 

rates relative to their wild counterparts (Brown et al., 1982; Swingle et al., 1993; Wood 

and Wood, 1993). In the case of E. imbricata, growth rates for juveniles are highly 

variable between different locations (see Table 1.1 in Chapter 1). The fastest mean 

growth rates reported for wild E. imbricata (CITES, 2002) in the size ranges 200-300 

mm SCL and 300-400 mm SCL are 76.3 - 87.3 mm and 71.6 - 91.2 mm per year 

respectively. Annual growth for the same sized individuals raised in captivity here, 

based on the mean data in Table 3.1, suggest equivalent growth rates in captivity would 

be about 160 mm and 90 mm SCL per year (at E. imbricata measuring 300-400 mm 

SCL), respectively.  

 

The problems that did occur during raising appear to be easy to rectify through improved 

management. The failure to thrive in E. imbricata hatchlings from Clutch 1 appeared to 

be related to food and was overcome with Clutch 2. Salinity is clearly important. 

Hatchlings in seawater (32o/oo) for the first 8 months of life did not appear to be 

adversely affected. After 8 months they appeared to maintain health in reconstituted salt 

water, around 20o/oo. They were clearly adversely affected when salinity increased over 

time to 39o/oo, but seemed to recover when the problem was rectified. Not so when some 

were exposed to extremely high salinities (54o/oo).  

 

Density per se did not prove to be a significant variable affecting growth rates in the 

trials, so it seems likely that larger numbers could be raised in reasonably high densities 

if required. However, individuals in the pool did grow faster than those in the tanks 

within the shed, for reasons that are largely unknown. Density was much lower, but 

many other aspects of the raising environment may have been involved. 

 

The reason why some E. imbricata attack others in captivity is unclear, but it occurs 

sporadically and seems to involve the same individual E. imbricata. If they are identified 

and isolated, the problem ceases. Similar aggression was reported when Kemp’s Ridley 

turtles were raised in captivity, which was also controlled by isolation (Caillouet, 2000). 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
CHAPTER 4 
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CHAPTER 4: DEVELOPMENT AND STRUCTURE OF THE CARAPACIAL 

KERATIN PLATES. 

 
4.1 Introduction 
 

The object of the research presented here was to provide a comprehensive description of 

the structure of the carapacial keratin plates of E. imbricata, both as a fundamental 

foundation for assessing the way in which the colour pattern is formed within them 

(mostly described in Chapter 5), but also to test the hypotheses proposed by Ohtaishi et 

al. (1995) and Tucker et al. (2001), that laminae within the keratin plates were annual 

structures, and therefore constituted a morphological basis for estimating minimum age. 

 

The carapace of chelonians is ultimately derived from the fusion of vertebrae, ribs and 

dermal bone plates, and the plastron from the fusion of clavicles, interclavicles and 

gastralia (Zangerl, 1969). The dermal plates of bone are fused to each other and overlaid 

with the dermis. External groves in the dermis, sulci that form embryologically, 

demarcate the margins of the separate scutes of the carapace and plastron. These do not 

align with the underlying, fused, dermal bone plates. Each scute has an epidermal, 

pigmented, keratin layer, secreted by the dermis.  

 

In E. imbricata, the keratin layer of each scute is characteristically thick, robust and 

plate-like, and they are referred to here as “keratin plates”. They are also 

characteristically imbricate, with the trailing edge of each overlying the anterior edge of 

the plate behind it - hence the specific name "imbricata". The standard nomenclature for 

describing scutes and their keratin plates (Figure A2.1) is followed here, with most 

research reported involving the first left and right costal plates (C1L and C1R). They 

have a clearly exposed growing edge abutting the marginals (Figure A2.1) and were 

identified by Ohtaishi et al. (1995) as the best keratin plates in which to examine 

changes in growth-related structures.  

 

Carapacial development within E. imbricata embryos was first reported by Goette 

(1899), referring to the synonymy Chelone imbricata. His study focused mainly on the 

development of dermal bones rather than keratin plates. Deraniyagala (1939), Penyapol 

(1957) and Miller (1985) all provided new information on E. imbricata embryology, but 
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their descriptions of the development of the keratin plates were general and restricted to 

observations on gross morphology. 

 

As described by Deraniyagala (1939), the keratin plates of E. imbricata undergo striking 

post-hatching changes in size and shape. At the time of hatching the keratin plates are 

strongly keeled, juxtaposed to each other and are not imbricate. The imbrication 

develops with post-hatching growth while the extent of the keel becomes reduced. In the 

oldest E. imbricata. Deraniyagala (1939) reports the complete area of imbrication may 

be lost, an issue examined here. More recently the keratin plates have been shown to be 

comprised of keratin laminae, assumed to be deposited annually (Ohtaishi et al., 1995; 

Tucker et al., 2001). The research reported here is the first comprehensive 

morphological examination of the development and structure of the keratin plates of E. 

imbricata.  

 

4.2 Gross morphology of keratin plates. 

 

4.2.1 Embryological development 

 

Details of the eggs and embryos examined here, and of the techniques used for 

incubation, are in Chapter 2 and Annex 1. Six embryos from one clutch incubated at 

constant 29°C were removed at 5-day intervals between 30 days and 55 days of age. 

Mean egg widths were 34.8 + 0.71 mm and 34.1 + 1.60 mm (two measures taken at right 

angles to each other), and mean egg weight was 23.2 + 1.81, which are within normal 

values (Chapter 2): reported embryo sizes (Table 4.1) are likely to be similar to average 

E. imbricata from elsewhere.  
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Table 4.1. Measurements of Eretmochelys imbricata embryos aged 30 to 55 days at 
29°C incubation. All measurements are in mm. HL = head length; HW = head width; 
SCL = straight carapace length; SCW = straight carapace width; PL = plastron length; 
SA to SB = C1 measures A, B and C respectively. Refer to Table A2.1 and Figures 
A2.2a and A2.2b for description and location of measurements. 

Age 
(days) 

HL HW SCL SCW PL SA SB SC Notes 

30 11.7 8.7 24.5 17.2 15.8 6.1 4.5 4.8 Egg 
35 15.9 10.2 30.6 21.5 20.8 7.8 5.3 7.7 Egg 
40 18.6 13.0 32.8 24.9 22.2 8.8 6.5 8.6 Egg 
45 18.9 12.6 33.9 25.1 24.2 8.2 6.2 8.9 Egg 
50 20.1 14.0 40.1 29.3 28.0 11.3 6.7 8.7 Pipped 
55 18.4 12.6 35.8 25.5 28.8 9.3 6.2 8.4 Pipped 

 

The first right costal (C1R) scutes of the 6 embryos are shown in Plate 4.1. The plates are 

juxtaposed to each other and there is no imbrication. The sulcus between the plates has 

increasing depth with increased developmental age.  

 

After 30 days incubation at 29°C [Stages 24 to 25 of Miller (1985)], the C1R is clearly 

formed and translucent (Plate 4.1): lacking background colouration but having some 

pigmented spots. The sulcus between the adjoining plates lacks colouration. By 35 days 

[Stages 25 to 26 of Miller (1985)], the C1R has developed a yellow-brown background 

pigmentation, with additional pigment spots, but the sulcus between the plates is more 

strongly pigmented, presumably with melanin.  
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Plate 4.1. Right costal scute of different E. imbricata embryos at different ages 
(incubation at 29°C) showing the changes in background colouration, melanin 
deposition and texture of the keratin plate. 
 

By 40 days at 29°C [Stages 26 to 27 of Miller (1985)], the background appears 

unchanged but more dark pigmentation exists, particularly in the sulcus areas. At 45 

days [Stages 27 to 28 of Miller (1985)], 50 days [Stages 28 to 29 of Miller (1985)], and 

55 days [Stages 29 to 30 of Miller (1985)], the keratin appears to be raised in the dorso-

ventral axis, relative to the sulcus, and some wrinkles on the plate exist. The background 

colouration appears largely unchanged but there is clearly individual variation in the 

extent of dark pigmentation. It is unclear whether this dark pigmentation has been 
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committed and fixed from 40 days, or if it is changing over time, because each of the 6 

embryos in Plate 4.1, although from the same clutch, are different individuals. 

 

Keels on the medial to posterior parts of the costal and vertebral carapacial scutes and 

plates were apparent in the 30-day-old embryo (Plate 4.2, 30 days). The relative size of 

the keels increases in the anterioposterior direction. As the size of the embryo increases, 

the keels became more distinct. The raised keel is lighter in colour than the area of scute 

surrounding it. 

 

 
Plate 4.2. Carapaces of different E. imbricata embryos at different ages (incubation at 
29°C) showing the development of keels (arrows) on the costal and vertebral scutes. 
 

4.2.2 Hatching to 4 months of age 

 

Although at hatching there is no imbrication of the carapacial or plastral keratin plates, 

which are juxtaposed to each other, E. imbricata is the only sea turtle species in which 

the imbrication develops with age. Like a human fingernail, the trailing edge of each 

keratin plate becomes free of the underlying dermis, and in this case overhangs the 

anterior edge of the plate behind it. But these plates do not grow like a fingernail, with 

the edge continually extending and breaking off when it becomes structurally weak. The 

manner in which the keratin plates of E. imbricata form and grow is completely 

different. 
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Plate 4.3. Eretmochelys imbricata hatchlings at 0 and 30 days of 
age. The sulcus between plates expands and darkens (a), and the 
relative size of the keel increases (b). 
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Figure 4.1. The carapacial keratin plates (C1R to C3R) of E. imbricata at hatching, when 
seen from the dorsal view (left), and a diagramatic representation of key structural 
elements (right). 
 
At hatching (Plate 4.3, Figure 4.1) each plate abuts it neighbour with a deep sulcus, 

without hard keratin, demarcating the edges. The plates are a distinctive yellow-brown 

colour (Plate 4.3), with individual variation in the extent of darker pigmentation. As the 

hatchling grows, this hatchling plate maintains its integrity. It becomes surrounded by a 

small border of characteristically black tissue (Plate 4.3, 30 days), which is an initial 

expansion of the sulcal area.  The hatchling keratin plate, with its hard keratin, maintains 

the exact same size it had was at hatching. It is always positioned at the posterior margin 

of each plate (Figure 4.2; Plate 4.3, 30 days). The dermis underlying the complete C1 

plate, including the original hatchling keratin plate, continues to secrete keratin, and so 

the original keratin plate increases in thickness and becomes elevated (Figure 4.2).  
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Figure 4.2. The carapacial keratin plates (C1R to C3R) of E. imbricata at one 
month of age (54.8 mm SCL, 4.5) (left), with a diagrammatic representation of 
key structural elements (right). The original hatchling keratin plate is located 
posteriorly, with the keratin plate becoming thicker with ongoing secretion of 
keratin from the dermis. There is no imbricate edge at this stage. 

 
 
With continued growth to about 5 months (163.4 mm SCL; Plate 4.3), the margins of the 

original hatchling keratin plate are still distinct on the trailing edge of each C1 plate. 

Imbrication occurs when the keratin plate posterior to each other keratin plate grows 

forward, underneath the posterior edge of the plate in front of it. It separates the keratin 

from the underlying dermis that secretes it (Figure 4.3), so that the posterior edge of 

each keratin plate becomes imbricate. The imbricate part can no longer increase in 

thickness through extra layers being secreted, because the dermis is no longer in contact 

with that part of the keratin plate (Figures 4.3 to 4.6). 
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Figure 4.3. The carapacial keratin plates (C1R and C2R) of E. imbricata 
at 5 months of age (163.4 mm SCL)(upper), with a diagrammatic 
representation of key structural elements (lower). The original hatchling 
keratin plate is on the posterior edge of each growing keratin plate. The 
anterior growing edge of a plate extends in under the plate in front of it, 
separating the keratin from the dermis and thus causing the imbrication 
(overhang). 
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Figure 4.4. The carapacial keratin plates (C1R and C2R) of E. imbricata at 8.5 months of 
age (242.2 mm SCL) (upper) with a diagrammatic representation of key structural 
elements. The original hatchling keratin plate has peeled off and the keratinised area 
below it, although still a light colour, was secreted after hatching. 
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Figure 4.5. The carapacial keratin plates (C1R and C2R) of E. imbricata at 2.3 years 
(27.5 months; 492.9 mm SCL) (upper) and a diagrammatic representation of key 
structural elements (lower). There are multiple layers of keratin within the plate, which 
is increasing its thickness and strongly imbricate. 
 
 
 



 74 

 
Figure 4.6. A composite of Figures 4.1 to 4.5 showing progressive stages in the 
imbrication process of keratin plates. (A) A newly hatched turtle with a hatchling keratin 
plate (H). (B) By 1 month a new layer of keratin (1) forms under the hatchling plate. (C) 
By 5 months the anterior growing edge of one plate separates the keratin from the 
dermis secreting it on the posterior edge of plate in front of it, causing it to become 
imbricate (overhung) (D) By 8.5 months the imbrication increases with continued 
growth of the scute and the keratin plate increasing in thickness. (E) By 2.3 years (27.5 
months) the keratin plate has multiple layers of keratin and is strongly imbricate.  The 
original hatchling plate peels off by Stage (D) or (E). 
 
The original hatchling keratin plate is still attached and clearly visible at the very 

posterior end of the scute. However, this hatchling plate (Plate 4.3) eventually peels off. 

It is not known why this happens, however it may be that the hatchling plate consists of 

only soft α keratin, making it more flexible for the embryo to curl up as it grew in the 

limited space in the egg. Once the turtle hatches, the α keratin is replaced by harder β 

keratin.  

 

The colour of the posterior end of the scute, where the original hatchling keratin plate 

used to be, maintains a distinctive colour and sometimes has a more textured surface 

than the areas around it. The colouration of the growing areas of the keratin plate starts 

with a rising sun pattern of streaked brown, black and white, whereas the position where 

the original hatchling plate peeled off is a red-brown colour (Plate 4.4). 
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The keels in the costal and vertebral scutes of a newly hatched E. imbricata are obvious 

and pronounced (Plate 4.3). As the hatchling increases in size, the keels on the original 

hatchling plate become more erect, although the size of the hatchling plate itself remains 

unchanged (Plate 4.3, 30 days). As in the embryos (Plate 4.2) the keels are lighter in 

colour than the rest of the surface area of the scute. 

 

 
Plate 4.4. Costal scutes of E. imbricata: a to c show how the thin keratin hatchling plate 
peels off, exposing keratin laid down after hatching but before imbrication occurred. It 
remains distinctly coloured (d). The transparent arrow and dotted lines show the location 
of the original hatchling keratin plate in a 168.7 mm SCL E. imbricata. Note the 
difference in colour of the very posterior end of the keratin plate relative to those parts 
of the keratin plate that have developed since hatching. 
 

4.2.3 After 4 months of age 

 

Relative to the keratin plates at hatching, those in E. imbricata around 4 months of age 

differ in some fundamental ways: 
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a.  Colour – The colour of the hatchling scute is light brown with occasional dark 

brown melanin spots, relative to a radiation or "rising sun" pattern of colour 

(brown, black and white) in the early stages of growth; 

 

b. Texture – The hatchling keratin plate is thin, distinctly wrinkled and rough textured 

relative to the smooth keratin that characterizes new growth; and, 

 

c.  Extent of keel – The keel is more pronounced on the hatchling keratin plate than in 

the areas of new growth surrounding it.  

Post-hatching growth of the carapacial keratin plates, anterior to the original hatchling 

plate, often occurs in distinct sub-plates, separated from each other by a distinct ridge on 

the surface of the keratin (Plate 4.5). The number of sub-plates in each scute is shown in 

Table 4.2. The colour pattern on each sub-plate consists of linear streaks or rays of dark 

colouration over a light background. The colour rays on each sub-plate are oriented in 

the same direction as the plate is expanding with new growth of the scute. 

 

 
Plate 4.5. Carapace of E. imbricata aged 75 days (95.2 mm SCL). Note a vertebral ridge 
(a) developing, in line with the keels (b), the black sulcal area of growth surround each 
keratin plate (c), and the distinct ridges (d) which separate sub-plates: three ridges 
separating four sub-plates on the C1L. 
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Table 4.2. Number of sub-plates on the 
carapacial scutes of young Eretmochelys 
imbricata. 

Scute Sub-plates 
First costal (C1) 4 
Second costal (C2) 5 
Third costal (C3) 5 
Fourth costal (C4) 5 
Vertebrals 3 

 

 
Plate 4.6. Changes in the carapacial scutes of Turtle No. RM10 5. The scale bar 
indicates 10 mm. The arrows point to the same light streak of colour pattern that can be 
seen from 57 until 678 days of age. 
 
The process of imbrication that starts in the first two months continues as the turtles 

grow. In the case of the left and right C1 plates, the imbricate surface of the first 

vertebral plate (v1) overlaps both C1s on their anterior-lateral surface (Plates 4.5 and 

4.6). The thickness of the keratin plates increases continually as new layers or laminae 

of keratin are secreted. These laminae are discussed in Section 4.3 and they do not 

appear to be annual as assumed by Ohtaishi et al. (1995) and Tucker et al. (2001). While 

E. imbricata are growing, the keratin plates are simultaneously increasing in both area 

and thickness. When growth in the area of the plate slows or is arrested, it appears that 



 78 

the keratin is still secreted. So the depth of the keratin plate increases, while the plate is 

not expanding on its anterior growing edge, nor having its imbrication area increased by 

growth forward of the plate behind it. When growth in the area of keratin plate does 

restart, the result can be a physical ridge at the growing edge (Figure 1.1). Where these 

ridges on the dorsal surface are obvious (e.g. Plate 4.7), they do indicate successive 

Lines of Arrested Growth (LAGs) (Castanet et al., 1993), normally between winters, and 

so they do define annual growth in the keratin plates (Ohtaishi et al. 1995).  

 

 
Plate 4.7. Lines of Arrested Growth (LAGs) on the dorsal surface of a C1 plate (A), and 
ventral imbricate edge (B), as described by Ohtaishi et al. (1995)(see Figure 1.1). 
 

The keels on all individual plates, so obvious in hatchlings (Plate 4.3), tend to be lost, 

with the exception of the vertebral keels. These can form into a solid ridge aligned with 

the original keels on the vertebral plates that become more obvious in some older turtles 

(Plate 4.8).   
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Plate 4.8. Illustration of a wild juvenile E. imbricata of unknown age (adapted from 
Brongersma, 1968) showing vertebral ridge (a). Carapace of a wild adult E. imbricata of 
unknown age (665.6 mm SCL)(b); and of a large captive-raised specimen (aged 8 years: 
661.9 mm SCL) showing the vertebral ridge (arrows) but absence of keels on costal 
plates (c).  
 

As size and age increase, the imbrication process results in some clearly defined 

structural changes (Figures 4.7 and 4.8; Plate 4.9): 

 

1. The keratin plate attached to the dermis continually increases in thickness by 

continuous secretion of additional layers of keratin in the vertical plane. 

 

2. The thinnest parts of a keratin plate are at the trailing edge of the imbricate part, 

and at the anterior edge of the new growth area. 

 

3. The thickest part of the keratin plate is just anterior to the imbricated part. 

 

4. Growth arrest lines may be discernable on the dorsal surface and along the 

imbrication line on the ventral surface. 
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Figure 4.7. Cross-section of E. imbricata keratin plates showing changes in 
thickness from the growing edge (anterior) to the imbrication line, and then to 
the trailing edge (posterior). 

 
 

 
Figure 4.8 Dorsal view of keratin plates of E. imbricata 
showing the attachment line of imbrication, the posterior edge 
of the imbricate part, and the area of imbrication that may 
have broken off.  
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Plate 4.9. Sawn section through the carapace of a captive-raised E. imbricata (No. 
RM11 9-7, 256.8 mm SCL, 1-year) (a). The anterior end of the C2L underlies the 
imbricate part of the C1L (b). As the anterior keratinised margin of the C2L (arrow on 
"c") grows forward, it separates the C1L keratin plate from the underlying dermis that 
secretes it. The arrows also delimit the attachment line on each keratin plate. 
 

When the ventral surface of a series of excised C1 plates from different sized E. 

imbricata are examined (Plate 4.10), the relationship between increasing SCL and the 

extent of imbrication becomes apparent.  
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Plate 4.10. Ventral views of left costal scutes (C1L) from captive-raised (a, b) and wild 
E. imbricata from Cuba (c to j). The white dots indicate margin of the imbricate area of 
each scute. Scale bar equals 10 mm. 
 
 

At 2 months of age (54 mm SCL; Plate 4.10a) there is no imbrication on the C1L plate of 

a captive-raised E. imbricata. But after 1 year of captive growth (239 mm SCL; Plate 

4.10b), in a reasonably non-abrasive environment, the imbricated posterior part is about 

50% as long as the attached part. When compared to the C1 plate of a wild hawksbill 

only slightly larger (295 mm SCL; Plate 4.10c), it is clear that the imbricate area in this 

wild animal is relatively smaller, about 30% as long as the attached part, which reflects 

an interaction between C1 shape and rates of abrasion. 

 

The keratin plate in Plate 4.10c has a different shape from the majority of C1 keratin 

plates depicted on Plate 4.10, in that the length:width ratio is lower and it is more V-

shaped around the posterior margin. It is not unusual to find such variations in C1 shape, 

which is discussed in Chapter 7. There is considerable variation in the extent of 

imbrication in the keratin plates of wild E. imbricata ranging from 497 to 799 mm SCL 

(Plate 4.10d to g), reflecting both shape changes and erosion, but by 800 mm SCL the 

imbricate part of the C1 keratin plate is much reduced relative to the attached part: less 

than 15% (Plate 4.10g, h and j). Furthermore, the keratin plate can become seriously 

damaged (Plate 4.10i), especially by barnacles, and begin to disintegrate.  
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On the basis of the morphological model of growth and imbrication described above, 

some predictions can be made about what should happen to E. imbricata keratin plates 

when the animals reach their maximum SCL and growth ceases: 

 

a.   As the imbricate trailing edge is not being renewed, replaced or strengthened, 

any loss from abrasion cannot be replaced. So in larger, older E. imbricata, 

which have essentially ceased growing, the imbrication should be steadily 

reduced as shown in Plate 4.10. Deraniyagala (1939) described keratin plates 

of older E. imbricata as losing all imbrication, with margins juxtaposed and 

fused. This would seem theoretically possible but no such individual plates 

have been observed.  

 

b.   What has been observed, is that the keratin plates of larger E. imbricata, which 

have presumably ceased growing, are sometimes disintegrating, with craters 

from barnacles and sheets of keratin peeling away from other sheets. If a 

keratin plate was lost altogether in a large E. imbricata, that had ceased 

growing, the underlying dermis could still secrete new keratin layer, but only in 

the area off attachment. There would be no capacity to develop an imbricate 

edge (which depends on the turtle growing), and so adjoining re-grown plates 

would be expected to be juxtaposed with no imbrication, as described by 

Deraniyagala (1939). Observations reported below lend support to this 

possibility. 

 

4.2.4 Re-growth of shed keratin plates 

 

The C1L plate of Turtle No. 1614310 became detached in December 2002 (Plate 4.11), 

when the turtle was 692 mm SCL and 43.2 kg body weight. The same turtle lost its 

second vertebral scute in September 2003. There was no definitive cause of these 

incidents, but there may well have been some form of cutaneous infection between the 

plate and the dermis. The physical connection between the keratin plate and dermis was 

weakened, it gradually worked loose, and fell off. 
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Plate 4.11. The left first costal keratin plate of Turtle No. 1614310 became detached 
from the carapace in December 2002. Plate 4.10a shows the keratin still intact, and 
Plates 4.9b and c show the ventral and dorsal views of the shed C1 scute respectively. 
The extent of imbrication is clearly visible in Plate 4.10b. 
 

A diagrammatic representation of what appeared to have happened is in Figure 4.9. 

When the C1L plate was shed, the remaining surface of the C1 plate was a thin layer of 

keratin covering the complete area where the shed C1L had been attached.  After 3 years, 

this thin layer had thickened a little, but showed no sign of any imbrication on its trailing 

edge (Plate 4.12).  The observation confirms the view that somatic growth is totally 

responsible for the imbrication, and once any imbricate part of a keratin plate is lost, it 

cannot be replaced.  

 

 
Figure 4.9. Diagramatic representation of cores through a keratin plate 
demonstrating what is thought to happen when the physical connection 
between the keratin plate and dermis is weakened (b), gradually works loose 
(c) and eventually becoming detached leaving a new keratin layer without 
the primary colouration in the shed part of the plate (d). Diagrams include 
the keratin (yellow), pigment (black), dermis (pink) and colonies of 
melanocytes in the dermis (blue). 
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Plate 4.12. The regenerated C1L scute of Turtle No. 1614310. Note that the very 
posterior margin of this scute has not become imbricate even after 3 years of growth. 
 
 

Of particular interest, the regenerated C1L keratin plate was distinctly different in 

structure and base colour and pattern from the C1L that had been shed. Some growth 

arrest lines were apparent on the original plate (Plate 4.13c), but missing completely 

from the regenerated plate. The regenerated C1L (Plates 4.12 and 4.13) was uniformly 

dark and mostly black. This reflects secondary colouration, which is described later and 

which is very distinct from the primary colouration (see Chapter 5). By positioning the 

shed C1L plate on the regrown C1L plate, it is possible to estimate precisely where the 

imbricate edge would have extended to, had the original keratin plate been retained 

(Plate 4.13d). 
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Plate 4.13. The C1L keratin plate of Turtle No. 1614310: (a) while still intact; when shed 
and viewed from the ventral surface (b), the dorsal surface showing some growth arrest 
lines (c); and, when regrown (d) showing approximately where the imbrication would 
have extended to if it had not been lost. 
 
 

The frequency with which keratin plates are shed and subsequently regrow in wild E. 

imbricata is unknown, but there seems little doubt that it occurs and that it may explain 

Deraniyagala's (1939) observations. The keratin plate of a wild E. imbricata from the 

traditional harvest in Cuba (No. IP99 167) was clearly in the process of disintegrating 

(Plate 4.14). Sheets of keratin were becoming detached from each other. On the dorsal 

side of the C1 plate deep indentations indicate where barnacles were attached, which 

appear to be the cause of the keratin plate being weakened. Despite Kobayashi (2000a) 

reporting that the barnacles found on E. imbricata keratin plates in Cuba mostly 

belonged to the genus Chelonibia, a non-burrowing barnacle, it is common in the Cuban 

stockpile to find keratin plates with extensive barnacle infestation with various degrees 

of fracturing within the lamina that comprise the keratin plates (G Webb, pers. comm.)  
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Plate 4.14. The ventral (left) and dorsal (right) views of the C1L keratin plate of a wild 
E. imbricata (Turtle No. IP99 167) from Cuba. Note the sites where barnacles were 
attached (arrows) on the dorsal surface when the turtle was caught. The centrally located 
barnacle has burrowed through to the ventral surface of the keratin plate. Scale bar 
equals 10 mm.  
 

If E. imbricata lose keratin plates completely, as a consequence of barnacle infestation 

or because of other reasons, then one would expect to find wild animals with regenerated 

keratin plates such as those in Plate 4.12: that is, keratin plates with minimal or no 

imbrication, that are thin but uniformly so over the whole C1 surface, with dark, 

secondary colouration. Such plates are in the Cuban stockpile and the large plate 

depicted in Plate 4.10j may well be one of them. 
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4.2.5 Changes in the shape and thickness of keratin plates 

 

The C1 keratin plates of hatchlings show limited variation between individuals, but as 

the shape of the carapace changes in older animals, from a flat to a more domed shape, 

individual variation in the shape of the C1 plates increases. This appears to be caused by 

different parts of the C1 growing faster or slower than other parts. 

 

These changes in the direction of growth, within the C1, can be clearly seen by tracking 

the "orientation lines" of the colour pattern (Plate 4.15). As the carapace became dome-

shaped, it induces allometric growth, more so in some individuals than in others. The 

changing shape of the C1 needs to be accounted for when reconstructing growth for the 

purposes of aging and is discussed in more detail later (see Chapter 7). 

 

It was apparent from E. imbricata keratin plates in the Cuban stockpile that in addition 

to the imbricate edges becoming eroded the dorsal surfaces of keratin plates can get 

scarified, scratched and worn down. However, it was equally clear that there is 

considerable individual variation in the extent of erosion between individuals of similar 

size. This may well be related to the highly variable growth rates affecting the extent of 

exposure to abrasion. For example, a fast- or slow-growing 500 mm SCL E. imbricata 

may take 1 or 10 years respectively to reach 600 mm SCL, which means 1 or 10 years 

exposed to abrasive elements.  
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Plate 4.15. C1L of two different 8 year old captive-raised E. imbricata. Note the 
difference in growth trajectory in different parts of the C1L as indicated by the 
orientation of the colour pattern. 
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Plate 4.16. The approximate shape of a C1 plate (captive-raised E. imbricata) if 
no erosion or breakage of the trailing edge had occurred; and it still contained 
the original hatchling plate (thin white line). Dotted line indicates the margin of 
attachment, and the extent of imbrication is estimated by using C1 plates of 
smaller individuals. Note growth arrest lines on the more recent areas of growth. 
Scale bar equals 10 mm. 
 

 
Plate 4.17. The approximate shape of the same C1 plate if the trailing edge of 
the keratin plate had broken off or eroded completely. Note the change in shape 
and size of the keratin plate that would result (compared to Plate 4.16). Note 
growth arrest lines on the more recent areas of growth. 
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Keratin plates of captive-raised turtles also undergo erosion and/or breakage of the 

trailing edge, but probably to a lesser degree than their wild counterparts (Plate 4.16). 

Although the size of the turtle would remain the same, if the complete imbricate part 

were lost, the shape of the C1 on the same turtle would be very much altered. This is 

another factor that needs to be considered when reconstructing growth in the C1 for the 

purposes of estimating age (see Chapter 6).  

 
4.3 Morphology at the histological and ultrastructural level 
 
4.3.1 Development of the dermis in embryos 

 
4.3.1.1 Methods 

 

From each euthanised embryo (see Section 4.2.1), a sample of the carapace at the level 

of the 4th costal plate was removed for histological investigation. The exact location of 

each sample was noted and labelled. Tissues were fixed in 10% buffered formalin and 

processed in an automated tissue processor (Leica Reichert Lynx), embedded in wax 

(Paraplast Tissue Embedding Media), cut at 5 µm with a motorised microtome (RMC 

MT-940) and mounted on slides. They were manually stained with haematoxylin and 

eosin (H & E) and examined and digitally photographed under various microscopes. 

 

The youngest embryos (30 to 40 days) were successfully sectioned and analysed with 

this method, but the keratin was sufficiently robust in older specimens to interfere with 

the sectioning.  Older embryos (45 to 55 days) were thus transferred to an infiltration 

solution of the Leica Historesin embedding kit for 3 days, with two changes of the 

infiltration solution. The samples were embedded in an embedding medium (Leica) and 

attached to a block holder after polymerization with the Leica Historesin mounting 

medium (Leica). Sections (1-3 µm) were cut with a glass knife ultramicrotome (LKB 

Bromma), stained in toluidine blue, and examined and photographed.  
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4.3.1.2 Results 

 

The epidermis of embryonic carapacial scutes consists of a thin layer of keratin, over a 

keratin-forming zone (which consists of kerationocytes; see Plate 5.2 in Chapter 5) 

attached to a basal layer of cuboidal cells (Plate 4.18, 30 days). Within this is the deep 

dermis, with bundles of collagen aligned with no apparent orientation: a similar situation 

exists in the skin of crocodilian hatchlings (Richardson et al., 2002).  

 

The basal cuboidal layer is 0.25 to 0.34 µm thick, and remains so in embryos from 30 to 

55 days of age (at 29°C). In contrast, both the keratin layer and keratin-forming zone 

increase in thickness as the embryo grows (Plate 4.18). In 30 day embryos, the keratin 

layer is comprised of a single sheet, about 1 µm thick, but by 55 days it is comprised of 

7 layers, with an overall thickness of 6 µm. Likewise, the keratin-forming zone increases 

in thickness from 2 µm at 30 days to about 6 µm at 55 days. The keratin layer presents 

with distinct waves in the older embryos (Plate 4.18) which are the corrugations seen in 

the keratin laminae of older individuals. 
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Plate 4.18.  Sections through the costal carapacial scutes and underlying dermis of 
E. imbricata embryos, 30 to 55 days at 29°C incubation (x40). Note the increasing 
thickness of the keratin layer (k) and the keratin-forming zone (kf) with increasing 
age of the embryo. The basal layer (b) and dermis (d) are also visible. Scale bar 
equals 10 µm. 
 

In the samples examined here, the depth of the keratin and keratin-forming layers in the 

50-day embryo exceeded that of the 55-day old embryo. However, the 50-day embryo 

was also slightly larger than the 55-day embryo (see Table 4.1). There were some 

technical difficulties sectioning the 50-day old embryo sample and so relatively few 

sections were examined. 
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The epidermis on the carapace differentiates into distinct scutes in embryos about 24 to 

32 days of age at 29°C [Stages 23 and 25 of Miller (1985)]. This is achieved by clefts 

that later develop into deep sulci surrounding each carapacial scute. The sulci between 

scutes in embryonic E. imbricata is soft, and contains only one, thin layer of keratin 

(Plate 4.19), unlike the expanded hinge area comprised of multiple layers of keratin. 

Within crocodile scutes (Alexander, 1970; Richardson et al., 2002; Alibardi, 2003) the 

sulcal area between the scales is capped with a soft keratin (α-keratin), as opposed to the 

hard keratin (β-keratin) on the scale itself.  

 

 
Plate 4.19. Section through the sulcus of a 45-day-old embryo (a) (x20) where the areas 
in the two white rectangles are magnified in (b) and (c) respectively. The arrows point to 
the single thin layer of keratin that is darker than the underlying tissue (b) (x40); and the 
multiple layers of keratin in the hatchling plate (c) (x40). Scale bars equal 50 µm. 
 

The depth and shape of the sulci between carapacial scutes changes as the embryo grows 

(Plate 4.20). At 30 days the sulcus is a V-shaped cleft about 19 µm deep and 37 µm 

wide at the widest part. By 40 days, the sulcus is rectangular, about 106 µm deep, with 

the same width (37 µm). At 45 days the bottom of the sulcal area is curved and the depth 

of the whole sulcus is about 152 µm: maximum width is 118 µm. By 55 days, the sulcus 

is L-shaped, about 193 µm deep, 29 µm wide at the mouth and 79 µm wide at the base 

(in the “L”). Melanin is deposited in the sulci of some individuals from at least 40 days, 

and is abundant in some by 55 days. 
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Plate 4.20. Development of the sulcus between keratin plates of embryonic E. imbricata 
of different ages. Note the presence of melanin in the sulcal area of the 40-day and 55-
day-old embryos. Scale bar equals 50 µm. 
 

 

4.3.2 Histology of keratin plates 

 

4.3.2.1 Methods  

 

Cross sections of the keratin plates were examined under polarising light. For a 45-day 

embryo and 1-year-old specimen, a piece of the carapace at the level of the 3rd costal 

was removed and a thin section (1 mm) cut with a scalpel and fine saw respectively. 

They were mounted on glass slides with adhesive (Crystalbond 509) and polished with 

fine emery paper until thin enough for the ultrastructure to be discerned under a 

polarising microscope (Olympus BH2). 

 

With one recently deceased larger E. imbricata (8.0 years of age), a core was taken 

through the keratin plate and underlying tissue, with a 16 mm diameter core bit, and 
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stored in 10% buffered formalin. It was infiltrated with acetone/Spurrs resin (1:1) for 7 

days at room temperature (25°C) on rotators, transferred to 100% Spurrs resin on 

rotators for another 7 days, embedded in fresh Spurrs resin and polymerised at 60ºC 

overnight. One lateral surface of the block was polished, a section (approximately 1.5 

mm) cut with a diamond saw and mounted onto a slide with an adhesive (Crystalbond 

509) and then manually ground and polished on the slide. With the remaining larger 

animals (1.0 to 8.4 years), a band saw was used to cut a 1-2 mm slice through the C1 

keratin plate, as shown in Plate 4.9. A piece at the attachment line was selected, polished 

by hand with fine emery paper, mounted on a glass slide with adhesive (Crystalbond 

509), then the other side was polished. All sections were examined and photographed 

under a polarising microscope. 

 

4.3.2.2 Results  

 

In a 45-day embryo, the keratinised layer is around 42 µm thick and is comprised of 1-3 

translucent laminae, separated by 1-2 thinner, darker bands (Plate 4.21): the laminae are 

7 to 19 µm wide. These lie external to a keratin-forming zone, which is itself on the 

outside of the cartilage substructure of the embryonic carapace.  

 

 
Plate 4.21. The keratin laminae (k), interface layer (i) and underlying cartilage (c) in the 
costal scute of a 45-day-old embryo. Scale bar equals 100 µm. 
 

By one year of age (Plate 4.22), the keratin plate is about 1.3 mm thick and there are 4-5 

translucent bands mostly about 100 µm wide, but with a thicker (0.6-0.7 mm) outside 

band) that is not subdivided by the thin opaque bands (Plate 4.22).  
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Plate 4.22. Keratin laminae (k) comprising the full depth of the 
C1 keratin plate (white bar), and the interface layer (i), in a 1-
year-old E. imbricata (Turtle No. LM11 9-6). Scale bar equals 
200 µm. 

 
 

The older, larger E. imbricata (Plate 4.23) contain the same basic structure, but with 

many more laminae. In the specimen depicted in Plate 4.23 the outside layer (0.7 to 0.8 

mm thick) is much wider than the other laminae and is not separated by the thin opaque 

lines. The average lamina in the midpoint of the keratin plate is about 80-200 µm wide. 

The relationship between age, size, depth of the keratin plate and the number of laminae 

is in Table 4.3. 
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Plate 4.23. A composite photomicrograph 
of a cross section of a core sample taken 
from an 8-year-old turtle (x4). Note the 
multiple keratin layers (k), interface layer 
(i) and bone (b). Scale bar equals 1 mm. 
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Table 4.3. The relationship between the depth of the C1 keratin plate and the number of 
keratin laminae in captive-raised E. imbricata. The outside layer is characteristically 
much thicker than laminae in the body of the plate (80-200 µm). 

Age 
(years) 

SCL  
(mm) 

Depth of keratin 
(mm) 

Laminae Notes 

0.0 33.9 0.042 2 45 day embryo 
1.0 305.9 1.3 3 - 
1.0 271.2 0.7 3 - 
1.1 323.2 1.3 5 - 
1.7 444.6 2.3 5 - 
5.1 662.0 4.3 30 - 
5.2 730.7 4.6 31 - 
5.6 708.4 3.9 24 - 
8.0 723.3 7.2 31 - 
8.0 713.5 5.6 36 - 
8.1 750.2 5.5 36 - 
8.4 738.0 7.1 31 - 

 

The number of laminae in the keratin plates increases with increasing size and age 

(Figure 4.10), but they are not annual in nature. These laminae can sometimes be seen as 

distinct ridges on the external surface of a keratin plate or as thin leaves where they end 

on the ventral surface at the imbrication line (Plate 4.24), but these are distinct from the 

growth arrest lines (Plate 4.24) described by Ohtaishi et al. (1995).  
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Plate 4.24. Laminae within the keratin plates of E. imbricata sometimes can present as 
distinct ridges on the dorsal surface (A), and thin leaves on the edge of the imbrication 
line on the ventral surface (B). The white line indicates 5 years growth. This is known 
from photographs taken 5 years apart of this turtle. 
 

Based on the slope of the regression (Figure 4.10) at least 3 to 5 layers are laid down 

annually in captive-raised E. imbricata. With the exception of the thicker outside layer, 

the laminae are of similar width and appear to be structural elements, like layers of 

bricks in a wall. If so, the relationship between the number of laminae and depth of 

keratin (Figure 4.11) may have more biological significance than the relationship 

between the number of laminae and age. 
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Figure 4.10. Number of laminae in C1 keratin 
plates as a function of age (N = 12; r2 = 0.920; p= 
<0.0001) in captive-raised E. imbricata.  Line 
indicates significant linear regression relationship. 

 

 
Figure 4.11. Number of laminae in C1 keratin 
plates as a function of depth of the keratin plate  (N 
= 12; r2 = 0.847; p= <0.0001) in captive-raised E. 
imbricata. Line indicates significant linear 
regression relationship. 

 
Ohtaishi et al. (1995) first described the laminate structure of the keratin plates in E. 

imbricata, and based on the growth arrest lines on the dorsal and ventral surfaces, 

assumed they were annual. Tucker et al. (2001) rediscovered the laminate structure, and 

apparently by coincidence, made the same assumption: that the laminae were annual. 

They made the further assumption that the laminae were comprised of alternating layers 

of α-keratin (defined as an elastic or flexible substance consisting of 80 Ǻ filaments in 

an amorphous matrix (Alexander, 1970)) and β-keratin (an epidermal protein that is not 

elastic and probably inflexible (Alexander, 1970)) for reasons that are unclear. That 

Lines of Arrested Growth (LAGs) on the external surface of the C1 plate were annual 
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structures was demonstrated by Ohtaishi et al. (1995), using known-aged E, imbricata 

raised in captivity. But it is not clear whether the numbers of laminae in the same 

known-aged animals was ever examined. Thus the assumption that the laminae are 

always annual, appears incorrect. It may, at best, be the case in some individuals during 

some stages of growth. 

 

Not surprisingly, by simply assuming an annual basis for the keratin laminae, the core 

samples of E. imbricata keratin plates examined by Tucker et al. (2001) all appeared to 

come from old individuals. As such, they questioned the validity of the young ages 

estimated for Cuban E. imbricata by Carrillo et al. (1998): more recently confirmed by 

growth rate data from the wild (CITES, 2002). Tucker et al. (2001) considered the 

method used to derive them (counts of colour bands) and the final result were both 

spurious.  

 

The results presented above allow the hypothesis that the laminae are annual structures 

to be rejected, and along with it, the hypothesis that simple counts of the laminae 

provide a measure of absolute age. However, the results do not allow the hypothesis that 

when they can be seen, growth arrest lines along the surface of the keratin plates (Plate 

4.24) reflect successive winters, and can be used to provide a measure of annual growth 

in the C1 plate. It is just that the annual growth is comprised on more than one keratin 

lamina. 

 

Given the relationship between the number of laminae and age in the captive-raised E. 

imbricata (Figure 4.10) it may be possible to use lamina counts to estimate age. 

However, to develop this method, new insights into the rates at which laminae are 

secreted versus the rates at which they are lost by abrasion would be needed.   

 

4.3.3 Ultrastructure of keratin layers 

 

4.3.3.1 Methods 

 

A sample of keratin from the posterior, imbricate margin of the C1 of an 8-year old 

turtle was examined under a scanning electron microscope (JEOL Scanning Electron 
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Microscope JSM 5610 LV). The sample was cut with a saw and placed onto an 

aluminium stub (Plate 4.25) and coated with gold (SPI-Module Sputter Coater).   

 

 
Plate 4.25. A sample of keratin from the posterior, 
imbricate margin of the first costal scute of an 8-year-old 
E. imbricata, before coating with gold. The arrow denotes 
the location pictured in Plate 4.23. Diameter of aluminium 
stub is 10 mm. 

 
To determine whether the laminae discerned under the polarising light could be seen 

with the scanning SEM, India ink was used to mark an area in the mounted cross-section 

from the 8-year-old E. imbricata examined above (Plate 4.23), which was subsequently 

examined under the SEM.  

 

4.3.3.2 Results 

 

When examined under polarising light (Plate 4.26), it was clear that the keratin plate was 

comprised of laminae that appeared as loose layers of keratin separated by thin 

compacted layers. Yet in the SEM view of the exact same area (Plate 4.26), no such 

structural differentiation could be detected within the keratin. The only exception was 

two of the supposed compact layers that were physically splitting. This raises the 

possibility that the thin lines between the laminae may be areas of structural weakness 

rather than structural strength.  
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Plate 4.26. Laminae so obvious under polarising 
light (a) cannot be discerned by the SEM (b). The 
only exception is two thin layers which are 
physically splitting (see text). Dark pattern is India 
ink placed on the section to ensure the correct 
orientation. This was shown not to be Lines of 
Arrested Growth as they were not consistent 
throughout the length of the scute. 

 

The lack of differentiation under the SEM could be an SEM artefact of examining a 

basically smooth polished surface, but it provides no evidence that the keratin "layers" 

are comprised of fundamentally different types of keratin as proposed by Tucker et al. 

(2001). The separating lines between layers could be made of the same keratin, perhaps 

laid down in a slightly different fashion such that it reflects light differently. 

 

A completely different insight into the ultrastructure of laminae was obtained by 

examining the broken edge of the imbricate part of the keratin plate under the SEM 

(Plates 4.26 and 4.27). The laminae seen under the polarising light are in reality 

comprised of corrugated sheets of keratin, bound together in distinct bundles. The area 

between separate bundles constitutes the thin lines seen under the polarising microscope, 

which are indeed a plane of weakness. There is no evidence to suggest that they are 

comprised of a different type of keratin or any other material. 
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Plate 4.27. Laminae of the first costal scute of an 8-year-old turtle. They are 
comprised of corrugated sheets of keratin bound together in distinct bundles. The 
area between the bundles of sheets is a plane of weakness, but has no separate 
structural component (x150). 
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Plate 4.28. A close-up of the corrugated sheets of keratin bound together in a distinct 
bundle, that constitute the separate laminae in the keratin plates of E. imbricata 
(x600). 

 
The reason why the very outside lamina (Plate 4.23) was so thick relative to those 

comprising the bulk of the keratin plate was not examined. Structurally, it would appear 

that the bundles of keratin sheets are more tightly bound together, but this must occur 

after they have been secreted. Similarly, the structure of the laminae as observed under 

the SEM may explain some aspects of the keratin layers described in embryos. The 

relatively thin initial layers of keratin may constitute individual sheets of keratin that 

make up a bundle. The corrugated structure these keratin sheets would appear to explain 

the undulating surface of the keratin demonstrated in older embryos (Plate 4.18).  

 

That structural planes of weakness exist through the keratin plates was suggested by an 

observation made on the keratin plate of an individual E. imbricata when its keratin 

plates were being disarticulated by water maceration (Plate 4.29). The bulk of the plate 

separated completely from a thin sheet of keratin, bearing the same basic colour pattern 

that had been adjacent to the dermis. 
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Plate 4.29. Ventral view of the third vertebral keratin plate of a captive-raised E. 
imbricata (493.2 mm SCL) in which the bulk of the keratin plate separated from a thin 
layer adjacent to the dermis, presumably through a layer of structural weakness within 
the lamina.  
 

4.4 Plastron scutes and keratin plates 

 
The central focus of this study was the keratin plates of the carapace, and the possible 

use of the colour pattern as a morphological age indicator. During the course of the 

research, observations were made on the structure and colouration of the plastron keratin 

plates, which differ significantly from those of the carapace and have rarely been 

described (Deraniyagala, 1939; Witzell, 1983). Standard nomenclature associated with 

the plastral scutes is on Figure A2.1. 

 
The plastron of newly hatched E. imbricata is uniformly black in colour (Plate 4.30). 

The separate scutes of the hatchling plastron, like those of the carapace, are juxtaposed 

to each other and are not imbricate. There are strong keels orientated in the anterior-

posterior plane, that are tinged with yellow, and which in cross-section delimit a flat 

ventral part of the plastron from angled sides. 
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Plate 4.30. Plastron of a preserved E. imbricata aged 0 days. Note the 
uniform black colour of the plastral scutes, strong keels tinged with yellow, 
and lack of imbrication in the scutes. 
 

 

There are similarities between the keratin plates of the carapace and plastron in the 

changes that take place with increasing size: 

 

a. As hatchling E. imbricata grow, the new growth occurs anteriorly to the 

original hatchling plates, which retain their original size and shape (Plate 4.31). 

 

b. The original hatchling plates remain at the trailing edge of the growing keratin 

plates as the turtle grows. 

  

c. The hatchling keratin plates on the plastron peel off at approximately the same 

time, and in the same way, as the ones on the carapace.  
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d. The post-hatching keratin plates on the plastron are also subdivided into sub-

plates (Plate 4.32).  

 

Unlike the keratin plates of the carapace, the colour of the post-hatching plates on the 

plastron remain heavily pigmented until hatchlings exceed 90 mm SCL, when a white 

unpigmented fringe appears on the growing edges (Plate 4.31).  

 

 
Plate 4.31. Changes in pigmentation in one of the right pectoral keratin plates of the 
plastron Turtle No. RM10 7-6. The margins of the original hatchling keratin plate are 
highlighted by white dots: SCL = (a) 92.3 mm, (b) 98.1 mm, (c) 104.7 mm, (d) 116.6, 
(e) 159.8, and (f) 396.7 mm. The double lines in (a) indicate the presence of ridges on 
the plate subdividing it into sub-plates. Scale bar equals 20 mm. 
 
The keels (Plate 4.32) become restricted to the posterior surface of each plate where 

imbrication occurs, by the same mechanism that operates on the plates of the carapace: 

namely, the anterior growing edge of a plate moves in under the posterior surface of the 

plate in front of it, separating the keratin layer (which becomes imbricate) from its 

underlying dermis.  
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Plate 4.32. Changes in gross morphology of keratin plates on the plastron of Turtle No. 
RM10 7-6. 78 days = SCL 92.3 mm (scale bar equals 20 mm); 148 days = SCL 159.8 
(scale bar equals 20 mm); and, 695 days = SCL 396.7 mm (scale bar equals 1 mm).  
 

The white fringe on the growing edge expands as the turtle grows and the dark 

pigmented area, at the posterior margin, becomes imbricate then erodes or breaks off 

when the turtle rubs against solid surfaces. If the keel is ignored, the keratin plates of the 

plastron, at their thickest part, do not attain the same thickness as those of the carapace 

(Table 4.4).  

 
Table 4.4. Maximum thickness of keratin plates on the carapace and plastron of the 
same individual captive-raised E. imbricata at different ages and sizes. 

Turtle SCL Age Maximum Depth of Keratin Plates (mm)   
No. (mm) (years) Carapace Plastron Ratio (C:P) 

RM11 8-7 239.0 1.0 1.1 1.0 1.1:1 
RM11 6-4 242.6 1.0 1.3 1.1 1.2:1 
RM11 6-5 297.0 1.2 1.4 1.2 1.2:1 
LM11 9-4 457.0 2.0 2.3 2.3 1.0:1 
RM10 8-5 456.4 2.0 2.3 2.1 1.1:1 
RM11 6-9 444.0 2.0 2.5 2.2 1.1:1 
RM11 8-8 395.0 2.0 2.1 1.9 1.1:1 
2127104 708.4 5.6 4.8 4.2 1.1:1 
2036114 687.7 7.8 6.8 3.7 1.8:1 
1561610 723.6 8.0 7.2 4.8 1.5:1 
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4.5 Discussion 

 

Various aspects of the keratinised carapacial plates of E. imbricata have been described 

over many years (e.g. Goette, 1899; Deraniyagala, 1939; Penyapol, 1957; Miller, 1985), 

but there has been no comprehensive description of how the plates form 

embryologically, how they continue to grow and develop with increasing post-hatching 

age and size, how the imbrication occurs and how they are physically eroded and their 

shape altered over time. With the exception of the pioneering work by Ohtaishi et al. 

(1995), there have been few attempts to read biologically meaningful information from 

E. imbricata keratin plates alone, despite stockpiles of keratin plates being available in 

various parts of the world (Milliken and Tokunaga, 1987; Groombridge and Luxmoore, 

1989; Anon, 1994) and the high probability that they contain valuable information on 

the structure of the local wild populations from which they were derived.  

 

That the keratin plates of E. imbricata contain the original hatchling carapace and 

plastron keratin plates until around 120 mm SCL provides an important reference point. 

The colour underlying the original hatchling, carapace keratin plate is distinctive, and it 

remains in place when the process of imbrication isolates it from the underlying dermis, 

until that part of the plate breaks off. It thus forms a potentially important reference 

point for assessing the extent of post-hatching growth that has occurred since hatching in 

younger individuals. 

 

In contrast to the keratin plates of the hatchling carapace, the plastron plates are heavily 

pigmented and uniformly black in colour, and this continues with initial new growth. 

Pigmentation ceases quite abruptly around 90 mm SCL, suggesting that there are 

selective advantages in the hatchlings having black undersurfaces (neck, limbs, plastron) 

that do not apply to the carapace. Perhaps these dark surfaces make it more difficult for 

predators to see the young turtles from below in different habitats other than in the water 

column. 

 

Efforts to use keratin plate structure and colour pattern for estimating the age of E. 

imbricata are all reasonably recent (Ohtaishi et al., 1995; Carrillo et al., 1998; 

Kobayashi, 2000b; Tucker et al., 2001) but the ability to verify and refine different 
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approaches suffers from the lack of a sound morphological model describing how the 

keratin plates develop and grow.  

 

For example, Ohtaishi et al. (1995) described the laminate structure of the keratin plates, 

growth arrest lines, and hypothesised that the colour pattern had utility for aging. This 

was based on an examination of the colour pattern in some known-aged E. imbricata in 

aquaria in Japan. On the basis of the limited available knowledge at that time, Carrillo et 

al. (1998) attempted to use the colour pattern to estimate the population age structure in 

Cuba. Kobayashi (2000b) initially looked into the relationship between colour brightness 

and C1 plate width, but came to a conclusion that they were not correlated. Kobayashi 

(2001) continued her research on the colour pattern of E. imbricata, but despite 

concluding that the cycling of black "speckles" depended on changes in seawater surface 

temperature, rather than genetics or growth, failed to find a mechanism for using colour 

banding to estimate age. The strengths and weaknesses of the approaches used by 

Carrillo et al. (1998) and Kobayashi (2000b, 2001) are discussed later, but both suffered 

from not having a clear description on how the plates form over time.  

 

Tucker et al. (2001), like Ohtaishi et al. (1995), described the laminate structure of the 

keratin within E. imbricata keratin plates.  The claim by Tucker et al. (2001) that this 

was the first description of the laminate structure is difficult to understand, because it 

appears Tucker's study was initiated in response to the work being done in Cuba and 

Japan. Nevertheless, Tucker et al. (2001) went two steps further, assuming the laminae 

were comprised of alternating layers of α- and β-keratin, and that they were annual 

layers that could be used for estimating minimum age through simple counts.  

 

On both accounts it appears these assumptions can be rejected. There is no evidence 

indicating soft α-keratin is involved in the structure of the hard carapacial keratin plates 

of E. imbricata (Baden and Maderson, 1970). In crocodilians (Alexander, 1970; 

Richardson et al., 2002, Alibardi, 2003), soft α-keratin gives it flexibility whereas in the 

hawksbill turtle, the presence of a thin layer of a keratin layer, as shown in the sulcal 

area between scutes of embryos, resulted in a softer epidermis. The hard keratin plate 

appears to be comprised only of β-keratin, as in most other chelonians (Alexander, 1970; 

Baden and Maderson, 1970; Alibardi and Thompson, 1999; Alibardi, 2005), which is 
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laid down in pleated sheets, which are themselves in bundles of sheets. Each bundle 

constitutes one lamina as described by Ohtaishi et al. (1995) and Tucker et al. (2001), 

with areas of weakness between bundles responsible for the opaque lines separating the 

laminae as seen under polarising light.  

 

There is no evidence indicating these laminae within the keratin plates are annual: they 

appear to be a structural characteristic perhaps related to the thickness of the keratin 

plate. Age estimated on the basis of simple counts of the lamina could be wildly in error 

and does not constitute a basis for dismissing age estimates based on colour pattern or 

any other method (Tucker et al. 2001). That the number of laminae is highly correlated 

with age suggests that they may have utility for aging, but it would require additional 

research into the rates at which laminae were both laid down and eroded. Superficially, 

an obvious problem may revolve around growth rates and abrasion being linked. 

 

That a relationship may exist between growth rate in the wild, which is highly variable 

between individuals (Limpus, 1992; Boulon, 1994; Chaloupka and Limpus, 1997; Diez 

and van Dam, 2002a), and the extent of erosion and wear of the keratin plate, seems 

highly likely. Extreme variation in individual growth rates means that the same-sized E. 

imbricata can have existed in an abrasive environment, for vastly different amounts of 

time. Thus the keratin plates could be expected to be smaller, with the imbricate edge 

worn down, and the number of lamina reduced. 

 

The general observations on keratin plate structure in older E. imbricata reported by 

Deraniyagala (1939) are explicable through the morphological model proposed here. 

The maximum potential extent of imbrication is determined by somatic growth, and 

once maximum size is reached the imbrication can only go in one direction: continual 

erosion. As it seems likely that adult E. imbricata can live for decades after maximum 

size is obtained, the extent of imbrication could be steadily reduced in older animals 

until it is basically non-existent and the keratin plates are again juxtaposed to each other. 

However, it is also clear that through barnacle infestation, the keratin plates can be 

greatly weakened and almost certainly lost in heavily infested animals. This could 

explain the presence of very dark, uniformly thin plates (regenerated ones), in some 

apparently "old" individual E. imbricata. 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
CHAPTER 5 
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CHAPTER 5: COLOUR DEPOSITION IN THE KERATIN PLATES OF E. 

IMBRICATA 

 

Melanins are among the most widespread natural pigments, which occur in almost all 

living organisms and are typically produced as a product of secretion of melanocytes 

(Prota, 1980). There is a wide range of melanin pigments with different structures 

and compositions that include black or brown nitrogenous eumelanins, yellow or 

reddish brown sulfur-containing pheomelanins and other pigments whose chemical 

and physical properties are intermediate between those of typical eumelanins and 

pheomelanins (Prota, 1980, 2000). Despite differences in molecular size and general 

properties, all melanin pigments are biogenetically related and they arise from a 

common metabolic pathway in which dopaquinone is the key intermediate 

compound (Prota, 1980, 2000).  

 

 
Plate 5.1. C1 keratin plates from wild and captive-raised E. imbricata. (a) wild 683.0 
mm SCL, (b) wild 538.0 mm SCL (c) captive-raised 723.6 mm SCL 8.0 years (d) 
captive-raised 812.0 mm SCL 8.2 years. 
 
The colour pattern of the keratin plates on the carapace of E. imbricata comprises 

patches of dark colour in various indistinct shapes and sizes (Plate 5.1), often 

arranged more or less in zigzagged bands or rows, on a lighter, yellowish to amber 

background. Pigmentation with eumelanin is believed to be responsible for the 
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darker patches, and a lack of pigmentation for the lighter background areas 

(Kobayashi, 2001). Ohtaishi et al. (1995, 1996) noted the seasonal basis of colour 

bands in larger captive E. imbricata in Japan, and Kobayashi (2001) described 

seasonal changes in pigment deposition in some juvenile E. imbricata from Cuba. 

She noted that the black ‘speckles’ tended to be laid down in the low-temperature 

period of the year and amber areas during the high-temperature period of the year, 

which also corresponded broadly with dry and rainy seasons respectively in Cuba. 

However, she was unable to decode age information from the colour pattern in any 

consistent way due to pigmentation being laid down in juveniles at other times of 

year. 

 

This chapter re-examines pigmentation within the keratin plates of E. imbricata. It 

examines how melanin is deposited within the keratin layers and how it forms into 

bands or rows down the length of a C1 keratin plate. This is examined mainly in 

captive-raised animals, particularly in the sample of individuals raised from hatching 

to 1.7 years of age and subject to regular inventory, but also in older captive-raised 

individuals where Ohtaishi et al. (1995) described a strong seasonal effect on the 

pattern of colouration. Two different phases of colour deposition over time, here 

termed primary and secondary colouration, are described for the first time. 

 

5.1 Deposition of melanin in the layers of keratin  

 

Cross-sections through the costal carapacial scutes of a 40-day-old embryo (see 

Section 4.2) confirm that the dark colouration is caused by epidermal melanocytes in 

the basal layer of the epidermis (Plate 5.2). They secrete melanin in granular form 

that is injected into the layers of keratin being formed at that time. Pigmentation in 

the skin of crocodilians is determined by epidermal melanocytes in much the same 

way (Alibardi, 2003). 
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Plate 5.2. Sections through the costal carapacial scute of an E. imbricata embryo (40 
days at 29°C incubation) (x40) showing the difference between non-pigmented (a) 
and pigmented areas (b): dermis (d), basal membrane (bm), basal layer (bl), 
keratinocyte (kc), keratin (k) , melanin (me) and melanocytes (mc). Scale bar equals 
5 µm. 
 

In areas of keratin without underlying melanocytes (Plate 5.2a), no pigment 

accumulates in the keratin layers. It is thus reasonable to assume that epidermal 

melanocytes underlie and delimit each patch of pigmentation within the keratin 

plates. As seen in embryos (Plate 5.2b), once a colony of melanocytes starts to 

secrete melanin, it continues to do so for some time afterwards. Thus the depth of 

pigment within a colour patch increases over time, as more and more keratin layers 

are added (Plate 5.3). Pigmented patches are thus reasonably sharply delimited in the 

horizontal plane across the plate, but increase in depth in the vertical plane, which 

parallels the situation described by Alibardi (2003) in the keratin layers of 

crocodilians. 
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Plate 5.3. Cross-section through the 
keratin plate of a 713.5 mm SCL E. 
imbricata. Arrows demonstrate the 
edge of a patch of pigment 
deposition extending through 
multiple layers of keratin. The patch 
of light shading present toward the 
lower right edge of the image is an 
artifact of the composite when two 
photomicrograph images were 
combined using Photoshop. 

 

Being locked within the inert layers of keratin, the majority of pigment appears to be 

protected from leaching and from other external chemical influences. Once formed, it 

appears that the colour can only be lost through wear and tear of the keratin plate 

from its dorsal surface.  

 

5.2 Primary colouration 

 

Primary colouration refers to the initial pigmentation laid down in the keratin of 

juvenile E. imbricata as they grow from hatching. It constitutes the typically 

"tortoiseshell" pattern within E. imbricata shell plates. The essential elements of 

primary colouration are individual patches of pigmentation (brown to black) on a 

lighter background (yellow to amber). The individual pigment patches are of various 

shapes, but usually have a triangular shape, which on the C1 plates has the apex of 
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each triangle posteriorly (Figure 5.1; Plate 5.4), with sides radiating out at 50o to 80o 

anteriorly.  

 

 
Plate 5.4. Patches of pigmentation tend to have a triangular base, but are of different 
shapes. For examples, they may form a triangle (a), polygon (b), diamond (c) or be 
triangular with a spiked base  (d). 
 

 
Figure 5.1. Patches of colour in E. imbricata keratin plates 
typically start with a point source of colouration (black arrows) 
that expands with growth of the animal and plate. The patches can 
be small (a) or large (b). At some point this expansion reaches a 
point of arrest (white arrows), which can be abrupt (a and b), or 
have an extended tail (c and d).  
 
 

The length of the triangular base of each pigmented patch is variable, but it reaches a 

stage where the lateral expansion of the triangle is arrested. There is thus a 

reasonably well-defined apex and points of arrest on each side (POA), both of which 

may be biologically significant endpoints discussed later. After the POA has been 

reached, the pigment in the patch can end abruptly, so that the total patch is 
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triangular in shape (Figures 5.1a and b), or it can be extended in a "tail" of various 

shapes. Perhaps the most common pigment patch in juveniles is a triangular patch 

that ends in a series of pigmented spikes (Plate 5.4d, Figure 5.1c).  

 

 
Plate 5.5. E. imbricata (398.5 mm SCL) showing the location of new growth 
(unpigmented shell) for each carapacial scute. In the case of the C1 scutes, part of the 
new growth abuts the marginals, whereas new growth on the anterior surface lies 
beneath the imbricate part of the first vertebral scute.  
 

Primary colour patches can only be laid down in growing E. imbricata. They first 

form at the growing edge of each carapacial scute, which on the C1 is located on the 

anterior and lateral margins (Plate 5.5). A colour patch first appears on the growing 

edge as the apex of a triangle (Plate 5.6a). As the turtle increases in size, and new 

areas of the C1 scute and plate form, so the patch expands, reaches its POA and then 

tail (Plate 5.6b) as body size increases. With continued growth, and new areas of the 

C1 formed, so the pigmented patch becomes isolated in unpigmented keratin (Plate 

5.6c; Figures 5.2 and 5.3). The pigmentation is a reflection of different events 

affecting the presence and/or activity of colonies of melanocytes, which continue to 

secrete melanin after the growing edge has moved beyond the patch. 
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Plate 5.6. The red arrow points to the same point on a 
single pigmented patch, when it first appears at the 
growing edge (a), expands with increased growth over 
the next month, and (c) maintains its size and shape as 
new growth moves the growing edge of the C1 forward 
over the next month.   
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Figure 5.2. Diagrammatic representation of the relocation of a colour patch (black 
arrow) as the growing edge of a shell plate expands, with a new patch eventually 
forming (green arrow).  The keratin layers (yellow) build on the epidermis (red), 
within which there are discrete patches of active melanocytes underlying each patch 
and secreting the melanin.  
 
For deciphering information on the growth rates of individual E. imbricata from 

their colour pattern, it is likely that only the primary colouration will have utility (see 

later), because it is laid down while the animal is growing. Once the animal 

approaches maximum size, there is no longer any expanding, growing edge, and thus 

no ability for a new band of primary colouration to form at the growing edge. 
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Figure 5.3. Diagrammatic representation of the 3-dimentional relationship between 
colour patches (black) extending (stippled) through various layers of keratin (yellow), 
and the location of colonies of active melanocytes (blue) in the underlying epidermis 
(red). A = apex, B = expanding patch, C = arrest, D = tail, E = end of patch, F = new 
patch. 
 

5.3 Secondary colouration 

 

Secondary colouration appears on some individuals, deep within the keratin layers, 

where it can be reasonably easily distinguished from primary colouration. It appears 

initially as a dark shadow, which can be either associated with a patch of primary 

colouration (Plate 5.7), or appear in areas where no primary pigmentation existed 

(see Plates 5.8 and 5.9). Secondary colouration can appear quickly in captive 

individuals and perhaps in response to completely different cues than those 

associated with patches of primary colouration. 
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Plate 5.7. C1R scute of a captive-raised male E. imbricata. White arrows 
indicate the same area of colour over time. (a) No secondary colour (309.2 
mm SCL; 453 days). (b) First appearance of a patch of secondary colour 
(330.2 mm SCL; 516 days). (c) No change in secondary colour (348.0 mm 
SCL; 551 days). (d) Secondary colour expanding out from the patch of 
primary colour (388.9 mm SCL; 912 days). Scale bar equals 20 mm. 

 

 
Plate 5.8. C1R of an 8-year-old captive-raised E. imbricata (Turtle No. 
1822625; 713.5 mm SCL), showing primary and secondary colouration, more 
obvious with backlighting. White outline arrow indicates secondary 
colouration beginning in an area where no primary colour existed previously.  
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Plate 5.9. Third vertebral scute of Turtle No. RM10 7-8 aged 1.2 years, 376.9 mm 
SCL (a) and 2.5 years, 516.9 mm SCL, demonstrating primary and secondary 
colouration (arrow). 

 
Cores through the keratin plates of a dead E. imbricata confirm the fundamental 

distinction between primary and secondary colouration. In the specimen shown in 

Plate 5.10, a patch of primary pigmentation ended abruptly in the horizontal and 

vertical planes. The pigmentation that constituted secondary colouration had started 

to be secreted abruptly in the vertical plane, which indicates new or reactivated 

colonies of melanocytes started to secrete pigment at the same time. 
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Plate 5.10. Dorsal view of the carapace of a captive-raised E. imbricata (No. 
1561610) aged 8 years. (a) Shows the location on the C3R where the core 
sample was drawn. The core had two arms of a primary colour patch with an 
unpigmented area in the middle.  (b) Lateral view of the core sample showing 
the primary colour patches (black arrows), the unpigmented keratin (white 
arrows) and new layer of secondary colouration (red arrow). Scale bar equals 
2 mm. 

 

Although secondary colouration occurs in males and females, when it was first 

noticed as being abundant, it was mainly within males, where  

histological examination confirmed active spermatogenesis in individuals as small as 

410 mm SCL and 1.7 years of age (Webb et al., 2005). So it may be related, at least 

in some individuals, to the onset of sexual maturity. 
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5.4 The relationship between primary colouration, secondary colouration and 

shell abrasion. 

 

A morphological model that integrates information on the structure (Chapter 4) and 

pigmentation of keratin plates, and which accounts for the likely consequences of 

wear and tear across the surface of a keratin plate, is in Figure 5.4. In the youngest E. 

imbricata, only primary pigmentation occurs (Figure 5.4a), with melanin secreted 

into sequential layers of keratin, giving a clearly defined pigment patch that increases 

in the vertical plane as the animal grows (Figure 5.4b). The melanocytes may 

eventually cease producing melanin, and if so, the patch of primary colour can 

become underlaid by new layers of unpigmented keratin (Figures 5.4c and d; Plate 

5.10).  

 

If secondary colouration does occur, it involves new or reactivated colonies of 

melanocytes secreting pigment into successive new layers of keratin, but it does not 

necessarily occur within the defined limits of the primary pigment patches in the 

upper layers of keratin (Figures 5.4e and f).  

 

The outside layers of keratin in wild E. imbricata are themselves subject to wear, tear 

and abrasion, and to more serious damage from barnacles (Plate 5.11). This wear is 

more common in larger, heavier turtles than in juveniles, many of which are free of 

scratches and barnacles in the wild. Any abrasion has the potential to reduce the 

depth of the primary colour patches (Figure 5.4g).  

 

It would seem possible that in very old individual animals, that have reached their 

maximum size and surpassed the phase in which primary pigmentation is secreted, 

that ongoing wear and tear could result in the primary colouration being lost 

altogether (Figure 5.4h). If so, only secondary colouration may remain (Figure 5.4i). 
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Figure 5.4. Formation of primary and secondary colour in keratin layers which 
comprise carapacial scutes of E. imbricata (a to f) and how they will appear as the 
outer keratin layers wear (g to i). Yellow = unpigmented shell; black = pigmented 
shell; red = epidermis; blue = melanocytes in the epidermis; P = primary colouration; 
S = secondary colouration. 
 

In cases where a keratin plate is shed, such as in the case history reported in Chapter 

4 (section 4.1.4.1), all primary colouration, and any information it may contain about 

growth rate, would presumably be lost. The thin re-grown keratin plate that replaces 

a shed C1 plate appears to contain solely secondary colouration. 
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Plate 5.11. Carapace of a wild E. imbricata 645.7 mm SCL showing 
damage to the keratin plates from barnacles (detached) and general 
scratches and abrasion.  

 

5.5 Banding of primary pigment patches 

 

The irregular shaped patches of primary colouration often present as bands of 

pigmented patches, in high or low densities (a and b versus c and d in Plate 5.12; B1 

and B2 on Figure 5.5). If the patches are in high densities, touching each other, the 

pattern tends to be zigzagged. This results from series of triangular patches starting at 

more or less the same time, across the growing edge of the keratin plate, which in 

turn suggests multiple colonies of new or inactive melanocytes are formed and/or 

activated in synchrony. 
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Figure 5.5. Bands of melanin patches comprised of high 
(B1) and low (B2) density pigment patches. B3 = a new 
band forming. Red = epidermis; blue = colonies of 
melanocytes. 

 

 
Plate 5.12. Differences in the density of pigmented patches between two different 
turtles (a-b and c-d) of similar size. 
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As E. imbricata grow, and the growing edge extends outward, so each row of 

pigmentation becomes increasingly enclosed by new growth (Plate 5.12). That is, it 

appears to move inward into the keratin plate, but in reality, the outside edge of the 

keratin plate is moving outward. In the captive-raised E. imbricata studied here, the 

pictures taken at each inventory allow the progress of the separate rows of 

pigmentation to be numbered and tracked (Plate 5.13). 

 

 
Plate 5.13. Colour deposition and banding in the C1 scute of Turtle No. LM10 8-7 at 
hatching (a), and after 96 (b) 233 (c) 471 (d) 583 (e) and 824 (f) days of age. Initial 
colouration is a radiating pattern (‘RS’) extending from the hatchling plate (HP) (b), 
with the first band appearing on the growing edge. It moves inwards in the plate as 
the growing edge expands beyond it and new bands form. Arrows point to the first 
appearance of each new band. Scale bar equals 10 mm. 
 
At hatching (Plate 5.13a), the C1 plate has clearly defined margins, is not yet 

imbricate, and tends to be brown with some small patches of darker pigment in the 

keratin. These patches are irregular, variable between individuals and reflect 

pigmentation within the embryo (see Plate 5.13 above). As a turtle starts to grow 

(Plate 5.13b) the brown hatchling plate (HP) is retained intact, at the posterior tip of 

the C1 plate, and the pigmentation associated with the new growth is a brown, 

radiating pattern, much like a rising sun (RS). It characterises the first stages of 

growth in all juvenile E. imbricata so far examined. The RS pattern ends with a 

zigzag band of light unpigmented keratin, after which the first band of pigment forms 

(band 1). In Plate 5.13b, band 1 begins to form on the growing edge of the C1, soon 

after the RS has terminated. 

 
Following band 1 in this individual (Plate 5.13c) is a narrow band of unpigmented 

keratin before band 2 forms: band 1 and the RS are both now located further inward 
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on the shell plate. With continued growth (Plates 5.13e, f and g), bands form and 

move inward, separated by areas of keratin without pigment. The patches of dark 

colour which delimit a band become narrower as the animals get larger (Plates 5.13 

and 5.14) which is correlated with a reduction in the rate of growth generally as size 

increases (see below). 

 

 
Plate 5.14. The width of colour bands decreases as growth slows with increasing 
size, as seen in two captive raised E. imbricata 792 and 824 days of age respectively. 
 

5.6 Age and size at which bands form in captive-raised juvenile E. imbricata 

 

Two sub-samples of the E. imbricata raised here, from each of two clutches (clutch 1 

hatched 5 March 2004; clutch 2 hatched 6 April 2004) were used to quantify the 

relationship between successive bands (bands 1 to 7), age (in days up to 2.7 years) 

and size (mm SCL). The first sample (N = 39) was inventoried weekly, then 

monthly, for the first 583 days (clutch 1; N = 20) and 551 days (clutch 2; N = 19): 

bands 1, 2 and 3 were described in 39, 38 and 33 individuals respectively. The 

second sub-sample (N = 15) consisted of individuals retained after 7 June 2006 that 

were last inventoried on 5 October 2006, when they were 944 days (clutch 1; N = 7) 

and 912 days of age  (clutch 2; N = 8) respectively. Seven of these were in the 

original sample (N = 39) subject to intense inventory, and from 9 October 2005 they 

were maintained mainly in the pool and subject much more to ambient temperature 

fluctuations.  

 

When comparing animals raised in the pool to those raised in the shed, some 

additional animals raised in the pool, which were not in the original sample subject to 

intense inventory, were also examined [5 individuals housed in the pool March to 

September 2005: clutch 1 = 1; clutch 2 = 4]. The sample of animals raised in the pool 
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environment was thus twenty (20) animals, but with varying histories of inventory 

frequency. 

 
Figure 5.6. Size and age of captive raised E. imbricata when Bands 1 to 7 were 
formed on the growing edge. Symbols re-coloured in black denote band formed in 
successive winters (see text). 
 

The age and size at which bands appeared on the growing edge of the C1 plates 

(Figure 5.6; Table 5.1) was determined from the inventory photographs in the 

individuals subject to intense inventory, and allocated to SCL and age at the mid-

points between inventories (weekly or monthly). For those with more sporadic 

inventories, a reconstruction method was used which involved: (a) marking the 

approximate position of successive rows of pigmentation apexes on the latest 

inventory photograph (5 October 2006); (b) measuring the distance from those marks 

to the sulcus at the growing edge; and (c) using C1:SCL coefficients (see Chapter 7) 

to estimate how much growth of SCL needed to be subtracted from current SCL to 

estimate the SCL at which the pigmentation first appeared on the growing edge. Age 

was estimated by extrapolating between the two inventories that spanned a particular 

size, for a particular individual, assuming linear growth between each pair of 

inventories 

 



 133 

Table 5.1. Size, age and time when colour bands 1 to 7 started to be laid down on the 
C1 keratin plates of juvenile E. imbricata raised in captivity. Day is based on day 1 = 
January 1 2004. 

Band Factor Mean ± SD SE Month Range N 
1 Size (mm) 142.1 ± 16.6 2.7 - 109.0 – 178.5 39 
 Age (days) 129.0 ± 19.0 3.0 - 96.0 – 173.0 39 
 Day 208.6 ± 23.9 3.8 Jul 2004 160.0 – 251.0 39 
2 Size (mm) 254.3 ± 29.9 4.9 - 193.9 – 311.3 38 
 Age (days) 288.6  ± 40.1 6.5 - 194.0 – 376.0 38 
 Day 367.8 ± 42.3 6.9 Jan 2005 290.0 – 472.0  38 
3 Size (mm) 327.2 ± 39.5  7.0 - 230.4 – 405.0 32 
 Age (days) 446.9 ± 56.0  9.9 - 361.0 – 551.0 32 
 Day 525.8 ± 62.2 11.0 Jun 2005 425.0 – 647.0  32 
4 Size (mm) 387.6 ± 47.5 12.3 - 278.0 – 464.1 15 
 Age (days) 556.9 ± 116.5 30.1 - 343.0 – 803.0 15 
 Day 638.0 ± 117.7 30.4 Sept 2005 439.0 – 899.0  15 
5 Size (mm) 437.4 ± 28.9 7.5 - 372.2 – 488.8 15 
 Age (days) 733.6 ± 104.2 26.9 - 531.0 – 879.0 15 
 Day 819.7 ± 103.8 26.8 Mar 2006 607.0 – 975.0  15 
6 Size (mm) 465.1 ± 27.9 19.7 - 445.4 – 484.8 2 
 Age (days) 718.5 ± 6.4 4.5 - 714.0 – 723.0 2 
 Day 798.5 ± 16.3 11.5 Mar 2006 787.0 – 810.0  2 
7 Size (mm) 504.8 - - - 1 
 Age (days) 834 - - - 1 
 Day 930 - Jul 2006 - 1 

 
In defining endpoints for the specific bands of colour summarised in Figure 5.6 and 

Table 5.1, it is important to recognise that various levels of imprecision are involved, 

and that not all bands (1 to 7) may be truly homologous to each other. If an 

additional band did form (or was missing), the sequence would be altered. 

Nevertheless, bands 1, 2 and 3 were reasonably well defined in terms of both age and 

size, with bands 4, 5, 6 and 7 showing more overlap with each other. This is not 

surprising given the highly variable growth rates between individuals (see Chapter 

7). Bands were clearly not annual in nature, although a band was correlated with 

each winter.  

 

When the percentage of pigmented versus unpigmented C1 growth is examined in 

animals in the pool (Figure 5.7) and shed (Figure 5.8), and in both combined (Figure 

5.9), the timing of the main bands can be demonstrated. In the winters of 2005 and 

2006, in both the pool and shed, there were strong swings to pigment production. 

Other peaks in pigment production occurred in the warm periods of the year (c.f. 

Figures 5.7 and 5.8). 
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Figure 5.7. Mean monthly trends in the percentage of animals producing pigment 
(blue dots) over time, in the pool (October 2004 to October 2006). The reciprocals 
(red dots) are the percentage of animals not producing pigment at those times. The 
numbers shown indicate sample sizes. 
 
 

 
Figure 5.8. Mean monthly trends in the percentage of animals producing pigment 
(blue dots) over time, in the shed (October 2004 to October 2006). The reciprocals 
(red dots) are the percentage of animals not producing pigment at those times. 
Between October 2005 and May 2006 no animals were housed in the shed. The 
numbers shown indicate sample sizes. 
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Figure 5.9. Mean monthly trends in the percentage of animals producing pigment 
(blue dots) over time, in the pool and shed combined (October 2004 to October 
2006). The reciprocals (red dots) are the percentage of animals not producing 
pigment at those times. B2 to B7 refers to colour bands. 
 
 

5.7 Factors which could influence the initiation of pigment bands in captive-

raised juvenile E. imbricata. 

 

The factors which stimulate the initiation of a band of pigmentation in juvenile E. 

imbricata are probably multifactorial, and in the captive environment examined here, 

could include amongst other things: size, age, season, food, salinity, growth rates, 

territorial activity, aggression and/or the early attainment of maturity.  

 

What was clearly apparent in the oldest juveniles raised here, all of which were 

raised in the pool for the last year and subject to a marked decline in ambient 

temperatures in the winter, was that every individual formed a thick dark band during 

that winter. This was observed previously in older animals raised by WMI (discussed 

below) and is consistent with the observations of both Ohtaishi et al. (1995) and 

Kobayashi (2001). 

 

Individuals raised from hatching in the controlled-environment room (to 240 days of 

age) and shed (most individuals to 591 days of age), were clearly buffered from the 

full effects of the winter decline in temperature, although in the shed at least, the 

animals were kept in unheated freshwater water during all feeds, and a reduction in 

food consumption and growth rates suggests the cooler winter temperatures had 

some effect.  
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Figure 5.10. Maximum (blue), mean (red) and minimum (green) monthly 0900 h air 
temperatures, March 2004 to September 2006, measured at Darwin airport, 9 km 
east of the WMI site where E. imbricata were raised (data from Australian Bureau of 
Meteorology). 
 
Mean monthly ambient temperatures (Figure 5.10) at a site 9 km east of where the E. 

imbricata were raised (data from Australian Bureau of Meteorology) demonstrate the 

general cycling of ambient temperatures during the period of study (March 2004 to 

October 2006). Mean temperatures at 0900 h ranged from 23.8ºC to 30.0ºC with a 

mean of 27.4ºC (Figure 5.7). Maximum temperatures at 0900 h reached a peak of 

37.3ºC in November 2004, 36.6ºC in October 2005 and 37.0ºC in September 2006. 

 
In each year, temperatures declined markedly in May, with the coolest months 

(winter) in June-August 2004 (24.2ºC to 24.9ºC), June to August 2005 (26.1ºC to 

26.2ºC) and June to August 2006 (23.8ºC to 25.1ºC). The minimum air temperatures 

recorded during these winter periods were: 13.3-14.5ºC (2004); 15.9-16.1ºC (2005) 

and 13.6-16.2ºC (2006) respectively. 

 

Within the WMI turtle pool, which was the most exposed situation in which E. 

imbricata were housed in 2005 and 2006, a similar cycle of temperatures occurred 

(Figure 5.11). Winter water temperatures averaged 24.1-24.6ºC in 2005 and 21.7-

21.8ºC in 2006, with minimum water temperatures reaching 19.0ºC in 2005 and 

19.6ºC in 2006. Maximum water temperatures in the pool generally ranged between 

29ºC and 30ºC, but reached a peak of 30.9ºC and 30.7ºC in October-November 2005 

respectively. During the 2005 and 2006 winters, maximum water temperature ranged 

from 25.6-27.5ºC and 23.8-24.2ºC respectively. Water temperatures in 2006 were on 

average 2.6ºC cooler than in 2005. 
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Figure 5.11 Maximum (blue), mean (red) and minimum (green) monthly water 
temperatures, November 2004 to September 2006, measured in the outdoor turtle 
pool at the WMI site.  
 
When examining variables other than temperature that may have been involved in 

initiating bands of pigmentation, the following may potentially be important (see 

summary in Table 5.2):  

 

a.  The two clutches hatched 32 days apart which can potentially shed light on 

whether the early bands, formed in the controlled environment room, are better 

correlated with size, age or season. 

 

b. On 1 November 2004 all animals were moved from the room: 102 to the raising 

shed, in which water temperature was still controlled, and 6 to the pool where 

by comparison, it was not controlled (a point source of warm water was 

available in 2005 to reduce extremes, but not 2006).  

 

c. On 10 March 2005, 28 animals were moved from the shed to the pool, and after 

that time, movements between the shed and pool occurred more commonly for 

a variety of management purposes.  

 

d. Between 9 October 2005 and 1 May 2006 all remaining animals from the shed 

were shifted to the pool. In October-November 2005 maximum water 

temperatures increased to 30.9ºC (mean temperatures remained at 29.0ºC). 

 

e.  After re-sorting individuals in the shed, there were sometimes periods of 

intense aggression and biting between individuals, which on some occasions 

proved fatal. Individuals that appeared in poor health for whatever reason were 

sometimes isolated or moved between the shed and pool.  
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f. Despite being fed in fresh water in the shed, there were two periods in which 

the salinity of the water in which they were maintained at most times increased 

greatly (<39 ppt, then <54 ppt), which resulted in most individuals dehydrating 

and growing slowly. 

 

Table 5.2. Chronology of husbandry events in raising of E. imbricata in captivity 
from 2004 to 2005 (from Table 3.6 in Chapter 3). 
No. Date Consecutive day 

(1 = 1 Jan 2004) 
Event 

1. 20 February 2004 51 Eggs collected 
2. 5 March 2004 64 Clutch 1 hatched 
3. 6 April 2004 96 Clutch 2 hatched 
4. 15 May 2004 135 Hatchlings marked with 

individual scute numbers 
5. 19 May 2004 139 First inventory for individual 

hatchlings 
6. 1 June – 31 August 

2004 
152 – 243 Winter 2004 

7. 1 November 2004 305 Turtles moved from room to 
shed/pool; Density 
experiment starts 

8. 15 February 2005 411 First management accident: 
salinity in shed increases 
gradually to 39o/oo. 

9. 1 March 2005 425 Salinity in shed brought to 
normal level 

10. 10 March 2005 434 Density experiment ends; 
Turtles sorted according to 
body mass 

11. 18 March 2005 442 Second management 
accident: excess pool salt 
added in water tank 

12. 12 April 2005 467 Salinity at extreme level 
(54o/oo) 
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5.8 Closer assessment of juvenile pigment bands 
 
In examining the bands here, a distinction is made between bands that are laid down 

during successive winters (winter bands), even if not caused by cool temperatures 

per se, and those that occur at other times of year (supernumerary bands). 

 
5.8.1 Band 1 
 

In the controlled environment room, all individuals were growing rapidly with  total 

weight of turtles per pen also increasing rapidly. All individuals developed the 

"rising sun" (RS) colour pattern, which lasted about 100 days. Band 1, which in 

terms of timing was the first "winter band" on Figure 5.6, formed on average 28 days 

later in Clutch 2 than in Clutch 1 hatchlings, which were 32 days apart in hatching 

date (Table 5.3).  

 
Table 5.3. The SCL, Age and Consecutive Day of year (Day 1 = January 2004) at 
the appearance of Pigment Band 1. 

Factor Clutch Mean ± SD SE Range N 
SCL (mm) 1 137.8 ± 17.7 3.9 109.0 – 178.5 20 

 2 146.6 ± 14.5 3.3 110.2 – 169.0 19 
Age (days) 1 130.5 ± 22.4 5.0 96.0 – 173.0 20 

 2 127.4 ± 15.2 3.5 99.0 – 155.0 19 
Day 1 194.5 ± 22.4 5.0 160.0 – 237.0 20 

 2 223.4 ± 15.2 3.5 195.0 – 251.0 19 
 
Band 1 was obviously not in complete synchrony with any environmental or growth 

rate cues, at the same time (Figures 5.12 and 5.13). Amongst the captive-raised 

turtles here, and perhaps also in the wild, the possibility that band 1 constitute a 

normal progression from the RS pattern, laid down around 140 mm SCL, regardless 

of season, cannot be rejected on the basis of the data currently available. 
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Figure 5.12. Variation in growth rate of BWt (blue dots) and SCL (red dots), 
expressed as a percentage of mean size between inventories, as a function of 
consecutive day of the year, for Clutch 1 hatchlings. The thin black bar represents the 
range where Band 1 was initiated with the arrow representing the mean + 1 SE. 
Winter refers to the 2004 winter. 
 

 

Figure 5.13. Variation in growth rate of BWt (blue dots) and SCL (red dots), 
expressed as a percentage of mean size between inventories, as a function of 
consecutive day of the year, for Clutch 2 hatchlings. The thin black bar represents the 
range where Band 1 was initiated with the arrow representing the mean + 1 SE. 
Winter refers to the 2004 winter. 
 

5.8.2 Bands 2 to 5 

 

Bands 2-5 were formed while the young E. imbricata were mostly in the shed or 

pool. Only three (3) larger animals were assessed as having more than 5 bands (2 

with 6 and 1 of these with 7), which are not dealt with in detail here.  

 

Notwithstanding difficulties in defining exactly when bands started, there was an 

obvious correlation between winter and pigmentation (Plate 5.15). This was 

particularly apparent in all 15 animals housed in the pool that were subject to the 

2006 winter (Plate 5.16). The winter of 2005 was correlated with band 3 in the 

average animal, and band 1, as discussed above, appeared in the winter of 2004 

(Plate 5.16) although this link may be correlation rather than cause and effect.  
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Winter bands are not necessarily wide ones, because growth rate slows in winter and 

thus the ability to lay down a wide band should not exist. To test the relationship 

between bandwidth and growth rate, the width of band 4 (summer) and band 5 

(winter) (expressed as a percentage of SCL (B%SCL)) was examined as a function of 

SCL growth rate when the bands were laid down (Figure 5.14). The relationship is 

highly significant [B%SCL = 1.004 + 14.812%GR SCL; r2 = 0.586; p = <0.0001; N 

= 30. (Formula 5.2)], confirming a link between bandwidth and growth rate exists. 

 
 

 
Figure 5.14. The width (mm) of the summer (open 
circles, Oct 2005 to Mar 2006, N = 15) and winter band 
(closed circles, Jun to Oct 2006, N = 15) on the C1 
keratin plate expressed as a percentage of SCL (B%SCL), 
regressed against growth rate of SCL expressed as a 
percentage of SCL (%GR SCL). The faster the growth 
rate, the wider the 2006 winter band  (see below). 

 

The majority of bands 2 and 4 in the individuals raised here, were sometimes clearly 

defined (Plate 5.16d) and at other times not (Plate 5.14c). But they were not 

correlated with winter per se. These supernumerary bands in the captive-raised 

animals occurred in the warmer periods of the year (Figure 5.9, 5.10, 5.11) and may 

have been a response to high water temperatures (>30ºC at 0900 h), but they were 

also linked to when turtles were moved from one environment to another (see 

below). 
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Plate 5.15. Winter banding (area between the dashed lines) in Turtle No. RM11 8-5 
at the start (May) and end (September) of the 2005 (a and b) and 2006 (c and d) 
winters. a) 1.1 years (b), 1.4 years (c), 2.2 years (d) 2.5 years (d). The red arrows 
point to the start of winter 2005 and the green arrows to the start of winter 2006. 
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Plate 5.16. Sections through the C1 plate spanning marginal 3, for E. imbricata 
exposed to the 2006 winter. The white brackets delimit the dark band laid down 
during the 2006 winter. Inventory photographs were used to delimit the start of 
winter (dashed lines) in 2005 (mostly band 3) and 2004 (mostly band 1). Numbers 
are the 2006 bandwidth in mm and the % growth in SCL since the last inventory (7 
June 2006). Note the large "summer" band (band 2 and shown as ‘SB’) in "d" 
between winter bands 1 and 3. 
 



 144 

Bearing in mind that the initiation of a colour band cannot be assigned precisely, case 

histories of individual turtles shed more light on factors that may be influencing 

supernumerary colour banding. With Turtle No. RM11.8-5 (Figure 5.15), band 2 was 

initiated on or about the time that a series of events coincided: densities were 

maximised in the room, the transition to the shed took place, growth rates declined 

for a few weeks after the re-sort of the turtles between locations, and it was hot even 

though water temperature was controlled. The second supernumerary band (band 4) 

followed a shift from the shed to the pool, again at the hot time of year. It must be 

noted that the cause of the supernumerary bands in the turtles is not clear. However 

there are plans to conduct detailed studies to determine the cause of these bands. 

 

 
Figure 5.15. Case history for E. imbricata RM11 8-5, showing colour bands (B1 to 
B5) and changes in housing, season [H = hot (November)], salinity extremes, and 
residual growth rate (whether it was above or below the mean trend over time). 
Inventories were weekly, then monthly, then sporadically.  
 
The case history of Turtle No. LM11.9-8 (Figure 5.16) was similar. The two 

supernumerary bands both occurred after the transition from one environment to the 

other, at the hot time of year. The 2005 winter band, as in Turtle No. RM11.8-5, 

followed a period of reduced growth associated with both winter and perhaps the 

effects of the marked increase in salinity. For both turtles, there were too few 

inventories surrounding the 2006 winter bands to quantify growth rates, but the 

temperatures were very low in the pool (Figure 5.11), and little feeding took place. 
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 Figure 5.16. Case history for E. imbricata LM11 9-8, showing colour bands (B1 to 
B5) and changes in housing, season [H = hot (November)], salinity extremes, and 
residual growth rate (whether it was above or below the mean trend over time). 
Inventories were weekly, then monthly, then sporadically. 
 
 

 
Figure 5.17. Case history for E. imbricata RM10 7-8, showing colour bands (B1 to 
B5) and changes in housing, season [H = hot (November)], and residual growth rate 
(whether it was above or below the mean trend over time). Inventories were weekly, 
then monthly, then sporadically. 
 
The case history for Turtle No. RM10.7-8 was unique, in that it was the only 

individual which demonstrated 7 bands. This turtle was not subject to intense 

monitoring, and so the growth history over time is not as well known. It was one of 

the six animals transferred from the room directly to the pool (rather than the shed), 

where it experienced the 2005 winter. In contrast, it was transferred back to the shed 

just before the 2006 winter.  
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In Turtle No. RM10.7-8, bands 2 and 3 were both supernumerary bands. The first 

(band 2) followed the transition from the room to the pool and the second (band 3) 

correlated with a period of fast growth in the pool, in summer. After the 2005 winter, 

a third supernumerary band formed (band 5), again in the hot period of the year. A 

final band (band 7) was forming in 2006 in October, when warm conditions 

prevailed.  

 

Despite winter bands being associated with reduced growth rates generally in 

captive-raised juvenile E. imbricata, summer bands were also sometimes associated 

with elevated growth rates. For the animals maintained in the pool there was a 

significant linear decline in the percentage of animals secreting new black pigment as 

growth rate increased (Figure 5.18) [%Black = 71.3 – 502.662Res%GR.SCL; r2 = 

0.314 p= 0.0054; N= 23]. Yet there was no significant relationship amongst animals 

raised in the shed. 

 

 
Figure 5.18. Relationship between percentage of black pigmentation 
and the residuals of the growth rate to time relationship for animals 
in the pool. 

 

This indicates (Figure 5.19) that within the pool and shed environments colour 

banding can occur across the full range of growth rates. In the shed, growth without 

pigmentation can also occur across the full range of growth rates but not in the pool. 

Growth without pigmentation in the pool, where individuals are most exposed to 
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fluctuations in ambient temperature, growth without pigmentation (the light colours 

separating pigment bands) tend to be restricted to periods of high growth rate.  

 
 

 
Figure 5.19. Relationship between percentage of pigmentation (black) and lack of 
pigmentation (white) and residuals of growth rate (Residual %GR SCL) for E. 
imbricata housed in the pool and shed up to October 2006. Boxes represent + 1 SD; 
numbers are the number of months in which pigmentation fell into one of the two 
categories (> or < than 50% Black). 
 
 
5.9 The situation in older animals 

 

The main focus of the research reported above was to describe the manner in which 

the colour pattern formed in captive-raised juveniles, up to 2.5 years of age, 461.7 + 

27.4 mm SCL and 7780 + 2127.0 g BWt, and obtain some background information 

on factors that may influence the number of colour bands on the keratin plates of the 

juveniles. 

 

To use the colour pattern as a tool for estimating the size-age relationship in E. 

imbricata, the situation in older, larger animals is essential. As discussed in Chapter 

3 (see Plate 3.8), some living 10-year-old captive-raised E. imbricata were available 

for study, and WMI had a variety of older frozen animals and sets of excised plates 

that were also available for study. 
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Using the available historical photographs and inventory information, the timing of 

different bands of colour in these older animals could be defined (Plate 5.17; see also 

Plate 5.1). The bands appear to be predominantly winter bands, an issue addressed 

further in Chapters 8 and 9.  

 

 
Plate 5.17. Left C1 keratin plate of an 8-year-old hawksbill turtle with reference 
points derived from available inventory photographs at various times. Sequential 
winters were associated with increased deposition of pigment.  
 
The situation that exists at or near the maximum size of E. imbricata could not be 

investigated in depth within the captive-raised animals studied here, because none 

had ceased growing, although growth rates in larger specimens had declined greatly. 

Yet is clearly an important issue to address if the ultimate goal is to derive 

methodologies for estimating the size-age relationship from the colour pattern on C1 

plates. This issue is discussed further in Chapter 11, where the C1 shell plates of 

large, wild E. imbricata from Cuba are assessed.   

 
 
5.10 Discussion 

 
Despite the colour pattern in E. imbricata carapacial scutes being arguably one of the 

most readily recognisable of natural wildlife colour patterns, there is surprisingly 

little information available on how the pattern forms in the keratin plates of the 

carapace.  
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This problem was addressed here, largely through examination of E. imbricata being 

raised in captivity. The management of raising protocols was not solely for this 

study, and so it was not always possible to control raising to the degree desired. 

There was an element of opportunistic discovery involved. Indeed, some of the most 

important insights about colour pattern came from a very late inventory (October 

2006), of a small number of E. imbricata retained after the main study had finished. 

These individuals were the only ones that had passed through three winters 

completely. 

 

The lack of a sound morphological model that integrates the structure of the keratin 

plates with the nature and pattern of pigmentation in E. imbricata, has: (a) 

confounded efforts to decipher biologically important information from the colour 

pattern (Kobayashi 2001); (b) prevented verification of observations on seasonal 

influences on colour banding (Ohtaishi et al. 1995, 1996); (c) prevented validation of 

efforts to estimate age from colour pattern (Carrillo et al. 1998); and, (d) has fuelled 

criticism about the potential significance of colour bands for assessing biologically 

important information (Tucker et al., 2001) 

 

When the results from Chapters 4 (structure) and Chapter 5 (colour) are combined 

here, the result is a morphological model that appears robust and well based on 

observation. The model depicted in Figure 5.4 can explain most observations on the 

development and pigmentation of the keratinised carapacial plates of E. imbricata, 

and will hopefully have utility to others trying to understand these processes in E. 

imbricata and perhaps other species of sea turtle. 

 

The underlying mechanism of colouration is that colonies of melanocytes in the 

dermis secrete melanin pigments into layers of keratin, which are forming 

continually in the dorso-ventral axis. Once encased in and bounded by these 

successive layers, the pigmentation is protected and lasts over time. New patches and 

bands of pigment form on the growing edge of carapacial scutes, and although they 

appear to move inward with ongoing growth, becoming more centrally situated 

within a keratin plate, this is really caused by the growing edge of the carapacial 

scute moving outward. Thus the primary colour pattern of E. imbricata can only be 

formed while an individual is growing, and the eventual use of the colour pattern for 
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aging, will be restricted to animals that are still growing - animals that have not yet 

attained their maximum size. 

 

Cool winters do cause dark bands of colour in captive raised E. imbricata, as 

described by Ohtaishi (1995, 1996) and Kobayashi (2001).  But other factors, at least 

in juveniles, can also cause dark colour bands, including quite probably excessively 

high temperatures. This could partly explain why Kobayashi (2001) failed to find a 

direct link between colour bands and age in the wild juveniles she studied in Cuba. 

 

In the present study it was not possible from time series data to identify with any 

certainty the causal factors behind all supernumerary bands. However, various 

possibilities have been identified and these could be tested experimentally in the 

future.  

 

The width of colour bands, regardless of when they are formed, is positively 

correlated with the growth rate being experienced at the time pigmentation occurs. 

Indeed, the steady reduction in the size of colour patches and bands with increased 

size, matches the steady reduction in growth rate with increasing size regardless of 

any other factors.  

 

In the pool environment, and possibly in the wild, unpigmented bands tend to be 

restricted to periods when growth rates are average or high. Thus low growth rates 

tend to be associated with pigmented layers, whereas fast growth rates can be 

associated with both pigmented and unpigmented layers.    

 

Secondary colouration is described here for the first time, although it has long been 

recognised within the Bekko (tortoiseshell carving) industry, where layers of colour 

across the inside of the ventral surface of keratin plates needs to be scraped off to 

reveal the primary colouration. From the viewpoint of assessing growth increments 

from the primary colouration it is potentially important, because it can mask primary 

colouration. What stimulates secondary colouration is unknown, but its sudden 

appearance, especially in some males at or about the time maturity, suggests 

hormonal influences. In many individuals secondary colouration can be easily 

discerned from primary colouration, but as size increases, and as the outer surface of 

the shell becomes worn, primary colouration could be replaced by secondary 

colouration. If keratin plates are shed because of excessive infestation with barnacles 
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or other factors, the regrown plates may be completely coloured with secondary 

colouration. 

 

The degree to which the colour pattern and/or structure of keratin plates can be used 

to determine when an individual has reached maximum size, or how long it has 

existed at this maximum size, could not be examined here because old captive-raised 

E. imbricata were not available for study. However, based on the morphological 

model developed, at least some predictions can be made. 

 

The laying down of primary colouration in keratin plates is a function of E. imbricata 

growing. Once they reach their maximum size, no new bands of primary colouration 

can form, and unless masked by secondary colouration, the final band of primary 

colouration could be expected to remain in place and be an index of the final extent 

of annual growth. As the width of pigment bands declines with increasing size, the 

final band could be expected to be very narrow.  

 

In Chapter 7, coefficients for relating growth increments in the C1 plate to growth 

increments in SCL are developed, and the mean coefficient for the captive-raised 

animals is 3.516 + 0.059 (SE). If a large E. imbricata near its maximum size grew 

3.5 mm SCL in a year, the equivalent growth at the growing edge of the C1 plate 

would be 1.0 mm, and any primary pigment band would be smaller. Given that the 

size-age relationship is likely to be exponential in older, larger E. imbricata 

(Chapters 6, 8-11), once annual growth in SCL has slowed to 3.5 mm a year, and 

pigment bands been reduced to less than 1.0 mm, the asymptote size for that 

individual is likely to be only slightly larger (1-2 cm in SCL). Some insights into the 

final bands of primary pigmentation at the growing edge of C1 plates are provided in 

Chapter 11, which examines excised C1 plates derived from the traditional harvest in 

Cuba. 

 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
CHAPTER 6 
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CHAPTER 6: METHODOLOGY FOR PREDICTING THE SIZE-AGE 

RELATIONSHIP FROM INFORMATION ON GROWTH RATES AT 

DIFFERENT SIZES 

 
6.1 Introduction 
 
The conventional approach to quantifying the relationship between size and age in wild 

E. imbricata populations involves mark-recapture (Bjorndal and Bolten, 1988; Limpus, 

1992; Boulon, 1994; Garduño and Marquez, 1994; Carrillo et al., 1998; Prieto et al., 

2001; Diez and van Dam, 2002a; Mortimer et al., 2002). Information on the sizes (s) of 

individuals is obtained at two or more points in time (t), from individuals of unknown 

age. Relative to their longevity, the information often refers to changes in size over 

small segments of an individual’s lifetime, and there are also obvious, methodological 

biases. For example shallow reefs suitable for mark-recapture studies tend to contain 

mostly small juvenile E. imbricata (200 to 600 mm SCL) whereas nesting beaches 

contain mostly adult females at or near their highly variable maximum sizes (>800 mm 

SCL).  

 

The above studies have used various mathematical techniques to integrate information 

on s and t and estimate the mean relationship between size and age in the population. 

Most assume an underlying mathematical relationship between size and age (e.g. a Von 

Bertalanffy or negative exponential curve), but not always. For example Diez and van 

Dam (2002a) analysed their data on E. imbricata from Puerto Rico using a generalized 

additive modelling (GAM) method developed by Chaloupka and Limpus (1997) with E. 

imbricata in the southern Great Barrier Reef that obtains representative growth curves 

(e.g. growth rate vs size) that are typically constructed as smoothed splines, sustained by 

a large number of (non-explicit) parameters. 

 

In this study, a two-stage approach to deriving the size-age relationship was adopted. 

The first stage involves assessing the relationship between annual growth rate and 

increasing size which is implicit within the size-age relationship, and provides critical 

insights into the form of the size-age relationship (Webb et al. 1978, 1983). The second 

stage involves building a size-age relationship that is consistent with the quantified 

relationship between growth rate and mean size. This may be a single negative 
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exponential across the complete size range, or it could be a sequence of different 

relationships: for example a positive exponential followed by a negative exponential 

with or without periods of linear growth in between. 

 

The staged approach was chosen deliberately here because if the colour pattern can be 

used to estimate the size-age relationship, it must be able to predict annual growth 

increments accurately. The ultimate aim of the research is to decipher the age code from 

the colour pattern, correcting errors and biases each step of the way, and not to explore 

the strengths and weaknesses of different mathematical models for describing the size-

age relationship. 

 

In this chapter, a known-aged E. imbricata (Turtle No. 6051363) raised in captivity for 7 

years, and subject to regular inventory, is used to exemplify the methodology used for 

deriving size-age curves. Inventory data are used to quantify the relationship between 

growth rate and mean size, from which a size-age relationship is estimated and 

compared with the real known relationship. 

 

6.2 Turtle No. 6051363 

 

Turtle No. 6051363 was a wild-caught, juvenile, female E. imbricata from a remote 

settlement in the Northern Territory that was introduced into the captive raising facility 

at WMI on 2 September 1997. It was selected because it demonstrates a combination of 

unknown growth rates up to the time of introduction and known growth rates afterwards. 

 

Measurements taken on 2 September 1997 were: 

- body weight (BWt) = 2.8 kg 

- curved carapace length (CCL) = 330 mm 

- curved carapace width (CCW) =  260 mm  

 

Using formula A2.423 (Table A2.4), the estimated straight carapace length (SCL) 

predicted from CCL, was 308.3 + 2.4 mm. Captive-raised turtles of 308.1 mm SCL 

(formula A2.149; Table A2.4) or 330 mm CCL (formula 3.459; Table 3.4) would be 

expected to be 2808 and 2831 g body weight respectively. So the turtle’s weight was 
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consistent with the other turtles raised in the study. However, based on data from Cuba 

(Ministerio de Industria Pesquera, Cuba, unpublished data) a wild E. imbricata of 308.3 

mm SCL could be expected to have a BWt of 4333.1 g, which suggests that Turtle No 

6051363 and perhaps the majority of turtles raised in this experiment may have been 

light in weight relative to their wild counterparts (see Chapter 2). However genetic 

differences between the Cuban and Australian hawksbill populations may also cause this 

difference. 

 

6.3 Inventory data  

 

Although of unknown age when introduced into the raising program, Turtle No. 

6051363 was maintained in captivity for 7 years. During this period it grew from its 

initial dimensions of 308.3 mm SCL and 2.8 kg (2 September 1997) to 789.3 mm SCL 

and 53.19 kg (11 June 2004). The inventory data available for Turtle No. 6051363 are 

summarized on Table 6.1 with information on the availability of photographs of the C1 

plates. Turtle No. 6051363 died on 11 June 2004, for reasons that were not established 

definitively through necropsy. The carapace and plastron were removed, and the shell 

plates were disarticulated by water maceration, dried and stored.  
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Table 6.1. Inventory data for Turtle No. 6051363, which was wild caught and 
introduced into the captive raising program on 2 September 1997. "Age" = refers to days 
of raising from 2 September 1997, and thus real age would need an addition for the age 
(unknown) of the animal when it was introduced (see text). 
Inventory 

No. 
Date 

 
Age 

 
SCL 
(mm) 

BWt 
(kg) 

Photos 
 

Notes 
 

1 2 Sep 97 1 308.3 2.80  Start of raising 
2 11 Nov 97 70 319.9 3.16   
3 29 Jan 98 149 343.4 4.20   
4 12 Mar 98 191 374.5 5.62   
5 7 May 98 247 392.7 6.75 Left C1  
6 7 Jul 98 308 403.8 7.45   
7 4 Sep 98 367 426.8 8.78 Right C1  
8 19 Nov 98 443 452.6 10.20   
9 20 Jan 99 505 474.2 11.60 Right C1  
10 16 Mar 99 560 492.1 13.00   
11 18 May 99 623 508.3 14.27   
12 22 Jul 99 688 523.9 15.59   
13 7 Oct 99 765 542.0 17.25 Left C1  
14 23 Dec 99 842 553.6 17.99   
15 2 Mar 00 912 564.3 19.19   
16 18 May 00 989 583.0 22.13 Left C1  
17 20 Jul 00 1052 592.2 23.17   
18 19 Oct 00 1143 610.8 25.94   
19 4 Jan 01 1220 629.4 28.40 Right C1  
20 13Mar 01 1288 639.3 30.82   
21 22 May 01 1358 655.4 32.65   
22 8 Aug 01 1436 668.0 35.70   
23 15 Nov 01 1535 685.8 38.80   
24 5 Feb 02 1617 705.4 43.00 Left C1  
25 16 May 02 1717 716.8 44.40   
26 14 Aug 02 1807 728.1 46.30   
27 14 Nov 02 1899 735.5 48.73   
28 16 Jan 03 1962 742.6 51.34   
29 1 Apr 03 2037 752.8 54.8   
30 3 Jul 03 2130 761.7 57.39   
31 21 Oct 03 2240 767.8 58.31   
32 11 Jun 04 2474 789.3 53.19 Both Dead 
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6.4 The measured relationship between SCL and Age 

 

 
Figure 6.1. Size (SCL in mm) of Turtle No. 6051363 as a 
function of Age (in days) between 2 September 1997 and 
11 June 2004. Black and white arrows delimit the first and 
second periods of essentially linear growth respectively.  

 
The measured relationship between SCL and Age between 2 September 1997 and 11 

June 2004 (Figure 6.1) was basically curvilinear over the full span of inventories, but 

with various irregularities. "Age" as used here refers to days of raising in captivity, with 

day 1 being 2 September 1997. "Real Age" requires the addition of a correction for the 

estimated age of Turtle No. 6051363 when it was introduced into captivity.  

 

There was little change in size between the inventory No. 1 and No. 2 (Table 6.1), but 

size had increased sharply by inventories No. 3 and No. 4. Between about 750 days and 

1500 days (2 years) the relationship between SCL and Age was essentially linear (SCL = 

391.1  + 0.193Age + 2.10 mm (SEE); r2 = 0.998; p<0.0001; Slope p<0.0001; N = 10). A 

second period of essentially linear increase in SCL with increasing Age occurred 

between 1800 days and 2400 days (1.6 years), but with a reduced slope relative to the 

first period of linear growth (SCL = 552.8 + 0.097Age + 2.20 mm (SEE); r2 = 0.984; 

p<0.0001; Slope p<0.0001; N = 6). During the first period of linear growth SCL was 

increasing at 0.193 mm per day, whereas in the second period it was increasing at 0.097 

mm SCL per day: about half the rate. 
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6.5 The measured relationship between Growth Rate, Age and Size 

 

The calculated mean SCL growth rate between inventories (SCLGR in mm SCL/day), 

mean age between inventories (MAge in days) and mean size between inventories 

(MSCL in mm) are summarized in Table 6.2. Soon after being introduced into the 

raising pens Turtle No. 6051363 was noted as feeding voraciously, and its linear growth 

rates increased greatly, reaching a peak growth rate of (0.74 mm SCL/day) between 

Inventories No. 3 and No. 4 (Table 6.2; Figure. 6.2). After this, growth rates declined, 

firstly quite sharply and then gradually with increasing size. The periods of relatively 

linear growth identified on Figure 6.1 (750 to 1500 days and 1800 to 2400 days) are 

clearly apparent on Figure 6.2. 

 

 
Figure 6.2. Growth Rate (mm/day) against Mean Age 
(days) of Turtle No. 6051363 while in captivity (2 
September 1997 to 11 June 2004). 
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Table 6.2. Growth rate, Mean Age and Mean SCL of Turtle No. 6051363. 
Inventory 

No. 
Interval 

(d) 
 

Growth rate 
(mm SCL/day) 

Mean Age 
(d) 

Mean  SCL 
(mm) 

1 – 2 69 0.167 35.5 314.1 
2 – 3 79 0.298 109.5 331.6 
3 – 4 42 0.740 170.0 358.9 
4 – 5 56 0.325 219.0 383.6 
5 – 6 61 0.183 277.5 398.2 
6 – 7 59 0.390 337.5 415.3 
7 – 8 76 0.339 405.0 439.7 
8 – 9 62 0.348 474.0 463.4 
9 – 10 55 0.325 532.5 483.2 
10 – 11 63 0.257 591.5 500.2 
11 – 12 65 0.240 655.5 516.1 
12 – 13 77 0.235 726.5 533.0 
13 – 14 77 0.151 803.5 547.8 
14 – 15 70 0.153 877.0 559.0 
15 – 16 77 0.243 950.5 573.7 
16 – 17 63 0.146 1020.5 587.6 
17 – 18 91 0.204 1097.5 601.5 
18 – 19 77 0.242 1181.5 620.1 
19 – 20 68 0.146 1254.0 634.4 
20 – 21 70 0.230 1323.0 647.4 
21 – 22 78 0.162 1397.0 661.7 
22 – 23 99 0.180 1485.5 676.9 
23 – 24 82 0.239 1576.0 695.6 
24 – 25 100 0.114 1667.0 711.1 
25 – 26 90 0.126 1762.0 722.5 
26 – 27 92 0.080 1853.0 731.8 
27 – 28 63 0.113 1930.5 739.0 
28 – 29 75 0.136 1999.5 747.7 
29 – 30 93 0.096 2083.5 757.3 
30 – 31 110 0.055 2185.0 764.8 
31 – 32 234 0.092 2357.0 778.6 

 

 

6.6 General approach to deriving the size-age relationship from growth rates 

 

The relationship between size and age, over part or the whole of the size range, can be 

linear or exponential (negative or positive) or a composite of both. The procedure 

followed here for deriving an exponential size-age relationship from information on the 

relationship between growth rate and mean size is outlined in stages below. 
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Stage 1.  The growth rate to mean size relationship over part or the whole range of 

sizes is modeled by a linear regression. As growth rates normally decrease 

with increasing size, such regressions normally have a negative slope, which 

indicates the size-age relationship is a negative exponential. However, if over 

parts of the size range the slope between growth rate and mean size is 

positive, it indicates the size-age relationship over that size range is a positive 

exponential.  

 

Stage 2.  In the case of a linear regression between growth rate and mean size with a 

negative slope, the parameters needed for a negative exponential size-age 

curve are derived from it. 

 

Stage 3.  Firstly, Sm which is the mean maximum SCL or mean asymptote. This is 

predicted from the regression relating growth rate to mean size, and is the 

SCL when growth rate equals zero. If the growth rate to mean size 

relationship is linear over the whole size range, or linear amongst the larger 

size classes, Sm estimated in this way is a "real" estimate of biological 

significance: the mean size of animal in the population that has ceased 

growing.  

 

Stage 4. In instances where the relationship between growth rate and mean size is 

curvilinear, but can be modeled by two linear regressions (see below) Sm can 

be "theoretical" for the first relationship: the estimated mean maximum size 

if an animal continues growing in accordance with the first relationship until 

growth ceased. 

 

Stage 5. τ = Tau, the time constant, which in the case of a regression relating growth 

rate to mean size with a negative slope is the inverse of the regression line 

slope.  

 

Stage 6. The other parameter required is the initial size (So), which is usually the size 

at hatching. However, in other cases (e.g. with Turtle No. 6051363) it can be 

the size at which growth in captivity started. Like Sm above, So can be a 
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"real" value (the real SCL at hatching), or a "theoretical" value (the So that 

would have been needed if an exponential curve fitting part of the size-age 

relationship had applied since hatching). 

 

Stage 7.  Where the relationship between growth rate and increasing size is linear, with 

a negative slope, and the coefficients (Sm, So and τ) are derived as explained 

above, SCL (in mm) at different Ages (t in days), is calculated from: 

 

Formula 6.1.  S(t) = (Sm  – So)[1 –exp(-t/τ)] + So, where: 

   

S(t)   = SCL in mm at time t in days 

Sm    = Mean maximum SCL in mm (real or theoretical) 

So    = Initial SCL in mm (real or theoretical) 

τ      = time constant in days 

t  = time in days 

   

   The Age (t in days) at different SCLs (in mm) is calculated from: 

 

Formula 6.2   t = τln[(Sm–So)/(Sm–S(t))], where: 

 

S(t)   = SCL in mm at time t in days 

Sm    = Mean maximum SCL in mm 

So    = Initial SCL in mm 

τ      = time constant in days 

t  = time in days 

 

Stage 8. In cases where the regression relating growth rate to increasing size is 

positive, indicating a positive exponential curve describes the relationship 

between size and age, So and τ are derived as described above, but a scaling 

factor (A) is required. It is in units of length that is determined by 

measurement. This is done by noting that growth rate, R(t), at a size S(t) is 

predicted from the formula: 
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R(t) = (S(t) + A – So)/ τ.  

 

From this equation, we can see that the Ro when t = 0 (initial growth rate) is 

when S(t) = So, and thus Ro  = A/τ. In other words, A = τRo. 

 

Stage 9. With the scaling factor (A) derived, the formulae for predicting size for age 

is: 

 

  Formula 6.3.  S(t) = A[et/τ -1] + So, where: 

   

S(t)   = SCL in mm at time t in days 

A    = Scale factor in units of length 

So    = Initial SCL in mm 

τ      = time constant in days 

t  = time in days 

 

The formula for predicting age from size is: 

 

Formula 6.4   t = τln[(S(t)–So + A)/A], where: 

 

S(t)   = SCL in mm at time t in days 

A    = Scale factor in units of length 

So    = Initial SCL in mm 

τ      = time constant in days 

t  = time in days 
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6.7 Modeling the size-age relationship in Turtle No 6051363 

 

In the case of Turtle No 6051363, three separate approaches to deriving a size-age curve 

are examined, in order to exemplify the consequences (in terms of prediction errors) of 

the assumptions upon which they are based.  

 

6.7.1 Method 1. Using all growth data with a single exponential model 

 

To model the size-age relationship with a single negative exponential, the relationship 

between instantaneous growth rate and size must be linear. This is more or less the case 

with Turtle No. 6051363, although real deviations from linearity occur (Figure 6.2). The 

prime question is that if a linear relationship between growth and mean size is assumed, 

and the size-age relationship is modeled with a single negative exponential, how 

accurate can that model truly predict the known sizes at different times. What is the cost 

or tradeoff, in terms of predictive accuracy, for assuming this underlying model between 

size and age. 

 

 
Figure 6.3. Growth rates (mm/day) against Mean Size 
(SCL in mm) of Turtle No. 6051363 while in captivity 
(2 September 1997 to 11 June 2004).   

 

The linear regression of best fit to the growth rate (SCLGR) to mean size (MSCL) 

relationship for Turtle No. 6051363, with all values included, is in Figure 6.3 [SCLGR = 

0.58  - 0.000627412MSCL (SEE = 0.097), r2 = 0.461, p<0.0001]. This was used to 

derive estimates for Sm (924.4 mm) and τ (1593.8 days) as described above, with So 

(308.3 mm) being the known size when captive raising started (Figure 6.1). Formula 6.1 
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above was used to predict SCL at 250-day intervals and the size-age curve is a 

reasonable first approximation to the real size-age relationship determined through 

inventories (Figure 6.4). 

 
Table 6.3. Predicted size (S(t)) of Turtle No. 6051363 
using coefficients derived from Method 1. Sm = 924.4 
mm; So = 308.3 mm; τ = 1593.8 days. 

Mean Age (t) (d) Mean Size (S(t)) (mm) 
1 308.7 

250 397.7 
500 474.2 
750 539.6 
1000 595.4 
1250 643.2 
1500 684.0 
1750 718.9 
2000 748.7 
2250 774.2 
2500 796.0 
2750 814.7 
3000 830.6 
3250 844.2 
3500 855.9 
3750 865.8 
4000 874.3 

 
 
 

 
Figure 6.4. Length (SCL) of Turtle No. 6051363 while in 
captivity (Day 1 = 2 September 1997). The filled circles 
represent actual measurements and the crosses represent 
predicted values of SCL. 
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To examine the residuals, formula 6.1 was used to predict the SCL at each Age (Table 

6.3) and formula 6.2 to predict the age at each SCL (Table 6.4, Figures 6.5 and 6.6). The 

average SCL residual was 5.2 + 5.9 mm (SD) (SE = 1.0 mm; range –4.4 to 19.9 mm; N 

= 32)(Figure 6.5) and the average Age residual was –24.1 + 26.7 days (SD)(SE = 4.7; 

range –67.6 to 31.5 days; N = 32) (Figure 6.6). The variation in the residuals (Figures 

6.5 and 6.6) reflects both real deviations in the size-age curve from a negative 

exponential (see below) and reasonably short inventory periods in which growth was 

high or low due to environmental conditions. The overall bias (5.2 mm SCL, 24.1 days 

Age) although not large, is consistent with the So value (308.3 mm SCL), itself derived 

from prediction, being slightly in error.  
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Table 6.4. Real and predicted values of Age and SCL of Turtle No. 6051363 
together with their respective residuals. 

Real Age 
(days) 

Predicted Age 
(days) 

Residuals 
(days) 

Real SCL 
(mm) 

Predicted SCL 
(mm) 

Residuals 
(mm) 

1 0.0 -1.0 308.3 308.7 0.4 
70 30.3 -39.7 319.9 334.8 14.9 
149 93.5 -55.5 343.4 363.3 19.9 
191 181.2 -9.8 374.5 377.9 3.4 
247 234.8 -12.2 392.7 396.7 4.0 
308 268.4 -39.6 403.8 416.6 12.8 
367 340.5 -26.5 426.8 435.0 8.2 
443 425.3 -17.7 452.6 457.8 5.2 
505 500.0 -5.0 474.2 475.6 1.4 
560 564.7 4.7 492.1 490.8 -1.3 
623 625.5 2.5 508.3 507.6 -0.7 
688 686.4 -1.6 523.9 524.3 0.4 
765 760.2 -4.8 542.0 543.2 1.2 
842 809.2 -32.8 553.6 561.1 7.5 
912 855.9 -56.1 564.3 576.8 12.5 
989 940.9 -48.1 583.0 593.1 10.1 
1052 984.4 -67.6 592.2 606.0 13.8 
1143 1076.3 -66.7 610.8 623.7 12.9 
1220 1173.7 -46.3 629.4 637.8 8.4 
1288 1228.1 -59.9 639.3 649.8 10.5 
1358 1320.8 -37.2 655.4 661.6 6.2 
1436 1397.2 -38.8 668.0 674.2 6.2 
1535 1511.9 -23.1 685.8 689.2 3.4 
1617 1648.5 31.5 705.4 701.0 -4.4 
1717 1733.7 16.7 716.8 714.6 -2.2 
1807 1822.9 15.9 728.1 726.1 -2.0 
1899 1884.2 -14.8 735.5 737.2 1.7 
1962 1945.2 -16.8 742.6 744.5 1.9 
2037 2037.3 0.3 752.8 752.8 0.0 
2130 2122.1 -7.9 761.7 762.5 0.8 
2240 2183.1 -56.9 767.8 773.3 5.5 
2474 2418.4 -55.6 789.3 793.9 4.6 
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Figure 6.5. Residuals (in mm) between the real and 
predicted Size (SCL in mm) for Turtle No. 6051363 using 
Method 1. 

 
 

 
Figure 6.6. Residuals (in days) between the real and 
predicted Age (in days) for Turtle No. 6051363 using 
Method 1. 

 

6.7.2 Method 2. Annual growth data with a single exponential model 

 

To overcome the potential difficulty of growth rates being excessively variable due to 

short time periods between inventories, and to examine the most likely scenario for 

using the colour pattern to estimate the size-age relationship [with only annual growth 

increments available - winter colour band to winter colour band)], the inventory results 

(Table 6.1) were recalculated to reflect mean annual growth rates, which each contain a 

complete summer (fast growth) and winter (slow growth).  
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To increase sample sizes and to derive annual growth rates, two periods of overlapping 

annual growth were selected: 1 January to 31 December and 1 July to 30 June. As the 

inventories never corresponded exactly with these dates, the mean growth rates for the 

inventory before of after were adjusted on the basis of average growth so that each of the 

new growth estimates represented 365 days. The adjusted annual growth data set are on 

Table 6.5. 

 

Table 6.5. Adjusted values for SCL of Turtle No. 6051363. 
Date 

 
Interval Adjusted 

SCL (mm) 
Growth Rate 

(mm/d) 
Mean Size 

(mm) 
1 Jan to 31 Dec 98 365 335.3 - - 

1 Jul 98 to 30 June 99 365 406.3 - - 
1 Jan to 31 Dec 99 365 467.4 0.362 401.3 

1 Jul 9 to 30 June 00 365 518.6 0.308 462.5 
1 Jan to 31 Dec 00 366 555.3 0.241 511.4 

1 Jul 00 to 30 June 01 366 590.0 0.195 554.3 
1 Jan to 31 Dec 01 365 627.1 0.197 591.2 

1 Jul 01 to 30 June 02 365 661.0 0.195 625.5 
1 Jan to 31 Dec 02 365 694.3 0.184 660.7 

1 Jul 02 to 30 June 03 365 727.8 0.183 694.5 
1 Jan to 31 Dec 03 365 742.5 0.132 718.4 

1 Jul 03 to 30 June 04 365 759.3 0.086 743.6 
1 Jan 04 - 775.4 0.09 759.0 

 

The real relationship between mean SCL and Age based on the annual growth rate 

means is curvilinear (Figure 6.7). However, the relationship between growth rate 

(SCLGR) and mean size (Figure 6.8) shows the same extended period of linear growth 

between 550 to 700 mm SCL as was seen above (Figure 6.3). 
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Figure 6.7. The relationship between Mean SCL (mm) 
and mean Age (days) for Turtle No. 6051363 based on 
annual measurements (Day 1 = 1 January 1998). 

 

 
Figure 6.8. The relationship between SCL growth rate 
(SCLGR in mm/day) and mean size between annual 
inventories (MSCL) for Turtle No. 6051363.  

 

The linear regression in Figure 6.8 (SCLGR = 0.61 - 0.000675319MSCL, r2 = 0.917,       

p <0.0001, SEE = 0.03mm) was used to derive estimates of Sm (0.61/0.000675319 = 

903.3 mm) and τ (1/0.000675319 = 1480.8 days). So is the SCL on 1 January 1998 

(335.3 mm). The predicted size-age relationship is in Table 6.6 and Figure 6.9. 
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Table 6.6. Predicted mean size (S(t)) of Turtle 
No. 6051363 using annual data . Sm = 903.3 
mm; So = 335.3 mm; τ = 1480.8 days. 

Mean Age (t) (d) Mean Size (S(t)) (mm) 
1 335.7 

400 469.8 
800 572.4 
1200 650.7 
1600 710.5 
2000 756.1 
2400 791.0 
2800 817.6 
3200 837.9 
3600 853.4 
4000 865.2 
4400 874.2 
4800 881.1 

 

 

 
Figure 6.9. Size (SCL) as a function of Age for Turtle No. 
6051363. Filled circles are the real data (Table 6.5) and 
crosses are the predicted values (Table 6.6).  

 

The residuals for Age and SCL derived from Method 2 are summarised in Table 6.7, and 

in Figures 6.10 and 6.11 respectively. The mean residuals for SCL were 2.1 + 5.4 mm 

(SD) (SE = 1.5 mm; range –11.8 to 6.7 mm; N = 13) and for Age were 14.1 + 33.7 days 

(SD)(SE = 9.4; range –32.2 to 96.3 days; N = 13), which were reduced relative to 

Method 1. However, they are still affected by the growth rate to mean size relationship 

not being truly linear and thus the size-age curve not really being a single, negative 

exponential. 
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Table 6.7. Real and predicted values of Age and SCL for Turtle No. 6051363 from 
Method 2. 

Real Age (days) 
Predicted 
Age (d) 

Residuals 
(d) 

Real SCL 
(mm) 

Predicted 
SCL (mm) 

Residuals 
(mm) 

1 -0.1 -1.1 335.3 335.7 0.4 
182 197.6 15.6 406.3 401.0 -5.3 
366 392.0 26 467.4 459.7 -7.7 
547 577.1 30.1 518.6 510.7 -7.9 
731 725.4 -5.6 555.3 556.6 1.3 
913 880.8 -32.2 590.0 596.7 6.7 
1097 1067.4 -29.6 627.1 632.5 5.4 
1278 1261.4 -16.6 661.0 663.7 2.7 
1462 1480.6 18.6 694.3 691.7 -2.6 
1643 1739.3 96.3 727.8 716.0 -11.8 
1827 1868.7 41.7 742.5 737.9 -4.6 
2008 2032.1 24.1 759.3 756.9 -2.4 
2192 2208.1 16.1 775.4 774.0 -1.4 

  

 

 
Figure 6.10. The distribution of SCL residuals from the 
size-age curve for Turtle No. 6051363 derived with 
Method 2. 
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Figure 6.11. The distribution of Age residuals from the 
size-age curve for Turtle No. 6051363 derived with 
Method 2. 

 
 

6.7.3 Method 3. Annual growth data with a multiple exponential model 

 

Although forcing a single exponential through the size-age relationship in Methods 1 

and 2 provides a reasonable approximation of the size-age relationship of this individual 

over the complete size range, and for many modeling purposes may be adequate, for the 

specific purposes of predicting age from size accurately, at a finer level of resolution, at 

any size, the prediction errors increase significantly over some size and age ranges [see 

Figures 6.5 and 6.6 (Method 1), and Figures 6.10 and 6.11 (Method 2). 

 

The difficulty lies in the real relationship between size and age in Turtle No. 6051363 

involving a series of different exponential curves. This same situation was described in 

E. imbricata from Cuba (Carrillo et al., 1998), it exists with crocodilians (Webb et al., 

1978, 1983), and may be the norm rather than the exception in long-lived reptiles with 

highly variable growth rates between individuals and over time. It indicates that no 

single exponential can model the relationship well enough to allow uniformly accurate 

prediction between size and age, over the whole size range. 

 

In this case, the growth rate to mean size relationship is better modeled by three 

regressions (Figure 6.12), which indicate the size-age relationship would be more 

accurately modeled by three intersecting negative exponentials. 
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Figure 6.12. The relationship between growth rate (SCLGR 

in mm/day) and mean SCL for Turtle No. 6051363, using 
annual growth data (Table 6.5). The three intersecting 
lines are the regressions of best fit for different parts of the 
relationship. 

 

To derive a multiple exponential model for predicting size from age, capable of 

predicting over the whole size range with equivalent accuracy, the following procedure 

was followed using a multiple regression model with 3 separate slopes: 

 

Stage 1. Three intersecting linear regressions were derived to better describe the linear 

relationships in different segments of the growth rate to mean SCL relationship 

(Figure 6.13). 

 

Regression 1  SCLGR = 0.813 – 0.001111702MSCL, r2 = 0.993, p<0.01 

Regression 2  SCLGR = 0.259 – 0.000109457MSCL, r2 = 0.790, p<0.05 

Regression 3 SCLGR = 1.230 – 0.001519339MSCL, r2 = 0.922, p<0.05 

 

Stage 2. The MSCL at the intersection point between Regressions 1 and 2 (Intersection 1 

= 552.9 mm) can be approximated by solving for MSCL when Regression 1 

equals Regression 2. 

 

Stage 3. Similarly, MSCL at the intersection point between Regressions 2 and 3 

(Intersection 2 = 688.7 mm) can be approximated by solving for MSCL when 

Regression 2 equals Regression 3. 
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Stage 4. In both cases, a formula for predicting the size (Smatch) (where the ages do not 

necessarily match) at the intersection points for any two regressions is: 

 

 Formula 6.5   Smatch = (τ2Sm1 - τ1Sm2)/(τ2 - τ1), where: 

 

Smatch   = SCL in mm where both growth rates match 

τ1         = time constant in days from the first regression 

Sm1      = Maximum size (Sm) from the first regression 

τ2         = time constant in days from the second regression 

Sm2      = Maximum size (Sm) from the second regression 

 

Stage 5. To calculate the value of So2 where there is a smooth transition from one size-

age curve to the next and where growth rates, sizes and ages (of the two 

regressions) match, the formula used is: 

 

Formula 6.6   So2 =  Sm2 – [(τ2(Sm2 - Sm1)/(τ2 - τ1)] x [((Sm1 – So1)/ (Sm2 – 

Sm1)) x ((τ2 - τ1)/ τ1)] 
τ1/τ2, where: 

 

So2   = Initial size of the second regression 

So1   = Initial size of the first regression 

τ1    = time constant in days from the first regression 

Sm1  = Maximum size (Sm) from the first regression 

τ2    = time constant in days from the second regression 

Sm2 = Maximum size (Sm) from the second regression 

 

Stage 6. Once the So2 has been derived, Formula 6.2 is used to calculate the predicted 

age for the second curve. 

 

Stage 7.The size-age curve for the first exponential was derived using the theoretical Sm 

(731.3 mm) and τ (899.5 days) derived from the Regression 1, and real So at 1 

January 1998 for Turtle No. 6051363 (335.3 mm)(Figure 6.13), and used to 

predict the Age (= 717.3 days) from the size at Intersection 1 (552.9 mm SCL). 
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Figure 6.13. The relationship between SCL and Age for 
Turtle No. 6051363 derived from three intersecting 
exponentials, using coefficients derived from the three 
regressions on Figure 6.13. Squares = original data; 
crosses = first curve; filled circles = second curve; plus 
signs = third curve. 

 
Stage 8. The coefficients for the second size-age curve (theoretical Sm = 2366.2 mm; τ 

=9136 days) are derived from Regression 2, and with the Size and Age at the 

intersection point known (688.7 mm and 1428.4days), formula 5.2 is solved for 

the theoretical So (404.8 mm), from which the second size-age curve is 

predicted (Figure 6.13). 

 

Stage 9. The size-age curve for the second exponential is used to predict the Age (= 

1428.4 days) from the size at Intersection 2 (688.7 mm SCL).  

 

Stage 10. The coefficients for the third size-age curve (real Sm = 809.6 mm; τ = 658.2 

days) are derived from Regression 3, and with the Size and Age at the second 

intersection point known (688.7. mm and 1428.4 days), formula 5.2 is solved 

for the theoretical So (-249.5 mm), from which the third size-age curve is 

predicted (Figure 6.13). 

 

With Method 3, the mean residual for SCL was –0.1 + 1.5 mm (SE = 0.4 mm), and for 

Age was -4.0 + 19.8 days (Se = 5.5 days). The distribution of residuals for SCL (Figure 

6.14) and Age (Figure 6.15) indicate some anomalies, including the last size-age 
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estimate, which was probably the start of another period of near linear growth (see 

Figure 6.12).  

 

Table 6.8. Real and predicted values of Age and SCL for Turtle No. 6051363 from 
Method 3. 

Real Age (days) 
Predicted 
Age (d) 

Residuals 
(d) 

Real SCL 
(mm) 

Predicted 
SCL (mm) 

Residuals 
(mm) 

1 0.0 -1.0 335.3 335.74 .4 
182 177.7 -4.3 406.3 407.84 1.5 
366 365.1 -.9 467.4 467.68 .3 
547 559.1 12.1 518.6 515.73 -2.9 
731 729.4 -1.6 555.3 555.61 .3 
913 906.1 -6.9 590.0 591.34 1.3 
1097 1099.0 2.0 627.1 626.72 -.4 
1278 1278.8 .8 661.0 660.85 -.1 
1462 1459.0 -3.0 694.3 694.85 .6 
1643 1643.9 .9 727.8 727.64 -.2 
1827 1816.0 -11.0 742.5 743.62 1.1 
2008 2005.6 -2.4 759.3 759.48 .2 
2192 2259.6 67.6 775.4 771.70 -3.7 

 

 
 

 
Figure 6.14. Residuals (in mm) plotted against Real Size 
(SCL in mm) for Turtle No. 6051363 while in captivity.  
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Figure 6.15. Residuals (in mm SCL) plotted against Real 
Age (days) for Turtle No. 6051363 while in captivity.  

 

When Methods 1, 2 and 3 are compared (Table 6.9) it is clear that Method 3 predicts the 

known size-age data more accurately than Method 2, which is itself a significant 

improvement on Method 1. In all cases, if the real age (since hatching) were required a 

correction would need to be added for the age of Turtle No. 6051363 when it was first 

introduced into captivity at 308.3 mm SCL. 

 
Table 6.9. Comparison of errors between Methods 1, 2 and 3 of predicting Size and Age 
of Turtle No. 6051363. ‘3*’ denotes excluding the last value of Size and Age from the 
calculations. 

Method Residual Mean Residual + SD SE Range N 
1 Size -5.2 + 5.9 mm 1.0 mm –4.4 – 19.9 mm 32 
2 Size 2.1 + 5.4 mm 1.5 mm –11.8 – 6.7 mm 13 
3 Size –0.1 + 1.5 mm 0.4 mm –3.7 – 1.5 mm 11 
1 Age -24.1 + 26.7 days 4.7 days –67.6 – 31.5 days 32 
2 Age 14.1 + 33.7 days 9.4 days –32.2 – 96.3 days 13 
3 Age -4.0 + 19.8 days 5.5 days –11.0 – 67.60 days 11 
3* Age -1.28 + 5.5 days 1.6 days -11.0 – 12.1 days 10 

 
 

6.8 Discussion 

 
The approaches taken by different researchers to assessing information on age and size 

in wild E. imbricata vary greatly [Bjorndal and Bolton (1988), Limpus (1992), Boulon 

(1994), Garduño and Marquez (1994), Carrillo et al. (1998), Prieto et al. (2001), Diez 

and van Dam (2002a), Mortimer et al. (2002)], partly because the aims of assessment 

vary. Most researchers are interested in the mean age at which females in particular start 
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nesting, given that the size and age at first nesting, and the mean size and age of nesting 

female E. imbricata vary geographically (CITES, 2002). 

 

Models have long been available for directly integrating mark-recapture information on 

changes in size over time into size-age curves (e.g. Fabens, 1965; Richards, et al., 1992), 

but they do not appear to handle situations well where growth rates and maximum sizes 

are both highly variable between individuals and where the relationship between growth 

rate and size is not linear. The assumption that the asymptote can be estimated from the 

largest individual in the population never applies in long-lived reptiles: the largest 

animals are often the ones with a history of the fastest growth (Webb et al., 1978).  

 

For the research conducted here, the ultimate aim is to test whether the pattern of colour 

on the shell plates can be used to estimate annual growth increments by reconstruction. 

If so, a series of annual growth increments would be potentially available over a wide 

range of sizes, providing detailed insights into the nature of the relationship between size 

and age over those size ranges.  It seems likely that the size-age relationship will rarely 

be modeled by a single exponential, and thus more accurate models will be required if 

equivalent predictive accuracy is sought over the whole size range. 

 

In this chapter a single animal with a known size-age relationship was used to 

demonstrate the improvements in predictive accuracy that come from tailoring the size-

age relationship to the growth rate to mean size relationship. This individual grew from 

308.3 mm SCL and 2.8 kg (2 September 1997) to 789.3 mm SCL and 53.19 kg (11 June 

2004), in 6.75 years. Yet the average prediction errors were quite small. With Method 1 

(small inventory intervals) the mean errors were -5.2 + 5.9 mm and -24.1 + 26.7 days. 

This constitutes a bias of  -5.2 mm SCL and -24.1 days, with variation (SD) of 5.9 mm 

and 26.7 days. Method 2 used annual growth rates integrating a complete summer and 

winter, rather than the shorter growth intervals defined by inventories. The prediction 

bias was reduced to +2.1 mm and +14.1 days, although the variation (SD) was similar (+ 

5.4 mm and + 33.7.7 days). In both cases, the variation reflects a fundamental error 

associated with assuming a linear relationship between growth rate and mean size, which 

is a precondition for a single negative exponential model of the size-age relationship. 
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These problems were largely overcome with Method 3, which constructed a composite 

size-age that matched the growth rate information. The prediction bias was reduced to -

0.1 mm and -1.28 days, with the variation (SD) reduced to 1.5 mm SCL and 5.5 days. 

When one considers that Turtle No. 6051363 increased 476 mm over 2460 days, these 

prediction errors are very small indeed and represent a significant advance over Methods 

1 and 2. 

 

The basic approach to assessing the relationship between growth, size and age described 

here, for a single, captive-raised E. imbricata, are the same ones applied later when 

assessing the degree to which the colour pattern can be used to estimate the relationship 

between size and age in both captive raised (Chapters 8 and 9) and wild E. imbricata 

(Chapters 10 and 11). 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
CHAPTER 7 
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CHAPTER 7: DERIVING COEFFICIENTS FOR SCALING GROWTH IN C1 

KERATIN PLATES TO GROWTH IN BODY SIZE 

 

If the colour pattern in the C1 keratin plates of E. imbricata has utility as a 

morphological age indicator, then that utility will ultimately depend on the precision and 

accuracy with which changes in the size of the C1 plate over time, as indicated by 

measurements made on the C1 colour pattern, can be used to predict changes in the body 

size. Straight carapace length (SCL) is used here as the basic index of body size. This 

requires mean coefficients (SCL:C1) to be derived for extrapolating growth increments 

in the C1 plate to growth increments in SCL, that can be used for both excised and in 

situ C1 plates in which different measurements are available. In excised plates, the full 

extent of the C1 plate is revealed and if the plate is in hand, measurements can be taken 

from both the dorsal and ventral surfaces, and on the ventral surface, the attachment line 

separating the imbricate parts is obvious. This is not necessarily possible in photographs 

of excised plates   

 

Given changes in C1 shape between individuals and with increasing size, and variation 

in the extent of imbrication due to both shape and erosion, it was considered likely that 

individual variation SCL:C1 coefficients would be improved by including measures 

from the C1 plates that account for these sources of variation.  

 

These issues are all examined here using captive-raised E. imbricata, and formulae are 

derived for predicting SCL:C1 coefficients. These formulae are used in later chapters 

(Chapters 8 to 11) that examine various aspects of the precision and accuracy with 

which the size-age curve can be predicted from the colour pattern. 

 



 180

7.1 Excised versus in situ shell plates 

 

From a practical viewpoint, there are two main states of C1 plate that can be used to 

derive age and size information. Firstly, disarticulated or excised C1 plates, in which the 

full extent of the plate can be seen and measured, and information gleaned from both the 

dorsal and ventral surfaces. Secondly, in situ C1 plates, still on living E. imbricata, 

where parts of the C1 plate are hidden by imbrication of adjoining plates. 

 

 
Plate 7.1. Ventral (left) and dorsal (right) views of the same two C1R plates of E. 
imbricata 393.5 mm SCL (upper) and 429.1 mm SCL (lower). Dashed line indicates the 
margin of attachment separating the imbricate edge. Dots indicate the line in which 
growth of the C1 plate is measured. 
 

In an excised C1 shell plate (Plate 7.1), the complete margins of the plate can be seen 

from dorsal or ventral views. From the ventral surface, the attachment line and extent of 

imbrication can be seen. This is not the case in any attached, intact, in situ shell plate, 

including the C1. Firstly, when in situ on living animals, part of most carapacial plates is 

covered by the imbricate extensions of adjoining plates (Plate 7.2). Secondly, the 

attachment line and extent of imbrication, on the ventral surface of the plate, are hidden 

by the imbrication. 

 

On an in situ C1 plate, the growing edge next to the marginal plates (Plate 7.2) is neither 

imbricate nor hidden. An excised C1 plate has a slightly different anterior margin to an 
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in situ plate, because a very fine growing edge extends into the sulcus between the C1 

and Marginals 2 to 4, and can only be seen in disarticulated plates. Part of the medial 

side of an in situ C1 plate is hidden by lateral imbrication from the first vertebral plate. 

The amount of the medial side of the C1 hidden due to imbrication can be determined 

when the scutes are disarticulated, as this part of the scute is usually discoloured when 

compared to the rest of the scute. 

 

 
Plate 7.2. Dorsal view of in situ C1R keratin plates of 713.5 mm SCL (left) and 738.0 
mm SCL (right) E. imbricata. Dots indicate the line in which growth of the C1 plate is 
measured. Note that the orientation of colour patches from the earliest to last growth 
stages is not on the same, radiating, isometric lines.  
 

7.2 Measuring growth of C1 plates and SCL in captive-raised E. imbricata 

 

In excised or in situ C1 plates, growth was measured in a straight line from the anterior 

point of confluence of the C1, Vertebral 1 and Marginal 1 (Plates 7.1 and 7.2), to the 

posterior extent of the imbricate part of the C1. Based on the alignment of the colour 

patches, this line appears to be the one with the least changes in growth direction over 

time. Because the posterior imbricate edge can be eroded, growth of the C1 along this 

line, to any one point (say to the apex of a specific colour patch), was always measured 

from the anterior reference point (anterior dot on Plate 7.2) backwards, posteriorly 

across the plate: the measures were thus not compounded by erosion until the imbricate 

edge was reached. 

 

Given a C1 plate from an E. imbricata of known SCL (SCL2), with the C1 (C12) 

measure set at zero on the anterior reference point (Plates 7.1 and 7.2), it was possible to 

use the historical inventory photos and records to identify a point (say the start of a 

colour patch) that had been on the growing edge of the C1 at a previous inventory (C11) 
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where SCL was also known (SCL1). It was thus possible to quantify growth in SCL 

(SCL2- SCL1) and growth in C1 (C11- C12) and derive a coefficient between them (SCL 

growth increment/C1 growth increment). 

 

7.3 Variation in shape of the C1 

 

The SCL:C1 coefficients calculated in this way are normally distributed (see below) and 

thus for some purposes, mean values can be applied. However, some of the variability in 

the coefficients can be attributed to the shape of the C1 plate, and in some cases to 

changing shape with increasing size. So it is possible to improve the coefficients by 

accounting for these variables, on the basis of measurements taken on the excised C1, in 

situ C1 or from photographs of the C1.  

 

Hatchling C1 shell plates appear similar to each other in size and shape, but during 

growth, the shape of the C1 varies between individuals (Plates 7.1 and Plate 7.2). The 

cause of this variation was not examined in depth here, but in older juveniles it is at least 

partly related to the degree to which and timing of when the carapace becomes more 

dome-shaped.  

 

Growing E. imbricata are extending simultaneously, but at different rates relative to 

each other, in the anterior-posterior direction, the medial-lateral direction and the dorso-

ventral direction. Scutes such as the C1, become subject to all three competing growth 

torsions, and thus shape changes over time, by the plate being expanded during growth 

with new keratin being added at slightly different growth lines than the old keratin. 

These changes in the direction of growth can be seen in the changing orientation of 

pigment patches in larger keratin plates (Plate 7.2): the pattern does not simply continue 

radiating out along the exact same isometric growth lines, as occurs in smaller 

individuals (Plate 7.1). 

 

Variation in the extent of the imbricate edge is partly related to C1 shape: it cannot be 

totally explained by different levels of erosion of the imbricate edge (Plate 7.1). For 

example, within the captive-raising environment used here, and in the pelagic 

environment of wild E. imbricata juveniles, there is little opportunity to have their 
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imbricate edges eroded, even though small, fine bits may break off. Yet the imbricate 

edge is proportionally much greater in some individuals than in others subjected to the 

same environment  

 

7.4 Excised C1 plates: mean coefficients (SCL:C1ex)  

 

A sample of excised C1 plates from 52 E. imbricata, ranging from 197 to 812 mm SCL 

[mean = 489.8 + 170.4 mm SCL (SD; Figure 7.1)], with known growth rates, 

accumulated over 10 years, was assembled. 

 

 
Figure 7.1. Size distribution (final size) of E. imbricata 
used to derive SCL:C1ex coefficients based on growth 
history of SCL and C1. 

 

The mean SCL:C1ex across the whole sample (N = 52) was 3.54 + 0.073 [SE; SD = 

0.524: range 2.46 to 4.65)(Figure 7.2). 
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Figure 7.2. Distribution of SCL:C1ex coefficients for 
excised C1 keratin plates of captive-raised E. imbricata. 

 

7.5 Excised C1 plates: improving the SCL:C1ex coefficient by addressing variation 

in shape 

 

A series of measurements (Plate 7.3) were taken on the excised shell plates (N = 52 

individuals), to determine whether part of the variation in the SCL:C1ex could be 

explained in a consistent fashion from indices of shape which could be measured on the 

excised plates. 
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Plate 7.3. Ventral surface of an excised E. imbricata C1 keratin plate demonstrating the 
location of the 6 reference points (1 to 6), and measurements examined (Aex-M). Dashed 
line marks the margin of imbrication.   
 

There were 3 main reference points (1 to 3) for these measurements, with maximum 

width (D) between points 1 and 3. The line at right angles to D that transects point 2 

establishes point 4 (on D), 5 (inner edge of imbrication) and 6 (outer edge of 

imbrication) along the same vertical line. All measurements were straight-line 

measurements with the exception of D and J, in which both straight and curved 

measurements were taken.  

 

Given that the final formulae for predicting SCL:C1ex coefficient for excised C1 plates 

may have application in E. imbricata from different environments, with different 

potential levels of erosion, two sets of measurements were used for the analyses. Those 

that included the "imbrication" in them, and those that did not.  

 

7.5.1 With imbrication 

 

Of the measurements and ratios tested, the one explaining the most variation in 

SCL:C1ex coefficient for excised plates (N = 52) was the ratio of H/I (see Plate 

7.3)(Figure 7.3). This is not surprising, because ‘H’ expresses the width of the medial 



 186

part of the C1, which appears to become more extended relative to the lateral part of the 

C1 in bigger animals while ‘I’ expresses the medial length of the C1 plate. The degree to 

which additional remaining residual variation could be explained by other variables, 

both single measurements and ratios, was examined, but none even approached 

statistical significance. Accordingly, the best model is a linear one: 

 

Formula 7.1 SCL:C1ex = 1.41 + 1.301 H/I + 0.448 (SEE) 

 r2 = 0.284; p <0.0001, where 

H/I = ratio of width of the medial part of the C1 over depth (Plate 7.3). 

 

 
Figure 7.3. The relationship between the SCL:C1ex 
coefficient for excised plates and ratio H/I, which includes 
(in I) a measurement of the imbricate part of the C1. Line 
indicates significant linear regression relationship 
(Formula 7.1).  

 

In the event that only photographs of excised plates were available, the best model for 

predicting SCL:C1ex from measurements that include the imbricate edge but do not 

allow the extent of imbrication to be measured (because the attachment line does not 

show on the photos) is also a linear one: 

 

Formula 7.2 SCL:C1ex = 4.09 – 0.0098I + 0.483 (SEE) 

 r2 = 0.167; p = 0.0027, where 

I = depth of the medial part of the C1 to the posterior margin (Plate 7.3) 
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Figure 7.4. The relationship between the SCL:C1ex 
coefficient for excised plates and measurement I, which 
includes the imbricate part of the C1. Line indicates 
significant linear regression relationship (Formula 7.2). 

 

7.5.2 Without imbrication 

 

When the above analysis was repeated using only measurements that avoided the 

imbricate edge (Plate 7.3), the variable explaining the most variation in the SCL:C1ex 

coefficient for excised plates (N = 52) was the ratio F/K (see Plate 7.3)(Figure 7.5). This 

variable also expresses width of the medial part of the C1 plate and the general length of 

the C1 plate. Again, none of the remaining residual variation could be explained by any 

of the other variables. So the best model for predicting SCL:C1ex from measurements on 

an excised C1 plate that do not include the imbricate edge is a linear one: 

 

Formula 7.3 SCL:C1ex = 1.77 + 2.317F/K + 0.483 (SEE) 

 r2 = 0.168; p = 0.0025, where 

F/K = ratio of width to length of the medial part of the C1 (Plate 7.3) 
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Figure 7.5. The relationship between the SCL:C1ex 
coefficient for excised plates and ratio F/K, which does not 
include measurement of the imbricate part of the C1. Line 
indicates significant linear regression relationship 
(Formula 7.3). 

 

If the amount of imbrication cannot be determined with confidence, the best model to 

predict SCL:C1ex from measurements on an excised C1 plate is: 

 

Formula 7.4 SCL:C1ex = 1.06 + 2.889D/E + 0.483 (SEE) 

 r2 = 0.168; p = 0.0025, where 

D/E = ratio of width of the medial part of the C1 (Plate 7.3) 

 

 
Figure 7.6. The relationship between the SCL:C1ex 
coefficient for excised plates and ratio D/E, which does not 
include measurement of the imbricate part of the C1. Line 
indicates significant linear regression relationship 
(Formula 7.4). 
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7.5.3 Estimating SCL from measurements of the C1 plate 

 

If attempting to reconstruct the growth history of an E. imbricata, when only an excised 

C1 plate is available, the starting point is to estimate the size of the E. imbricata from 

which the plate was derived. The predictive relationships described in Annex 2 have 

utility here, but the C1 measurements come from in situ rather than excised plates, and 

from a restricted size range (the animals raised in this study). 

 

Measurements taken from a larger sample of excised plates were used to quantify which 

measurements, singularly or in combination, were the best predictors of the SCL of the 

animal from which the plate was derived. The multiple regression model explaining the 

most variation when predicting SCL was one using measurements D and L on the C1: 

 

Formula 7.5 SCL = 18.99 + 2.443D + 2.598L + 23.1 (SEE) 

r2 = 0.982; p <0.0001, where 

D = the length of the medial part of the C1 in mm (Plate 7.3), and  

L = the imbricate part of the C1 in mm (Plate 7.3) 

 

In the specific case where only limited measurements are available from photographs of 

excised plates, but where the full extent of imbrication can be seen, the best model for 

predicting SCL is: 

 

Formula 7.6 SCL = 56.15 + 4.020J + 25.0 (SEE) 

r2 = 0.979; p <0.0001, where 

J = the depth of the C1 in mm (Plate 7.3) 

 

In cases where the extent of erosion of the imbricate edge may be highly variable, and 

where it cannot be discerned, for example when assessing photographs of C1 plates from 

the wild population of E. imbricata in Cuba (Chapter 11), predicting SCL from C1 

measurements that avoid the imbricate edge altogether is desirable. The best predictive 

formulae involved measurement D and ratio B/F (Plate 7.3), but there was a significant 

increase in variation associated with increasing size (Figure 7.7), that reflects the 
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transition from a reasonably flat carapace to one much more domed in individuals 

greater than 500 mm SCL. 

 

 
Figure 7.7. Residuals from the regression predicting SCL 
from Measurement D in E. imbricata exceeding SCL 500 
mm show a change in shape from flat-like to dome-like. 

 

To align prediction errors more closely with the real variation, two separate formulae 

were derived, one each for E. imbricata less than and greater than 500 mm SCL where 

the measurement D averaged 160 mm (Formulae 7.7 and 7.8 respectively): 

 

Formula 7.7 SCL = -4.28 + 2.888D + 15.808B/F + 10.9 (SEE) (for SCL <500 mm) 

r2 = 0.982; p <0.0001, where 

D = the length of the medial part of the C1 in mm where values do not 

exceed 160 mm (Plate 7.3), and  

B/F = the ratio of width over depth of the medial part of the C1 in mm 

(Plate 7.3) 

 

Formula 7.8 SCL = -159.92 + 2.044D + 289.223B/F + 22.2 (SEE) (for SCL >500 mm) 

r2 = 0.923; p <0.0001, where 

D = the length of the medial part of the C1 in mm where values exceed 

160 mm (Plate 7.3), and  

B/F = the ratio of width over depth of the medial part of the C1 in mm 

(Plate 7.3) 
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7.5.4 Shrinkage in excised plates 

 

When attempting to reconstruct the history of growth, from an excised, dry C1 plate, 

there may be instances where shrinkage of dried plates has occurred. To determine 

whether this was so, a sample of excised C1 E. imbricata plates (N = 30) was assembled 

for which there were in situ measurements of the C1 plate prior to them being separated 

by water maceration and dried. Measurement B in the in situ plate (Plate 7.4) was 

compared with measurement B on the excised and dry plate, and the difference 

expressed as percentage of change (shrinkage). 

 

The linear regression predicting percentage of shrinkage in Measurement B (Plate 7.4), 

in excised C1 plates, was: 

 

Formula 7.9 %ShrinkageC1  = 0.78 + 0.007566SCL + 1.24 (SEE) 

 r2 = 0.515; p <0.0001, where 

SCL = total straight carapace length in mm (Figure A2.3) 

 

 
Figure 7.8. The relationship between measurement B 
(Plate 7.4) as recorded in situ and from excised, C1 plates, 
expressed as a percentage of change (shrinkage), as a 
function of SCL. Line indicates significant linear 
regression relationship (Formula 7.9) 
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7.6. In situ C1 plates: Mean coefficients (SCL:C1is)  

 

A sample of measurements of in situ C1 plates from 52 E. imbricata, ranging from 197.0 

to 812.0 mm SCL [mean = 507.6 + 183.4 mm SCL (SD; Figure 7.9)], with known 

growth rates, accumulated over 10 years, was assembled. Within this data set were few 

individuals in the 500 to 600 mm SCL size class, which was too large for animals raised 

here, and too small for live animals maintained by WMI. 

 

 
Figure 7.9. Size distribution (final size) of E. imbricata 
used to derive SCL:C1is coefficients based on growth 
history of SCL and C1. 

 

The mean SCL:C1is across the whole sample (N = 52) was 3.38 + 0.065 [SE; SD = 

0.469; range 2.46 to 4.46) (Figure 7.10). 
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Figure 7.10. Distribution of SCL:C1is coefficients for in 
situ C1 keratin plates of captive raised E. imbricata. 

 

7.7 In situ C1 plates: improving the SCL:C1is coefficient by addressing variation in 

shape 

 

A series of measurements (Plate 7.4) were routinely taken on the in situ shell plates of E. 

imbricata to provide an index of C1 size and shape (see Annex 2 on Morphometrics).  
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Plate 7.4. In situ C1 keratin plate of E. imbricata demonstrating the 
location of the 5 reference points (1 to 5) and three (3) measurements 
(A, B and C) routinely taken during inventories.  

 

There were 5 main reference points (1 to 5) for these measurements:  

1.  The medial confluence of Vertebral 1, Costal 1 and Marginal 2. 

2. The confluence of Costal 1 and the suture between Marginals 3 and 4. 

3.  The posterio-lateral margin of the C1 (where the C1 is slightly imbricate). 

4.  The posterior margin of the main site of C1 imbrication on the posterior side. 

5.   The most posterior point on the medial edge of the C1 that abuts the lateral 

margin of Vertebral 1.  

 

Measurements taken between these reference points are basically two measurements of 

C1 width (A and C) and one measurement of C1 depth (B). However, all are influenced 

by imbrication of the C1 itself or by imbrication of the Vertebral 1 plate. As a 

consequence, only measurements involving imbrication could be assessed. 

 

With live animals, in which in situ measurements of the C1 can be taken, SCL is also 

often known. So the dimensions of the C1 (A, B and C on Plate 7.4) relative to SCL 
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were tested as an additional set of variables.  Of the measurements and ratios tested, the 

one explaining the most variation in SCL:C1is coefficients for in situ C1 plates (N = 52) 

was the ratio of B/SCL (see Plate 7.4, Figure 7.11). This ratio fundamentally also 

expresses the relative depth of the C1 plate to the total straight carapace length of the 

turtle. The degree to which additional remaining residual variation could be explained by 

other C1 variables, both as single measurements and ratios of each other, was examined 

but none explained any of the additional remaining variation. The best model was thus a 

linear one: 

 

Formula 7.10  SCL:C1is = 7.04 - 16.342B/SCL +  0.36 (SEE) 

r2 = 0.424 ; p <0.0001, where  

B/SCL = ratio of depth of the C1 plate to the total length of the 

turtle (Plate 7.4) 

 

  

 
Figure 7.11. Relationship between the SCL:C1is 
coefficient for in situ plates and ratio B/SCL.  Line 
indicates significant linear regression relationship 
(Formula 7.10).  

 

When SCL is not available, a linear regression (Figure 7.12) using ratio B/C can also be 

used to predict the SCL:C1is coefficient for in situ plates: 

 

Formula 7.11  SCL:C1is = 7.83 - 5.167B/C +  0.38 (SEE) 

r2 = 0.345 ; p <0.0001, where  

B/C = ratio of depth to the lateral width of the C1 plate (Plate 7.4) 
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Figure 7.12. Relationship between the SCL:C1is 
coefficient for in situ plates and ratio B/C.  Line indicates 
significant linear regression relationship (Formula 7.11). 

 

7.8 Summary 

 

The means and variances for the separate mean coefficients (SCL:C1) relating growth of 

SCL to growth of C1, derived for the samples of excised plates [SCL:C1ex = 3.54 + 

0.073 (SE), N = 52] and in situ measurements [SCL:C1is = 3.38 + 0.065 (SE), N = 52] 

were not significantly different from each other [Means: t-test, t-value = 1.634, p = 

0.1053; N = 104; Variance: F-test, F-value = 1.246, p = 0.4342; N = 104]. The 

measurements of C1 and SCL growth are the same in excised and in situ plates, with the 

slight differences reflecting different animals in each of the samples. Altogether, 78 

different E. imbricata were used in the two data sets and the combined mean coefficient 

was 3.516 + 0.059 (SE) (SD = 0.504; range 2.47 to 4.66). 

 

The mean coefficients derived for SCL:C1ex, SCL:C1ex and the combined sample (N = 

78) are summarised in Table 7.1, along with the formulae that can be used to predict 

more accurate coefficients, from measurements taken from either excised or in situ C1 

plates. 
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Table 7.1. Summary of formulae derived in Chapter 7 for predicting SCL and SCL:C1 
coefficients under different conditions explained in the text. 

Plates Factor  
Excised Mean SCL:C1ex 3.54 + 0.073 (SE)  

(SD = 0.524; range 2.46 to 4.65; N = 52). 
Excised 

Formulae 7.1 
SCL:C1ex All imbrication 
measurements available 

SCL:C1ex = 1.41 +1.301H/I + 0.448 (SEE) 
(r2 = 0.284; p <0.0001; N = 52) 

Excised 
Formula 7.2 

SCL:C1ex imbrication edge 
included but not details of 
the extent of imbricate 
part 

SCL:C1ex = 4.09 – 0.0098I + 0.483 (SEE) 
(r2 = 0.167; p = 0.0027; N = 52) 

Excised 
Formula 7.3 

SCL:C1ex All imbrication 
measurements available, 
but the imbricate edge not 
used 

SCL:C1ex = 1.77 + 2.317F/K + 0.483 (SEE) 
(r2 = 0.168; p = 0.0025; N = 52) 

Excised 
Formulae 7.4 

SCL:C1ex All imbrication 
measurements available, 
but the none involving the 
imbricate edge are used 

SCL:C1ex = 1.06 + 2.889D/E + 0.483 (SEE) 
(r2 = 0.168; p = 0.0025; N = 52) 

Excised 
Formula 7.5 

SCL All imbrication 
measurements available 

SCL = 18.99 + 2.443D + 2.598L + 23.1 (SEE) 
(r2 = 0.982; p <0.0001; N = 52) 

Excised 
Formula 7.6 

SCL imbrication edge 
included but not details of 
the extent of imbricate 
part. 

SCL = 56.15 + 4.020J + 25.0 (SEE) 
(r2 = 0.979; p <0.0001; N = 52) 

Excised 
Formula 7.7 

SCL no measurements 
involving imbrication (D< 
160 mm; SCL < 500 mm) 

SCL = 4.28 + 2.888D + 15.808B/F + 10.9 (SEE) 
(r2 = 0.982; p <0.0001; N = 29) 

Excised 
Formula 7.8 

SCL no measurements 
involving imbrication 
(D>160 mm; SCL > 500 
mm) 

SCL = -159.92 + 2.044D + 289.223B/F + 22.2 
(SEE) 
(r2 = 0.923; p <0.0001; N = 23) 

Excised 
Formula 7.9 

Estimating % shrinkage in 
excised and dried C1 plates 

%ShrinkageC1 = 0. 78 + 0.007566SCL + 1.24 
(SEE) 
(r2 = 0.515; p <0.0001; N = 30) 

In situ Mean SCL:C1is 3.38 + 0.065 (SE)  
(SD = 0.469; range 2.46 to 4.46; N = 52). 

In situ 
Formula 7.10 

SCL:C1is including known 
SCL 

SCL:C1is = 7.04 - 16.342B/SCL + 0.36  (SEE) 
(r2 = 0.424 ; p<0.001; N = 52) 

In situ 
Formula 7.11 

SCL:C1is not including 
known SCL 

SCL:C1is = 7.83 - 5.167B/C + 0.384 (SEE) 
(r2 = 0.345; p <0.0001; N = 52) 

Combined 
Excised & in 

situ 

Mean SCL:C1 3.516 + 0.059 (SE)  
(SD = 0.504; range 2.47 to 4.66; N = 78). 

 

7.9 Discussion 

 

The ability to use the colour pattern on the C1 shell plate as a morphological age 

indicator depends on the ability to relate growth increments in the C1 plate to growth 

increments in body size. Mean SCL:C1 coefficients which allow this to be done are 

derived here.  
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Variation in the SCL:C1 coefficients due to changes in C1 shape were apparent, and 

could be accounted for to some degree by morphometric ratios between measurements 

on excised and in situ C1 plates. That variation attributed to increasing size per se was 

mostly rendered insignificant by the use of ratios, indicates that the changing shape is 

itself a function of increasing size.  

 

In the case of excised C1 plates, the imbricate edge is a possible complicating factor. On 

the one hand the extent of imbrication is a function of C1 shape, and so the prediction of 

coefficients from measurements that include the imbricate edge can probably be 

justified, especially in juveniles. But on the other hand, erosion of the imbricate edge 

could vary between localities and substrates, adding error. This can only be resolved 

through additional work, so in the interim, formulae for predicting the coefficients are 

provided which use and do not use measurements involving the imbricate edge, at least 

with excised C1 plates. 

 

In the case of in situ C1 plates, all measurements taken here involved reference points 

that involve imbrication of either the C1 or adjoining plates, so imbrication cannot be 

completely ignored.  

 

The degree to which these coefficients and formulae, derived from captive-raised E. 

imbricata, apply to wild E. imbricata is not addressed separately here. However, insights 

are gained when the coefficients are used with scaled photos of the C1 plates of wild E. 

imbricata (see Chapters 10 and 11). 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
CHAPTER 8 
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CHAPTER 8: USING THE COLOUR PATTERN ON EXCISED C1 

KERATIN PLATES TO ESTIMATE THE SIZE-AGE RELATIONSHIP IN A 

POPULATION OF CAPTIVE-RAISED E. IMBRICATA 

 

8.1 Introduction 

 

Despite the size-age relationship being fundamental to understanding population 

dynamics, the relationship is difficult to quantify in long-lived reptiles in which 

growth rates vary greatly within individuals over time, between individuals and 

between different locations (Webb et al., 1978). It is usually impossible to measure 

the relationship directly, over long periods of time, in the same wild individuals 

despite some remarkable, long-term, mark-recapture studies (Webb et al., 1978, 

1983; Bjorndal and Bolten, 1988; Limpus, 1992; Boulon, 1994; Garduño and 

Marquez, 1994; Carrillo et al., 1998; Prieto et al., 2001; Diez and van Dam, 2002a; 

Mortimer et al., 2002). This difficulty would be partly overcome if morphological 

age indicators could be identified: measurable aspects of the morphology that 

change in a predictable fashion on an annual and/or seasonal basis.  

 

The primary colouration on the C1 keratin plates of E. imbricata, at least in larger 

captive animals exposed to the elements (see Chapter 5), is characterised by 

permanent bands of colour associated with consecutive winters. They have potential 

as a morphological age indicator, although supernumerary colour bands in juveniles, 

which can be formed between the winter bands, need to be accounted for. In 

captive-raised E. imbricata these supernumerary bands may in part be size-related 

with some bands forming automatically in younger animals as they start to grow 

(see Table 5.1 in Chapter 5). Changes in husbandry practice for example marked 

increases in salinity (see Table 3.6 in Chapter 3) may also lead to the forming of 

colour bands (see Section 5.8.2 in Chapter 5). The situation with supernumerary 

bands in wild E. imbricata is unclear but is discussed later (see Chapter 10). 

 

If the information on annual growth contained in C1 plates can be decoded, then the 

SCL:C1 coefficients (derived in Chapter 7) can be used to extrapolate annual 

changes in the C1 plate to annual changes in SCL, which can in turn be used to 

estimate the size-age relationship using the method described in Chapter 6. If the 

assessments are carried out purely on the number and disposition of colour bands 

(assuming in the first instance that all constitute winter bands), then corrections for 
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supernumerary bands in juveniles will be needed to adjust the size-age relationship 

and improve accuracy. 

 

Given the extreme geographic variation in growth rates in the wild (see Table 1.1 in 

Chapter 1), without any other information being available, size per se is a poor 

predictor of age. For example, an E. imbricata of 600 mm SCL from a fast growth 

area, such as Cuba, may be 5-6 years old, whereas the same sized individual from a 

slow growth area, such as the southern Great Barrier Reef, may be 20 to 30 years 

old. 

 

This chapter examines the precision and accuracy with which the size-age 

relationship in a population of captive-raised E. imbricata can be predicted from the 

information gleaned from a sample of excised C1 keratin plates. It quantifies biases 

associated with supernumerary bands in this captive-raised population, derives 

corrections to account for them (that are context specific - only apply to this 

population), and re-examines the size-age relationship. 

 

8.2 Sampling the captive population 

 

The captive population refers generally to captive E. imbricata raised while 

conducting this research (see Chapter 2) plus animals raised over the past ten years 

by WMI. A sample of 50 C1 plates were assembled and deemed to represent a 

random sample from a single population. The real sizes (Figure 8.1) [581.7 mm 

SCL + 19.8 (SE), range = 273.2 to 812.0] and ages (Figure 8.2) [5.0 years + 0.4 

(SE), range = 1.7 to 9.1] of the 50 individuals were known, as was the real 

relationship between size and age in those individuals (Figure 8.3).  
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Figure 8.1. Size frequency histogram of 50 captive-
raised E. imbricata for which excised C1 plates 
were available. 

 

 
Figure 8.2. Age structure of 50 captive-raised E. 
imbricata for which excised C1 plates were 
available. 

 

 
Figure 8.3. Relationship between size and age for 
50 captive-raised E. imbricata for which excised C1 
plates were available. 
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8.3 Coefficients for predicting both SCL and the SCL:C1 coefficients from 

excised C1 plates 

 

The trial carried out here involved simulating a situation in which the size-age 

relationship of a population was being estimated from a sample of excised C1 

plates, where the size of the E. imbricata from which they had been derived was 

unknown. Accordingly, SCL at the time of death needed to be predicted from the 

dimensions of the C1 plate (using formula 7.3) that required measurements (D and L 

on Plate 7.3) to be taken on each C1 plate (see Section 7.5.3) 

 

Based on the analyses in Chapter 7 (see Table 7.1 in Section 7.8), there were three 

potential coefficients that could be used for extrapolating absolute growth in the C1 

plate to linear growth in SCL: (1) the mean SCL:C1ex; (2) an SCL:C1ex adjusted for 

C1 shape using measurements that included the imbricate part of the C1 plate; or (3) 

excluded the imbricate part of the C1 plate.  

 

The SCL:C1ex coefficient which explained the most variation (28.4%; Table 7.1) 

was that in which the shape of the C1 plate was taken into account, using 

measurements that included the imbricate edge. This coefficient was used here and 

it required measurements (H and I on Plate 7.3) to be taken on each of the 50 

excised C1 plates specifically for estimating the SCL:C1ex. 

 

8.4 Measuring growth based on colour bands on excised C1 plates 

 

The procedures for identifying and measuring the colour bands on C1 plates 

generally follow those described previously (see Chapter 5; Plates 5.15 and 5.16). 

The line of measurement was that shown on Plate 8.1, which is the straight-line 

distance between the point of confluence of the Costal 1, Vertebral 1 and Marginal 2 

and the posterior extent of the C1. As explained previously (see Chapter 5), given 

the zigzag nature of the colour bands, the point along that line where a band is 

deemed to start is a judgement made by integrating information on the pattern on 

either side of the measurement line. 
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Plate 8.1. Excised right C1 keratin plate of E. imbricata (457 mm SCL) showing the 
axis for measurements (straight line), and the estimated starting points for each band 
(s to 6) of pigmentation used for taking measurements (dashed lines). 
 
The assessment procedure followed was thus: 

Step 1. Using the measurements H and I derived from the excised plate, a 

SCL:C1ex coefficient specific to each individual C1 plate was 

predicted using Formula 7.1. 

 

Step 2. Using measurements D and L, derived from the excised plate, the 

SCL of each individual from which a plate was derived was 

estimated using Formula 7.3 

 

Step 3. Given that the last colour band on the C1 growing edge is still being 

formed, and has no endpoint, the start point (S) on each plate was 

determined by examining the approximate position of the most recent 

row of colour patch apexes relative to the edge of the plate along the 

measurement line (see Plate 8.1). Given that patches are unevenly 

distributed across the growing edge, and often present as a zigzag 

pattern, this start point represents judgement based on integrating 

information on the colour pattern from either side of the 

measurement line. 

 



 204 

Step 4. The approximate locations of the apexes of dark bands are identified 

moving posteriorly across the shell, down the measurement line, 

taking into account colour patches on either side of the measurement 

line (Plate 8.2). 

 

Step 5. The straight-line distance from the edge of the C1 plate to the start 

line (s) and then from the edge to each successive line is measured 

with calipers. 

  

 
Plate 8.2 Left first costal scute of an 8-year-old turtle (Turtle No. 1561610, 723.6 
mm SCL) with colour bands (s to 9). The white lines mark the starting point of each 
band. The inset shows a close-up of the anterior edge of the scute (e) and starting 
points of colour bands ‘s’, 1 and 2. 
 
Step 6. Using the estimated SCL at the time of death (Step 2), the SCL:C1ex 

coefficient derived for each individual (Step 3) is used to calculate 

the SCL reduction needed to reach the start point (s), and then to 

reach each successive line moving posteriorly. 

 

Step 7. On the assumption that these colour bands fundamentally reflect 

annual growth (winter to winter - at this stage ignoring the fact that 

supernumerary bands are not annual), estimated growth increments 

are calculated and used to estimate both annual growth rate and the 
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mean SCL for each interval. An example of the results, for the C1 

plate shown in Plate 8.2 is in Table 8.1. 

 

Step 8. For preliminary analyses, growth rates derived from all individuals, 

over all mean SCLs, were grouped in 50 mm SCL size classes. 

 
Table 8.1. Assessment of nine growth increments from the C1 plate 
shown on Plate 8.2. All measurements and estimates are in mm. 

Real SCL  723.6 
D  259.0 
L  41.2 
H  134.4 
I  96.2 

Estimated SCL  758.8 
Estimated SCL:C1ex  3.23 

   
Location Distance on C1 plate Estimated SCL 

Anterior edge (e) 0 758.8 
s 1.1 755.2 
1 2.6 750.4 
2 7.9 733.3 
3 19.0 697.4 
4 38.9 633.2 
5 75.4 515.4 
6 94.2 454.7 
7 124.5 356.9 
8 153.6 263.0 
9 167.6 217.8 
   

Interval SCL Growth Mean SCL 
s – 1 4.84 752.8 
1 – 2 17.11 741.8 
2 – 3 35.83 715.3 
3 – 4 64.23 665.3 
4 – 5 117.81 574.3 
5 – 6 60.68 485.1 
6 – 7 97.80 405.8 
7 – 8 93.92 310.0 
8 – 9 45.19 240.4 

  
 

8.5 The real relationship between growth rate (mm SCL/day) and mean SCL 

(MSCL in mm) 

 

The real relationship between SCL and age at time of death was known for each of 

the 50 individuals from which the excised C1 plates were obtained (Figure 8.3), 

although the inventory history varied between individuals.  
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To obtain annual growth rates that could be compared with the values predicted 

from the C1 plates, SCL at one-year intervals tracking back from the SCL at death 

was calculated from the inventory data for each individual, assuming linear growth 

between inventories. For the sample of 50 individuals this gave 250  

couplets (annual growth rate versus Mean SCL) (Figure 8.4), that were further 

subdivided into mean growth rates for 50 mm categories of SCL (blue dots on Fig. 

8.4). 

 

 
Figure 8.4. The real relationship (red dots) between 
mean growth rate (over one year) and mean SCL for 
the 50 E. imbricata from which the excised plates 
were obtained. The mean values (blue dots) are GR 
means for 50 mm categories of MSCL. 
 
 

8.6 Comparing real and predicted growth rates without corrections for 

supernumerary bands 

  
The predicted relationship between mean growth rate and mean MSCL (in 50 mm 

categories of SCL) derived by applying steps 1 to 8 is compared with the real 

relationship derived from inventory data on Figure 8.5. The following conclusions 

can be drawn: 

 

1.  The possibility that the real “growth rate to mean SCL” relationship and that 

predicted from the C1 plates, come from the same population, over the 

complete size range, can be rejected [ANOVA: F(1, 601) = 100.087; p 

<0.0001] 

2. In E. imbricata up to 500 mm SCL, which are up to 2-3 years old (Figure 8.3) 

the difference is highly significant [ANOVA: F(1, 326) = 323.612; p <0.0001]. 
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This result was expected, because it reflects supernumerary bands, being 

treated as annual bands, and thus grossly underestimating real annual growth 

(see below).  

 

 
Figure 8.5. The real relationship (red) between mean growth rate and mean SCL for 
50 captive-raised E. imbricata, compared with the values predicted from assessing 
the colour pattern (blue). Horizontal lines are means, maximums and minimums and 
boxes are + 1 SE. Sample sizes are shown above the maximum line. 
 

3. For E. imbricata greater than 500 mm SCL, which represent captive E. 

imbricata from 2-3 years to 9 years of age, the possibility that the real and 

predicted values come from the same population can be accepted [ANOVA: 

F(1, 273) = 2.336; p = 0.1275]. That is, the colour bands derived from 

excised C1 keratin plates in captive-raised E. imbricata, provide an accurate 

measurement of the relationship between growth rate and mean SCL for E. 

imbricata between 500 mm and 850 mm SCL (2-3 to 9 years of age in this 

population). 
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Figure 8.6. The real relationship between mean 
growth rate and mean SCL for 50 captive-raised E. 
imbricata, modelled with two intersecting regression 
lines, versus the predicted relationship modelled with 
a single regression. 

 

4. If no information on supernumerary bands were available, and these growth 

rates were assumed to all be annual, then there is utility in determining the 

magnitude of prediction errors in a size-age curve that would be made. 

 

5. The relationship between the growth rate to mean size values derived from the 

C1 plates, without correction for supernumerary bands, were modelled by a 

single regression (Figure 8.6) and the real values by two intersecting 

regressions (Figure 8.6). Size-age curves derived from those relationships 

(Figure 8.7) were derived for both real and predicted values (using methods in 

Chapter 6) and the extent of prediction errors quantified. 

 

6. Without correction for supernumerary bands, there was an obvious 

underestimating bias when predicting size from age [mean across the complete 

age range = 166.2 + 54.8 mm SCL (SD)], and overestimating bias when 

predicting age from size [mean across the complete size range = 2.5 + 1.4 

years (SD)]. 
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Figure 8.7. The size-age curves for real and predicted 
measurements of growth (Figure 8.6) without any 
correction for supernumerary bands.  

 

In overview, the relationship between annual growth rate and mean size can be 

accurately estimated from the excised C1 plates in animals from 2-3 to 9 years of 

age (500 to 850 mm SCL), but the ability to translate this into an equally accurate 

estimate of the size-age relationship, is confounded by the inability to distinguish 

between winter and supernumerary bands in the younger animals, which in essence 

means an inability to predict the right the right age and size at 2-3 years. 

 

8.7 Corrections for supernumerary bands 

 

The degree to which supernumerary bands can be distinguished from winter bands 

in excised C1 plates derived from captive-raised E. imbricata has not been 

examined in depth. Perhaps there are characteristics that can be used for this 

purpose. If it is assumed that they do not exist here, then corrections for 

supernumerary bands, in the younger animals in the population, need to be derived, 

ideally independently. 

 

A sample of 31 E. imbricata raised in this study, with complete inventory data and 

C1 photographs, in which winter bands and supernumerary bands could be 

identified definitively, were examined. Some (N = 16) were from the sample of 52 

excised C1 plates and others (N = 15) had intact C1 plates. In the original sample of 

50 excised plates, detailed inventory photos from growth >500 mm SCL were not 

available and thus winter and supernumerary bands could not be distinguished. 
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Analysis of this sample (N = 31; Table 8.2) confirmed that in the captive population 

under study, if only known winter colour bands were used to assess annual growth 

from the C1 plates in E. imbricata less than 500 mm SCL, varying numbers of 

supernumerary bands needed to be combined. Furthermore, the effects of skipping 

the supernumerary bands were that the growth rate to mean size relationship 

predicted from the colour bands (winter:winter) more closely matched the real 

situation (Figure 8.8) [ANOVA: F(1, 5) = 0.416; p = 0.5474]. 

 
Table 8.2. The numbers of supernumerary bands in juvenile captive-raised E. 
imbricata that needed to be combined in order to estimate annual growth, as a 
function of mean size between winter bands. 

Size range N No. of bands combined   
(mm MSCL)  0 1 2 

400 – 499 5 60.0% (3) 40.0% (2) 0.0% (0) 
300 – 399 11 18.2% (2) 81.8% (9) 0.0% (0) 
200 – 299 28 0.0% (0) 64.3% (18) 35.7% (10) 
100 - 199 2 0.0% (0) 50.0% (1) 50.0% (1) 

 
  

 
Figure 8.8. The growth rate to mean SCL relationship 
in a sample of E. imbricata (N = 31), in which winter 
bands and supernumerary bands could be identified 
definitively, as determined by assessing all bands 
(winter plus supernumerary), only winter bands, and 
from real measurements. 

 

This assessment demonstrated: 

1.  In animals <500 mm SCL, if winter bands could be distinguished from 

supernumerary bands, they provide estimates of the relationship between mean 

growth rate and SCL that were not significantly different from the real, 

measured relationship. 
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2. The difference between growth estimates derived from all bands (the 

uncorrected predicted values) and those derived from both winter bands and 

real measurements varied with size (Figure 8.8). This reflects the number of 

supernumerary bands being highest in the smallest size classes and lowest in 

the ones approaching 500 mm SCL in this population (Table 8.2).  

 

3. The relationship between growth rate (GR in mm/day) and mean size (MSCL 

in mm) for the combined real measurements and winter bands, up to 500 mm 

SCL is linear (Figure 8.8): 

 

 Formula 8.1 GR =0.967 – 0.001791198 MSCL + 0.043 mm (SEE) 

   (r2 = 0.957; p = 0.0001; N = 7). 

 

4. The difference between the uncorrected estimates of growth rate  (winter plus 

supernumerary bands) (Figure 8.9) and the estimates predicted from Formula 

8.1 provides a direct measurement, specific to this population, and scaled to 

size, of the extent of the underestimating error involved in assessing bands of 

colour (winter and supernumerary) on the C1 plates. The correction (an 

addition of growth rate) derived from the sample of 31 is: 

 

Formula 8.2 CFSN (1) = 0.698 – 0.00145659 MSCL + 0.018 (SEE) 

  (r2 = 0.991; p = 0.0043; N = 4). 
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Figure 8.9. The population-specific underestimating 
error, incurred when estimating annual growth in E. 
imbricata up to 500 mm SCL (sample of N = 31), 
from colour bands on the C1 plate, without 
distinguishing between winter and supernumerary 
bands (to derive the addition of growth rate in 
Formula 8.2). 
 
 

 
Figure 8.10. The population-specific underestimating 
error derived from the sample of N = 31 (Figure 8.9) 
(blue dots), compared with the same relationship 
derived from the sample of 50 excised plates (Figure 
8.5) (red dots). (to derive the addition of growth rate in 
Formula 8.3). 
 

 

5. The relationship described in the subsample (N = 31), closely parallels that 

derived from assessing the overall difference between predicted and real 

growth rates (<500 mm MSCL) on Figure 8.5 (Figure 8.11) [ANOVA: F(1, 

9) = 0.101; p = 0.7580]. This supports the view that the majority of the error 

in the uncorrected size-age curves (Figure 8.7) reflects supernumerary bands.  



 213 

The formulae for predicting errors (additions) using all available information 

for this population (N = 31 plus N = 50 samples) (Figure 8.10) is:  

 

Formula 8.3    CFSN (2) = 0.661 – 0.001210126 MSCL + 0.056 (SEE) 

                    (r2 = 0.846; p <0.0001; N = 11). 

 

8.8 Comparing real and predicted growth rates with corrections for 

supernumerary bands 

 

The central aim of correcting for the supernumerary bands, is to obtain a more 

precise estimate of size and age of E. imbricata measuring <500 mm SCL (<2-3 

years of age), so that prediction errors in the relationship between size and age >500 

mm SCL (up to 850 mm SCL), which 2-3 to 9 years of age, can be significantly 

reduced.    

 

If the mean growth rates <500 mm MSCL predicted from colour bands on the 

excised C1 plates, for this population (Figure 8.5), are corrected on the basis of the 

mean error quantified for this population above (Section 8.6), then despite the 

circularity involved (see below), the growth rate to mean SCL relationship over the 

whole size range (corrected <500 mm SCL; uncorrected >500 mm SCL) matches 

the real values much more closely (Figure 8.11).  

 

 
Figure 8.11. The growth rate to mean size 
relationship derived by assessing excised C1 plates, 
and applying corrections (<500 mm SCL) using 
Formula 8.3. Dashed line is the relationship for the 
real measurements (Figure 8.6). 
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The size-age curves derived from using the corrected values (Figure 8.12), are far 

more similar to each other, which indicates that relative to the relationships depicted 

on Figure 8.7, without correction, the real age at 500 mm SCL has been predicted 

much more accurately. The coefficients and formulae for predicting size from age 

and age from size, for the two size-age curves in Figure 8.12 are in Table 8.3. 

 

 
Figure 8.12. Size-age relationships derived from 
growth rates (Figure 8.12) measured and estimated 
from colour bands with corrections for animals less 
than 500 mm MSCL.  

 

Table 8.3. Coefficients and formulae for predicting size from age and age from size 
for the two size-age relationships in Figure 8.12. 

Formula 6.1  S(t) = (Sm  – So)[1 –exp (-t/τ)] + So 
Formula 6.2  t = τln[(Sm–So)/(Sm–S(t))] 
Formula 6.6  So2 =  Sm2 – [(τ2(Sm2 - Sm1)/(τ2 - τ1)] x [((Sm1 

– So1)/ (Sm2 – Sm1)) x ((τ2 - τ1)/ τ1)] 
τ1/τ2 

Real SCL Sm1 622.7 
<478.2 mm ττττ1 677.6 

 So1 40 
>478.2 mm Sm2 814.5 

 ττττ2 1635.5 
 So2 215.5 

   
Predicted SCL Sm1 596.3 

<475.6 mm ττττ1 616.7 
 So1 40 

>475.6 mm Sm2 823.1 
 ττττ2 1781.6 

 So2 233.4 
 

 

The deviations or errors involved in predicting sizes and ages from size-age curves, 

derived from real measurements and measurements based on colour bands in the 

excised C1 plates, were greatly reduced with the when predicting size from age 
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across the complete age range, the mean error is 3.0 + 4.6 (SD) mm MSCL [with the 

uncorrected values it was 166.2 + 54.8 mm SCL] (Figure 8.13). When predicting 

age from size across the complete size range the mean error was –18.4 + 35.3 (SD) 

days [with the uncorrected values it was 2.5 + 1.4 years](Figure 8.14). Errors in age 

prediction were determined for SCL values not exceeding 750 mm, as most of the 

animals (N = 47) used in this analysis were smaller than 750 mm. 

 

 

 
Figure 8.13. Errors involved in predicting the mean 
SCL at different known ages from the size-age curve 
derived from excised C1 plates with corrections up to 
500 mm SCL. 

 

 
Figure 8.14. Errors involved in predicting the mean 
age at different known sizes (MSCL) from the size-
age curve derived from excised C1 plates with 
corrections up to 500 mm SCL. 
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8.9 Discussion 

 

The analyses presented above simulated a situation in which only excised C1 plates 

from a population of E. imbricata were available for examination: where there were 

no measurements of the size of the individuals from which the C1 plates were 

derived. The results confirmed that for individuals between 500 and 850 mm SCL, 

that the colour bands provided an accurate means of assessing the relationship 

between growth rate and size. The degree to which this could be converted to an 

equally accurate size-age curve was confounded by the inability to estimate the real 

age of the average animal at 500 mm SCL from growth information based purely on 

colour bands in animals <500 mm SCL. 

 

The existence of supernumerary bands results in significant underestimates of 

growth rate amongst these smaller size classes, which grossly inflates the age taken 

to reach 500 mm SCL. For example, the real mean age at 500 mm SCL can be 

calculated from Formula 6.1 as 2.9 years (2.9 years if the size-age curve derived 

from corrected growth rates based on colour bands was used). Without corrections 

(Figure 8.7), the estimated age at 500 mm SCL would be 6.4years. 

 

The approach taken to deriving corrections for this particular population was one 

that integrated the changing relationship between the number of supernumerary 

bands with increasing size and its direct effect on the size of the underestimating 

error. Combining all values to derive a correction factor (Formula 8.3) clearly 

involves a degree of circularity, but it also provides the best estimate of the 

corrections needed with this specific captive population. For example, the same 

corrections are used for correcting growth rates derived from assessing intact C1 

scutes from this population (Chapter 9), and can be used for any other analyses 

involving this population. 

 

Clearly, these correction factors are only relevant to this population, with its unique 

mix of winter and supernumerary bands among the smaller animals. For other 

populations, including wild populations, the existence of supernumerary bands and 

the ways in which they may need to be corrected will vary. This issue is examined 

more closely in Chapter 10. 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
CHAPTER 9 
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CHAPTER 9: USING THE COLOUR PATTERN ON IN SITU C1 KERATIN 

PLATES TO ESTIMATE THE SIZE-AGE RELATIONSHIP IN A 

POPULATION OF CAPTIVE-RAISED E. IMBRICATA 

 

9.1 Introduction 

 
In Chapter 8, the precision and accuracy with which the size-age relationship in a 

population of captive-raised E. imbricata could be predicted, from excised C1 keratin 

plates, without information on the size of the E. imbricata from which the plates 

came, was examined. The investigation confirmed that reasonably accurate and 

precise estimates of the size-age relationship were possible, but it required 

independent correction factors to account for supernumerary bands, which could not 

be distinguished from winter bands from the C1 plates themselves.   

 

The situation examined here simulates a different practical situation, often 

encountered in the field, using the same technique. Namely the capture and release of 

an individual E. imbricata, in which a scaled photograph of the C1 plate in situ can 

be taken, where SCL at the time the photo was taken is known, but where the 

previous growth history is unknown. 

 

9.2 The sample examined  

 

The sample examined consisted of 35 individuals drawn from the captive population, 

which included animals raised while conducting this research (see Chapter 2), and 

particularly those still in captivity up to October 2006, plus animals raised over the 

past 10 years by WMI that were still alive and/or had photos of the C1 plate 

available. The sizes (Figure 9.1) [606.9 mm SCL + 22.5 (SE), range = 407.4 to 

812.0] and ages (Figure 9.2) [5.9 years + 0.5 (SE), range = 2.5 to 9.9] of the 35 

individuals were known, as was the real relationship between size and age in those 

individuals (Figure 9.3), but for these analyses, only the known sizes were used.  
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Figure 9.1. Size frequency histogram of 35 captive-
raised E. imbricata for which scaled photos of the in 
situ C1 plates were available. 

 

 
Figure 9.2. Age structure of 35 captive-raised E. 
imbricata for which scaled photos of the in situ C1 
plates were available. 
 

 
Figure 9.3. The relationship between size and age for 35 
captive-raised E. imbricata for which scaled photos of the 
in situ C1 plates were available. 
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9.3 SCL:C1 coefficients for in situ C1 plates 

 

Based on the analyses in Chapter 7 (see Table 7.1 in Section 7.8), there were 3 

potential coefficients that could be used for extrapolating absolute growth in the C1 

plate to linear growth in SCL: (1) the mean SCL:C1is; (2) an SCL:C1is adjusted for 

C1 shape using measurements that included the imbricate part of the C1 plate with 

SCL; or (3) an SCL:C1is adjusted for C1 shape using measurements that included the 

imbricate part of the C1 without SCL. 

 

The SCL:C1is coefficient which explained the most variation (42.5%; Table 7.1) was 

that in which the shape of the C1 plate was taken into account, using measurements 

that included the imbricate edge and SCL. This coefficient was used here and it 

required measurements (B in Plate 7.4; and SCL in Figure 3.1) to be used. These 

were taken directly, at the time the photograph was taken. 

  

9.4 Measuring method for estimating growth based on colour bands of in situ 

C1 plates 

 

The same general procedure for identifying and measuring the colour bands on the 

photos of the C1 plates described in Chapter 8 was followed, along the same 

measurement line (Plate 9.1), with some variations.  
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Plate 9.1. Photograph of the in situ right C1 keratin plate of E. imbricata (713.5 mm 
SCL) showing the axis for measurements (straight line), the edge (e) of the 
measurement line, the starting point (s) for assessment, and the location of successive 
pigment bands identified (white lines). The inset in the top right corner shows a 10 
mm scale. 
 
The assessment procedure followed was thus: 

Step 1. Using the measurements B and SCL, measured directly on the animal 

at the time of inventory, an SCL:C1is coefficient specific to each 

individual was predicted using Formula 7.5. 

 

Step 2. The start point (s) on each photo was determined by examining the 

approximate position of the most recent row of colour patch apexes, 

relative to the edge of the plate, along the measurement line (see Plate 

9.1).  

 

Step 3. The locations of the apexes of dark bands are identified moving 

posteriorly across the shell, down the measurement line, taking into 

account colour patches on either side of the line (Plate 9.1). 

 

Step 4. The straight-line distance from the edge of the C1 plate to the start 

line (s), and then from the edge of the C1 plate to each successive line 

is measured with calipers on the photo. 
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Step 5. A correction for scaling measurements on the photo to real 

measurements was derived for each photo by comparing measurement 

C on the photo with the real measurement C; all photo measurements 

were corrected to real measurements. 

  

Step 6. Using the known SCL at the time the photo was taken and the 

SCL:C1is coefficient derived for each individual (Step 1), SCL 

reduction needed to reach the start point (s), and then to reach each 

successive band moving posteriorly were calculated. 

 

Step 7 Growth increments were calculated and used to estimate annual 

growth and the mean SCL for each interval, initially ignoring the 

supernumerary bands. An example of the results, for the in situ C1 

plate shown in Plate 9.1, is in Table 9.1. 

 
Table 9.1. Assessment of eight growth increments from the C1 plate 
shown on Plate 9.1. All measurements and estimates are in mm. 

Real SCL  713.5 
B  165.1 

Estimated SCL:C1is  3.26 
   

Location Distance on C1 plate Estimated SCL 
Anterior edge (e) 0 713.5 

s 1.2 708.7 
1 6.0 689.7 
2 16.3 648.7 
3 28.7 599.4 
4 48.7 520.0 
5 66.4 449.6 
6 91.6 349.5 
7 116.9 248.9 
8 134.9 177.4 
   

Interval SCL Growth Mean SCL 
s – 1 19.08 699.2 
1 – 2 40.93 669.2 
2 – 3 49.28 624.1 
3 – 4 79.48 559.7 
4 – 5 70.34 484.8 
5 – 6 100.15 399.5 
6 – 7 100.55 299.2 
7 – 8 71.54 213.1 
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9.5 The real relationship between growth rate (mm SCL/day) and mean SCL 

(MSCL in mm) 

 

The real relationship between SCL and age at time of death was known for each of 

the 35 individuals from which the photographs of the in situ C1 plates were obtained 

(Figure 9.3). To obtain annual growth rates that could be compared with the values 

predicted from the C1 plate photographs the same procedure in Chapter 8 was 

followed. SCL at one-year intervals, tracking back from the SCL when the 

photograph was taken, was determined from the inventory data assuming linear 

growth between inventories. For the sample of 35 individuals this gave 197 couplets 

(annual growth rate versus Mean SCL) (Figure 9.4), that were further subdivided into 

mean growth rates for 50 mm categories of SCL (blue dots on Figure 9.4). 

 

 

 
Figure 9.4. The real relationship (red dots) between 
mean growth rate (over one year) and mean SCL for the 
35 E. imbricata from which in situ C1 plate photos were 
assessed. The mean values (blue dots) are GR means for 
50 mm categories of MSCL. 

 
 

9.6 Comparing real and predicted growth rates  

  
The predicted relationship between mean growth rate and mean MSCL (in 50 mm 

categories of SCL), derived by applying steps 1 to 7, is compared with the real 

relationship derived from inventory data on Figure 9.5.  
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Figure 9.5. The real relationship (red) between mean growth rate and mean SCL for 
35 captive-raised E. imbricata, compared with the values predicted from assessing 
the colour pattern (blue). Horizontal lines are means, maximums and minimums and 
boxes are + 1 SE. Sample sizes are shown above the maximum line. 
 
 
As in Chapter 8, the results confirmed that growth was underestimated in E. 

imbricata <500 mm SCL, due to supernumerary bands. When the correction factors 

derived for accounting for supernumerary bands in this captive population were 

applied (Formula 8.3), the estimated growth rates for real and predicted 

measurements were not significantly different for animals <500 mm SCL [ANOVA: 

F(1, 11) = 0.427; p = 0.75269] or >500 mm SCL [ANOVA: F(1, 10) = 0.003; p = 

0.9596] (Figure 9.6). 
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Figure 9.6. The growth rate to mean size relationship 
derived by assessing photos of in situ C1 plates, and 
applying corrections (<500 mm SCL) using Formula 
8.3. Dashed line is the mean relationship for the real 
measurements (Figure 9.5). 

 

 

The size-age curves derived for real and predicted values, using the growth rate 

relationships (Figure 9.6), are in Figure 9.7. The coefficients and formulae are in 

Table 9.2.  

 

 

 
Figure 9.7. The size-age relationships derived from 
growth rates (Figure 9.6) measured and estimated from 
colour bands with corrections for animals <500 mm 
MSCL.  
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Table 9.2. Coefficients and formulae for predicting size from age and age from size 
for the two size-age relationships in Figure 9.7. 

Formula 6.1  S(t) = (Sm  – So)[1 –exp(-t/τ)] + So 
Formula 6.2  t = τln[(Sm–So)/(Sm–S(t))] 
Formula 6.6  So2 =  Sm2 – [(τ2(Sm2 - Sm1)/(τ2 - τ1)] x [((Sm1 

– So1)/(Sm2 – Sm1)) x ((τ2 - τ1)/ τ1)] 
τ1/τ2 

Real SCL Sm1 593.7 
<475.8 mm ττττ1 632.3 

 So1 40 
>475.8 mm Sm2 848.6 

 ττττ2 2011 
 So2 234.7 

   
Predicted SCL Sm1 596.3 

<475.5 mm ττττ1 581.7 
 So1 40 

>475.5 mm Sm2 820.5 
 ττττ2 1677.8 

 So2 234.7 
 

 

The deviations or errors involved in predicting sizes and ages from a size-age curve, 

derived ultimately from measurements of colour bands in photos of in situ C1 plates, 

were larger than those derived for excised plates (see Figures 8.14 and 8.15 in 

Chapter 8). When predicting size from age across the complete age range, the mean 

error was –15.5 + 5.1 mm MSCL (Figure 9.8). When predicting age from size across 

the complete size range the mean error was 73.7 + 61.4 days (Figure 9.9). 

 

 
Figure 9.8. Errors involved in predicting the mean SCL 
at different known ages from the size-age curve derived 
from assessing photos of in situ C1 plates with 
corrections up to 500 mm SCL. 
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Figure 9.9. Errors involved in predicting the mean age of 
different known sized individuals from the size-age curve 
derived from assessing photos of in situ C1 plates with 
corrections up to 500 mm SCL. 

 
 

9.7 Discussion 

 

The analyses presented above simulates a situation in which information of colour 

bands is derived from in situ C1 plates, or photographs of them, when the size of the 

individual is known but where measurements of the C1 plate are restricted to those 

that can be taken from the dorsal surface, and where imbrication restricts access to 

many of the points of reference that can be used with excised plates. The results 

confirm that for individuals between 500 and 850 mm SCL the colour bands still 

provide an accurate means of assessing the relationship between growth rate and 

size, as found in the excised C1 plates. Population specific corrections were needed 

to account for biases caused by the supernumerary bands, but they resulted in greatly 

improved accuracy in the size-age curve for animals <500 mm SCL.  

 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
CHAPTER 10 
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CHAPTER 10: USING THE COLOUR PATTERN ON IN SITU C1 KERATIN 

PLATES TO ESTIMATE THE SIZE-AGE RELATIONSHIP IN A WILD 

POPULATION OF E. IMBRICATA FROM THE BRITISH VIRGIN ISLANDS 

 

10.1 Introduction 

 
In Chapters 8 and 9, the precision and accuracy with which the size-age relationship 

could be predicted from the colour pattern on C1 keratin plates was examined using 

excised and in situ C1 plates, from a population of captive-raised E. imbricata, in 

which the real growth rates were known. Relative to most wild E. imbricata 

populations (see Chapter 1), the captive-raised population was characterised by fast 

growth rates. In addition, the raising environment induced supernumerary bands, 

which needed to be accounted for, in order to correct the size-age relationship in 

younger animals. 

 

In this chapter, the precision and accuracy with which the size-age relationship can 

be predicted from the colour pattern on in situ C1 keratin plates, in a wild population 

of E. imbricata, is examined. The population came from the British Virgin Islands 

(18° 4’N, 64° 20’ W) in the Caribbean, where a mark-recapture study is being 

conducted by the Marine Turtle Research Group (MTRG) headed by Drs. Annette 

Broderick and Brendan Godley from the University of Exeter, UK. They kindly 

provided me with photographs of the C1 plates, and gave me access to their 

information on the size and in some cases measured growth rates of the E. imbricata 

from which they came. 

 

10.2 Available data 

 

The sample consisted of scaled photographs of the C1 plates of 68 individual E. 

imbricata (Plate 10.1) in which the real size (SCL) at the time the photograph was 

taken was recorded. The mean size of animals photographed was 386 + 75 mm SCL 

(SD; N = 68) with a range from 271 to 661 mm SCL. It was thus heavily biased 

towards juveniles and may not have included any adults (Figure 10.1). 
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Plate 10.1. A sample of C1 plate photographs from wild E. imbricata, from the 
British Virgin Islands, with identification numbers and SCL. 
 

 
Figure 10.1. Size frequency histogram of the sample of 
British Virgin Islands E. imbricata (N = 68). 

 

Recapture data were available for 16 individuals, with the intervals between capture 

and recapture ranging from 3 to 360 days. Given the generally fast growth rates (see 

below) even small intervals between captures were assumed to result in real 

measurements of growth (relative to measurement error). A cut-off of 15 days was 
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applied, which in the average animal (386 mm SCL), at the average growth rate (0.25 

mm SCL/day), accounted for about a 1% increase in size. 

 

This filtering left 28 growth intervals (16 to 360 days) from 16 different individuals 

(Table 10.1). The general relationship between measured growth and the interval 

between captures (Figure 10.2) is consistent with even short intervals providing real 

measurements of growth. 
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Table 10.1. Details of the recaptured British Virgin Islands E. imbricata (N = 16 
individuals). Data kindly provided by the Marine Turtle Research Group (MTRG) 
(see Section 10.1). 

ID 
 

SCL  
(mm) 

Recapture 
Date 

Interval  
(days) 

Growth 
(mm) 

Growth Rate  
(mm SCL/day) 

MSCL 
(mm) 

A071 332 27 Nov 04     
A071 360 12 Jul 05 227 28 0.123 346.0 
A071 365 2 Aug 05 21 5 0.238 362.5 
A084 259 23 May 04     
A084 353 18 May 05 360 94 0.261 306.0 
A084 370 3 Aug 05 77 17 0.221 361.5 
A087 275 17 Feb 04     
A087 315 22 Sep 04 218 40 0.183 295.0 
A087 325 29 Nov 04 68 10 0.147 320.0 
A087 364 26 Jul 05 239 39 0.163 344.5 
A108 251 29 Feb 04     
A108 282 23 May 04 84 31 0.369 266.5 
A108 375 1 Mar 05 282 93 0.330 328.5 
A108 412 7 Jul 05 128 37 0.289 393.5 
A108 422 29 Aug 05 53 10 0.189 417.0 
A128 265 23 May 04     
A128 337 26 Nov 04 187 72 0.385 301.0 
A128 404 25 Jul 05 241 67 0.278 370.5 
A161 340 22 Sep 04     
A161 378 4 Aug 05 316 38 0.120 359.0 
A167 329 23 Sep 04     
A167 416 4 Aug 05 315 87 0.276 372.5 
A169 310 23 Sep 04     
A169 382 9 Jul 05 289 72 0.249 346.0 
A169 393 11 Aug 05 33 11 0.333 387.5 
A169 397 3 Sep 05 23 4 0.174 395.0 
A174 348 25 Sep 04     
A174 416 6 Aug 05 315 68 0.216 382.0 
A224 461 1 Mar 05     
A224 493 1 Aug 05 153 32 0.209 477.0 
A229 316 18 May 05     
A229 334 11 Jul 05 54 18 0.333 325.0 
A229 340 27 Jul 05 16 6 0.375 337.0 
A233 379 18 May 05     
A233 394 25 Jul 05 63 15 0.238 386.5 
A247 324 10 Jul 05     
A247 328 1 Aug 05 22 4 0.182 326.0 
A247 332 24 Aug 05 23 4 0.174 330.0 
A248 443 7 Jul 05     
A248 450 12 Aug 05 36 7 0.194 446.5 
A275 285 19 Jul 05     
A275 295 18 Aug 05 30 10 0.333 290.0 
A288 403 23 Jul 05     
A288 408 1 Sep 05 40 5 0.125 405.5 
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Figure 10.2. Linear growth (mm SCL) as a function 
of growth interval (in days) for wild E. imbricata 
from the British Virgin Islands. The results are 28 
records from 16 individuals. 
 

 
10.3 Raising environment in BVI 

 

The raising environment to which wild juvenile E. imbricata is exposed, since 

hatching, is unknown. Their whereabouts during the pelagic phase remains a 

mystery, and when they do appear in specific, shallow, inshore waters, there is still 

immigration and emigration between the different inshore locales (Nietschmann, 

1981; Limpus, 1992; van Dam and Diez, 1998). Fundamental to the approach taken 

here is that cool winter temperatures may be correlated with dark winter bands, as 

found in captivity and reported in wild E. imbricata by Kobayashi (2001). It thus 

seems reasonable to assume that most animals will have been exposed to the same 

general thermal cycling of sea surface temperatures (winter:summer), throughout 

their lives, and that these will affect both growth rates and colour banding. This 

raises another potential issue when comparing growth rates in wild animals that are 

measured through mark-recapture versus those predicted from assessing colour 

bands. Those predicted from one winter band to the next are assumed to be a true 

measurement of annual growth, whereas those taken from shorter intervals in the 

wild could be potentially biased by whether the growth interval was primarily in the 

warm or cool periods of the year.  

 

Sea surface temperatures in the British Virgin Islands [Information from 

NOAA_ERSST_V2 (data provided by the NOAA/OAR/ESRL PSD, Boulder, 

Colorado, USA, from their Web site at http://www.cdc.noaa.gov/)], over 59 years 

(1948 to 2006), indicate a reasonably complex cycling, with peak minimum 



 232 

temperatures in January and February and shoulders in December and March. 

However, there is a second cooler period in August (Figure 10.3). Peak summer 

temperatures are in May and June (Figures 10.3 and 10.4) with shoulders in April 

and July. 

 

 
Figure 10.3. Monthly mean sea surface temperatures in the British Virgin Islands 
over 59 years (1948 to 2006). Horizontal lines are mean of means, maximum means 
and minimum means: boxes are + 1 SD. 
 

 
Figure 10.4. Peak summer (May and June) and winter 
(January and February) mean sea surface temperatures in 
the British Virgin Islands (1948 to 2006). 
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10.4 Estimating annual growth of wild E. imbricata from colour bands on in situ 

C1 plates, using scaled photographs 

 

The same procedure for identifying and measuring the colour bands on the photos of 

the C1 plates described in Chapter 9 was followed here, in the following stages: 

 

Step 1. A correction factor for scaling measurements on each photograph to real 

measurements was derived using the scale included in each photograph. 

 

Step 2. Using the measurements of B on the in situ C1 plate [taken from the 

photographs (see Plate 7.4)] and SCL, measured directly in the field, an 

SCL:C1is coefficient specific to each individual E. imbricata was derived 

using Formula 7.5. These coefficients [mean = 3.07 + 0.045 (SE; N = 68; 

range 2.212 to 3.73)](Figure 10.5) were significantly smaller than the 

ones derived for the same sized captive-raised E. imbricata [mean = 3.38 

+ 0.065 (SE; N = 68; range 2.46 to 4.46)(t-test, t = 4.003, p = 0.0001)]. 

This is the opposite to what would be expected if the wild juveniles had 

more erosion at the imbricate edge, and it reflects in part fundamental 

differences in carapace shape. Over the size range 250-520 mm SCL [the 

size range used for the morphometric analysis in Chapter 3] the carapace 

width to length ratio for E. imbricata from the British Virgin Islands 

[0.737 + 0.002 (SE); N = 99] is similar but significantly smaller than for 

captive-raised counterparts from northern Australia [0.747 + 0.001 (SE); 

N = 1009] (t-value = 4.51; p<0.001).  
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Figure 10.5. SCL:C1is coefficients as a function of SCL 
(271 to 662 mm SCL) for E. imbricata from the British 
Virgin Islands compared with captive-raised E. 
imbricata from northern Australia. 
 
 

 
Figure 10.6. The ratio of straight carapace width to 
length (SCW:SCL) as a function of SCL, demonstrating 
a trend for E. imbricata from the British Virgin Islands 
to be narrower, with relatively longer keratin plates.  
 

Step 3. The start point (s) on each photo was determined by examining the 

approximate position of the most recent row of colour patch apexes, 

relative to the edge of the plate, along the measurement line (see Plate 

10.2).  
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Plate 10.2. Photograph of the in situ left C1 keratin plate of E. imbricata (403 mm 
SCL) showing the axis for measurements (straight line), the edge (e) of the 
measurement line, the starting point (s) for assessment, and the location of successive 
pigment bands identified (white lines).  

  
Step 4. The locations of the apexes of dark bands were identified moving 

posteriorly across the shell, down the measurement line, taking into 

account colour patches on either side of the line (Plate 10.2). 

 

Step 5. The straight-line distance from the edge of the C1 plate to the start line 

(s), and then from the edge of the C1 plate to each successive line was 

measured with calipers on the photograph and corrected to real 

measurements (Step 1). 

 

Step 6. Using the known SCL at the time the photo was taken and the SCL:C1is 

coefficient derived for each individual (Step 2), the SCL reduction needed 

to reach the start point (s), and then to reach each successive band moving 

posteriorly was calculated. 

 

Step 7 Growth increments in SCL were calculated and used to estimate growth 

rate (assuming 12 months between bands), and the mean SCL for each 

interval. An example of the results, for the in situ C1 plate shown in Plate 

10.2 is in Table 10.2. [The possibility of supernumerary bands was 

ignored at this stage].  
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Table 10.2. Assessment of eight growth increments from the C1 plate 
shown on Plate 10.2. All measurements and estimates are in mm. 

Real SCL  403.0 
B  86.3 

Estimated SCL:C1is  3.54 
   

Location Distance on C1 plate Estimated SCL 
Anterior edge (e) 0 403.0 

s 6.0 386.8 
1 28.5 326.0 
2 57.0 249.0 
3 89.9 160.1 
   

Interval SCL Growth Mean SCL 
s – 1 60.8 356.4 
1 – 2 77.0 287.5 
2 – 3 88.9 204.6 

  
 

10.5 The relationship between growth rate (mm SCL/day) and mean SCL 

(MSCL in mm) determined by mark-recapture 

 

Measured growth in 16 wild individuals, sometimes re-caught multiple times, gave 

28 couplets of growth rate versus Mean SCL, over periods ranging from 16 to 360 

days (Table 10.1).  

 

 
Figure 10.7. Measured growth rate as a function of 
mean SCL between recaptures (N = 28) derived from 16 
wild E. imbricata in the British Virgin Islands (red 
dots). Mean values (blue dots) are for 50 mm categories 
of MSCL. The line is the non-significant linear 
regression relationship (N = 28). 
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The relationship (Figure 10.7) was highly variable within the restricted size range, 

with mean SCL explaining 13% of the variation on the margin of significance (p = 

0.059). Although high individual variation in growth rates is commonplace in wild E. 

imbricata populations (Limpus, 1992; Diez and van Dam, 2002a), it was considered 

possible that some of the variation could be attributable to short intervals between 

captures per se: real growth versus measurement error.  However, days between 

captures, as a variable, explained little of the remaining residual variation (r2 = 0.01; p 

= 0.65).  

 

It was also considered possible that some of the variation could be attributed to 

whether the recapture interval spanned the warm or cool periods of the year. To 

examine this, the mean monthly sea temperatures (Figure 10.3) were used to calculate 

a sea temperature index for each growth interval. This index explained 9% of the 

residual variation, but was not significant (p = 0.11). The mean temperature index for 

all growth intervals [27.18°C + 0.11 (SE); N = 28] was slightly higher than the mean 

annual temperature over twelve months [26.92°C + 0.04 (SE); N = 59], indicating that 

the growth intervals were from periods of the year with slightly higher sea 

temperatures (t = 2.71; p = 0.008). 

 

As this study continues in the British Virgin Islands, with larger sample sizes, over a 

larger size range of E. imbricata, the degree to which variation in growth rates can be 

explained by size and season should be resolved. For the purposes of the present 

study, restricted to growth records from 16 individuals, no further attempt to explain 

the variation in the measured growth rates was made.  

 
 

10.6 Comparing measured growth rates with growth rates estimated from the 

colour pattern 

  
The relationship between mean growth rate and mean MSCL, derived from the 

colour pattern (steps 1 to 7 above), is compared with the relationship derived from 

inventory data on Figure 10.7. Despite the limited size range, the general result is not 

dissimilar to that found with captive animals (see Figure 9.5). The following 

observations are considered important: 

 

1.  Notwithstanding errors in estimated growth rates, use of the colour 

pattern on all animals caught can potentially provide more information on 
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growth than is available from recaptures alone. It extends estimates for 

larger animals, builds sample sizes for intermediate-sized animals, and 

provides new insights into growth of E. imbricata during the pelagic 

phase (below 200 mm SCL). 

 

2.  The possibility that the two samples (measured and predicted), over the 

whole size range, come from the same population can be rejected 

[ANOVA: F(1, 225) = 13.07; p = 0.0004]. As with the captive animals, 

this is largely due to assessment of the colour bands underestimating 

growth in the younger animals. With E. imbricata >267 mm SCL the 

possibility that the two samples come from the same population can be 

accepted  [ANOVA: F(1, 103) = 3.43; p = 0.06]. It is thus assumed here 

that in the larger E. imbricata annual growth rate estimates derived from 

the colour pattern are reasonably accurate. 

 

 
Figure 10.8. The measured relationship (red) between mean growth rate and mean 
SCL for wild E. imbricata (N = 16), compared with values predicted (N = 68) from 
assessment of the colour pattern (blue). Horizontal lines are means, maximums and 
minimums and boxes are + 1 SE. Numbers are sample sizes. 
 

3.  In E. imbricata between approximately 400 and 600 mm SCL, the results 

suggest growth rates are somewhat linearly related to MSCL, suggesting 

that the size-age relationship between 400 and 600 mm SCL may be 

linear rather than exponential. This would not be an unexpected result, as 

linear growth over a wide range of sizes occurs in captivity (Chapter 8) 

and may apply to E. imbricata in Cuba (Carrillo et al., 1998). 
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4.  The measured growth in wild E. imbricata (Figure 10.8) provides no 

indication of growth rates extending back into the pelagic phase: it is thus 

unclear how long animals spend in the pelagic phase, and their age when 

recruited onto shallow reefs is unknown. One option for estimating this 

age is to assume, as in captivity (Figure 9.6), that growth rates in the 

smaller animals in the wild can be adequately modelled by back-

extrapolation (Figure 10.9).  

 

5.  The general trends in the growth rate (GR) to MSCL relationship for the 

sample of animals from the British Virgin Islands, as measured in the 

field and estimated from colour bands, are summarised on Figure 10.9. 

The formulae for predicting all lines are in Table 10.3, which define the 

intersection points between lines B and C (324.5 mm MSCL; GR = 0.222 

mm SCL/day), lines C and D (424.9 mm MSCL; GR = 0.170 mm 

SCL/day) and lines A and D (424.9 mm MSCL; GR = 0.184 mm 

SCL/day). 

 

 
Figure 10.9. Summary of the information on Figure 10.6. (A) Growth rate to mean 
size relationship for measured growth <450 mm SCL (red line), extrapolated back to 
the origin (dashed), and three regressions for the data predicted from the colour 
pattern (blue): (B) 100 to 350 mm SCL, (C) 300 to 450 mm SCL and (D) >400 mm 
SCL. The dashed blue line shows the intersection between lines A and B. 
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Table 10.3. Formulae pertaining to the GR to MSCL relationships depicted in 
Figure 10.7. Note that the formula for the real measurements (Figure 10.7) is 
almost identical to that for the predicted values for line C. 
Category MSCL Range Formula No. Formula 
Measured 

(A) 
250 – 450 mm Formula 10.1 GR = 0.49 – 0.000719 MSCL 

Predicted 
(B) 

100 – 350 mm Formula 10.2 GR = 0.12 + 0.000315 MSCL 

Predicted 
(C) 

350 – 450 mm Formula 10.3 GR = 0.39 – 0.000517 MSCL 

Predicted 
(D) 

450 – 600 mm Formula 10.4 Constant: 0.173 + 0.015 (SE) 
(N = 14) 

 

10.7 The size-age relationship up to 357.8 mm SCL 

 

When the relationship defined by line B on Figure 10.9 is extrapolated, it transects 

the measured relationship between growth rate and MSCL (line A) at 357.8 mm 

MSCL (GR = 0.233 mm SCL/day). If E. imbricata from the British Virgin Islands 

less that 357.8 mm MSCL (which includes the pelagic phase), can be adequately 

modelled by line A, then the size-age relationship between hatching (40 mm SCL) 

and 357.8 mm MSCL can be modelled with a single negative exponential (Figure 

10.10). Age and size [up to 357.8 mm MSCL or 2.6 years of age) can be predicted 

from formulae 6.1 and 6.2 using the coefficients in Table 10.4.  

 

Table 10.4. Coefficients and formulae for predicting size from age 
and age based on the real measurements of growth rate and MSCL, 
within the size range 40 to 324.5 mm SCL. 

Formula 6.1  S(t) = (Sm–So)[1–exp(-t/τ)] + So 
Formula 6.2  t = τln[(Sm–So)/(Sm–S(t))] 

Real (A) Sm 686.1 
 ττττ 1391.8 
 So 40 

Formula 6.3  S(t) = A[et/τ -1] + So) 
Formula 6.4  t = τln[(S(t)–So + A)/A] 
Predicted (B) A 421.3 

 ττττ 3177.7 
 So 40 
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Figure 10.10. The size-age relationship up to 357.8 mm MSCL derived from 
measured (real) growth data (line A on Figure 10.9) and predicted data (line B on 
Figure 10.9) without any correction for supernumerary bands. The difference in 
predicted ages at 357.8 mm MSCL (the arrow bar) is 2.3 years (2.6 years versus 4.9 
years). 
 
If the predicted values for line B on Figure 10.7 were correct, the size and age 

relationship up to 357.8 mm MSCL would be a positive exponential  [defined by 

formulae 6.3 and 6.4 with the coefficients in Table 10.4] (Figure 10.8) indicating age 

at the first intersection point (B to C on Figure 10.9; 357.8 mm MSCL) was 4.9 years 

rather than 2.6 years. 

 

It seems highly likely that the growth values predicted from the colour pattern up to 

357.8 mm MSCL greatly underestimate real growth rates up to this point, probably 

because of supernumerary bands (see below). However, Limpus (1992), Diez and 

van Dam (2002a), and Mortimer et al. (2002) do describe growth rates increasing 

with increasing SCL in the smallest size classes of wild E. imbricata in Australia, 

Puerto Rico and the Seychelles respectively, so the possibility cannot be rejected 

totally. 

 

Bearing in mind that the real growth rate to mean size relationship during the pelagic 

phase of E. imbricata from the British Virgin Islands is unknown, and may well lie 

between the extremes of lines A (extrapolated fast growth) and B (slow growth), the 
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magnitude of the age correction needed if real growth was overestimated would be 

unlikely to exceed 2.3 years.  

 

10.8 The size-age relationship up to 600 mm SCL 

 

On the basis of the limited data available at present: 

 

1.  Growth rates assessed from the colour pattern in E. imbricata in the 

British Virgin Islands between 350 and 450 mm MSCL (line C in Figure 

10.9) accurately reflect growth rates determined by mark-recapture.  

 

2.  Growth rates assessed from the colour pattern for E. imbricata between 

450 and 600 mm MSCL are assumed to be accurate. Only a single real 

measurement was available in this MSCL size range (Figure 10.8) and it 

was well within the range of estimated values. [This assumption can only 

be tested as more data are accumulated in the British Virgin Islands 

study]. 

 

3.  Taken together, the best interim estimate of the growth rate to mean size 

relationship for E. imbricata from the British Virgin Islands (Figure 

10.11), up to 450 mm MSCL, involves two intersecting relationships. The 

first (line E in Figure 10.11) involves real measurements up to 450 mm 

MSCL and predicted measurements between 350 mm and 450 mm MSCL 

(line B in Figure 10.9). It is extrapolated back to the size at hatching. The 

second (line F in Figure 10.11) defining linear growth involves predicted 

measurements between 450 and 600 MSCL (line D on Figure 10.9), and 

the single real measurement in this size range (see Figure 10.7).  
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Figure 10.11. The best estimate of the relationship between growth rate and MSCL 
for E. imbricata up to 600 mm MSCL from the British Virgin Islands using both 
measured and predicted values (see text). The intersection point between lines E and 
F occurs at 452.8 mm MSCL (GR = 0.175 mm SCL/day).  
 

4.  The size-age relationship predicted from these two lines (E and F on 

Figure 10.9) is in Figure 10.12 with the coefficients are in Table 10.5. It 

involves a negative exponential up to 452.8 mm MSCL after which 

growth rate is linear up to 600 mm MSCL. The intersection point between 

lines E and F on Figure 10.12 occurs at 452.8 mm MSCL and 3.9 years of 

age.  
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Figure 10.12. The best estimate of the size-age relationship for E. imbricata <600 
mm MSCL using based on the growth rate data in Figure 10.11. 
 

Table 10.5. Details of the relationship between growth rate and 
MSCL on Figure 10.11, coefficients and formulae for predicting size 
from age and age from size up to 600 mm MSCL and 6.3 years of 
age and the relationship between size and age in animals between 
350 and 600 mm MSCL (2.6 to 6.3 years of age). 

Formula 6.1  S(t) = (Sm–So)[1–exp(-t/τ)] + So 
Formula 6.2  t = τln[(Sm–So)/(Sm–S(t))] 

<452.8 mm SCL Sm 727.9 
 ττττ 1572.1 
 So 40 

>452.8 mm SCL  + 0.175 mm/day 
 

 

5.  On the basis of this relationship, the mean age of the largest animal 

captured (661 mm SCL; Figure 10.1), for which no recapture data are yet 

available (Table 10.1) would be 7.2 years. 

 

6.  Although the above calculations make no attempt to account for 

supernumerary bands in the youngest animals (line B in Figure 10.9), the 

correction factors (Figure 10.13) that would need to be added to growth 

rates predicted from the colour bands up to 350 mm MSCL, so they 

matched the proposed real relationship between growth rate and MSCL 

(line E in Figure 10.11) are described by the formula: 
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Formula 10.1 GR Correction (addition) = 0.37 – 0.001034 MSCL (mm/day) 

 

 
Figure 10.13. The correction (addition) that would be needed to compensate for 
supernumerary bands in order to adjust growth rates estimated from colour pattern in 
E. imbricata <350 mm MSCL to those considered to characterise the real population 
(solid line).  
 

 
Figure 10.14. Correction factor (additions to growth 
rate) from E. imbricata from the British Virgin Islands 
(solid line). The dashed line indicates the corrections 
applied to captive E. imbricata (see Figure 8.11 in 
Chapter 8) over the same size range. 
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Figure 10.15. Size-age curves of E. imbricata from 
the British Virgin Islands and captive-raised E. 
imbricata (in situ shell plates, see Chapter 9) using 
data corrected for supernumerary bands. 

 

 

10.9 Discussion 

 

The analyses presented above involve a situation in which information on colour 

bands in a wild population of E. imbricata, derived from photographs of in situ C1 

plates, were used to estimate annual growth rates which could be compared with 

growth rates measured in the field. The information on measured and predicted 

growth rates were then used to estimate the mean size-age relationship for animals up 

to 661 mm SCL in the population. 

 

It was not possible to carry out a detailed comparison of the size-age relationship 

derived independently from both methods, because the measured growth rates, 

emanating from recapture information, came from a much smaller size range (Table 

10.1) than the size range from which the photographs were taken (Figure 10.1). This 

finding highlights a potentially important advantage of being able to use the colour 

bands to assess growth as a complement to mark-recapture. Namely, it allows growth 

information to be obtained from larger animals that are potentially dispersing through 

or from shallow reef areas and are simply not available for recapture. It thus expands 

the size range from which meaningful information on growth rates and thus the size-

age relationship can be obtained. In the sample examined here, the photographs 

allowed growth information to be obtained from 68 individuals ranging from 271 to 

661 mm SCL, whereas measured growth from recaptures was restricted to 16 

individuals ranging from 295 to 493 mm SCL. 
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In captivity (Chapters 8 and 9), some supernumerary bands in the youngest animals 

may be size-related. However, others were clearly associated with changes in 

husbandry practice affecting the raising environment and growth rates. For example, 

shifting the animals from a raising environment where temperature was tightly 

controlled to a more exposed shed, where temperatures were not so well controlled 

resulted in a supernumerary band in most individuals. A marked increase in water 

salinity over a two-week period resulted in another supernumerary band in the 

affected animals. 

 

The results from the British Virgin Islands are consistent with supernumerary bands 

also occurring in wild E. imbricata, and if so, they would be most common in the 

smaller animals but decreasing in frequency in animals up to 350 mm SCL (see 

Figure 10.13). Amongst the smallest animals such bands may be size-related, as 

could be the case in captivity, but it would not be surprising if the transition from the 

pelagic to the shallow reef environment, stimulates the production of a 

supernumerary band as occurs with significant changes in the raising environment in 

captivity. These possibilities cannot be resolved with the data available at present. 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
CHAPTER 11 
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CHAPTER 11: USING THE COLOUR PATTERN ON EXCISED C1 

KERATIN PLATES TO ESTIMATE THE SIZE-AGE RELATIONSHIP IN A 

WILD POPULATION OF E. IMBRICATA FROM CUBA 

 

11.1 Introduction 

 
In Chapters 8, 9 and 10, insights were gained into the precision and accuracy with 

which the size-age relationship of E. imbricata could be predicted from the colour 

pattern on C1 keratin plates in some specific contexts, namely:   

 

(a)  Excised C1 plates from a population of captive-raised E. imbricata, in which 

the real size-age relationship from hatching to death of each individual was 

known (Chapter 8) 

 

(b)  Scaled photographs of in situ C1 plates from a population of captive-raised E. 

imbricata in which the real size-age relationship up until the time the 

photograph was taken was known (Chapter 9); and, 

 

(c)  Scaled photographs of in situ C1 plates from a population of wild E. imbricata 

in the British Virgin Islands, in which for some individuals, information on 

some real growth increments as a function of SCL were available from mark-

recapture studies (Chapter 10). 

 

The results indicate that if applied without correction, the method underestimates 

growth rates in younger, smaller individuals, up to 500 mm SCL in the captive-raised 

individuals (a and b above) and up to 357.8 mm SCL in the wild British Virgin 

Islands specimens (c above), due to supernumerary colour bands between annual 

winters. Unless corrected, this bias overestimates the time taken to reach these sizes. 

However, the results were consistent with the colour pattern providing an accurate 

mechanism for estimating the mean size-age relationship in individuals larger than 

these size limits [although for the British Virgin Islands population, definitive growth 

increments for these larger animals were not available for comparison.]. 

 

In this Chapter, excised C1 plates from a population of E. imbricata in Cuban waters 

(20-21°N, 77-79°W), in the Caribbean, were assessed. The study was based on 

digital scans of 124 excised C1 plates, from Cuba's stockpile of E. imbricata shell 
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plates, itself derived from Cuba's national harvest program (ROC, 1998). The 

majority of C1 plates examined came from 1993 to 1995, when the size of individual 

turtles and their exact location of capture were not recorded. The research thus 

attempts to derive a size-age relationship for a wild population of E. imbricata using 

only raw data extracted from a stockpile of shell plates. The scans were taken by 

WMI staff, in Cuba, during their cooperative research program with the Fisheries 

Research Centre (CIP) within the Cuban Ministry of Fishing Industries (MIP). 

  

Independent information on the relationship between growth rate and SCL of wild E. 

imbricata from Cuban waters, derived by mark-recapture, have been reported by 

CITES (2002). As in the British Virgin Islands, the sample is biased towards 

juveniles available for mark-recapture on shallow coral reefs, with some records 

from adults re-caught at nesting beaches. There is a paucity of growth records for 

Cuban E. imbricata between 600 and 800 mm SCL. This appears to be a life stage 

where E. imbricata disperse from shallow reefs, and these size ranges for E. 

imbricata are poorly represented in the results of a number of mark-recapture studies 

(CITES, 2002).  

 

Analyses of mitochondrial DNA (mtDNA) from E. imbricata caught in Cuba's 

traditional harvest indicate that a high proportion of individuals caught within Cuban 

waters may have originated from nests in Cuban waters (Diaz-Fernandez et al., 

1999), but others presumably come from nests in other parts of the Caribbean. The 

spatial history of individuals caught in the traditional harvest is unknown. They may 

have settled in Cuban waters immediately after the pelagic phase and completed 

most of their growth there, or they may be recent immigrants that have grown 

elsewhere and are either settling into or moving through Cuban waters.  Yet together 

they constitute the population subject to harvest in Cuba, in which the size-age 

relationship has direct management implications. 

 



 250 

11.2 Available data 

 

The sample comprised a random sample of 124 C1 shell plates drawn from the 

stockpile in Cuba. All had been digitally scanned on a flatbed document scanner with 

a millimetre scale down both the long and short axis of the scanner plate. Both the 

dorsal and ventral surface of each C1 plate had been cleaned before scanning, and in 

the majority of specimens scans of both were available (Plate 11.1). Scratches on the 

dorsal surface of the C1 plate sometimes obscured the colour pattern in the dorsal 

view, so generally measurements were taken on the scan of the ventral surface. In 

some scans of the ventral surface the attachment line demarcating the area of 

imbrication was evident [Plate 11.1 (left)], whereas in others it was not [Plate 11.1 

(right)].  The SCL associated with each C1 plate was estimated using formulae 7.7 

and 7.8 (Chapter 7;Table 7.1). 

 

 
Plate 11.1. Digital scans of the ventral aspect of excised C1 keratin plates, from two 
Cuban E. imbricata. The attachment line (arrow) is visible in one (left) but not the 
other (right). Numbers are ID numbers for each scan. 
 

11.3 Growth rates of E. imbricata in Cuban waters 

 

The general relationship between growth rate and mean size for E. imbricata in 

Cuban waters has been reported in CITES (2002). The raw data upon which this was 

based (Webb et al., in prep) are in Table 11.1 and Figure 11.1. These growth records 

were obtained from Doce Leguas and the Isle of Youth (previously Pines), on the 

south coast of Cuba. I am grateful to Dr. Felix Moncada, CIP, Ministry of Fishing 

Industries (Cuba), who now directs the turtle program in Cuba, for permission to use 

the raw growth data prior to their publication. 
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Table 11.1. The raw data relating growth rate to size for E. imbricata in Cuban 
waters (Webb et al. in prep). 

ID 
 

SCL 
(mm) 

Interval 
(days) 

Growth 
(mm) 

Growth Rate 
(mm/day) 

MSCL 
(mm) 

1 846 1098 11 0.010 840.5 
2 870 766 0 0.000 870.0 
3 827 710 17 0.024 818.5 
4 847 756 0 0.000 847.0 
5 409 311 57 0.183 380.5 
6 466 284 57 0.201 437.5 
7 528 455 62 0.136 497.0 
8 481 567 114 0.201 424.0 
9 819 1101 9 0.008 814.5 
10 798 742 4 0.005 796.0 
11 858 707 58 0.082 829.0 
12 731 3085 146 0.047 658.0 
13 850 2198 50 0.023 825.0 
14 776 417 26 0.062 763.0 
15 870 1116 38 0.034 851.0 
16 720 1509 40 0.027 700.0 
17 296 335 85 0.254 253.5 
18 330 135 36 0.267 312.0 
19 315 482 76 0.158 277.0 
20 366 316 96 0.304 318.0 
21 280 366 45 0.123 257.5 
22 342 251 45 0.179 319.5 
23 424 316 82 0.259 383.0 
24 498 483 74 0.153 461.0 
25 366 349 36 0.103 348.0 
26 399 311 57 0.183 370.5 
27 475 256 76 0.297 437.0 
28 325 213 68 0.319 291.0 
29 362 595 135 0.227 294.5 
30 450 596 154 0.258 373.0 
31 353 250 82 0.328 312.0 
32 422 344 69 0.201 387.5 
33 364 345 53 0.154 337.5 
34 428 345 61 0.177 397.5 
35 329 256 65 0.254 296.5 
36 335 272 35 0.129 317.5 
37 341 256 69 0.270 306.5 
38 398 543 150 0.276 323.0 
39 478 790 176 0.223 390.0 
40 396 354 76 0.215 358.0 
41 452 354 51 0.144 426.5 
42 337 366 76 0.208 299.0 
43 342 366 82 0.224 301.0 
44 377 391 83 0.212 335.5 
45 362 217 82 0.378 321.0 
46 433 839 129 0.154 368.5 
47 397 143 27 0.189 383.5 
48 296 92 23 0.250 284.5 
49 411 630 168 0.267 327.0 
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Figure 11.1. Mean relationship between growth rate (mm SCL/y) and mean size 
between captures, for 50 growth records obtained from 43 individual E. imbricata in 
Cuba. Lines above and below the mean regression represent plus and minus 1 SD 
and 1SE of the residuals (from Webb et al., in prep.).  
 

11.4 Environment of E. imbricata in Cuba 

 

Cuba is the largest island in the Caribbean and is essentially an elevated shelf 

surrounded by waters that can exceed 2 km deep. The habitats occupied by E. 

imbricata in Cuban waters are described by Carrillo and Contreras (1998). Nesting 

occurs on offshore keys and islands, but the whereabouts of juveniles during the 

pelagic phase remains a mystery. When about 200 mm SCL, E. imbricata are 

recruited into shallow, inshore waters, where they show a high level of site fidelity 

and can be re-caught in the same locations after 1-2 years (Moncada et al., 1998; 

Webb et al., in prep.). Dispersal away from these shallow reef habitats appears to 

occur around 500 mm SCL.  

 

The two traditional harvest sites (Isle of Youth in the south; Nuevitas in the north) 

were historically located in near-coastal areas where E. imbricata population appear 

to be continually moving past (Moncada et al., 1998). It is unclear whether the 

majority of E. imbricata >500 mm SCL remain in Cuban waters while growing to 

maturity after leaving coral reefs. Some adults caught at the traditional harvest sites 
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and fitted with satellite tracking transmitters moved long distances, whereas others 

remained on the Cuban shelf (Moncada et al., 1998). 

 

Sea surface temperatures in the North and South of Cuba [Information from 

NOAA_ERSST_V2 (data provided by the NOAA/OAR/ESRL PSD, Boulder, 

Colorado, USA, from their Web site at http://www.cdc.noaa.gov/)], over 59 years 

(1948 to 2006), indicate minimum winter temperatures occur in December and 

January (Figure 11.2). Peak summer temperatures are in April to June (Figures 11.2 

and 11.3). Mean annual temperatures in the south are on average 0.7°C warmer than 

those in the north (Figure 11.3). 

 

 
Figure 11.2. Monthly mean sea surface temperatures in Cuba over 59 years (1948 to 
2006). Horizontal lines are mean of means, maximum means and minimum means: 
boxes are + 1 SD. 

 
 



 254 

 
Figure 11.3. Monthly mean sea surface temperatures 
in north (red) and south (blue) of Cuba over 59 years 
(1948 to 2006).  

 
 
11.5 Estimating SCL and annual growth from colour bands 
 
11.5.1 Methods 
 
The same basic procedure for identifying and measuring the colour bands on the 

photos of the excised C1 plates described in Chapter 9 was followed here. The 

assessment was done in the following stages: 

 

Step 1. The brightness and contrast of each scan was adjusted on Photoshop (© 

Adobe) to improve the clarity of the pattern, and if required, to enlarge 

the image and accompanying scale. Each scan was then printed in black 

and white on an A4 sheet of paper.   

 

Step 2. A correction factor for adjusting measurements taken on each print, to 

real measurements, was derived for each C1 plate using the rule included 

with each scan. 

 

Step 3. Measurements B, D and F (Plate 7.3) were taken on each image, none of 

which included the imbricate part of the C1 plate. This is because the 

attachment line did not appear on the photos used in these analyses. 

 

Step 4. Where measurement D was less than 160 mm (SCL = <500 mm) Formula 

7.7 was used to predict SCL. If measurement D exceeded 160 mm (SCL 

= >500 mm) Formula 7.8 was used (Chapter 7). 
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Step 5. SCL:C1ex coefficients specific to each individual E. imbricata, were 

derived from Formulae 7.7 and 7.8 on the basis of C1 measures (Figure 

11.4). The mean coefficient [3.34 + 0.015 (SE; N = 124)] was slightly 

but significantly lower than the mean for the captive-raised E. imbricata 

[3.54 + 0.073 (SE; N = 52)](t-test, t = 3.903, p<0.0001), but significantly 

higher than for the British Virgin Islands sample [3.07 + 0.045 (SE; N = 

68)](t-test, t = 6.824; p<0.0001). For reasons that are unclear, the Cuban 

coefficients (Figure 11.4) were much less variable than those of the 

captive-raised E. imbricata (variance F-test,124,52, F = 9.82, p<0.0001). 

These differences may reflect slight differences in the carapace shape of 

E. imbricata from different areas (see Section 7.3 in Chapter 7). They do 

not reflect differences in the extent of erosion of the imbricate edge, 

which was not included in C1 measures used to derive the coefficients 

(Formulae 7.7 and 7.8). 

 

 
Figure 11.4. Predicted SCL:C1ex coefficients as a 
function of predicted SCL (347 to 927 mm SCL) for E. 
imbricata from Cuba (blue), compared with captive-
raised E. imbricata from northern Australia (red). 

 

Step 6. The edge (e) and start point (s) on each plate was determined by 

examining the position of the most recent row of colour patch apexes (s), 

relative to the edge of the plate (e), along the measurement line (see Plate 

8.1 in Chapter 8).  

 

Step 7. The locations of the apexes of dark bands were identified moving 

posteriorly across the shell, down the measurement line, taking into 
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account the alignment of colour patches on either side of the measurement 

line (see Plate 8.1 in Chapter 8). 

 

Step 8. The straight-line distance from the edge (e) of the C1 plate to the start line 

(s), and then from the edge (e) to each successive colour band (1,2 ....n) 

was measured with calipers on the printed image and corrected to real 

measurements (Step 2). 

 

Step 9. Using the predicted SCL (Step 4) and the SCL:C1ex coefficient derived 

for each individual (Step 5), the SCL reduction needed to reach the start 

point (s), and then to reach each successive band moving posteriorly was 

calculated. 

 

Step 10. Growth increments in SCL were calculated and used to estimate annual 

growth rate (assuming 12 months between bands), and the mean SCL for 

each interval, as described previously (see Table 8.1 in Chapter 8). All 

bands were treated the same regardless of whether they were winter bands 

or supernumerary bands.  

 

11.5.2 Accounting for individuals which may have reached their maximum size

  

 

As discussed previously (see Section 5.9 in Chapter 5), none of the captive-raised E, 

imbricata studied here had reached their maximum size, although growth had slowed 

appreciably in some. Yet for constructing a size-age curve for Cuban E. imbricata, 

the mean size at which growth ceases is an important endpoint. The mark-recapture 

data (Figure 11.1) indicate the mean maximum size is 871 mm SCL (where growth 

rate equals zero). However, this is clearly a highly variable endpoint between 

individuals, because some E. imbricata caught in Cuban waters exceed 900 mm 

SCL. An added complication is that the largest animals are not necessarily the oldest 

ones, but rather individuals that have grown faster than the average, for the whole or 

parts of their growth history (Webb et al. in prep.).  

 

The approach taken to using the colour pattern to identify individuals which have 

reached their maximum size is based on assumptions linked to the morphological 

model developed in Chapters 4 and 5. It was not possible to test the assumptions. 
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When assessing the colour bands (see Stages 6 to 8 above), distance between the 

edge (e) and the start point (s) is measured but not used to derive an estimate of the 

annual growth increment. This is because it is the colour band forming, and does not 

reflect annual growth. Depending on the time the animal was caught, the e-s interval 

can be narrow (A on Figure 11.5), indicating the pigmentation has just started, or 

wide (B on Figure 11.5) indicating pigmentation has continued for more time. Thus 

in two individuals with the same s-1 width (A and B on Figure 11.5), the e-s width 

can be highly variable. When an individual reaches its maximum size (C on Figure 

11.5), the last band is between the edge (e) and the start point (s), because no further 

growth occurs. So it could be expected that this last band of pigmentation would 

remain in the same place for years, if not masked by secondary colouration. 

 

 
Figure 11.5. Diagrammatic representation of cross sections through a C1 
plate, orientated down the measurement line, demonstrating the relationship 
between the edge of a C1 plate (e) the start point for assessing colour bands 
(s), the start of Band 1 (1) and of each successive bands (2 to 6). A and B show 
variation in e-s in a growing individual. C indicates the situation in an 
individual that has reached its maximum size.  

 

As growth in SCL starts to decline towards the maximum size, so too does the width 

of the colour bands (growth in the C1 is scaled by a constant to growth in SCL). For 

example, if the first band (s to 1 on Figure 11.5) was only 2 mm, by applying the 

mean SCL:C1ex coefficient of 3.54 (Table 7.1 in Chapter 7), annual growth in SCL 

would have been about 7 mm: the individual should be approaching its maximum 

size or asymptote. An insight into whether the e-s band constitutes a real annual band 

should thus come from comparing the width of the s-1 band with the width of the e-s 

band (Figure 11.6). 

 



 258 

 
Figure 11.6. The relationship between e-s and s-1 
intervals in the C1 plates of E. imbricata from Cuba 
(see Figure 11.5). 

 

Within the C1 plates from Cuba (Figure 11.6), there is a general trend towards the e-s 

interval increasing with increasing s-1 width (r2= 0.198; p<0.0001), but a marked 

disparity between individuals in which the s-1 growth increment is greater than or 

less than about 4.5 mm (annual growth in SCL greater or less than about 16 mm) 

(Figure 11.7).  

 

In E. imbricata with an s-1 increment exceeding 4.5 mm (Figure 11.7) there is no 

significant relationship between the width of s-1 and width of e-s increments (r2 = 

0.003, p <0.64). The e-s increment had a mean of 2.77 + 0.13 mm (SE: N = 67) for s-

1 increments ranging from 4.5 to 7.3 mm (annual SCL increments ranging from 16 to 

26 mm). This means, that as depicted on Figure 11.5 (A and B), in faster growing E. 

imbricata the width of the e-s band at the time of capture was unpredictable. It may 

have just started (A on Figure 11.5) or be near completion (B on Figure 11.5). 
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Figure 11.7. The relationship between e-s and s-1 
intervals in the C1 plates of E. imbricata from Cuba 
(see Figure 11.5) for s-1 interval values below 4.5 
mm (blue dots) and s-1 interval values over 4.5 mm 
(red dots). Dotted lines indicate the lines that fall 
outside of the regression dataset. 

 

This is clearly not the case in E. imbricata with s-1 growth increments less than 4.5 

mm (annual growth in SCL less than 16 mm). In these slower growing individuals, a 

strong relationship exists between the width of the s-l increment and the width of the 

e-s increment [Formula 11.1: e-s = 0.379 + 0.446 s-1 + 0.583 mm (SEE; N = 57, r2 

= 0.36, p <0.0001)].  

 

Formula 11.1 indicates that an individual with an s-1 of 4.5 mm (16 mm growth in 

SCL per year) will have an e-s of 2.39 mm. If this is considered a real growth 

increment (8.45 mm in SCL growth per year) for the next year, when it moves to the 

s-1 position the following year, the new e-s increment should be reduced to 1.45 mm 

(5.12 mm growth in SCL). When it moves the next year, to 1.03 mm (3.63 mm in 

SCL growth). This is clearly approaching the asymptote and limit of measurement. 

Based on these assumptions, the following methodology was adopted when assessing 

the Cuban C1 plates: 

 

1.  If the s-1 increment was less than 4.5 mm, the e-s increment was assumed to be 

a legitimate measure of the next year's growth increment, and was allocated to 

the mean SCL between e and s. 

 

2.  If two conditions applied, namely the s-1 interval was less than 4.5 mm and the 

e-s band less than 1.0 mm (indicating about 3.5 mm annual growth in SCL), the 

SCL itself was assumed to be an estimate of the maximum size (zero growth).   
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11.5.3 The relationship between size and age 

 

 
Figure 11.8. Size frequency histogram of sample of 
E. imbricata from Cuba examined (N = 124). Sizes 
were estimated from dimensions of the C1 plates 
(see text). 
 

The mean size of E. imbricata in the sample examined was estimated to be 699.8 + 

144.1 mm SCL (SD; N = 124), with individuals ranging from 346.2 to 927.1 mm 

SCL (Figure 11.8). Relative to the sample from the British Virgin Islands (Figure 

10.1 in Chapter 10), the Cuban sample contained many larger E. imbricata.  

 

Only 9 individuals reached the colour band criteria assumed to indicate that 

maximum size had been reached (s-1 increment less than 4.5 mm SCL and e-s 

increment up to or equal to 1 mm). The mean estimated size of these individuals was 

821.2 + 14.3 mm SCL (SE; N= 9; range = 739.1 to 877.1 mm SCL), and they were 

entered into assessment as 9 separate records of SCL with zero growth. 
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Figure 11.9. The measured relationship (red) between mean growth rate and mean 
SCL for wild E. imbricata in Cuba  (N = 49 individuals), compared with values 
predicted (N = 124 individuals) from assessing the colour pattern (blue) on excised 
C1 plates in Cuba's stockpile. Thick horizontal lines are means, and thin ones 
medians, maximums and minimums. Boxes are + 1 SE. Numbers are sample sizes. 
 

From the 124 C1 plates assessed with stages 6 to 10 above, and with the 9 records 

assumed to be at maximum size, a total of 591 separate records of annual growth at 

specific SCLs were obtained, which were grouped into size classes (Figure 11.9; 

Table 11.2). The analysis provided a large number (N = 230) of annual growth 

estimates for individuals between 500 mm and 800 mm SCL, which were very much 

under-represented in mark-recapture results (Table 11.3; N = 4).  
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Table 11.2. Raw data pertaining to the results depicted on Figure 11.9. 
Size class  Mean SCL 

(mm) 
Growth rate 

(mm/day) 
SE Range 

(mm/day) 
N 

100 – 199   Real - - - - - 
 Predicted 179.7 0.197 0.013 0.120 – 0.260 11 
 Median - 0.200 - - - 

200 – 249 Real - - - - - 
 Predicted 226.3 0.172 0.010 0.030 – 0.280 30 
 Median - 0.180 - - - 

250 – 299  Real 281.7 0.224 0.022 0.123 – 0.319 8 
 Predicted 276.6 0.182 0.009 0.060 – 0.300 40 
 Median - 0.170 - - - 

300 – 349  Real 321.4 0.238 0.022 0.103 – 0.378 13 
 Predicted 326.4 0.164 0.010 0.020 – 0.310 45 
 Median - 0.170 - - - 

350 – 399  Real 379.2 0.204 0.011 0.154 – 0.259 10 
 Predicted 377.1 0.170 0.010 0.010 – 0.370 49 
 Median - 0.170 - - - 

400 – 449  Real 431.3 0.211 0.032 0.144 – 0.297 4 
 Predicted 426.8 0.142 0.010 0.010 – 0.280 45 
 Median - 0.140 - - - 

450 – 499  Real 479.0 0.145 0.008 0.136 – 0.153 2 
 Predicted 476.7 0.170 0.011 0.060 – 0.310 44 
 Median - 0.150 - - - 

500 – 549  Real - - - - - 
 Predicted 524.9 0.130 0.010 0.020 – 0.340 47 
 Median - 0.110 - - - 

550 – 599  Real - - - - - 
 Predicted 574.5 0.111 0.010 0.030 – 0.320 40 
 Median - 0.100 - - - 

600 – 649  Real - - - - - 
 Predicted 622.1 0.096 0.013 0.010 – 0.320 29 
 Median - 0.070 - - - 

650 – 699  Real 658.0 0.047 - - 1 
 Predicted 674.4 0.080 0.012 0.020 – 0.220 19 
 Median - 0.070 - - - 

700 – 749  Real 700.0 0.027 - - 1 
 Predicted 726.3 0.064 0.012 0 – 0.260 26 
 Median - .050 - - - 

750 – 799  Real 779.5 0.034 0.028 0.005 – 0.062 2 
 Predicted 776.8 0.046 0.003 0 – 0.160 69 
 Median - 0.040 - - - 

800 – 849  Real 829.1 0.024 0.012 0 – 0.082 6 
 Predicted 822.3 0.038 0.004 0 – 0.190 71 
 Median - 0.030 - - - 

850 – 899  Real 860.5 0.017 0.017 0 – 0.034 2 
 Predicted 868.4 0.033 0.006 0 – 0.080 20 
 Median - 0.033 - - - 

900 – 949  Real - - - - - 
 Predicted 913.5 0.018 0.002 0.010 – 0.020 6 
 Median - 0.020 - - - 
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Figure 11.10. Mean trends in the relationship between growth rate (mm SCL/day) 
and mean SCL depicted in Figure 11.9. 

 

Based on the mean trends in Figure 11.9 and Table 11.2 (Figure 11.10), various 

observations, calculations and results were derived: 

 

1.  The difference between the mean and median, for each size class, is assumed to 

reflect the magnitude and direction of methodological errors. If two bands 

could not be discerned and were treated as a single band in some individuals, 

the median could be expected to drift lower than the mean. Alternatively, if one 

band was interpreted as being two separate bands, the median could be 

expected to drift higher than the mean. 

 

2. The results (Figure 11.10) indicate that for E. imbricata up to 475 mm SCL, 

there was no significant difference between the mean and median values 

(ANOVA F(1,10) = 0.002; p = 0.96). This suggests that there was no consistent 

bias in assessing the colour bands within this size range in terms of treating one 

band as two or vice versa - even if the bands are supernumerary rather than 

annual (see below). Thus the mean values truly represent the results of the 

assessment for these size classes.   
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3. In the size classes greater than 475 mm SCL, multiple regression analysis 

with the median and mean coded as 1 and 0 respectively indicated that the 

median, on average, was 0.012 units of growth rate lower than the mean [r2 

for MSCL = 0.922 (p <0.0001); r2 addition for code = 0.018 (p  <0.0001)]. 

This is consistent with assessment errors, in some individuals, involving two 

real bands being treated as one band. In the size classes >475 mm SCL, the 

median is considered to be a better estimate of the real mean growth rate for 

each size class, than the actual calculated mean. 

 

 
Figure 11.11. The correction (addition to growth rate) needed to 
compensate for supernumerary bands and adjust growth rates estimated 
from colour pattern in E. imbricata <475 mm MSCL to those 
considered to characterise the real population (solid line).  

 

4. As in wild E. imbricata from the British Virgin Islands (Chapter 10) and the 

captive-raised E. imbricata studied here (Chapters 8 and 9), annual growth 

estimates derived from the colour pattern in younger E. imbricata (in this case 

up to 475 mm SCL) underestimated the measured growth rates in the field. The 

extent of the mean underestimating error, assuming the median estimate for 475 

mm SCL is correct (Figure 11.10), can be estimated from the formula: 

 

Formula 11.2   GR Correction (addition) = 0.17 – 0.0003534 MSCL (mm/day) 
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Figure 11.12. The best estimate of the growth rate (mm SCL/day) to mean SCL 
relationship from Figure 11.9. In size classes <475 mm SCL predicted values are 
means corrected for supernumerary bands. In size classes ≥465 mm SCL, predicted 
values are medians. 

 

5. To derive what is considered the best estimate for the mean relationship 

between growth rate and size predicted from the colour band assessment 

(Figure 11.12), the median values were used for size classes at 475 mm SCL 

and above, and the corrected mean values for size classes <475 mm SCL. 

Different linear models for describing these trends are on Figure 11.13 and 

Table 11.3. It was apparent that the mean growth rates for larger sizes 

measured in the mark-recapture study, although based on small sample sizes 

(Table 11.3) were lower than predicted values, which is discussed below. It 

could be an error or it could represent different segments of the population 

being sampled by the mark-recapture relative to the wild harvest. 
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Figure 11.13. For the general relationship between growth rate (GR in mm SCL/day) 
and mean size (MSCL) in E. imbricata in Cuban waters as determined from 
assessment of the colour pattern using corrections for supernumerary bands in 
juveniles <475 mm SCL and median values thereafter. Mark-recapture results (A) 
and predicted values (B) are modelled with a linear regression. Dashed line (C) 
indicates the predicted linear relationship if only size classes greater than 475 mm 
were used (i.e. no corrected values included). The double linear model (D and E) is a 
more precise fit to the data.  
 

Table 11.3. Formulae pertaining to the GR to MSCL relationships depicted in 
Figure 11.13. 
Category MSCL Range Formula No. Formula 
Measured 

(A) 
250 – 850 mm Formula 11.3 GR = 0.36 – 0.000400 MSCL 

Predicted 
(B) 

350 - 900 mm Formula 11.4 GR = 0.33 + 0.000366 MSCL 

Predicted 
(C) 

475 - 900 mm Formula 11.5 GR = 0.26 + 0.000271 MSCL 

Predicted 
(D) 

350 – 560 mm Formula 11.6 GR = 0.41 – 0.000558 MSCL 

Predicted 
(E) 

560 – 900 mm Formula 11.7 GR = 0.23 – 0.000232 MSCL 

 

6. With the mark-recapture data there was insufficient information available on 

intermediate size classes to determine whether the growth rate to mean size 

relationship was linear or curvilinear, so it was modelled with a straight line 

(A on Figure 11.13). To make a direct comparison, the predicted values were 

also modelled with a single straight line (Line B on Figure 11.13). If a single 

exponential model was used only with predicted values from size classes 
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>475 mm SCL (Line C on Figure 11.13), it would underestimate growth rates 

in the smaller animals. The predicted values indicate that the real relationship 

between growth rate and mean size is curvilinear rather than linear, as in the 

captive raised animals. The model with two intersecting straight lines (D and 

E on Figure 11.13) is considered the best fit to the available data. The 

intersection point between lines D and E on Figure 11.13 is 561.1 mm MSCL 

at GR = 0.095 mm SCL/day. 

 

7. The regressions on Figure 11.13 provide different estimates for the mean 

maximum size, where growth rate equals zero: 887.9 mm SCL (Line A); 892.5 

mm SCL (Line B) and 969.7 mm SCL (Line E). These are all larger than the 

mean size of the 9 individuals in which growth was assumed to have ceased 

(821.2 mm SCL). This could reflect errors or it could reflect different segments 

of the population being sampled (see Discussion). 

 
8. The regressions on Figure 11.13 (Table 11.3) were used to derive coefficients 

for predicting the negative exponential curves associated with the real growth 

data (Line A on Figure 11.13) and the predicted data modelled with both a 

single regression (Line B on Figure 11.13) and with two intersecting 

regressions (Lines D and E on Figure 11.13)(Table 11.4). 
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Table 11.4. Coefficients and formulae for predicting size from age 
and age from size based on the relationships between growth rate and 
SCL described in Figure 11.13 and Table 11.3. 

Formula 6.1  S(t) = (Sm–So)[1–exp(-t/τ)] + So 
Formula 6.2  t = τln[(Sm–So)/(Sm–S(t))] 
Formula 6.6  So2 =  Sm2 – [(τ2(Sm2 - Sm1)/(τ2 - 

τ1)] x [((Sm1 – So1)/ (Sm2 – Sm1)) x 
((τ2 - τ1)/ τ1)] 

τ1/τ2 
Real Sm 887.9 

 ττττ 2501.2 
 So 40 
   

Predicted (all) Sm 892.5 
 ττττ 2729.3 
 So 40 
   

Predicted  
<561.1 mm MSCL 

Sm1 731.0 

 ττττ1 1791.6 
 So1 40 
   

Predicted  
>561.1 mm MSCL 

Sm2 969.7 

 ττττ2 4309.8 
 So2 237.6 

 

 
Figure 11.14. The size-age relationship for E, imbricata in Cuba based on growth 
rates measured in the field and growth rates estimated from colour bands (single 
exponential curve), with corrections for supernumerary bands up to 475 mm SCL.  
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9. If the growth rate results (measured versus predicted) were both assumed to 

be linear, it is akin to forcing a single, negative exponential through the size-

age relationship. In this case the size-age relationship for the real data (Line 

A on Figure 11.13), derived from mark-recapture, is similar to the size-age 

model from the predicted values (Figure 11.14). If used to predict size from 

age (Figure 11.15), the mean deviation over the age range 0 to 18 years is 

17.6 + 6.6 (SD) mm MSCL, with a range of 0.1 to 5.7 percent of MSCL 

(Figure 11.16). If used to predict age from size (Figure 11.17), the mean 

deviation over the size range 0 to 850 mm SCL years is –0.46 + 0.36 (SD) 

Age in years, with a range of –8.5 to –6.9 percent of Age in years (Figure 

11.18). When it is considered that the size-age relationship can vary greatly 

from one region to another (Carrillo et al., 1998; CITES, 2002), the two 

methods are considered to give very similar results. 

 

 
Figure 11.15. Deviations in SCL predicted from age 
0 up to 18 years between the two negative 
exponential curves on Figure 11.14.   
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Figure 11.16. Deviations in percentage of SCL 
predicted from age 0 up to 18 years between the two 
negative exponential curves on Figure 11.14.   
 

 

 
Figure 11.17. Deviations in age predicted from SCL 40 
up to 850 mm SCL between the two negative exponential 
curves on Figure 11.14.   
 

 
Figure 11.18. Deviations in percentage of age 
predicted from SCL 40 up to 850 mm SCL between 
the two negative exponential curves on Figure 
11.14.   
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10. In reality, the relationship between growth rate and increasing SCL in the 

Cuban E. imbricata is curvilinear, and better modelled by two intersecting 

regressions (Lines D and E on Figure 11.13), as is also the case in the 

captive-raised E. imbricata (Chapters 6, 8 and 9). The size-age curve defined 

by this relationship is compared with that derived from the mark-recapture 

results on Figure 11.19. If used to predict size from age (Figure 11.20), the 

mean deviation over the age range 0 to 18 years is 14.8 + 18.4 (SD) mm 

MSCL, with a range of –12.3 to 7.3 percent of MSCL (Figure 11.21). If used 

to predict age from size (Figure 11.22), the mean deviation over the size 

range 0 to 850 mm SCL years is –0.22 + 0.85 (SD) Age in years, with a range 

of –14.2 to 36.9 percent of Age in years (Figure 11.23), the mean percentage 

of deviation over the size range 0 to 850 mm SCL years is 3.65 + 14.65 (SD) 

percent in years.  

 

 
Figure 11.19. The size-age relationship for E, imbricata in Cuba based on growth 
rates measured in the field and growth rates estimated from colour bands (two 
exponential curves), with corrections for supernumerary bands up to 475 mm SCL.  
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Figure 11.20. Deviations in SCL predicted from age 0 
up to 20 years between the single (real data) and 
double (predicted data) negative exponential models 
on Figure 11.19. 

 

 
Figure 11.21. Deviations in percentage of SCL 
predicted from age 0 up to 20 years between the single 
(real data) and double (predicted data) negative 
exponential models on Figure 11.19. 

 

 
Figure 11.22. Deviations in age predicted from SCL 40 
up to 850 mm SCL between the single (real data) and 
double (predicted data) negative exponential models on 
Figure 11.19.  
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Figure 11.23. Deviations in percentage of age predicted 
from SCL 40 up to 850 mm SCL between the single 
(real data) and double (predicted data) negative 
exponential models on Figure 11.19.  

 

11.6 Discussion 

 

The technique used to record the pigment pattern on excised keratin plates was to 

scan the plates on a flatbed scanner, with a transparent rule fixed along the edges. It 

proved more than adequate for recording the pigmentation in sufficient detail for 

analysis, with the cleaned ventral surface of the plate being much better than the 

dorsal surface that was often scratched. 

 

The spatial arrangement of pigment bands on the CI plates of E. imbricata from 

Cuba allowed a mean size-age curve to be derived that gave similar results to that 

derived from a mark-recapture study. This was despite the real SCL of the 

individuals from which the plates were derived being unknown. Indeed, the results of 

analysing the pigment bands may provide a more accurate assessment of mean trends 

in the size-age relationship, because they provided a wealth of information on growth 

rates in E. imbricata between 500 and 800 mm SCL, which were largely missing 

from the mark-recapture data. The growth records for these intermediate sizes 

confirmed that the mean relationship between growth rate and size is curvilinear, as 

in captive-raised E. imbricata, and that as such the size-age curve is more accurately 

modelled by two intersecting exponentials rather than a single one. This distinction 

could not be made with the mark-recapture data, due to a paucity of records in the 

500 mm to 800 mm sizes, so that only a single exponential model could be used. 
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As in both captive-raised E. imbricata and the sample of E. imbricata from the 

British Virgin Islands, supernumerary bands were a complication in younger 

animals. In the Cuban E. imbricata annual growth rates in animals up to and 

including 425 mm SCL appeared to be underestimated. It is possible that the real 

growth rates in the harvested animals were in fact lower than those involved in the 

mark-recapture study, for reasons discussed above. However, for the purposes of 

comparing the size-age relationship in animals greater than 475 mm SCL, it was 

assumed that the differences between the two were completely attributable to 

supernumerary bands. As such correction factors were derived and used here to align 

the predicted data with the mark-recapture results in the young animals. If this had 

not been done, the age taken to reach 475 mm SCL (4-5 years), as assessed from the 

pigment rows, would have been overestimated.  

 

The existence of supernumerary bands in the smaller juveniles complicates the 

ability to reconstruct growth rates during the pelagic phase, although this may be 

able to be overcome with additional work. The method used here assumes that 

annual growth rates in these younger animals can be adequately modelled by simple 

extrapolation, which may not be the case. Diez and van Dam (2002a) have provided 

data from the Caribbean suggesting growth rates in these smaller animals may 

initially increase with increasing size, which has been well demonstrated in E. 

imbricata from the Seychelles (Mortimer et al., 2002). If this were the case for E. 

imbricata in Cuba, then a further adjustment would be needed. 

 

In animals over 425 mm SCL, the reason size-age curves derived from real and 

predicted data varied from each other is unclear. It could reflect errors in one or both 

sets of data, or it could reflect fundamental differences in the E. imbricata sampled in 

both studies: they are not being drawn from the same population. The mark-recapture 

results came mainly from resident E. imbricata in the Doce Leguas region, with 

growth records of the larger animals mainly from nesting females in the same region. 

However, the traditional harvest intercepts a mobile population that include animals 

from neighbouring countries (Diaz-Fernandez et al., 1999). For example, the average 

nesting female on Cuban beaches is around 77-78 cm SCL, but on the nesting 

beaches in Las Coloradas, Mexico, the average nesting female is 90-91 cm SCL 

(CITES, 2002). As both are represented in the harvested animals from Cuban waters 

(Diaz-Fernandez et al., 1999), growth rates amongst the large animals could be 

expected to be highly variable. More so when it is considered that the largest animals 
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are not necessarily the oldest, but rather animals that have grown faster throughout 

their lives (Webb et al. in prep.). 

 

If growth rates do slow when females reach maturity and start nesting, then the 9 

records obtained here of animals considered to have reached their maximum size 

(based on the pigment pattern) (821.2 mm SCL), would be consistent with the small 

mean size of nesting females in Cuba (77-78 cm SCL), although we have no way of 

testing this. If so, the maximum sizes estimated by extrapolation of the linear growth 

rate to mean size relationships (887.9 mm SCL, 892.5 mm SCL), or the curvilinear 

relationship (969.7 mm SCL) may reflect larger individuals from outside Cuba being 

caught in the harvest. At this stage there is no way to test these possibilities further. 

Accordingly, the size-age relationships cannot be assumed to predict accurately 

amongst the largest animals.  

 

One of the obvious advantages of using a morphological age indicator in the way it 

was used here is that it gives a series of estimates of annual growth from the same 

individual, which includes a complete summer and winter. For a variety of logistic 

and biological reasons, this is not always possible with mark-recapture studies. 

Shorter recaptures may be biased to one season or the other and longer ones, 

involving years between recaptures, may not comply with the basic assumption of 

linear growth between recaptures. If combined with a mark-recapture study, the 

ability to estimate age on the basis of colour pattern can clearly provide a wealth of 

data from animals caught once but not re-caught. In this study, some 591 annual 

growth records were obtained over the whole size range of E. imbricata, with the 

final analysis able to be completed rapidly. To achieve the same number of 

recaptures over the same size range of E. imbricata in the field would involve 

daunting logistics and costs, if indeed it were possible to do. 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
CHAPTER 12 
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CHAPTER 12: FINAL DISCUSSION AND CONCLUSIONS 

 

The World Conservation Union (IUCN) considers that the global population of E. 

imbricata meets the criteria for "critically endangered" (IUCN, 2006). Yet because the 

status of E. imbricata in different countries is often good, many seem to agree that the 

species is not "critically endangered" per se, despite being classified as such (Meylan 

and Donnelly, 1999; Webb and Carrillo, 2000; CITES, 2002; Mrosovsky, 2003). 

Pritchard (1997) contends the central difficulty is an absence of hard data on status. That 

scientists, unable to equate the level of global harvest with the known levels of nesting 

globally, assume the worst.  But this worst-case-scenario had difficulty dealing with the 

situation in Cuba, which was not taken into account when the IUCN’s 1996 assessment 

was done. 

 

The annual harvest of E. imbricata in Cuba up to 1993 involved around 5000 larger 

individuals per year (Carrillo et al., 1998; Carrillo et al., 1999). As pointed out by 

Carrillo et al. (1998), if E. imbricata population dynamics followed the general sea turtle 

paradigm, and included high juvenile mortality rates, low individual growth rates and 

long ages to reach maturity, it meant that an enormous wild population, laying millions 

of eggs annually, was needed somewhere in the Caribbean to sustain Cuba's harvest 

alone (Heppell, 1996). This was clearly inconsistent with the general IUCN view that the 

global wild population of E. imbricata was small and declining, but nor was any such 

abundant reservoir of E. imbricata known.  

 

To explain this obvious difficulty, Carrillo et al. (1998) proposed that the standard 

population dynamics used to model sea turtle populations could not be applied to E. 

imbricata in Cuban waters. They considered there to be sufficient information available 

to support the view that E. imbricata in Cuban waters grew fast, reached maturity at a 

young age and small size, and had a nesting strategy on offshore islands and keys that 

favoured higher survival rates of hatchlings. That is, they had population dynamics that 

increased the productivity of a modest wild population, so that it could sustain a larger 

harvest. Information on the colour pattern in C1 plates, at that time being quantified by 

Kobayashi (2000a, 2000b, 2001), was used to help derive a size-age relationship used to 

estimate the age structure of the wild population supporting the harvest. That 
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relationship (Figure 12 .1) involved slower growth rates than those derived for E. 

imbricata from Cuba in this study  (Chapter 11).  

 
Figure 12.1. Comparison of the size-age relationship originally proposed for 
Cuban E. imbricata by Carrillo et al. (1998) versus what was considered the best 
estimate derived from Chapter 11. 

 

The assumptions used by Carrillo et al. (1998) to derive the population model for E. 

imbricata in Cuban waters proved controversial. At that time it was not realized that 

primary colours could only be laid down while an individual was growing, so that the 

maximum number of bands were indicating where growth ceased rather than longevity. 

However, Kobayashi (2001) eventually questioned whether the colour pattern could be 

used to estimate age and Tucker et al. (2001) did likewise, proposing the laminae were 

the real indices of age, and as such E. imbricata were much older than estimated by 

Carrillo et al. (1998). However, against these doubts, fast growth rates of E. imbricata in 

Cuban waters were confirmed (Webb et al. in prep), and additional observations (WMI, 

unpublished) confirmed the findings of Ohtaishi et al. (1995), that pigment bands were 

annual in larger, captive-raised E. imbricata. If anything (Figure 12.1), Carrillo et al. 

(1998) may still have been overestimating the age of given sized E. imbricata. It was 

these conflicting results that ultimately led to this study being undertaken.  
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The primary objective here was to describe the development and differentiation of the 

keratin plates, so that a sound morphological model could be derived that was consistent 

with all known observations. A model that could confirm whether or not there was a 

morphological basis for claims that certain structural elements had utility as 

morphological age indicators. In essence, the research was aimed at deciphering the age 

code within the C1 keratin plates of E. imbricata, and particularly that held within the 

colour pattern. 

 

The work involved original research with eggs, embryos and captive-raised juveniles, 

which required the development and refinement of new techniques and technologies. 

Egg collection and incubation was conducted successfully (Chapter 2) and 

standardization of embryonic development rates, at different constant incubation 

temperatures (Annex 1) allow the dynamics of E. imbricata embryonic development to 

be controlled. The development rate coefficients derived can be used to predict when 

equivalent stages will be produced at different incubation temperatures, as they are for 

crocodilians (Webb et al., 1987). 

 

The successful captive-raising of E. imbricata (Chapter 3) also required the development 

and refinement of techniques, within the logistic confines of what WMI could provide or 

afford. It also provided clear insights into some pitfalls, particularly marked increases in 

salinity. It was clear from this work that E. imbricata can be raised successfully in 

captivity, at whatever scale is required, if sufficient attention is given to the raising 

environment, particularly temperature. They can be grown rapidly in captivity: at least 

twice the rate of the fastest growing populations in the wild. That males can reach sexual 

maturity in captivity with active spermatogenesis in less than two years is a striking 

contrast to the view that all sea turtles are long-lived, late-maturing species. 

 

Because there was no guarantee which measures would prove important in later analyses 

aimed at deciphering the age code from C1 plates, particularly if basic changes in 

carapace shape were involved, a series of measures were taken on all individuals being 

raised, at each inventory. This resulted in a large morphometric database, which in this 

case has been analysed from the viewpoint of being able to reconstruct an average-sized 

and shaped E. imbricata, given any one measurement (Annex 2). The results allow 
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minor differences in shape between captive-raised and wild E. imbricata to be quantified 

as was done here when growth was investigated within E. imbricata from the British 

Virgin Islands. 

 

Taken together, the results presented here on egg incubation, embryology and captive-

raising all have implications to efforts being made to produce E. imbricata for 

conservation or commercial purposes, through captive breeding and raising.  

 

The manner in which the keratin plates of E. imbricata form, grow and differentiate with 

age and size is described in detail (Chapter 4), as is the manner in which the 

pigmentation is laid down within the plates (Chapter 5). As described by Ohtaishi et al. 

(1995), on parts of the dorsal surface of some keratin plates there are distinctive growth 

arrest lines, which almost certainly define annual growth between winters. If the 

SCL:C1 coefficients derived here (Chapter 7) are applied to measurements made 

between such growth arrest lines, they should indicate real measures of growth rate 

versus mean size. These growth arrest lines are homologous to ridges in the keratin 

layers of freshwater and terrestrial turtles and tortoises (Wilson et al., 2003). 

 

The growth arrest lines are not obvious on juvenile E. imbricata, and they become 

indistinct in large wild individuals if the keratin plates are subject to wear and tear. But 

where they can be seen clearly they contain valuable information. It is perhaps important 

to emphasize that the utility of a morphological age indicator should not be judged 

purely on the extent to which it can provide information on absolute or real age. In 

situations such as those investigated here, the central goal was to obtain insights into the 

mean size-age relationship - to determine whether it took 10 years or 30-40 years for the 

average animal in the population to reach maturity (Carrillo et al., 1998; CITES, 2002). 

Morphological age indicators have great utility if they can provide definitive information 

on annual growth increments at specific sizes, which is the same type of information 

obtained from mark-recapture studies. For many purposes it is not necessary to have a 

morphological indicator that predicts absolute age accurately. 

 

The laminate structure of the keratin plates was correctly described by Ohtaishi et al. 

(1995), including the fact that the laminae were separated from each other by a space. It 
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is not clear how they reached the conclusion that each lamina constituted an annual 

event, which does not appear to be the case. Tucker et al. (2001), having rediscovered 

the laminate structure of the keratin plates, also assumed that the laminae were annual, 

but rather than space between them hypothesised a layer of α-keratin. The laminae are 

formed from corrugated bands of β-keratin with planes of weakness between them that 

reflect light differently but do not have any unique structure. When keratin plates do 

start to disintegrate, splits along these planes of weakness are common. Most individual 

lamina in the body of the keratin plate appear to be of similar depth [about 80-200 µm 

each], but the outside layers appear to be fused into a thick homogeneous layer, so the 

number of laminae in a cross-section of keratin plate (Table 4.3) is less than would be 

predicted on the basis of the average lamina thickness. However, they are not annual 

laminae, and at least 3 to 5 are laid down each year in captive-raised E. imbricata. 

 

The colour pattern in the keratin plates of E. imbricata is the result of isolated colonies 

of melanocytes, in the dermis, secreting melanin that becomes trapped as isolated 

patches within successive keratin laminae. These pigment patches are protected within 

keratin layers from leaching and the elements, and thus the colour pattern lasts as a 

three-dimensional patch of dark colour within a matrix of largely unpigmented keratin. 

The colour pattern can only form while the turtle is growing, and although it may be 

superficially obscured by secondary colouration, the pigmentation causing secondary 

colouration lies below the primary colouration. Only through wear across the dorsal 

surface is the primary colouration lost. 

 

The pigmentation tends to form in more or less zigzag rows across the growing edge of 

the C1 plates, and in E. imbricata greater than 400-500 mm SCL, these are rows are 

highly correlated with successive winters (Ohtaishi et al. 1995; Kobayashi, 2001), and as 

such can be used to quantify changes in size with changes in age.  

 

In E. imbricata less than 500 mm SCL, in addition to winter bands of pigmentation, 

there are other supernumerary bands: bands of colour laid down in response to other 

variables. These supernumerary bands may be able to be distinguished from winter 

bands, but it will require additional research. In the interim, correction factors were 

derived for adjusting the relationship between growth rate and mean size in the smaller 
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individuals. Once this scaling was done, and the age at 400 to 500 mm SCL E. imbricata 

predicted with reasonable confidence, the colour bands on larger individuals were 

considered to provide an accurate index of the relationship between growth rate and 

mean size, which could be readily converted to an estimate of the relationship between 

size and age. 

 

The existence of supernumerary bands probably explains the apparent contradiction 

between the findings of Ohtaishi et al. (1995) and Kobayashi (2001). Both authors 

reported the secretion of melanin mainly in the winter. Ohtaishi et al. (1995) reported a 

1:1 relationship between dark bands and age in an individual E. imbricata over 20 years 

of age, which was probably not greatly affected by supernumerary bands. Kobayashi 

(2001) on the other hand was studying mainly juveniles in Cuba, where supernumerary 

bands in animals less that 425 mm SCL are commonplace (Chapter 11). 

 

The key to extrapolating changes in the C1 keratin plate to changes in SCL lies in the 

SCL:C1 coefficients (Chapter 7). These coefficients can be used with scaled pictures of 

C1 plates, in situ on living animals or when excised after death. They can also be used to 

scale other measures on C1 plates, for example the distance between growth arrest lines, 

to SCL.  

 

When assessing the C1 plates from the Cuban stockpile, the only information used was 

information that could be gathered from the excised C1 plates themselves. Although it is 

difficult to definitively test the final predicted relationship between growth rate and 

mean size, because recaptures in this size range are rare, the final result is similar to that 

derived from mark-recapture studies. It thus seems likely that stockpiles of E. imbricata 

shell plates, from known populations, contain a wealth of information on the size-age 

relationship and age structure of the wild population. Information critical to being able 

to model wild populations. As such, one can only question the utility of encouraging 

nations to destroy their stockpiles of E. imbricata shell (Mortimer, 1999) without even 

assessing them! 

 

Mark-recapture studies with E. imbricata (Hughes, 1974; Limpus, 1992; Boulon, 1994; 

Diez and van Dam, 2002a) involve an inordinate commitment to field work, and often 
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the catching and marking of individuals that are never seen again. This is particularly so 

amongst the larger juveniles (500-600 mm SCL) that appear to be dispersing from coral 

reefs. The ability to estimate annual growth rates from the keratin plates in such 

individuals, at their first capture, as demonstrated here for the E. imbricata from the 

British Virgin Islands, adds important information about these larger size classes. 

Although the odd larger E. imbricata may stay on a reef and be recaptured, it is often 

unclear whether such individuals are normal or abnormal. For example, the decline in 

growth rates reported for E. imbricata from Mona Island, Puerto Rico, indicates that 

individuals who stayed at that site could never reach the size at which maturity is 

attained. If most individuals leave the site, but a few remain, the results indicate not 

what the average E. imbricata in the population does, but rather what would happen if 

the average animal did not move away. The same may well be the case for E. imbricata 

in the southern Great Barrier Reef (Limpus 1993), which is well south of where nesting 

occurs, contains cool waters, where E, imbricata exhibit slow growth rates, and where 

there is an estimated 23% turnover of individuals annually. There would seem no doubt 

that individuals living there would take decades to reach maturity, but it is unclear how 

many remain there until maturity is reached.  

 

The assessment of C1 plates derived from Cuba's traditional harvest provides some 

interesting insights into how fast the average E. imbricata may grow.  A diversity of 

individual E. imbricata, from fast and slow-growing juvenile raising sites, appear to 

contribute to the free-swimming population in Cuban waters, and be intercepted by the 

traditional harvest. Yet it is clear that the average individual in the 500 to 800 mm SCL 

size class is growing reasonably rapidly. Such insights are difficult to gain from mark-

recapture studies that are either focused on the population living in specific shallow 

reefs, or focused on the female population nesting at a particular site, where growth rates 

can be expected to decline due to the energetic demands of egg production. 

 

 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
ANNEX 1 
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ANNEX 1: THE RELATIONSHIP BETWEEN E. IMBRICATA EMBRYO SIZE, 

STAGE, AGE AND DEVELOPMENT RATE AT DIFFERENT INCUBA TION 

TEMPERATURES 

 
 
A1.1 Introduction 
 

Traditional embryo stages, based on the appearance of new and recognisable 

morphological structures, are available for E. imbricata (Miller, 1985). However, as 

with all such embryo series, these stages progress very rapidly in the younger 

developing embryos [e.g. stages 6 to 9 occur in the first 2 days after laying] relative to 

older ones, when a morphologically complete embryo is growing in size or waiting to 

hatch (e.g. Stage 30 lasts 3-4 days). The accuracy and precision with which such discrete 

stages can be used to predict age (in days) in wild nests is thus too fine amongst the 

early stages and too coarse amongst the later stages. Furthermore, development rate 

increases with increasing temperature, in a non-linear way, further compounding the 

difficulties involved in aging embryos and predicting when specific development stages 

will be reached at different incubation temperatures. These problems can be overcome if 

the relationship between embryo size, stage, age and development rate at different 

temperatures is known. The embryo series available for examination here were not 

extensive, but until such times as larger embryo series can be obtained, the results 

provide a useful tool for research involving embryo age. 

 

A1.2  Embryo series 

 

In addition to the two clutches of eggs incubated during this research (Chapter 2), which 

were used to obtain some embryos, WMI had a preserved series of E. imbricata 

embryos, derived from incubation at different constant temperatures, which was made 

available for this research. This series came from 6 clutches of E. imbricata eggs which 

WMI staff had collected (10 February 1996) from Dudly (N = 5) and Brigland Islands 

(N= 1) in Caledon Bay (12° 54’S, 136° 44’E), 75 km south of Nhulunbuy 

(approximately 600 km east of Darwin) in the Northern Territory [The general results of 

incubation trials with these clutches are described by Nodarse et al. (1998)].  
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The eggs were collected, processed, handled and transported (by helicopter, vehicle and 

commercial jet) as described in Chapter 2, and they were incubated in the same water-

jacketed incubators. Altogether, 826 E. imbricata eggs were collected and 610 (73.8%) 

incubated: the remainder were either infertile (N = 3, 0.4%), dead before collection (N = 

165, 20.0%), dead at collection (N = 32, 3.9%), probed at the time of collection (N = 16, 

1.9%), or opened for aging at the time of collection (N=10, 1.2%) (Nodarse et al., 1998). 

 

Of the 610 eggs incubated, 45 embryos from one clutch (1-day-old when collected) were 

used to obtain known-aged E. imbricata embryo series at different constant 

temperatures. Mean egg dimensions for this clutch (N = 20 eggs) were 34.9 mm and 

35.0 mm diameter, and mean egg weight was 23.3 g.  

 

The available embryo series were more complete at 29°C and 30°C than at other 

temperatures (27°C, 28°C, 31°C, 32°C, 33°C), so I considered the embryo series at 29°C 

as a "standard" series and used embryos incubated at other temperatures to quantify 

development rates "relative" to that standard (Webb et al., 1987). Five (5) embryos 

showed obvious developmental abnormalities and were excluded from further analyses 

(1 each from 27°C, 28°C and 29°C, and 2 from 31°C). Embryo head lengths as a 

function of temperature and real age in days since laying for the 40 apparently normal 

embryos are in Table A1.1 It was assumed for ease of calculations that embryological 

development for the first 2.5 days of development (from egg laying in the field to the 

start of incubation in the laboratory) had occurred at the incubation temperature used 

after 2.5 days. 
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Table A1.1 Head lengths of the embryo series derived from different constant 
incubation temperatures. Asterisks denote embryos that hatched.  

Age 
(days) 

27°°°°C 28°°°°C 29°°°°C 30°°°°C 31°°°°C 32°°°°C 33°°°°C 

2.5 0.50 0.50 0.50 0.50 0.50 0.50 0.50 
7.5   1.80     
12.5 3.49  3.93 3.93  4.98 5.06 
17.5  5.29 5.51 6.11 6.19   
22.5 6.42 7.10 7.66 9.27  10.14 10.51 
27.5   9.64 10.51    
32.5 9.76 11.25 11.37 13.60    
37.5   14.56 15.37    
42.5 13.15 14.16 15.57 16.18    
47.5 15.78  16.18 16.59  17.11  
52.5 16.26  17.80 17.04*    
57.5 17.87       
59.5   17.40*     
65.5  18.08*      
73.5 17.67*       

 

A1.3 The relationship between embryo size and age at 29°°°°C 

 

The relationship between head length (HL) and days incubation at 29°C can be 

described by two linear regressions (Fig. A1.1) The two relationships are not a reflection 

of any fundamental difference in the rate of growth of the head over time, but rather the 

changing endpoints for HL measures in E. imbricata embryos between 30 and 40 days 

[Stages 25 and 26 of Miller (1985)]. Measures to the curve of the neck shift to the back 

of the cranium once it forms (Plate A1.1). 
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Figure A1.1 The relationship between Age (real 
days of incubation at 29°C) and embryo head length 
(HL) for E. imbricata embryos incubated at 29°C. 
Lines are linear regressions, with no scaling to egg 
size in the smaller (dots) or larger embryos 
(crosses). The square represents the HL at hatching 
for this clutch. 

 

 
Plate A1.1 Stages 24 to 26 of E. imbricata embryos showing the different ways Head 
length (HL) is measured between the stages. Adapted from Miller (1985). 
 
 

By using the 29°C series as a standard, days of incubation at 29°C can be referred to as 

Morphological Age (MA) at 29°C (MA29). The formulae (Figure 2.1) for predicting 

MA 29 (in days) from Head length (HL in mm), for the 29°C incubated eggs, are: 

 

Formula A1.1 MA 29 = 2.004 + 2.684HL (Head length range: 0.5 – 15.0 mm)  

Formula A1.2 MA29 = -29.877 + 4.672HL (Head length range: 15.1 – 17.9 mm) 

 

Formula A.1 can be used to assign any E. imbricata embryo, up to 15 mm HL, from any 

clutch, or any incubation temperature or regime, an MA29 - the equivalent age that 

embryo would be if it been incubated at constant 29°C.  
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Because reptilian embryo sizes scales to egg size in the last third of incubation (e.g. 

Webb et al., 1987), Formula A1.2, which is not scaled to egg size, is only applicable to 

E. imbricata embryos from eggs around the same size (egg width 35-36 mm; egg weight 

25 g). However, this problem can be overcome if the HL measures for the larger 

embryos are presented as a ratio of egg width (Fig. A2). 

 

 
Figure A1.2. The relationship between Age (real 
days of incubation at 29°C) and the ratio of 
embryo head length (HL) to egg diameter, for E. 
imbricata embryos incubated at 29°C. Lines are 
linear regressions. The square represents the HL at 
hatching for this clutch. 

 
The two formulae for predicting MA29 from the head length to egg width ratio (HL:EW) 

are: 

 

Formula A1.3 MA29 = 2.004 + 95.696 HL:EW (ratio range: 0 – 0.4)  

Formula A1.4 MA 29 = -29.877 + 166.549 HL:EW (ratio range: 0.4 – 0.5)  

 

Formula A1.3 is only applicable to E. imbricata embryos from egg 35-36 mm wide and 

about 25 g weight, but Formula A1.4 can be used to assign any E. imbricata embryo 

with a HL greater than 15 mm, from any clutch or any incubation temperature or regime, 

an MA29 - the equivalent age the embryo would be if it had been incubated at constant 

29°C.  

 

The two formulae required to predict the standard age (MA29) for any E. imbricata 

embryo are thus Formula A1.1 (up to 15 mm HL) and Formula A2.4 (greater than 15 

mm HL).  
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A1.4 Temperature-dependent development rate coefficients 

 

Temperature-dependent development rate coefficients (DRCs) indicate how many days 

development at a particular temperature is the equivalent of one day’s development at 

the standard temperature - in this case 29°C (MA29). DRCs can be approximated by the 

slopes of regression lines relating real age to MA29 at different temperatures (Figure 

A1.3), when forced through the same origin at zero days. The embryo HLs, real ages and 

predicted MA29 ages are in Table A1.2: Formula A1.1 and Formula A1.4 were used to 

derive them. 

  

 
Figure A1.3. The relationship between Morphological Age at 29°C (MA29) and 
Real Age (in days). The 31°C regression line was excluded because the sample 
size was too small (N = 2). 
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Figure A1.4. The relationship between Development 
Rate Coefficient (DRC) and constant incubation 
temperature. The line is a linear regression of best fit. 
Blue dots are regression slopes derived from Figure 
A1.3, and the red dot (for 31°C) is the predicted 
value for 31°C incubation. 

 
The relationship between the temperature-dependent DRCs (the slopes of the regression 

lines on Figure A1.3) and temperature (T in °C) (Figure 2.4) is well modelled by a linear 

regression: 

 

Formula A1.5  DRCpred = -1.236 + 0.07801T ± 0.020  (r2 = 0.990; p<0.0001)  

 
Table A1.2. Incubation temperature and Predicted Development Rate 
Coefficients (DRCs) (Formula A1.5). 

Temperature (°C) Predicted Development Rate 
Coefficients (DRC) 

27 0.87 
28 0.95 
29 1.00 
30 1.11 
31 1.18 
32 1.28 
33 1.32 

 

The development rate coefficients for constant incubation temperatures between 27°C 

and 33°C (Table A1.2) can be used for the practical purpose of predicting equivalent 

embryological stages at different temperatures. For example, in Chapter 4 the histology 

of 30-day-old and 40-day-old embryos at 29°C (MA29) is examined. The question may 

well be posed: what period of incubation at 27°C and would be needed to obtain 

embryos at the same stage of development as the MA29 30 day and MA29 40 day 
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embryos? The answer is obtained by dividing the times (30 and 40 days) by the 

temperature-specific development rate coefficients. For the 40-day embryo (29°C), it 

would take 46.0 days (40/0.87) of incubation at 27°C but only 30.3 days (40/1.32) at 

33°C. For the 30 day embryo (29°C), it would take 34.5 days at 27°C (30/0.87) and 22.7 

days at 33°C (30/1.32) . 

 
A1.5 Effects of constant incubation temperature on total incubation time 
 
The general relationship between total incubation time to hatching and constant 

incubation temperature, as derived from the individuals in Table A1.1 that hatched, is 

curvilinear (Figure A1.5).  

 

 
Figure A1.5. The relationship between total incubation 
time (in days) and constant incubation temperature. The 
curve is a polynomial regression of best fit to data points 
(blue) from Table A1.1. Red dots are predicted points 
from Formula A1.5. 
 

The mean age of embryos at hatching (HA in days) can be predicted from constant 

incubation temperature (T in degrees centigrade) using formula 2.6:  

 

Formula A1.6  
Age = 862.588 – 49.41826T +0.74815906T2 ± 0.884  

(r2 = 0.996; p <0.0001). 
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Table A1.3. Predicted relationship between constant incubation 
temperature and total incubation time for E. imbricata embryos. 

Temperature (°C) Total Incubation Time (days) 
27 73.7 
28 65.4 
29 58.7 
30 53.4 
31 49.6 
32 47.3 
33 46.5 

 
 

A1.6 Relationship between embryo head lengths and the embryo stages defined by 

Miller (1985) 

 

The approximate relationship between embryo head lengths and the conventional 

embryonic stages described by Miller (1982, 1985) is summarized in Table A1.4. There 

were no measurements for head lengths for Stages 26 to 31, so a regression using the 

head widths (provided) was used to estimate head lengths for embryos at stages 26 to 30. 

At Stage 31, head length was assigned as 17.4 mm, which was the head length of the 

WMI embryo series (29°C) embryo at hatching. Miller (1982) did not incubate E. 

imbricata eggs at constant temperatures, so the incubation period of the WMI embryo 

series (29°C) embryo at hatching, 60 days, was used to estimate the incubation period 

for these embryos.  
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Table A1.4. Range of head lengths of embryos from Miller (1982; 1985). 
Stage 11 was the first stage where it was possible to measure Head length. 
Incubation temperature was 29°C and incubation period 60 days. *HW but not 
HL provided: HL estimated from a HW to HL regression using HW and HL at 
hatching from my data (17.4 mm). 

Stage Range of Head 
lengths (mm) 

Age (days) 
(% Incubation period) 

N 

11 0.9 3.4 (5.7) 2 
12 0.7 – 0.9 4.0 (6.7) 7 
13 0.8 – 1.1 4.6 (7.6) 18 
14 1.0 – 1.2 5.2 (8.6) 15 
15 1.1 – 1.5 6.9 (11.5) 24 
16 1.2 – 2.5 8.0 (13.4) 28 
17 1.8 – 2.6 9.8 (16.3) 14 
18 2.7 – 3.0 11.5 (19.2) 19 
19 2.4 – 2.5 13.2 (22.0) 4 
20 3.6 – 5.1 15.0 (25.0) 31 
21 4.2 – 8.4 17.7 (29.5) 4 
22 6.6 – 7.5 20.7 (34.5) 4 
23 10.0 23.6 (39.4) 1 
24 9.2 – 10.1 27.0 (45.0) 4 
25 9.3 – 9.8 31.8 (53.0) 3 
26 11.2* 37.2 (62.0) 8 
27 13.6* 42.4 (70.6) 24 
28 15.4* 47.0 (78.3) 27 
29 15.9* 51.6 (86.0) 26 
30 16.1* 56.8 (94.7) 13 

 
A1.7 Discussion 
 
The results reported here confirm that incubation temperature exerts profound influences 

on E. imbricata embryological development rate, that affect the time relations associated 

with the different morphological stages described by Miller (1985). These alter total 

incubation times appreciably. The primary aim of conducting the research reported here 

was to provide a more accurate and standardised framework for exerting a higher level 

of control and predictability over the incubation process. This was achieved, suggesting 

that the development rate coefficients derived, although based on reasonable small 

sample sizes, are reasonably accurate. 

 

Although not examined specifically, it seems likely that these development rate 

coefficients can be applied generally to E. imbricata. At an embryological level, if the 

effects of temperature on embryological development are to be examined, the 

coefficients should allow the same "stage" of embryo to be retrieved from different 



 293

incubation regimes. At a practical level, the coefficients allow reconstruction of the 

development process. For example, it is often not clear whether embryonic deaths within 

incubators are due to a failure of the incubator per se, damage to embryos incurred 

during collection and transport of eggs, embryo deaths in situ in wild nests, or some 

form of development failure while eggs are in the female oviducts. The ability to 

estimate the age of live and dead embryos great assists in partitioning the most likely 

causes of mortality. 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
ANNEX 2 
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ANNEX 2: MORPHOMETRIC ANALYSIS OF JUVENILE E. IMBRICATA 

RAISED IN CAPTIVITY 

 
 

A2.1 Introduction 

 

A primary goal of the present study was to quantify growth rates of body size and 

determine the extent to which they could be predicted from assessing measurements 

taken on C1 plates. This was approached by taking basic measurements of body size 

and C1 plate size, at successive inventories, on the same 136 animals as they were 

raised in captivity. It seemed likely from the start that the shape of the C1 plate 

would need to be accounted for, so a series of C1 shape measurements were taken.  

 

Some variation in C1 shape between individuals occurs at hatching, which probably 

reflects variation in exactly where the embryonic clefts defining the margins of the 

C1 are located. But in addition, as E. imbricata grow in the anterior-poster plane, 

changes in shape take place in the dorso-ventral plane. Although not specifically 

measured here, there is a tendency for E. imbricata to become more dome-shaped 

with increasing age and size, with noticeable variation between individuals in the 

extent of doming. It was considered likely that doming would involve the medial 

edges of the costal plates growing at different rates over time to the lateral edges, so 

that growth of the C1 relative to SCL may be allometric rather than isometric - not 

simply the same shaped C1, with the same proportions, getting bigger.  

 

In addition to possible biases associated with variation in C1 size and shape, it was 

unclear at the start of the research whether the morphometric dimensions of the 

captive-raised E. imbricata, examined here, would be the same as those in their wild 

counterparts. An issue that could prove important when applying any findings from 

this research to wild E. imbricata in northern Australia. Similarly, differences in 

shape between E. imbricata in Australia (captive or wild) and E. imbricata in other 

locations around the world may need to be accounted for.  

 

To address these possibilities, it was decided from the start that a larger series of 

morphometric measurements than strictly required for relating C1 dimensions and 

shape to SCL would be taken at each inventory. These measurements were then used 

to derive predictive relations between each other, that could be used to reconstruct 
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the relative dimensions of any captive-raised E. imbricata, given any one measure, 

with the minimum prediction error. The size range was from hatching to 460 mm 

SCL. 

 

A2.2 Methods 

 

The terminology used to describe carapacial plates in E. imbricata is summarised on 

Figure A2.1. During the inventories, up to 13 straight and curved morphometric 

measurements taken (Figures A2.2 and A2.3; Table A2.1). Measurements were taken 

on E. imbricata from 36.1 mm SCL and 10 g BWt (hatching) to the 456.1 mm SCL 

and 8457 g BWt, which was the largest animal at the end of the detailed inventories 

(October 2005). 

 

 
Figure A2.1. External morphological features of the hawksbill turtle (adapted from 
Pritchard and Mortimer, 1999).  
 
Straight measurements were taken with digital vernier calipers (Dick Smith 

Electronic (+ 0.05 mm) for measurements not exceeding 155 mm and metal vernier 

calipers (Mitutoyo (+ 0.05 mm) for all other straight measurements. Curved 

measurements were taken using a flexible fibreglass tape measure. The turtles were 

weighed on an A & D Co. Ltd Digital Balance (Model K0003) (+ 1 g). 
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Figure A2.2 Diagram of Eretmochelys imbricata showing measurements that were 
taken during the inventories (adapted from Pritchard and Mortimer, 1999). ‘HL’, 
Head Length; ‘HW’, Head Width; ‘SA’, Straight A; ‘CA’, Curved A;  ‘SB’, Straight 
B; ‘CB’, Curved B; ‘SC’, Straight C; ‘CC’, Curved C;  ‘SCW’, Straight Carapace 
Width; ‘SCL’, Straight Carapace Length; ‘CCL’, Curved Carapace Length.  
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Figure A2.3. Diagram of Eretmochelys imbricata (adapted from Pritchard and 
Mortimer, 1999) showing measurement ‘PL’, Plastron Length. 
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Table A2.1. Morphological end-points for each of the measurements on E. 
imbricata taken during inventories with the resolution of measurement  (in 
brackets). 

Attribute Description 
Head Length (HL) From the anterior tip of the beak to the posterior tip 

of the skull (0.05 mm). 
Head Width (HW) At the widest point of the head (0.05 mm). 
Straight Carapace Length (SCL) From the anterior point at midline (nuchal scute) to 

the posterior tip of the supracaudals (0.05 mm). 
Straight Carapace Width (SCW) At the widest point of the carapace. (0.05 mm). 
Straight Plastron Length (PL) Along the midline from the anterior to the posterior 

margin of the plastron (0.05 mm). 
Straight A (SA) From the point where the right C1 meets the second 

vertebral scute and is overlapped by the first 
vertebral scute to the suture point between right 
marginal scutes three and four (0.05 mm). 

Straight B (SB) From the suture point where the C1 meets the first 
vertebral and second right marginal scute to the 
posterior edge of the scute which hangs over the 
second right costal scute (0.05 mm) 

Straight C (SC) From the suture point where the C1 meets the first 
vertebral and second right marginal scute to the 
suture point where the right C1 meets the right 
second costal scute and the fifth right marginal scute 
(0.05 mm). 

Curved Carapace Length (CCL) From the junction of skin and scute to the posterior 
tip of the supracaudals along the midline (1 mm) 

Curved A (CA) From the point where the right C1 meets the second 
vertebral scute and is overlapped by the first 
vertebral scute to the suture point between right 
marginal scutes three and four (1 mm). 

Curved B (CB) From the suture point where the C1 meets the first 
vertebral and second right marginal scute to the 
posterior edge of the scute which hangs over the 
second right costal scute (1 mm). 

Curved C (CC) From the suture point where the C1 meets the first 
vertebral and second right marginal scute to the 
suture point where the right C1 meets the right 
second costal scute and the fifth right marginal scute 
(1 mm). 

Body Weight (BWt) Mass of the turtle (grams) 
 
When compiled into a single database (Table A2.2), there were 3200 sets of 

measurements taken from the 136 animals as they increased in size. Most records 

had the full complement of 13 measurements, but in some, the curved measurements 

were not taken, so that there were only 9 measurements in each set. The total 

database involved 33,096 different measurements.  
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Table A2.2. Details of the E. imbricata morphometric database. 
Attribute N Mean Range 

Head Length (HL) 3200 53.8 mm 18.0 – 107.5 mm 
Head Width (HW) 3200 33.6 mm 12.2 – 65.3 mm 
Straight Carapace Length (SCL) 3200 188.6 mm 36.1 – 456.1 mm 
Straight Carapace Width (SCW) 3200 142.0 mm 26.9 – 359.4 mm 
Straight Plastron Length (PL) 3200 142.5 mm 29.7 – 331.2 mm 
Straight A (SA) 3200 47.9 mm 8.6 – 123.0 mm 
Straight B (SB) 3200 38.0 mm 5.8 – 101.8 mm 
Straight C (SC) 3200 46.8 mm 7.9 – 120.5 mm 
Curved Carapace Length (CCL) 1074 237 mm 77 – 477 mm 
Curved A (CA) 1074 58 mm 22 – 117 mm 
Curved B (CB) 1074 46 mm 13 – 104 mm 
Curved C (CC)  1074 57 mm 17 – 121 mm 
Body Weight (BWt) 3200 1284.4 g 10 – 8457 g 

 

 

A2.3 Results 

 

The relationships between body weight and all other linear dimensions were strongly 

curvilinear and required transformation with natural logarithms to linearise them. 

However, the majority of the relationships between morphometric measurements 

within the narrow range of body sizes examined here, were either linear or slightly 

curvilinear, and could be reasonably well-modelled by straight lines for the purposes 

of predicting accurately one dimension from the other. The central aim of the 

analyses conducted here was accurate prediction rather than an analysis of relative 

growth, and it required consideration of three fundamental issues: 

 

1.   Despite the general linearity between measurements over the whole size range, 

and the very high r2 values associated with regressions (see below), it was 

apparent from the residuals that allometric growth was occurring within some 

of these attributes. For example, in the post-hatching phase, individuals free of 

the confines of the egg experience a period of shape adjustment. So even a 

linear relationship with a very high r2 value for the regression over the 

complete size range (e.g. SCL from HL; r2 = 0.993), could not predict 

accurately amongst the smallest sizes. There are a variety of curvilinear 

measurements that could overcome the problem of more accurate prediction of 

the mean value over the whole size range. 
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2.   The residuals around the mean regression increased with increasing size in 

almost all relationships between any two attributes. This meant that the mean 

residual, over the complete size range, overestimates variation in the smaller 

animals and underestimates it in the larger animals. The simplest approach to 

minimising prediction errors adopted here was to subdivide the data set and 

separately analyse subsets with more uniform variation.  

 

For example, for the purposes of being able to predict SCL from HL, with all 

data included, the standard error of estimate (SEE or Root Mean Square of the 

Residual, RMSR) was 8.4 mm. When analysed in three separate size groups for 

SCL (18 to 40 mm; 40 to 80 mm; 80 to 107.5 mm SCL), the SEE was 2.3 mm, 

7.2 mm and 11.9 mm respectively. Predicted values within each size group 

matched real values more closely, overcoming to a large degree the slight 

allometry referred to in point (1) above. Within these subsets of data, with more 

restricted size ranges, the r2 values often declined (relative to the regressions 

with all data included), but they reflect the real levels of variation more 

accurately, as it increases with increasing size. 

 

3. Given that the central goal is accurate prediction of the mean animal in the 

population, outlying points more than 3SD from the mean represent a potential 

problem. They could exert a significant influence on the slope of regression 

line, and thus on the accuracy with which dimensions can be predicted. Outliers 

can be explained in two ways: 

 

a.  The shape of an individual turtle deviated significantly from the mean 

trend in the population; or, 

 

b.  Measurement errors, transcription errors or typographical errors were 

made during the course of dealing with 33,096 separate measurements. 

 

Insights into whether outliers reflecting shape abnormalities were valid could be 

obtained from two sources. Firstly, where outliers were extreme they indicated a turtle 

with a truly abnormal shape, and notes taken at the time of the inventory should have 

recorded it. For example, if SCL and SCW were transposed in the data recording, by 

accident, a turtle would be wider than it was long and would thus be strikingly 

abnormal - notes would have been taken. Secondly, as the results were drawn form 
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the same animals over time, it was possible to check whether apparent shape 

anomalies were present at the inventory before and after the one resulting in the 

extreme outlier. 

 

The relationship predicting SCL from HL is used to exemplify the process followed 

in refining the predictive formulae and verifying outliers.  

 

 
Figure A2.4. The relationship between SCL and HL 
for E. imbricata from 18.0 to 107.5 mm HL (N= 
3200). 

 

When all results (N = 3200) were plotted (Figure A2.4), the relationship between SCL 

and HL was strongly linear (r2 = 0.993), but when the SCL residuals were examined, 

as a function HL (Figure A2.5), it was apparent that: 

 

a. The residual variation increased with increasing size; 

 

b. There was a period of shape adjustment in the smallest animals; and, 

 

c. Some outliers were more than 3SDs from the mean. 
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Figure A2.5. The distribution of SCL residuals 
from the relationship between SCL and HL depicted 
in Figure 3.3 (N=3200). The bold lines indicate  
+3SD.  

 

When the results were subdivided into <40 mm and >40 mm HL (Figures A2.6a and 

b), the linearity was improved, as demonstrated in the two sets of residuals (Figures 

A2.7a and b). Residual variation still increased with increasing size, particularly in 

the >40 mm HL group, but not to the degree it did in the combined data (Figure 

A2.5). That is, the mean residual in the <40 mm and >40 mm HL subsets more 

closely matched the real variation than the mean residual in the combined data.  

 

 
Figure A2.6. The relationship between SCL and HL for E. imbricata (a) up to 40 mm 
HL (r2 = 0.992; N = 1011; SEE ± 2.39 mm) (b) >40 mm HL  (r2 = 0.981; N = 2194; 
SEE ± 9.83 mm). 
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Figure A2.7. Residuals from the relationships in Figures 3.5a and b plotted against 
HL. (a) up to 40 mm HL   (b) >40 mm HL. The bold lines indicate  +3SD. 
 

Despite the increased linearity, in both sets of residuals there remained outliers 

exceeding 3SDs from the mean: 17 in the <40 mm HL relationship (Figure A2.7a) 

and 20 in the >40mm HL  (Figure A2.7b). Each of these was checked within the 

original data. Some represented transcription and typographical errors, which were 

corrected, and others represented real variation. In this case it was very clear that 

some of the fastest growing animals had large SCLs relative to HLs.  

 

 
Figure A2.8. The relationship between SCL and HL 
for E. imbricata from 18.0 to 107.5 mm HL, with 
the validity of outliers verified (N= 3200). 
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Figure A2.9. The distribution of SCL residuals from 
the relationship between SCL and HL depicted in 
Figure 3.7 (N= 3200). The bold lines indicate  +3SD. 

 

The new regression with the corrected data, for the complete size range, and the 

distribution of residuals are presented in Figures A2.8 and A2.9 respectively. The 

separate regressions with corrected data, subdivided into <40 mm HL and >40 mm 

HL (Figures A2.10a and b), with the distribution of residuals (Figures A2.11a and b), 

could then be used to derive predictive formulae that were more accurate and precise 

for the specific purpose of predicting attribute sizes from each other (see next 

section).  

 

 
Figure A2.10. The relationship between SCL and HL for E. imbricata (a) up to 40 
mm HL (r2 = 0.992; N = 1011; SEE ± 2.34 mm; p<0.0001) (b) >40 mm HL  (r2 = 
0.985; N = 2194; SEE ±. 8.90 mm; p<0.0001). 
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Figure A2.11. Residuals from the relationships in Figures 3.9a and b plotted against 
HL. (a) up to 40 mm HL   (b) >40 mm HL. The bold lines indicate  +3SD. 

 
 

The precision with which different attributes were measured was itself variable, and 

depended on whether measurements involved endpoints between bone, keratin or 

skin. In the case of keratin, whether the endpoints changed with erosion and/or 

overgrowth over time.  

 

As a general index of the measurement errors for all attributes relative to each other, 

SCL was used to predict all other attributes, and the mean residual variation (SEE) 

in those attributes expressed as a percentage of the mean value for that attribute in 

the sample (Table A2.3).  

 

Table A2.3. The SEE derived from all attributes predicted from SCL, expressed as a 
percentage of the mean value for those attributes. High percentages largely indicate 
increased variation in measurement precision. In the case of BWt, the variation 
reflects real variation rather than measurement error.  

Attribute SEE from 
SCL 

Mean Percentage of 
Error from 

SCL 
Head Length (HL) 1.848 mm 53.8 mm 3.4% 
Head Width (HW) 1.371 mm 33.6 mm 4.1% 
Straight Carapace Width (SCW) 4.914 mm 142.1 mm 3.5% 
Straight Plastron Length (PL) 5.271 mm 142.5 mm 3.7% 
Straight A (SA) 2.832 mm 47.9 mm 5.9% 
Straight B (SB) 2.568 mm 38.0 mm 6.8% 
Straight C (SC) 1.851 mm 46.7 mm 4.0% 
Curved Carapace Length (CCL) 2.718 mm 237 mm 1.1% 
Curved A (CA) 3.502 mm 58 mm 6.0% 
Curved B (CB) 2.774 mm 46 mm 6.0% 
Curved C (CC) 2.089 mm 57 mm 3.7% 
Body Weight (BWt) 251.6 g 1284.4 g 19.6% 

 

In deriving the final set of predictive formulae (Appendix 1: Tables A2.4) the 

majority of relationships were subdivided into three subsets, with some subdivided 

into four, in order to increase both the accuracy and precision of predictions. 
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Altogether, 652 predictive formulae were derived, which together allow the 

dimensions of any captive-raised E. imbricata, between 35 and 460 mm SCL, to be 

predicted accurately from any other measure.  

 

The general relationship for the complete size range of data, for each attribute, is 

depicted in Figures A2.12 to A2.24 (Appendix 2) [The formulae for the complete 

size range are included in Table A2.4]. Increases in the variation from relationship to 

relationship reflect to a large degree the accuracy and precision with which some 

attributes could be measured (Table A2.3).  

 

A2.4 Discussion 

 

The primary goal of the morphometric analysis was to derive formulae that can be 

used to determine whether the shape of the captive-raised E. imbricata studied here, 

and particularly their C1 plates, are consistent with wild E. imbricata, within or 

outside Australia. This has been achieved, and the formulae can now be used define 

aspects of the shape of any given sized E. imbricata. 
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APPENDIX 1 
 
Table A2.4. Coefficients for predicting measurements (Y) from each other attribute (X) by linear regression analysis (Y = a + bX ± SEE ). p-
values for all formulae were p<<0.0001.  

 
Formula 

No. 
Predictor 

(X) 
To predict 

(Y) 
Predictor 

range 
a ±±±± SE b ±±±± SE SEE 

 
r2 N 

A2.1 HL HW 18 – 110 mm 2.177 ± 0.056 0.584 ± 0.001 1.207 0.991 3200 
A2.2   18 – 39 mm 2.218 ± 0.056 0.581 ± 0.002 0.409 0.988 1011 
A2.3   40 – 79 mm 2.474 ± 0.172 0.579 ± 0.003 1.282 0.960 1754 
A2.4   80 – 110 mm 3.372 ± 1.284 0.570 ± 0.015 1.914 0.778 442 
A2.5 HL SCL 18 – 110 mm -53.653 ± 0.389 4.504 ± 0.007 8.350 0.993 3200 
A2.6   18 – 39 mm -37.434 ± 0.324 4.001 ± 0.011 2.344 0.992 1011 
A2.7   40 – 79 mm -67.722 ± 1.069 4.697 ± 0.017 7.973 0.976 1754 
A2.8   80 – 110 mm -85.069 ± 7.984 4.906 ± 0.090 11.897 0.870 442 
A2.9 HL SCW 18 – 110 mm -36.356 ± 0.375 3.317 ± 0.006 8.051 0.988 3200 
A2.10   18 – 22 mm -54.074 ± 1.353 4.300 ± 0.065 1.583 0.928 340 
A2.11   23 – 39 mm -23.548 ± 0.584 2.975 ± 0.019 2.530 0.974 679 
A2.12   40 – 79 mm -42.539 ± 0.961 3.375 ± 0.016 7.171 0.963 1754 
A2.13   80 – 110 mm -90.633 ± 8.567 3.989 ± 0.097 12.764 0.794 442 
A2.14 HL PL 18 – 110 mm -32.493 ± 0.330 3.253 ± 0.006 7.094 0.990 3200 
A2.15   18 – 39 mm -27.142 ± 0.281 3.090 ± 0.010 2.038 0.990 1011 
A2.16   40 – 79 mm -36.389 ± 0.977 3.303 ± 0.016 7.289 0.961 1754 
A2.17   80 – 110 mm -66.281 ± 7.604 3.652 ± 0.086 11.331 0.804 442 
A2.18 HL SA 18 – 110 mm -13.178 ± 0.148 1.135 ± 0.003 3.180 0.984 3200 
A2.19   18 – 39 mm -10.047 ± 0.158 1.047 ± 0.006 1.142 0.972 1011 
A2.20   40 – 79 mm -14.134 ± 0.387 1.137 ± 0.006 2.883 0.949 1754 
A2.21   80 – 110 mm -37.033 ± 3.458 1.425 ± 0.039 5.153 0.751 442 
A2.22 HL SB 18 – 110 mm -13.365 ± 0.156 0.955 ± 0.003 3.355 0.975 3200 
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Table 2.4 continued 
 

Formula 
No. 

Predictor 
(X) 

To predict 
(Y) 

Predictor 
range 

a ±±±± SE b ±±±± SE SEE 
 

r2 N 

A2.23   18 – 39 mm -10.417 ± 0.106 0.875 ± 0.004 0.765 0.982 1011 
A2.24   40 – 79 mm -14.369 ± 0.413 0.957 ± 0.007 3.081 0.920 1754 
A2.25   80 – 110 mm -28.072 ± 3.858 1.143 ± 0.044 5.748 0.610 442 
A2.26 HL SC 18 – 110 mm -15.109 ± 0.141 1.150 ± 0.002 3.029 0.986 3200 
A2.27   18 – 22 mm -14.116 ± 0.488 1.181 ± 0.023 0.571 0.883 340 
A2.28   23 – 39 mm -9.934 ± 0.230 0.996 ± 0.007 0.997 0.965 679 
A2.29   40 – 79 mm -18.517 ± 0.385 1.192 ± 0.006 2.872 0.953 1754 
A2.30   80 – 110 mm -31.388 ± 3.034 1.353 ± 0.034 4.521 0.780 442 
A2.31 HL CCL 18 – 110 mm -70.108 ± 1.125 5.010 ± 0.018 9.415 0.987 1074 
A2.32   18 – 39 mm -46.417 ± 4.956 4.481 ± 0.136 4.047 0.912 107 
A2.33   40 – 79 mm -72.729 ± 1.742 5.042 ± 0.029 9.029 0.974 812 
A2.34   80 – 110 mm -102.857 ± 14.823 5.400 ± 0.169 12.240 0.867 159 
A2.35 HL CA 18 – 110 mm -15.292 ± 0.459 1.190 ± 0.007 3.845 0.962 1074 
A2.36   18 – 39 mm -3.775 ± 2.409 0.922 ± 0.066 1.968 0.649 107 
A2.37   40 – 79 mm -13.844 ± 0.608 1.157 ± 0.010 3.159 0.942 812 
A2.38   80 – 110 mm -38.718 ± 7.481 1.474 ± 0.085 6.178 0.656 159 
A2.39 HL CB 18 – 110 mm -16.262 ± 0.431 1.018 ± 0.007 3.606 0.954 1074 
A2.40   18 – 39 mm -12.658 ± 1.713 0.949 ± 0.047 1.399 0.795 107 
A2.41   40 – 79 mm -14.773 ± 0.602 0.987 ± 0.010 3.118 0.924 812 
A2.42   80 – 110 mm -35.183 ± 6.948 1.245 ± 0.079 5.737 0.612 159 
A2.43 HL CC 18 – 110 mm -18.403 ± 0.387 1.224 ± 0.006 3.236 0.974 1074 
A2.44   18 – 39 mm -11.939 ± 1.981 1.077 ± 0.054 1.618 0.789 107 
A2.45   40 – 79 mm -17.964 ± 0.567 1.212 ± 0.009 2.939 0.954 812 
A2.46   80 – 110 mm -39.525 ± 5.599 1.472 ± 0.064 4.623 0.772 159 
A2.47 ln HL ln BWt 18 – 110 mm -8.218 ± 0.022 3.706 ± 0.006 0.148 0.993 3200 
A2.48   18 – 39 mm -9.796 ± 0.043 4.185 ± 0.013 0.096 0.990 1011 
A2.49   40 – 79 mm -7.268 ± 0.071 3.479 ± 0.017 0.136 0.958 1754 
A2.50   80 – 110 mm -8.488 ± 0.443 3.748 ± 0.099 0.144 0.766 442 
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Table 2.4 continued 
 

Formula 
No. 

Predictor 
(X) 

To predict 
(Y) 

Predictor 
range 

a ±±±± SE b ±±±± SE SEE 
 

r2 N 

A2.51 HW HL 12 – 65 mm -3.228 ± 0.101 1.698 ± 0.003 2.058 0.991 3200 
A2.52   12 – 25 mm -3.451 ± 0.109 1.702 ± 0.006 0.700 0.988 1011 
A2.53   26 – 49 mm -1.719 ± 0.305 1.657 ± 0.008 2.169 0.960 1754 
A2.54   50 – 65 mm 14.990 ± 1.871 1.365 ± 0.035 2.961 0.778 442 
A2.55 HW SCL 12 – 65 mm -68.769 ± 0.520 7.663 ± 0.014 10.564 0.989 3200 
A2.56   12 – 25 mm -51.823 ± 0.414 6.840 ± 0.022 2.666 0.989 1011 
A2.57   26 – 49 mm -79.022 ± 1.481 7.872 ± 0.039 10.543 0.959 1754 
A2.58   50 – 65 mm -33.711 ± 10.158 7.109 ± 0.189 16.076 0.763 442 
A2.59 HW SCW 12 – 65 mm -47.703 ± 0.427 5.650 ± 0.012 8.681 0.986 3200 
A2.60   12 – 15 mm -62.476 ± 2.160 6.840 ± 0.151 2.222 0.859 340 
A2.61   16 – 25 mm -33.442 ± 0.611 5.052 ± 0.030 2.397 0.977 679 
A2.62   26 – 49 mm -51.861 ± 1.096 5.688 ± 0.029 7.797 0.957 1754 
A2.63   50 – 65 mm -56.803 ± 9.193 5.927 ± 0.171 14.550 0.732 442 
A2.64 HW PL 12 – 65 mm -43.945 ± 0.321 5.551 ± 0.009 6.526 0.992 3200 
A2.65   12 – 25 mm -38.334 ± 0.329 5.288 ± 0.018 2.116 0.989 1011 
A2.66   26 – 49 mm -46.642 ± 0.974 5.597 ± 0.026 6.293 0.964 1754 
A2.67   50 – 65 mm -56.826 ± 6.153 5.828 ± 0.114 9.739 0.855 442 
A2.68 HW SA 12 – 65 mm -17.213 ± 0.143 1.938 ± 0.004 2.903 0.987 3200 
A2.69   12 – 25 mm -13.835 ± 0.181 1.792 ± 0.010 1.164 0.971 1011 
A2.70   26 – 49 mm -17.728 ± 0.383 1.929 ± 0.010 2.728 0.954 1754 
A2.71   50 – 65 mm -36.078 ± 2.649 2.325 ± 0.049 4.193 0.835 442 
A2.72 HW SB 12 – 65 mm -16.333 ± 0.203 1.619 ± 0.006 4.123 0.963 3200 
A2.73   12 – 25 mm -13.556 ± 0.128 1.495 ± 0.007 0.825 0.979 1011 
A2.74   26 – 49 mm -15.723 ± 0.541 1.579 ± 0.014 3.850 0.875 1754 
A2.75   50 – 65 mm -1.864 ± 0.4.588 1.391 ± 0.085 7.262 0.377 442 
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Table 2.4 continued 
 

Formula 
No. 

Predictor 
(X) 

To predict 
(Y) 

Predictor 
range 

a ±±±± SE b ±±±± SE SEE 
 

r2 N 

A2.76 HW SC 12 – 65 mm -18.976 ± 0.169 1.957 ± 0.005 3.431 0.982 3200 
A2.77   12 – 15 mm -16.382 ± 0.699 1.876 ± 0.049 0.718 0.814 340 
A2.78   16 – 25 mm -13.245 ± 0.245 1.692 ± 0.012 0.962 0.967 679 
A2.79   26 – 49 mm -21.534 ± 0.459 2.001 ± 0.012 3.263 0.940 1754 
A2.80   50 – 65 mm -15.603 ± 3.533 1.931 ± 0.066 5.592 0.663 442 
A2.81 HW CCL 12 – 65 mm -82.801 ± 1.629 8.418 ± 0.042 13.048 0.975 1074 
A2.82   12 – 25 mm -43.251 ± 4.955 6.867 ± 0.212 4.119 0.909 107 
A2.83   26 – 49 mm -85.734 ± 2.408 8.470 ± 0.064 11.862 0.955 812 
A2.84   50 – 65 mm -0.281 ± 20.417 6.930 ± 0.381 19.030 0.678 159 
A2.85 HW CA 12 – 65 mm -19.199 ± 0.409 2.023 ± 0.010 3.274 0.972 1074 
A2.86   12 – 25 mm -4.829 ± 2.130 1.486 ± 0.091 1.771 0.716 107 
A2.87   26 – 49 mm -18.020 ± 0.564 1.977 ± 0.015 2.781 0.955 812 
A2.88   50 – 65 mm -35.631 ± 5.089 2.357 ± 0.095 4.743 0.797 159 
A2.89 HW CB 12 – 65 mm -18.370 ± 0.562 1.698 ± 0.014 4.501 0.929 1074 
A2.90   12 – 25 mm -12.004 ± 1.690 1.456 ± 0.072 1.405 0.794 107 
A2.91   26 – 49 mm -16.719 ± 0.767 1.643 ± 0.020 3.776 0.888 812 
A2.92   50 – 65 mm 3.185 ± 8.100 1.323 ± 0.151 7.550 0.328 159 
A2.93 HW CC 12 – 65 mm -21.579 ± 0.477 2.058 ± 0.012 3.820 0.964 1074 
A2.94   12 – 25 mm -12.655 ± 1.651 1.714 ± 0.071 1.373 0.848 107 
A2.95   26 – 49 mm -21.388 ± 0.663 2.045 ± 0.018 3.268 0.943 812 
A2.96   50 – 65 mm -8.629 ± 6.820 1.834 ± 0.127 6.356 0.570 159 
A2.97 ln HW ln BWt 12 – 65 mm -7.625 ± 0.022 4.027 ± 0.006 0.154 0.992 3200 
A2.98   12 – 25 mm -9.709 ± 0.047 4.746 ± 0.016 0.106 0.988 1011 
A2.99   26 – 49 mm -6.369 ± 0.054 3.688 ± 0.015 0.111 0.972 1754 
A2.100   50 – 65 mm -6.183 ± 0.314 3.637 ± 0.079 0.124 0.828 442 
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Table 2.4 continued 
 

Formula 
No. 

Predictor 
(X) 

To predict 
(Y) 

Predictor 
range 

a ±±±± SE b ±±±± SE SEE 
 

r2 N 

A2.101 SCL HL 35 – 460 mm 12.206 ± 0.070 0.220 ± 0.0003 1.848 0.993 3200 
A2.102   35 – 119 mm 9.506 ± 0.055 0.248 ± 0.001 0.584 0.992 1011 
A2.103   120 – 310 mm 15.501 ± 0.171 0.208 ± 0.001 1.677 0.976 1754 
A2.104   311 – 460 mm 26.527 ± 1.140 0.177 ± 0.003 2.262 0.870 442 
A2.105 SCL HW 35 – 460 mm 9.250 ± 0.052 0.129 ± 0.0002 1.371 0.989 3200 
A2.106   35 – 119 mm 7.689 ± 0.036 0.145 ± 0.0005 0.388 0.989 1011 
A2.107   120 – 310 mm 11.169 ± 0.134 0.122 ± 0.001 1.311 0.959 1754 
A2.108   311 – 460 mm 16.323 ± 0.996 0.107 ± 0.003 1.976 0.763 442 
A2.109 SCL SCW 35 – 460 mm 3.117 ± 0.186 0.737 ± 0.001 4.914 0.996 3200 
A2.110   35 – 55 mm -13.452 ± 0.547 1.065 ± 0.012 1.185 0.960 340 
A2.111   56 – 119 mm 4.579 ± 0.269 0.741 ± 0.003 1.666 0.989 679 
A2.112   120 – 310 mm 6.151 ± 0.447 0.718 ± 0.002 4.383 0.986 1754 
A2.113   311 – 460 mm -21.812 ± 4.147 0.814 ± 0.012 8.227 0.914 442 
A2.114 SCL PL 35 – 460 mm 6.439 ± 0.199 0.721 ± 0.001 5.271 0.995 3200 
A2.115   35 – 119 mm 1.825 ± 0.119 0.772 ± 0.002 1.263 0.996 1011 
A2.116   120 – 310 mm 11.484 ± 0.522 0.702 ± 0.002 5.114 0.981 1754 
A2.117   311 – 460 mm 3.480 ± 4.500 0.726 ± 0.013 8.927 0.878 442 
A2.118 SCL SA 35 – 460 mm 0.435 ± 0.107 0.252 ± 0.001 2.832 0.987 3200 
A2.119   35 – 119 mm -0.250 ± 0.090 0.262 ± 0.001 0.959 0.980 1011 
A2.120   120 – 310 mm 2.708 ± 0.275 0.240 ± 0.001 2.698 0.955 1754 
A2.121   311 – 460 mm -6.779 ± 2.492 0.275 ± 0.007 4.944 0.771 442 
A2.122 SCL SB 35 – 460 mm -2.050 ± 0.097 0.213 ± 0.0004 2.568 0.986 3200 
A2.123   35 – 119 mm -2.209 ± 0.061 0.218 ± 0.001 0.645 0.987 1011 
A2.124   120 – 310 mm -0.766 ± 0.246 0.205 ± 0.001 2.408 0.951 1754 
A2.125   311 – 460 mm -11.359 ± 2.294 0.242 ± 0.007 4.551 0.755 442 
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Table 2.4 continued 
 

Formula 
No. 

Predictor 
(X) 

To predict 
(Y) 

Predictor 
range 

a ±±±± SE b ±±±± SE SEE 
 

r2 N 

A2.126 SCL SC 35 – 460 mm -1.450 ± 0.070 0.256 ± 0.0003 1.851 0.995 3200 
A2.127   35 – 55 mm -2.953 ± 0.228 0.293 ± 0.005 0.494 0.912 340 
A2.128   56 – 119 mm -0.512 ± 0.124 0.248 ± 0.001 0.770 0.979 679 
A2.129   120 – 310 mm -1.429 ± 0.192 0.254 ± 0.001 1.883 0.980 1754 
A2.130   311 – 460 mm -8.723 ± 1.450 0.278 ± 0.004 2.876 0.911 442 
A2.131 SCL CCL 35 – 460 mm 1.349 ± 0.254 1.064 ± 0.001 2.718 0.999 1074 
A2.132   35 – 119 mm -4.508 ± 1.138 1.118 ± 0.010 1.300 0.991 107 
A2.133   120 – 310 mm 0.394 ± 0.380 1.068 ± 0.002 2.599 0.998 812 
A2.134   311 – 460 mm 12.260 ± 3.085 1.032 ± 0.009 3.588 0.989 159 
A2.135 SCL CA 35 – 460 mm 1.838 ± 0.327 0.252 ± 0.001 3.502 0.968 1074 
A2.136   35 – 119 mm 4.259 ± 1.484 0.235 ± 0.014 1.696 0.737 107 
A2.137   120 – 310 mm 3.379 ± 0.431 2.423 ± 0.002 2.954 0.949 812 
A2.138   311 – 460 mm -4.079 ± 4.966 0.272 ± 0.014 5.774 0.699 159 
A2.139 SCL CB 35 – 460 mm -1.912 ± 0.259 0.217 ± 0.001 2.774 0.973 1074 
A2.140   35 – 119 mm -3.872 ± 0.973 0.238 ± 0.009 1.112 0.871 107 
A2.141   120 – 310 mm -0.682 ± 0.345 0.210 ± 0.002 2.365 0.956 812 
A2.142   311 – 460 mm -11.959 ± 3.920 0.247 ± 0.011 4.559 0.755 159 
A2.143 SCL CC 35 – 460 mm -1.039 ± 0.195 0.260 ± 0.001 2.089 0.989 1074 
A2.144   35 – 119 mm -2.448 ± 1.013 0.274 ± 0.009 1.158 0.892 107 
A2.145   120 – 310 mm -0.471 ± 0.282 0.257 ± 0.001 1.928 0.980 812 
A2.146   311 – 460 mm -9.399 ± 2.587 0.285 ± 0.007 3.008 0.904 159 
A2.147 ln SCL ln BWt 35 – 460 mm -7.255 ± 0.014 2.657 ± 0.003 0.100 0.997 3200 
A2.148   35 – 119 mm -7.438 ± 0.024 2.701 ± 0.006 0.066 0.995 1011 
A2.149   120 – 310 mm -6.932 ± 0.054 2.595 ± 0.010 0.107 0.974 1754 
A2.150   311 – 460 mm -8.940 ± 0.364 2.947 ± 0.062 0.121 0.836 442 
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Table 2.4 continued 
 

Formula 
No. 

Predictor 
(X) 

To predict 
(Y) 

Predictor 
range 

a ±±±± SE b ±±±± SE SEE 
 

r2 N 

A2.151 SCW HL 25 – 360 mm 11.474 ± 0.093 0.298 ± 0.001 2.413 0.988 3200 
A2.152   25 – 45 mm 13.164 ± 0.117 0.216 ± 0.003 0.355 0.298 340 
A2.153   46 – 95 mm 8.509 ± 0.144 0.327 ± 0.002 0.839 0.974 679 
A2.154   96 – 239 mm 14.346 ± 0.219 0.285 ± 0.001 2.085 0.963 1754 
A2.155   240 – 360 mm 36.216 ± 1.270 0.199 ± 0.005 2.852 0.794 442 
A2.156 SCW HW 25 – 360 mm 8.793 ± 0.059 0.175 ± 0.0004 1.526 0.986 3200 
A2.157   25 – 45 mm 9.863 ± 0.099 0.126 ± 0.003 0.301 0.859 340 
A2.158   46 – 95 mm 6.934 ± 0.080 0.193 ± 0.001 0.469 0.977 679 
A2.159   96 – 239 mm 10.340 ± 0.141 0.168 ± 0.001 1.341 0.957 1754 
A2.160   240 – 360 mm 21.383 ± 0.936 0.124 ± 0.004 2.101 0.732 442 
A2.161 SCW SCL 25 – 360 mm -3.373 ± 0.256 1.352 ± 0.002 6.656 0.996 3200 
A2.162   25 – 45 mm 13.960 ± 0.359 0.901 ± 0.010 1.090 0.960 340 
A2.163   46 – 95 mm -5.146 ± 0.384 1.335 ± 0.005 2.236 0.989 679 
A2.164   96 – 239 mm -5.507 ± 0.637 1.373 ± 0.004 6.060 0.986 1754 
A2.165   240 – 360 mm 54.263 ± 4.306 1.124 ± 0.016 9.665 0.914 442 
A2.166 SCW PL 25 – 360 mm 3.749 ± 0.216 0.977 ± 0.001 5.629 0.994 3200 
A2.167   25 – 45 mm 10.855 ± 0.340 0.742 ± 0.009 1.032 0.948 340 
A2.168   46 – 95 mm -1.534 ± 0.368 1.022 ± 0.005 2.144 0.983 679 
A2.169   96 – 239 mm 6.606 ± 0.547 0.970 ± 0.003 5.207 0.980 1754 
A2.170   240 – 360 mm 31.420 ± 3.750 0.859 ± 0.014 8.418 0.892 442 
A2.171 SCW SA 25 – 360 mm -0.565 ± 0.101 0.341 ± 0.001 2.627 0.989 3200 
A2.172   25 – 45 mm 1.648 ± 0.193 0.282 ± 0.005 0.586 0.981 340 
A2.173   46 – 95 mm -0.989 ± 0.194 0.341 ± 0.003 1.134 0.957 679 
A2.174   96 – 239 mm 0.871 ± 0.266 0.333 ± 0.002 2.532 0.960 1754 
A2.175   240 – 360 mm 2.989 ± 2.070 0.328 ± 0.008 4.647 0.798 442 
A2.176 SCW SB 25 – 360 mm -2.738 ± 0.117 0.287 ± 0.001 3.038 0.980 3200 
A2.177   25 – 45 mm 1.752 ± 0.131 0.174 ± 0.004 0.396 0.871 340 
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Table 2.4 continued 
 

Formula 
No. 

Predictor 
(X) 

To predict 
(Y) 

Predictor 
range 

a ±±±± SE b ±±±± SE SEE 
 

r2 N 

A2.178 SCW SB 46 – 95 mm -3.942 ± 0.145 0.300 ± 0.002 0.845 0.969 679 
A2.179   96 – 239 mm -1.763 ± 0.298 0.280 ± 0.002 2.832 0.932 1754 
A2.180   240 – 360 mm 5.489 ± 2.526 0.258 ± 0.010 5.669 0.620 442 
A2.181 SCW SC 25 – 360 mm -2.384 ± 0.081 0.346 ± 0.001 2.109 0.993 3200 
A2.182   25 – 45 mm 0.929 ± 0.161 0.269 ± 0.005 0.490 0.914 340 
A2.183   46 – 95 mm -1.864 ± 0.145 0.332 ± 0.002 0.848 0.974 679 
A2.184   96 – 239 mm -3.075 ± 0.221 0.351 ± 0.001 2.101 0.975 1754 
A2.185   240 – 360 mm 4.610 ± 1.552 0.319 ± 0.006 3.483 0.869 442 
A2.186 SCW CCL 25 – 360 mm -0.006 ± 0.759 1.427 ± 0.004 8.063 0.990 1074 
A2.187   25 – 95 mm 0.741 ± 2.548 1.374 ± 0.030 2.983 0.952 107 
A2.188   96 – 239 mm -7.253 ± 0.246 1.479 ± 0.006 6.248 0.988 812 
A2.189   240 – 360 mm 80.971 ± 7.601 1.106 ± 0.029 10.437 0.903 159 
A2.190 SCW CA 25 – 360 mm 1.127 ± 0.302 0.340 ± 0.002 3.214 0.973 1074 
A2.191   25 – 95 mm 4.481 ± 1.382 0.300 ± 0.016 1.618 0.763 107 
A2.192   96 – 239 mm 1.199 ± 0.421 0.340 ± 0.003 2.781 0.955 812 
A2.193   240 – 360 mm 7.953 ± 3.871 0.315 ± 0.015 5.316 0.745 159 
A2.194 SCW CB 25 – 360 mm -2.207 ± 0.296 0.291 ± 0.002 3.143 0.965 1074 
A2.195   25 – 95 mm -2.630 ± 1.095 0.291 ± 0.013 1.282 0.828 107 
A2.196   96 – 239 mm -2.145 ± 0.402 0.291 ± 0.002 2.658 0.945 812 
A2.197   240 – 360 mm 6.114 ± 3.918 0.259 ± 0.015 5.380 0.659 159 
A2.198 SCW CC 25 – 360 mm -1.571 ± 0.212 0.350 ± 0.001 2.254 0.987 1074 
A2.199   25 – 95 mm -1.453 ± 1.064 0.340 ± 0.013 1.246 0.875 107 
A2.200   96 – 239 mm -2.547 ± 0.306 0.358 ± 0.002 2.021 0.978 812 
A2.201   240 – 360 mm 6.687 ± 2.378 0.317 ± 0.009 3.265 0.886 159 
A2.202 ln SCW ln BWt 25 – 360 mm -6.896 ± 0.016 2.734 ± 0.003 0.119 0.995 3200 
A2.203   25 – 45 mm -3.323 ± 0.104 1.746 ± 0.029 0.090 0.913 340 
A2.204   46 – 95 mm -7.782 ± 0.051 2.928 ± 0.012 0.074 0.989 679 
A2.205   96 – 239 mm -6.798 ± 0.050 2.718 ± 0.010 0.100 0.977 1754 
A2.206   240 – 360 mm -6.547 ± 0.287 2.669 ± 0.052 0.112 0.859 442 
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Table 2.4 continued 
 

Formula 
No. 

Predictor 
(X) 

To predict 
(Y) 

Predictor 
range 

a ±±±± SE b ±±±± SE SEE 
 

r2 N 

A2.207 PL HL 28 – 335 mm 10.413 ± 0.085 0.304 ± 0.001 2.170 0.990 3200 
A2.208   28 – 95 mm 8.977 ± 0.063 0.320 ± 0.001 0.656 0.990 1011 
A2.209   96 – 227 mm 12.953 ± 0.234 0.291 ± 0.001 2.163 0.961 1754 
A2.210   228– 335 mm 31.885 ± 1.333 0.220 ± 0.005 2.782 0.804 442 
A2.211 PL HW 28 – 335 mm 8.127 ± 0.046 0.179 ± 0.0003 1.171 0.992 3200 
A2.212   28 – 95 mm 7.372 ± 0.038 0.187 ± 0.001 0.398 0.989 1011 
A2.213   96 – 227 mm 9.368 ± 0.132 0.172 ± 0.001 1.217 0.964 1754 
A2.214   228– 335 mm 16.111 ± 0.741 0.147 ± 0.003 1.545 0.855 442 
A2.215 PL SCL 28 – 335 mm -7.872 ± 0.285 1.379 ± 0.002 7.289 0.995 3200 
A2.216   28 – 95 mm -2.067 ± 0.157 1.291 ± 0.003 1.633 0.996 1011 
A2.217   96 – 227 mm -11.875 ± 0.781 1.397 ± 0.005 7.214 0.981 1754 
A2.218   228– 335 mm 38.101 ± 5.523 1.210 ± 0.021 11.526 0.878 442 
A2.219 PL SCW 28 – 335 mm -2.950 ± 0.225 1.018 ± 0.001 5.746 0.994 3200 
A2.220   28 – 45 mm -12.013 ± 0.610 1.277 ± 0.016 1.354 0.948 340 
A2.221   46 – 95 mm 2.670 ± 0.346 0.961 ± 0.005 2.079 0.983 679 
A2.222   96 – 227 mm -3.445 ± 0.575 1.010 ± 0.003 5.313 0.980 1754 
A2.223   228– 335 mm -4.344 ± 4.433 1.038 ± 0.017 9.257 0.892 442 
A2.224 PL SA 28 – 335 mm -1.732 ± 0.101 0.348 ± 0.001 2.581 0.990 3200 
A2.225   28 – 95 mm -0.797 ± 0.100 0.338 ± 0.002 1.037 0.977 1011 
A2.226   96 – 227 mm -0.822 ± 0.275 0.339 ± 0.003 2.543 0.960 1754 
A2.227   228– 335 mm -6.366 ± 1.938 0.372 ± 0.008 4.044 0.847 442 
A2.228 PL SB 28 – 335 mm -3.529 ± 0.142 0.292 ± 0.001 3.626 0.271 3200 
A2.229   28 – 95 mm -2.666 ± 0.069 0.282 ± 0.001 0.721 0.984 1011 
A2.230   96 – 227 mm -2.555 ± 0.360 0.282 ± 0.002 3.325 0.907 1754 
A2.231   228– 335 mm 9.271 ± 3.189 0.248 ± 0.012 6.655 0.477 442 
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Table 2.4 continued 
 

Formula 
No. 

Predictor 
(X) 

To predict 
(Y) 

Predictor 
range 

a ±±±± SE b ±±±± SE SEE 
 

r2 N 

A2.232 PL SC 28 – 335 mm -3.451 ± 0.105 0.352 ± 0.001 2.683 0.989 3200 
A2.233   28 – 45 mm -2.417 ± 0.259 0.347 ± 0.007 0.575 0.881 340 
A2.234   46 – 95 mm -1.164 ± 0.143 0.322 ± 0.002 0.858 0.974 679 
A2.235   96 – 227 mm -4.483 ± 0.280 0.355 ± 0.002 2.589 0.962 1754 
A2.236   228– 335 mm 2.826 ± 2.153 0.333 ± 0.008 4.492 0.783 442 
A2.237 PL CCL 28 – 335 mm -10.245 ± 0.974 1.483 ± 0.006 9.938 0.985 1074 
A2.238   28 – 95 mm -2.694 ± 2.663 1.402 ± 0.031 3.027 0.951 107 
A2.239   96 – 227 mm -12.954 ± 1.381 1.498 ± 0.008 8.860 0.975 812 
A2.240   228– 335 mm 68.174 ± 11.213 1.182 ± 0.044 14.094 0.824 159 
A2.241 PL CA 28 – 335 mm -1.579 ± 0.292 0.355 ± 0.002 2.981 0.977 1074 
A2.242   28 – 95 mm 4.389 ± 1.537 0.298 ± 0.018 1.747 0.724 107 
A2.243   96 – 227 mm -0.597 ± 0.410 0.347 ± 0.002 2.631 0.960 812 
A2.244   228– 335 mm -4.574 ± 3.487 0.372 ± 0.014 4.382 0.827 159 
A2.245 PL CB 28 – 335 mm -3.905 ± 0.386 0.300 ± 0.002 3.938 0.946 1074 
A2.246   28 – 95 mm -3.630 ± 1.072 0.300 ± 0.013 1.218 0.845 107 
A2.247   96 – 227 mm -2.850 ± 0.509 0.292 ± 0.003 3.269 0.916 812 
A2.248   228– 335 mm 11.763 ± 5.371 0.243 ± 0.021 6.750 0.463 159 
A2.249 PL CC 28 – 335 mm -3.969 ± 0.288 0.363 ± 0.002 2.936 0.979 1074 
A2.250   28 – 95 mm -2.143 ± 1.143 0.345 ± 0.023 1.299 0.864 107 
A2.251   96 – 227 mm -3.917 ± 0.396 0.362 ± 0.002 2.539 0.965 812 
A2.252   228– 335 mm 6.045 ± 3.834 0.326 ± 0.015 4.819 0.753 159 
A2.253 ln PL ln BWt 28 – 335 mm -7.212 ± 0.011 2.794 ± 0.002 0.080 0.998 3200 
A2.254   28 – 95 mm -7.140 ± 0.029 0.777 ± 0.007 0.079 0.993 1011 
A2.255   96 – 227 mm -7.224 ± 0.039 2.795 ± 0.008 0.007 0.987 1754 
A2.256   228– 335 mm -7.985 ± 0.230 2.938 ± 0.041 0.058 0.919 442 
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Table 2.4 continued 
 

Formula 
No. 

Predictor 
(X) 

To predict 
(Y) 

Predictor 
range 

a ±±±± SE b ±±±± SE SEE 
 

r2 N 

A2.257 SA HL 8 – 125 mm 12.276 ± 0.105 0.867 ± 0.002 2.779 0.984 3200 
A2.258   8 – 31 mm 10.093 ± 0.099 0.928 ± 0.008 1.076 0.972 1011 
A2.259   32 – 76 mm 14.881 ± 0.259 0.834 ± 0.005 2.470 3.949 1754 
A2.260   77 – 125 mm 41.466 ± 1.292 0.527 ± 0.014 3.134 0.751 442 
A2.261 SA HW 8 – 125 mm 9.206 ± 0.056 0.509 ± 0.001 1.488 0.987 3200 
A2.262   8 – 31 mm 8.025 ± 0.059 0.542 ± 0.003 0.640 0.971 1011 
A2.263   32 – 76 mm 10.486 ± 0.145 0.495 ± 0.003 1.381 0.954 1754 
A2.264   77 – 125 mm 21.799 ± 0.679 0.359 ± 0.008 1.648 0.835 442 
A2.265 SA SCL 8 – 125 mm 0.666 ± 0.424 3.924 ± 0.008 11.184 0.987 3200 
A2.266   8 – 31 mm 2.361 ± 0.334 3.745 ± 0.017 3.627 0.980 1011 
A2.267   32 – 76 mm -1.108 ± 1.151 3.979 ± 0.021 10.988 0.955 1754 
A2.268   77 – 125 mm 98.662 ± 6.516 2.808 ± 0.073 15.810 0.771 442 
A2.269 SA SCW 8 – 125 mm 3.176 ± 0.290 2.900 ± 0.005 7.661 0.989 3200 
A2.270   8 – 15 mm -1.325 ± 0.707 3.152 ± 0.060 1.957 0.891 340 
A2.271   16 – 31 mm 5.690 ± 0.524 2.804 ± 0.023 3.249 0.957 679 
A2.272   32 – 76 mm 3.843 ± 0.781 2.886 ± 0.014 7.456 0.960 1754 
A2.273   77 – 125 mm 45.581 ± 5.213 2.431 ± 0.058 12.649 0.798 442 
A2.274 SA PL 8 – 125 mm 6.410 ± 0.279 2.841 ± 0.005 7.373 0.990 3200 
A2.275   8 – 31 mm 3.632 ± 0.279 2.891 ± 0.014 3.033 0.977 1011 
A2.276   32 – 76 mm 8.811 ± 0.769 2.828 ± 0.014 7.341 0.960 1754 
A2.277   77 – 125 mm 53.726 ± 4.129 2.279 ± 0.046 10.018 0.847 442 
A2.278 SA SB 8 – 125 mm -1.741 ± 0.151 0.830 ± 0.003 3.996 0.965 3200 
A2.279   8 – 31 mm -1.654 ± 0.101 0.816 ± 0.005 1.096 0.963 1011 
A2.280   32 – 76 mm -0.380 ± 0.390 0.803 ± 0.007 3.723 0.883 1754 
A2.281   77 – 125 mm 22.270 ± 2.915 0.570 ± 0.033 7.072 0.409 442 
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Table 2.4 continued 
 

Formula 
No. 

Predictor 
(X) 

To predict 
(Y) 

Predictor 
range 

a ±±±± SE b ±±±± SE SEE 
 

r2 N 

A2.282 SA SC 8 – 125 mm -1.344 ± 0.119 1.005 ± 0.002 3.146 0.285 3200 
A2.283   8 – 15 mm 0.029 ± 0.185 0.896 ± 0.016 0.512 0.906 340 
A2.284   16 – 31 mm -0.185 ± 0.187 0.941 ± 0.008 1.162 0.952 679 
A2.285   32 – 76 mm -1.982 ± 0.326 1.017 ± 0.006 3.116 0.945 1754 
A2.286   77 – 125 mm 17.845 ± 2.100 0.791 ± 0.024 5.095 0.720 442 
A2.287 SA CCL 8 – 125 mm 4.052 ± 1.334 4.172 ± 0.023 14.257 0.970 1074 
A2.288   8 – 31 mm 11.41 ± 4.759 3.729 ± 0.168 5.711 0.825 107 
A2.289   32 – 76 mm -1.521 ± 1.817 4.293 ± 0.033 12.086 0.954 812 
A2.290   77 – 125 mm 131.909 ± 12.893 2.709 ± 0.146 18.741 0.688 159 
A2.291 SA CA 8 – 125 mm 0.816 ± 0.095 1.018 ± 0.002 1.011 0.997 1074 
A2.292   8 – 31 mm 2.240 ± 0.616 0.976 ± 0.022 0.739 0.951 107 
A2.293   32 – 76 mm 0.508 ± 0.149 1.023 ± 0.003 0.988 0.994 812 
A2.294   77 – 125 mm 0.852 ± 0.845 1.018 ± 0.010 1.228 0.986 159 
A2.295 SA CB 8 – 125 mm 0.972 ± 0.421 0.844 ± 0.007 4.498 0.929 1074 
A2.296   8 – 31 mm 0.156 ± 1.450 0.770 ± 0.051 1.740 0.684 107 
A2.297   32 – 76 mm -0.494 ± 0.561 0.835 ± 0.010 3.729 0.891 812 
A2.298   77 – 125 mm 26.163 ± 5.042 0.543 ± 0.057 7.330 0.367 159 
A2.299 SA CC 8 – 125 mm -0.554 ± 0.346 1.024 ± 0.006 3.699 0.966 1074 
A2.300   8 – 31 mm 0.411 ± 1.300 0.951 ± 0.046 1.561 0.804 107 
A2.301   32 – 76 mm -1.170 ± 0.482 1.038 ± 0.009 3.206 0.945 812 
A2.302   77 – 125 mm 21.603 ± 3.839 0.771 ± 0.043 5.580 0.669 159 
A2.303 ln SA ln BWt 8 – 125 mm -3.667 ± 0.015 2.669 ± 0.004 0.142 0.993 3200 
A2.304   8 – 31 mm -3.417 ± 0.034 2.577 ± 0.012 0.139 0.980 1011 
A2.305   32 – 76 mm -3.560 ± 0.056 2.644 ± 0.014 0.144 0.953 1754 
A2.306   77 – 125 mm -2.343 ± 0.236 2.374 ± 0.053 0.126 0.822 442 
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Table 2.4 continued 
 

Formula 
No. 

Predictor 
(X) 

To predict 
(Y) 

Predictor 
range 

a ±±±± SE b ±±±± SE SEE 
 

r2 N 

A2.307 SB HL 5 – 105 mm 14.971 ± 0.125 1.021 ± 0.003 3.467 0.975 3200 
A2.308   5 – 23 mm 12.191 ± 0.071 1.123 ± 0.005 0.867 0.982 1011 
A2.309   24 – 62 mm 18.635 ± 0.302 0.961 ± 0.007 3.087 0.920 1754 
A2.310   63 – 105 mm 49.405 ± 1.493 0.533 ± 0.020 3.926 0.610 442 
A2.311 SB HW 5 – 105 mm 10.967 ± 0.090 0.595 ± 0.002 2.499 0.963 3200 
A2.312   5 – 23 mm 9.258 ± 0.045 0.655 ± 0.003 0.546 0.979 1011 
A2.313   24 – 62 mm 13.391 ± 0.223 0.554 ± 0.005 2.281 0.875 1754 
A2.314   63 – 105 mm 33.935 ± 1.219 0.271 ± 0.017 3.205 3.377 442 
A2.315 SB SCL 5 – 105 mm 12.239 ± 0.433 4.638 ± 0.010 11.999 0.986 3200 
A2.316   5 – 23 mm 10.919 ± 0.241 4.521 ± 0.016 2.935 2.987 1011 
A2.317   24 – 62 mm 14.135 ± 1.123 4.645 ± 0.025 11.469 0.951 1754 
A2.318   63 – 105 mm 120.553 ± 6.216 3.121 ± 0.085 16.345 0.755 442 
A2.319 SB SCW 5 – 105 mm 12.224 ± 0.378 3.414 ± 0.009 10.478 0.980 3200 
A2.320   5 – 10 mm -4.209 ± 0.837 5.006 ± 0.105 2.125 0.871 340 
A2.321   11 – 23 mm 14.879 ± 0.384 3.234 ± 0.022 2.777 0.969 679 
A2.322   24 – 62 mm 16.752 ± 0.956 3.327 ± 0.021 9.758 0.932 1754 
A2.323   63 – 105 mm 85.987 ± 6.591 2.408 ± 0.090 17.330 0.620 442 
A2.324 SB PL 5 – 105 mm 15.859 ± 0.442 3.329 ± 0.010 12.249 0.971 3200 
A2.325   5 – 23 mm 10.235 ± 0.208 3.491 ± 0.014 2.536 0.984 1011 
A2.326   24 – 62 mm 23.387 ± 1.100 3.215 ± 0.025 11.228 0.907 1754 
A2.327   63 – 105 mm 116.101 ± 7.040 1.921 ± 0.096 18.512 0.477 442 
A2.328 SB SA 5 – 105 mm 3.701 ± 0.171 1.162 ± 0.004 4.727 0.965 3200 
A2.329   5 – 23 mm 2.649 ± 0.108 1.181 ± 0.007 1.318 0.963 1011 
A2.330   24 – 62 mm 6.779 ± 0.427 1.099 ± 0.010 4.356 0.883 1754 
A2.331   63 – 105 mm 36.416 ± 3.020 0.718 ± 0.041 7.942 0.409 442 

332 



Table 2.4 continued 
 

Formula 
No. 

Predictor 
(X) 

To predict 
(Y) 

Predictor 
range 

a ±±±± SE b ±±±± SE SEE 
 

r2 N 

A2.332 SB SC 5 – 105 mm 1.554 ± 0.110 1.189 ± 0.003 3.047 0.986 3200 
A2.333   5 – 10 mm -0.872 ± 0.209 1.433 ± 0.026 0.531 0.899 340 
A2.334   11 – 23 mm 2.733 ± 0.101 1.095 ± 0.006 0.727 0.981 679 
A2.335   24 – 62 mm 1.776 ± 0.302 1.190 ± 0.007 3.087 0.946 1754 
A2.336   63 – 105 mm 21.259 ± 1.766 0.917 ± 0.024 4.644 0.768 442 
A2.337 SB CCL 5 – 105 mm 18.956 ± 1.218 4.849 ± 0.025 13.820 0.971 1074 
A2.338   5 – 23 mm 24.492 ± 3.315 4.333 ± 0.155 4.686 0.882 107 
A2.339   24 – 62 mm 14.610 ± 1.662 4.968 ± 0.038 11.851 0.956 812 
A2.340   63 – 105 mm 142.680 ± 10.728 3.140 ± 0.147 16.966 0.744 159 
A2.341 SB CA 5 – 105 mm 6.809 ± 0.512 1.131 ± 0.011 5.811 0.913 1074 
A2.342   5 – 23 mm 11.256 ± 1.489 0.870 ± 0.070 2.105 0.599 107 
A2.343   24 – 62 mm 7.791 ± 0.675 1.104 ± 0.015 4.815 0.865 812 
A2.344   63 – 105 mm 46.764 ± 5.658 0.602 ± 0.077 8.947 0.278 159 
A2.345 SB CB 5 – 105 mm 0.509 ± 0.086 1.018 ± 0.002 0.970 0.997 1074 
A2.346   5 – 23 mm 0.042 ± 0.416 1.028 ± 0.019 0.589 0.964 107 
A2.347   24 – 62 mm 0.395 ± 0.135 1.018 ± 0.008 0.963 0.993 812 
A2.348   63 – 105 mm 2.089 ± 0.723 0.991 ± 0.010 1.143 0.985 159 
A2.349 SB CC 5 – 105 mm 3.117 ± 0.320 1.190 ± 0.007 3.626 0.968 1074 
A2.350   5 – 23 mm 3.301 ± 0.817 1.126 ± 0.038 1.155 0.892 107 
A2.351   24 – 62 mm 2.879 ± 0.464 1.198 ± 0.011 3.311 0.941 812 
A2.352   63 – 105 mm 24.114 ± 3.150 0.902 ± 0.043 4.982 0.736 159 
A2.353 ln SB ln BWt 5 – 105 mm -2.176 ± 0.016 2.438 ± 0.005 0.183 0.989 3200 
A2.354   5 – 23 mm -1.840 ± 0.021 2.297 ± 0.008 0.109 0.987 1011 
A2.355   24 – 62 mm -2.184 ± 0.067 2.440 ± 0.018 0.195 0.914 1754 
A2.356   63 – 105 mm 1.223 ± 0.535 1.652 ± 0.082 0.216 0.477 442 
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Table 2.4 continued 
 

Formula 
No. 

Predictor 
(X) 

To predict 
(Y) 

Predictor 
range 

a ±±±± SE b ±±±± SE SEE 
 

r2 N 

A2.357 SC HL 7 – 121 mm 13.706 ± 0.096 0.857 ± 0.002 2.614 0.986 3200 
A2.358   7 – 13 mm 12.988 ± 0.157 0.747 ± 0.015 0.454 0.883 340 
A2.359   14 – 28 mm 10.711 ± 0.154 0.968 ± 0.007 0.982 0.965 679 
A2.360   29 – 79 mm 17.616 ± 0.232 0.800 ± 0.004 2.353 0.953 1754 
A2.361   80 – 121 mm 37.521 ± 1.293 0.576 ± 0.015 2.950 0.780 442 
A2.362 SC HW 7 – 121 mm 10.125 ± 0.064 0.502 ± 0.001 1.737 0.982 3200 
A2.363   7 – 13 mm 9.768 ± 0.119 0.434 ± 0.011 0.346 0.814 340 
A2.364   14 – 28 mm 8.236 ± 0.087 0.572 ± 0.004 0.559 0.967 679 
A2.365   29 – 79 mm 12.359 ± 0.156 0.470 ± 0.003 1.581 0.940 1754 
A2.366   80 – 121 mm 23.449 ± 1.034 0.343 ± 0.012 2.358 0.663 442 
A2.367 SC SCL 7 – 121 mm 6.633 ± 0.266 3.891 ± 0.005 7.223 0.995 3200 
A2.368   7 – 13 mm 13.237 ± 0.557 3.118 ± 0.053 1.613 0.912 340 
A2.369   14 – 28 mm 3.843 ± 0.480 3.946 ± 0.022 3.072 0.979 679 
A2.370   29 – 79 mm 9.818 ± 0.723 3.855 ± 0.013 7.335 0.980 1754 
A2.371   80 – 121 mm 59.580 ± 4.326 3.274 ± 0.049 9.868 0.911 442 
A2.372 SC SCW 7 – 121 mm 7.809 ± 0.224 2.871 ± 0.004 6.075 0.993 3200 
A2.373   7 – 13 mm -0.100 ± 0.600 3.393 ± 0.057 1.738 0.914 340 
A2.374   14 – 28 mm 7.222 ± 0.394 2.933 ± 0.018 2.520 0.974 679 
A2.375   29 – 79 mm 12.557 ± 0.583 2.781 ± 0.011 5.919 0.975 1754 
A2.376   80 – 121 mm 21.619 ± 4.459 2.723 ± 0.050 10.171 0.869 442 
A2.377 SC PL 7 – 121 mm 11.254 ± 0.279 2.806 ± 0.005 7.571 0.989 3200 
A2.378   7 – 13 mm 10.552 ± 0.537 2.539 ± 0.051 1.556 0.881 340 
A2.379   14 – 28 mm 5.314 ± 0.411 3.023 ± 0.019 2.629 0.974 679 
A2.380   29 – 79 mm 18.289 ± 0.704 2.708 ± 0.013 7.148 0.962 1754 
A2.381   80 – 121 mm 49.034 ± 5.233 2.351 ± 0.059 11.937 0.783 442 
A2.382 SC SA 7 – 121 mm 2.043 ± 0.115 0.980 ± 0.002 3.108 0.985 3200 
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Table 2.4 continued 
 

Formula 
No. 

Predictor 
(X) 

To predict 
(Y) 

Predictor 
range 

a ±±±± SE b ±±±± SE SEE 
 

r2 N 

A2.383 SC SA 7 – 13 mm 1.068 ± 0.188 1.011 ± 0.018 0.544 0.906 340 
A2.384   14 – 28 mm 1.265 ± 0.188 1.011 ± 0.009 1.205 0.952 679 
A2.385   29 – 79 mm 4.821 ± 0.294 0.930 ± 0.005 2.980 0.945 1754 
A2.386   80 – 121 mm 8.578 ± 2.396 0.910 ± 0.027 5.465 0.720 442 
A2.387 SC SB 7 – 121 mm -0.748 ± 0.094 0.829 ± 0.002 2.545 0.986 3200 
A2.388   7 – 13 mm 1.348 ± 0.121 0.627 ± 0.011 0.351 0.899 340 
A2.389   14 – 28 mm -2.136 ± 0.103 0.896 ± 0.005 0.657 0.981 679 
A2.390   29 – 79 mm 0.915 ± 0.249 0.795 ± 0.005 2.524 0.946 1754 
A2.391   80 – 121 mm -0.861 ± 1.945 0.837 ± 0.022 4.437 0.768 442 
A2.392 SC CCL 7 – 121 mm 13.497 ± 0.784 4.056 ± 0.013 8.767 0.989 1074 
A2.393   7 – 28 mm 14.479 ± 3.224 3.916 ± 0.123 4.173 0.906 107 
A2.394   29 –79 mm 11.700 ± 1.130 4.098 ± 0.021 8.050 0.980 812 
A2.395   80 – 121 mm 83.851 ± 7.566 3.253 ± 0.085 10.487 0.902 159 
A2.396 SC CA 7 – 121 mm 4.614 ± 0.343 0.963 ± 0.006 3.839 0.962 1074 
A2.397   7 – 28 mm 7.502 ± 1.347 0.854 ± 0.051 1.744 0.725 107 
A2.398   29 –79 mm 5.786 ± 0.458 0.937 ± 0.008 3.261 0.938 812 
A2.399   80 – 121 mm 15.102 ± 4.599 0.855 ± 0.052 6.375 0.633 159 
A2.400 SC CB 7 – 121 mm 0.322 ± 0.247 0.831 ± 0.004 2.766 0.973 1074 
A2.401   7 – 28 mm -1.014 ± 0.809 0.878 ± 0.031 1.047 0.885 107 
A2.402   29 –79 mm 1.271 ± 0.352 0.812 ± 0.006 2.508 0.951 812 
A2.403   80 – 121 mm 0.847 ± 3.188 0.830 ± 0.035 4.322 0.780 159 
A2.404 SC CC 7 – 121 mm 1.409 ± 0.086 1.002 ± 0.001 0.958 0.998 1074 
A2.405   7 – 28 mm 0.245 ± 0.615 1.035 ± 0.023 0.797 0.949 107 
A2.406   29 –79 mm 1.368 ± 0.134 1.004 ± 0.002 0.951 0.995 812 
A2.407   80 – 121 mm 2.863 ± 0.737 0.984 ± 0.008 1.022 0.989 159 
A2.408 ln SC ln BWt 7 – 121 mm -3.081 ± 0.013 2.539 ± 0.003 0.132 0.994 3200 
A2.409   7 – 13 mm -1.352 ± 0.086 1.812 ± 0.037 0.106 0.879 340 
A2.410   14 – 28 mm -3.385 ± 0.046 2.628 ± 0.015 0.103 0.978 679 
A2.411   29 – 79 mm -2.867 ± 0.046 2.485 ± 0.012 0.128 0.963 1754 
A2.412   80 – 121 mm -2.556 ± 0.298 2.426 ± 0.067 0.419 0.751 442 
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Table 2.4 continued 
 

Formula 
No. 

Predictor 
(X) 

To predict 
(Y) 

Predictor 
range 

a ±±±± SE b ±±±± SE SEE 
 

r2 N 

A2.413 CCL HL 77 – 477 mm 14.620 ± 0.175 0.197 ± 0.001 1.867 0.987 1074 
A2.414   77 – 134 mm 12.649 ± 0.724 0.204 ± 0.006 0.863 0.912 107 
A2.415   135 – 336 mm 15.593 ± 0.258 0.193 ± 0.001 1.768 0.974 812 
A2.416   337 – 477 mm 28.171 ± 1.866 0.161 ± 0.005 2.111 0.867 159 
A2.417 CCL HW 77 – 477 mm 10.553 ± 0.143 0.116 ± 0.001 1.530 0.975 1074 
A2.418   77 – 134 mm 7.846 ± 0.480 0.132 ± 0.004 0.572 0.909 107 
A2.419   135 – 336 mm 11.315 ± 0.200 0.113 ± 0.001 1.369 0.955 812 
A2.420   337 – 477 mm 17.225 ± 2.000 0.098 ± 0.005 2.262 0.678 159 
A2.421 CCL SCL 77 – 477 mm -1.022 ± 0.239 0.939 ± 0.001 2.554 0.999 1074 
A2.422   77 – 134 mm 4.977 ± 0.971 0.886 ± 0.008 1.157 0.991 107 
A2.423   135 – 336 mm 0.085 ± 0.355 0.934 ± 0.002 2.430 0.998 812 
A2.424   337 – 477 mm -7.782 ± 3.057 0.958 ± 0.008 3.458 0.989 159 
A2.425 CCL SCW 77 – 477 mm 1.620 ± 0.527 0.694 ± 0.002 5.623 0.990 1074 
A2.426   77 – 134 mm 3.518 ± 1.777 0.693 ± 0.015 2.119 0.952 107 
A2.427   135 – 336 mm 6.798 ± 0.613 0.668 ± 0.003 4.197 0.988 812 
A2.428   337 – 477 mm -40.810 ± 7.927 0.816 ± 0.021 8.965 0.903 159 
A2.429 CCL PL 77 – 477 mm 9.268 ± 0.623 0.664 ± 0.002 6.651 0.985 1074 
A2.430   77 – 134 mm 6.014 ± 1.766 0.678 ± 0.015 2.105 0.951 107 
A2.431   135 – 336 mm 12.413 ± 0.0.854 0.651 ± 0.004 5.842 0.975 812 
A2.432   337 – 477 mm -2.419 ± 9.568 0.697 ± 0.026 10.822 0.824 159 
A2.433 CCL SA 77 – 477 mm 0.756 ± 0.315 0.232 ± 0.001 3.365 0.970 1074 
A2.434   77 – 134 mm 2.415 ± 1.166 0.221 ± 0.010 1.390 0.825 107 
A2.435   135 – 336 mm 2.798 ± 0.402 0.222 ± 0.002 2.750 0.954 812 
A2.436   337 – 477 mm -6.059 ± 5.074 0.254 ± 0.014 5.738 0.688 159 
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Table 2.4 continued 
 

Formula 
No. 

Predictor 
(X) 

To predict 
(Y) 

Predictor 
range 

a ±±±± SE b ±±±± SE SEE 
 

r2 N 

A2.437 CCL SB 77 – 477 mm -2.513 ± 0.263 0.200 ± 0.001 2.809 0.971 1074 
A2.438   77 – 134 mm -2.478 ± 0.852 0.204 ± 0.007 1.016 0.882 107 
A2.439   135 – 336 mm -0.911 ± 0.341 0.192 ± 0.001 2.332 0.956 812 
A2.440   337 – 477 mm -15.297 ± 4.121 0.237 ± 0.011 4.661 0.744 159 
A2.441 CCL SC 77 – 477 mm -2.656 ± 0.201 0.244 ± 0.001 2.149 0.989 1074 
A2.442   77 – 134 mm -0.912 ± 0.851 0.231 ± 0.007 1.015 0.906 107 
A2.443   135 – 336 mm -1.720 ± 0.284 0.239 ± 0.001 1.944 0.980 812 
A2.444   337 – 477 mm -14.661 ± 2.708 0.277 ± 0.007 3.063 0.902 159 
A2.445 CCL CA 77 – 477 mm 1.669 ± 0.349 0.239 ± 0.001 3.723 0.964 1074 
A2.446   77 – 134 mm 5.363 ± 1.430 0.209 ± 0.012 1.705 0.737 107 
A2.447   135 – 336 mm 3.482 ± 0.453 0.227 ± 0.002 3.098 0.944 812 
A2.448   337 – 477 mm -3.061 ± 5.530 0.242 ± 0.015 6.255 0.647 159 
A2.449 CCL CB 77 – 477 mm -2.202 ± 0.252 0.204 ± 0.001 2.687 0.975 1074 
A2.450   77 – 134 mm -2.770 ± 0.941 0.211 ± 0.008 1.121 0.869 107 
A2.451   135 – 336 mm -0.778 ± 0.334 0.197 ± 0.001 2.286 0.959 812 
A2.452   337 – 477 mm -15.916 ± 3.807 0.243 ± 0.010 4.305 0.782 159 
A2.453 CCL CC 77 – 477 mm -1.300 ± 0.207 0.244 ± 0.001 2.209 0.988 1074 
A2.454   77 – 134 mm -1.175 ± 0.982 0.244 ± 0.008 1.170 0.890 107 
A2.455   135 – 336 mm -0.440 ± 0.298 0.240 ± 0.001 2.042 0.978 812 
A2.456   337 – 477 mm -11.815 ± 2.752 0.274 ± 0.007 3.112 0.897 159 
A2.457 ln CCL ln BWt 77 – 477 mm -7.361 ± 0.052 2.643 ± 0.010 0.113 0.986 1074 
A2.458   77 – 134 mm -7.662 ± 0.240 2.703 ± 0.051 0.064 0.965 107 
A2.459   135 – 336 mm -7.106 ± 0.082 2.596 ± 0.015 0.110 0.973 812 
A2.460   337 – 477 mm -9.164 ± 0.765 2.950 ± 0.129 0.142 0.768 159 

 

337 



Table 2.4 continued 
 

Formula 
No. 

Predictor 
(X) 

To predict 
(Y) 

Predictor 
range 

a ±±±± SE b ±±±± SE SEE 
 

r2 N 

A2.461 CA HL 22 – 117 mm 14.698 ± 0.300 0.808 ± 0.005 3.168 0.962 1074 
A2.462   22 – 33 mm 15.401 ± 1.511 0.705 ± 0.051 1.720 0.649 107 
A2.463   34 – 79 mm 14.700 ± 0.400 0.814 ± 0.007 2.643 0.942 812 
A2.464   80 – 117 mm 47.389 ± 2.342 0.445 ± 0.026 3.395 0.656 159 
A2.465 CA HW 22 – 117 mm 10.27 ± 0.151 0.481 ± 0.002 1.595 0.972 1074 
A2.466   22 – 33 mm 8.929 ± 0.886 0.482 ± 0.030 1.008 0.716 107 
A2.467   34 – 79 mm 10.361 ± 0.208 0.483 ± 0.004 1.374 0.955 812 
A2.468   80 – 117 mm 22.901 ± 1.239 0.338 ± 0.014 1.797 0.797 159 
A2.469 CA SCL 22 – 117 mm -0.041 ± 1.294 3.842 ± 0.021 13.676 0.968 1074 
A2.470   22 – 33 mm 14.805 ± 5.439 3.140 ± 0.182 6.194 0.739 107 
A2.471   34 – 79 mm -2.442 ± 1.790 3.901 ± 0.032 11.829 0.949 812 
A2.472   80 – 117 mm 114.842 ± 12.234 2.569 ± 0.134 17.736 0.699 159 
A2.473 CA SCW 22 – 117 mm 1.209 ± 0.881 2.859 ± 0.014 9.314 0.973 1074 
A2.474   22 – 33 mm 8.560 ± 4.140 2.545 ± 0.138 4.715 0.763 107 
A2.475   34 – 79 mm 3.732 ± 1.210 2.812 ± 0.021 8.000 0.955 812 
A2.476   80 – 117 mm 47.842 ± 10.037 2.363 ± 0.110 14.552 0.745 159 
A2.477 CA PL 22 – 117 mm 8.169 ± 0.785 2.749 ± 0.013 8.293 0.977 1074 
A2.478   22 – 33 mm 12.818 ± 4.375 2.427 ± 0.146 4.983 0.724 107 
A2.479   34 – 79 mm 8.089 ± 1.124 2.767 ± 0.020 7.431 0.960 812 
A2.480   80 – 117 mm 54.446 ± 7.396 2.225 ± 0.081 10.723 0.827 159 
A2.481 CA SA 22 – 117 mm -0.652 ± 0.094 0.980 ± 0.002 0.992 0.997 1074 
A2.482   22 – 33 mm -0.790 ± 0.648 0.974 ± 0.022 0.738 0.951 107 
A2.483   34 – 79 mm -0.192 ± 0.146 0.972 ± 0.003 0.963 0.994 812 
A2.484   80 – 117 mm 0.371 ± 0.827 0.969 ± 0.009 1.198 0.986 159 
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Table 2.4 continued 
 

Formula 
No. 

Predictor 
(X) 

To predict 
(Y) 

Predictor 
range 

a ±±±± SE b ±±±± SE SEE 
 

r2 N 

A2.485 CA SB 22 – 117 mm -1.572 ± 0.465 0.807 ± 0.008 4.909 0.913 1074 
A2.486   22 – 33 mm 0.766 ± 1.643 0.688 ± 0.055 1.871 0.599 107 
A2.487   34 – 79 mm -0.358 ± 0.614 0.784 ± 0.011 4.058 0.865 812 
A2.488   80 – 117 mm 30.742 ± 5.404 0.462 ± 0.059 7.834 0.278 159 
A2.489 CA SC 22 – 117 mm -2.512 ± 0.370 0.999 ± 0.006 3.911 0.962 1074 
A2.490   22 – 33 mm 0.798 ± 1.527 0.849 ± 0.051 1.739 0.725 107 
A2.491   34 – 79 mm -2.555 ± 0.510 1.002 ± 0.009 3.373 0.938 812 
A2.492   80 – 117 mm 21.091 ± 4.092 0.741 ± 0.045 5.933 0.633 159 
A2.493 CA CCL 22 – 117 mm 1.678 ± 1.464 4.081 ± 0.024 15.474 0.964 1074 
A2.494   22 – 33 mm 11.758 ± 6.142 3.521 ± 0.205 6.995 0.737 107 
A2.495   34 – 79 mm -1.850 ± 2.007 4.162 ± 0.036 13.268 0.944 812 
A2.496   80 – 117 mm 138.503 ± 13.749 2.564 ± 0.151 19.934 0.647 159 
A2.497 CA CB 22 – 117 mm -1.371 ± 0.450 0.824 ± 0.007 4.756 0.921 1074 
A2.498   22 – 33 mm 0.511 ± 1.729 0.718 ± 0.058 1.969 0.595 107 
A2.499   34 – 79 mm -0.439 ± 0.598 0.807 ± 0.011 3.955 0.878 812 
A2.500   80 – 117 mm 28.882 ± 5.222 0.498 ± 0.057 7.570 0.325 159 
A2.501 CA CC 22 – 117 mm -1.195 ± 0.367 1.002 ± 0.006 3.883 0.963 1074 
A2.502   22 – 33 mm 0.132 ± 1.583 0.910 ± 0.053 1.803 0.738 107 
A2.503   34 – 79 mm -1.372 ± 0.508 1.009 ± 0.009 3.356 0.940 812 
A2.504   80 – 117 mm 22.713 ± 3.992 0.738 ± 0.044 5.787 0.643 159 
A2.505 ln CA ln BWt 22 – 117 mm -3.947 ± 0.053 2.721 ± 0.013 0.151 0.975 1074 
A2.506   22 – 33 mm -3.447 ± 0.504 2.548 ± 0.149 0.174 0.737 107 
A2.507   34 – 79 mm -3.702 ± 0.082 2.664 ± 0.021 0.144 0.954 812 
A2.508   80 – 117 mm -2.021 ± 0.430 2.289 ± 0.096 0.137 0.785 159 
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Table 2.4 continued 
 

Formula 
No. 

Predictor 
(X) 

To predict 
(Y) 

Predictor 
range 

a ±±±± SE b ±±±± SE SEE 
 

r2 N 

A2.509 CB HL 13 – 104 mm 18.040 ± 0.308 0.938 ± 0.006 3.461 0.954 1074 
A2.510   13 – 24 mm 18.039 ± 0.915 0.838 ± 0.041 1.314 0.795 107 
A2.511   25 – 65 mm 18.350 ± 0.428 0.936 ± 0.009 3.037 0.924 812 
A2.512   66 – 104 mm 51.284 ± 2.326 0.491 ± 0.031 3.604 0.612 159 
A2.513 CB HW 13 – 104 mm 12.748 ± 0.227 0.547 ± 0.005 2.555 0.929 1074 
A2.514   13 – 24 mm 11.345 ± 0.599 0.545 ± 0.027 0.860 0.794 107 
A2.515   25 – 65 mm 13.160 ± 0.305 0.541 ± 0.007 2.167 0.888 812 
A2.516   66 – 104 mm 35.130 ± 2.110 0.248 ± 0.028 3.269 0.328 159 
A2.517 CB SCL 13 – 104 mm 14.552 ± 1.121 4.486 ± 0.023 12.615 0.973 1074 
A2.518   13 – 24 mm 28.152 ± 3.036 3.661 ± 0.138 4.363 0.871 107 
A2.519   25 – 65 mm 12.372 ± 1.549 4.546 ± 0.034 10.992 0.956 812 
A2.520   66 – 104 mm 121.461 ± 10.332 3.051 ± 0.139 16.007 0.755 159 
A2.521 CB SCW 13 – 104 mm 13.071 ± 0.943 3.317 ± 0.019 10.610 0.965 1074 
A2.522   13 – 24 mm 21.969 ± 2.794 2.849 ± 0.127 4.015 0.828 107 
A2.523   25 – 65 mm 15.710 ± 1.251 3.246 ± 0.028 8.876 0.945 812 
A2.524   66 – 104 mm 73.665 ± 10.867 2.540 ± 0.146 16.836 0.659 159 
A2.525 CB PL 13 – 104 mm 21.364 ± 1.134 3.151 ± 0.023 12.759 0.946 1074 
A2.526   13 – 24 mm 23.402 ± 2.598 2.817 ± 0.118 3.733 0.845 107 
A2.527   25 – 65 mm 22.333 ± 1.510 3.138 ± 0.033 10.716 0.916 812 
A2.528   66 – 104 mm 114.870 ± 12.188 1.903 ± 0.164 18.882 0.463 159 
A2.529 CB SA 13 – 104 mm 5.030 ± 0.457 1.101 ± 0.009 5.139 0.929 1074 
A2.530   13 – 24 mm 8.772 ± 1.300 0.887 ± 0.059 1.867 0.684 107 
A2.531   25 – 65 mm 6.316 ± 0.594 1.068 ± 0.013 4.218 0.891 812 
A2.532   66 – 104 mm 38.031 ± 5.277 0.676 ± 0.071 8.176 0.367 159 
A2.533 CB SB 13 – 104 mm -0.351 ± 0.085 0.982 ± 0.002 0.954 0.997 1074 
A2.534   13 – 24 mm 0.729 ± 0.391 0.938 ± 0.018 0.562 0.964 107 
A2.535   25 – 65 mm -0.075 ± 0.133 0.975 ± 0.003 0.943 0.993 812 
A2.536   66 – 104 mm -0.958 ± 0.739 0.993 ± 0.010 1.144 0.985 159 
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Table 2.4 continued 
 

Formula 
No. 

Predictor 
(X) 

To predict 
(Y) 

Predictor 
range 

a ±±±± SE b ±±±± SE SEE 
 

r2 N 

A2.537 CB SC 13 – 104 mm 1.101 ± 0.292 1.171 ± 0.006 3.283 0.973 1074 
A2.538   13 – 24 mm 4.006 ± 0.781 1.008 ± 0.035 1.122 0.885 107 
A2.539   25 – 65 mm 1.095 ± 0.424 1.171 ± 0.009 3.011 0.951 812 
A2.540   66 – 104 mm 18.590 ± 2.968 0.939 ± 0.040 4.598 0.780 159 
A2.541 CB CCL 13 – 104 mm 16.519 ± 1.156 4.779 ± 0.023 13.006 0.975 1074 
A2.542   13 – 24 mm 26.681 ± 3.440 4.108 ± 0.156 4.943 0.869 107 
A2.543   25 – 65 mm 13.066 ± 1.602 4.869 ± 0.035 11.367 0.959 812 
A2.544   66 – 104 mm 132.146 ± 10.124 3.221 ± 0.136 15.684 0.782 159 
A2.545 CB CA 13 – 104 mm 6.103 ± 0.492 1.118 ± 0.010 5.539 0.921 1074 
A2.546   13 – 24 mm 11.621 ± 1.472 0.829 ± 0.067 2.116 0.595 107 
A2.547   25 – 65 mm 7.204 ± 0.647 1.088 ± 0.014 4.592 0.878 812 
A2.548   66 – 104 mm 42.251 ± 5.586 0.651 ± 0.075 8.654 0.325 159 
A2.549 CB CC 13 – 104 mm 2.523 ± 0.306 1.172 ± 0.006 3.447 0.971 1074 
A2.550   13 – 24 mm 3.891 ± 0.858 1.067 ± 0.039 1.233 0.877 107 
A2.551   25 – 65 mm 2.466 ± 0.446 1.175 ± 0.010 3.168 0.946 812 
A2.552   66 – 104 mm 21.662 ± 3.068 0.917 ± 0.041 4.752 0.760 159 
A2.553 ln CB ln BWt 13 – 104 mm -2.390 ± 0.058 2.476 ± 0.015 0.193 0.960 1074 
A2.554   13 – 24 mm -1.190 ± 0.246 2.072 ± 0.080 0.125 0.864 107 
A2.555   25 – 65 mm -2.253 ± 0.093 2.440 ± 0.025 0.186 0.923 812 
A2.556   66 – 104 mm 1.360 ± 0.631 1.609 ± 0.147 0.223 0.434 159 
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Table 2.4 continued 
 

Formula 
No. 

Predictor 
(X) 

To predict 
(Y) 

Predictor 
range 

a ±±±± SE b ±±±± SE SEE 
 

r2 N 

A2.557 CC HL 17 – 121 mm 16.236 ± 0.238 0.796 ± 0.004 2.610 0.974 1074 
A2.558   17 – 30 mm 16.416 ± 1.014 0.733 ± 0.037 1.335 0.789 107 
A2.559   31 – 78 mm 16.890 ± 0.340 0.787 ± 0.006 2.369 0.954 812 
A2.560   79 – 121 mm 40.676 ± 2.045 0.525 ± 0.023 2.760 0.772 159 
A2.561 CC HW 17 – 121 mm 11.477 ± 0.166 0.468 ± 0.003 1.822 0.964 1074 
A2.562   17 – 30 mm 9.797 ± 0.560 0.495 ± 0.020 0.738 0.848 107 
A2.563   31 – 78 mm 11.974 ± 0.223 0.461 ± 0.004 1.552 0.943 812 
A2.564   79 – 121 mm 25.679 ± 1.938 0.311 ± 0.022 2.616 0.570 159 
A2.565 CC SCL 17 – 121 mm 6.343 ± 0.729 3.801 ± 0.012 7.984 0.989 1074 
A2.566   17 – 30 mm 19.648 ± 3.030 3.254 ± 0.111 3.989 0.892 107 
A2.567   31 – 78 mm 6.017 ± 1.064 3.809 ± 0.019 7.418 0.980 812 
A2.568   79 – 121 mm 63.242 ± 7.437 3.172 ± 0.083 10.037 0.904 159 
A2.567 CC SCW 17 – 121 mm 6.515 ± 0.584 2.819 ± 0.010 6.393 0.987 1074 
A2.568   17 – 30 mm 14.283 ± 2.603 2.572 ± 0.095 3.427 0.875 107 
A2.569   31 – 78 mm 10.427 ± 0.802 2.734 ± 0.014 5.587 0.978 812 
A2.570   79 – 121 mm 10.952 ± 7.195 2.800 ± 0.080 9.711 0.886 159 
A2.571 CC PL 17 – 121 mm 14.244 ± 0.730 2.693 ± 0.012 7.992 0.979 1074 
A2.572   17 – 30 mm 16.918 ± 2.656 2.502 ± 0.097 3.497 0.864 107 
A2.573   31 – 78 mm 15.975 ± 0.989 2.666 ± 0.018 6.890 0.965 812 
A2.574   79 – 121 mm 49.234 ± 9.491 2.307 ± 0.105 12.810 0.753 159 
A2.575 CC SA 17 – 121 mm 2.414 ± 0.324 0.944 ± 0.005 3.551 0.966 1074 
A2.576   17 – 30 mm 5.181 ± 1.117 0.845 ± 0.041 1.471 0.804 107 
A2.577   31 – 78 mm 3.996 ± 0.0.431 0.910 ± 0.008 3.001 0.945 812 
A2.578   79 – 121 mm 10.433 ± 4.382 0.867 ± 0.049 5.915 0.669 159 
A2.579 CC SB 17 – 121 mm -1.072 ± 0.274 0.813 ± 0.005 2.998 0.968 1074 
A2.580   17 – 30 mm -0.333 ± 0.736 0.793 ± 0.027 0.969 0.892 107 
A2.581   31 – 78 mm 0.249 ± 0.385 0.786 ± 0.007 2.681 0.941 812 
A2.582   79 – 121 mm -0.524 ± 3.512 0.816 ± 0.039 4.740 0.736 159 
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Table 2.4 continued 
 

Formula 
No. 

Predictor 
(X) 

To predict 
(Y) 

Predictor 
range 

a ±±±± SE b ±±±± SE SEE 
 

r2 N 

A2.583 CC SC 17 – 121 mm -1.279 ± 0.087 0.996 ± 0.001 0.955 0.998 1074 
A2.584   17 – 30 mm 1.107 ± 0.570 0.917 ± 0.021 0.750 0.949 107 
A2.585   31 – 78 mm -1.101 ± 0.136 0.991 ± 0.002 0.945 0.995 812 
A2.586   79 – 121 mm -1.900 ± 0.766 1.005 ± 0.009 1.033 0.989 159 
A2.587 CC CCL 17 – 121 mm 8.118 ± 0.821 4.043 ± 0.014 8.986 0.988 1074 
A2.588   17 – 30 mm 17.147 ± 3.441 3.651 ± 0.126 4.531 0.890 107 
A2.589   31 – 78 mm 6.859 ± 1.205 4.069 ± 0.022 8.402 0.978 812 
A2.590   79 – 121 mm 76.920 ± 7.984 3.279 ± 0.089 10.775 0.897 159 
A2.591 CC CA 17 – 121 mm 3.300 ± 0.347 0.960 ± 0.006 3.800 0.963 1074 
A2.592   17 – 30 mm 7.682 ± 1.292 0.811± 0.047 1.701 0.738 107 
A2.593   31 – 78 mm 4.595 ± 0.463 0.931 ± 0.008 3.224 0.940 812 
A2.594   79 – 121 mm 12.435 ± 4.658 0.871 ± 0.052 6.287 0.643 159 
A2.595 CC CB 17 – 121 mm -0.731 ± 0.265 0.828 ± 0.004 2.897 0.971 1074 
A2.596   17 – 30 mm -0.522 ± 0.823 0.823 ± 0.030 1.083 0.877 107 
A2.597   31 – 78 mm 0.376 ± 0.376 0.805 ± 0.007 2.622 0.946 812 
A2.598   79 – 121 mm -0.166 ± 3.346 0.828 ± 0.037 4.517 0.760 159 
A2.599 ln CC ln BWt 17 – 121 mm -3.230 ± 0.041 2.558 ± 0.010 0.127 0.983 1074 
A2.600   17 – 30 mm -2.496 ± 0.247 2.330 ± 0.075 0.106 0.902 107 
A2.601   31 – 78 mm -3.053 ± 0.065 2.513 ± 0.016 0.122 0.967 812 
A2.602   79 – 121 mm -2.466 ± 0.537 2.393 ± 0.120 0.157 0.718 159 
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Table 2.4 continued 
 

Formula 
No. 

Predictor 
(X) 

To predict 
(Y) 

Predictor 
range 

a ±±±± SE b ±±±± SE SEE 
 

r2 N 

A2.603 ln BWt ln HL 10 – 8460 g 2.230 ± 0.003 0.268 ± 0.0004 0.040 0.993 3200 
A2.604   10 – 260 g 2.350 ± 0.003 0.237 ± 0.001 0.023 0.990 1011 
A2.605   261 – 2775 g 2.173 ± 0.010 0.275 ± 0.001 0.038 0.958 1754 
A2.606   2776 – 8460 g 2.784 ± 0.045 0.204 ± 0.005 0.034 0.766 442 
A2.607 ln BWt ln HW 10 – 8460 g 1.906 ± 0.002 0.246 ± 0.0004 0.038 0.992 3200 
A2.608   10 – 260 g 2.055 ± 0.003 0.208 ± 0.001 0.022 0.988 1011 
A2.609   261 – 2775 g 1.780 ± 0.007 0.264 ± 0.001 0.030 0.972 1754 
A2.610   2776 – 8460 g 2.092 ± 0.041 0.228 ± 0.005 0.031 0.828 442 
A2.611 ln BWt ln SCL 10 – 8460 g 2.739 ± 0.002 0.375 ± 0.0004 0.038 0.997 3200 
A2.612   10 – 260 g 2.761 ± 0.003 0.369 ± 0.001 0.024 0.995 1011 
A2.613   261 – 2775 g 2.740 ± 0.010 0.375 ± 0.001 0.041 0.974 1754 
A2.614   2776 – 8460 g 3.496 ± 0.050 0.284 ± 0.006 0.037 0.836 442 
A2.615 ln BWt ln SCW 10 – 8460 g 2.533 ± 0.003 3.364 ± 0.0004 0.043 0.995 3200 
A2.616   10 – 31 g 2.047 ± 0.025 0.523 ± 0.009 0.049 0.913 340 
A2.617   32 – 260 g 2.675 ± 0.006 0.338 ± 0.001 0.025 0.989 679 
A2.618   261 – 2775 g 2.559 ± 0.009 0.360 ± 0.001 0.036 0.977 1754 
A2.619   2776 – 8460 g 2.892 ± 0.052 0.322 ± 0.006 0.039 0.859 442 
A2.620 ln BWt ln PL 10 – 8460 g 2.586 ± 0.002 0.357 ± 0.0003 0.028 0.998 3200 
A2.621   10 – 260 g 2.581 ± 0.004 0.358 ± 0.001 0.028 0.993 1011 
A2.622   261 – 2775 g 2.618 ± 0.007 0.353 ± 0.001 0.027 0.987 1754 
A2.623   2776 – 8460 g 2.945 ± 0.037 0.313 ± 0.004 0.028 0.919 442 
A2.624 ln BWt ln SA 10 – 8460 g 1.389 ± 0.003 0.372 ± 0.001 0.053 0.993 3200 
A2.625   10 – 260 g 1.358 ± 0.007 0.380 ± 0.002 0.054 0.980 1011 
A2.626   261 – 2775 g 1.469 ± 0.013 0.360 ± 0.002 0.053 0.953 1754 
A2.627   2776 – 8460 g 1.609 ± 0.064 0.346 ± 0.008 0.048 0.822 442 
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Table 2.4 continued 
 

Formula 
No. 

Predictor 
(X) 

To predict 
(Y) 

Predictor 
range 

a ±±±± SE b ±±±± SE SEE 
 

r2 N 

A2.628 ln BWt ln SB 10 – 8460 g 0.922 ± 0.005 0.406 ± 0.001 0.075 0.989 3200 
A2.629   10 – 260 g 0.823 ± 0.006 0.430 ± 0.002 0.047 0.987 1011 
A2.630   261 – 2775 g 1.141 ± 0.019 0.374 ± 0.003 0.073 0.914 1754 
A2.631   2776 – 8460 g 1.885 ± 0.120 0.289 ± 0.014 0.090 0.477 442 
A2.632 ln BWt ln SC 10 – 31 g 1.228 ± 0.003 0.392 ± 0.001 0.052 0.994 3200 
A2.633   32 – 260 g 0.939 ± 0.028 0.485 ± 0.010 0.055 0.879 340 
A2.634   261 – 2775 g 1.326 ± 0.010 0.372 ± 0.002 0.039 0.978 679 
A2.635   2776 – 8460 g 1.258 ± 0.013 0.387 ± 0.002 0.051 0.963 1754 
A2.636   10 – 31 g 1.904 ± 0.070 0.310 ± 0.008 0.053 0.751 442 
A2.637 ln BWt ln CCL 10 – 8460 g 2.821 ± 0.009 0.373 ± 0.881 0.043 0.986 1074 
A2.638   10 – 260 g 2.902 ± 0.035 0.537 ± 0.007 0.023 0.965 107 
A2.639   261 – 2775 g 2.809 ± 0.015 0.375 ± 0.002 0.042 0.973 812 
A2.640   2776 – 8460 g 3.756 ± 0.095 0.260 ± 0.011 0.042 0.768 159 
A2.641 ln BWt ln CA 10 – 8460 g 1.513 ± 0.012 0.358 ± 0.002 0.055 0.975 1074 
A2.642   10 – 260 g 1.888 ± 0.088 0.289 ± 0.017 0.058 0.737 107 
A2.643   261 – 2775 g 1.509 ± 0.019 0.358 ± 0.003 0.053 0.954 812 
A2.644   2776 – 8460 g 1.660 ± 0.119 0.343 ± 0.014 0.053 0.785 159 
A2.645 ln BWt ln CB 10 – 8460 g 1.077 ± 0.017 0.388 ± 0.002 0.076 0.960 1074 
A2.646   10 – 260 g 0.913 ± 0.084 0.417 ± 0.016 0.056 0.864 107 
A2.647   261 – 2775 g 1.140 ± 0.027 0.378 ± 0.004 0.073 0.923 812 
A2.648   2776 – 8460 g 2.066 ± 0.203 0.270 ± 0.025 0.091 0.434 159 
A2.649 ln BWt ln CC 10 – 8460 g 1.310 ± 0.011 0.384 ± 0.002 0.049 0.983 1074 
A2.650   10 – 260 g 1.288 ± 0.065 0.387 ± 0.012 0.043 0.902 107 
A2.651   261 – 2775 g 1.305 ± 0.017 0.385 ± 0.002 0.048 0.967 812 
A2.652   2776 – 8460 g 2.005 ± 0.124 0.300 ± 0.015 0.056 0.718 159 

 
 

345 



 346 

APPENDIX 2 

 

Figure A2.12. Predicting all attributes (N=12) from Head 
Length (HL).  Lines indicate linear regression relationships. 
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Figure A2.13.  Predicting all attributes (N=12) from Head 
Width (HW).  Lines indicate linear regression relationships. 
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Figure A2.14. Predicting all attributes (N=12) from Straight 
Carapace Length (SCL).  Lines indicate linear regression 
relationships. 
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Figure A2.15. Predicting all attributes (N=12) from Straight 
Carapace Width (SCW).  Lines indicate linear regression 
relationships. 
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Figure A2.16. Predicting all attributes (N=12) from Plastron 
Length (PL).  Lines indicate linear regression relationships. 
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Figure A2.17. Predicting all attributes (N=12) from Straight 
A (SA).  Lines indicate linear regression relationships. 
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Figure A2.18. Predicting all attributes (N=12) from Straight 
B (SB).  Lines indicate linear regression relationships. 
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Figure A2.19. Predicting all attributes (N=12) from Straight 
C (SC).  Lines indicate linear regression relationships. 
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Figure A2.20. Predicting all attributes (N=12) from Curved 
Carapace Length (CCL).  Lines indicate linear regression 
relationships. 
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Figure A2.21. Predicting all attributes (N=12) from Curved 
A (CA).  Lines indicate linear regression relationships. 
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Figure A2.22. Predicting all attributes (N=12) from Curved 
B (CB).  Lines indicate linear regression relationships. 
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Figure A2.23. Predicting all attributes (N=12) from Curved 
C (CC).  Lines indicate linear regression relationships. 
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Figure A2.24. Predicting all attributes (N=12) from 
Bodyweight (BWt).  Lines indicate linear regression 
relationships. 
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