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Foreword 
Crocodile farming is a relatively recent form of animal production, both nationally and 
internationally. In the 45 years since pioneering efforts to farm saltwater crocodiles in Australia 
began, a unique northern Australian industry has developed which now generates over $25 million a 
year in skin export sales. This project was undertaken specifically to improve economic viability and 
production performance through improved understanding of the effects of food and feeding regimes 
on production. All farms in Australia feed their saltwater crocodiles raw meats, and food and feeding 
processes constitute one of the major production costs in crocodile farming.  

This research quantifies the effects of crocodile size, raising environment and season on rates of food 
consumption and growth in commercial farming contexts, and provides standards against which on-
farm researchers can compare production objectively. The results raise serious doubts over whether 
vegetable-based proteins can be used to reduce food costs in saltwater crocodile farming, but 
demonstrate that growth can be enhanced substantially by manipulating protein content. The form of 
the food (chopped versus minced) for hatchlings affects the initiation of feeding, which has a 
significant influence on survival and growth rates.  

The results indicate methods crocodile farmers can adopt (or avoid) to improve production efficiency 
of foods and feeding. This project was jointly funded by Wildlife Management International Pty Ltd 
and RIRDC. Additional support was provided by Charles Darwin University, and from two Australian 
Research Council grants linked to developing a better understanding of the digestive physiology and 
metabolic requirements of saltwater crocodiles.  

This report is an addition to RIRDC’s diverse range of over 2000 research publications and it forms 
part of our New Animal Products R&D program, which aims to accelerate the development of viable 
new animal industries. 

Most of RIRDC’s publications are available for viewing, free downloading or purchasing online at 
www.rirdc.gov.au. Purchases can also be made by phoning 1300 634 313. 

Craig Burns 
Managing Director 
Rural Industries Research and Development Corporation 

http://www.rirdc.gov.au/
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Abbreviations 
Abbreviations used in this study are defined below (in alphabetical order), although they are also 
described within the text. 

AM American alligator (Alligator mississippiensis) 

BWT Body weight  

BWTCaptive Body weight of captive crocodiles  

BWTChange(g) Change in body weight  

BWTc-w        The difference in BWTcaptive and BWTwild 

BWTInitial Body weight measured before release in to a pen  

BWTGrowth    Body weight growth per day  

BWTWild Body weight of wild crocodiles  

Codew-s        The winter-summer introduction code  

CP Saltwater crocodile (Crocodylus porosus)  

FC Food consumption  

FCMaint    Food consumption required for maintenance 

FCTotal    Total food consumption  

FC(g/gBWT/d)   Rate of food consumption as a function of the mean MBWT per day 

FCR Food conversion rate (food eaten/GBWT) 

FCRTotal       Total food conversion rate (food eaten/GBWT) 

%FCR Percentage food conversion rate  

FP Flat pens 

FRC Food conversion rate  

FTTs Failure to thrive syndrome 

%F.BWT Amount of food as a percentage of initial BWT 

%FF/BWT Amount of food fed each feed as a percentage of initial BWT 

GBWT Growth in body weight  

GBWTg/d Mean daily rate of growth in BWT 

GBWTMBWT Mean daily rate of growth in BWT as a function of Mean body weight gain 

GFCTotal Portion of the food consumed that is not required for maintenance 
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GTLmm/d Mean daily rate of growth in TL 

HDPE High density polyethylene film 

HL Head length  

HLChange The change in HL between culled (HLdead) and live (HLlive) crocodiles  

HLDead Head length measured on a dead crocodile  

HLGrowth Difference between HLInitial and HLFinal  

HLInitial Head length measured before release in to a pen  

HLLive Head length measured on a live crocodile  

LGP Communal pen with a large group of crocodiles 

LuCHS  Sausage made from 50% lupin meal and 50% minced chicken head  

MCH Minced chicken heads 

MCHS Minced chicken head (100%) sausages 

MBWT Mean body weight between initial and final measures 

MNG            Percentage of non-growing months in a year 

M%G            Percentage of growing months in a year 

PCHS Sausage made from 50% poultry meal and 50% minced chicken heads  

PTb Preferred body temperature 

PTR Preferred temperature range 

RESBWT  Residual variation in BWT 

RESSkBW  Residual variation in SkBW 

RH Relative humidity 

%RESBWT  Percentage of residual variation in BWT 

%RESSkBW  Percentage of residual variation in SkBW 

SGP Communal pen with a small group of crocodiles 

SkBW Skin belly width  

SoCHS  Sausage made from 50% soya meal and 50% minced chicken head  

SRP Standard raising pens  

SVL Snout-vent length  

SVLCaptive  Snout-vent length of a captive crocodile 
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SVLFinal Snout-vent length measured after removal from a pen  

SVLInitial Snout-vent length measured before release into a pen  

Ta  Ambient air temperature in the shade  

Tb  Body temperature  

TL  Total length  

TLchange        Mean change in TL between the culled and live animals (TLdead – TLlive) 

TLdead  Total length of culled animals 

TLFinal Total length measured after removal from a pen  

TLInitial Total length measured before release in to a pen  

TLLive           Total length of live animals 

TLLive+cf  TLLive + a correction factor  

Tw  Water temperature  

UH-Pen  Single, unitised pen 

WC  Weekly complement of food 

WCH  Whole chicken heads 

WhCHS  Sausage made from 50% wheat meal and 50% minced chicken head  
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Executive Summary 
What the report is about 

This report presents the results of a series of trials aimed at quantifying the effects of feeding 
saltwater crocodiles standard and experimental diets in a commercial farming context. The results 
provide benchmark quantification of food consumption rates, growth rates, food conversion rates and 
in some cases, the partitioning of food consumption into maintenance and growth components, with 
food conversion rates for that growth component. The main standard diet used is whole chicken heads 
(WCH), which is compared with minced chicken heads (MCH), and various combinations of MCH 
with different meals: poultry, wheat, soya and lupins. Transit times of different foods are investigated. 
Feeding dynamics in communal and single pens are quantified, and the effects of housing on 
thermoregulation (which influences food consumption and growth) are investigated. The overall goal 
is to provide crocodile farmers with insights into the costs and benefits of different feeding regimes, 
and to provide benchmarks against which their own performance can be compared objectively. The 
results also highlight areas where future on-farm research is likely to produce tangible results for 
improving productivity in the short-term. 

Who is the report targeted at? 

The report is primarily targeted at commercial crocodile farmers, and the management and research 
staff engaged at various levels, to help improve on-farm productivity. 

Where are the relevant industries located in Australia? 

Within Australia, the main commercial crocodile farms are located in the northern parts of Western 
Australia (two), the Northern Territory (six), and Queensland (six). The main source of hatchlings for 
all farms is from captive breeding and the ranching program for wild saltwater crocodile eggs in the 
Northern Territory of Australia. 

Australian crocodile farms vary greatly in size and standing stock. Two major operations, one in the 
Northern Territory and one in Queensland with a branch in the Northern Territory, together account 
for about 70% of stock (about 185,000 crocodiles) and production (30,000 to 35,000 skins).  
 
The main market for first grade skins is Europe, with a secondary market in Asia, which also on-sells 
first grade skins to Europe. Second and third grade skins are mainly sold within Australia to smaller 
operators that specialise in producing local products for the tourism industry, and a small number of 
specialised operators that produce high quality products. Crocodile meat and other products are sold 
mainly within Australia.  
 
Background 

Food and feeding are primary costs impacting the commercial viability of crocodile farming. The 
direct costs of purchasing food and the indirect opportunity costs of less than optimal growth rates 
increase the numbers of standing stock and facilities needed to house them. It is clearly an area where 
improvements in production efficiency can be achieved through research and development. 
Australia’s competitive position against other countries producing saltwater crocodiles will continue 
to depend on innovative improvements in production efficiency.    

Aims/objectives 

The primary aim of the research was to provide standard benchmarks against which on-farm 
performance in terms of food consumption, growth rates and food conversion rates could be 
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compared, and to identify opportunities for improving productivity directly and indirectly linked to 
foods and feeding. Secondary objectives were to provide analytical tools that could be applied in on-
farm management to better quantify productivity, and to highlight areas in which research, 
development and innovation would have a high probability of increasing productivity in the short-
term. 

Methods used 

The research was undertaken in a commercial crocodile farm context, and uses standard analytical 
tools for describing results and providing various formulae that can predict the expected performance 
of different sized animals in different raising contexts.  

Results/key findings 

The key findings of the research are: 

1. Morphometric formulae that can be used for a variety of on-farm predictive purposes and 
assessments, including the implications of growth in terms of body weight (BWT) and skin belly 
width (SkBW) are provided. 

2. The food consumption (FC), growth in body weight in kg (GBWT), and food conversion rates 
(FRC) of crocodiles in communal and single pens are quantified along with the effects of seasonal 
changes in ambient temperature on production. 

3. Food form is a potentially important element to consider in hatchling production with chopped food 
being superior to minced food in promoting the early initiation of feeding which is directly implicated 
in improving survival and growth rates of hatchlings. 

4. In grow-out crocodiles housed in single or communal pens, the strong influence of seasonal ambient 
temperature cycling on FC and GBWT are quantified. The reduction in maintenance costs at lower 
body temperatures is likely to be a major component of this reduction. 

5. A 60g experimental sausage proved to be an ideal mechanism for testing the effectiveness of 
different food materials on rates of food consumption, growth and the partition of food between 
maintenance and growth components. 

6. In larger grow-out crocodiles (15+ kg BWT), maximising FC and GBWT is affected by the amount 
of food provided per week, and the frequency of feeding (1-4 times per week) with 100%, 50%, 33% 
and 25% of the weekly complement of food (WC). Highest growth is achievable with a WC 
equivalent to 5-6% of BWT fed 4 times (25% WC per feed). For practical purposes, a WC equivalent 
to 5% of BWT fed 2 times (50% WC per feed) per week is close to optimal. In communal pens, more 
frequent feeding may be needed to overcome social interference with access to food. 

7. When fed whole chicken heads (WCH) to capacity, some 68% of food consumed by a 20 kg 
crocodile is used for maintenance, leaving only 32% for growth. The total food conversion rate 
(%FCR) is 20.1%, and the %FCR applicable to the growth component is 63.4%. These %FCR’s scale 
to increasing size, but in all cases, underfeeding has serious implications for the amount of food 
needed for growth versus maintenance. 

8. Diets containing either 100% minced whole chicken heads (MCH) or 50% MCH with 50% poultry 
meal, both in a sausage form, for a 20 kg animal fed to capacity, resulted in 59.9% of food being 
allocated to maintenance. However, real growth was 172% greater than those fed WCH, with a total 
%FCR of 38.3% (191% higher), and a %FCR for the growth component of 69.1% (9.0% higher). 
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9. Crocodiles fed diets containing 50% MCH and 50% vegetable meals in a sausage form failed to 
grow and lost weight. No evidence was obtained indicating that the 50% vegetable component 
contributed to growth or maintenance, and it probably interferes with the digestive efficiency of the 
MCH in the diet.  

10. Individual variation in thermoregulation in crocodiles housed singularly may be an important 
component of the reported individual variation in food consumption and growth. 

11. The results in total have informed management and have already improved production efficiency 
in the commercial raising context in which the experiments were conducted. This is also expected to 
occur with other farms. This project has refined research questions likely to produce immediate 
benefits to farms for improving productivity. The consequences of being able to improve growth rates 
by 172% are clearly very significant.   

Implications for relevant stakeholders 

The results of this investigation provide producers with a range of different insights into management 
practices, against which their current productivity can be compared. It also provides guidance on ways 
in which on-farm production may be able to be improved in the short-term.  
 
Improvements in production efficiency and the commercial viability of crocodile farming in Australia 
provide a range of flow-on benefits to the local community. The industry has substantial flow-on 
benefits through services, employment and wealth generation to a significant proportion of what is 
essentially a small and isolated part of the Australian rural community. That the project has had direct 
income benefits to landowners in the Northern Territory, through the purchase of eggs and creation of 
incentives to conserve crocodiles and their habitats, adds to the diversification of economically viable 
forms of land use in areas where the options are highly restricted. 
 
For the Australian crocodile farm industry to maintain its competitive position internationally, 
continual improvements in productivity are required. This includes those that can be achieved from 
this research, but also the ongoing consolidation of conservation benefits for the wild population, as 
Australian skins are currently favoured in the international market place. Policy makers responsible 
for the community’s short and long-term interests need to be fully aware that new and innovative 
animal production industries, like crocodile farming, offer unique benefits for Australian communities 
living in remote areas, but they require active encouragement and risk sharing in their feasibility and 
establishment phases.  Some may fail, but the benefits of those that succeed are diverse. Without 
realistic partnerships and investment, innovation in such new industries will always be constrained 
relative to their potential. 
 
Recommendations 

That the crocodile industry convenes a formal industry meeting to discuss the ramifications of these, 
and other research findings, aimed at improving the productivity on Australian crocodile farms. This 
will provide a mechanism for ensuring a two-way transfer of technology, and establishing priorities 
for research and development in the future.   
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Introduction     
Crocodile farming is a recent and innovative form of animal production (Hutton and Webb 1992). The 
primary product is the skin, which since the 1920’s has been used to make the highest quality fashion 
leather products available in the world (Hutton and Webb 1992). Up until the 1960’s, crocodile skins 
came exclusively from the wild, but with increasing demand, and little interest in wildlife 
conservation, wild populations of crocodilians worldwide became seriously depleted (Hutton and 
Webb 1992). In 1975, the Convention on International Trade in Endangered Species of Wild Fauna 
and Flora (CITES) came into force, and all world crocodilians were placed on Appendix I or 
Appendix II, which allowed trade in the progeny of captive breeding operations (Appendix I or II), or 
made exports contingent on certification that the skins were derived in a way that was not detrimental 
to the survival of wild populations (Appendix II) (Jenkins 1987; Luxmoore 1992; MacGregor 2002). 
As a result, international trade in wild, harvested crocodilian skins was seriously curtailed 
(MacGregor 2002).  

In countries such as Australia, wild saltwater crocodiles were restricted to the remote north (Western 
Australia, the Northern Territory and Queensland), and they were protected (from 1969-74) before 
CITES came into force (Webb et al. 1984; Fukuda et al. 2011). But their populations were also 
seriously depleted by commercial hunting. By 1971, the biomass of the wild saltwater crocodile 
population in the Northern Territory had been reduced to an estimated 1% of what had existed in 
1945-46 (Webb et al. 1984; Fukuda et al. 2011).  

The skin of saltwater crocodiles was and remains the best quality of all crocodilian skins in the world, 
and it is used for making the highest quality fashion leather products (Webb and Manolis 1989; Fuchs 
2006). The belly scales have no osteoderms (bone deposits) that create blemishes in the finished 
leather, and they are a large skin, producing a large piece of leather, with the aesthetic appeal of a high 
number of scale rows (Webb and Manolis 1989; Fuchs 2006). Historically, most saltwater crocodile 
skins from Australia were traded through Singapore, who on-sold them to Europe, and they were 
known in the trade as “Singapore small scale skins”. 

When CITES came into force, the environmental movement was building exponentially around the 
world, and influential organisations such as the Crocodile Special Group (CSG) of the International 
Union for the Conservation of Nature (IUCN) were totally opposed to any crocodilians (captive bred 
or wild harvested) being traded or used by people - much more so with wild crocodiles than with 
captive bred ones. This opposition combined with the restrictions imposed by CITES stimulated 
interest in crocodile farming, through captive breeding, and focussed attention on the pioneering 
crocodile farming efforts that were taking place in Thailand (Youngprapakorn et al. 1971a,b), 
Zimbabwe (Blake 1974; Blake and Loveridge 1975) and the United States of America (Joanen and 
McNease 1974, 1976). 

Australia was also an early pioneer in crocodile farming, in response to the declining wild 
populations. In the early 1960s, Queensland crocodile shooters Ron and Krystina Palowski started a 
small crocodile farm at Karumba, in the south eastern Gulf of Carpentaria, using offal from a local 
prawn factory as a food supply. With concerns mounting about the poor and declining status of 
crocodiles in Australia, the Commonwealth and Queensland Governments in 1971, in cooperation 
with the Applied Ecology Unit of the Australian National University, Canberra, initiated the Edward 
River Crocodile Farm, also on the east coast of the Gulf of Carpentaria (Bustard 1969, 1971). The 
project had multiple social, economic and conservation goals: relieve hunting pressure on the wild 
population; provide animals for conservation through restocking; foster a new sustainable export 
industry; promote economic development within the remote parts of northern Australia; and create 
employment for a local Aboriginal community.  
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In 1979, the first commercial crocodile farm in the Northern Territory was opened and through the 
1980s, additional farms were established in Western Australia, the Northern Territory and Queensland 
(Webb and Manolis 1989). These farms were developed hand in hand with the recovery of the wild 
populations across northern Australia, and in both Western Australia and the Northern Territory (but 
not Queensland), management programs were implemented that allowed the strictly controlled 
commercial use of the wild population, particularly through wild egg harvesting (ranching) (Leach et 
al. 2009).  

The majority of skins produced by Australia today, and in international trade generally, are produced 
via eggs produced through captive breeding and/or ranching programs, with the stock raised on farms 
(Hutton and Webb 1992, 2002, 2003; Hutton et al. 2002; Joanen and McNease 1987; MacGregor 
2002; Caldwell 2011). Farming technology is thus critical to the global crocodile industry, and there 
are many benefits, including conservation that flow from the industry (Webb 1995, 2002). Yet there 
remains considerable room to improve the productivity and thus sustainability of the industry 
(Peucker et al. 2005; Peucker and Jack 2006; Isberg et al. 2006a, 2009; Miles et al. 2010). 

The development of crocodile farming as a successful form of animal production is the result of a 
serious commitment to research and innovation by crocodile farmers and researchers alike. Davis and 
Dent (1968) note that the history of human domestication of wild animals and plants is around 10,000 
years old; despite this, there was virtually no history and experience with the commercial production 
of reptiles. There was relatively little information available on wild crocodiles against which captive 
performance could be compared, and no standards against which potential successes and failures 
could be evaluated objectively. There was no knowledge about species-specific traits that could affect 
performance in farms, and uncertainty about how results from one species could be applied to another. 
Being ectotherms, in which body temperature varies with ambient temperature, the animal production 
model for crocodilians was completely different to that for conventional domestic mammals and birds. 
Furthermore, there was little information available on how wild crocodilians regulated their body 
temperature (Lang 1987). In the absence of standards, normal values and definitive raising goals, 
experiments designed to test the effects of different variables, especially with hatchlings, were often 
compromised by some aspect of the raising environment.  

It was well established in traditional knowledge, spanning millennia, that crocodilians were mainly 
carnivores, a finding confirmed by early research on stomach contents (Reece 1915; McIlhenny 1955; 
Cott 1961). A little vegetation is found in crocodilian stomachs whenever they are investigated, but it 
is usually assumed to have been accidentally ingested (Cott 1961; Kellogg 1929; Valentine et al. 
1972; Staton and Dixon 1975; Taylor 1979; Webb et al. 1982). Hence, diets for crocodilians on farms 
were sometimes fish but largely waste by-products of chicken, beef, pork or other domestic animal 
production. Even with American alligators (Alligator mississippiensis), the foods originally tested for 
farming were fish and nutria (Joanen and McNease 1987).  

As crocodilian farming in the 1970s and 1980s made the transition from a novel new industry, steeped 
in risk and research problems, to a commercially viable enterprise capable of generating a competitive 
economic return on investment, attention turned to the economic costs of food and feeding. These 
factors constitute a high proportion of the total crocodile farming costs (Treadwell et al. 1992), and 
inadequate diet was implicated in production problems (Garnett and Murray 1986; Manolis et al. 
1989; Hutton and Webb 1992; Manolis 1994).  

There has been a long and chequered history of experimentation aimed at improving Australia’s 
crocodile production industry through better understanding crocodilian nutrition and digestion 
(Garnett, 1985, 1986, 1988; Garnett and Murray 1986; Manolis et al. 1989; Manolis 1994; Kercheval 
and Little 1990; Staton and Vernon 1991; Staton et al. 1988, 1990a, 1990b; Smith and Coulson 1992; 
Peucker et al. 2005; Peucker and Jack 2006).  
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In the Australian crocodile farm industry, saltwater crocodile are mostly obtained as eggs (captive 
bred and wild), which as a consequence of research and development, can now be incubated with a 
high degree of success (Webb et al. 1987; Manolis and Webb 1991). Hatchlings from an average sized 
egg (113g) have a body weight (BWT) of 71g (Webb et al. 1983).  Hatchlings are raised for 
three to four years until they reach 18 to 32kg BWT (1730 to 2130mm total length; TL) which 
produces a skin 40 to 50cm wide (SkBW). Conventional wisdom in the crocodile farming industry 
indicates food conversion rates are around 20% in terms of wet weight growth versus wet weight of 
food eaten over the total growing cycle, though this is an imprecise estimate. Food consumption rates 
vary with food type (Foggin et al. 1989), feeding rate and housing, and are high in the first year of life 
(<40%; Garnett and Murray 1986; Manolis et al. 1989; Manolis 1994) when limited real growth 
occurs, and decline with increasing size (Manolis 1994). However, even this crude estimate (20%) 
indicates that the amount of food required to grow a saltwater crocodile from hatching to culling, is 
around 80 to 160kg.  

Although the food required for bulk growth, or “grow-out” is clearly a central economic priority, the 
biological and economic ways in which food and feeding systems affect the productivity of crocodile 
farms is much broader, and directly and indirectly affects all stages of commercial production: 

Stage 1. Captive breeding. The degree to which adults require special nutrition and conditions to 
produce normal size clutches of viable, fertile eggs is largely unknown (Hutton and Webb 
1992). Maintenance of a pair of adult saltwater crocodiles involves around 4kg of meat per 
week, or about 208kg per year. If fed whole fish or chicken, it does not appear that supplements 
are needed to maintain egg viability. However, clutch size decreases in captivity over time, 
possibly because of excess abdominal fat from the food constraining the ability to hold the 
6.1kg clutch mass (54 x 113g eggs). Male parents determine the number of scale rows on the 
skin which has direct commercial application to skin value (Isberg et al 2006b). 

Stage 2. Incubation. It has been demonstrated that exposing developing eggs and embryos to 
chemical stimuli provided in the food, assists in promoting initiation of feeding in hatchlings 
(Sneddon et al. 1998, 2001). Sex is determined by incubation temperature. Males grow faster 
than females, and thus eat more food (Webb and Cooper-Preston 1989). Independent of sex, 
incubation temperature also affects relative growth rates (and food consumption) within the 
same sex (Webb and Cooper-Preston 1989). Through pulsing different temperatures during 
incubation the number of scale rows on the skin can be increased, which increases the 
desirability of skins. The fitness of hatchings in at least one species tested was improved by 
using variable rather than constant incubation temperatures (Webb et al. 1992). 

Stage 3. Hatching to 1-year of age. Mortality in saltwater crocodile hatchlings within the first year 
of life (over 15%) is a significant source of economic loss, and much of it is due, directly and 
indirectly, to a failure to thrive syndrome (FTTS; Huchzermeyer, F.W. 2003; Isberg et al. 
2009). Foods and feeding strategies, clutch effects, housing conditions, social conflict between 
individuals and management protocols are all interactively involved in determining whether 
hatchings initiate feeding rapidly, and go on to exhibit high growth and survival rates, or 
whether they do not initiate feeding, develop FTTS and subsequently die or become slow-
growing runts (Webb et al. 1990, 1992, 1994; Isberg et al. 2009). The total amount of food a 
healthy growing hatchling requires to reach 800 to 1000mm Total Length (TL; 1.15 to 2.67 kg 
BWT) in one year is about 6 to 12kg. 

Stage 4.  Grow-out from 1-year of age to culling. The bulk-raising of saltwater crocodiles from one 
year of age until the belly skins reach 40 to 50cm wide (1730 to 2130mm TL; 18 to 32kg BWT) 
conservatively requires an additional 70 to 150kg of food. This grow-out stage usually involves 
two different types of raising pens and strategies, with communal pens used for the majority of 
raising (up to 1700mm TL) and single pens for finishing (over 1700mm TL). Social conflict in 
communal pens fosters high variation in food consumption and growth rates between 
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individuals, and the biting associated with that conflict damages the skin and reduces its value. 
Finishing within single pens, without the social conflict, fosters skin healing and growth. 
Saltwater crocodiles in this “grow-out” stage are fed a wide variety of different available raw 
meat foods, but quantification of the dynamics of feeding with different foods, at a level that 
allows objective economic assessment of their relative merits, remains limited. 

Stage 4, the grow-out phase, is the major feeding expense in crocodile farming. Raw wet meats are 
generally transported and stored in a frozen state, and can cost up to $1.50/kg landed and around 
$2/kg after storage, preparation, feeding and cleaning. Hence food costs for Stage 4 alone are may be 
over $140 to produce crocodile with a 40cm SkBW and over $300 for a 50cm SkBW. Given the high 
water content of the raw or wet meat foods (60 to75%), and the relatively low protein content (15 to 
20% protein), the real cost of the protein is exceptionally high: around $10 per kg. Reducing this cost 
has long been identified as a research priority (Webb and Manolis 1991). This is a central focus of 
this and previous research programs supported by RIRDC (Peucker et al. 2005; Peucker and Jack 
2006). 

Dry and semi-dry processed foods, with high levels of cheaper vegetable protein, are used 
successfully on commercial farms raising American alligators (A. mississippiensis) (Staton et al. 1988, 
1990a, 1990b).This technology has subsequently been transferred to the farming of spectacled 
caimans (Caiman crocodilus) and brown caimans (C. crocodilus fuscus) in South America (Figure 1). 
Therefore it’s potential for reducing the food and feeding costs in saltwater crocodile farming 
operations has long been recognised (Staton and Vernon 1991; van Barneveld et al. 2004; Peucker et 
al. 2005; Peucker and Jack 2006).  

 

Figure 1. Food mill (A) for making artificial foods (B & C) for the commercial production of 
caimans. Can the same technologies reduce feeding costs in saltwater crocodile farming? 

 

However, despite research efforts, there are no published reports indicating that commercially 
available dry or semi-dry foods, containing vegetable proteins, are being used in saltwater crocodile 
farming in Australia or in the other countries where this species is farmed (Bangladesh, Myanmar, 
Malaysia, Singapore, Thailand, the Philippines, Indonesia and Papua New Guinea). American 
crocodiles (Crocodylus actus) in Colombia do poorly on the processed diets with vegetable proteins 
used successfully to feed C. crocodilus. If such diets are being used with the other “true” crocodiles 



 

5 

(Family Crocodilidae) in trade, which includes Nile crocodiles (Crocodylus niloticus), Siamese 
crocodiles (Crocodylus siamensis) and New Guinea crocodiles (Crocodylus novaeguinea), then 
details are largely unpublished. The possibility that members of the Family Alligatoridae (alligators 
and caimans) may have fundamentally different digestive physiology to members of the Family 
Crocodilidae (true crocodiles) cannot be rejected. As a consequence, the potential advantages of using 
a processed food with vegetable proteins may be unattainable. 

The research on foods and feeding of saltwater crocodiles reported here are specifically focussed on 
Stage 4 production, but also address some Stage 3 production problems where foods and feeding are 
involved in FTTs, a primary cause of hatchling mortality (Isberg et al. 2006a, 2009). The results also 
address the effects of season on food consumption and growth, and the effects of pen design and 
community size on thermoregulation, which ultimately dictates food consumption and growth. Some 
parts of the study were undertaken in order to develop practical tools for relating length measures, 
weight measures and skin sizes to each other, which were essential for analysing results here. 
However, this also allow farmers to balance the biological implications of the results against the 
commercial ones.  

All the research was carried out in a commercial crocodile farming context, rather than in laboratory 
trials, where a series of different variables often operate. An advantage is that the results establish 
production benchmarks against which other farms, using the same or different raising techniques and 
foods, can readily compare performance with the results presented here.  

Continued research into foods and feeding will be essential to improving production on Australian 
crocodile farms. Innovation will be the key to Australia maintaining an economically competitive 
position in the market place in the future (Miles et al. 2010), in which many potential competitors also 
producing saltwater crocodile skins have advantages in terms of climate, labour and food costs.  
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Objectives    
The objectives of this project were:  

1. Production benchmarks. To provide standards and benchmarks for the relationships between food 
type, food consumption rates and growth rates of different sized crocodiles that can be used to 
improve on-farm assessment and productivity. This general objective is achieved throughout the 
different research projects presented. 

2. Morphometrics. To quantify and provide formulae for predicting farm-raised (versus wild) skin 
sizes, linear measures, and body weights from each other, that can be used for many on-farm research 
purposes. This will maximise the biological and economic insights that can be gained from the 
minimum commitment of resources to measurement, and for testing and modelling farm production 
parameters. 

3. Experimental food delivery. To develop and test a successful mechanism for experimentally 
delivering food containing different mixtures of nutrients, that was not confounded by palatability or 
mechanical problems impacting directly on rates of food consumption. In addition to this goal, the 
effect of food form on the initiation of feeding in hatchlings is reported. 

4. Food consumption, growth and conversion rates in individually housed crocodiles. To provide 
a set of baseline standards on the dynamics of feeding and growth in crocodiles housed individually. 
This can then be used for the objective assessment of the biological and economic consequences of 
adopting one feeding strategy, relative to another, and to allow comparison with animals housed 
communally. Factors affecting food consumption and growth in crocodiles housed singularly and in 
communities are presented. 

5. Alternative foods and protein sources. To determine, in a commercial raising environment, the 
food consumption and growth rates associated with different sized crocodiles in the grow-out phase 
being fed diets containing different primary sources of protein, including vegetable proteins. This will 
provide both direction and guidance on the potential to use alternative protein sources to reduce food 
costs, and provide fundamental baseline information for future research. 
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1. Morphometric analysis 

1.1 Abstract 

The morphological relationship between body dimensions (HL – head length, SVL – snout-vent 
length, TL – total length, BWT – body weight, and SkBW – skin belly width) is described for farm-
raised saltwater crocodiles, and formulae are provided for predicting body dimensions and SkBW 
from each other. The relationships can be used for a variety of on-farm management and modelling 
purposes, and can help maximise the information gained from a minimum investment in measuring. 
The relationships also establish a set of standards against which issues such as body condition or 
perceived differences in body shape between farms can be quantified. The results are used extensively 
in the other studies reported here. When using measurements taken at culling to quantify growth rates, 
caution needs to be exercised because TL increases due to culling. This bias potentially exaggerates 
growth in longitudinal studies. Wild crocodiles are on average 10.9% heavier than captive ones of the 
same SVL, which is assumed to reflect increased deposition of fat. Skin size does increase and 
decrease with the body condition of saltwater crocodiles, but at a more rapid rate in animals that are 
over 10% heavier or lighter than average.  

1.2 Introduction 

A comprehensive morphometric analysis of wild saltwater crocodiles (Crocodylus porosus) was 
conducted in the 1970s, to provide formulae through which body size could be predicted or 
reconstructed from measures taken on parts of a wild animal (Webb and Messel 1978). These 
formulae have been used continually since then for various academic and management purposes, some 
related to farming, and with other species are directly linked to trade controls (Webb et al. 2012). 
However, farm-raised animals are usually heavier than their wild counterparts (Webb and Manolis 
1989). This is also apparent in American alligators (A. mississippiensis) (Joanen and McNease 1987). 
This affects girth and skin size, and some evidence suggests variation between wild and farm animals 
in the long measures (HL, SVL, and TL). On the one hand, this basic morphometric analysis can be 
used for predictive purposes between measures for a variety of on-farm management, research and 
monitoring purposes; on the other, it can provide a series of standards against which farms can 
compare the condition of their animals when subjected to different feeding and raising regimes, and 
how this translates into the relationship between length, weight and skin size without having to cull 
animals.  

Tracking production is nominally possible within the management of commercial crocodile farms 
through monitoring during grading, sorting and culling when animals are being handled, but it is an 
expensive and labour intensive activity.  For example, to examine skin quality and take a series of 
basic measures - head length (HL), snout-vent length (SVL), total length (TL), body weight (BWT) 
and skin belly width (SkBW) - on a live, restrained 1.8m TL crocodile, requires the crocodile to be 
laid out on a flat surface and three people (recorder, measurer and restrainer) to be engaged for one to 
three minutes. This is on top of those involved in the capture, and the eventual handling and 
assessment of the data. Each set of measures on each individual can cost between $1.50 to $6.00. 
Although this is often justified in specific research exercises, the expense involved is prohibitive as a 
standard management tool. Yet if the ability to confidently predict back and forth between measures is 
possible, a single measure such as HL, which takes seconds to measure, may suffice for making a 
wide range of predictions about other dimensions without having to measure them.  

When assembling, producing and using morphometric formulae for farm-raised C. porosus, attention 
needs to be paid to a series of obvious potential biases. These may be minor for most management 
purposes and can be ignored, but if not accounted for in other contexts they can potentially jeopardise 
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conclusions. The measurement of SVL and TL, and their relationship to BWT and SkBW, varies 
depending on whether the muscles are relaxed, and thus may be affected by immobilisation with drugs  
or electric stunning (Bates et al. 2004; Franklin et al. 2003). Freshly culled animals are often hung by 
the tail and stored in a cool room before measuring and skinning (Australian Government 2009). In 
longitudinal studies, where the same animal is measured when alive and when culled, growth during 
the final stages of grow-out in single pens can clearly be overestimated. 

In terms of understanding the reptilian, ectothermic animal production model that underlies crocodile 
farming, there are significant differences in food consumption and food conversion rates between wild 
and captive crocodilians that remain poorly understood (Webb et al. 1991). Conventional wisdom is 
that farm-raised crocodiles are heavier than their wild counterparts (Webb and Manolis 1989).This is 
normally attributed to more fat in the diet and increased retention of fat in abdominal and somatic fat 
stores. But these differences in body condition have not been quantified, and neither has their 
significance in terms of growth in skin size and its underlying economic importance in farm 
production. 

The morphometric analyses presented here are conducted not simply to describe relationships, but 
rather to present them in sufficient detail that they can be used for the practical purposes of predicting 
and modelling in various situations, including their use in various sections of the research reported 
here.  

The morphometric analyses are subdivided into four separate parts, with different goals and 
sometimes, different methods. The emphasis has been placed on maximising predictive accuracy and 
either correcting or avoiding biases. To the extent possible, whole measures rather than transformed 
data are used in the formulae, so that their direct application to on-farm management is improved. It is 
important to understand that the overall aim of the morphometric analyses was to provide tools for the 
accurate prediction of dimensions from each other, and not to study or report on the intricacies of 
relative growth (changes in shape with increasing size and age), or their significance to ecological or 
physiological theories.  

The four sections are: 

1. General predictive relationships: Describes the basic methods used for obtaining the 
measurements and presents both formulae and figures demonstrating the interrelationships 
between HL, SVL, TL, BWT, and SkBW. These constitute standards against which other 
farm-produced animals can be compared. 

2. Corrections for measurements on live and dead animals: Examines the predictive errors 
and correction factors needed to overcome biases between measurements taken on live and 
culled animals. This has particular utility for assessing real growth in the final grow-out 
stages, where initial measures are taken on live crocodiles and final measures are taken after 
culling. HL has particular utility as a base measure, because it is a bone-to bone measure not 
affected by whether the animal is alive or dead. However, the measurement unit (mm) and 
precision of measurement (over 3mm) is high relative to the average HL (less than 300 mm), 
and HL constitutes a relatively small proportion of TL (14%). BWT could be expected to be 
reduced by blood loss, but it is considered a minor bias (less than 1%). TL and SVL could be 
expected to increase through the relaxation of muscles, the incision in the neck made after 
culling, and the physical effects of hanging. 

3. Body weight variation in farm-raised and wild crocodiles: The analysis quantifies the 
differences in weight per unit length (condition) between wild and farm-raised saltwater 
crocodiles and provides correction factors for predicting between them. This enhances the 
ease with which insights into foods and feeding from wild crocodiles can be used to inform 
management practices with farm-raised crocodiles (Webb et al. 1991). 
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4. Body condition and skin size: Fat constitutes around 6.1% of the wet weight of whole 
chicken heads (WCH) versus 3.0 to 4.5% in the wild diets of juvenile saltwater crocodiles 
(Webb et al. 1991). From a commercial crocodile farming perspective, the extra weight of 
farm-raised crocodiles comes at a cost of extra feeding. What is not clear is the contribution 
that increased body condition makes to the final skin size and value. This study quantifies the 
mean effects of body condition on skin size in farm-raised saltwater crocodiles.  

1.3. Methods 

1.3.1 General predictive relationships  

The basic data set involved 630 farm-raised C. porosus culled for skinning, that were measured after 
culling but before hanging, cooling and skinning. The mean size of animals in the sample was 1422 + 
555mm TL (SD; N = 630; range 812 to 4016mm TL). Not all measures were taken on all animals, and 
for the analyses involving BWT and SkBW, an additional data set of 83 sets of measures were 
included.  

Each animal was placed on a measuring table with a steel rule embedded along its length. A vertical 
block of wood aligned with “zero” on the rule was used to abut the animal’s snout. Some measures 
were taken with rulers or steel tapes, all graduated in 1mm steps. The basic measures taken were: 

1. Head length (HL): Straight line distance (in millimetres) between the tip of the snout and the 
posterior medial margin of the cranial platform measured with a ruler or steel tape. The 
anterior of the snout which slopes down was estimated visually and not fixed with a right-
angled arm or strut, which potentially adds to measurement error. Confirmation that the snout 
tip was not injured or abnormal (Webb and Messel 1977) was confirmed on all individuals. 

2. Snout-vent length (SVL): Straight line distance (mm) from the tip of the snout to the anterior 
edge of the cloaca, with the animal lying on its back on the measuring table, and measured 
with a steel tape. It should be noted that SVL in crocodilians is sometimes measured to the 
posterior (Dodson 1975) or centre (Banks 1931) of the cloaca which will imply SVL is 
relatively longer and tail length relatively shorter than the dimensions reported here. 

3. Total length (TL): Straight line distance (in mm) from the tip of the snout to the anterior tip of 
the tail, with the animal lying on its belly surface on the measuring table, and measured with 
the steel rule embedded in the table. In each case the tail tip was examined specifically to 
confirm that it was complete and had not been amputated.  

4. Body weight (BWT): Measured on an electric balance (accurate to 1 g) for most animals, but 
with a clock-faced balance for animals >100 kg (accurate to 100 g). 

5. Skin belly width (SkBW): The standard measure of belly skin width taken on the raw salted 
skins (in cm) between the third osteoderm back from the anterior end on each side (Figure 2). 
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Figure 2. The standard measure of skin size is skin belly width (SkBW) measured between the third 
row of lateral osteoderms in skins laid flat but not stretched. 

1.3.1.1 Outliers 

The first stage in all the morphopmetric analyses was to check for obvious outliers. There were four 
obvious errors in TL in the primary data set (N = 630) that were corrected by reference to the original 
data. Other errors, if present were considered randomly distributed, and as such, would have limited 
effect on mean predicted values, while marginally increasing prediction errors. 

1.3.1.2 Analysis 

The formulae presented here for predicting one measure (dependent variable) from one or on occasion 
two or more other measures (independent variables) are simple regression models (linear, polynomial, 
multiple), and most were derived using Statview 5.01 (SAS Institute Inc.). 

Because of the wide range of sizes, the general conformity of shape, and the composite nature of the 
measures (HL is within SVL, and HL and SVL are both within TL), variation is reduced, resulting in 
high R2 values and high predictive accuracy across whole data sets. Where possible, transformations 
were avoided, so that the real variation in a dependent variable and real predictive accuracy could be 
assessed in the same units in which the measurement was actually taken.  

For each preliminary set of regressions derived, for each relationship, the residuals were examined to 
ensure that they were approximately normally distributed along the complete length of the data set. 
Due to allometric growth, particularly in juveniles, a regression between two variables over a wide 
size range of data with a very high R2 value (say 0.99), can still predict erroneously within a specific 
size class of data within that size range.  

Where the residuals indicated problems with the accuracy of mean predictions in the whole or part of 
a size range, the data set were usually subdivided and separate regressions calculated until the 
anomaly was overcome and accurate mean predictions were possible along the complete data set. 
Subdivision of the data set was also undertaken when it was obvious that the variation in the data and 
thus mean residuals were increasing significantly along a data set, such that the mean prediction error, 
which in these analyses is the standard error of estimate (Zar 1974), which is essentially the mean 
residual, is better scaled to the reduced data set, despite the R2 values in each subset declining. The 
aim throughout this analysis was to achieve accurate mean prediction. 
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Where polynomial regression models were used to describe curvilinear relationships, the regression 
coefficients were expressed to a high number of decimal places to overcome difficulties with the large 
numbers that can be generated by squaring the independent variable. For the specific case of 
predicting BWT from length measures, a more accurate prediction was obtained by using a series of 
length measures (HL, SVL, TL) if they were available. However, the high correlation between SVL 
and TL means that only one or the other can contribute to the multiple regression formulae derived. 

Subdividing a dataset was used as a strategy for improving the accuracy of one-off mean predictions. 
However, in analysing longitudinal data, where the same individual is measured at different times and 
sizes, there is utility in having transformed and linearised data for assessing mean changes in size over 
time. Hence for these specific cases, such formulae are also derived and presented here.  

1.3.2 Corrections for measurements on live and dead animals  

Two data sets were used to examine the variation in measures before and after culling. The first 
(2008) involved a preliminary sample of 68 individuals. Animals were first immobilised by electric 
stunning, measured (HL and TL), and then killed (by shooting). A lateral incision was then made in 
the neck for bleeding, and after pithing, individuals were hung by the tail for 1-2 hours before being 
washed, scrubbed and remeasured. When measured alive, the mean TL of the sample was 2004.8 + 
165.3mm (SD; N = 68; range 1651 to 2720) and the mean HL was 272.5 + 21.2mm (SD; N = 68; 
range = 219 to 348).  

The second sample (2010) was much larger (828 individuals; 229 females, 599 males). HL and TL 
(but not SVL) were both taken while the animal was alive and immobilised, but only TL was taken 
after culling. The mean TL of the sample when alive was 2097.0 + 147.5mm (SD; N = 828; range 
1701 to 2622mm).  

1.3.3 Body weight variation in farm-raised and wild crocodiles  

A morphometric data set (HL, SVL, TL, BWT and SkBW) from 120 saltwater crocodiles housed in 
single pens was used as a farm sample of animals. The BWT of wild saltwater crocodiles of the same 
SVL was predicted using the formula (range 410 to 2070mm SVL; males and females combined) 
provided by Webb and Messel (1978). The wild (BWTWILD) and captive (BWTCAPTIVE) body weights, 
as a function of SVL, were then compared.  

1.3.4 Body condition and skin size  

At the termination of the feeding trials reported here (1 to 10 days later), 83 animals which had 
experienced highly variable growth rates were killed, measured and skinned: they were not weighed. 
The skins were salted and the skin belly width (SkBW in cm) measured conventionally (Figure 2) in 
the wet salted condition within a batch of other skins. The analysis quantifies BWT per unit TL and 
uses the residual variation to provide an index of body condition within the sample. A similar analysis 
was carried out with SkBW as a function of TL at culling as BWT was not remeasured. The degree to 
which variation in SkBW between individuals can be explained by variation in BWT condition is 
examined. 

1.4. Results 

1.4.1 General predictive relationships 

The results indicated a minor change in allometry around 200mm HL, which was overcome partially 
by subdivision into two size ranges. HL is not subject to shrinkage or expansion due to the degree of 
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relaxation of the body. HL constitutes only 13.7 + 0.5% (SD; N = 628) of TL, hence HL needs to be 
multiplied by 7.3 times on average to predict TL. A + 3mm measurement error in HL, from visually 
estimating where the snout-tip lies, can thus be expected to translate to a 22mm error in any predicted 
TL value.  

SVL encompasses the head and trunk, and is often considered the most realistic measure of “size” in 
crocodilian research. However, it requires crocodiles to be turned on their back for measurement, 
which takes time and effort. To avoid body contours, the tape needs to be pulled straight along the 
animal’s body, and visually estimating the position of the snout tip involves the same risk of error 
involved with measuring HL. Complications in the measurement of TL caused by the loss of the tail 
tip (Webb et al. 1983, 2010) were avoided here by deliberately checking each individual. However, as 
TL is the longest measure, error is introduced through the degree of stretching. BWT measurements 
were relatively problem-free, but SkBW measures can be problematic because they depend on the first 
three osteoderms being homologous, which is sometimes not the case. 

The primary predictive formulae derived from the analyses, which can be used to predict dimensions 
from each other without transformations are in Table 1 and the supporting figures 3 to 6. For the 
specific case of predicting BWT from linear measures, improved accuracy and precision was obtained 
from using multiple regression analyses with HL, SVL and TL (Table 2). For transformed data, where 
curvilinear relationships are involved and there are reasons (such as in longitudinal studies) to have a 
single predictive relationship, the formulae are in Table 2 and the support figures 7 to 8. 

Table 1. Formulae for predicting body dimensions from each other assembled in order of the 
independent variable, or predictor.  

To Predict From Range Formulae 
  
SVL (mm)  HL (mm) 100 < 200mm HL  SVL = -27.08 + 3.76HL + 15.3mm (N = 421; 

R2 = 0.94; P<0.0001; Figure 3a) 

SVL (mm)  HL (mm) 200 < 550mm HL  SVL = -124.98 + 4.08HL + 36.7mm (N = 207; 
R2 = 0.97; P<0.0001; Figure 3b)  

TL (mm) HL (mm) 100 < 200mm HL  TL = -30.12 + 7.45HL + 36.1mm (N = 421; R2 
= 0.92; P<0.0001; Figure 3c) 

TL (mm) HL (mm) 200 < 550mm HL  TL = -244.99 + 8.25HL + 67.5mm (N = 207; 
R2 = 0.98; P<0.0001; Figure 3d)  

BWT (kg) HL (mm) 100 < 200mm HL BWT = -1.278 - 0.01718HL + 0.0003312HL2 + 
15.32kg (N = 420; R2 = 0.91; P<0.0001; Figure 
3e)   

BWT (kg) HL (mm) 200 < 320mm HL BWT = -11.86 - 0.040607HL + 0.0007023HL2 
+ 3.12kg (N = 229; R2 = 0.76; P<0.0001; 
Figure 3f) 

SkBW (cm) HL (mm) 100 < 550mm HL  SkBW = -4.11 + 0.187HL + 2.0cm (N = 626; 
R2 = 0.98; P<0.0001; Figure 3g) 

HL (mm) SVL (mm) 350 < 700mm SVL HL = 15.75 + 0.25SVL + 3.9mm (N = 421; R2 
= 0.94; P<0.0001; Figure 3h) 

HL (mm) SVL (mm) 700 < 2000mm SVL  HL = 37.17 + 0.24SVL + 8.9mm (N = 207; R2 
= 0.97; P<0.0001; Figure 4a) 
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TL (mm) SVL (mm) 300 < 2000mm SVL TL = 2.94 + 2.02SVL + 29.8mm (N = 630; R2 
= 0.99; P<0.0001; Figure 4b) 

BWT (kg) SVL (mm) 350 < 700mm SVL BWT = 2.249 - 0.017036SVL + 0.0000363 
SVL2 + 0.311kg (N = 420; R2 = 0.95; 
P<0.0001; Figure 4c) 

BWT (kg) SVL (mm) 700 < 1200mm SVL BWT = 38.473 - 0.109342SVL + 
0.0001008SVL2 + 2.308kg (N = 229; R2 = 
0.87; P<0.0001; Figure 4d) 

SkBW (cm) SVL (mm) 300 < 1800mm SVL SkBW = -2.55 + 0.05SVL + 1.9cm (N = 627; 
R2 = 0.98; P<0.0001; Figure 4e) 

HL (mm) TL (mm) 800 < 1400mm TL HL = 16.17 + 0.12TL + 4.6mm (N = 421; R2 = 
0.92; P<0.0001; Figure 4f) 

HL (mm) TL (mm) 1500 < 4000mm TL HL = 35.17 + 0.12TL + 8.1mm (N = 207; R2 = 
0.98; P<0.0001; Figure 4g) 

SVL (mm) TL (mm) 600 < 4000mm TL SVL = 0.58 + 0.49TL + 14.7mm (N = 630; R2 
= 0.99; P<0.0001; Figure 4h) 

BWT (kg) TL (mm) 800 < 1400mm TL BWT = 1.948 - 0.0078679TL + 
0.000008591TL2 + 0.340kg (N = 420; R2 = 
0.94; P<0.0001; Figure 5a) 

BWT (kg) TL (mm) 1400 < 2600mm TL BWT = 41.611 - 0.058868TL + 
0.000026219TL2  + 2.132kg (N = 229; R2 = 
0.89; P<0.0001; Figure 5b) 

SkBW (cm) TL (mm) 600 < 3500mm TL SkBW = -2.63 + 0.025TL + 1.80cm (N = 627; 
R2  = 0.98; P<0.0001; Figure 5c) 

HL (mm) BWT (kg) 1 < 9kg BWT HL = 100.738 + 16.1155011BWT - 
0.6580573BWT2 + 4.86mm (N = 420; R2 = 
0.91; P<0.0001; Figure 5d) 

HL (mm) BWT (kg) 9 < 50kg BWT HL = 185.253 + 3.56314BWT – 0.02304BWT2 
+ 4.86mm (N = 229; R2 = 0.76; P<0.0001; 
Figure 5e) 

SVL (mm) BWT (kg) 1 < 9kg BWT SVL = 328.83 + 71.2350959BWT - 3.5459244 
BWT2 + 13.09mm (N = 420; R2 = 0.871; 
P<0.0001; Figure 5f) 

SVL (mm) BWT (kg) 9 < 50kg BWT SVL = 554.127 + 19.71777BWT – 
0.167594BWT2 + 26.07mm SVL (N = 229; R2 
= 0.820; P<0.0001; Figure 5g) 

TL (mm) BWT (kg) 1 < 9kg BWT TL = 679.32 + 138.5385921BWT - 
6.6023214BWT2 + 29.51mm (N = 420; R2 = 
0.95; P<0.0001; Figure 5h) 

TL (mm) BWT (kg) 9 < 50kg BWT  TL = 1104.8 + 42.07972BWT – 0.38484BWT2 
+ 46.08mm (N = 229; R2 = 0.90; P<0.0001; 
Figure 6a) 

SkBW (cm) BWT (kg) 1 < 9kg BWT SkBW = 12.023 + 4.4256BWT - 0.28169BWT2 
+ 1.06cm (N = 420; R2 = 0.90; P<0.0001; 
Figure 6b) 

SkBW (cm) BWT (kg) 9 < 55kg BWT SkBW = 27.09 + 0.8000359BWT - 
0.0030541BWT2 + 1.36cm (N = 223; R2 = 
0.89; P<0.0001; Figure 6c) 
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HL (mm) SkBW (cm) 10 < 90cm SkBW HL = 25.55 + 5.231SkBW + 10.309 (N = 626;  
R2 = 0.98; P<0.0001; Figure 6d) 

SVL (mm) SkBW (cm) 10 < 90cm SkBW HL = 25.55 + 5.231SkBW + 10.309 (N = 626;  
R2 = 0.98; P<0.0001; Figure 6e) 

TL (mm) SkBW (cm) 10 < 90cm SkBW TL = 130.56 + 39.975SkBW + 72.746 (N = 
627;  R2 = 0.98; P<0.0001; Figure 6f) 

BWT (kg) SkBW (cm) 14 < 34cm SkBW BWT = 1.789 - 0.2548SkBW + 
0.013679SkBW2 + 0.505kg (N = 420; R2 = 
0.87; P<0.0001; Figure 6g) 

BWT (kg) SkBW (cm) 35 < 60cm SkBW BWT = -1.894 – 0.19683SkBW + 
0.01744SkBW 2 + 1.995kg (N = 223; R2 = 0.90; 
P<0.0001; Figure 6h). 

 

Table 2. Multiple Regression formulae for predicting BWT (kg) from HL (mm), SVL (mm), and TL 
(mm). 

To Predict From Range Formulae 
    

BWT (mm) TL (mm) 
HL (mm) 

800<1400mm TL BWT = 0.663 – 0.008970TL + 0.0000078TL2 + 
0.02287HL + 0.323kg (N = 420; R2 = 0.95; 
P<0.0001) 

 TL (mm) 
HL (mm) 

1400<2600mm TL BWT = -47.082 + 0.02917TL + 0.06174HL + 
2.09kg (N = 147; R2 = 0.84; P<0.0001) 

BWT (mm) SVL (mm) 
HL (mm) 

350<700mm SVL BWT = 2.475 + 0.01958SVL - 0.11392HL + 
0.000475HL2 + 0.316kg (N = 420; R2 = 0.95; 
P<0.0001) 

 SVL (mm) 
HL (mm) 

700<2000mm SVL BWT = -45.611 + 0.05094SVL + 0.0858HL + 
2.17kg (N = 147; R2 = 0.83; P<0.0001) 

    
 



 

15 

 

Figure 3. Predictive relationships between body dimensions (HL, SVL, TL, BWT, SkBW) without 
transformation for C. porosus. 
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Figure 4. Predictive relationships between body dimensions (HL, SVL, TL, BWT, SkBW) without 
transformation for C. porosus. 
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Figure 5. Predictive relationships between body dimensions (HL, SVL, TL, BWT, SkBW) without 
transformation for C. porosus. 
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Figure 6. Predictive relationships between body dimensions (HL, SVL, TL, BWT, SkBW) without 
transformation for C. porosus. 
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Table 3. Formulae for predicting curvilinear measures from other measures using transformed data.  

To Predict From Range Formulae 
        
lnBWT (kg) lnHL (mm) 115 < 350mm HL lnBWT = -26.6362 + 7.47333lnHL - 

0.38045lnHL2 + 0.1205 lnBWT (N = 567; 
R2 = 0.98; P<0.0001; Figure 7a)   

lnHL (mm) lnBWT (kg) 1 < 50kg BWT lnHL = 4.7074 + 0.222419lnBWT + 
0.014729lnBWT2 + 0.03312 lnHL (N = 567;  
R2 = 0.98; P<0.0001; Figure 7b) 

lnBWT (kg) lnSVL (mm) 403 < 1230mm SVL lnBWT = -20.5790 + 3.4745lnSVL + 
0.09211 lnBWT (N = 567; R2 = 0.99; 
P<0.0001; Figure 7c) 

lnSVL (mm) lnBWT (kg) 1 < 50kg BWT lnSVL = 5.9282 + 0.28472lnBWT + 
0.02637 lnSVL (N = 567;  R2 = 0.99; 
P<0.0001; Figure 7d) 

lnBWT (kg) lnTL (mm) 812 < 2520mm TL lnBWT = -22.9641 + 3.4641lnTL + 0.09541 
lnBWT(N = 567; R2  = 0.99; P<0.0001; 
Figure 7e) 

lnTL (mm) lnBWT (kg) 1 < 50kg BWT lnTL = 6.6466 + 0.270248lnBWT + 
0.00381LnBWT2 + 0.02729 lnTL (N = 567; 
R2 = 0.99; P<0.0001; Figure 7f) 

lnSkBW (cm) lnBWT (kg) 1 < 50kg BWT lnSkBW = 2.74475 + 0.35342lnBWT – 
0.0073372lnBWT2 + 0.042058 lnSkBW (N 
= 566; R2 = 0.98; P<0.0001; Figure 7g) 

lnBWT (kg) lnSkBW (cm) 16 < 56cm SkBW lnBWT = -8.3152 + 3.01788lnSkBW  + 
0.1291 lnBWT (N = 566; R2 = 0.98; 
P<0.0001; Figure 7h) 

lnSkBW (cm) lnHL (mm) 100 < 500mm HL  lnSkBW = -8.7514 + 3.5272lnHL -
0.228795lnHL2 + 0.05626 lnSkBW (N = 
566; R2 = 0.96; P<0.0001; Figure 8a) 

lnHL (mm) lnSkBW (cm) 16 < 56cm SkBW lnHL = 5.0076 – 0.74178lnSkBW + 
0.223725lnSkBW2 + 0.04612 lnHL (N = 
566;  R2 = 0.97; P<0.0001; Figure 8b) 

lnSkBW (cm) lnSVL (mm) 403 < 1230mm SVL lnSkBW = -7.9463 + 2.3738lnSVL - 
0.096079lnSVL2 + 0.05224 lnSkBW (N = 
566; R2 = 0.97; P<0.0001; Figure 8c) 

lnSVL (mm) lnSkBW (cm) 16 < 56cm SkBW  lnSVL = 5.0099 + 0.12637lnSkBW2 + 
0.04470 lnSVL (N = 566;  R2 = 0.97; 
P<0.0001; Figure 8d) 

lnSkBW (cm) lnTL (mm) 812 < 2520mm TL lnSkBW = -9.7966 + 2.5463lnTL - 
0.098791lnTL2 + 0.05257 lnSkBW (N = 
566; R2  = 0.97; P<0.0001; Figure 8e) 
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lnTL (mm) lnSkBW (cm)  16 < 56cm lnSkBW lnTL = 5.71432 + 0.12667lnSkBW2 + 
0.04472 lnTL (N = 627;  R2 = 0.97; 
P<0.0001; Figure 8f) 

        
 

 

Figure 7. Predictive relationships between body dimensions (HL, SVL, TL, BWT, SkBW) with 
transformation for C. porosus. 
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Figure 8. Predictive relationships between body dimensions (HL, SVL, TL, BWT, SkBW) with 
transformation for C. porosus. 

 

1.4.2 Corrections for measurements on live and dead animals 

1.4.2.1 Preliminary sample (HL and TL) 

The mean change in TL between the culled and live animals (TLdead – TLlive) in the preliminary 
analysis (2008) was +42.0 + 18.7mm (SD; SE = 2.26mm; N = 68; range = -6 to +84mm). There was 
no significant trend in the extent of bias with increasing TLlive (R2 = 0.001; P = 0.98) nor increasing 



 

22 

TLdead (R2= 0.013; P = 0.35) (Figure 9), hence within the size range included, the increase represents a 
2.5% (minimum = 1651mm TL) and 1.5% increase (maximum = 2720mm TL).  

 

Figure 9. Relationship between the change in TL measured when alive and after culling as a function 
of TLlive in the 2008 data set (N = 68). 

 

The change in HL (HLdead – HLlive) showed a weak but statistically significant decline in HLchange with 
increasing HLlive (HLchange = 9.33 – 0.031HLlive + 2.40mm; N = 68; R2 = 0.07; P = 0.03) (Figure 10), 
but not with final HL (R2= 0.023; P = 0.22).  

 

Figure 10. HLchange as a function of HLlive. Horizontal line is the mean value (1.27mm) derived with 
the five outliers (open circles) deleted (see text). Sloped line is the linear regression with 
outliers included. 

  

The decline in HL with culling was entirely attributable to a group of five animals (300 to 320mm 
HL). For these animals, the residuals indicated they were aberrant in the initial but not the final 



 

23 

measures (perhaps due to measuring HL with a short ruler in two steps). When these outliers are 
deleted there is no trend in HLchange with either HLlive (R2= 0.001; P = 0.82) or HLdead (R2= 0.008; P = 
0.50). The mean HLchange is +1.27mm + 2.26 (SD; SE = 0.29; N = 63; range = -2 to +6mm) which 
constitutes 0.5% of the mean HLlive (272.5mm HL; compared with 2.1% variation with TL). 

1.4.2.2 Larger sample (TL only)  

In this much larger sample (N = 828), in which only TL was examined, the mean change in TL (TLdead 
– TLlive) was +28.48 + 20.91mm (SD; N = 828; range = -26 to 79mm). Although highly variable 
(Figure 11), as in the preliminary sample (Figure 10), the mean trend increased significantly with 
increasing TL (TLchange = -30.262 + 0.02801TLlive + 20.51mm; N = 828; R2= 0.04; P <0.0001).  

 

Figure 11. Relationship between the change in TL measured when alive and after culling as a 
function of TLlive in the 2010 data set (N = 828). 

 

Multiple regression analysis with sex coded as 1 (males) and 0 (females) revealed no significant 
difference attributable to sex over and above the variation explained by size (R2 addition = 0.00; P = 
0.61). Thus females, that are smaller, behave in the same way as smaller males with this particular 
bias. The difference between the smaller 2008 and larger 2010 samples were significant (R2 addition = 
0.036; P = <0.0001), with the 2008 sample showing changes in TLdead – TLlive that were on average 
16.2mm greater than in the 2010 sample. The reason for this is unclear. 

The significance of this difference in TL when crocodiles are measured alive and dead becomes 
important when trying to assess how much growth occurred in the final grow-out phase of farming. In 
this situation the initial measure is taken when the crocodiles are alive and placed in single pens, and the 
final measure when they are taken out, culled and then measured. This is especially important when the 
TL measures are used to predict BWT at the two endpoints. Using the formula derived above (Figure 
11), the mean difference in TL based on the large 2010 sample (Figure 12) ranges from 17.4mm TL in a 
1700mm TL animal, to 46.2mm in a 2600mm TL animal. If TL is converted to BWT using the formula 
in Table 1, the error in the predicted growth in body weight, due solely to TL bias, would be 0.58kg in 
the 1700mm TL animal (3.4% of 17.3kg BWT), and 2.03kg in the 2600mm TL animal (3.1% of 65.8kg 
BWT) (Figure 13: BWTchange(g) =  -190.094 - 0.3054387 TLlive + 0.0004456 TLlive

2). It is a significant bias 
when trying to assess real growth rates in the final grow out stages, and thus correction factors to TL 
applied from the mean relationship (Figures 11 and 12) should be applied. 
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Figure 12. Mean fitted values for the change in TL measured when alive and after culling as a 
function of TLlive (from Figure 2.48; N = 828). 

 

 

Figure 13. The difference in BWT (g) predicted from TLlive, and TLlive + a correction factor (TLlive+cf) 
to account for extended TL measures after culling. 

 

1.4.3 Body weight variation in farm-raised and wild crocodiles 

The mean length measures taken from the sample of captive animals used for this analysis (N = 120) are 
summarised in Table 4. The body weight measured in the captive animals (BWTcaptive) can be compared 
with the body weight predicted from SVL for the same saltwater crocodile in the wild (BWTwild) using 
the formula provided by Webb and Messel (1978): 
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Log BWTwild =  -2.0894 + 3.2613logSVLcaptive + 0.0440 (N = 440), with BWTwild, expressed in g, and 
SVLcaptive in cm. 

 

The difference in BWTcaptive and BWTwild (BWTc-w = 2.801 kg) was highly significant (t-test: t = 16.80; 
df = 119; p <0.0001), with BWTcaptive 10.95% heavier (or BWTwild 9.87% lighter) (Figure 14). 

 

Table 4. Initial measures of all 120 animals in all experiments, and with the measured BWTcaptive and 
predicted BWTwild.  

Measure Mean SD SE Minimum Maximum 

            

HL (mm) 265 14.9 1.4 237 302 

SVL (mm) 976.8 57.6 5.3 874 1116 

TL (mm) 1979.6 115.7 10.6 1758 2236 

BWTcaptive (kg) 28.375 5.966 0.545 18.96 44.68 

BWTwild (kg) 25.574 5.075 0.463 17.48 38.78 

            

 

 

Figure 14. BWTCaptive and predicted BWTwild for saltwater crocodiles as a function of SVL. 
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BWT c-w has a variable but underlying linear relationship with increasing SVL (Figure 15; BWT c-w = -
7.720 + 0.01075SVL + 1.72; N = 120; R2 = 0.120; P <0.0001), despite the percentage change showing 
no trend with increasing size (Figure 16; Table 5). 

 

Figure 15. BWT c-w as a function of increasing SVL. 

 

Table 5. Percentage change in BWT between wild and captive saltwater crocodiles with the same 
SVL (N = 120). 

  Mean SD SE Minimum Maximum 

            

Captive-wild (%) 10.91 6.72 0.61 -5.81 35.02 

Wild-captive (%)  -9.51 5.42 0.5 -29.94 6.17 
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Figure 16. %BWTc-w as a function of increase SVL. Heavy line is the mean value of +10.91% + 
6.72%. 

 

1.4.4 Body condition and skin size 

In the sample of culled animals from the final grow-out phase used to examine the effects of body 
condition on skin size (N = 83), the relationship between BWT and TL in the final inventory was 
curvilinear (Figure 17), with the contribution of TL2 explaining most of the variation (R2 = 0.870; P = 
0.03) relative to TL (R2 = 0.003; P = 0.13). 
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Figure 17. Relationship between BWT and TL at the final inventory of the feeding trials for 83 
saltwater crocodiles subsequently culled. 

 

The best predictive model for explaining variation in BWT as a function of “size”, within this size 
range, involved both TL and SVL (BWT = -33.460 + 0.000008929TL2 + 0.02733SVL + 2.039kg; N = 
83; R2 = 0.877; P<0.0001; R2 addition due to SVL = 0.003; P = 0.04), even though SVL contributed 
little to the model. The BWT residuals ranged from -4.309kg to +5.07kg BWT, and increased with 
increasing BWT (R2 = 0.136; P= 0.0006). When expressed as a percentage of fitted BWT values 
(%RESBWT) (Figure 18) the residuals (-11.25%BWT to +16.46%BWT) did not vary with increasing 
size (R2 = 0.029; P= 0.12), and so %RESBWT was accepted as being a good relative index of body 
condition within the sample. 
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Figure 18. Residual variation in BWT predicted from TL and SVL, expressed as a percentage of the 
fitted values for BWT, which indicates relative condition as a function of TL measured at 
culling. 

 

Within the same sample, TL at culling explained 78% of the variation in SkBW (Figure 19) (SkBW = 
-8.139 + 0.02724TL + 1.71 cm SkBW; N = 83, R2 = 0.780, P <0.0001). But the best predictive model 
for explaining variation in SkBW as a function of TL within this sample, involved both TL2 and SVL 
[SkBW = 5.56 + 0.00000383TL2 + 0.02595SVL + 1.65cm SkBW; N = 83; R2 = 0.80; p<0.0001; R2 
addition due to SVL = 0.016; P = 0.01].  

 

Figure 19. Linear relationship between SkBW and TL at culling for a sample of 83 saltwater 
crocodiles. 

 



 

30 

The SkBW residuals (RESSkBW) from the relationship described by TL and SVL were highly variable, 
ranged from -3.76cm to + 4.79cm, and increased with increasing TL (square root of residuals squared: 
R2 = 0.089; p= 0.006). As with BWT, when expressed as a percentage of fitted SkBW values 
(%RESSkBW), the residual values were highly variable but did not increase significantly with 
increasing size (R2 = 0.014; P = 0.28) (Figure 20). The %RESSkBW values were thus used here as an 
index of variation in SkBW among the individual crocodiles. 

 

Figure 20. Residual variation in SkBW expressed as a percentage of the fitted values for SkBW.  

 

Despite wide variation, a significant underlying relationship exists between the residual variation in 
SkBW (%RESSkBW) and residual variation in BWT (%RESBWT) (%RESSkBW = -0.0071 + 
0.1752%RESBWT + 3.24%RESSkBW; N = 83; R2 = 0.083; P = 0.008) (Figure 21). Crocodiles that were 
relatively heavy per unit length had skins that were relatively larger. None of the remaining variation 
could be attributable to size or to any other variable associated with the animals.  
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Figure 21. Residual variation in SkBW (%RESSkBW) as a function of residual variation in BWT 
(%RESBWT). The line is the linear regression of best fit (R2 = 0.083; p = 0.008). 

 

A potential complicating factor adding to the variation in SkBW (Figure 22) relates to the standard 
way SkBW is measured (Figure 2) and the assumption that the “third button down” (third enlarged 
osteoderm on each side) is homologous. In most skins it may well be, but if measured at the 
homologue of the second button (expanding the skin measure) or fourth (contracting the skin 
measure), step-like changes in SkBW would add to the variation in RESSkBW (Figure 22).  

To overcome this possibility, the mean relationship between the median %RESSkBW (rather than the 
mean), and %RESBWT, was calculated in sub-samples of animals with different %RESBWT (Figure 22). 
The relationship (%RESSkBW  = 0.226 + 0.03171%RESBWT – 0.0063337% RESBWT

2 + 
0.002078%RESBWT

3 + 0.25%; R2 = 0.996; p = 0.006) indicates that skin size is not linearly related to 
body condition, but rather increases and decreases more sharply in animals that are particularly fat or 
thin.  

This relationship based on the median values predict an animal that was 10% heavier than average 
would have an extra 2.0% SkBW, and one that was 10% lighter would have a SkBW width 2.80% 
shorter. As the BWT of wild crocodiles tend to be 10.9% less than the BWT of farm-raised 
crocodiles, so the SkBW can be expected to be similarly reduced relative to farm-raised animals. 
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Figure 22. The relationship between the median %RESSkBW and mean %RESBWT. Numbers are the 
sample sizes in each group. 

 

1.5. Implications  

1.5.1 General predictive relationships  

The formulae provided in Tables 1 to 3, and the relationships predicted in Figures 3 to 8, provide 
basic analytical tools that can be used to predict various dimensions (HL, SVL, TL, BWT and SkBW) 
from each other. They have been used extensively for various studies conducted here, and have 
particular application for interpreting commercial-scale raising operations when it is not financially 
possible to take long series of measures during grading and sorting, but where the ability to track 
issues such as food conversion rates is ideally required.  

The relationships provide a set of standards which can be used as a yardstick for quantifying 
comparative performance. It seems likely that they would apply generally to farm-raised saltwater 
crocodiles, fed to capacity, although this can be determined quickly and variation from these standards 
can help inform on-farm management.  

For addressing specific research questions, on a specific farm, at a particular time, there is obviously 
no substitute for deriving such specific relationships as may be required from the particular animals 
being studied, as done here when investigating body condition in wild versus captivity, and the 
relationship between body condition and skin size. However, even here the standards allow 
quantification of whether experimental animals are, for example, in reasonable condition.    

Maximising the information that can be gained from the smallest expenditure in measurement and 
data collection is fundamental in the commercial operation of farms, although clearly it does not 
replace the benefits of having a large series of primary data if resources and staff skills allow it. HL is 
a convenient index for measuring size during sorting and grading, because it is a bone to bone 
measure that can be reasonably easily and quickly measured with a short ruler or tape. Its relationship 
to snout-vent length (SVL) and total length (TL) is highly linear, allowing accurate prediction. 
Individual variation in HL obviously exists, but growth in HL remains a reasonable index of growth in 
SVL and TL and vice versa.  
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The relationship between Body Weight and the linear measures (HL, SVL and TL) is curvilinear and 
more variable. However it is still highly predictive from single measures or multiple measures if they 
are available.  

As an example of how HL and the formulae can be used in a practical sense, assume a normally 
distributed sample of 250 crocodiles are raised in a communal pen for 465 days. If the HL was 
quantified (which takes seconds) in an initial and final inventory, when only 245 animals were 
recovered (mortality of 5), then:  

1. If the measured mean HL increased from 209 to 255mm, predicted SVL would have increased 
from 713 to 904mm, mean TL from 1445 to 1833mm, mean BWT from 9.34 to 21.89kg (if 
condition was similar) and mean Belly Skin Width from 33.5 to 43.2cm.  

2. The estimated increase in BWT in the pen, excluding the animals which died, would have been 
3075kg (12.55kg x 245) over the 465 days. This could be expected to generate an extra 2-3kg of 
human consumption meat at culling. 

3. If they had been fed 14750kg of whole chicken heads (WCH) over that period, the food 
conversion rate (wet weight to wet weight) would have been 20.8% (4.8kg WCH for each kg 
BWT growth).  

4. If the food and feeding had cost $1.50/kg (with costs), the overall food cost would have been 
$22,125.  

5. Against this, the estimated production of 2376cm of belly skin (9.7cm x 245), would mean 
approximately 6.2kg WCH ($9.30) was spent on food for each 1 cm increase in SkBW, with the 
extra meat an economic bonus. 

There are obviously a series of assumptions and potentially accumulating errors in such predictive 
chains, particularly when it comes to the relationship between HL and BWT. However, it is a very 
straightforward matter to check a small sample and determine, if needed, an appropriate correction 
factor if condition was higher or lower than the standards provided here.  

1.5.2 Corrections for measurements on live and dead animals 

Measurement at culling is a convenient endpoint, because the crocodile is dead, cannot bite, is not 
struggling, is relaxed, and the head is not covered with bags or tape to reduce stress. However, the 
small 2008 (N = 68; TL and HL) and much larger 2010 (N = 828; TL only) samples both indicate 
significant differences in TL measured on the same animal, when alive and after culling, that need to 
be taken into account when quantifying issues such as growth during the final grow-out stage. The 
exact cause of this increase is unclear, but is thought to be the consequences of muscle relaxation and 
stretching during hanging, although the incision in the neck may also contribute. 

That the magnitude of the TL change was greater in the 2008 sample, and that HL also showed some 
increase, is assumed to be a measurement bias, perhaps due to the two sets of measurements being 
taken by different people. Based on the 2010 sample, the average TL error was a 1.4% increase in TL 
after culling, which equates to around 3% in predicted BWT “growth” that, in reality, is a bias. 

By way of example, if a 2000mm TL animal did not grow at all while in a unitised pen for 10 days or 
100 days, the error in TL (25.8mm) induced at culling could be interpreted as indicating the animal 
had grown 2.58mm TL and 98g BWT per day (10 day interval), or 0.03mm TL and 9.8g per day (100 
day interval), when in reality no growth had occurred.   
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1.5.3 Body weight variation in farm-raised and wild crocodiles  

Captive crocodilians, in a farm context, average around 10.9% heavier than their wild counterparts. In 
the average sized crocodile we used to quantify this difference (977mm SVL and 1980mm TL), the 
BWTWild was 25.57kg (Table 2.4) and the mean 10.9% increase in captivity is 2.79kg. If this is indeed 
accumulated fat, it represents a substantial change in the overall fat content of captive crocodiles. The 
fat content of WCHs is 6.5%, whereas that contained in the foods juvenile saltwater crocodiles eat in 
the wild is 3.0 to 4.5% (Webb et al. 1991). In the wild, crocodiles are usually reported as having a 
boom and bust feeding cycle, rather than being fed to capacity at all times, so the fact that they have 
higher food conversion rates in the wild (Webb et al. 1991) may indicate that their ability to use food 
efficiently when fed to capacity may decline.  

1.5.4 Body condition and skin size  

The commercial significance of being fat is ultimately linked to the cost of purchasing the fat, as a 
component of the food substrate, and the degree to which it contributes to increasing skin belly width 
as a function of body size. 

In the sample of 83 animals in which this relationship was examined here, the results indicated 1.74% 
increase in SkBW for crocodiles 10% heavier than average for a particular TL, and a 1.76% reduction 
in SkBW for crocodiles 10% below average BWT for a given TL. However, when median rather than 
mean values were used to overcome potential biases with the way skin size is measured, the results 
(Figure 2.60) indicated that the relationship is not linear, but rather increases and decreases more 
sharply in animals that are particularly fat or thin. The relationship based on median values indicates 
an animal that was 10% heavier would have an extra 2.0% SkBW, and if 10% lighter would have a 
SkBW width 2.80% shorter. However, if 15% heavier or lighter, those deviations would more than 
double. As the BWT of wild crocodiles tend to be 10.9% less than the BWT of farm-raised crocodiles, 
the SkBW can be expected to be similarly reduced relative to farm-raised animals. 
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2. Effects of food form on the initiation of 
feeding in hatchlings 

2.1 Abstract 

In the immediate post-hatching phase in the commercial farming of saltwater crocodiles, the early 
stimulation of feeding and growth is intimately associated with lowering the probability of individuals 
developing the failure to thrive syndrome (FTTs) which causes runtism and increased mortality rates. 
The form in which food is offered to hatchlings significantly influences the initiation of feeding. A 
short-chopped form (8 x 8 x 4mm), regardless of whether the food is red meat or a variety of different 
meats (with additives), promotes feeding and growth appreciably better than minced red meat (10mm 
mincing plate), or red meat in a long chopped form (35 x 5 x 4mm). Whereas only one individual fed 
short-chopped food (2.4%) lost weight in the first three weeks, the situation with mince (33%), which 
is the most common food form used, and long chopped (43%), which was too large for them to 
manipulate and swallow, was very different. Clutch effects were apparent, but did not compromise the 
effects of treatment.   

2.2 Introduction   

Within commercial crocodile farming in Australia, most stock is obtained as eggs from captive breeding 
or from wild egg collection (ranching programs), and the eggs are incubated on farms at 32°C. This 
approximates mean nest temperatures in the wild and produces mainly males (Webb and Cooper-
Preston 1989). The hatchlings are transferred immediately to dedicated raising environments 
specifically designed for that life stage, but which vary greatly from farm to farm. For reasons that are 
unclear, saltwater crocodile hatchlings are particularly sensitive to a failure to thrive syndrome (FTTs) 
during this initial raising phase. Maximising growth and survival rates, which are correlated with each 
other, remain as significant a challenge today (Isberg et al. 2009) as it did in the earliest days of farming 
(Garnett and Murray 1986; Webb 1989).The problem also occurs with some other species 
(Huchzermeyer 2003; Foggin 1992; 1987).  

There are a suite of potential interacting variables associated with pen design, management protocols 
and underlying genetic predispositions that are potentially involved with the FTTs of saltwater 
crocodile hatchlings, as primary or secondary causes. These variables have been subject to a great deal 
of unreported on-farm attention and trials, in addition to formal research (eg Garnett and Murray 1986; 
Riese 1991; Webb et al. 1992; Peucker and Mayer 1995; Mayer 1998; Davis 2001; Isberg et al. 2004, 
2006, 2009). As FTTs and failures in the immune system associated with FTTs create health problems 
(Isberg et al. 2006; 2009), so another sphere of research into the disease aspects of FTTs in hatchlings 
has been stimulated (Ladds 1990; Buenviage et al. 1994; McInerney 1994; Hibbert et al. 1996; Ladds et 
al. 1996; Turton et al. 1997; Brien et al. 2012).  

There is a long history of surveying the wild populations, and approaching crocodiles (including wild 
hatchlings) close enough to ascertain their size (Fukuda et al. 2010). Yet few, if any, hatchlings in poor 
body condition have been reported. The only records we are aware of relate to a few individuals with 
jaw anomalies that presumably had difficulty feeding and were unable to maintain good condition. They 
were surviving, but not thriving. Hence it seems likely that the fundamental cause of FTTs in hatchlings 
is related to aspects of the captive environment. As such, the clutch specific (Webb et al. 1992) and 
heritable traits implicated in FTTs (Isberg et al. 2009), may have little to do with growth potential per 
se, but rather reflect traits that enhance the probability of surviving in the wild, but are severely 
compromised in the captive raising environments used (for example, sensitivity to potential predators). 
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What is clear to practitioners and researchers alike is that individual hatchlings that initiate feeding 
rapidly, and thus start to grow quickly, are the least likely to suffer from FTTs (Garnet and Murray 
1986; Webb et al. 1990, 1992). So while its interactive causes may still be unknown, manipulating 
foods and feeding strategies may be one way of reducing the problem.  

In the wild, saltwater crocodiles live in communal groups (crèches) for at least the first two months of 
life (Webb et al. 1977). They feed on a wide range of prey items, especially crustaceans and arthropods, 
that are alive and moving (Taylor 1979; Webb et al. 1991). They crush, manipulate and swallow them 
whole, obtaining a reasonably large amount of food for each unit of capture effort. In captivity, 
hatchlings are usually fed minced meat with vitamin and mineral supplements. This is red meat in 
preference to fish, because it seems to promote better growth (Garnett and Murray 1986), and is less 
subject to clutch specific influences than various other foods tested (Webb et al. 1990, 1992). However, 
the hatchlings usually wash food in shallow water before swallowing, which results in food being lost, 
and requires more feeding effort. This is a potential problem given that social dominance affects 
appetite in hatchlings within the first four weeks of life (Webb and Manolis 1990; Webb et al. 1992). 

The experiment carried out and reported here was based on the possibility that the form in which food is 
presented may be a variable, affecting the probability of early initiation of feeding by hatchlings. If so, 
minced food and larger pieces of chopped food may not be equivalent in stimulating the hatchling 
feeding response and as such, could be a management intervention that reduces the incidence of FTTs.  

2.3 Methods 

2.3.1 Subjects  

85 captive-born hatchling saltwater crocodiles, from three clutches hatching on the same day, were used 
in the experiments. Hatchling body weight is 64% of egg weight, and egg weight is highly clutch 
specific (65.4g to 137.2g) resulting in hatchlings from 42 to 88g (Webb et al. 1983). Hence clutches 
with similar sized eggs were chosen, which produced hatchlings of similar size (means = 77.0, 74.0 and 
77.9g).  All 85 animals were confined to the incubator (32ºC) for three days after hatching, in the belief 
that this: enhances the transition from within-egg to aerial respiration; stimulates assimilation of the 
residual yolk mass; and, allows early detection of compromised animals unable to survive outside the 
egg.  

On day four after hatching, three to four hatchlings were randomly selected from each clutch to create 
mixed-clutch groups of 10 to 12 individuals, which were transferred to experimental enclosures for the 
duration of the study. Each was individually numbered with a metal webbing tag (small animal tag 
1005-3, National Band and Tag Co.) attached to the webbing of the rear right foot, and had SVL, TL 
and BWT measured.  

2.3.2 Housing 

Fibreglass pens were used, each subdivided into four that were box shaped (170 x 100 x 50cm), with a 
land area (70 x 100cm) that gradually sloped down to a water area (100 x 100cm; < 8cm deep) (Figure 
23). A lid was closed down during the night, but left partly open during the day. Within each enclosure, 
a “hide area” (Riese 1991; Mayer 1998; Davis 2001) was provided, but it was not simply a flat board as 
is often used. The hides used here were constructed with eight lengths (80cm long) of 10cm diameter 
PVC pipe, strapped together and on legs, with the unit centrally positioned in the water (partly 
immersed) and overhanging the land. Water temperature was maintained at 30-32°C by a 
thermostatically controlled hot water injection system. Air temperatures varied from 26°C to 32°C 
during each 24 hour period. The pens were exposed to a natural light cycle, but were all housed in a 
covered area where they did not have direct access to the sun. 
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Figure 23. The fibreglass pens, each containing 4 enclosures within which the trials were conducted. 
Each enclosure had a hide structure. 

 

2.3.3 Feeding 

Two groups of approximately 10-12 hatchlings were used to test each of the four feeding treatments:  

 

Figure 24. Diets tested with hatchling saltwater crocodiles: (a) Minced horse meat; (b) Short chopped 
horse meat; (c) Long chopped horse meat; (d) Variety short-chopped for fish (white bait) 
and chicken. 

 

The diets were: 

1. Standard mince: red meat (horse) minced through a 10mm plate (Figure 24a) 
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2. Short chop: red meat (horse) chopped in small pieces (8mm long x 8mm wide x 4mm thick) 
(Figure 24b). 

3. Long chop: red meat (horse) chopped in long pieces (35mm long x 5mm wide x 4mm thick) 
(Figure 24c). 

4. Variety short chop: a variety of red meat (horse), fish (white bait), prawns, pork, and chicken 
meat chopped in small pieces (8mm long x 8mm wide x 4mm thick) (Figure 24d). 

 
All diets were sprinkled and mixed with di-calcium phosphate (4% by weight) and a multivitamin 
supplement (1% by weight). Feeding occurred at 1600-1700 hours six days a week, with waste removed 
the following morning (0800-0900 hours) when the water was changed.  

2.3.4 Behaviour 

Wide angle infrared CCTV cameras (Signet, 92.6º) in each enclosure were used to record general 
feeding behaviour on a digital video recorder (Signet 4CH QV-8104). Observations were made over 
several nights prior to recapturing animals at the end of the experimental period (three weeks). 

2.3.5 Statistical analyses 

Statistical analyses were performed using JMP 8.0 statistical software (SAS Institute Inc., 2010) and 
Statview 5.01 (SAS Institute Inc. Where appropriate, data were checked for normality (Shapiro-Wilk’s 
test) and homoscedasticity (Cochran’s test) prior to statistical analysis. To examine the effect of food 
form (standard mince, short chop, long chop) on growth (increase in grams) we used a one factor 
ANOVA. To examine the effect of diet (short chop, variety chop) on mean growth we used two sample 
t-tests. A significance level of P<0.05 was used for all statistical tests. 

2.4. Results 

2.4.1 Feeding behaviour 

By the end of the third week, when the behavioural observations were made, the majority of feeding 
(70-90%) occurred during the first few hours after food was placed in the pen (1630-2100 hours), but a 
little occurred in the early morning (0700-0800 hours) just prior to cleaning. These two activity peaks 
appear to be innate and linked to a circadian rhythm (Brien et al. 2012).  

Hatchlings would typically grasp a mouthful of food on the land surface, where it was provided, and 
return to shallow water to eat it. Most of the food (>90%) was consumed in water: very little (<10%) 
was consumed on land at or near where the food was provided. During feeding the jaws were clapped 
together repeatedly, just under the water’s surface, combined with intermittent sideways shaking of the 
head. Both behaviours appeared to be attempts to manoeuvre the food to the back of the throat while 
lubricating it with water. While swallowing, hatchlings would tilt their head up at a 45-90° angle to the 
substrate.  

It was clear from the video footage and from direct observations that feeding effort, behaviour and 
consequences varied between treatments. In the hatchlings fed mince, a significant amount of food was 
lost from the sides of the mouth as they attempted to manoeuvre the food under the waters’ surface. 
Individuals fed long chopped meat often dropped the meat, after a relatively long period (15-30 
seconds) attempting to manoeuvre and swallow it. After the meat was dropped, individuals rarely 
attempted to recover the same piece. By way of contrast, the small chopped food appeared easier to 
grasp, manoeuvre and swallow, and resulted in less waste. It was noteworthy during cleaning that waste 
chopped pieces in the water (short or long chopped) created less pollution than waste mince. 
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2.4.2 Clutch effects 

The differences in clutch specific hatchling body mass (BM) between the three clutches were still 
statistically significant (F2,82= 21.25, P = 0.0001), despite selecting similar sized eggs, but this reflects 
the very low variability in egg size within clutches, relative to that between clutches. The magnitude of 
the differences in clutch specific hatchling size (clutch means = 74.0 to 77.9g) were minor relative to 
that between clutches 42g to 88g (Webb et al. 1983), and a much wider range would be needed to assess 
effects of hatchling size per se.  

Table 6. Mean growth in BM of hatchlings fed standard red meat in minced, short chopped and long 
chopped forms, and a variety of meats in small chopped form (two groups in each), over 
21 days, as a function of clutch of origin. Numbers in brackets are the mean BWT + SE at 
the initial measure. 

Treatment N Rank Mean SD SE Maximum Minimum 

         

Clutch 1 (76.95 + 0.39g)        

Minced 7 3 13.21 14.23 5.38 33.4 -4 

Short Chopped 8 1 14.56 9.55 3.38 30.7 -0.3 

Long Chopped 8 4 1.4 9.25 3.27 23.5 -5.5 

Variety short chopped 6 2 8.52 4.7 1.92 14.2 2.7 

Total 29  9.36 11.01 2.04 33.4 -5.5 

        

Clutch 2 (74.03 + 0.46g)        

Minced 9 3 1.88 7.3 2.43 16.2 -7.4 

Short Chopped 8 1 10.99 9.76 3.45 29.5 2 

Long Chopped 8 4 -0.44 3.16 1.12 4.4 -5.2 

Variety short chopped 8 2 8.58 12.32 4.35 36.6 0.2 

Total 33  5.15 9.58 1.67 36.6 -7.4 

        

Clutch 3 (77.87 + 0.46g)        

Minced 6 3 12.72 9.74 3.98 18.8 -6.5 

Short Chopped 5 1 22.92 10.52 4.71 36.1 10.1 

Long Chopped 5 4 13.02 7.4 3.31 22.6 4.7 

Variety short chopped 7 2 19.77 3.34 1.26 24.3 14.3 
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Total 23  17.15 8.59 1.79 36.1 -6.5 

         

 

The highly significant effects of clutch on hatchling growth in the different experiments (F2,82= 10.11, P 
= 0.0001) (Table 6; Figure 23) is considered to reflect clutch specific attributes other than “size”. T-
tests reveal that mean growth in Clutch 3 was higher than in Clutch 2 (P <0.0001) and Clutch 1 (P = 
0.004), but Clutch 1 and 2 were not significantly different from each other (P = 0.166) (Table 7). There 
was no significant difference in the variance between clutches (F-tests, P>0.05). 

 

Figure 25. Growth in BWT across all treatments as a function of clutch (see Table 6). 

 

Table 7. Effects of clutch on mean growth across all treatments (Table 6) as determined by t-tests. 

 

 

To account for the significant differences in growth attributable to clutch, which greatly expands the 
variance associated with treatments, the individual growth for each individual was expressed as a 
residual for each clutch mean, and then standardised by interpreting it in units of SD. The standardised 
residuals (Figure 26) did not vary between clutches (Table 8).  
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Figure 26. Growth in BWT across all treatments expressed as standardised (SD) residuals from 
growth for each clutch.   

 

Table 8. Effects of clutch on mean growth expressed as standardised residuals (SD), for all 
treatments, as determined by t-tests (Figure 26). 

 

 

2.4.3 Effects of food form 

Food form had a significant effect on final body mass (F3,81 = 5.22, P = 0.0024; Table 9) and on growth 
in body mass (F3,81 = 5.29, P = 0.0022)(Table 10; Figure 27), but not on final SVL (F3,81 = 1.99, P = 
0.1223) nor growth in SVL (F3,81 = 1.76, P = 0.1621), which is more difficult to measure accurately 
when relatively small changes in length are involved.  

Table 9. Mean SVL and BWT (± SE) of hatchlings in the standard mince, short chopped, long 
chopped, and variety small chopped treatment groups (two groups in each) at four days of 
age (initial) and after 21 days (final). Ranges are given in parentheses. 

Treatment N Initial SVL 
(mm) 

Initial BWT 
(g) 

Final SVL 
(mm) 

Final BWT 
(g) 

      

Standard mince 22 147.9±0.50 76.4±0.62 160.6±1.53 84.8±2.87 
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(143-152) (71.5-80.7) (150-171) (70.4-111.7) 

Short chop 21 147.6±0.62 
(143-153) 

76.5±0.60 
(71.2-80.4) 

163.3±1.54 
(151-172) 

91.7±2.60 
(73.2-114.4) 

Long chop 21 146.8±0.61 

(140-150) 

75.0±0.73 

(69-80.2) 

158.4±1.57 

(143-170) 

78.5±2.29 

(65.4-100.2) 

Variety chop 21 147.7±0.58 
(143-151) 

76.3±0.59 
(71.6-80.3) 

161.7±1.34 
(154-170) 

88.6±2.45 
(72.2-111.7) 

 

Table 10. Mean growth in SVL and BWT of hatchlings fed standard red meat in minced, short 
chopped and long chopped forms, and variety small chopped treatment groups (two 
groups in each), over 21 days. 

Treatment N Measure Mean SD SE Maximum Minimum 

         

Minced 22 SVL 12.68 5.91 1.26 22 1 

Short Chopped 21 SVL 15.67 6.53 1.42 25 3 

Long Chopped 21 SVL 11.62 6.08 1.33 24 2 

Variety short chopped 21 SVL 13.95 5.59 1.22 23 6 

Minced 22 BWT 8.44 11.49 2.45 33.4 -7.4 

Short Chopped 21 BWT 15.19 10.47 2.28 36.1 -0.3 

Long Chopped 21 BWT 3.47 8.66 1.89 23.5 -5.5 

Variety short chopped 21 BWT 12.29 9.56 2.09 36.6 0.2 
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Figure 27. Growth in BWT of hatchling saltwater crocodiles fed four different types of food. 
Horizontal bars are the means and ranges, and boxes are + 1SE. 

 

Despite the variation in absolute growth due to clutch, t-tests (Table 11) confirmed that hatchlings fed 
on the short chop diets (red meat and variety) achieved significantly higher mean growth than the other 
treatments. The other treatments were not significantly different from each other.  

Table 11. Effects of treatment on the absolute growth of saltwater crocodile hatchlings (Table 10). 

 

 

When growth was analysed using the standardised residuals (Figure 28), rather than the absolute 
measures of growth, the same basic result was obtained, but the statistical significance of the 
differences between treatments (Table 12) increased relative to the absolute measures of growth (Table 
11). Hence, the result was not biased by clutch specific trends in growth (Table 6). 
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Figure 28. Growth in BWT of hatchling saltwater crocodiles, expressed in standardised residuals, as a 
function of treatment. Horizontal bars are the means and ranges, and boxes are + 1SE. 

 

Table 12. Effects of treatment on the growth of saltwater crocodile hatchlings (Table 10) expressed as 
standardised residuals (Figure 28). 

 

 

2.4.4 Effects of diet 

Two diets were tested in the short chopped form: red meat versus a variety of different meats. There 
was no significant effect on final BWT growth between the two treatments (t = 0.94, df = 40, P = 0.354; 
Table 11; Figure 27), nor when clutch effects were removed by using standardised residuals (t = 1.27, df 
= 40, P = 0.354; Table 12; Figure 28). The results provide no evidence for assuming a red meat diet 
(growth = 15.19 ± 2.28g) or a variable meat diet (growth = 12.29 ± 2.19g), are any different for 
stimulating feeding and growth in the first 21 days after hatching when delivered in a short chopped 
form. 

2.4.5 Compromised feeders 

Animals which failed to put on weight during the trials were largely restricted to the long chopped and 
mince treatments (Figure 29), and when those fed short chopped food were combined (as they were not 
significantly different from each other), the difference was highly significant (Contingency table; Ch-
square = 16.494; P = 0.0003). In the animals fed long chopped food, 43% showed negative growth, and 
the central problem appeared to be an inability to handle the larger pieces of food. In the case of mince, 
32% showed negative growth, and at least one problem was losing food in the water. In the two 
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treatments with short chopped (red meat and variety) combined, only 1 individual (showed negative 
growth (red meat treatment). 

 

Figure 29. Growth as a function of treatment, highlighting that the animals which lost weight were 
largely restricted to the long chopped and mince treatments.  

 

2.5. Implications 

Hatchling saltwater crocodiles have an abdominal yolk sac morphologically attached to the intestine 
that provides a food source immediately available to them after hatching, regardless of food availability. 
The transition from a yolk-only food source to the hunting, capturing and eating of prey appears to be 
achievable in the immediate post-hatching period, if sufficient sources of prey exist, and the 
environment is conducive to foraging. In these experiments, no food was available for the first three 
days post-hatching when they were held in the incubator at constant 32°C. After that, the hatchlings fed 
short chopped meat pieces, regardless of whether it was red meat or a variety of meats, demonstrated 
mean growth of 13.48 + 1.56g (SE; N = 41), which was 224% higher than the 6.01 + 1.59g (SE; N = 43) 
achieved by the long chopped and minced treatments combined which were also not significantly 
different from each other. They were 160% higher than the 8.44 + 2.45g achieved by mince alone. 
Given the significance of promoting rapid initiation of feeding, this result strongly suggests short 
chopped food is more desirable than mince.  

The optimum size of chopped piece required to initiate feeding and to maximise food consumption and 
growth in the immediate post-hatching period is unknown. The small chopped diet tested here involved 
food pieces about 256mm3 (8 x 8 x 4mm long), whereas the long chopped pieces tested were about 
700mm3 (35 x 5 x 4mm long) and thus 273% larger. The hatchlings appeared to be uniformly attracted 
to both sizes of chopped food, but had mechanical problems manoeuvring and swallowing the long 
chopped food. There is clearly room for further experimentation in the size of chopped food required to 
maximise growth. 

Although no differences were detected in growth that were attributable to red meat versus a variety of 
different meats, including fish, it does not automatically follow that a mono diet versus a variable diet 
will prove to be equivalent in the longer term. The results do indicate that a variety of different meat 
diets can be used to stimulate feeding in the immediate post-hatching period.   
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One of the most telling results from the trials was the relationship between treatment and the number of 
animals which lost weight (Figure 29), especially when it is considered that “mince” is one of the 
standard forms in which food is delivered to hatchlings. Furthermore, as demonstrated in later 
experiments, minced food appears to be more amenable to rapid digestion and utilisation than food in 
larger pieces. In the case of long chopped, the inability to handle the food provides a reasonable 
explanation. Lost food could potentially explain the results with mince, but in any overview, the short-
chopped food, regardless of whether red meat or variety, was more effective in getting more meat into 
the stomach and promoting growth than the mince. That clutch effects are involved is very clear, but 
complicated.  Of the 17 hatchlings that did show negative growth, eight came from Clutch 1, seven from 
Clutch 2 and only one from Clutch 3. Clutch is implicated in preferences for different diets fed as mince 
(Webb and Manolis 1990; Webb et al. 1992), and directly or indirectly, through a wide potential range 
of primary and secondary routes (Isberg et al. 2006, 2009; Miles et al. 2010). This remains a pivotal 
factor influencing hatchling performance.  
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3. Feeding dynamics of juvenile crocodiles 
in communal pens 

3.1 Abstract 

This report provides production standards for two types of outdoor communal pen, flat pens (FP) and 
standard raising pens (SRP), used for raising crocodiles from 0.74m to 1.8m TL. The feeding 
dynamics scale to TL, but for a 1.25m TL crocodile in the FP, food consumption was 38.4kg per year, 
giving growth in TL of 31.4cm TL (7.2kg BWT), and an increase in SkBW of 9.6cm. For the same 
sized crocodile in the SRP, food consumption was 56.6kg, giving growth in TL of 44.1cm TL 
(11.34kg BWT), and an increase in SkBW of 13.6cm. The food conversion rate (FCR) in both types 
of pen were similar, 5.39kg kg-1 (%FCR = 18.7%) for FPs and 4.99kg kg-1 (20.0%) for SRPs. Growth 
is adversely affected by the number of winter months in the growing period, but FRCs are less 
efficient when conditions are uniformly warm, perhaps due to increased maintenance costs. Relatively 
few of a large number of factors that could potentially explain variation in the mean growth rates and 
FCRs of crocodiles in different pens actually did so. The results establish benchmark productivity 
estimates that can be used to compare performance on different farms, or on the same farm with 
different raising variables (including foods and feeding systems), and provide fundamental estimates 
that can be used for modelling farm performance. 

3.2 Introduction 

Within crocodile farms generally, saltwater crocodiles have been historically raised in communal pens 
(20 to 750 crocodiles per pen) that vary greatly from farm to farm in design, size, the extent of 
environmental control, and management protocols including food and feeding regimes. Although the 
later grow-out stages are now being conducted mainly within single pens in most farms, communal 
raising remains the mainstay in all farms for animals up to around 1.5m TL. The ability to quantify the 
effectiveness of communal raising, and in particular to assess objectively the biological and economic 
consequences of using different diets and feeding regimes, is constrained by the high degree of 
variability between farms and the lack of any comprehensive standards which can serve as 
benchmarks. These have long been available for some other species (Joanen and McNease 1987).  

In this study we report on the production characteristics of communal groups of different sized 
juvenile saltwater crocodiles, all fed minced (MCH) or whole chicken heads (WCH). Chicken heads 
are something of an historical standard diet for raising juveniles through the grow-out phase, used in 
many Australian farms, although increased diversity in feed is now occurring with on-farm trials. The 
results reported here refer to crocodiles greater than 0.9 years of age, which are shifted from one type 
of communal pen, in which temperature is controlled, to outdoor pens of two types, in which 
temperature is not controlled. The two types of pens are:  

a. Flat pens (FP = 11; 23 groups). Contain deep water (< 3m), which is continually circulating, and 
where the ponds are not drained after feeding. The land areas are covered in black, high density 
polyethylene (HDPE) film, which absorbs heat during the day, and keeps the land warm at night. The 
conditions duplicate those available in the wild more closely than in many standard pens. 

b. Standard raising pens (SRP = 4; four groups). Constructed of smooth concrete with land and 
water components of equal area, and the floor of the water area sloping to a maximum depth of 1 m. 
The land surfaces (where feeding takes place) are washed down and cleaned after each feed and the 
water is changed every one to three days depending on the food type (MCH or WCH) and frequency. 
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At different times both types of pen have been stocked with animals of varying sizes (700 to 1800mm 
TL), at different densities. At the time of introduction the size range was usually restricted to a TL 
range of 100 or 200mm. The crocodiles were left in the pens for six to 18 months, depending on how 
fast they grew, and how variable the size range of animals in the pens became, before recapture and 
sorting on the basis of size.  

The results reported here come from detailed inventories at the time of entry and exit of a given size 
range of crocodiles, into and out of a specific pen. The amount of food offered and retrieved (food 
remaining) at each feed was recorded. When feeding records are combined with the inventory data, 
and used in conjunction with the morphometric formulae, mean trends in growth and food conversion 
rates can be quantified. The standards established are fundamental to establishing baselines, and for 
assessing the comparative performance of the same size crocodiles being fed different diets. However, 
particular emphasis is placed here on investigating the effects of different variables, such as winter 
months in the growing period, on the mean growth and food conversion rates in communally raised 
crocodiles.  

3.3 Methods 

3.3.1 Flat pens (FP) 

The FP design represents an innovative approach to emulating more closely the conditions saltwater 
crocodiles experience in the wild. In the wild, crocodiles usually have deep water into which they can 
escape, and they tend to avoid areas where they are trapped by the water draining out completely 
(although they experience this in some tidal environments). In tidal rivers, exposed mud banks are 
used for basking in the cooler months, but they can become exceedingly hot during the day (>60°C) in 
the warmer months, and are avoided. Yet at night, banks provide warm substrates on which crocodiles 
lie (or bury themselves). In the wild, the water column provides a variable thermal environment that 
can be exploited by crocodiles. Surface temperature varies more than deep water temperature, and is 
hotter during the day but cooler at night. Saltwater crocodiles in the wild bury in the mud in deep 
waters when conditions are very hot. 

The FPs used in these studies averaged 20m long x 12m wide (240m2), and were surrounded by a 
mesh or solid metal fence 0.8m high, with an angled (45°), inward facing 30cm overhang (Figure 30; 
31). The central pond was excavated into a water-holding rock substrate, porcelanite, which is a form 
of compressed clay. The pond is box-like in shape, and in most FPs is 17m long by 9m wide (153m2) 
by 2.5 to 3.0m deep (volume about 420m3).  



 

49 

 

Figure 30. Flat pens used to raise communal groups (200-450 individuals) of juvenile C. porosus, 
with the water level lowered to the bottom of the land slope. 

 

 

Figure 31. Flat pens are surrounded by a fence (left) with a 45° overhang, and two ropes are used on 
the sloped portion of the land surface (right) to assist crocodiles moving out of the water 
for feeding and basking. 

 

The pond is surrounded by a rim of land 1.5m wide, for a total land area of 87m2, giving a land to 
water surface area ratio of 0.51 (versus 1.4 in the SRP). Relative to water volume, there is 0.36m2 of 
land to every 1m3 of water. The land surface adjacent to the water is angled (10°), and so when filled 
to the rim with water, the land surface is restricted to 60m2  and the water surface area expands to 
180m2, resulting in a land to water surface area ratio of 0.33. The land surface is compacted earth 
and/or concrete, but is covered by HDPE film (1mm thick). The sloped portion of the land area 
contains two ropes, which act as steps, to assist crocodiles moving from the water to the smooth land 
surface, to feed or bask (Figure 31). 
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The FPs are connected to each other by overflow pipes, so water circulates through them continually, 
at 1-2 L/sec (85 to 170 kL/day), with the overflow pumped from a sump back into environmental 
ponds for treatment. 

3.3.2 Standard raising pens (SRP) 

Standard raising pens are outdoor concrete pens, 12m long x 8.5m wide (102m2), with a land area (5m 
x 12m = 60m2) 1.4 times the water surface area (3.5m x 12m = 42m2). The floor of the water area is 
sloped, from zero at the land-water interface to 1m deep at the back of the pond (Figure 32), and 
contains a maximum volume of 21m3 of water. In the SRPs there is 2.9m2 of land for every 1m3 of 
water. Surrounding trees provide a windbreak and patched shade at most times during the day. The 
water in the SRPs is drained when water quality requires it, which is generally every two to five days 
(depending on season, food type and consumption rate). 

 

Figure 32. Standard Raising Pen used to house large communal groups (>100) of  juvenile saltwater 
crocodiles. 

 

3.3.3 Environmental conditions 

Air and water temperatures are not controlled in the SRP or FP and are thus subject to the general 
variation in ambient temperatures prevailing in the area (Table 13).  

Table 13. Climate data from Darwin Airport, 5km west of where the experiments were undertaken. * 
1941-2012 (71 years); ** 1941-2012 (72 years); ^ 1951-2012 (51 years); # 1954-2010 (56 
years). Data from the Australian Bureau of Meteorology. 

Month J F M A M J J A S O N D 
                          

Maximum (ºC)* 31.8 31.4 31.9 32.7 32 30.6 30.5 31.4 32.6 33.2 33.3 32.6 
Minimum (ºC)* 24.8 24.7 24.5 24 22.1 19.9 19.3 20.4 23 24.9 25.3 25.3 
9 am (ºC) # 28 27.7 27.6 27.4 25.6 23.3 22.8 24.4 27 28.7 29.2 28.8 
3 pm (ºC) # 30.2 30 30.5 31.7 31.2 29.9 29.6 30.2 31.2 32 31.9 31.2 



 

51 

Rainfall (mm)** 427 374 321 101 21 2 1 5 16 71 140 252 
Rain Days (>1 
mm) ** 18.9 18 16.8 7.2 1.6 0.3 0.2 0.4 1.6 5 10 14.2 
Daily Suns (h) ^ 5.7 5.7 6.7 8.7 9.6 9.9 10.1 10.3 9.8 9.4 8.4 6.9 
9 am Rel. 
Humid (%) # 81 83 82 74 65 60 60 64 68 69 72 76 
3 pm Rel. 
Humid (%) # 70 72 67 52 43 38 37 40 47 52 58 65 
                          

 

The SRPs have shade from surrounding trees (Figure 32), whereas the FPs, by design, are not shaded 
but have cool areas provided in the water column. During the cooler months, the crocodiles in the FPs 
spend much of the day basking on the HDPE. During the warmer months, when the temperature on 
the HDPE gets too hot (over 60°C), they retreat to the water and move up and down in the water 
column. During the night, the crocodiles lie on the warm substrate. Data loggers indicate that during 
mid-winter (July) water temperatures in the FP averaged 25.3°C over the whole month, whereas in 
summer (February) they averaged 30.0°C.  

3.3.4 Feeding 

The crocodiles are fed almost exclusively MCH (crocodiles less than 1.1m TL) or WCH (crocodiles 
greater than 1.1m TL), two to four times a week depending on season. The food is laid along the land 
surface in a line, in both the SRP and FP, to facilitate feeding by all individuals. Feeding occurs 
between 1400 and 1700 hours, and uneaten food is removed the following morning (0830 to 1030 
hours). The amount of food fed out per feed is adjusted up or down according to the amount of food 
remaining after previous feeds. In SRP, the land surface is washed down and swept after feeding, with 
waste water going back across the land surface into a rear drain, rather than into the pond. In the FP, 
any excess food is recovered by brooming, but the land surface is not washed. The weight of food fed 
and recovered is recorded. The high temperatures obtained on the HDPE in the FPs during the day, in 
the warmer months, may play a role in sterilising the bank. 

3.3.5 Animal measures 

For the results reported here, each crocodile had a series of standard measurements taken (HL, SVL, 
TL; as described in Section 1.3.1), upon release into and recovery from a SRP or FP. Sex was 
determined by manual probing on crocodiles greater than 1.4m TL. The majority of crocodiles could 
be identified individually at initial and final inventories, by either tail scute marks applied at hatching 
or in some cases by metal webbing tags attached to the rear right foot during the first year of life. 

3.3.6 Missing crocodiles 

The number of animals recovered from a pen is usually less than the number introduced, because of 
mortalities and the removal of some animals from time to time (all recorded), but in one case there 
was an additional animal. There have been escapes when inventories occur and occasionally at other 
times, although usually all crocodiles can be recovered because the FPs and SRPs are located within 
fenced areas. The probability of mortality going undetected in the FPs is higher than in the SRPs, 
because a dead crocodile that floats during the early evening may sink before morning and be hidden 
in the deeper water.   
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3.3.7 Predicting body weight (BWT) 

Body weight (BWT in kg) was not measured during the initial and final inventories, but was predicted 
mainly from TL, or SVL if the tail tip was not complete, using the formulae in Table 1.  
 

3.3.8 Predicting food conversion rates (FCR) 

The initial and final inventories allowed quantification of the mean TL at both times, and was used to 
predict BWT, and estimate mean growth in BWT (GBWT) between the inventories. Food 
consumption (FC) was independently quantified, and so GBWT could be examined as a function of 
FC. The two formulations of FCR used here are FC divided by GBWT (FCR), and GBWT expressed 
as a percentage of FC (%FCR).  

 

3.4 Results 

3.4.1 Flat pens (FP) 

3.4.1.1 Overview 

Inventory data (Table 14) were obtained from 23 different communal groups of saltwater crocodiles 
(8263 crocodiles) placed in FPs. The mean size of different groups at the time of introduction ranged 
from 737 ± 52.7mm TL (mean ± SD) to 1787 ± 55mm TL, and had a general mean of 1221 + 391mm 
(N = 23). Introductions occurred between 27 January 2006 and 12 October 2010, with the majority 
(69.6%) released in September, October and November, when conditions were warm (Table 14). 
Average group size was 359 ± 85 individuals (range 194-482 crocodiles) with crocodiles remaining in 
the pen for an average period of 375 ± 128 days (range 206-608 days). 

Table 14. The results of raising 23 different groups of juvenile saltwater crocodiles in FPs (27 
January 2006 to 12 October 2010). The FCR calculations exclude missing animals (see 
text). 

Pen Month 
IN 

Time in 
pen (d) 

Density 
(crocs/m2) 

Crocs 
IN 

Crocs 
OUT 

Mean ± 
SD TL IN 

Mean ± SD 
TL OUT 

Missing 
(%) 

FCR+ 
missing 

                    
1 Oct  562 2 470 363 737±52.7 1342±229.1 22.8 6.69 
2 Jan  276 2 476 461 765±53.5 1058±152.9 3.2 5.01 
3 Oct 362 1.5 371 352 772±54.0 1207±146.7 5.1 5.3 
4 Oct 220 2 482 475 777±54.4 1057±108.6 1.5 6.11 
5 Jul 319 1.9 452 432 784±41.5 1021±95.0 4.4 5.19 
6 Jan 491 1.3 316 315 834±28.6 1306±147.1 0.3 6.01 
7 Mar 608 1.6 379 374 845±49.1 1581±196.4 1.3 3.38 
8 Oct 360 1.8 441 432 850±32.0 1239±129.2 2 4.46 
9 Oct 533 1.9 452 407 908±55.2 1506±173.1 10 5.57 

10 Nov 548 1.4 328 296 1041±37.3 1481±207.5 9.8 7.05 
11 Apr 213 1.6 393 395 1099±95.9 1239±128.9 -0.5 5.33 
12 Nov 348 1.9 456 448 1147±40.7 1512±129.3 1.8 4.06 
13 Jan 604 1.4 338 337 1350±41.5 1821±240.4 0.3 3.45 
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14 Jan 465 1.1 272 243 1445±32.1 1833±184.4 10.7 4.24 
15 Oct 315 0.9 391 371 1455±36.2 1760±142.1 5.1 4.69 
16 Sept  390 1.3 301 272 1457±42.9 1764±136.7 9.6 4.09 
17 Oct 316 1.5 356 324 1550±37.9 1784±139.2 9 5.6 
18 Sep 317 1.3 309 287 1643±29.1 1891±133.0 7.1 6.56 
19 Oct 227 1.4 335 290 1647±31.5 1848±120.0 13.4 4.96 
20 Oct 386 1.1 264 255 1660±55.0 1890±103.5 3.4 5.6 
21 Sept  267 0.9 209 203 1744±28.0 1936±100.3 2.9 6.41 
22 Oct 206 1.2 278 200 1786±57.5 1925±123.3 28.1 7.09 
23 Oct 294 0.8 194 187 1787±55.0 2007±104.5 3.6 5.41 
                    

 

3.4.1.2 Growth 

There were typically major differences in the distribution of crocodile sizes at the time of entry and 
exit from a specific pen. Pens were stocked with animals of similar sizes, but invariably some 
individuals showed no growth and others demonstrated exceptional growth (Figure 33). 

 

Figure 33. Typical results from communal raising. The TL of crocodiles (N = 335) introduced to a 
pen (mean = 1647mm TL; 15.6kg BWT) (black) and when removed after 7.5 months 
(mean = 1848mm TL; 22.42kg BWT; N = 290) (grey). 

 

The mean daily rate of growth in TL (GTLmm/d), across all FPs (N = 23), was 0.91 ± 0.19mm per day 
(range 0.64-1.27mm), which equates to 332mm GTL per year (range 234-463mm). There was 
considerable variation between the different FP groups examined, but GTLmm/d declined significantly 
with the increasing TL of crocodiles introduced to each pen (TLin)(Figure 34; GTLmm/d = 1.324 – 
0.000371 TLin + 0.15; N = 23, R2 = 0.47, P = 0.0003).  
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Figure 34. Relationship between GTLmm/d and mean TLin for 23 groups of saltwater crocodiles housed 
in FPs.   

 

The predicted mean daily growth rate in BWT (GBWTg/d) was 19.16 + 8.7g per day, which equates to 
6.99kg per year. There was a highly significant linear increase in GBWTg/d with increasing mean TLin 
(Figure 35; GBWTg/d = -5.787 + 0.0204 TLin + 3.54 g/day; N = 23, R2 = 0.84, P < 0.0001). 

 

Figure 35. Relationship between GBWTg/d and TLin for 23 groups of saltwater crocodiles housed in 
FPs.  

 

The mean number of crocodiles released in a FP was 359 ± 85 (range 194 - 482 crocodiles), and there 
was a significant relationship between stocking number and GTLmm/d (R2 = 0.362, P = 0.0024), but not 
with GBWTg/d (R2 = 0.001, P = 0.909). This reflects the relationship between stocking density and TL 
(R2 = 0.634, P = 0.0001), because smaller crocodiles were housed in larger communal groups in the 
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FPs. When the variation attributable to size (TL and BWT) is removed, there is no residual affect of 
stocking number or density on growth (see below). 

3.4.1.3 Factors affecting variability in growth 

Variation in GTLmm/d and GBWTg/d in the FPs was partly explained (47% and 84% respectively) by 
TLin (Figures 34 and 35). Attempts to explain the additional residual with both GTLmm/d (Figure 34) 
and GBWTg/d (Figure 35) by other potential variables affecting growth are summarised in Table 15. 

Table 15. The relationship between the residual variation in GTLmm/d (Figure 34) and GBWTg/d 
(Figure 35) and other raising variables as examined by linear regression. “+” and “-” 
refers to the direction of the trend. * = significant at the P = 0.05 level. 

Variable GTLmm/d   GBWTg/d 
          
  R2 P R2 P 

Surface Area of FP 0.044 0.334+ 0.083 0.183+ 
Months in FP 0.001 0.867+ 0.134 0.086+ 
Winter-Summer Introduction Code 0.491* 0.0006+ 0.343* 0.007+ 
Growing (warm) Months in FP 0.062 0.780+ 0.004 0.780+ 
Non-Growing (cold) Months in FP 0 0.932- 0.077 0.200+ 
% Growing Months 0.037 0.378+ 0.012 0.622+ 
Number of crocodiles IN FP 0.006 0.716+ 0.001 0.909+ 
Number of crocodiles OUT FP 0.004 0.716+ 0 0.961-  
Density (No. crocs per m2 of FP) 0 0.961- 0.009 0.668- 
Density (kg crocs per m2 of FP) 0 0.981- 0.002 0.842- 

Variance in TLin 0.026 0.462- 0.151 0.067- 
% Missing 0.001 0.891+ 0.005 0.0741+ 
Total Food Eaten in FP 0.073 0.211+ 0.291* 0.005+ 
Food Consumption per kg BWT 0.02 0.518- 0 0.936+ 
Food Consumption per croc OUT 0.005 0.740+ 0.128 0.094+ 

          
 

The “winter-summer introduction code” (Codew-s) was designed to test whether the groups released 
into FPs in the cooler months (N = 2; Table 14) performed as well as those released in the warmer 
months (N = 21). Winter release was coded as 0 and summer release as 1. The results confirmed that 
the two FPs stocked in April and July, both with small crocodiles, showed the lowest growth for their 
size of all treatments. Although sample sizes are small, a multiple regression with Codew-s and TLin as 
independent variables increased the total amount of variation explained in both GTLmm/d  from 47% to 
74% (GTLmm/d = 1.069 – 0.00040TLin + 0.360 Codew-s; N = 23; R2 = 0.737, P <0.0001 ) and GBWTg/d 
(84% to 90%: GBWTg/d  = -10.948 + 0.0192TLin + 7.27 Codew-s; N = 23, R2 = 0.897, P <0.0001).  

With the variation attributable to both TLin and Codew-s accounted for, the remaining residual variation 
(Table 16) was re-examined to determine whether other raising variables were significantly involved. 
Total food consumption, which appeared to have potential as an explanatory factor in Table 15 was 
rendered insignificant in Table 16, suggesting it was correlated with the two FPs stocked in winter 
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that grew slowly, and presumably ate less. Importantly, none of the other variables contributed 
significantly to explaining any of the remaining, unexplained variation in growth rate. 

Table 16. The relationship between the residual variation in GTLmm/d (Figure 34) and GBWTg/d 
(Figure 35), after the influence of the Codew-s and TLm was accounted for. “+” and “-” 
refers to the direction of the trend. None are significant at the P = 0.05 level. 

Variable GTLmm/d   GBWTg/d 
          

  R2 P R2 P 
Surface Area of FP 0.069 0.225+ 0.066 0.125+ 
Months in FP 0.097 0.148- 0.134 0.086+ 
Growing (warm) Months in FP 0.004 0.780- 0.004 0.780+ 
Non-Growing (cold) Months in FP 0.059 0.262- 0.035 0.390+ 
% Growing Months 0.068 0.758+ 0 0.949- 
Number of crocodiles IN FP 0.029 0.434+ 0.008 0.705- 
Number of crocodiles OUT FP 0.042 0.348+ 0.004 0.766+  
Density (No. crocs per m2 of FP) 0.003 0.806+ 0.005 0.761- 
Density (kg crocs per m2 of FP) 0.001 0.914- 0.004 0.764- 

Variance in TLin 0.034 0.398+ 0.033 0.405- 
% Missing 0.015 0.580- 0.001 0.899+ 
Total Food Eaten in FP 0.011 0.631- 0.081 0.101+ 
Food Consumption per kg BWT 0.037 0.378- 0.001 0.895+ 
Food Consumption per croc OUT 0.046 0.326- 0.045 0.329+ 
          

 

3.4.1.4 Food conversion rates (FCR) 

The mean FCR was 5.30 + 1.06 kg kg-1 (±SD; range 3.38 to 7.09kg CH per kg GBWT) and the mean 
%FCR was 19.67 + 4.31% (range 14.11 to 29.55%). 

3.4.1.5 Factors explaining variation in food conversion rates (FCR) 

The potential impact of different, single variables acting on FCR was examined using a series of 
linear regressions (Table 17). Mean FCR declined as the number of non-growing months (MNG) in the 
growing period increased (Figure 36: FCR = 6.684 – 0.346 MNG + 0.893; N = 23; R2 = 0.328; P = 
0.004), which is not surprising given that the food eaten is partitioned into body maintenance and 
growth, and that temperature dependent maintenance costs decline in cooler months. In a normal 12 
month period, with four non-growing months (May to August), the mean FCR for all pens of animals 
was 5.3. The variable “% growing months” (FCR = 2.084 + 0.047M%G + 0.951; N = 23; R2 = 0.238; P 
= 0.02) not surprisingly gave the opposite trend, for the same reason. In both cases, the two pens with 
eight months (40%) of cool weather in the growing period had a significant influence on both trends. 
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Table 17. The relationship between FCR and other raising variables as examined by linear regression. 
“+” and “-” refers to the direction of the trend. * = significant at the P = 0.05 level. 

Variable FCR   
      

  R2 P 

Surface Area of FP 0.016 0.570- 

Months in FP 0.065 0.241- 

Winter-Summer Introduction Code 0 0.956+ 

Growing (warm) Months in FP 0.022 0.922- 

Non-Growing (cold) Months in FP 0.328* 0.004- 

% Growing Months 0.238* 0.018+ 

Number of crocodiles IN FP 0.024 0.485- 

Number of crocodiles OUT FP 0.082 0.185- 

Density (No. crocs per m2 of FP) 0.009 0.671- 

Density (kg crocs per m2 of FP) 0.052 0.297+ 

TLin 0.009 0.669 
BWT 0.044 0.335 

Variance in TLin 0.003 0.797+ 

% Missing 0.216* 0.026+ 

Total Food Eaten in FP 0.001 0.899+ 

Food Consumption per kg BWT 0.064 0.243+ 

Food Consumption per croc OUT 0.031 0.421+ 
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Figure 36. Relationship between food conversion rate (FCR) and the number of non-growing (cold) 
months (N=4: May-August) in the growing period.  

 

Because FCRs were calculated on the number of survivors, a bias due to the number of animals 
missing in the final inventory (MISS%) is to be expected (Figure 37; FCR = 4.833 + 0.070 MISS% + 
0.964; N = 23; R2 = 0.16; P = 0.03). However in this case, it depended heavily on two pens: one with 
high mortality and known escapes, and the other with low mortality and high known number of 
escapes.  

 

Figure 37. Relationship between calculated food conversion rate (FCR) and the bias caused by % 
missing animals. 

 

When a multiple regression was used to predict FCR from both MNG and MISS%, the effect of MISS% 
was rendered statistically non-significant (R2 = 0.067; P = 0.15). But if the general direction of the 
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coefficient is meaningful, it indicates a 0.042 addition to FCR for each unit increase in MISS% (FCR = 
6.129 – 0.279 MNG + 0.042 MISS% + 0.87; N = 23, R2 = 0.395; P = 0.007). This model can be used to 
explore the interplay of variables affecting FCR. 

For example, a group of crocodiles in a FP being fed CH, with no non-growing months in the growing 
period (coefficient set to zero) and 5% mortality, would have a FCR and %FRC of 6.34kg kg-1 and 
15.8% respectively. Yet over a normal 12 month period, with four non-growing months and MISS% 
nominally set to 5% mortality, the predicted mean FCR and %FRC would be 5.39 and 18.6% 
respectively. The difference probably reflects the interplay between maintenance and growth costs, 
and the effect of variable temperature regimes associated with whether or not the growing period 
included winter months. 

3.4.1.6 Mortality and missing crocodiles 

Although detected mortalities from each FP were reported (2.6 ± 2.1%; range 0-8.0%; Table 14), it 
underestimates the real mortality rate. Excluding the two extreme values with known escapes, average 
mortality in the FP is 4.95% ± 4.03% (N = 21; range 0 to 13.4%) over a mean of 374 + 122 days. In 
the SRPs, where dead animals are all detected, mortality was 5.6%. Hence mortality (FP and SRP) is 
5.1 + 4.0% (N = 25) and shows no significant variation with increasing TLin (R2 = 0.025; P = 0.454). 

3.4.2 Standard raising pens (SRP) 

3.4.2.1 Overview 

Four groups of saltwater crocodiles (1412 crocodiles) ranging in size from 913 ± 26 to 1892 ± 50mm 
TL (mean ± SD) were released in SRPs between 6 October and 4 November 2009 (Table 18). The 
average group size was 96 ± 38 (range 52-144 crocodiles) with crocodiles remaining in the pen for a 
period of 353 ± 167 days (range 167-541 days). 

Table 18. Saltwater crocodiles raised in SRPs between 6 October and 4 November 2009. 

Pen Month 
IN 

Time in 
pen 

(days) 

Density 
(crocs/m2) 

Crocs 
IN 

Crocs 
OUT 

Mean TL 
IN 

Mean TL 
OUT 

Missing 
% FCR 

                    
1 Nov 541 1.4 144 127 913±50.0 1630±127.8 11.8 4.78 
2 Oct  436 0.8 85 81 1234±26.4 1761±108.4 4.7 4.89 
3 Oct  267 1 102 98 1639±28.6 1912±65.8 3.9 5.09 
4 Nov 168 0.5 52 51 1892±37.9 2069±46.0 1.9 5.19 
                    

 

3.4.2.2 Growth 

Because the sample size was small (N = 4), multiple regression analysis with all records from the FP 
and SRP combined, were undertaken using a code (CodePen; SRP = 1; FP = 0) to determine whether 
significant differences between the two pen types occurred. 

Growth rate in TL (GTLmm/d) as a function of TLIn was significantly higher in the SRP (by 0.309 
mm/day) than the FP (Figure 38; GTLmm/d = 1.319 – 0.0003329TLIn + 0.309 CodePen + 0.137 mm/day; 
N = 27; R2 = 0.587; P <0.0001; R2 addition due to CodePen = 0.290; P = 0.0004). The linear regression 
(Figure 38) is: GTLmm/d = 1.593 – 0.0003083 TLIn + 0.061mm GTLmm/d; N = 4; R2 = 0.877; P <0.06). 
This difference was more apparent when TL measures were transformed to BWT (Figure 39). 
Crocodiles in SRP fed WCH had GBWTg/day on average 12.38 g/day greater than for the same sized 
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crocodiles in FPs fed the same diet (GBWTg/day = -7.09 + 0.0215TLIn + 12.38 CodePen + 3.60 g/day7; 
N = 27; R2 = 0.899; P <0.0001; R addition due to CodePen = 0.165; P = <0.0001). The linear regression 
(Figure 39) is: GBWTg/day = -3.789 + 0.02789TLIN + 3.28g GBWTg/day; N = 4; R2 = 0.953; P <0.02). 

 

Figure 38. Relationship between GTLmm/d and TLIn for SRP and FP. Lines are the separate linear 
regressions. 

 

 

Figure 39. Relationship between GBWTg/d and TLIn for SRP and FP. Lines are the separate linear 
regressions. 

 

3.4.2.3 Food conversion rate (FCR) 

There was no significant difference in the mean FCR between crocodiles fed CH and raised in either 
the SRP or FP (Figure 40) (t-test: df = 25; t= 0.585; P = 0.564), although the FCR estimated from the 
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FP were much more variable than from the SRP (F-test; F23,4 = 160.6; P < 0.001). The extra growth in 
the SRP (Figures 38 and 39) was achieved by the crocodiles in the SRP having a significantly higher 
rate of food consumption than those in the FP (7.93 versus 6.25 g/gBWT/day) (Figure 41) although 
this was only apparent when similar size ranges were compared (t-test; df = 15; t= 2.434; P =0.02). 

 

Figure 40. FCR estimated for SRP and FP showing no significant difference in mean values, but very 
significant difference in variance.  

 

 

Figure 41. Rate of food consumption (FCg/gBWT/d) as a function of the mean MBWT (BWTIN + 
BWTOUT/2). Lines are the mean values (6.25 g for FP and 7.93 g for SRP). Open circles 
for small animals in FPs were excluded in the t-test comparing FC in SRP versus FP.  
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3.4.3 Standards for raising juveniles 

The primary aim of these analyses was to quantify the raising variables for juveniles in communal 
pens and assess the variables influencing performance, so that a set of standard benchmarks could be 
established (Table 19) that other farms could use to assess their productivity. This also forms a 
baseline against which the effects of changed management, including food and feeding regimes, could 
be evaluated objectively. Information is included here for crocodiles of different initial TL, based on 
one year of feeding twice a week, using minced and then whole chicken heads, and assuming 
mortality of 5%.  

Table 19. Summary statistics for raising juvenile saltwater crocodiles on a mono diet of chicken heads 
in two different types of communal pen. Estimates are predictions based on mean trends. 
*calculated without mortality. 

Initial TL (mm)  750 1000 1250 1500 1750 2000 
Initial BWT (kg) 0.97 2.63 5.69 10.69 18.24 28.97 
Skin Belly Width (cm) 15.3 21.9 28.8 35.9 43.4 51.1 
Time in raising pen (days) 365 365 365 365 365 365 
Food Type CH CH CH CH CH CH 
Food form (Minced/Whole) M M W W W W 
Feeds per week 2 2 2 2 2 2 
Mortality 5.1 5.1 5.1 5.1 5.1 5.1 
Mean FCR FP 5.39 5.39 5.39 5.39 5.39 5.39 
Mean %FCR FP 18.7 18.7 18.7 18.7 18.7 18.7 
Mean FCR SRP 4.99 4.99 4.99 4.99 4.99 4.99 
Mean %FCR SRP 20 20 20 20 20 20 
       
FP Performance       
Crocodiles per pen 440 395 351 306 261 216 
Growth rate TL (mm/day) 1.046 0.953 0.86 0.768 0.675 0.582 
Growth rate BWT (g/day) 9.51 14.61 19.71 24.81 29.91 35.01 
Final TL (m) 1132 1348 1564 1780 1996 2212 
Growth TL 382 348 314 280 246 212 
Final BWT (kg) 4.44 7.96 12.88 19.75 29.16 41.75 
Growth BWT (kg) 3.47 5.33 7.2 9.06 10.92 12.78 
Final Skin Belly Width (cm) 26.4 32.4 38.4 44.7 51.3 58.2 
Growth Skin Belly Width (cm) 11.1 10.5 9.6 8.8 7.9 7.1 
Total CH Consumed/croc (kg) 18.7 28.7 38.8 48.8 58.9 68.9 
Total CH consumed per pen (t/yr)* 8.23 11.34 13.62 14.93 15.37 14.88 
       
SRP Growth        
Crocodiles per pen 146 127 109 90 72 53 
Growth rate TL (mm/day) 1.36 1.29 1.21 1.13 1.05 0.98 
Growth rate BWT (g/day) 17.1 24.1 31.1 38 45 52 
Final TL (m) 1247 1469 1691 1913 2135 2356 
Growth TL 497 469 441 413 385 356 
Final BWT (kg) 7.22 11.43 17.03 24.58 34.67 47.95 
Growth BWT (kg) 6.25 8.8 11.34 13.89 16.43 18.98 
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Final Skin Belly Width (cm) 31.3 36.8 42.4 48.2 54.5 61.1 
Growth Skin Belly Width (cm) 16 14.9 13.6 12.3 11.1 10 
Total CH Consumed (kg/yr) 31.2 43.9 56.6 69.3 82 94.7 
Total CH consumed per pen (t/yr)* 4.56 5.58 6.17 6.24 5.9 5.02 
              

 

3.5 Implications 

Growth rates of juvenile saltwater crocodiles are primarily a function of how much food is eaten, and 
as a second tier, how effectively that food is partitioned between maintenance and growth. BWT gain 
or loss is perhaps the most direct measure of biological productivity. However, from a practical point 
of view, BWT is perhaps the most awkward and time consuming measure to take during standard farm 
inventories, hence the use of TL here. TL stabilises if BWT declines, but in these analyses the mean 
TL was always higher when animals were removed from a pen. Thus, measuring TL and using it to 
predict BWT did not compromise the findings. 

The mean size of animals released into the FPs and SRPs (Tables 14 and 18) ranged from 737 to 
1892mm TL or from 1.096 to 23.901kg, and thus includes crocodiles changing 2.6 times in TL and 
21.8 times in BWT. Therefore it is not surprising that in the FP and SRP (Figures 38, 39), the amount 
of variability in growth (and also FCR) explained by different independent variables varies between 
TL and BWT. 

A central problem in exploring the factors influencing growth and FCR is that none of the raising 
factors tested are truly independent of each other, which makes separating correlation from cause and 
effect difficult. Nevertheless, the analyses have generated important insights into factors affecting the 
commercial raising of juvenile saltwater crocodiles fed CH and housed in two types of outdoor raising 
pens. 

In the FP situation, the Codew-s identified the two slowest growing groups as comprising mostly small 
individuals, placed in the FPs during cool conditions. Feeding rates are reduced in the winter months, 
but how the crocodiles partition the reduced amount of food into metabolism and growth, relative to 
feeding in warm conditions, is relatively unknown. Metabolic and growth costs may or may not 
respond to changes in body temperature in the same way. Growth was significantly compromised in 
the winter-released animals, and thus when warmer conditions did arrive, the crocodiles were 
appreciably smaller than they would have been had they been released at other times of the year. 

The average crocodile size across all 23 samples in the FPs was 1221 + 391mm TL (N = 23) or 5.24kg 
BWT. The predicted daily growth rates of 0.91mm TL/day (Figure 34) and 19.1 g/day (Figure 35), 
equate to annual growth of 333mm TL and 6.98kg BWT per year. In the SRP, where only four 
samples were available, the mean TL was 1419.5 + 432.9mm TL (N = 4), or 8.83kg BWT: 16.3% 
larger in TL and 68.5% larger in BWT than the mean FP animals. The mean growth rates in the SRP 
were 1.16mm TL/day (Figure 40) and 35.8 g/day (Figure 41), which equates to 422mm TL and 
13.07kg BWT per year: an increase of 26.7% in TL growth and 87.2% in BWT growth over the 
animals in FPs. 

FCR in the FP averaged 5.3 kg kg-1 and did not vary with TLIn. However, it was highly variable across 
different treatments, and part of that variation was explained by the number of non-growing months in 
the growing period, and the number of missing animals, which in this case were assumed to have 
eaten nothing. When examined over a 12 month period with four non-growing months, and assuming 
a mean mortality loss of 5%, the corrected mean FCR was 5.39 and %FCR was 18.6%. This is very 
similar to the mean FCR derived from the SRP, which showed remarkably little variation between the 
four pens for which data were assessed (FCR = 4.99, %FCR = 20%). Hence the efficiency of growth 
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per unit of food eaten is constant across FP and SRP, suggesting that the high growth in the SRP is 
due to increased food consumption.   

The degree to which this reflects fundamental differences in pen design, group size (mean 96 SRP 
versus 359 FP), density (mean 0.94 per m2 SRP versus 1.46 per m2 FP), disturbance (SRP exposed to 
tourism; FP excluded from tourism), management (access to individuals greater in SRP versus FP), or 
other factors is unclear. Feeding rates during the period of this study were twice per week, which is 
now considered insufficient during the warmer growing months. 

The collation of all results into a series of size-based productivity estimates provides one of the first 
comprehensive set of standards for raising juvenile saltwater crocodiles that can be used by farms to 
compare their performance. It also establishes baseline data for modelling farm production. 
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4. Feeding dynamics of grow-out 
crocodiles in single pens 

4.1 Abstract 

For a variety of biological, behavioural, economic and health reasons, the management of crocodilians 
on commercial farms around the world is evolving towards single pens, especially for the 
economically critical, final grow-out phases of production. A cost-effective single, unitised pen (UH-
Pen) developed for experimentation and commercial raising is described, and the results of raising 
saltwater crocodiles within the UH-pens are quantified. The results provide standards and benchmarks 
on a diet of whole chicken heads. One of the main rationales behind single pens is the healing of 
injuries caused by fighting in communal pens, although continuing growth is economically important. 
The analyses demonstrated that food consumption (FC) is highly dependent on season, and that FC is 
the main driver of growth. Over and above FC, males grow faster than females, and the influence of 
sex cannot be explained by sex-specific changes in size at the time of introduction to the pens. 
Simulation models indicate significant variation with size. However, a 20kg male crocodile in a UH-
pen could be expected to grow 5.45cm of new SkBW in 43.2 weeks, with FCRs and %FCRs of 3.85 
and 26% respectively, given a growing period of 22.3% winter months and a feeding rate of 3.73% of 
BWT per week. Simulations based on a + 1standard deviation (SD) change in feeding rates (2.62 to 
4.84% of BWT/week), duration (39.9 to 47.5 weeks) and winter months (13.50% to 30.52%) 
indicated SkBW growth would have ranged from 4.98 to 5.93cm, FCRs from 2.75 to 5.04, and 
%FCRs from 36% to 20%.  

4.2 Introduction 

4.2.1 Trends in pen development 

The development of pens for the commercial production of crocodilians, on a global basis, has 
evolved continually (Hutton and Webb 1992), but it took time to realise that different types and styles 
of pen and raising conditions are needed for different species, and for the different qualities of skin 
that specific markets require. In recent times, these have favoured a shift on some or most farms in the 
USA, South America, Asia, Africa and Australia, from communal to single pens for the final grow-out 
stage.  

Historically, the importance of species-specific traits in pen design and farm management practice 
was not fully appreciated. For example, although the underlying importance of body temperature to 
crocodilian physiology was known (Lang 1979, 1981, 1987a), its implications within commercial 
raising were not fully appreciated with some species (Blake 1974, Blake and Loveridge 1975), though 
it was fundamental to the development of farming procedures with American alligators (Alligator 
mississippiensis) (Joanen and McNease 1976, 1977, 1987).  

As explained by Hutton and Webb (1991), the high growth rates achieved on alligator farms 
highlighted the importance of temperature (e.g. Webb et al. 1983), but no other crocodilian species 
raised in any type of pen appears to give growth rates equivalent to those reported for alligators. It is 
now clear that American alligators are physiologically different to many other crocodilian species. 
Even the closely related Chinese alligator (Alligator sinensis) shows poor survival and growth if 
raised in the same high and constant temperature raising pens used for American alligators (Herbert et 
al. 2002). 
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Experiments comparing the growth rates of saltwater crocodiles and American alligators in the first 12 
months of life, in the same environment, with identical foods, feeding regimes and management 
protocols, demonstrated significantly different growth rates (Table 20) that were not due to pen design 
or the raising environment.  

Table 20. A comparison of saltwater crocodile (CP) and American alligators (AM) raised in identical 
conditions, at the same, and different densities, in the same pens (from Webb et al. 1994).  

Species Age 
(month) 

Total Length (cm) Body Weight (g) 

  Mean SE N Mean SE N 
                

CP 0 297.1 1.11 60 64.9 0.47 60 
CP6 0 290.5 2.62 6 64 1.48 6 
AM 0 222.2 6.28 6 47.2 2.41 6 

        
CP 12 869.3 13.57 60 2149.2 129.73 60 
CP6 12 1074.2 13.92 6 4323 367.77 6 
AM 12 1152.8 19.09 6 5742.2 385 6 

                
 

An added variable favouring the transition from communal to single pens for saltwater crocodiles 
relates to interspecific differences in behaviour, namely social intolerance of conspecifics (Lang 
1987b). Saltwater crocodiles (Crocodylus porosus) are considered the most intolerant of conspecifics 
of all species of crocodilians (Lang 1987b), which translates to an increased percentage of skins being 
damaged through bites and cuts, reducing their market value to below the costs of production. 

In the high fashion handbag skin market, which absorbs most saltwater crocodile skins, buyers have 
become much more concerned about quality rather than quantity of skins. Whereas historically over 
90% of handbags were black or dark brown, which can hide blemishes created by bites absorbing dyes 
differently, today over 90% are brightly coloured and hence avoiding imperfections on the final 
product is a priority. Although the international market for crocodilian skins has declined from 1.3 to 
1.0 million skins a year (2000 to 2009), the supply of saltwater crocodile skins has increased from 
26,000 to over 50,000 over the same period (Caldwell 2011), with quality becoming all important 
(Manolis and Webb 2011). Again this favours the use of single pens in Australia and elsewhere. 

4.2.2 Communal versus single pens 

From an economic viewpoint, a single bite or scar in the main area of the belly skin used for 
manufacturing the highest quality of handbags (the posterior half, anterior to the cloaca) can relegate a 
skin from Grade 1 to Grade 3, which reduces its value to below the cost of production (Table 21). 
However, many other problems appear to develop in different types of communal pens (Manolis and 
Webb 2011). When these issues are combined with the much higher grading standards buyers have 
introduced since the global financial crisis, and their increased demand for larger skins of equally high 
quality, “finishing” the grow-out phase in communal pens has become problematic on most farms.   

 

Table 21. The approximate interaction between skin grade (% of first grade skin paid), skin size 
(relative to a 41-45cm skin), mean age, and the probability of being a first grade skin (on 
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2012 grading standards) in communal pens. Age of larger size crocodiles reflects fast 
growing animals rather than means, which are highly sex-specific. 

Grade Penalty Skin Size Adjustment Age Probability (G1) 
            
1 100% 26-30cm 63% 1-2 yrs 15<30% 
2 75% 31-35cm 83% 2-3 yrs 10<20% 
3 50% 36-40cm 92% 2-3 yrs 5<15% 
4 10% 41-45cm 100% 3-4 yrs 5<15% 
  46-50cm 106% 3-5 yrs 0<10% 
  51-55cm 113% 4-6 yrs 0<10% 
  56-60cm 117% 4-6 yrs 0<5% 
            

 

Communal raising pens are relatively inexpensive to build, in terms of pen costs per individual 
crocodile. They also reduce feeding and cleaning costs per individual, which is more important in 
Australia than in some of the neighbouring countries where labour is significantly cheaper. However, 
communal pens have other drawbacks: 

a.  The ability to manage individual crocodiles is constrained, and it is not possible to adjust 
feeding, management and health to suit individual crocodiles; 

b.  Communal living inevitably stimulates dominance hierarchies and social conflict between 
crocodiles, which: 

i. Leads to vastly different growth rates between individuals regardless of food quality 
and availability; 

ii. Results in biting, which affects health and reduces the commercial value of the skin; 
and 

iii. Creates social stress, which is linked to health and disease susceptibility; 

c.  Requires size-based grading, which disrupts feeding and growth, adds to labour costs, and 
increases safety problems for both people and crocodiles. 

Social ordering starts in the hatchling phase (see section 2) and involves physical combat (biting and 
raking), which can cause skin punctures and cuts in larger animals (Manolis and Webb 2011). Head 
battering damages the skin and in extreme cases ruptures internal organs, which can be fatal. Physical 
damage to the skin increases with increasing size in both captive and wild crocodilians (Webb and 
Messel 1977; Webb et al. 1983; Manolis and Webb 2011).  

There is limited data allowing objective quantification of the production dynamics of different types 
of single pens, despite their use in many different designs around the world for over 15 years. Single 
pens are typically associated with increased construction and management costs per individual 
crocodile, but their advantages lie in restricting social interactions (including aggressive behaviours), 
reducing social stress, fostering healing, facilitating individual monitoring and management, and 
dramatically improving skin quality (over 70% Grade 1). Most single pens hold crocodiles at the same 
density (m2 per crocodile) as communal pens, but they invariably restrict movement relative to 
communal pens. However, there is no indication that this adversely affects health (which improves in 
single pens), because movement restrictions occur naturally in wild crocodiles in the many areas 
where they aestivate or hibernate during hot and dry weather, or cool winter conditions (McIlhenny 
1955; Walsh 1989; Webb and Manolis 1989, 2008; Kennet and Christian 1993). 
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From the point of view of research and innovation, especially with foods and feeding, single pens 
allow control and quantification at the individual animal level of resolution, which was important for 
testing the different foods and feeding regimes reported here. 

4.2.3 Specific objectives 

This section of the report: 

a. Describes a new style of single, unitised pen (UH-Pen), constructed primarily of high density 
polyethylene (HDPE), used for experimentation with different foods and feeding strategies. This pen 
also has utility for commercial-scale raising, and was refined and patented during the course of this 
research. 

b. Quantifies the general production dynamics (food consumption, growth and food conversion rates) 
of a large sample of crocodiles housed in UH-Pens and fed whole chicken heads (WCH) during the 
final grow-out phase of production. 

c. Examines the effects of seasonal variation in ambient temperatures on food consumption and 
growth rates; and,  

d. Establishes a set of benchmark production standards against which production of saltwater 
crocodiles in other types of single pen can be compared.  

4.3 Methods 

4.3.1 UH-pen 

A UH-Pen is essentially a box made out of high density polyethylene (HDPE) film, 1.5mm thick. The 
box is 2,300mm long, 500mm wide and 410mm high (Figure 42). Structural support for the flexible 
HPDE is provided by an external skeleton of stainless steel (SS) mesh. UH-Pens are thus strong, but 
comparatively light (16kg), and can be moved and manipulated easily by one person. HDPE provides 
a robust, smooth and impermeable surface, which prevents mechanical erosion of the scales. Indeed, it 
fosters the build-up of keratin on individual scales, which normally flakes off, adding further 
protection to the surface of each scale. Various iterations of the UH-Pen described here were tested 
before a commitment was made to this particular configuration for the experiments described in this 
report. 
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Figure 42. UH-Pen for housing individual crocodiles. A: entire cage and dimensions, B: two internal 
steps, C: feed platform, D: pins and bracket for locking door.  

 

The external SS mesh frame used here was constructed of separate SS panels pinned together with 
stainless steel “J” clips. The main frame was constructed of 100mm x 100mm (2mm diameter) SS 
mesh (316 grade), while the door was constructed of smaller mesh (30mm x 30mm; 2mm diameter). 
The door was hinged with “J” clips, and closed with three pins (330mm long; 5mm diameter), each 
inserted through a locking bar (260mm long; 3mm diameter) containing two loops (12mm inside 
diameter) and attached to the frame with “J” clips. Although the floor, two sides and half of the roof 
panel were made from 100mm x 100mm mesh, the front 1,100mm of the roof was made from smaller 
mesh (30mm x 30mm; 2mm diameter) to account for the higher probability of crocodiles biting this 
area when waiting for the food to be delivered. The back half of the roof was also covered in HDPE, 
to provide shade, cover and seclusion. 

There are two openings in the mesh on the front roof panel, one for feeding (850mm x 850mm), and 
the other for stunning (850mm x 850mm). On the bottom side of the door, on the right hand side, an 
additional hole was created (850mm x 60mm) to remove uneaten food. On the inside of the cage, at 
the front, was a feeding platform (SS grade 305; 1mm thick), that was bent to create an elevated 
surface, so that the feeding platform was level when the UH-Pen was in the water (Figure 43). The 
feeding platform was 500mm wide, with the floor 110mm long, the elevated surface was 285mm long, 
with a further small bend (20mm) for attachment to the floor (335mm back from the cage door).  
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Figure 43. UH-Pens in concrete channels (left) with doors facing outwards (right). 

 

On either side of the feeding platform are two SS shields (Grade 305; 335mm long x 400mm high; 
1mm thick) to prevent contact with the sides by the teeth if a crocodile strikes sideways when feeding. 
Within the cage were two SS climbing bars or steps (Grade 305; 500mm long x 20mm diameter; wall 
thickness 2mm) to aid in the crocodile gaining purchase when approaching the feeding platform, one 
positioned 700mm from the door (365mm behind the back edge of the feeding tray) and the other 
1120mm back, at the level of the water when the UH-Pen is in position (Figure 43). These bars 
contained a welded nut at each end, and external brackets (90° angle; 50mm long and 50mm high on 
each side) were used to attach the steps in position. 

The UH-Pens sit in a V-shaped channel, 120m long x 4.6m wide x 62cm deep in the middle. The “V” 
was created at a 15° angle to the horizontal. When two UH-Pens are positioned on either side of the 
channel, the top back edges contact each other and hold the two cages in position. Water in the 
channel is set by an overflow pipe, so that it reaches a maximum depth (in the middle of the channel) 
of 44cm. This means that when UH-Pens are in situ; the rear of the pen is completely submerged, and 
the water within the pen extends horizontally to the back step. Thus half of each UH-Pen is in water, 
with a depth from zero cm at the back step to 40cm (completely submerged) at the back panel. Water 
either flows through the pens continually or the channel is filled and drained each few weeks 
(depending on feeding rates), but water loss to evaporation is replaced continually with a tap and ball-
valve.  

4.3.2 Management and raising variables 

Although there are many different ways in which some level of control can be exerted over 
environmental variables such as temperature, the trials with UH-Pens aimed to quantify general 
performance and develop minimum production standards. Hence, they were conducted without 
external temperature control, so that the effects of temperature could be quantified. Air and water 
temperatures were thus subject to local conditions (see Table 13), which vary seasonally. 

For standardising productivity, crocodiles were fed whole chicken heads (WCH) which were weighed 
periodically and averaged 60-70g (65g is the assumed mean). Feeding occurred between 1400 
and1700 hours, two or three times a week depending on season. Any uneaten heads were removed 
from the feeding tray the following morning (0800 to 1000 hours) and recorded. The number of 
chicken heads fed was scaled to consumption. Food consumption (FC) rates declined during the 
winter months (May to August), but quantifying the extent of the decline, and assessing its 
significance to growth, was one of the initial goals. 
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For each group of crocodiles placed in UH-Pens, HL and TL were measured (initial inventory) as 
described in Section 1. Upon removal and final inventory at culling, HL and TL were remeasured and 
sex was confirmed. The TLs recorded (TLInitial and TLCull) are not directly comparable because TLCull 
is relatively longer (see Section 2.4.2), hence HL is considered the most accurate index of size change. 
The morphometric formulae used to predict BWT, SkBW and TL from HL are in Table 1. The 
identification of all animals at initial and final inventories was confirmed by UH-Pen number, tail 
scute marking (Richardson et al. 2002) and in most cases by a metal webbing tag on the rear right 
foot. 

4.3.3 Samples 

A total of 597 saltwater crocodiles were released into UH-Pens between May and October 2009: 465 
males and 132 females. The average time in the UH-Pens until culling (and the final measures) was 
302 ± 19.9 days (mean ± SD; N = 597; range 155-421 days). 

4.4 Results 

4.4.1 Mean trends 

The HL of crocodiles released and recovered, and the predicted mean TL, BWT and SkBW, growth, 
FC, FCR and %FCR are summarised in Table 22. The average animal introduced at 1,934mm TL and 
26.56kg BWT, grew 171mm TL and 7.17kg BWT respectively over 302 days. The SkBW increased 
from 45.3cm to 49.2cm. This is an increase of 3.88cm over the 302 days, which equates to 
approximately 4.70cm over a year. This was achieved by eating 41.6kg of WCH, delivered in 82.4 
feeds, or 1.91 feeds per week. Hence the average weekly food consumption was 0.96kg WCH per 
week, which equates to a mean feeding rate of about 3.19% of the mean BWT (BWTInitial + BWTFinal/2 
= 30.14 + 4.87kg) per week. The estimated mean FCR and %FCR was 6.46 and 17.26% respectively. 

Table 22. Initial and final measurements, growth rates, food consumption (based on a mean 65g 
WCH), and mean food conversion rates, for 597 saltwater crocodiles raised in UP Pens 
for a mean of 302 ± 19.89 days (range = 155-421 days). * indicates measurements 
predicted from HL. Mean food per week as a percentage of mean BWT uses the average 
number of feeds per month (7.0).  

Measurement Mean SD SE Range 
          

HL IN (mm) 264.14 14.31 0.59 225-304 
HL OUT (mm) 284.88 14.87 0.61 244-325 
HL GROWTH (mm) 20.74 7.73 0.32 3-44 
HL GTH/DAY x 102 (mm) 6.89 2.58 0.11 1.00-14.62 
HL GTH/YEAR (mm) 25.16 9.43 0.39 3.66-53.66 
     
TL IN* (mm) 1934.18 118.04 4.83 1611-2263 
TL OUT* (mm) 2105.29 122.69 5.02 1768-2436 
TL GROWTH (mm) 171.11 63.72 2.61 24.8-363.0 
TL GTH/DAY x 10 (mm) 5.69 2.13 0.087 0.83-12.1 
TL GTH/YEAR (mm) 207.53 77.81 3.19 30.2-440.2 
     
SkBW IN* (mm) 452.85 26.75 1.1 380-528 
SkBW OUT* (mm) 491.63 27.81 1.14 416-567 
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SkBW GROWTH (mm) 38.78 14.44 0.59 5.6-82.3 
SkBW GTH/DAY (mm x102) 12.89 4.83 0.2 1.9-27.3 
SkBW GTH/YEAR (mm) 47.04 17.64 0.72 6.9-99.8 
     
BWT IN* (kg) 26.56 4.75 0.19 14.6-40.7 
BWT OUT* (kg) 33.72 5.34 0.22 20.0-49.1 
BWT GROWTH (kg) 7.17 2.72 0.11 1.0-14.5 
BWT GTH/DAY (g) 23.81 9.08 0.37 3.4-47.5 
BWT GTH/YEAR (kg) 8.69 3.31 0.14 1.2-17.3 
     
FOOD EATEN/CROC (kg)  41.59 11.17 0.46 4.2-71.6 
FOOD/CROC/YEAR (kg) 50.24 12.98 0.53 8.5-79.6 
FCR 6.46 2.59 0.11 2.74-19.76 
% FCR 17.26 5.04 0.21 5.06-36.53 
          

 

4.4.2 Seasonal variation in food consumption 

The amount of WCH eaten varied with month (Figure 44) and season. Feeding rates were lowest 
during the cooler months (May to August; Table 13) and highest during the warmer months (October 
to April).  

 

Figure 44. Mean number of WCH consumed per animal per feed for the 5-10 feeds per month. Bars 
indicate the coolest period of the year (May to August). Arrows indicate when the animals 
were introduced into the UH-Pens and their numbers, for an average of 302 days (9.9 
months).  

 

There were 5 to 10 feeds per month, but variability within a month was sometimes affected by issues 
such as food availability. Hence the mean trend through the data is better represented by the monthly 
medians expressed in kg of WCH (Figure 45).  
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Figure 45. Median WCH (in kg) consumed per animal per feed within each month. Bars indicate the 
coolest period of the year (May to August).  

 

The increased feeding rates in the warmer months (October to April or May; Figure 45) is an 
interaction between increased metabolic costs due to higher ambient temperatures, and increased size 
(due to growth). The partitioning of food is investigated in Section 6.  

That the mean (Figure 44) and median (Figure 45) FC per feed in May 2009 (3.54 WCH and 0.26kg 
WCH respectively), was so much lower than the mean and median food consumption per feed in May 
2010 (12.33 WCH and 0.89kg WCH respectively), reflects two interacting factors. Firstly, when 
animals were introduced into the UH-Pens, their feeding rate starts low and builds over time (Figure 
46). Secondly, if introduced in the winter months, the feeding and growth rates are initially 
constrained. In May-June 2009 the animals had all been introduced at the start of the winter (Figure 
44), and had low but building feeding rates. By May 2010, the average animals were experiencing 
maximum feeding and growth rates, which had only just started to decline as the cool weather arrived. 
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Figure 46. Feeding rate (WCH per week) as a function of the month of introduction, and consecutive 
month thereafter. Month 1 = month of introduction. “J” = June. 

 

4.4.3 Modelling variation in productivity 

To provide insights into the interaction between factors that may be affecting growth in UH-Pens, 
growth rate in HL (HLGrowth in mm x 10-2/day) and predicted BWT (BWTGrowth in g/day) were used as 
dependent variables, in a series of regression analyses aimed at determining which of a series of 
potential independent variables, singularly and in combination, could explain the variation. The 
potential variables examined initially were not truly independent as one of the goals was to find the 
best of a number of different options for expressing seasonal variables, that best explained the 
variation. The variables examined in this analysis were: 

a. Initial HL (HLInitial): measured variable 

b. Initial BWT (BWTInitial): predicted from HL  

c. HL Growth per day (HLGrowth): difference between HLInitial and HLFinal divided by the days in the 
UH-Pen (mm/day). 

d. BWT Growth per day (BWTGrowth): BWTFinal minus BWTInitial, as predicted from HL, divided by 
the days in the UH-Pen (g/day).  

Despite BWT scaling to HL in a curvilinear way (see Figure 4 and 5), BWTGrowth is linearly related to 
HLGrowth (Figure 47) (BWTGrowth = -0.114 + 3.471HLGrowth + 1.39 g; N = 597, R2 = 0.976, P <0.0001). 
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Figure 47. Linear relationship between predicted BWTGrowth and measured HLGrowth. 

 

e. Calender month: the sequential month introduced into UH-Pens, ranging from 5 (May 2009) to 11 
(November 2009) (Figure 44).  

f. Days in UH-Pens: time in days in the pens. 

g. Sex: coded as 1 for males and 0 for females. There is an interaction between sex and size, because 
females grow slower than males (Webb and Cooper-Preston 1989). 

h. Starting month: designed to differentiate whether introduced in the cold or warm period of the 
year, and uses the minimum ambient monthly temperatures (Table 13) as an index. 

i. Mean month: expresses whether the growth period was in the warm or cool periods of the year, and 
is the mean of monthly minimum temperatures (Table 13) during the growing period. 

j. Winter months: the absolute number of winter months (May, June, July and August) in which 
temperatures are low and feeding and growth are compromised. 

k. %Winter months: the absolute number of winter months (May, June, July and August) as a 
percentage of all months in the growing period. 

l. Total food consumed (FCTotal): the total weight (kg) of WCH consumed during the period, 
assuming a mean WCH mass of 65 g. 

The initial scan of the relationship between the individual variables and growth is summarised in 
Table 23.   

 



 

76 

Table 23. The degree to which HLGrowth and BWTGrowth could be explained by a series of potential 
independent variables, some of which reflect the same effects of season in different ways. 
* = significant at the P = 0.05 level. “+” and “-“indicate whether growth increases or 
decreases with the variable. 

Dependent Variables HLGrowth BWTGrowth 
          

Independent Variables R2 P R2 P 

HLInitial 0.037* <.0001- 0.003 0.215- 

BWTInitial
  0.038* <.0001- 0.003 0.193- 

Calender Month in (5 to 11) 0.098* <.0001+ 0.091* <.0001+ 
Days in UH-Pen 0.014* 0.004- 0.012* 0.007- 
Sex (1 = M; 0 = F) 0.110* <.0001+ 0.122* <.0001+ 

Starting Month (Tmin
oC) 0.009* 0.003+ 0.008* 0.030+ 

Mean Month (mean Tmin
oC) 0.009* 0.019+ 0.009* 0.018+ 

Winter Months (<4) 0.053* <.0001- 0.052* <.0001- 
%Winter Months  0.052* <.0001- 0.050* <.0001- 
Total food consumed (kg)  0.361* <.0001+ 0.397* <.0001+ 

          
 

Most of the variables explained significant amounts of the variation in growth, but total food 
consumption (FCTotal) was the major driver of HLGrowth (HLGrowth = 1.108 + 0.139 FCTotal + 2.07; N = 
597, R2 = 0.361, p <0.0001; Figure 48) and BWTGrowth (BWTGrowth = 2.509 + 0.512FCTotal + 7.05; N = 
597. R2 = 0.397, P <0.0001; Figure 49). 
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Figure 48. The relationship between measured HLGrowth and FCTotal.  

 

 

Figure 49. The relationship between BWTGrowth and FCTotal. 

 

Sex was the second most significant independent variable, explaining 11-12% of the variation (Table 
23). When examined more closely (Table 24), the females were marginally smaller than the males 
when introduced into the UH-Pens, and they grew more slowly and had slightly different FCR and 
%FCR. However, multiple regression analysis using HLInitial and sex confirmed that the effect of sex is 
almost completely independent of the effect of initial size (HLGrowth = 16.095 -0.041HLInitial + 
2.203Sex + 2.37; N = 597, R2 = 0.161, P <0.0001; R2 addition due to sex = 0.124, P <0.0001). This 
indicates independent sex effects are not related to size per se. In the case of BWTGrowth, multiple 
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regression indicated BWTInitial explained only 0.8% of the variation (P = 0.02) (the effect was not 
significant as a linear variable in Table 23), while sex explained 12.2%. Therefore, the effect of sex is 
not simply a reflection of size. 

Table 24. Sex specific differences in the parameters examined when quantifying productivity in UH-
Pens. The dataset includes 465 males and 132 females. * = p<0.01, **P<0.0001 to 
<0.0005. 

Measurement Males Females 
 Mean SD Mean SD 
          
HLInitial (mm) 264.91 14.3 261.43 14.07 
BWTInitial (kg)* 26.81 4.76 25.66 4.62 
HLFinal (mm)** 286.99 14.46 277.43 13.93 
BWTFinal (kg)** 34.48 5.22 31.06 4.9 
HLFinal – HLInitial (mm)** 22.09 7.47 16 6.69 
BWTFinal – BWTInitial (kg)** 7.67 2.62 5.4 2.29 

HLGrowth /day (mm x 10-2)** 7.35 2.5 5.29 2.21 
BWTGrowth /day (g)** 25.5 8.77 17.85 7.54 
HLGrowth /year (mm)** 26.82 9.13 19.3 8.05 
BWTGrowth /year (kg) ** 9.31 3.2 6.52 2.75 
FC per crocodile (kg) **  43.68 10.51 34.2 10.27 
FC per year (kg) ** 52.85 12.06 41.03 11.91 
FCR** 6.26 2.4 7.15 3.09 
% FCR** 17.64 4.99 15.9 5.01 
          

 

Multiple regression analysis was used to determine which of the variables in Table 23, in combination 
with FCTotal and sex, still contributed significantly to explaining variation in HLGrowth and BWTGrowth. 
The coefficients and significance associated with the final two models are presented in Table 25.  

Table 25. The final multiple regression models for predicting HLGrowth (R2 = 0.555; P <0.0001) and 
BWTGrowth (R2 = 0.540; P <0.0001) from the independent variables in Table 23.  

Dependent Variables HLGrowth BWTGrowth 
 Coeff. Addition Coeff. Addition 
              

Independent variables   R2  P   R2  P 
Intercept 20.851 - <0.0001 34.528 - 0.0001 
FCTotal  0.157 0.361 <0.0001 0.561 0.397 0.0001 
Days -0.033 0.47 <0.0001 -0.1148 0.509 0.0001 
HLInitial (BWTInitial) -0.0468 0.539 <0.0001 -0.2224 0.523 0.0001 
Sex Code 0.6684 0.547 0.0004 2.3549 0.531 0.0005 
%Winter Months 0.1291 0.547 0.0012 0.1481 0.532 0.0015 
%Winter Months2 -0.00278 0.555 0.0019 -0.01035 0.54 0.0008 
              



 

79 

 

The two models explain 55% (HLGrowth) and 54% (BWTGrowth) of the extensive variation in growth 
rates (Figures 48 and 49) within the UH-Pens. The majority (36%) was accounted for by FCTotal 
indicating that maximising FC should be the primary management goal. 

The effect of days was highly significant and accounted for an additional 11% of the variation; growth 
rate declined as time in the UH-Pens increased. This effect is demonstrated (independent of FC) by 
examining the residuals of the HLGrowth versus FCTotal relationship, as a function of days (Figure 50) 
(Residuals = 8.154 – 0.027 + 1.90 HLGrowth; N = 597, R2 = 0.152; P <0.0001). However, it is not solely 
an effect of time. The relationship reflects that the animals with the shortest growing period in this set 
of trials, were housed during the warmer months (Figure 51: Mean T(°C)  = 27.251 – 0.019DAYSIn + 
0.00002001DAYSIn

2 + 0.212°C; N = 597; R2 = 0.518; P  <0.0001). Hence, number of days in the UH-
Pens was significant in our trial, because of the lack of ambient temperature control. 

 

Figure 50. Residuals of the relationship between HLGrowth versus FCTotal (Table 24) as a function of 
Days in the UH-Pens. 
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Figure 51. The relationship between the mean monthly minimum temperature the animals were 
exposed to while in the UH-Pens, and the total time spent in the UH-Pens. The animals 
with the shortest time were housed mainly in the warm period of the year.  

 

That growth rate of HL declined with increasing initial size (Table 25) reflects basic growth 
dynamics. Sex still had a highly significant effect, indicating that over and above size per se, males 
grew faster than females. With all the above sources of variation accounted for, the percentage of 
winter months in the growing period still explained a small but significant amount of the variation in a 
curvilinear relationship, as demonstrated with the residuals remaining after FCTotal, days, HLInitial and 
sex were accounted for (Residual HLGrowth = -0.896 +0.09481%WM - 0.00216%WM2 + 1.73; N = 
597, R2 = 0.014, P = 0.02, Figure 52).  

The trend suggests that when all the other factors have been taken into consideration, animals with 
both the least winter and most winter within their growing period had reduced growth relative to those 
with around 20% of winter in their growing period. This result is similar to that found with the 
communal raising of crocodiles (see Section 3.4.1.5), in that the FCR and %FCR indicated that 
animals raised with no winter months in the growing period needed to eat more food to achieve the 
same amount of growth. This is a function of the exponential increase in maintenance costs when 
body temperatures increase. The interplay between the food required for maintenance and growth, as a 
function of body temperature, is poorly understood in farming contexts. 
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Figure 52. The relationship between the remaining residual variation in HLGrowth, after FCTotal, days, 
HLInitial and sex were accounted for, and %winter months in the growing period.  

 

4.4.4 Model simulations 

The production model for raising saltwater crocodiles in single UH-Pens derived above (Table 25) 
provides insights into how the variables interact with each other, and allows productivity and 
sensitivity analyses to be carried out with the single pens tested here. Three initial simulations were 
made, one using the mean variable values for the trials themselves, and one each using variables 1 SD 
higher and 1 SD lower, with crocodiles ranging from 15 to 35kg BWTInitial. The following variables 
were adjusted in the model:  

a. Mean ± SD DAYS = 302.3 + 29.9 days (range 272.4 to 332.2 days), or 43.2 + 4.3 weeks (range 
39.9 to 47.5 weeks).  

b. Feeding rate. FCTotal of WCH, as a function of BWTInitial, equates to a mean feeding rate of 3.73 
± 1.11% of initial BWTInitial per week (+ 1SD = 2.62% to 4.84%). Hence mean FCTotal for any 
BWT under the mean conditions is calculated as: BWT * 0.037* 43.2. 

c. Set sex to males only (Males = 1). 

d.  %Winter Months has a mean value of 22.32 + 8.20% (+SD = 13.50% to 30.52%). 

 

The basic model for predicting BWTGrowth (Table 25) is: 

BWTGrowth = 34.528 + 0.5610FCTotal - 0.01148DAYS – 0.2224BWTin + 2.3549Sex + 0.1481%WM - 
0.01035%WM2 

With the variables for the three simulations (Mean, + 1SD, -1SD) expressed as constants, for males 
only, the model can be simplified as follows: 

Mean values for variables: 
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BWTGrowth = 31.57 + 0.5610FCTotal - 0.2224BWTInitial (Table 26) 

–1SD values for variables: 

BWTGrowth = 33.87 + 0.5610FCTotal - 0.2224BWTInitial (Table 27) 

+1SD values for variables: 

BWTGrowth = 27.95 + 0.5610FCTotal - 0.2224BWTInitial (Table 28) 

 

In the simulations for the mean variables (Table 26) the predicted FCR and %FCR match the real 
values reasonably well (Table 22), when it is considered that only males are used in the model. They 
are within the range of mean values (Table 22), although perhaps high for the smallest size classes. 

Table 26. Predicted size specific growth rates as simulated with mean raising variables: Days = 302.3 
(43.2 weeks); FCTotal = 24.2kg (3.73% of BWTInitial per week); all males; and 22.32% 
winter months in the growing period. 

BWTin (kg) FCTotal (kg) BWTGrowth 
(g/day) 

BWTIncrease 
(kg) 

BWTout 
(kg) 

SkBWGrowth  
(cm) 

FCR %FCR 

                
15 24.2 41.8 7.73 22.83 5.29 3.13 32 
20 32.2 45.2 8.36 28.3 5.45 3.85 26 
25 40.3 48.6 8.99 33.78 5.57 4.48 22 
30 48.3 52 9.62 39.26 5.65 5.02 20 
35 56.4 55.4 10.25 44.74 5.69 5.5 18 
                

 

When a set of raising variable 1 SD below the mean was simulated (Tables 27 and 28), with the 
percentage of winter months reduced to 13.5%, and feeding at the rate of 2.62% of BWT, food 
consumption and growth rates declined, but the simulation suggests FCR and %FCR became more 
efficient. However, when the +1 SD values were simulated, at a feeding rate of 4.84% of BWT but 
with 30.5% winter months in the longer growing period (47.5 weeks), food consumption increased 
greatly and FCR and %FCR was less efficient, approaching more closely the real values measured 
here despite the simulations being restricted to males. 

Table 27. Predicted size specific growth rates as simulated with raising variables set at -1SD: Days = 
272.4 (39.9 weeks); FCTotal = 24.2kg (2.62% of BWTInitial per week); all males; and 13.5% 
winter months in the growing period.  

BWTIn 
(kg) 

 FCTotal 
(kg) 

BWTGrowth 
(g/day) 

BWTIncrease 
(kg) 

BWTout 
(kg) 

SkBWGrowth 
(cm)  FCR  %FCR  

                
15 15.7 39.3 7.28 22.28 4.99 2.16 0.46 
20 20.9 41.2 7.61 27.61 4.98 2.75 0.36 
25 26.1 43 7.95 32.95 4.95 3.29 0.3 
30 31.4 44.8 8.29 38.29 4.9 3.78 0.26 
35 36.6 46.6 8.62 43.62 4.83 4.24 0.24 
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Table 28. Predicted growth rates for all males at the mean + 1SD values of 332.2 DaysIn (47.5 weeks), 
30.52% winter months, and total food consumption of WCH equal to 4.84% BWTIN per 
week.  

BWTIn 
(kg) 

 FCTotal 
(kg) 

BWTGrowth 
(g/day) 

BWTIncrease 
(kg) 

BWTout 
(kg) 

SkBWGrowth 
(cm)  FCR  %FCR  

                
15 34.5 44 8.13 23.13 5.56 4.24 0.24 
20 46 49.3 9.12 29.12 5.93 5.04 0.2 
25 57.5 54.6 10.11 35.11 6.23 5.69 0.18 
30 69 60 11.09 41.09 6.47 6.22 0.16 
35 80.5 65.3 12.08 47.08 6.64 6.66 0.15 

                
 

4.5 Implications 

As an integral part of the present study, the UH-Pen design and concept were further refined, and the 
results analysed here provide standards and benchmarks that allow results obtained from the UH-Pens 
to be compared with other raising regimes for the later grow-out stages of production. These standards 
were based on feeding whole chicken heads, although these pens are clearly more amenable to the 
testing of diets (see Section 6) than communal pens, where the responses of individuals to different 
feeding regimes are difficult to establish.  

There are clearly a large number of interacting variables influencing growth, although rates of food 
consumption are the most highly correlated and in some ways, perhaps one of the easiest of variables 
to manipulate. 

There is also a strong sex affect, with males growing faster than females that cannot be explained on 
the basis of a size-size interaction: the effects of sex and size on growth rates appear to be largely 
independent. For production purposes, particularly in the final stages of grow-out, the benefits of 
incubating eggs at 32°C to produce mainly males (Webb and Cooper-Preston 1989) seem well 
justified.  

Ambient temperatures play a major role in setting both feeding and growth rates. However, the results 
again suggest that in the warmer months, when body temperatures are higher, that the increase in the 
metabolic costs of maintenance are not in synchrony with the amount of food allocated to growth, 
because FCRs decline in efficiency as conditions become warmer. There seems little doubt that 
improved production would be attainable by manipulating temperature, particularly by heating the 
water in the channel in the winter months, when feeding and growth decline sharply. 

The simulation model derived here is quite specific to the context within which the crocodiles were 
raised in the UH-Pens, but it provides insights into the interplay and relative importance of the 
different variables ultimately affecting growth. It seems likely that guidance from these models, in 
terms of the relative importance of different variables, has application to many different types of 
single pen that are exposed to the ambient thermal environment. 
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5. Body temperature regulation in 
communal and single pens  

5.1 Abstract 

Body temperature in crocodilians is a fundamental driver of metabolic rates, and so is directly and 
indirectly implicated in the seasonal changes in rates of food consumption, growth and food 
conversion. Ingested temperature sensitive data loggers were used here to quantify how crocodiles 
regulated their body temperature (Tb) in three different housing contexts: in communal pens with 
large (LGP) and small (SGP) group sizes, and in single pens (UH-Pens). In the SGP, social dominance 
became established and most animals were excluded from the water area during the day and night. 
This social ordering was not apparent in the LGP. Excluded individuals in the SGP cooled more in the 
night because they did not have access to the water (which was warmer), and did not obtain Tbs in the 
day as high as in the LGP. In the UH-Pens, Tbs were lower than in the SGP and LGP, but a clear 
dichotomy became established. Some individuals within the UH-Pens basked and maintained high Tbs 
during the day; others did not bask, remained in the water during the day and their Tbs conformed 
with water temperature. The results may help explain some of the individual variation in the feeding 
trials (Section 6).     

5.2 Introduction 

In the studies conducted to quantify production standards and benchmarks for different sized saltwater 
crocodiles raised in communal and single pens, seasonal temperature regimes had a pronounced 
influence on both food consumption and growth. Both increased in the warmer months relative to the 
cooler (winter) period. However, food conversion rates declined in the warmer months, because 
maintenance costs appear to increase substantially. The food required to meet maintenance needs can 
be substantial, an issue examined more closely in the trials designed to quantify the effects of different 
diets, including vegetable food substrates, on rates of food consumption and growth.  

Ambient temperatures are not necessarily a measure of the body temperature of crocodilians.Through 
behavioural means, crocodiles can bask or lie on hot substrates to raise their body temperature when 
ambient temperatures decline, or seek cooler microclimates, usually the water, when ambient 
temperatures increase. But what constitutes the optimum ambient temperature regime for saltwater 
crocodiles remains unclear, and the ways in which pen design and management protocols affect the 
ability to thermoregulate has rarely been studied. 

Crocodiles are large ectothermic reptiles that occupy a range of aquatic and terrestrial environments in 
the wild. For exhibition and zoo keeping purposes a variable thermal environment that simulates the 
wild situation and facilitates thermoregulatory behaviour, is usually considered desirable (Lang 
1987a). However, the distribution of many world crocodilians is bounded by ambient temperatures 
(Webb and Manolis 1989), and so prevailing thermal conditions in the wild may not always be a good 
index of what constitutes an optimal thermal environment. 

American alligators (A.mississippiensis) live in temperate zones and have a rich repertoire of 
thermoregulatory behaviours in the wild (Lang 1987a). But in commercial farming operations, they 
are raised in environmental chambers with constant, high temperature (Joanen and McNease 1974, 
1976, 1987). Yet the assumption that all crocodilians may grow better under such conditions (Hutton 
and Webb 1992) is questionable. Chinese alligators (A. sinensis) do poorly when raised in the same 
constant temperature chambers used for A. mississippiensis: they appear to need a winter slow-down 
in metabolism to maintain good health (Herbert et al. 2002). Species-specific traits in crocodilian 
thermoregulation (Lang 1979, 1981, 1987b) are not particularly well understood, although different 
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species are known to vary greatly in their tolerance of low temperatures (Brisbin et al. 1982; Brandt 
and Mazzotti 1990; Thorbjarnarson and Xiaoming 2010).   

Through trial and error, it was recognised long ago that in the commercial farming of saltwater 
crocodiles, access to temperatures in the 31-32°C range improved growth and survival relative to 
exposure to only cooler temperatures. But beyond this, the knowledge-base is hazy.  

The results reported here examine body temperature regulation of saltwater crocodiles in communal 
and single pens. The results shed new light on the ways in which social interactions in communal pens 
can influence body temperature regulation.They demonstrate that despite basking areas being 
provided in single pens, and utilised to raise body temperatures when ambient temperatures decline, 
some individuals opt to avoid basking and maintain lower body temperatures. This finding, in turn, 
may explain some of the variation between individual crocodiles used in the feeding trials. 

5.3 Methods 

5.3.1 General 

Body temperature regulation was examined in 25 saltwater crocodiles (1,665-2,075mm TL; 23 males 
and 2 females) in three different captive environments from 5 to 16 September 2011.  

5.3.2 Pens and conditions 

5.3.2.1 Large group pen (LGP)  

The large group pen (LGP) was a standard raising pen (SRP) described previously (see Section 3.3.1; 
Figure 30). It contained 97 crocodiles, with the body temperature of nine (1,702 to 1,991mm TL) 
monitored closely. The pen contained an exposed concrete land surface for basking, and a sloped 3m 
wide water area along its length, to a maximum depth of 0.4m. The pen was partly shaded by trees. 
All monitored crocodiles had a numbered plastic tag attached to their tail allowing individual 
recognition. 

5.3.2.2 Small group pen (SGP)  

The small group pen was an exhibition pen consisting of a large (diameter 4m at low water and 6m at 
high water) fibreglass pond with an exposed 'shoreline' surrounded by grass ('grassed area'). It 
contained eight crocodiles (1,665 to 1,920mm TL). For the majority of the observation periods the 
water was at the low level. The surrounds were shaded in the morning and afternoon by trees, and the 
pool was shaded for most of the day by an overhead shade cloth. All crocodiles had a numbered 
plastic tag attached to the tail for individual recognition.  

5.3.2.3 Single pens (UH-pens)  

The eight single pens used were UH-pens, described previously (see Section 4.3.1; Figures 42 and 
43), each containing one crocodile (1,700 to 2,075mm TL). The pens were aligned in rows and angled 
so that half the UH-pen floor was in water up to a maximum of 40cm deep, and half was exposed. The 
roof of the submerged end was shaded, but the exposed end was not shaded to facilitate basking by 
crocodiles that emerged from the water.  

5.3.3 Measuring body temperatures 

The iButtons® used were 12 by 4mm (3g) when coated with a thin layer of inert liquid plastic 
(Performix® Plasti dip) to protect them from the low pH stomach acid. They resolve temperature to 
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0.1°C, were calibrated in a water bath using a standard thermometer, and were set to record body 
temperature (Tb) at 10 minute intervals. Similar iButtons have been used for other reptile 
thermoregulatory studies (Grayson and Dorcas, 2004; Downs et al., 2008) and coating does not affect 
the accuracy or precision of temperature measurement (Roznik and Alford, 2012). 

The iButtons® were manually placed in the stomachs of eight (UH-Pen and SGP) and nine (LGP) 
crocodiles in each treatment. Crocodiles were immobilised by stunning, and the loggers enclosed in a 
parcel of meat and pushed down the lubricated oesophagus with a plastic rod. Because crocodilians 
typically retain hard objects in the stomach (for example, gastroliths), all iButtons® remained in place 
until removal at the end of the experiment by stomach flushing (Taylor et al., 1978). Force-feeding 
and removal of the iButton® took less than 60 seconds and appeared to cause minimal distress to the 
animals. 

5.3.4 Ambient environmental conditions  

Dataloggers (HOBO pendant type) were used to monitor water temperatures (Tw) at 30 minute 
intervals in all three pens. A non-contact infrared (IR) thermometer (Model TN408LC) was used to 
measure substrate temperatures in full sun, part shade (= part sun) and full shade at hourly intervals 
from 700 to 1900 hours. At a measurement distance of 3m the IR thermometer measures an area with 
a diameter of c. 30cm. 

Ambient air temperature in the shade (Ta) and relative humidity (RH) measurements were made with 
a MC-83 humidity meter (TPS Instruments, Springwood, Brisbane). The probe was placed upright on 
the ground in the shade, so that the sensor was 15cm above the ground (i.e. approximately at the 
height of the dorsal surface of a crocodile). Wind speed was measured with a digital anemometer 
(Lutron AM-4203) at 15cm above the ground surface; an average was obtained for wind speed over a 
period of 30 seconds. Cloud cover was the fraction of sky obscured by cloud, estimated in eighths.    

5.3.5 Timing and observations 

Behavioural observations of the crocodiles were made in the SGP and LGP over three days (11, 12 
and 14 September) so that fluctuations in Tb could be correlated with general patterns of 
thermoregulatory behaviour and changes in Ta. Temperatures from the first two days were assigned to 
a settling in period and were ignored, leaving nine 24 hour periods, from midnight of 7 September to 
midnight of 15 September, in which Tb was recorded. Dataloggers and iButtons® were removed 
during the day on 16 September. For the SGP, the amount of time that each crocodile spent in full sun, 
part shade, full shade, partly in water, and (fully) in water was recorded, by noting the time of 
movements into these areas within the pen. For the LGP, at hourly intervals the number of crocodiles 
(out of 97) in full sun, part shade, full shade, part water, and in water was noted. Equivalent 
behavioural observations were not conducted with the crocodiles in the UH-Pens, because of the risk 
of disturbing them.  

5.4 Results 

5.4.1 Weather conditions 

The main period of study was programmed to be 11 to 14 September, which is generally considered a 
hot, dry part of the “dry season” (April to October), about two months before the wet season 
(November to April) arrives (see Table 13).  Weather conditions during September 2011 were 
influenced by a large high pressure system over southern and central Australia, which resulted in 
relatively low humidity and dry winds from the east and south-east during the day. The maximum 
shade Ta was 31-33°C. This was followed by a period of light winds and calm conditions in the late 
afternoon and early evening with rising humidity. At night, cooler winds from the east brought dry air 
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and reduced Ta minimums to > 20°C. These conditions were relatively cool for this time of year in 
Darwin, and are probably more representative of cooler dry season weather conditions (June, July and 
August).  

5.4.2 Pen-specific thermal environment and thermoregulatory behaviour 

5.4.2.1 Large group pen  

Maximum and minimum Tw prior to the observation period (Figure 53) were 30.5-31.5°C and 22-
23°C respectively, whereas during the observation period  conditions were slightly cooler: maximums 
of 29-29.5°C and minimums of 16.5-19°C respectively. Tw increased between 1000 and 1630 hours, 
when the sun was high in the sky, and cooled at varying rates during the remainder of the time. More 
detailed temperatures from 12 September (Figure 54) indicate Ts in full sun and part sun rose above 
air temperature during the middle of the day, approaching 40-45°C, whereas Ta in the shade plateaued 
at 32-34°C, and Tw reached a maximum of 29°C.        

 

Figure 53. Tw in LGP during the experimental period (nine 24 hour periods). Start of observation 
days indicated by arrows. 
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Figure 54. Ambient temperatures in the LGP on 12 September. Missing points indicate that the type 
of Ts (full sun, part shade) was not available in the enclosure at some times of day.    

  

 

Figure 55. The distribution of crocodiles (N = 97) in the LGP between water and land (dark line), and 
when on land, between sun and shade, between 0700 and 1900 hours on 12 September.  

 

5.4.2.2 Small group pen 

The thermal environment in the SGP (Figures 56 and 57) was basically similar to that in the LGP 
(Figures 54 and 55), with Ts in the full sun getting up to 40-45°C in the early afternoon. However, the 
crocodiles had two different areas to choose from, with slightly different temperature characteristics, 
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the grassed area on the top of the bank (Figure 56) or the shoreline around the water in the pond 
(Figure 57). 

 

Figure 56. Ambient temperature conditions (Ta, Ts and Tw) in the grassed area of the SGP on 12 
September.    

 

 

Figure 57. Ambient temperature conditions (Ta, Ts and Tw) in the shoreline area of the SGP on 12 
September. Missing points indicate the type of substrate did not exist. Ta and Tw are the 
same as on Figure 56.     

 

The behaviour of crocodiles in the SGP was different to that in the LGP, because crocodile no. 7 
dominated and controlled the complete water body, which limited the freedom other crocodiles had to 
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move around the pen, or into and out of water, shade and sun, for thermoregulatory or other purposes. 
When other crocodiles attempted to enter the water they were aggressively repelled by the dominant 
individual, which limited their options for thermoregulation. Some appeared to remain in full shade or 
full sun and barely moved throughout the day. 

5.4.2.3 Unitised pens 

The eight crocodiles in the unitised pens were not observed. They were not in visual contact with each 
other, thereby avoiding the potential dominance issues in the communal pens. Tw in the UH-Pens was 
generally lower than in the LGP, and fluctuations in Tw were considerably dampened (Figure 58).  

 

Figure 58. Tw in UH-Pens during the experimental period (nine 24 hour periods). Note that the scale 
on the temperature axis is the same as for Figure 53.  

 

5.4.3 Body temperature regulation 

5.4.3.1 General results 

The mean Tbs recorded in each treatment (Table 29) were significantly different from each other 
(Table 30), although all were equally variable (Table 31). The difference in the mean Tb between the 
LGP and SGP was minor but significant (0.6°C; P = 0.02), whereas Tbs from the UH-pens were 
appreciably lower than in either the LGP (3.0°C, P <0.0001) or SGP (2.4°C, P <0.0001).  

Table 29. Mean Tbs and SDs for the eight animals in each treatment whose Tb was recorded, with 
mean values (mean of means) for each treatment.   

Croc ID Small GP Large GP UH-pen 

 Tb ± SD Range Tb ± SD Range Tb ± SD Range 

1 27.5 3.7 20.7-35.6 28.6 3.1 22.1-35.1 25.1 2.0 21.7-28.2 
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2 28.2 3.3 21.7-35.2 27.4 2.5 22.2-33.7 26.3 2.9 21.2-34.6 

3 27.9 3.7 20.7-36.1 28.8 3.0 22.7-35.0 25.0 2.0 21.2-28.2 

4 27.7 3.5 20.8-34.8 28.9 3.1 22.6-34.6 25.2 2.2 21.1-31.0 

5 28.4 3.5 20.6-35.1 28.3 3.1 22.6-35.6 24.9 2.0 21.1-28.1 

6 28.3 2.9 22.1-34.6 28.5 2.7 22.6-35.6 25.2 2.0 21.5-28.5 

7 26.8 3.1 20.7-34.2 28.7 2.7 23.1-34.6 25.8 2.3 21.6-33.6 

8 27.8 3.0 21.6-34.1 28.3 3.0 22.2-36.1 26.0 2.7 21.1-32.6 

Totals 27.8 3.33 20.6-36.1 28.4 2.9 22.1-36.1 25.4 2.26 21.1-34.6 

 

Table 30. T-test results indicating significant differences between mean Tb as a function of treatment. 

 

 

Table 31. F-test results indicating no significant differences in the variability of Tb as a function of 
treatment. 

 

 

5.4.3.2 Large group pen  

The Tbs recorded from eight individuals in the LGP (one data logger failed) are summarised in Table 
32, and a typical pattern is demonstrated in Figures 59 and 60. Minimum Tb were similar across all 
individuals (1°C range; 22.1 to 23.1°C) and with an average of 22.5°C, appeared to be a function of 
Tw during the night (Figure 54). Maximum Tb averaged 35.0°C but was more variable (2.4°C range; 
33.7 to 36.1°C), and was achieved through basking and/or absorbing heat from warm substrates 
(Figure 54). What constitutes a preferred temperature (PTb) or preferred temperature range (PTR) is 
not clear for crocodilians, but for the purposes of general comparisons here, it was assumed that Tb’s 
in the range 28 to 33°C were likely to allow near optimal or normal functioning. In the LGP, an 
average of 47.4% of the time (during the nine day experimental period) was spent within this range, 
and it was reasonably consistent across all animals (17% range; 39 to 56%). The average median 
temperature was 28.4°C. 
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Table 32. Summary results of Tbs in the LGP (n = 8). %PTR = the % of time spent in a preferred 
range assumed to be 28 to 33°C. 

Croc ID SVL TL sex Tb min. Tb max. Tb med. % (PTR) 

(6) 998 1970 male - - - - 
11 902 1840 male 22.1 35.1 28.6 47 
12 850 1705 male 22.2 33.7 27.7 39 
13 903 1874 male 22.7 35.0 29.0 53 
14 925 1865 male 22.6 34.6 29.1 49 
15 872 1702 male 22.6 35.6 27.6 40 
16 985 1991 male 22.6 35.6 28.6 56 
17 920 1863 female 23.1 34.6 28.6 51 
18 906 1806 male 22.2 36.1 27.7 44 

 

 

Figure 59. Tb as a function of time for crocodile no. 12 in the LGP Treatment. Mean Tb = 27.4°C, 
with 39% of time spent within the PTR. The minimum Tb was 22.2°C and the maximum 
Tb 33.7°C. 
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Figure 60. Tb as a function of time of day for crocodile no.16 in the LGP Treatment. Mean Tb = 
28.5°C, with 56% of time spent within the PTR. The minimum Tb was 22.6°C and the 
maximum Tb 35.6°C.  

 

5.4.3.3 Small group pen  

The Tbs recorded in the SGP (Table 33) indicate minimum Tbs across all individuals (1.5°C range; 
20.6 to 22.1°C) were more variable than in the LGP, and had a mean of 21.1°C, which was 1.4°C 
lower than in the LGP. The minimum Tb for only a single individual (No. 7) matched Tw during the 
night (Figures 56 and 57); this was the individual which dominated the pond. The minimum Tbs of the 
other animals appear to be caused by their social exclusion from the pond for most of the time, and the 
lower Ta that prevailed (Figures 56 and 57). 

Table 33. Summary results of Tbs of crocodiles successfully recorded from the SGP (n = 8). (t) = tail 
tip missing and thus TL not representative. 

Croc ID SVL TL sex Tb min. Tb max. Tb med. % (PTR) 

1 858 1766 male 20.7 35.6 27.2 38 
2 837 1720 male 21.7 35.2 27.7 40 
3 860 1743 male 20.7 36.1 27.7 35 
4 941 1920 male 20.8 34.8 27.5 38 
5 908 1825 male 20.6 35.1 28.1 39 
7 920 1855 male 22.1 34.6 28.1 49 
8 881 1800 female 20.7 34.2 26.7 34 

10 895 1665 (t) male 21.6 34.1 27.6 42 
 

The dominant individual (no. 7), exhibited Tb fluctuations (Figures 61 and 62) similar to those of 
crocodiles from the LGP in the three days of intense observation, with Tb remaining reasonably 
constant during midday and early afternoon, when the animal shuttled back and forth between water 
and land. 
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Figure 61. Tb as a function of time for crocodile no. 7 in the SGP treatment, which dominated the 
pond area. Mean Tb = 28.3°C, with 49% of time spent within the PTR. The minimum and 
maximum Tbs were 22.1°C and 34.6°C respectively. 

 

 

Figure 62. More detailed examination of Tb as a function of time for crocodile no. 7 in the SGP 
Treatment, during the period observations were being made (from Figure 54; 10 to 12 
September). The crocodile maintained its Tb reasonably constant in the middle of the day 
by shuttling between the water and land. 

 

By way of contrast, the Tb of individuals excluded from the pond (Figure 63) did not decline as much 
during the day in the period of observation, perhaps because their time in the cooler water was 
restricted. The maximum Tb recorded in the SGP (35.0°C) was identical to that recorded in the LGP, 
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and slightly less variable (2.0°C range; 34.1 to 36.1°C). This is consistent with maximum Tb being 
more of a set point, that crocodiles need to avoid by thermoregulatory behaviour, regardless of 
whether or not access to some areas of particular value for thermoregulation (water) is restricted by 
dominant animals. 

 

Figure 63. Tb as a function of time for crocodile no. 2 in the SGP treatment, which was restricted 
from the pond by the dominant animal and remained on the side (grassed area) of the 
pond (Figure 57) most of the time. Mean Tb = 28.2°C, with 40% of time spent within the 
PTR. The minimum and maximum Tbs were 21.7°C and 35.2°C respectively. 

 

The crocodiles in the SGP maintained Tb within the PTR for an average of 39.4% of the time (versus 
47.4% for the LGP), but had similar variability (15% range; 34 to 49%). However, once again no. 7, 
which dominated the pond area (Table 33), was able to maintain its Tb within the PTR for 49% of the 
time, to the same extent of animals in the LGP (Table 32). That the SGP crocodiles could maintain 
their Tb’s in the PTR for 17% less time than the LGP animals was probably the result of them cooling 
down (median Tbs = 27.6°C versus 28.4°C for LGP) to lower levels during the night, and thus taking 
longer to warm during the day. 

5.4.3.4 UH-pens  

The situation in the UH-Pens (Table 34) was completely different to that in both the LGP and SGP. 
There was no opportunity for direct social interaction, and thus Tbs reflected the ambient 
temperatures within the UH-Pens, and how the crocodiles exploited the available space. 

Table 34. Summary results from of Tbs successfully recorded from the UH-Pens (n = 8). 

Croc ID SVL TL sex Tb min. Tb max. Tb median P (PBT) 

2309 875 1726 male 21.7 28.2 25.2 6 
2311 901 1760 male 21.2 34.6 26.6 22 
2312 895 1806 male 21.2 28.2 24.9 5 
2313 1002 1974 male 21.1 31.0 25.8 4 
2314 910 1831 male 21.1 28.1 24.6 5 
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2315 976 2004 male 21.5 28.5 25.0 6 
2317 1042 2075 male 21.6 33.6 26.6 18 
2318 885 1700 male 21.1 32.6 26.1 24 

 

The minimum Tbs averaged 21.3°C and showed remarkably little variation between individuals 
(0.6°C range; 21.1 to 21.7°C). This reflects the nocturnal water temperatures in the UH-Pens, from 
which no individuals were excluded. The maximum Tbs averaged 30.6°C, which by comparison with 
the LGP and SGP (both 35.0°C), indicates that none of the crocodiles attained or exceeded their 
maximum Tbs in the UH-Pens during the time of observation. However, it was also clear that there 
was a bimodal distribution of maximum Tb with one group of four averaging 33.0°C (31.0 to 34.6°C) 
(Figure 64) and the other 28.3°C (28.1 to 28.5°C) (Figure 65). This differences was apparent in the 
median Tb (means = 26.3°C versus 24.9°C) and in the % of time spent in the PTR (means = 17% 
versus 6%). 

Some individuals clearly exploited the available thermal environment in the UH-Pens by basking 
during the day and maintained a reasonably high Tb. Yet for unknown reasons, others opted not to do 
so, and remained in the cooler water within their UH-Pen. The mean size of the animals that did 
thermoregulate (958mm SVL; N = 4) was greater than those that did not (914mm SVL; N = 4), and 
the thermoregulators included the two largest animals, so perhaps size was a factor involved.  

 

Figure 64. Tb for crocodile no. 2311 in a UH-Pen, which is one of 4 individuals which actively 
thermoregulated by basking during the day. Mean Tb = 26.3°C, with 22% of time spent 
within the PTR. The minimum and maximum Tbs were 21.2°C and 34.6°C respectively. 
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Figure 65. Tb for crocodile no. 2309 in a UH-Pen, one of four individuals which opted to remain in 
the water, and whose Tb is assumed to have tracked Tw. Mean Tb = 25.1°C, with 6% of 
time spent within the PTR. The minimum and maximum Tb’s were 21.7°C and 28.2°C 
respectively. 

 

5.5 Implications 

5.5.1 Crocodilian thermoregulation 

Different species of crocodilians have broadly similar thermoregulatory behaviours and physiological 
mechanisms for influencing rates of heat exchange with the environment (Guggisberg, 1972; 
Bartholomew, 1982; Lang, 1987a; Grigg and Seebacher, 2000; Cooper, 2002; Huchzermeyer, 2003; 
Seebacher and Franklin, 2005; Brien et al. 2012).They also tend generally to be thermoregulators 
rather than thermoconformers (Huey and Slatkin, 1976). There are circadian rhythms in the body 
temperatures voluntarily selected by some species (Brien et al. 2012), and there is an ability to use 
current ambient temperature to anticipate available temperatures in the future (Lang 1977). But they 
start life as small “lizard-like” hatchlings around 50g, and pass through up to four orders of magnitude 
in size to reach over 500 kg adults. Such increases come with severe physical limitations and 
constraints on heating and cooling in larger animals relative to smaller ones (Spotila 1974; Terpin et 
al., 1979; Seymour 1982; Coulson and Hernandez 1983; Lang 1987a).So, morphological, 
physiological and behavioural mechanisms involved in body temperature regulation all scale to size 
(Modha 1968; Spotila 1974; Lang, 1975, 1976, 1979, 1981; Grigg & Alchin, 1976; Johnson et al. 
1976; Terpin et al., 1979; Seymour 1982; Grigg et al. 1998; Grigg and Seebacher, 2000; Richardson et 
al. 2002; Downs et al., 2008). Body temperature governs rates of virtually all chemical and 
physiological processes (Huey and Slatkin, 1976; Pough, 1980; Lang, 1987a; Huey, 1991). 

What constitutes the optimal thermal environment for crocodiles, in the wild or in captivity, is largely 
unknown and may not be definable in precise terms as implied by concepts such as preferred 
temperature and preferred temperature range. Perhaps it is any thermal environment that allows 
crocodilians to regulate their body temperature sufficiently well that their health is not adversely 
affected, in any long-term or permanent way. Crocodilians like other large reptiles that hunt at night 
(e.g. pythons), appear to be able to ignore body temperature regulation while engaged in foraging or 
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social interactions. There is thus a wide range of body temperatures (15 to 35°C) at which they can be, 
and are, active for short or long periods of time. They select a much narrower range (31 to 34°C) 
when prioritising heating above other activities. There is clearly a metabolic cost associated with 
distribution of Tb over time, with high and prolonged Tbs, creating high and prolonged metabolic 
costs that require increased rates of feeding. 

5.5.2 Thermoregulation in communal and single pens 

The results presented here indicate that in communal pens, social dominance among crocodiles in the 
1,665-2,075mm TL size range can influence the options available for individuals to thermoregulate, 
particularly if dominant individuals restrict access to the water body. At night, when water 
temperatures are the highest available temperature in a pen, social exclusion results in the body 
temperature of subordinate crocodiles cooling more (in the air) than would be the case if they could 
enter and use the water body. Consequently, they had to absorb more heat the following day by 
basking which, during the cooler conditions that prevailed, resulted in lower Tbs being obtained in the 
time available. However, there was a group-size influence on social effects. They were strongly 
present when the group size was modest and density reduced (SGP; N = 8), but apparently overridden 
when group size was large and density increased (LGP; N = 97). At the time these experiments were 
carried out, the effects of social ordering did not greatly affect the mean Tb that was able to be 
sustained, but this would vary with the seasonal cycling of temperature (Table 13).  

The results from the UH-Pens (for similar sized crocodiles) indicated that the ambient temperature 
environment during the period the experiments were conducted did not allow the crocodiles to obtain 
Tbs as high as those in the communal pens. This probably reflects a combination of shaded water 
areas, lower water temperatures and restricted space and time for the land surface to be exposed to the 
sun.   

However, there was a high degree of variation in the way individuals exploited the available 
temperature regime within the UH-Pens. Some basked during the day and were able to sustain 
reasonably high Tbs despite the cooling conditions at night (Figure 64).  Others opted to remain in the 
water most of the time, and let their Tb conform to water temperature. Given that metabolic rate 
would also be substantially reduced in these individuals, as a consequence of the lower Tbs, they 
would have required less food.  

In the trials conducted to test different diets (see Section 6), some individuals ate appreciably less than 
the majority, but did not lose condition. It seems likely that they may also have avoided basking, spent 
more time in the water, had lower Tbs and required less food as a consequence. These issues are 
discussed in Section 6, where maintenance costs are estimated.  
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6. Feeding trials  

6.1 Abstract 

The dynamics of feeding and growth in wild and captive crocodilians is poorly understood. This 
constrains the ability to manipulate feeding regimes and to assess objectively the merits of different 
foods, including those containing vegetable constituents and different feeding regimes. The results 
reported here were all carried out with male saltwater crocodiles, 28.38 + 5.97kg BWT (SD) and 
1979.6 + 115.7mm TL, housed individually. The results: 

1. Report on the testing of sausages as a vehicle for testing diets, and possibly for commercial 
use as a standard form of delivering food to crocodiles. 

2. Examine rates of food consumption when fed the same amount of whole chicken heads 
(WCH; 1.44kg per week; 5.05% of mean BWT) each week but in one, two, three and four 
feeds per week. When fed once per week feeding capacity was exceeded for many animals. 
Feeding four times per week maximised food consumption. It is recommended that WCH 
should be fed at a rate of 5.3% of BWT per week, with two feeds of approximately 2.7% 
BWT. Filling to capacity appears to constrain digestion rates, and limit total food 
consumption. 

3. Growth generally follows food consumption, but was least efficient when fed once per week 
and most efficient when fed four times per week. A method for partitioning nutrients 
consumed into those required for maintenance and those available for growth is derived. On 
average, maintenance required 64.8% of the WCH consumed. The overall %FCR was 15.8% 
in these trials, but for the potential growth component was 45.0%. Detailed matrices of the 
parameters influencing feeding efficiency are provided. The consequences of underfeeding 
are clearly profound, because they reduce the growth rather than maintenance component. 

4. When WCH are compared with sausages containing 100% minced WCH (MCHS), and 50% 
MCH and 50% poultry meal (PCHS), growth during the trials was very significantly different 
between treatments: WCH = 1.75kg,  MCHS = 2.88kg (+64%), and PCHS = 3.58kg (+105%). 
Mincing reduces metabolic costs associated with digestion, and makes available more 
nutrients for growth. Poultry meal adds significantly to the usable protein content. Detailed 
matrices of the parameters influencing feeding efficiency are provided. 

5. When MCHS are compared with sausages containing 50% MCH and 50% of either wheat 
meal (WhCHS), soya meal (SoCHS) or lupin meal (LuCHS), the results were completely 
different. Food consumption halved due to undigested vegetable products accumulating in the 
digestive system, and growth declined: MCHS = 2.88kg, WhCHS = -0.96kg, SoCHS = -1.82kg 
and LuCHS = -1.36kg. No evidence was provided that the vegetable constituents contributed 
anything to maintenance or growth, and even to maintain body weight (on the 50% MCH 
component), feeding rates would have needed to be doubled. Detailed matrices of the 
parameters influencing feeding efficiency are provided. 

6. Direct examination of transit times in crocodiles fed each of the diets one to five days before 
culling confirms that the WhCHS and SoCHS diets rapidly fill the stomach, and in the case of 
WhCHS may remain in a bolus, and hence lead to an underestimate of weight loss. The 
situation with LuCHS was not as clear, because the single feed examined cleared rapidly from 
the stomach. 
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7. The implications of the results with regard to their on-farm application, the insights they 
provide into improving productivity through altering foods and feeding regimes, and areas 
where additional investigation is warranted are discussed. 

6.2 Introduction 

6.2.1 Foods, feeding and growth 

Crocodiles have evolved in the wild with opportunistic and unpredictable access to food, and as a 
consequence, food consumption tends to be boom and bust: empty stomachs much of the time interspersed 
with full ones (Cott 1961). High variability in growth rates of wild crocodilians (Webb et al. 1978, 1983) 
probably reflects variability in food consumption, just as it is does in communal raising facilities (see Figure 
33), where despite an abundance of food, social and other factors interfere with how often and how much food 
an individual can obtain. 

Information about rates of feeding and food conversion within wild crocodilians are scarce, because it is 
difficult to measure key parameters when: feeding tends to be boom and bust; seasonal temperatures are 
fluctuating and affecting both appetite and digestive efficiency; wetland habitats with different prey 
availability are expanding and contracting; and, when fat stores provide an energy source for lean times. With 
juvenile wild saltwater crocodiles it has been demonstrated that food consumption rates are about 4% of BWT 
per week, which parallels food consumption in farms. However,  food conversion rates (FCR; wet weight to 
wet weight) of 1.21, or 82.4 %FCR (percentage of food ingested converted to body tissue), are four times 
higher than the FCR and %FCR found in farms (see Sections 4 and 5). It suggests that there may be energetic 
advantages in eating smaller amounts of food more often, with the occasional filling of the stomach with large 
prey, issues which have obvious implications for crocodile farming. 

As reptilian carnivores that are ectothermic (Lang 1987a,b), crocodiles are quite different from many 
mammalian and avian production animals, and information from the wild may often be needed to help explain 
and improve productivity in captivity. For example, when body temperatures conducive to feeding, digestion 
and growth cannot be obtained because it is too cold, rates of feeding and growth decline voluntarily and 
precipitously, regardless of prey availability. American alligators (Joanen and McNease 1987) and Chinese 
alligators (Thorbjarnarson and Xiaoming 2010) hibernate without feeding during the winter months. But even 
when ambient temperatures are not limiting, other seasonal and ecological factors can reduce rates of feeding 
and growth in the wild. Saltwater crocodiles can spend the majority of the dry season (April or May to 
November) aestivating in mud and not feeding (Webb and Manolis 1989, 2008). Australian freshwater 
crocodiles sometimes aestivate in dry river-bed caverns without feeding (Kennett and Christian 1993). Even 
when living in billabongs and rivers in the dry season, they feed little and lose weight relative to the wet 
season (Webb et al. 1982). Wild saltwater crocodiles relocated into a captive environment regularly take three 
to six months to begin feeding, and presumably utilise fat stores during this time. But they rapidly recover 
condition once feeding starts. Body condition increases when crocodiles are fed to capacity, and farm-raised 
saltwater crocodiles are on average 10.9 + 6.7% (SD) heavier than their wild counterparts, with the most 
obese being around 25% heavier (Figure 16). Health does not seem to be adversely affected by obesity, and 
because skin size increases with increasing body condition (Section 1.4.4), it is generally regarded as a 
desirable trait in crocodilian farming.    

Like all animals, crocodilians feed to obtain energy for maintenance, growth, activity and reproduction. In the 
wild, the availability of food can be highly variable within and between seasons, and it involves a diverse 
range of prey and carrion. The following factors all influence the dynamics and interplay between rates of 
feeding and rates of growth: 

• Mechanical and chemical digestibility of what is eaten  

• The constituents of the food in terms of protein 
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• Fat, minerals and vitamins  

• The degree to which released nutrients can be absorbed and assimilated  

• Nutrient losses as solid or dissolved wastes  

• The prevailing temperature regimes 

• The allocation of nutrients to either maintenance, growth or energy storage in somatic and abdominal 
fat stores. 

In the wild, crocodile food is normally obtained by catching live prey items or by eating carrion. The food of 
juvenile saltwater crocodiles is biased towards crustaceans and arthropods. However, even juveniles 
occasionally fill their stomachs with larger food items, such as rats (Magnusson et al. 1976; Taylor 1978; 
Webb et al. 1991), which contribute significantly to total food consumption (Webb et al. 1991). Larger 
saltwater crocodiles prey on a wide variety of different vertebrates, swallowing smaller ones whole and 
dismembering larger ones into manageable pieces (Webb and Manolis 1989, 2008). However, while a 4m TL 
saltwater crocodile can attack and dismember animals over 100kg BWT, they do not seem to lose the ability 
to eat smaller prey such as mice  less than 50g BWT.  

Most digestion occurs in the highly acidic, bag-like stomach, which is structurally very different to the tubular 
stomachs of most reptiles (Skoczylas, 1978; Richardson et al., 2002). Once food items enter a crocodilian 
stomach, they are essentially trapped until sufficient digestion takes place for the food to pass through to the 
small intestine. An inability to digest some items leads to insect keratin, fur and bristles accumulating, 
sometimes as fur balls, which can only be removed by regurgitation. Most stomachs also contain stones 
(gastroliths) that appear to aid the mechanical digestion of food, but rarely, if ever, pass through to the 
intestines. Mechanical and chemical digestion in the stomach and intestines appears highly efficient, with 
little in the way of solid wastes (faeces). Relative to mammalian predators, the alimentary tract in crocodilians 
and other carnivorous reptiles is short in comparison to their body size (Romer and Parsons 1977; Skoczylas 
1978; Tracey et al. 2012). 

The crocodilian feeding system is an adaptable behavioural and physiological interaction, which evolved as an 
integral part of the crocodilian survival strategy as a large, water’s edge predator (Webb and Manolis 1989). 
Crocodile farming involves exploiting this system for the specific purpose of maximising growth rates. Farm 
practice normally assumes growth advantages in maximising food consumption, with feeding rates adjusted 
up or down on the basis of how much food was offered and left at the last feed. The relative merits of altering 
the frequency of feeding and the amount of food delivered at each feed have not been investigated in depth. 
Nor has the efficiency with which digestion occurs with different feeding rates and amounts of food eaten.  

As in all animal production, food costs in crocodile farming are a major component of the overall operating 
costs (Treadwell et al. 1992; Peuker et al. 2005). Hence, the desirability of maximising the efficiency of 
feeding through manipulating feeding practice, and finding alternative and cheaper food substrates has long 
been recognised as a research priority (Manolis et al. 1989; Webb and Manolis 1991). However, much of the 
basic information needed to assess feeding efficiency remains elusive. For example, there are very few 
insights into the amount of food required to meet maintenance costs in crocodilians, which dictates the 
amount of food eaten that may be available for growth. The significance of such factors in a commercial 
crocodile farming context are potentially profound. 

6.2.2 Developing a food package 

To test the effects of different foods and feeding regimes on rates of food consumption, growth and food 
conversion, a mechanism for packaging and delivery of food with different constituents was developed. The 
food package had to be mechanically strong enough to stay in one piece when the crocodiles grasped it, and 
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equally palatable, regardless of constituents. This was achieved through the development and testing of 
different forms of sausage.  

Although used primarily for experimental purposes in this study, sausages of different forms have been used 
as a standard mechanism for delivering food in commercial raising of crocodilians (Figure 66) and may have 
broader application for the farming of saltwater crocodiles. They allow a much wider range of different 
available foods, in minced form, to be utilised as a farm diet. Adoption will ultimately reflect an economic 
balance between the extra costs involved in producing and using a sausage, versus the increased rates of 
growth that may be achievable through doing so. 

 

Figure 66. Caiman crocodilus spp in a commercial farm environment (Colombia) being fed sausages 
with a mixture of food ingredients, including vegetable constituents.  

 

6.2.3 Feeding trials 

The feeding trials reported here were all conducted with individual crocodiles in UH-Pens (Section 4), which 
allowed individual food consumption and growth rates to be quantified without the social interference 
associated with communal pens (Section 3). Crocodiles in the final stages of grow-out were used (1,758 to 
2,236mm TL; 18.96 to 44.68kg BWT) so that additional information could be obtained at culling, after the 
trials were completed (Section 1.4.4).  

The first set of trials using whole chicken heads (WCH) tested the effects of feeding 1.44kg of food per week 
in one, two, three and four feeds per week (1.44, 0.72, 0.48 and 0.36kg per feed respectively). The null 
hypothesis was that boom and bust feeding would not affect the efficiency of digestion in terms of rates of 
food consumption, growth and food conversion. The results have direct application for optimising the feeding 
strategies employed on farms.  

The second set of trials tested a range of different foods in sausage form fed three times per week (0.48kg per 
feed). The diets tested included: WCH, sausages containing 100% minced chicken heads (MCHS), and 
sausages containing 50% MCH and 50% either poultry meal (PCHS), wheat meal (WhCHS), soya meal 
(SoCHS) or lupin meal (LuCHS). Water (approximately 33%) was added to facilitate the extrusion of the mix 
into sausages.  

This analysis was done in two stages. First, the three diets without vegetable constituents (WCH, MCHS, 
PCHS) were compared. Mincing (MCHS) greatly increases the surface area to mass ratio of the particles of 



 

103 

food entering the stomach relative to WCH and reduces the metabolic costs of digestion (Gienger et al 2012). 
The null hypothesis was that rates of growth and food conversion with WCH and MCHS would be the same. 
PCHS increases the animal protein content of MCHS diet, and the null hypothesis is that no improvement in 
growth and food conversion rates would be achieved as a consequence. In all cases, the analyses were carried 
out with a view to quantifying size-based trends in all the parameters examined.  

The second stage of analysis applies the same analytical methods to the three diets with vegetable constituents 
(WhCHS, SoCHS, LuCHS). One of the primary aims of the research was to establish whether vegetable-based 
foods could replace animal-based foods for saltwater crocodile farming. A variety of different types of raw 
meat foods are currently used on farms, with WCH one of the most common. But with transport and storage 
costs, WCH cost around $1.20 per kilogram wet weight at the farm gate, and perhaps $1.50 per kg by the time 
it is fed. However, given only 15.7% of WCH wet weight is protein, the dry weight cost of the animal protein 
they contain is in the range $7.64 to $9.55 per kg.  

Developing commercial diets that provide cheaper sources of protein have been a research target for over two 
decades (Manolis et al. 1989; Peucker and Jack, 2006). There are many sources of vegetable protein available 
in a dried form that could dramatically reduce feeding costs, if the crocodilian digestive enzymes can break 
down the vegetable proteins into constituent amino acids, and if the amino acids can be assimilated and used 
to build crocodile tissue. Vegetable-based food constituents are used as a standard ingredient of processed 
diets in the raising of American alligators (A. misissippiensis) in the USA, Spectacled caimans (C. crocodilus 
spp) in Colombia, and Broad-snouted caimans (C. latirostris) in Argentina (Hutton and Webb 1992), but all 
three species belong to the family Alligatoridae. Amongst the family Crocodilidae or “true crocodiles”, 
separated from the alligatorids for over 60 million years (Webb and Manolis 1989), the situation is not that 
clear. Nile crocodiles (Crocodylus niloticus) would not eat the pellets containing vegetable constituents that 
were the standard diet for A. mississippiensis in the USA. American crocodiles (Crocodylus acutus) on a farm 
in Colombia were growing extremely slowly when fed processed food with vegetable constituents used for 
Caiman crocodilus, and improved dramatically when they were fed waste chicken meat. Vegetable based 
foods do not appear to be used in the farming of any members of the family Crocodilidae, despite widespread 
farming experience with them (C. acutus, C. moreletii, C. niloticus, C. novaeguineae, C. porosus, C. 
rhombifer, C. siamensis, C. moreletii) (Hutton and Webb 1992; Ross, 1998; MacGregor 2002, 2006; 
Caldwell, 2011).  

The possibility that members of the families Alligatoridae and Crocodilidae are fundamentally different in 
their ability to digest and assimilate vegetable proteins cannot be rejected. The results reported here provide 
definitive insights into the feeding dynamics of saltwater crocodiles when fed vegetable constituents, which 
raise serious issues about its potential as a food source for saltwater crocodiles. To test hypotheses generated 
from these trials about the relative digestibility of different food constituents, an additional series of 
experiments on transit times in the stomach were conducted. The results of these experiments are presented 
here.  

One of the basic goals of the feed trials was to quantify and compare mean rates of food consumption, growth 
and food conversion for different diets. However, particular attention was focussed on the degree to which the 
data could be used to estimate the amount of food required to sustain BWT (with no growth), which is an 
index of maintenance costs. When subtracted from total food intake, it allows the proportion of food 
consumed that is available for growth to be estimated, and provides a mechanism for estimating the food 
conversion rate of that growth proportion of the food. Maintenance costs and their implications for farm 
productivity have been largely ignored in the past, yet as demonstrated here, they represent a major 
component of all food consumed. The summary tables provided here for the feeding dynamics of each food 
tested provide a sound information base for modelling productivity and elucidating the commercial 
consequences of management decisions on foods and feeding strategies. 
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6.3 Methods 

6.3.1 Foods tested and experimental sausages 

WCH are obtained in commercial quantities in frozen blocks (20kg), and are typically thawed overnight and 
fed the next day. The size of individual WCH is normally rather standardised (60 - 70g each), but from time to 
time individual heads are combined with necks, and other pieces of tissue can be much larger (<200g) or 
smaller (>30g).  

Where WCH were used in the feeding trials they were specifically selected so that they averaged 60g (range 
55 to 65g). Raw chicken head mince (MCH) was included in all the experimental sausages used in the trials, 
and it was obtained by mincing whole WCHs through a 13mm cutting plate (Barnco Equipment). The raw 
mince, with and without other additives, was then fed through a Mincer Mixer (Hall Equipment) with a 10mm 
cutting plate. The continuous sausage created used a 30mm diameter collagen casing, and was subdivided by 
tying and cutting into sausages 80mm x 30mm weighing 60g (Figure 67). All sausages were packed in bundles 
of 50 in plastic bags and stored in a freezer (-18oC). They were thawed (4-5 days at 5oC) prior to feeding.  

 

Figure 67. Sausages used in feeding experiments were packed in bundles of around 50, placed in 
plastic bags in milk crates and stored in a freezer (-18oC). 

 

The sausages produced contained 100% MCH (MCHS), or 50% MCH and 50% of either dried poultry meal 
(PCHS), wheat meal (WhCHS), soya meal (SoCHS) or lupin meal (LuCHs) (Table 35). Water was added 
(about one third) to the total weight of the sausage mix containing dried ingredients, and these mixtures were 
churned, then minced again before extrusion into sausages. The lupins were soaked for 24 hours to facilitate 
extrusion. The final constituents of the different experimental sausages are in Table 36. 
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Table 35. Details of the ingredients used in the production of sausages during feeding trials. 

 

Protein Price 
$/kg 

Ingredient 
supplier 

Protein
% 

Fat 
% 

Fibre 
% 

Ash 
% 

Moisture 
% 

Binders  Protein 
added 

% 

CH 
mince 

% 

Added 
water 

% 
                        

Chicken 
head 

mince 
1.2 Tannon 16 6  7 67 nil 0 100 0 

Wheat 
pollard 1 Luacke 

Mills 16 4 8   nil 35 35 30 

Rolled 
lupins 1.6 Luacke 

Mills 28 6 13   nil 38 38 25 

Soya 
bean 
meal 

2.5 Soya Feeds 37 17 8   nil 33 33 33 

Poultry 
meal 1.4 Tannon 65 15  10 10 nil 37 37 26 

                        
 

Table 36. Constituents of sausages used in the feeding trials as analysed by Food and Pharmaceutical 
division, ALS Group, EML Pty, Ltd (WCH) and Symbio Alliance, HPC Holdings Pty. 
Ltd. 

  Food types 
 WCH MCHS  PCHS  WhCHS  SoCHS  LuCHS 
              
Protein 15.7% 13.9% 23.8% 13.9% 17.4% 12.2% 
Total Fat 6.1% 8.5% 6.8% 4.7% 4.4% 3.9% 
Ash 6.6% 3.8% 5.9% 2.6% 3.3% 2.1% 
Moisture 66.9% 72.4% 59.1% 66.8% 63.9% 67.3% 
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% 
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Wheat 
pollard 1 Luacke 

Mills 16 4 8   nil 35 35 30 

Rolled 
lupins 1.6 Luacke 

Mills 28 6 13   nil 38 38 25 

Soya 
bean 
meal 

2.5 Soya Feeds 37 17 8   nil 33 33 33 

Poultry 
meal 1.4 Tannon 65 15  10 10 nil 37 37 26 
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Standardisation at a 60g sausage was the result of a series of trials conducted with 32 crocodiles (1800-
2000mm TL) housed in UH-Pens. The crocodiles had all been eating WCH, and were fasted for three days 
prior to the trials. The first trials examined the physical and mechanical attributes of producing and feeding 
small (60g; 30mm diameter) and large sausages (150g; 60mm diameter), along with single sausages versus 
bundles of two to three sausages joined together. These trials used 100% MCHS. 

A second set of trials was conducted (60g sausages only), with the same animals, to determine the relative 
acceptability, or palatability, of the sausages containing different ingredients (MCHS, PCHS, WhCHS, SoCHS, 
LuCHs).  

6.3.2 Animals and housing 

The animals selected for the main feeding trials were all males >1750mm TL that had been raised in standard 
raising pens and/or flat pens (see Section 3). They were three to five years old, and all came from captive laid 
eggs or wild eggs collected as part of the Northern Territory’s ranching program (Leach et al. 2009). The 
crocodiles were placed in UH-Pens six to eight months prior to the start of the trials, and had been fed WCH 
two or three times a week, at the maximum amounts they would consume depending on seasonal ambient 
temperatures (Table 13). This ensured that the animals were settled and feeding when the feeding trials with 
different food types were initiated in early October (2011), when ambient temperatures were conducive to 
feeding (Section 5). 

6.3.3 Prevailing temperature regime 

The dry season (April to October) of 2011 was unusually cool, with an above average number of minimum 
daily temperatures below 20°C. However, by late September 2011, ambient temperatures were increasing 
(daily maximums 31-34°C) and minimum temperatures were above 22°C (October and November are the 
warmest months of the year; Table 13). November is the transition from the dry season to wet season, and this 
wet season “build up” involves more cloudy days with intermittent rain and increasing relative humidity 
(Table 13). Data loggers (HOBO pendant type) in the middle of the water channel, attached to the rear of a 
UH-pen monitored water temperature (Tw) at hourly intervals. During the first six weeks of the trial (26 
October to 6 December 2011) Tw averaged 29.4°C (Figure 68).  

 

Figure 68. Hourly Tw (°C) during the feeding trials (26 October to 6 December 2011). 

 

During the trials, Tw increased from 29.04°C in the first two weeks to 29.76°C in the final two weeks. Diurnal 
variation in Tw was generally 2-3°C (Figure 68), increasing from 0900 to 1700h, and then declining gradually 
during the night. Maximum Tw increased from a mean of 30.15°C in week 1 to a mean of 31.4°C in week 6, 
and the number of days in which the maximum exceeded 30°C gradually increased over time. Minimum 
temperatures increased from a mean of 27.76°C in week 1 to 28.7°C in week 6. The spike in Tw on 8 
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November 2011 was due to water in the channel being drained and refilled. Abrupt decreases in temperature 
(usually 1-2°C) were associated with rainfall events. Body temperature (Tb) was not measured and would have 
depended (see Section 5) on the degree to which individuals did or did not actively thermoregulate during the 
day. 

6.3.4 Research protocol 

The 120 crocodiles were randomized across pens with regard to size and clutch of origin. At the start of the 
trials, each animal was fasted for 3-5 days, to ensure the stomach was empty. They were stunned (Franklin et 
al. 2003), removed from their pen, measured (TL, SVL HL in mm), weighed (g) and returned to their pen. An 
additional three days was allowed for the crocodiles to settle before the experimental feeding was initiated. 
For each diet, the animals were fed in the afternoon (1530 to 1730h), with WCH (60g) or sausages (60g each) 
containing different types of food (Table 37). For the WCH diets, heads were selected that averaged 60g, so 
that the results were comparable with the sausages. Uneaten food remaining on the feeding platform in each 
UH-Pen was removed and recorded the following morning (0830 to 1030h). Feeding continued for eight 
weeks, and at the termination of the experiment, after three to five days to allow the stomach to clear, all 
animals were reweighed and remeasured. 

Table 37. Food types used in each treatment.  

Treatment Acronym Test Form Food 
          

1-4 WCH Standard Heads 100% chicken heads 
5 MCHS Standard Sausages 100% chicken mince 
6 PCHS Poultry Sausages 50% mince + 50% poultry meal  
7 WhCHS Wheat Sausages  50% mince + 50% wheat meal 
8 SoCHS Soy Sausages  50% mince + 50% soy meal 
9 LuCHS Lupin Sausages  50% mince + 50% lupin  

          
 

 

The amount of food offered was kept constant at 24 parcels (WCH or sausages) per week, which at 60g each, 
was 1.44kg or 5.1% of the average crocodile BWT (28.4kg). However, the initial and final measures were 
taken before and after feeding was initiated and ceased respectively, so that growth was measured over 9.3 
weeks, during which there was eight weeks of feeding. Thus, the total food offered equates to 11.1kg per 
week over the entire trial period. 

To examine the hypothesis that weekly food consumption gave equivalent food consumption and growth 
regardless of how frequently, and in what quantities it was delivered, and to compare FCR and %FCR with 
the results presented in Sections 3 and 4, treatments 1-4 were fed WCH at 1.44kg per week but at different 
rates. Treatment 1 was fed once per week (24 heads per feed; 1.44kg), Treatment 2 twice per week (12 heads 
per feed; 0.72kg), Treatment 3 three times per week (8 heads per feed; 0.48kg) and Treatment 4 four times 
week (6 heads per week; 0.36kg). All other Treatments (5 to 9) were fed 1.44kg per week, but in three feeds 
per week (8 x 60g sausages per feed; 0.48kg). 

6.3.5 Size of animals 

The 120 male crocodiles used in the trials all had complete tail tips, and at the initial measure they were 28.38 
+  5.97kg BWT (SD, range 18.96 to 44.68kg) and 1979.6 + 115.7mm TL (SD; range 1758 to 2236mm) (Table 
38). 
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Table 38. Initial measures of the 120 animals used in the feeding trials. 

Measure Mean SD SE Minimum Maximum 
            

HL (mm) 265 14.9 1.4 237 302 
SVL (mm) 976.8 57.6 5.3 874 1116 
TL (mm) 1979.6 115.7 10.6 1758 2236 
BWT (kg) 28.37 5.96 0.55 18.96 44.68 

            
 

The mean size and variation of animals in the individual treatments was similar, and none were significantly 
different from each other in terms of mean HL, SVL, TL or BWT. Unpaired t-tests were used for all groups 
against each other: p>0.05 in all cases. TL and BWT (Table 39) are the main measures used in the analyses 
(see below). 

Table 39. The size (TL and BWT) of crocodiles in each treatment. 

Treatment Measure N Mean SD SE Minimum Maximum 
                
1 TL 15 2000.4 104.2 26.9 1819 2231 
2 TL 15 1994.7 107.6 27.8 1812 2175 
3 TL 15 1965.8 111.9 28.9 1784 2219 
4 TL 15 1978.9 78.3 20.2 1781 2092 
5 TL 12 1978.8 119.1 34.4 1802 2179 
6 TL 12 1984.2 131.8 38.1 1810 2211 
7 TL 12 1968.2 133.4 38.5 1841 2220 
8 TL 12 1977.2 158.3 45.7 1758 2236 
9 TL 12 1963.3 128.7 37.1 1761 2148 
1 BWT 15 28.79 5.27 1.36 20.78 41.58 
2 BWT 15 29.04 5.83 1.50 20.70 41.06 
3 BWT 15 26.88 5.33 1.38 19.20 38.32 
4 BWT 15 29.45 4.32 1.12 20.60 36.72 
5 BWT 12 28.66 6.28 1.81 21.24 39.24 
6 BWT 12 28.00 6.20 1.79 20.32 37.78 
7 BWT 12 28.22 7.43 2.14 19.92 42.88 
8 BWT 12 29.06 8.21 2.34 19.12 44.68 
9 BWT 12 27.12 6.30 1.82 18.96 39.70 
                

 

6.3.6 Duration of trials 

The initial measures were taken 7-10 October 2011 and the final measurements taken 12-13 December 2012. 
Thus, although the feeding trials involved eight weeks (56 days) of feeding, the time between initial and final 
measures, during which all 120 crocodiles were fed a known amount of food, was either 64 days (9.14 weeks; 
N = 52 animals) or 66 days (9.43 weeks; N = 68 animals). The overall mean length of time between initial and 
final measures for all animals was 65.1 + 1.0 days (SD; N = 120), but it varied with Treatment (Table 40). 
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Table 40. Days between initial and final measures for all animals included in the experiments. 

  N 64 days 66 days Mean 
          
Treatment 1  15 6 9 65.2 
Treatment 2  15 5 10 65.3 
Treatment 3  15 9 6 64.8 
Treatment 4 15 5 10 65.3 
Treatment 5 12 4 8 65.3 
Treatment 6  12 4 8 65.3 
Treatment 7 12 6 6 65 
Treatment 8 12 6 6 65 
Treatment 9  12 7 5 64.8 
Totals 120 52 68 65.1 
          

 

6.3.7 Assessing growth 

The measures of HL and SVL provide an independent check on TL, but given the limited amount of linear 
growth that took place over the experimental period (mean of 65.1 days), measurement errors in HL and SVL 
were high relative to real growth (Table 41). SVL is measured with the animal on its back and the head lifted 
so that it is horizontal, but both SVL and HL require judgements about the exact position of the snout tip 
when measured with a horizontal rule (Section 1.3.1.1). The unit of measurement of HL and SVL (1mm) 
represents 26.5% and 6.96% of the mean growth recorded respectively (Table 41), and neither measure was 
used to assess growth here (Table 42). In contrast, BWT (which increased and decreased in different 
treatments) was the most accurate index of growth and is the primary measure used in the analyses, with TL 
used when linear measures were needed. 

Table 41. The unit of measurement as a percentage of the mean initial value (from Table 38) and the 
mean growth recorded (N = 120) in all treatments. 

      Recorded Growth 
Measure %Initial %Growth  Mean SD SE Min. Max. 

                
HL (mm) 0.377 26.5 3.78 4.01 0.37 -5 15 
SVL (mm) 0.102 6.96 14.36 17.3 1.58 -17 72 
TL (mm) 0.051 3.36 29.73 20.6 1.88 -16 77 
BWT (kg) 0.004 0.1 0.979 1.868 0.171 -2.72 4.44 

                
 

Table 42. The number and percentage (in brackets) of measures in which the final size was smaller 
than the initial size. BWT and TL are the best indices of growth. BWT did decline in a 
number of treatments. 

Treatment N HL SVL TL BWT ALL 
              
1 15 3 (20%) 1 (7%) 0 (0%) 1 (7%) 5 (8%) 
2 15 2 (13%) 3 (20%) 0 (0%) 1 (7%) 6 (10%) 
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3 15 4 (27%) 2 (13%) 0 (%) 0 (0%) 6 (10%) 
4 15 1 (7%) 1 (7%) 1 (7%) 1 (7%) 4 (7%) 
5 12 2 (17%) 5 (42%) 1 (8%) 10 (83%) 18 (30%) 
6 12 0 (0%) 1 (8%) 1 (8%) 1 (8%) 3 (5%) 
7 12 3 (25%) 3 (25%) 2 (17%) 12 (100%) 20 (33%) 
8 12 1 (8%) 2 (17%) 0 (0%) 0 (0%) 3 (5%) 
9 12 3 (25%) 3 (25%) 2 (17%) 9 (75%) 17 (28%) 

Total 120 19 (16%) 21 (18%) 7 (6%) 35 (29%) 82 (17%) 
 

6.3.8 Morphometrics 

The morphometric formulae provided (Sections 1) apply generally to the animals used in these trials. 
However, the accuracy with which TL and BWT could be predicted from each other, for the specific purpose 
of interpreting the results of these feeding trials, was improved by deriving specific morphometric formulae 
for them (Figure 69), using both initial and final measures (N = 240):  

BWT = 51.385 - 0.071612TL + 0.0000301TL2 + 1.947 kg (N = 240; R2 = 0.90;  

P < 0.0001) (Figure 69) 

TL = 1314.3 + 28.998BWT – 0.1803612BWT2 + 37.5 mm (N = 240; R2 = 0.90;  

P < 0.0001) 

 

Figure 69. Polynomial relationship between BWT and TL for the specific case of interpreting the 
results presented in Section 6. 
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6.3.9 Specific methods: effects of varying feeding frequency and food quantity 
on rates of food consumption 

At the initial measure, the animals in treatments 1-4 ranged from 1781 to 2231mm TL and 19.20 to 41.58kg 
BWT (Table 39) but the means were not significantly different from each other (one-way ANOVA on initial 
measures: F3,56 = 0.72, p = 0.55). The weekly food allocation (1.44kg; 24 WCHs; Table 43) was 5.05% of the 
mean BWT of 28.54kg, or 7.50% of BWT in the smallest animal (19.2kg BWT) and 3.46% in the largest one 
(41.58kg BWT). The possibility that some WCH may have been lost from the feeding tray into the water 
could not always be rejected, but it was rare rather than common and has therefore been ignored.  

Table 43. Treatments used to examine the effects of varying frequency of feeding and the amount 
offered at each feed using WCH (60g). 

Treatment N WCH/feed Kg/feed Feed frequency 
per week 

1 15 24 1.44  1x 
2 15 12 0.72  2x 
3 15 8 0.48  3x 
4 15 6 0.36  4x 
          

 

The analysis of treatments 1-4 is divided into two sections. The first quantifies food consumption (FC) rates 
and factors influencing mean trends, and the second quantifies growth and food conversion rates. This was 
required to investigate and develop a method for quantifying mean FC rates as a function of BWT. 

6.3.10 Specific methods: effects of varying feeding frequency and food quantity 
on rates of growth and food conversion 

The same data set (Section 6.3.8) was used to examine mean trends in BWT growth (BWTGrowth) and the 
variables influencing it. These analyses, when combined with the mean trends in FC quantified in Section 
6.3.8, were used to derive overall food conversion rates (FCRTotal), and the variance in them attributable to 
size. However, it was also used to develop methods for estimating the amount of food required for 
maintenance (FCTotal) versus growth (FCGrowth), which allows estimation of the FRC for the growth component 
of the food eaten (FRCGrowth). The methods derived here are applied to the results of the other feeding trials. 

6.3.11 Specific methods: comparing WCH, MCHS and PCHS 

The analyses of WCH indicated that Treatments 2, 3 and 4 (fed 2, 3 and 4 times per week at 0.72, 0.48 and 
0.36kg per feed respectively) gave near equivalent results, and so the results were combined (to increase 
sample size) for comparisons with MCHS and PCHS: the mean size at the initial inventory of treatments 2-4 
was 29.18 + 5.20kg BWT and 1977.1 + 99.8mm TL. The mean size of animals fed MCHS (Treatment 5) and 
PCHS (Treatment 6) are in Table 39. None of the means (t-tests) nor variances (F-tests) were significantly 
different from each other (P >0.05). A total of 12 crocodiles were fed eight MCHS three times a week (total 
offered = 1.44kg/week), and another 12 crocodiles were fed eight PCHS three times a week (total offered = 
1.44kg/week). 

Two outliers identified in the WCH analysis with exceptionally high (No. 36; treatment 3) and low (No 48; 
treatment 4) growth, 2.5+ SDs from the mean, were excluded from all analyses here. This reduced N from 45 
to 43 for the combined WCH treatments 2-4. 

Amongst the MCHS and PCHS treatments with small sample sizes (N = 12 each), there were no data indicating 
potential measurement errors, but one individual (No. 81) in the PCHS Treatment which, despite being 
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reasonably large (36.64kg MBWT), ate relatively few of the sausages offered (12%) and grew little as a 
consequence. One crocodile in the MCHS treatment (No. 102; 26.07kg MBWT) also ate only 52.7% of food 
offered, despite animals of similar size in the same treatment eating 92% to 94% of food offered. The reduced 
feeding in these two individuals was not considered to be an effect of the experimental treatment, and they are 
included in some analyses and excluded from others. 

6.3.12 Specific methods: MCHS, WhCHS, SoCHS, LuCHS 

The same general methods were applied. Crocodiles fed MCHS (treatment 5), and in some analyses those fed 
WCH (treatments 2-4), served as controls against those fed WhCHS (treatment 7), SoCHS (treatment 8) and 
LuCHS (treatment 9) (Table 44). All animals were fed three times per week (eight sausages = 0.48kg per 
feed), for a total of 1.44kg per week. The size of animals in all treatments are in Table 39 and neither the 
means (t-tests; P = 0.23 to 0.98) nor variances (F-tests; P = 0.34 to 0.97) were significantly different from 
each other (P = 0.23 to 0.98). No outliers were identified among the crocodiles fed WhCHS, SoCHS, LuCHS; 
the low food consumption and growth were unequivocally a consequence of the Treatment. 

Table 44. Treatments used to examine the effects of feeding vegetable protein diets. 

Diet (treatment) N Composition Sausages x feeds per week 

        
5. MCHS 12 100% MCH 8 x 3 

6. WhCHS 12 50% MCH; 50% wheat meal 8 x 3 

7. SoCHS 12 50% MCH; 50% soya meal 8 x 3 

8. LuCHS 12 50% MCH; 50% lupin meal 8 x 3 
 

6.3.13 Specific methods: effects of food type on stomach transit times 

The analysis of the feeding trials suggested that low rates of food consumption and growth with some diets 
could be due to the accumulation of undigested food constituents in the stomach, such that the ability to eat 
more food was constrained. To reject this possibility, the stomach transit times of different food constituents 
were determined in crocodiles fed different diets prior to culling. All crocodiles used were housed in UH-Pens 
and had been used in the feeding trials. They were three to five years of age, and drawn from a pool with a 
mean TL of 2009.4 + 114.7mm (SD; range 1770 to 2260mm) and BWT of 29.35 + 6.15kg (SD; range 17.8 to 
47.4kg). The experiments were carried out in November-December 2011, when ambient temperatures were 
high (Table 13) and not in themselves constraining feeding and growth.  

Fifteen crocodiles due to be culled were assigned to each of the five diets to be tested (WCH, MCHS, WhCHS, 
SoCHS and LuCHS). The crocodiles were not fed for three to four days to clear the gut, then on Day 0 (1500 to 
1800h) all were fed eight WCHs or eight sausages containing the different ingredients. Of the 15 crocodiles 
for each treatment, three were culled on Day 1, and two each (the best feeders) on Days 2 to 5. Hence only 11 
of the 15 were used. The animals to be culled on Day 1 were not fed for four days prior to feeding, whereas 
those for Days 2-5 were not fed for three days prior to feeding. Culled crocodiles were hung overnight in a 
cool room (at 5°C) and dissected the following day. Mean transit times, based on time of feeding to time of 
culling were 22 hours (Day 1), 41 hours (Day 2), 67 hours (Day 3), 90 hours (Day 4) and 115 hours (Day 5). 
However, actual transit times depended on whether individuals fed as soon as the food was offered, or during 
the night, so the variation is thought to be about five hours. 

The entire digestive system and associated organs were removed from the crocodile by cutting through the 
ribs and across the sternum, and then slicing the mesenteries and connective tissue to separate the gut. The 
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oesophagus and cloaca were sealed with cable ties to prevent loss of fluid and any semi-solid material. The 
lungs and spleen were removed and discarded, and the liver and fat body were separated from the digestive 
tract and weighed on an electronic balance. The heart was removed from the pericardium and the atria and 
aortas were dissected away to obtain the ventricle for weighing. Body fat distribution was recorded as sparse, 
moderate or excessive. Excess fat and muscle, the gall bladder and the bile duct were removed. The digestive 
tract was crudely divided into four sections:  

a. Stomach  

b. Small intestine 

i. (Upper) duodenal loop and remaining first third 

ii. (Lower) remaining small intestine to ileocaecal valve 

c. Large intestine and rectum 

 

The general condition and consistency of the contents of the stomach, intestine and rectum, and the degree of 
digestion of the food in the stomach were recorded. We also noted the presence of any (macroscopic) 
undigested material in the intestine and rectum. The mass of the stomach contents, gastroliths, and faeces in 
the rectum were obtained using an electronic balance (accurate to 0.1g). After the partially digested food and 
the gastroliths were removed the empty stomach was also weighed. 

6.3.14 Statistical analyses 

The results of different treatments are compared generally by examining whether or not significant differences 
occurred between the means and variances, using conventional analyses (mainly t-tests and F-tests) in 
Statview 5.01 (SAS Institute Inc.). However, one of the central goals was to better understand the factors 
driving the feeding dynamics associated with different foods, by developing a mechanism for partitioning 
total food consumption (FCTotal) of different diets between maintenance (FCMaint) and growth (FCGrowth). Given 
quantification of growth in BWT (BWTGrowth), this allows estimates of total food conversion rates (FCRTotal) 
and food conversion rates once maintenance costs have been removed (FCRGrowth). When scaled to BWT, 
these parameters provide important insights into why different foods result in different growth rates, and 
perhaps more importantly, provide a sound basis for predicting what the expected growth rates may be when 
different sized saltwater crocodiles are fed different diets at different amounts. 

To achieve this analytically, particular attention was paid to the mean trends through data, and to outliers, 
where extreme variation appeared to be the result of factors other than the treatments being tested. A 
reasonably liberal approach was taken to whether outliers were included or excluded in particular analyses. 
The reasons some individuals ate more or less than others is unknown, and may in part reflect the high levels 
of individual variation in feeding and growth rates reported for crocodiles in the wild and in captivity.  In 
these trials, all animals were subjected to the same ambient temperature regimes, and had the same ability to 
thermoregulate. However as demonstrated in Section 5, some thermoregulate less actively than others.  

Once outliers were identified, the mean relationship between parameters and BWT was derived for each 
parameter. These results were often highly variable, due to a variety of different potential causes including 
measurement biases and errors. The results were rarely linear. Nevertheless, highly significant mean trends 
were usually present and they were mostly modelled with standard polynomial regressions using 
untransformed data, with particular attention paid to minimising residual variation. As in Section 1, the 
primary goal was to achieve the most accurate prediction possible, rather than to investigate the biological 
significance of each relationship. Because of this, different series of mean relationships needed to be 
integrated to obtain estimates of the feeding parameters that we considered both accurate and reasonable.  
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6.4 Results 

6.4.1 Testing the experimental sausages 

The results of testing small (60g) and large (150g) MCHS sausages, singularly and in bundles, are summarised 
in Tables 45 and 46. The small sausages were similar in size to the WCH and the crocodiles ate them readily. 
They appeared easier to grasp, manoeuvre and swallow than the larger sausages, which would often tear apart 
when a crocodile began manoeuvring the food within its mouth, spilling contents onto the feeding platform 
within each UH-Pen. Bunches of both small and large sausages also proved vulnerable to tearing and spillage 
while being grasped and manoeuvred.  

Table 45. Different forms of sausages containing MCH fed to saltwater crocodiles (N = 30) in UH-
Pens. Small = 60g sausages; large = 150g g sausages; small bunch = 3 small sausages tied 
together; large bunch = 2 large sausages tied together. 

Croc ID Sausage form Feed date N Fed N Eaten % eaten Mean % 
              

1 small 4/08/2011 4 3 75   

2 small 4/08/2011 4 3 75  

3 small 4/08/2011 4 4 100  
4 small 4/08/2011 4 4 100  
5 small 4/08/2011 4 3 75  
6 small 6/08/2011 4 2 50  
7 small 6/08/2011 4 3 75  
8 small 6/08/2011 4 4 100  
9 small 6/08/2011 4 4 100  

10 small 6/08/2011 4 4 100 85 
11 large 4/08/2011 2 1 50   
12 large 4/08/2011 2 1 50  
13 large 4/08/2011 2 0 0  
14 large 4/08/2011 2 2 100  
15 large 6/08/2011 2 1 50  
16 large 6/08/2011 2 1 50  
17 large 6/08/2011 2 2 100  
18 large 6/08/2011 2 1 50 56 
19 2 x small bunch 4/08/2011 6 1 17   
20 2 x small bunch 4/08/2011 6 4 67  
21 2 x small bunch 4/08/2011 6 3 50  
22 2 x small bunch 6/08/2011 6 3 50  
23 2 x small bunch 6/08/2011 6 3 50  
24 2 x small bunch 6/08/2011 6 3 50 47 
25 2 x large bunch 4/08/2011 4 2 50   
26 2 x large bunch 4/08/2011 4 3 75  
27 2 x large bunch 4/08/2011 4 2 50  
28 2 x large bunch 6/08/2011 4 1 25  
29 2 x large bunch 6/08/2011 4 2 50  
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30 2 x large bunch 6/08/2011 4 1 25 46 
 

 

Table 46. Summary results from Table 43. Bundles contained 3 small or 2 large sausages. “No.” 
refers to the total number of sausages. 

Food Type Fed Merge Lost 
 No.  Mass(g) No. (%) Mass(g) No. (%) Mass(g) 

              

Single small sausage 4 240 3.40 (85%) 204 0.60 (15%) 36 

Single large sausages 2 300 1.13 (56%) 169 0.87 (44%) 131 
Bundle small sausages 6 360 2.83 (47%) 170 3.17 (53%) 190 
Bundle large sausages 4 600 1.83 (46%) 275 2.17 (54%) 325 

              
 

It was concluded (Table 46), that the small sausages resulted in the most food being eaten for the smallest 
amount of wastage, and were better suited for testing different diets. For example (Table 46), four small 
sausages delivered 240g in which 204g was eaten (85%) and 36g not eaten (15%). Large sausages fed in 
bundles resulted in more food being eaten (275g) but 600g had to be fed to achieve it (only 46% eaten).  

To test the palatability or acceptability of sausages containing different food types (PCHS, WhCHS, SoCHS, 
LuCHs), only the small sausages were used. The crocodiles readily ate them (Table 47), and the consumption 
rate for all types tested (PCHS, WhCHS, SoCHS, LuCHs) (78-88% of sausages offered; Table 47) was similar 
to that for MCHS (85%; Table 45). It was concluded that the small sausages, with 100% MCH were equally 
palatable and acceptable to those containing 50% MCH and 50% other ingredients. 

Table 47. The results of feeding small sausages (60g), containing different food substrates to 
saltwater crocodiles in UH-Pens (N = 32). Crocodiles were fasted for three days prior to 
feeding.   

Croc ID Type Feed date N Fed N Eaten % Mean % 
              
1 PCHS 11-Aug-11 4 4 100   

2 PCHS 11-Aug-11 4 3 75  

3 PCHS 11-Aug-11 4 4 100  

4 PCHS 11-Aug-11 4 4 100  
5 PCHS 12-Aug-11 4 3 75  
6 PCHS 12-Aug-11 4 4 100  
7 PCHS 12-Aug-11 4 4 100  
8 PCHS 12-Aug-11 4 2 50 88 
9 WhCHS 11-Aug-11 4 4 100   

10 WhCHS 11-Aug-11 4 2 50  
11 WhCHS 11-Aug-11 4 4 100  
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12 WhCHS 11-Aug-11 4 2 50  
13 WhCHS 12-Aug-11 4 3 75  
14 WhCHS 12-Aug-11 4 4 100  
15 WhCHS 12-Aug-11 4 4 100  
16 WhCHS 12-Aug-11 4 2 50 78 
17 SoCHS 11-Aug-11 4 3 75   
18 SoCHS 11-Aug-11 4 4 100  
19 SoCHS 11-Aug-11 4 4 100  
20 SoCHS 11-Aug-11 4 2 50  
21 SoCHS 12-Aug-11 4 3 75  
22 SoCHS 12-Aug-11 4 3 75  
23 SoCHS 12-Aug-11 4 4 100  
24 SoCHS 12-Aug-11 4 2 50 78 
25 LuCHs 11-Aug-11 4 4 100   
26 LuCHs 11-Aug-11 4 2 50  
27 LuCHs 11-Aug-11 4 4 100  
28 LuCHs 11-Aug-11 4 3 75  
29 LuCHs 12-Aug-11 4 2 50  
30 LuCHs 12-Aug-11 4 3 75  
31 LuCHs 12-Aug-11 4 4 100  
32 LuCHs 12-Aug-11 4 4 100 81 
              

 

6.4.2 Feeding trials: factors affecting WCH food consumption 

6.4.2.1 General 

Treatments 1 to 4 were fed WCH, and the number of WCH recovered (not eaten) per week (Figure 70) was 
used by subtraction to estimate food consumption (Figure 71). The results for Treatment 1 [24 WCH (1.44kg) 
in one feed per week] strongly suggest that the capacity to consume that amount of food was compromised 
relative to Treatments 2, 3 and 4. The general increase in food consumption over time may reflect the steadily 
increasing size of the animals and warmer conditions towards the end of the experiment (Figure 68). 
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Figure 70. The number of WCH recovered for each treatment each week. All treatments received 360 
WCH per week (24 WCH x 15 animals). 

 

 

Figure 71. The number of WCH eaten each week as a function of weeks of feeding (24 WCH x 15 = 
360 CH were offered each week to each Treatment).   

 

6.4.2.2 Feeding capacity 

Despite minor changes in the dates at which inventories and feeding started and stopped, the mean number of 
WCH fed to all animals, was similar over the complete trial period [185.5 +4.4 (SD; N = 60)] and did not vary 
between treatments (Table 48).  
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Table 48. Changes between treatments in the period of feeding and inventory and the numbers and 
weight of WCH fed. Each treatment had 15 crocodiles. 

Treatment WCH/Croc 
N(kg) 

WCH/Treat 
N(kg) 

Duration of 
feeding days 

(weeks) 

Duration between 
measures days 

(weeks) 
          

1 192(11.52) 2880(172.8) 56.0(8.00) 65.2(9.31) 

2 180(10.80) 2700(162.0) 52.5(7.50) 65.3(9.33) 

3 184(11.04) 2760(165.6) 53.7(7.67) 64.8(9.26)
4 187(11.16) 2790(167.4) 54.5(7.79) 65.3(9.33)

1-4 185.8(11.13) 2782.5(167.0) 54.2(7.74) 65.2(9.31)
         

 

Within Treatments, there was wide variation in the %WCH eaten, with some individuals eating much less 
than the mean or median within and between treatments (Figure 72). 

 

Figure 72. Percentage of WCH eaten for all animals over the complete experimental period as a 
function of Treatment (one to four feeds per week). 

 

It was assumed that individuals which had eaten 96% to 100% of the food offered were essentially capable of 
eating all food offered. Contingency table analysis (Table 49) indicates no significant differences between 
treatments 2, 3 and 4, but all were significantly different from treatment 1 (Chi-square = 12.86; df = 3; p = 
0.005). Within treatment 1, where the initial BWT (BWTInitial) was 28.8 + 5.3kg (SD; N = 15; range = 20.8 to 
41.6kg), this constitutes 5.15% + 0.86% (SD; range 6.93% to 3.46%) of BWTInitial in a single feed, which 
appears to exceed the capacity to eat in one feed.  
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Table 49. The proportion of animals in each Treatment assumed to be capable of eating all food 
offered (96-100%). Mean % = the percentage of all WCH offered that were eaten. 

Treatment <95% 96-100% Total Mean% SD Min% Max% 
                
1 13 2 15 82.5 19.9 22.9 99 

2 5 10 15 94.3 9.5 63.3 100 

3 5 10 15 93 9.4 70.1 100 

4 5 10 15 96.7 4 87.6 100 
Total 28 32 60 91.6 13 22.9 100 

 

By way of comparison, feeding 12, 8 or 6 WCH per feed, as in treatments 2, 3 and 4 respectively, constituted 
2.5%, 1.8% and 1.2% of the mean BWTInitial per feed. Over and above issues associated with the maximum 
amount of food that could be eaten in one feed, there is also the degree to which crocodiles could eat and 
digest 1.44kg of food per week efficiently regardless of how many feeds it took to deliver it. 

 

Figure 73. %WCH eaten for all animals in all 4 Treatments as a function of initial BWT. 

 

When %WCH eaten during the trials is examined as a function of BWTInitial (Figure 73), and the percentage of 
BWTInitial that 1.44kg of WCH per week comprises (Figure 74), it is apparent that: 

a.   The five smallest animals (<22.5kg BWTInitial ), one individual each from treatments 1, 2 and 4, and 
two individuals from Treatment 3, did not and probably could not consume 1.44kg of WCH per 
week (Figure 73), which was a feeding rate exceeding 6.5% of BWTInitial per week (Figure 74). On 
average, these smaller animals consumed 76.9% + 10.9% (SD; N = 5) of the WCH offered.  
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Figure 74. %WCH eaten for all animals in all four treatments as a function of the weekly food offered 
as a percentage of BWTInitial.  

 

b.  A group of three animals (23.5-24.7kg BWTInitial), two from treatment 1 and one from treatment 3, 
were tentatively identified as “outliers” (Figure 73). There were nine crocodiles in this size range 
within the total sample (Figure 73), in which the feeding rate constituted 5.5% to 6.5% of BWTInitial 
per week (Figure 74): six ate 95.8% + 4.2% (SD; N = 6) of WCH offered, indicating a size-based 
ability to consume 1.44kg WCH per week, yet the three outliers ate only 49.6% + 24.2 (SD; N = 3). 
One (24.76kg BWTInitial; treatment 1) was an extreme outlier (22.9% of food eaten) relative to the 
other two (55.7% from treatment 1 and 70.1% from treatment 3 respectively). 

c. The majority of animals (N =52) considered “normal” on Figures 73 and 74, had a mean size of 
29.57 + 4.72kg BWTInitial (SD; N = 52; range = 22.5 to 41.5 BWTInitial), ate 95.47% + 4.93% (SD; N 
= 52; range = 82.8% to 100%) of WCH offered, which constituted up to 6.5% of BWTInitial per week. 
There was no significant trend between %WCH eaten and the % of BWTInitial that 1.44kg comprised 
(R2 = 0.001; P = 0.87) within these 52 “normal” animals. 

When %WCH eaten is examined as a function of the amount of food offered per feed (rather than per week), 
also expressed as a percentage of BWTInitial (Figure 75), further insights are gained: 

a. In four of the five smaller animals (Figures 73 and 74), 1.44kg per week exceeded feeding capacity, 
regardless of whether it was fed in a single feed or multiple feeds in a week.    

b. If fed more than 5.8% of BWTInitial in a single feed, food consumption was compromised, which 
included two of the three outliers and one of the small individuals. 

c. Within the animals considered “normal” there was a significant decline in the %WCH eaten as the 
amount of food, expressed as a percentage of BWTInitial (%F.BWT) increased (%WCH = 99.93 – 
1.74%F.BWT + 4.26%WCH; N = 52; R2 = 0.268; P <0.0001). However, the decline was due 
entirely to the ten animals with %F.BWT  >4.0% (Figure 75), all of which came from treatment 1, 
fed 1.44 \kg WCH in one feed per week. 
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Figure 75. % WCH eaten for all animals in all four treatments as a function of the weight of food 
offered at each feed as a percentage of BWTInitial.  

 

6.4.2.3 The interaction between food eaten per week and per feed 

The ways in which feeding rate per week and per feed interact with each other to limit feeding capacity cannot 
be examined in the larger animals, because they were not fed to capacity. They were capable of eating all the 
food offered per week, regardless of how frequently it was fed and in what amounts. This was not the case in 
the smaller animals.  

A subset of the smaller animals (<26kg BWTInitial; N = 20) was examined, with the extreme outlier removed, 
and the other two outliers included (N=19) and excluded (N=17). The extent to which the variables in Table 
50 could explain %WCH eaten was then examined independently, and then multiple regression was used to 
derive the best model for predicting %WCH eaten. 

With the extreme outlier excluded, but the other outliers included (N=19), 51% of the variation in %WCH 
eaten could be predicted from the amount of food fed at each feed, expressed as a percentage of BWTInitial 
(%FF/BWT) (%WCH = 111.89 – 8.63%FF/BWT + 14.24%WCH; N = 19; R2 = 0.510; P <0.0001). With the 
two additional outliers excluded, the significance of most variables improved (Table 50). 

Table 50. Trends in %WCH eaten in crocodiles <26kg BWTInitial (N=19) as a function of different 
potential variables that may interact with each other (extreme outlier excluded). The 
analyses was repeated with the two additional outliers excluded (N=17). * = significant at 
the P = 0.05 level. “+” and “-“indicate direction of trend. 

Independent Variable N=19 N=17 
 R2 P R2 P 
          

Initial BWT 0.024 0.523+ 0.373* 0.009+ 
Initial BWT2  0.023 0.534+ 0.357* 0.011+ 
Condition (Initial BWT/SVL) 0.025 0.514+ 0.423* 0.005+ 
Feeds per week (1-4) 0.337* 0.009+ 0.148 0.127+ 
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Feeds per week squared (1-16) 0.224* 0.032- 0.109 0.197+ 
Food per feed (kg)  0. 482* 0.001 0.212* 0.063 
%BWT (WCH/Week) 0.027 0.504- 0.401* 0.006- 
%BWT (WCH/Feed)  0.510* 0.0006- 0.342* 0.014- 
          

 

The best multiple regression model for predicting %WCH eaten explained 66% of the variation and involved 
the amount of food fed each week (%FW/BWT) and at each feed (%FF/BWT) as variables (%WCH = 166.87 
-10.527%FW/BWT – 4.032%FF/BWT + 6.9%WCH; N = 17; R2 = 0.662; P <0.0001; R2 addition due to 
%FW/BWT =  0.320; P = 0.0026). Both variables are clearly contributing significantly to %WCH eaten.  

The mean values for these coefficients in the sample are 6.23% FW/BWT and 2.86% FF/BWT, and they 
predict 89.8% of the variation in WCH eaten (the real mean value is 89.8% of WCH eaten). The mean 
BWTInitial in the sample was 23.3kg. 

This model was used to investigate options available for achieving 100% of offered WCH being eaten. When 
the amount of food per feed (FF) was held at a constant 2.86% of BWT (0.67kg/feed for this size), the weekly 
allocation of food would need to be reduced from 6.23% to 5.26% BWT (1.44kg to 1.23kg WCH/week) to 
achieve 100% food consumption. It suggests increased digestive efficiency if the stomach is not filled to 
capacity. This would mean 1.84 feeds per week or feeding each 3.8 days. When the amount of food fed per 
week was held constant at 6.23% BWT, 0.074kg per feed would be required, which would mean 16.6 feeds 
per week, or 2.4 feeds per day. 

Feeding every 3.8 days is clearly impractical, and when adjusted to every 3.5 days (two feeds per week), the 
model predicted the feeding regime needed to maximise consumption of WCH would be 5.34% of body 
weight per week, with each feed 2.63 % of BWT. When scaled to body size, the optimum feeding regimes for 
WCH are summarised on Table 51. 

Table 51. The predicted feeding regime for WCH aimed at maximising food consumption 
(100%WCH eaten) in saltwater crocodiles as a function of BWT, when fed twice per 
week. Weekly feeding based on 5.34% BWT per week, with the daily feeds 2.63% of 
BWT. Estimated WCH consumption per week is based on a 60g WCH.  

BWT (kg) Weekly (kg) Per Feed (kg) WCH (N) 
        

10 0.53 0.26 8.8 
15 0.79 0.39 13.2 
20 1.05 0.53 17.5 
25 1.32 0.66 22 
30 1.58 0.79 26.3 
35 1.84 0.92 30.7 
40 2.1 1.05 35 
45 2.37 1.18 39.5 
        

 

6.4.2.4 Effects of treatment on feeding capacity 

The total amount of food offered was capped at 1.44kg per week which exceeded the capacity of the smallest 
animals to eat, but was less than could be eaten by larger ones. Over and above this, there were three outliers 
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whose low food consumption was not due, or not exclusively due, to the effects of treatment. With the 
extreme outlier excluded, variation in food consumption as a function of treatment is summarised in Table 52. 

Table 52. Summary statistics on the effects of treatment on FC as a function of initial BWT (kg), with 
the extreme outlier in treatment 1 excluded. Food consumption is corrected to 8.0 weeks 
(see Table 40). 

Treatment 1 2 3 4 
          

N 14 15 15 15 
Total BWTInitial (kg)  426.22 435.66 403.18 441.74 
Total Food (kg) 139.92 152.76 154.02 161.88 
Total weeks of Feeding 8 7.5 7.67 7.79 
Total Food Corrected (kg) 139.92 162.94 160.65 166.24 
Mean BWT (kg) 29.08 29.04 26.88 29.45 
Mean FC (kg) 9.99 10.86 10.71 11.08 
Median BWT (kg) 27.75 26.38 26.88 29.45 
Median FC (kg) 10.14 10.18 10.74 11.04 

Total food consumption as a % of BWTINITIAL 
Total FC/BWT (%) 32.8 37.4 39.9 37.6 
Mean FC/BWT (%) 34.4 37.4 39.8 37.6 
Median FC/BWT (%) 36.5 38.6 40 37.5 

Weekly Food Consumption as a % of BWTInitial  
Total FC/BWT (%) 4.1 4.7 5 4.7 
Mean FC/BWT (%) 4.3 4.7 5 4.7 
Median FC/BWT (%) 4.6 4.8 5 4.7 
          

 

Mean FCTotal, when corrected for the different periods of feeding (Table 40), was significantly higher in 
treatment 4 (P = 0.006) and almost so in treatment 2 (P = 0.06), than in treatment 1 (Table 53). The mean 
values were not significantly different between treatments 2, 3 or 4, which ate similar amounts of food. 
However, the mean BWTInitial in different treatments varied (Table 39), and an interaction between feeding 
capacity and crocodile size is to be expected. When corrected for mean BWTInitial, treatment 3 was 
significantly higher than treatment 1, but none of the other treatments were significantly different from each 
other (Table 54). However, when within-treatment variation in size was removed by examining only the 
animals considered “normal” (Figure 75; N = 52), it is clear (Table 55) treatment 1 had significantly lower 
FCTotal than treatments 2,3 and 4, which were not significantly different from each other.  
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Table 53. Paired t-test comparing FCTotal between treatments, corrected for the different periods of 
feeding (Table 40). 

 

 

Table 54. Results of a paired t-test comparing FCTotal corrected for different periods of feeding (Table 
40) as a function of BWTInitial 

 

 

Table 55. Results of a paired t-test comparing FCTotal corrected for different periods of feeding (Table 
40) with crocodiles (N = 52) considered “normal” (Figure 75).  
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6.4.2.5 Summary of results on feeding capacity 

The major general conclusions concerning food consumption derived from treatments 1 to 4 were: 

a. Smaller crocodiles (<25kg BWT) across all treatments had difficulty consuming 1.44kg of WCH per 
week, in one or multiple feeds per week. 

b. Some individuals, identified as outliers here, ate appreciably less than others of the same size for 
reasons that appear to be independent of the treatments. It is unclear whether the generally small size 
of these outliers is a contributing factor or not, and it could reflect different thermoregulatory 
behaviours (Figures 64 and 65).  

c. The majority of saltwater crocodiles >25kg BWT appeared capable of eating all the food offered 
(Figures 73 and 74), but not all animals did so (Table 51), even in treatment 4 with the largest mean 
and median BWT (Table 39). If unrelated to thermoregulation, it could also reflect variation in 
stomach volumes linked to the prior history of feeding (discussed in Section 6.5.3).  

d. Total food consumption was constrained in most individuals within treatment 1, which had one large 
feed per week, filling the stomachs to a much higher degree than in the other treatments. Food 
consumption was highest in treatment 4, fed the least amount of food per feed, but fed four times per 
week. 

e. Feeding rate should not exceed 6.0% of BWT per week.A feeding rate of 5.3% of BWT per week, in 
two feeds of 2.67% of BWT, appears to be a rate in which 100% of food offered should be consumed. 
Feeding lesser amounts four times per week may increase digestive efficiency, and food consumption, 
but the costs of doing so may outweigh advantages. 

6.4.3 Feeding trials: factors affecting growth and food conversion rates when fed 
WCH 

6.4.3.1 General 

Mean BWTGrowth across all four treatments over the complete experimental period (65.2 days; 9.3 weeks) was 
1.60 + 0.83kg (SD; N = 60; range -1.86 to + 3.50kg) (Figure 76; Table 56). Differences between treatments 
with all data included, approached but did not reach statistical significance (one-way ANOVA, F3,56 = 2.50, P 
= 0.07), which is not surprising given the wide and statistically significant variances (Table 57).  
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Figure 76. BWTGrowth (kg) in all animals, for all treatments. Heavy horizontal line represents mean 
growth (1.60kg); the fine horizontal line represents no growth. Open circles indicate 
outliers (see text).  

 

Table 56. BWTGrowth in treatments 1 to 4 (N = 60). * = values with outliers (Figure 76) excluded. 

Treatmen
t Mean SD N Min. Max. Median 
              
1 1.15 1.11 15 -1.86 2.36 1.32 

1* 1.37 0.76 14 0.14 2.36 1.34 
2 1.63 0.47 15 0.84 2.36 1.62 
3 1.68 0.18 15 0.9 3.5 1.6 

3* 1.55 0.48 14 0.9 2.6 1.55 
4 1.94 0.8 15 -0.2 3.08 2.08 

4* 2.08 0.62 14 0.95 3.08 2.12 
              

 

Table 57. F-test results comparing variances in BWTGrowth between treatments 1 to 4. 
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Three potential outliers were identified (Figure 76): 

a.   In treatment 1, the BWTGrowth in one individual (no. 15) was 2.7 SDs below the mean for that 
treatment. This FC was also greatly reduced (Figure 73) for unknown reasons, apparently unrelated 
to treatment.  

b.  In treatment 3, the individual (no. 36) with the highest BWTGrowth (3.50kg) was 4.0 SDs above the 
mean value. Its growth could not be explained by food consumption, and was inconsistent with 
growth in HL, SVL and TL: it was assumed to be an erroneous BWT measure or a recording error at 
the final inventory.  

c.  In treatment 4, a single individual (no. 48) was 2.5 SDs below the mean. It lost weight, but had high 
food consumption, and is also considered to be abnormal or in error due to factors other than 
treatment. 

With these three individuals excluded, none of the variances (Table 57) remained significantly different from 
each other (P = 0.09 to 0.95). Mean growth in treatment 4 was significantly higher than in treatments 1, 2 and 
3, which were not significantly different from each other (Table 57). Median growth (Table 56) indicates 
treatments 2 and 3 were almost identical relative to treatment 1 (lower growth) and treatment 4 (higher 
growth). Regardless of whether outliers were included or excluded, the median growth in treatment 4 was 
58% higher than in treatment 1. This is consistent with the higher mean and median FC in treatment 4 
uncorrected by BWT (Table 52). 

6.4.3.2 General relationship between growth, food consumption and food conversion 
rates 

Of the total amount of food consumed (FCTotal), an unknown proportion is required to maintain BWT and meet 
metabolic needs (FCMaint). As explained above, if this can be estimated and subtracted from FCTotal, it provides 
an estimate of FCGrowth. Thus, food conversion rates can be applied to the total BWTGrowth as a function of 
FCTotal, expressed here as FCRTotal (FCTotal/BWTGrowth) or %FCRTotal (BWTGrowth/FCTotal *100). If FCGrowth can be 
estimated, this is expressed as FCRGrowth (FCGrowth/BWTGrowth) or %FCRGrowth (BWTGrowth/FCGrowth  x 100). 

For calculating the mean BWTGrowth, FCTotal, FCRTotal and %FCRTotal here (Table 58), the three growth outliers 
(Figure 75) were excluded. The mean treatment values for FCRTotal and %FCRTotal were used to calculate 
FCTotal and BWTGrowth, because when individual values are used and BWTGrowth approaches zero, individual 
FRCs approach infinity. 

 Table 58. Effects of treatment on mean BWTGrowth and FCTotal, with FCRTotal and %FCRTotal calculated 
from the mean values (T1-4; N = 57).  

Treatment  1-4 1 2 3 4 
            

N 59 14 15 14 15 
Mean FCTotal (kg) 10.18 9.99 10.18 10.23 10.84 
mean BWTGrowth (kg) 1.57 1.37 1.63 1.55 2.08 
mean FCRTotal 6.48 7.29 6.25 6.6 5.21 
mean %FCRTotal 15.42 13.71 16.02 15.15 19.19 
            

 

Within these data sets (N =57), mean BWTGrowth and mean FCTotal in treatment 4 were both significantly higher 
than in all other treatments (Table 59 and 60 respectively). Treatment 4 had the highest mean FRCTotal and 
%FRCTotal.  
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Table 59. T-test comparisons of means for BWTGrowth (N = 57) with the three outliers (Figure 76) 
excluded.  

 

 

Table 60. T-test comparisons of means for FCTotal with the three growth outliers (Figure 76) excluded 
(N = 57). 

 

 

Taking all animals together (N = 59), with the exception of the outliers with exceptionally high growth, there 
was clearly a variable but significant relationship between BWTGrowth and FCTotal (Figure 77) (BWTGrowth = -
2.455 + 0.395FCTotal + 0.57kg; N = 59; R2 = 0.50; P <0.0001). It indicates that a mean of 6.22kg of food, or 
61.1% of FCTotal (10.18kg; Table 59), was required to achieve zero growth. Zero growth is an estimate of 
maintenance costs (6.22kg WCH), and when subtracted from mean FCTotal (10.18kg; Table 59), it indicates 
that only 3.96kg was available for growth (FCGrowth). Given a mean of 1.57kg of BWTGrowth (Table 59), 
FCRGrowth and %FCRGrowth are estimated as 2.52 and 39.6% respectively.  
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Figure 77. The mean relationship between BWTGrowth and FCTotal for saltwater crocodiles fed WCH (N 
= 60) in treatments 1-4. Horizontal line equals zero growth. 

 

6.4.3.3 Size effects on growth, food consumption and food conversion rates 

The relationship between BWTGrowth, FCTotal and FCMaint is fundamentally a mass-specific one, influenced by 
the extent to which BWT increased during the trials [5.70 + 2.43% BWT (SD); N = 59; range -7.2 to + 
11.4%]. To account for this, the “size” of animals was expressed as their mean BWT (MBWT; final BWT + 
initial BWT/2). Mean MBWT in the sample was 29.32 + 5.20kg (SD; N = 59), whereas the mean BWTInitial 
was 28.54 + 5.22 (N = 59). For the size-specific analyses, BWTGrowth was expressed as function of MBWT 
(GBWTMBWT in g) as was FCTotal (TFCMBWT in g). With the outlier (no. 36) considered to have erroneous high 
growth excluded, some 63% of the variation in GBWTMBWT was explained by TFCMBWT (Figure 78), with 
normally distributed residuals, whereas only 50% was explained using values from the same sample 
uncorrected for BWT (Figure 77). The single animal (no. 15) with very low GBWTMBWT and TFCMBWT exerted 
a significant influence on the mean relationship, and a separate relationship was calculated in which no. 15 
was also excluded (Figure 78). 

GBWTMBWT = -80.02 + 0.382TFCMBWT + 18.49 b; N = 59, R2 = 0.632; P <0.0001) (Figure 78) 

 

GBWTMBWT  = -58.336 + 0.323TFCMBWT + 17.55; N = 58, R2 = 0.507; P <0.0001; Figure 78).  
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Figure 78. Linear relationship between GBWTMBWT and TFCMBWT, with the outlier (no. 15) included 
(A; N = 59) and excluded (B; N = 58). 

 

Despite wide variability, a significant decline occurred in the relationship between GBWTMBWT with 
increasing MBWT (Figure 79). 

GBWTMBWT = 118.84 -2.095MBWT + 22.46; N = 58, R2 = 0. 19; P = 0.0006) (Figure 79).  

 

Figure 79. Linear relationship between GBWTMBWT and MBWT (N = 58), with the outlier (no. 15 on 
Figure 78) excluded. 

 

When the mean predicted trend in GBWTMBWT (Figure 79) is converted to absolute growth (GBWT in kg) as a 
function of increasing BWT, the relationship is clearly curvilinear (Figure 80). 
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GBWT = 0.00 + 0.1184MBWT – 0.002095MBWT2) (Figure 80)  

 

Figure 80. The mean trend in Figure 79 expressed as absolute GBWT (in kg) as a function of MBWT 
(N = 58). 

 

The degree to which variation in GBWTMBWT (Figure 79) could be explained by both TFCMBWT and MBWT 
(kg) was explored using multiple regression models. Excluding the outlier (no. 15), which is considered to be 
a more realistic estimate of mean trends, the variation in GBWTMBWT explained by  TFCMBWT alone (50.7%) 
increased to 54.6%:  

GBWTMBWT = -144.06 + 0.437TFCMBWT  +1.524MBWT + 17.05 g (N = 58; R2 = 0.55, p<0.0001; R2 addition 
due to MBWT = 0.039, p = 0.03)  

 

By setting GBWTMBWT to zero, using the real values of MBWT’s and solving the equation for TFCMBWT, an 
estimate is generated for the FC required for maintenance (MFCMBWT; zero growth) and the linear way it 
changes with increasing MBWT (Figure 81). 

MFCMBWT = 329.657 – 3.487MBWT (N = 58) (Figure 81)  
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Figure 81. Predicted food consumption (g per kg of MBWT) needed to achieve zero growth, which 
estimates the food consumption for maintenance costs (MFCMBWT).  

 

When scaled to MBWT, the total food consumption required for maintenance (MFCTotal) can be estimated 
(Figure 82). This is clearly a high proportion of the 10.31 + 1.03kg (SD; N = 58) of food consumed. 

MFCtotal = 0.00 + 0.32966MBWT – 0.0034874MBWT2 kg (Figure 82).  

 

Figure 82. Food consumption (kg) needed to achieve zero growth as a function of MBWT, which 
estimates maintenance costs (MFCtotal).  

 

To describe the mean trend in FCTotal as a function of MBWT (rather than BWTInitial), FCTotal was calculated as 
a moving average within 5 kg subsamples, starting with 19-23kg MBWT, and advancing in 1kg steps (Figure 
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83). The relationship over the full size range is not a negative exponential, because although the smaller 
animals were fed to capacity, the larger ones were not and could eat all food provided. Hence two 
relationships were required which intersected at 28.6kg MBWT (Figure 83) and the mean fitted values are in 
Figure 84: 

< 28.6kg MBWT. FCTotal = -14.804 + 1.6517MBWT – 0.02654MBWT2 + 0.163kg; N = 10, R2 = 0.97, 
P<0.0001) (Figure 83)  

> 28.6 kg MBWT. FCTotal = 10.71 + 0.175kg (SD), N = 11 (Figure 83). 

 

 

Figure 83. The relationship between total food consumption (FCTotal) and MBWT, for animals 
<28.62kg MBWT (A) and >28.62kg MBWT (B), as determined by a shifting average (see 
text). 
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Figure 84. The predicted mean relationship between FCTotal and MBWT as determined by the 
equations derived for Figure 83. 

 

When the mean predicted MFCTotal as a function of MBWT (Figure 82) are subtracted from the mean 
predicted values for FCTotal as a function of MBWT (Figure 84), an estimate is derived for GFCTotal as a 
function of MBWT, which is the amount of food consumed that was theoretically available for growth (Figure 
85). It was modelled by two relationships intersecting at 28.5kg MBWT: 

< 28.5kg MBWT. GFCTotal = -14.804 + 1.32204MBWT – 0.023053MBWT2; N = 31 (Figure 85); and, 

> 28.5kg MBWT. GFCTotal = 10.71 – 0.329657MBWT + 0.0034874MBWT2; N = 27) (Figure 85). 
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Figure 85. The predicted relationship between GFCTotal and MBWT as determined by subtracting 
MFCTotal (Figure 82) from FCTotal (Figure 84). 

 

The calculations above allow FCR and %FCR to be estimated as a function of MBWT for FCTotal (FCRTotal and 
%FCRTotal respectively), and for GFCTotal, the portion of the food consumed that is not required for 
maintenance and is theoretically available for growth (FCR Growth and %FCR Growth respectively). 

FCRTotal (Figure 86) and %FCRTotal (Figure 87) as a function of MBWT were estimated from the mean 
predicted trends in FCTotal (Figure 84) GMBWT (Figure 80). The relationship between both FCRTotal and 
%FRCTotal and increasing size was sinusoidal and all the variation was accounted for by a third order 
polynomial. 

FCRTotal = -18.72 + 2.36609MBWT - 0.0758412MBWT2 + 0.0008289MBWT3 + 0.03% (Figure 86). 

%FCRTotal = 85.07 – 6.3499MBWT + 0.196294MBWT2 - 0.0020613MBWT3 + 0.09% (Figure 87). 
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Figure 86. The predicted FCRtotal as a function of MBWT, as determined from the relationships on 
Figures 80 and 84.  

 

 

Figure 87. The predicted %FCRtotal as a function of MBWT as determined from the relationships on 
Figures 80 and 84.  

 

To estimate FCRGrowth (Figure 88) and %FCRGrowth (Figure 89) as a function of MBWT, trends in GMBWT 
(Figure 80) were expressed as a function of GFCTotal, the estimated amount of food available for growth 
(Figure 85). The relationship between MBWT and both FCRGrowth and %FCRGrowth had the same disjunct 
relationship apparent in Figure 85, and both were better modelled by two second or third order polynomials 
intersecting at 28.5kg MBWT: 

<28.5kg MBWT. FCRGrowth = -7.537 + 0.70319MBWT - 0.012371MBWT2 (range 20.6kg to 28.5kg MBWT; 
N = 32) (Figure 88). 
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>28.5kg MBWT FCRGrowth = 8.954 - 0.37475MBWT + 0.0051618MBWT2 (range 28.6kg to 42.0kg MBWT; N 
= 28) (Figure 88). 

 

 

Figure 88. The predicted FCRtotal as a function of MBWT. Dashed line is the mean value for animals 
>23kg MBWT (2.31 + 0.11). 

 

<28.5kg MBWT. %FCRGrowth = 944.17 – 97.47739MBWT + 3.52973MBWT2 – 0.042889MBWT3 (range 20.6 
kg to 28.5kg MBWT) (Figure 89) 

>28.5kg MBWT %FCRGrowth = -85.194 + 7.251227MBWT – 0.099888MBWT2 (range 28.6kg to 42.0kg 
MBWT) (Figure 89) 
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Figure 89. The predicted %FCRGrowth as a function of MBWT. Dashed line is the mean value for 
animals >23kg MBWT (43.40 + 2.04%). 

 

6.4.3.4 The consequences of not feeding 

The single animal (no. 15) that fed little and lost weight during the experiment (change in mass = -1.86kg) had 
a BWTInitial of 24.76kg, and a BWTFinal of 22.90kg; the MBWT was 23.83kg. The average crocodile of 23.83kg 
MBWT would require 5.88kg of food to maintain its weight without growing (Figure 82), yet this individual 
only ate 2.64kg, leaving a shortfall of 3.24kg of food (0.136kg of food per kg MBWT). If the 1.86kg BWT 
(0.078kg per kg of MBWT) of weight loss was due largely to the depletion of fat reserves, it suggests that 
0.136kg of WCH equates to 0.078kg of stored fat; a scaling factor of 1.74:1. 

6.4.3.5 Integrating the results for treatments 1-4 

The smallest crocodiles were not capable of eating 1.44kg of food for each of the eight weeks of feeding, 
regardless of treatment. However, there were also individuals that consumed much less WCH than others of 
the same size, for reasons considered unrelated to treatment, and which were excluded from some analyses. 
Amongst the individuals considered typical or normal, food consumption was significantly higher in treatment 
4 than in all other treatments (Table 55). The analysis of growth also indicated that once outliers were 
accounted for, treatment 4 gave significantly higher growth than treatments 1, 2 and 3, which were not 
significantly different from each other. When corrected for mean differences in BWTInitial between treatments 
(Table 39), the relationship between growth and food consumption for treatments 2 and 3 were almost 
identical (Figure 90).  
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Figure 90. Effects of treatment on the relationship between growth in BWT and FCtotal of WCH. 

 

Treatments 2-3 (combined) and treatment 4 ate 2.3% (10.22kg) and 8.0% (10.79kg) more food respectively 
than in treatment 1 (9.99kg), but grew 16.0% (1.59kg) and 51.8 % (2.08kg) more than in treatment 1 (1.37kg 
GBWT). Thus treatment 4 ate 5.6% more food than treatments 2-3 for a 30.8% increase in GBWT. The 
results are consistent with the extra food eaten being allocated to growth, where a much higher FCR applies 
(Figure 89), giving more efficient overall conversion of food eaten to crocodile tissue (Table 59). Feeding to 
capacity and filling the stomach has significant underlying effects on the partitioning of FCTotal into FCMain and 
FCGrowth, namely increasing maintenance costs and leaving less nutrients for growth. Hence the optimum 
feeding strategy may involve feeding less food more often, although the costs of feeding itself need to be 
taken into account. Optimising two feeds per week (Table 51) may be the most cost effective approach. 

The analysis of size effects on the estimated FCR and %FCR here refer to the general trends through the 
results for all treatments. They indicate that a very high proportion (65%) of the total amount of food 
consumed in all four treatments was required for maintenance (Figure 82), and this proportion increased with 
increasing MBWT. As food consumption had a ceiling (1.44kg per week of feeding), the small animals were 
able to feed to capacity, had less body weight to maintain, and were thus able to grow more than the larger 
ones for the same amount of WCH consumed each week.  

The general results of feeding WCH in the four treatments are summarised in Table 61. Means and sample 
sizes are not necessarily identical to other parts of the study, because one individual considered to have a 
spurious measurement of growth was deleted. The results provide insights into the partitioning of the WCH 
into maintenance and growth and indicate that FCRGrowth is, on average, 284% higher than the FCRTotal. 
Scaling to body size (MBWT) is clearly important, as demonstrated in Table 62. 
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Table 61. Effects of treatments (1 to 4) on feeding dynamics with WCH. Notations in brackets refer to 
combinations that did reach significance at the P<0.05 level. For the overall results (T1-4; 
N = 59), mean values are used. Inc = increase, Dec = decrease, Week = feeding averaged 
over 9.3 weeks (between measures). Mean FCTotal from measures, FCMain from Figure 82, 
FCGrowth from subtraction (FCTotal – FCMain). 

Treatment  1-4 1 2 3 4 2+3 Notes 
                

N 59 15 15 14 15 30   
Feeds per week 2.5 1 2 3 4 2.5 Inc. 
Food offered per feed (kg) 0.75 1.44 0.72 0.48 0.36 0.6 Dec. 
Food offered per week (kg) 1.2 1.24 1.16 1.19 1.2 1.18  
Mean BWT (kg) 29.4 29.8 29.9 27.6 30.4 28.9  

Mean Growth 1.63 1.37 1.55 1.59 2.08 1.58 
Inc. (T4 vs 

T1,T2) 
Mean Growth/MBWT (%)  5.54 4.6 5.18 5.76 6.84 5.47 Inc. (T4 vs T1) 

FCTotal (kg) 10.3 9.99 
10.1

8 
10.2

7 
10.7

9 
10.2

3 
Inc. (T4 vs 

T1,T2) 
FCMain (kg)(Fig. 73) 6.68 6.73 6.74 6.44 6.8 6.61  
FCMain/FCTotal (%) 64.8 67.3 66.2 62.7 63 64.7  
FCGrowth (kg)(subtraction) 3.62 3.26 3.44 3.83 3.99 3.62 Inc. (T4 vs T1) 
FCGrowth/FCTOTAL (%) 35.2 32.7 33.8 37.3 37 35.3  

FCRTotal (GBWT/ FCTotal) 6.32 
7.29

1 6.57 6.46 5.19 6.47 Inc. (T4 vs T1] 
%FCRTotal (GBWT/ FCTotal) 15.8 13.7 15.2 15.5 19.3 15.4 Inc. (T4 vs T1] 
FCRGrowth (GBWT/FCGrowth) 2.22 2.38 2.22 2.41 1.92 2.29 Inc. (T4 vs T3) 
%FCRGrowth (GBWT/FCGrowth) 45 42 45 41.5 52.1 43.7 Inc. (T4 vs T3) 
FCRGrowth/FCRTotal 0.35 0.33 0.34 0.37 0.37 0.35  
%FCRGrowth/%FCRTotal 2.84 3.06 2.96 2.68 2.7 2.83  

                
 

Table 62. Predicted scaling of parameters to BWT when fed WCH, with all treatments (1-4) lumped, 
using the mean relationships with MBWT derived above. The mean animal across all 
experiments was 29.4kg MBWT.  

MBWT (kg)  29.4 20 25 30 35 40 
              
Feeds per week 1-4 1-4 1-4 1-4 1-4 1-4 
Mean feeds per week 2.5 2.5 2.5 2.5 2.5 2.5 
Mean Food offered per feed (kg) 0.75 0.75 0.75 0.75 0.75 0.75 
Mean Food offered per week (kg) 1.2 1.2 1.2 1.2 1.2 1.2 
Mean Growth (kg) (Fig. 71) 1.68 1.54 1.66 1.68 1.59 1.4 
Mean Growth/MBWT (%) 5.7 7.7 6.7 5.62 4.6 3.5 

FCTotal (kg) (Fig. 75) 
10.1

7 7.61 9.9 
10.1

7 
10.1

7 
10.1

7 
FCmain(kg) (Fig. 73) 6.68 5.2 6.06 6.75 7.27 7.61 
FCGrowth (kg) (Fig. 76) 4.03 2.42 3.84 3.96 3.44 3.1 
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FCmain/FCTotal (%) 65.7 68.3 61.2 66.4 71.4 74.8 
FCGrowth/FCTotal (%) 39.7 31.7 38.8 38.9 33.9 30.5 
FCRTotal (Fig. 77) 6.35 4.9 5.98 6.39 6.73 7.64 
%FCRTotal (Fig. 78) 15.7 20.1 16.8 15.6 14.9 13.2 
FCRGrowth (Fig. 79) 2.4 1.58 2.31 2.36 2.16 2.22 
% FCRGrowth (Fig. 80) 41.7 63.4 43.2 42.4 46.2 45 
FCRGrowth/FCRTotal 0.38 0.32 0.39 0.37 0.32 0.29 
%FCRGrowth/%FCRTotal 2.66 3.15 2.57 2.72 3.1 3.41 

              
 

The results in Tables 61 and 62 provide a series of reference statistics for feeding dynamics with WCH that 
can be compared objectively with those derived from other foods in treatments 5 to 9. They also provide 
estimates that can be used to model and assess the likely growth impacts of manipulating feeding regimes with 
different sized crocodiles fed WCH. By using the formulae in Section 1, results can be converted to units of 
skin size and thus economic value, allowing cost-effectiveness to be evaluated objectively. 

6.4.4 Feeding trials: comparing WCH, MCHS and PCHS 

6.4.4.1 Food consumption 

The analysis protocol used to analyse the results here follows closely that derived for WCH above (Section 
6.4.3). The general relationship between treatments (2-4 combined, 5 and 6) and food consumption (Figure 
91; Table 63) showed no significant differences in the proportion of animals that ate <95% or >95% of 
offered food (Contingency table: P = 0.09). The mean percentage of offered food eaten was significantly 
higher in WCH than in MCHS (t-test; P = 0.017) (Table 63) and almost so in PCHS (t-test; P = 0.07), but this 
was due to the two outliers (Figure 91). When excluded, the differences were not significant (T-tests; P = 0.11 
and 0.64 respectively). The general trend (Table 63) could be explained by the sausages containing MCH 
(versus WCH or PCHS) being marginally more difficult to find, grasp and/or consume. 

 

Figure 91. Percentage of food items offered that were consumed as a function of treatment. Open 
circle = extreme outlier (no. 81), ? =  possible outlier (no. 102). 
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Table 63. The percentage of offered food items consumed as a function of treatment.  

Treatment   N 
<95% 

(N) 
>95% 

(N) 
Mean 
(%) 

SD 
(%) 

Median 
(%) 

Min. 
(%) 

Max. 
(%) 

                    
Outliers excluded                   

 WCH 43 14 29 94.7 8.2 97.9 63.3 100 
 MCHS* 11 7 4 90 9.6 92.9 72.8 100 
 PCHS* 11 3 8 96.7 8.3 96.7 71.2 99.5 
 Total* 65 24 41 93.7 8.4 97.3 63.3 100 

Outliers included          
 WCH 43 14 29 94.7 8.2 97.9 63.3 100 
 MCHS 12 8 4 86.9 14.4 92.6 52.7 100 
 PCHS 12 4 8 96.5 24.8 96.5 12 99.5 
 Total 67 26 41 91.8 13.9 97.3 12 100 
                    

 

The relationship between food consumption and MBWT (Figure 92) was similar to that described for WCH 
previously (Figure 83). Feeding 1.44kg of food per week was beyond the capacity of the smaller animals 
(<28.5kg MBWT) to eat and digest, yet not enough to meet what the larger animals (>28.5kg MBWT) could 
have eaten and digested. None of the variation in FCTotal could be explained by treatment, regardless of 
whether crocodiles <28.5kg MBWT and >28.5kg MBWT were analysed separately or together with various 
polynomial models.  

 

Figure 92. Total food consumption (FCTotal in kg) as a function of MBWT (in kg). 

 

To describe the mean trend in FCTotal as a function of MBWT, FCTotal was calculated as a moving average 
within 5kg subsamples, starting with 19-23kg MBWT and advancing in 1kg steps (Figure 93). The 
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relationship over the full size range is not a negative exponential, because although the smaller animals were 
fed to capacity, the larger ones were not, and could eat all the food provided: 

<28.5kg MBWT. FCTotal = -14.07 + 1.63705MBWT – 0.026865MBWT2 + 0.09kg; N = 10, R2 = 0.99, 
P<0.0001) (Figure 93) 

>28.5kg MBWT. FCTotal = 10.74 + 0.077kg (SD), N = 13 (Figure 93) 

 

 

Figure 93. The mean relationship between FCTotal and MBWT for animals < 28.5kg MBWT (A) and 
>28.5kg MBWT (B), as determined by calculating a shifted average (see text). 

 

6.4.4.2 Growth 

In contrast to FCTotal, which did not vary between treatments, there were highly significant differences in 
GBWT among the three treatments (Figure 94, Tables 64 and 65). Based on the mean values, those fed MCHS 
and PCHS had 65% and 105% more growth respectively, than those fed WCH, despite food consumption 
being the same. Those fed PCHS had 24% more growth than those fed MCHS. 
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Figure 94. Growth in BWT (kg) as a function of treatment. Horizontal lines are means and brackets 
contain sample sizes. 

 

Table 64. Growth in BWT (kg) from each of the treatments with and without (*) outliers included.  

Treatment N Mean SD SE Min. Max.  Median 
                

Outliers excluded 

WCH 43 1.75 
0.5
6 0.09 -0.84 3.08 1.66 

MCHS* 11 2.88 0.6 0.18 1.82 3.7 2.7 

PCHS* 11 3.58 
0.6
8 0.2 2.46 4.44 3.9 

Outliers included 

MCHS 12 2.68 
0.8
9 0.26 0.54 3.7 2.63 

PCHS 12 3.09 
1.8
1 0.52 -2.28 4.4 3.71 

                
 

Table 65. T-test results comparing GBWT between treatments with the two outliers excluded. 
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The above differences in GBWT between treatments were reflected in the mean FCRTotal (Table 66) expressed 
as FRC (FCTotal/GBWT) and %FRC, with t-tests confirming the differences were highly significant (Tables 67 
and 68). 

Table 66. FCRTotal and %FCRTotal with outliers excluded. A single animal (No. 48) fed WCH, had high 
food consumption but which lost weight was also excluded. 

Treatment N Mean SD SE Min. Max.  Median 
                

FCR 
WCH 43 6.53 2.07 0.32 3.62 12.27 6.03 
MCHS 11 3.57 0.7 0.21 2.58 4.91 3.29 
PCHS 11 2.96 0.56 0.17 2.46 4.06 2.72 

%FCR 
WCH 43 16.71 4.75 0.73 8.15 27.6 16.57 
MCHS 11 28.97 5.36 1.62 20.36 38.78 30.35 
PCHS 11 34.69 5.42 1.63 24.62 40.66 36.72 

                
 

Table 67. T-test results comparing FCR between treatments with the two outliers excluded. 

 

 

Table 68. T-test results comparing %FCR between treatments with the two outliers excluded. 

 

 

6.4.4.3 Size effects on growth and food consumption 

The relationship GBWTMBWT (weight specific growth in g) and TFCMBWT (weight specific total food 
consumption in g), indicates fundamental differences between the two treatments with sausages (MCHS and 
PCHS) versus the treatment with WCH (heavy lines on Figure 95). For consistency, the regression line used 
for the WCH on Figure 95 is that derived previously for WCH (Figure 78) rather than a separate one derived 
for this subsample of data points: The two main regressions are: 
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WCH GBWTMBWT = -58.336 + 0.323TFCMBWT + 17.55; N = 58, R2 = 0.507; P <0.0001 (derived from 
Figure 78). 

Sausages GBWTMBWT = -47.374 + 0.451TFCMBWT + 21.70; N = 23, R2 = 0.643; P <0.0001 [derived from 
combined MCHS and PCHS with the extreme outlier (no. 81) excluded]. 

 

The mean residuals for the sausage treatments [MCHS = -9.040 + 19.38 (SD; N = 11); PCHS = 9.040 + 17.240 
(N = 11)] were significantly different from each other (t-test, df 20; t = 2.312, P =0.03), and given the small 
sample sizes, this deviation was applied to the main regression intercept to estimate approximately the 
separate relationships (dashed lines on Figure 95) for MCHS and PCHS: 

MCHS GBWTMBWT = -59.264 + 0.451TFCMBWT; N = 12. 

PCHS GBWTMBWT = -35.481 + 0.451TFCMBWT; N = 11. 

 

 

Figure 95. Relationship between GBWTMBWT and TFCMBWT and treatment. Lower heavy line is the 
regression for WCH derived previously (Figure 78). Upper heavy line is for the two 
sausages treatments (MCHS and PCHS) combined. Dashed lines estimate the separate 
relationship for MCHS and PCHS (see text).  

 

GBWTMBWT declined with increasing MBWT with both WCH and sausage treatments (Figure 96): 

WCH GBWTMBWT = 118.4 – 2.095MBWT + 22.46 g; N = 58, R2 = 0.19.3; P = 0.0006 (derived from 
Figure 79). 

Sausages GBWTMBWT = 195.934 – 2.789MBWT + 23.75 g; N = 22, R2 = 0.424; P = 0.001 [derived from 
combined MCHS and PCHS with the two outliers with low growth (no. 81 and no. 102) excluded]. 
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The mean residuals for the sausage treatments [MCHS = -11.891 + 19.491 (SD; N = 11); PCHS = 11.891 + 
20.917 (N = 11)] were significantly different from each other (t-test, df 20; t = 2.759, P =0.01), and given the 
small sample sizes, this deviation was applied to the main regression intercept to estimate approximately the 
separate relationships between GBWTMBWT and MBWT for MCHS and PCHS: 

MCHS GBWTMBWT = 184.04 - 2.789MBWT; N = 11 

PCHS GBWTMBWT = 207.82 - 2.789MBWT; N = 11  

 

 

Figure 96. Declining relationship between GBWTMBWT and MBWT. Lower heavy line is the 
regression for WCH (from Figure 79). Upper heavy line is the regression for the two 
treatments with sausages (MCHS and PCHS). Dotted lines estimate the separate 
relationship for MCHS and PCHS (see text). 

 

When the weight specific growth rates (GBWTMBWT) on Figure 97 are scaled to MBWT, there are separate 
curvilinear relations from which mean GBWT (in kg) can be predicted from MBWT for each treatment: 

WCH GBWT = 0.00 + 0.1184MBWT – 0.002095MBWT2 (from Figure 80)  

MCHS GBWT = 0.00 + 0.18404MBWT – 0.002789MBWT2 

PCHS GBWT = 0.00 + 0.20782MBWT – 0.002789MBWT2 
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Figure 97. Mean trends between GBWT and MBWT as a function of treatment. 

 

To estimate the amount of food required for maintenance costs for different sized saltwater crocodiles in the 
three treatments, multiple regression was used to predict the GBWTMBWT from both TFCMBWT  and MBWT 
(kg). 

WCH GBWTMBWT = -144.06 + 0.437TFCMBWT  +1.524MBWT + 17.05g (N = 58; R2 = 0.546, p<0.0001; 
R2 addition due to MBWT = 0.039, p = 0.03) (from Figure 80). 

Sausages GBWTMBWT = -149.256 + 0.597TFCMBWT  +1.743MBWT + 20.10g (N = 24; R2 = 0.848, 
p<0.0001; R2 addition due to MBWT = 0.034, p = 0.04). 

 

The mean residuals for the sausage treatments [MCHS = -7.621 + 18.717 (SD; N = 12); PCHS = 7.621 + 
17.151 (N = 12)] were significantly different from each other (t-test, df 22; t = 2.080, P =0.05), and given the 
small sample sizes, this deviation was applied to the regression intercept to estimate approximately the 
relationships between GBWTMBWT, TFCMBWT  and MBWT for both MCHS and PCHS: 

MCHS GBWTMBWT = -156.88 + 0.597TFCMBWT  +1.743MBWT 

PCHS GBWTMBWT = -141.64 + 0.597TFCMBWT  +1.743MBWT 

 

With these multiple regression formulae, if GBWTMBWT is set to zero and each MBWT is used to solve the 
equation for TFCMBWT, it predicts the food consumption per kilogram MBWT needed to achieve zero growth 
for different sized animals. This is the maintenance cost per kg MBWT (MFCMBWT in g) (Figure 98). 

WCH MFCMBWT = 329.748 – 3.487MBWT (N = 58; Figure 81).  

MCHS MFCMBWT = 262.781 + 2.920MBWT (N = 12) 

PCHS MFCMBWT = 237.186 + 2.920MBWT (N = 12) 
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Figure 98. Predicted MFCMBWT, which is the FC (g per kg MBWT) needed to achieve zero growth, or 
maintenance cost.  

 

When the weight specific relationships in Figure 98 are scaled to MBWT, it estimates the total amount of 
food required for maintenance (MFCTotal in kg) over the 9.3 weeks of experimentation (Figure 99). 

WCH MFCTotal = 0.00 + 0.32974MBWT – 0.0034874 MBWT2; N = 58 (from Figure 82). 

MCHS. MFCTotal = 0.00 + 0.26278MBWT – 0.0029196 MBWT2 (N = 12) 

PCHS. MFCTotal = 0.00 + 0.23719MBWT – 0.0029196 MBWT2 (N = 12) 
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Figure 99. MFCTotal used for maintenance as a function of MBWT.  

 

MFCTotal (Figure 99) subtracted by TFCTotal (Figure 93) estimates GFCTotal, the amount of food consumed that 
was available for growth (Figure 100). The relationships between GFCTotal and MBWT are reasonably 
complex but can be modelled by polynomial regressions, but the formulae can only be used within the range 
of values used to derive them: 

WCH GFCTotal = 117.41 – 22.80697MBWT + 1.709283MBWT2 - 0.060767MBWT3 + 
0.00103652MBWT4 - 0.000006847MBWT5  (N = 43; R2 = 0.995, p<0.0001; all terms contributed 
significantly: P<0.0001) (Range 19.9 to 42.0kg MBWT).  

MCHS GFCTotal = - 55.17 + 6.77944MBWT – 0.276319MBWT2 + 0.00487419MBWT3 - 
0.000031623MBWT4 (N = 12; R2 = 0.996, p<0.0001; all terms contributed significantly: P<0.0001 
to P = 0.0018) (Range 20.3 to 46.0kg MBWT). 

PCHS GFCTotal = - 38.122 + 4.15565MBWT – 0.127714MBWT2 + 0.0012861MBWT3 (N = 12; R2 = 
0.996, p<0.0001; all terms contributed significantly: P<0.0001) (Range 21.9 to 38.4kg MBWT). 
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Figure 100. Estimated food consumption available for growth (GFCTotal) as a function of MBWT, for 
all three treatments.  

 

6.4.4.4 Food conversion rates 

Estimates of the relationship between MBWT and both FCRTotal and %FCRTotal were derived from the 
relationships between MBWT and both FCTotal (Figure 93) and GBWT (Figure 96). For FCRTotal (Figure 101):  

WCH FCRTotal = -18.72 + 2.36609MBWT - 0.0758412MBWT2 + 0.0008289MBWT3 + 0.026 (from 
Figure 86) (Range 19.9 to 42.0kg MBWT). 

MCHS FCRTotal = -6.355 + 0.93199MBWT - 0.0288151MBWT2 + 0.0002944MBWT3 + 0.027 (Range 
20.3 to 46.0kg MBWT). 

PCHS FCRTotal = - 8.020 + 1.083469MBWT - 0.03499MBWT2 + 0.0003673MBWT3 + 0.009 (Range 21.9 
to 38.40kg MBWT). 
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Figure 101. Mean trends in FCRTotal as a function of MBWT for the three treatments.  

 

For % FCRTotal (Figure 102): 

WCH %FCRTotal = 85.07 – 6.3499MBWT + 0.196294MBWT2 - 0.0020613MBWT3 + 0.09 (from Figure 
87) (Range 19.9 to 42.0kg MBWT).  

MCHS %FCRTotal = 109.505 – 7.53974MBWT + 0.229282MBWT2 -0.0023021MBWT3 + 0.27 (N = 12; R2 
= 0.987, p<0.0001; all terms contributed significantly: P<0.0001) (Range 20.3 to 46.0 kg MBWT). 

PCHS %FCRTotal = 166.953 – 13.13765MBWT + 0.424145MBWT2 - 0.0044498MBWT3 + 0.10 (N = 12; 
R2 = 0.993, p<0.0001; all terms contributed significantly: P<0.0001) (Range 21.9 to 38.4kg 
MBWT). 
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Figure 102. Mean trends in %FCRTotal as a function of size for the three treatments. 

 

The results confirm that major differences between treatments existed in FCRTotal and % FCRTotal. In terms of 
CH, the minced form provided in sausages (MCHS) was far more efficiently converted to growth than the 
WCH, suggesting significant metabolic costs in breaking down WCH for the digestive enzymes to act upon. 
Amongst the animals fed sausages, those fed PCHS, with a higher protein content (Table 36), required less 
food for the same amount of growth than those fed MCHS. Together, the crocodiles fed sausages (MCHS and 
PCHS) required around half as much food for the same growth as those fed WCH. 

The relationship between GBWT (Figure 96) and FCGrowth (Figure 100) as functions of MBWT, allow 
FRCGrowth and % FRCGrowth to be estimated for that portion of the FC not used for maintenance. The 
relationships are complex, and although accurately modelled with polynomial regressions, they can only be 
used within the range of data used to derive them. For FRCGrowth (Figure 103) the equations are: 

WCH FCRGrowth = 57.677 – 11.32571MBWT + 0.8610059MBWT2 - 0.0309465MBWT3 + 
0.000531903MBWT4 - 0.000003526MBWT5  (N = 43; R2 = 0.995, p<0.0001;all terms contributed 
significantly: P<0.0001) (Range 19.9 to 42.0kg MBWT).  

MCHS FCRGrowth = -17.86 + 2.28736MBWT – 0.09842MBWT2 + 0.0017152MBWT3 - 
0.000011083MBWT4 + 0.01 (N = 12; R2 = 0.995, p<0.0001; all terms contributed significantly: 
P<0.0001 to P = 0.0005) (Range 20.3 to 46.0kg MBWT). 

PCHS FCRGrowth = -9.141 + 1.079695MBWT – 0.034903MBWT2 + 0.0003654MBWT3 (N = 12; R2 = 
0.994, p<0.0001; all terms contributed significantly: P<0.0001) (Range 21.9 to 38.4kg MBWT). 
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Figure 103. Mean trends in FCRGrowth as a function of size for the three treatments. 

 

For %FRCGrowth (Figure 104) the equations are: 

WCH %FCRGrowth = 731.57 – 79.108116MBWT + 3.2715396MBWT2 - 0.0575879MBWT3 + 
0.000362612MBWT4 + 0.34 (Range 19.9 to 42.0kg MBWT).  

MCHS %FCRGrowth = 711.37 - 76.35274MBWT + 3.2075338MBWT2 - 0.05765175MBWT3 + 
0.000374849MBWT4 + 0.28 (N = 12; R2 = 0.998, p<0.0001; all terms contributed significantly: 
P<0.0001 (Range 20.3 to 46.0kg MBWT). 

PCHS %FCRGrowth = 443.061 – 38.2153496MBWT + 1.2333197MBWT2 - 0.01287906MBWT3 (N = 12; 
R2 = 0.996, p<0.0001; all terms contributed significantly: P<0.0001) (Range 21.9 to 38.4kg 
MBWT). 
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Figure 104. Estimated mean trends in %FCRGrowth as a function of size for the three treatments.  

 

The results indicate that FCRGrowth (Figure 103) was on average 243.7% higher than FCRTotal (Figure 101). 
However, they indicated that even with maintenance costs removed, the efficiency with which the food 
potentially available for growth was actually converted to growth was appreciably higher when provided as 
fine mince in a sausage, than when fed WCH. This again suggests that the interplay between maintenance 
costs and the form in which food is provided is deserving of much greater scrutiny. 

6.4.4.5 The consequences of not feeding 

The single animal (no. 81) that fed very little (1.30kg of PCHS over the entire experiment) and lost weight 
during the experiment (-2.28kg) had an initial BWT of 37.78kg, and a final weight of 35.50kg (MBWT = 
36.64kg). A crocodile with a MBWT of 36.64kg would have required an estimated 7.4kg of food to maintain 
its weight, without growing (Figure 99). This individual only ate 1.3kg, leaving a shortfall of 6.1kg of PCHS, 
or 0.167kg of food per kg MBWT. If the weight loss was due largely to depletion of fat reserves, it suggests 
that 0.167kg of food equates to 0.062kg of weight loss, suggesting a scaling factor of 2.69:1 for the for the 
energetic value of the lost fat relative to the PCHS being consumed.  

6.4.4.6 Integrating the results for treatments 1-6 

The dynamics of feeding and growth between WCH, MCHS and PCHS were obviously very different. None of 
the variation in FCTotal could be explained by treatment, regardless of whether animals greater or less than 
28.5kg MBWT were analysed separately or together (Figures 91 and 92). The 1.44kg of food offered each 
week exceeded the capacity of the smaller animals to consume and digest, but was less than the larger animals 
could have eaten. This was equally so in all treatments. Differences in size effects within treatments may well 
reflect efficiencies in digestion linked to the degree of stomach filling, but variation between treatments in 
growth and food conversion rates is not linked directly to the mass of food eaten. This suggests that complex 
interplays exist between the form and constituents of the food. Minced food appears to be digested more 
efficiently than WCH, perhaps because of the much greater surface area of food pieces for digestive enzymes 
to act upon (Gienger et al. 2012). Differences in the balance of nutrients provided, particularly the increased 
amount of animal protein within poultry meal (Table 36), is reflected in enhanced growth (Table 37). Food 
conversion rates suggest increased efficiency both with the total food consumption and the amount of food 
left over (for growth) once maintenance costs are removed. The general effects of these variables on the mean 
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values for feeding dynamics, as a function of treatment, are demonstrated in Figure 105 and summarised in 
Table 70.  

 

Figure 105. Summary of mean values for growth and food consumption for treatments 1 to 6 using 
only vegetable proteins. 

 

Sausages resulted in superior growth to the WCH, and those containing PCH, gave superior growth to those 
with 100% MCH. Relative to WCH, 65% more growth was achieved by eating the same about of MCHS, and 
105% by eating the same amount of PCHS (Table 69). From a commercial farming viewpoint, the potential 
doubling of growth for the same amount of feeding and cleaning costs is potentially very significant.  

Table 69. Effects of treatment on mean parameters associated with feeding, growth and food 
conversion rates, as determined by the measured means for each treatment. Significance 
refers to t-tests on means. Mean FCTotal and GBWT are releal sample means. FCMain 
derived from Figure 74 and FCGrowth from subtraction (FCTotal – FCMain). 

  Significance (t-tests) 
              
Food WCH MCH PCH W-M W-P M-P 
Form whole Sausage Sausage - - - 
Treatment  2,3&4 5 6 - - - 
N 43 11-12 11-12 - - - 
Feeds per week 3 3 3 - - - 
Food offered per feed (kg) 0.48 0.48 0.48 - - - 
Food offered/feeding (8)wk (kg) 1.44 1.44 1.44 - - - 
Food offered/9.3 weeks 1.24 1.24 1.24 - - - 
Mean BWTinitial(kg) 28.3 29.06 28 0.7 0.87 0.72 
Mean MBWT (kg) 29.18 30.79 28.9 0.43 0.89 0.55 
Mean Growth (GBWT) 1.75 2.88 3.58 <0.0001 <0.0001 <0.0001 
Mean GBWT/MBWT (%)  6.2 9.17 11.14 0.0006 <0.0001 0.34 
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FCTotal (kg) 10.41 9.93 10.31 0.14 0.74 0.39 
FCMain (kg) (Fig. 74) 6.56 5.13 4.33 <0.0001 <0.0001 0.002 
FCMain/FCTotal (%) 63.3 51.6 42.2 <0.0001 <0.0001 <0.0001 
FCGrowth (kg)(subtraction) 3.85 4.8 5.98 0.0005 <0.0001 0.0004 
FCGrowth/FCTOTAL (%) 36.7 48.4 57.8 <0.0001 <0.0001 <0.0001 
FCRTotal (GBWT/ FCTotal) 6.53 3.57 2.96 <0.0001 <0.0001 0.04 
%FCRTotal (GBWT/ FCTotal) 15.66 28.18 34.87 <0.0001 <0.0001 <0.0001 
FCRGrowth (GBWT/FCGrowth) 2.35 1.76 1.67 <0.0001 <0.0001 0.08 
%FCRGrowth (GBWT/FCGrowth) 42.84 57.16 60.19 <0.0001 <0.0001 0.09 
FCRGrowth/FCRTotal 0.37 0.49 0.58 <0.0001 <0.0001 <0.0001 
%FCRGrowth/%FCRTotal 2.75 2.03 1.73 <0.0001 <0.0001 <0.0001 
              

 

The size-based effects of the different treatments 2-4, 5 and 6 on the feeding dynamics of saltwater crocodiles 
are summarised in Tables 70, 71 and 72 respectively. They provide a series of reference statistics for feeding 
dynamics that can be compared objectively with those derived from other treatments. They also provide 
estimates that can be used to model and assess the likely growth impacts of manipulating feeding regimes with 
different sized crocodiles fed WCH, MCHS and PCHS, and potentially modelling the sorts of outcomes that 
may be achievable by manipulating food constituents further (Table 36). By using the formulae (Section 1) to 
convert BWT growth in different sized crocodiles to changes in skin size, cost-effectiveness of a series of 
decisions relating to foods and feeding can be evaluated. 

Table 70. Size-based predictions for crocodiles fed WCH (Treatments 2- 4 lumped). The mean animal 
fed WCH in these trials was 29.2 kg MBWT. Weeks = the total period between the two 
measures (9.3 weeks). 

MBWT (kg) 29.2 20 25 30 35 40 
              
Feeds per week 3 3 3 3 3 3 
Mean Food offered per feed (kg) 0.48 0.48 0.48 0.48 0.48 0.48 
Mean Food offered per week 
(kg) 1.2 1.2 1.2 1.2 1.2 1.2 
Mean Growth (kg) (Fig. 72) 1.67 1.53 1.53 1.67 1.58 1.38 
Mean Growth/MBWT (%) 5.73 7.65 6.6 5.56 4.51 3.46 
FCTotal (kg) (Fig. 76) 10.74 7.93 10.07 10.74 10.74 10.74 
FCmain(kg) (Fig. 74) 6.65 5.2 6.06 6.75 7.27 7.61 
FCGrowth (kg) (Fig. 75) 4.3 2.84 4.19 4.23 3.76 3.7 
FCmain/FCTotal (%) 61.94 65.61 60.24 62.88 67.68 70.85 
FCGrowth/FCTotal (%) 40.03 35.79 41.61 39.43 35.04 34.47 
FCRTotal (Fig. 76) 6.34 4.9 5.98 6.39 6.73 7.63 
%FCRTotal (Fig. 77) 15.7 20.1 16.8 15.58 14.91 13.22 
FCRGrowth (Fig. 78) 2.58 1.83 2.52 2.56 2.49 2.91 
% FCRGrowth(Fig. 79) 40.89 55.34 40.41 41.55 45.49 44.37 
FCRGrowth/FCRTotal 0.41 0.37 0.42 0.4 0.37 0.38 
%FCRGrowth/%FCRTotal 2.6 2.75 2.41 2.67 3.05 3.36 
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Table 71. Size-based predictions for crocodiles fed MCHS (Treatments 5). The mean animal fed 
MCHS in these trials was 29.1kg MBWT. Weeks = the total period between the two 
measures (9.3 weeks). 

MBWT (kg)  29.1 20 25 30 35 40 
              
Feeds per week 3 3 3 3 3 3 
Mean Food offered per feed (kg) 0.48 0.48 0.48 0.48 0.48 0.48 
Mean Food offered per week (kg) 1.2 1.2 1.2 1.2 1.2 1.2 
Mean Growth (kg) (Fig. 72) 3.02 2.57 2.86 3.01 3.02 2.9 
Mean Growth/MBWT (%) 9.82 12.83 11.43 10.04 8.64 7.25 
FCTotal (kg) (Fig. 76) 10.74 7.93 10.07 10.74 10.74 10.74 
FCmain(kg) (Fig. 74) 5.32 4.09 4.74 5.26 5.62 5.84 
FCGrowth (kg) (Fig. 75) 5.47 3.83 5.42 5.51 5.15 4.89 
FCmain/FCTotal (%) 49.56 51.58 47.14 48.94 52.34 54.37 
FCGrowth/FCTotal (%) 50.9 48.27 53.88 51.35 47.92 45.54 
FCRTotal (Fig. 76) 3.62 3.11 3.54 3.62 3.59 3.66 
%FCRTotal (Fig. 77) 27.52 32.01 28.34 27.51 27.78 27.43 
FCRGrowth (Fig. 78) 1.81 1.5 1.89 1.84 1.7 1.69 
% FCRGrowth(Fig. 79) 55.35 66.09 52.88 54.6 58.94 59.22 
FCRGrowth/FCRTotal 0.5 0.48 0.54 0.51 0.47 0.46 
%FCRGrowth/%FCRTotal 2.01 2.06 1.87 1.98 2.12 1.8 

 

Table 72. Size-based predictions for crocodiles fed PCHS (Treatments 6). The mean animal fed PCHS 
in these trials was 28.0kg MBWT. Weeks = the total period between the two measures 
(9.3 weeks). 

MBWT (kg)  28 20 25 30 35 40 
              
Feeds per week 3 3 3 3 3 3 
Mean Food offered per feed (kg) 0.48 0.48 0.48 0.48 0.48 0.48 
Mean Food offered per week (kg) 1.2 1.2 1.2 1.2 1.2 1.2 
Mean Growth (kg) (Fig. 72) 3.68 4.16 3.45 3.72 3.86 3.85 
Mean Growth/MBWT (%) 12.72 20.78 13.81 12.42 11.02 9.63 
FCTotal (kg) (Fig. 76) 10.74 7.93 10.07 10.74 10.74 10.74 
FCmain(kg) (Fig. 74) 4.42 4.74 4.11 4.49 4.73 4.82 
FCGrowth (kg) (Fig. 75) 6.35 4.19 6.04 6.33 6.02 6.07 
FCmain/FCTotal (%) 41.12 59.86 40.78 41.79 44 44.84 
FCGrowth/FCTotal (%) 59.14 52.92 60.04 58.93 56.03 56.54 
FCRTotal (Fig. 76) 2.93 2.59 2.94 2.91 2.79 2.84 
%FCRTotal (Fig. 77) 34.12 38.26 34.07 34.41 35.93 35.29 
FCRGrowth (Fig. 78) 1.73 1.41 1.75 1.7 1.56 1.59 
% FCRGrowth (Fig. 79) 57.85 69.05 57.27 58.85 64.15 63.5 
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FCRGrowth/FCRTotal 0.59 0.55 0.59 0.59 0.56 0.56 
%FCRGrowth/%FCRTotal 1.7 1.8 1.68 1.71 1.79 1.8 

 

6.4.5 Feeding trials: comparing MCHS, WhCHS, SoCHS, LuCHS 

6.4.5.1. Food consumption 

The percentage of sausages eaten (Figure 106; Table 73) was significantly less in the three treatments fed 
sausages with vegetable constituents than in the one treatment fed MCHS (Table 74). There were no 
significant differences in the mean percentage of sausages eaten between the three treatments fed vegetable 
diets (Table 74). However, the differences in variance apparent in Figure 106 were significantly different 
(Table 75). There were two treatments with high variance (WhCHS, LuCHS) and two with low variance 
(MCHS, SoCHS).  

 

Figure 106. Percentage of sausages offered that were consumed as a function of treatment. Horizontal 
bars are means (Table 37). 

 

Table 73. The percentage of offered food items consumed as a function of treatment.  

Treatment N 
<95% 

(N) 
>95% 

(N) 
Mean 
(%) 

SD 
(%) 

Median 
(%) 

Min. 
(%) 

Max. 
(%) 

                  
MCHS 12 8 4 86.9 14.2 92.9 72.8 100 
WhCHS 12 11 1 48,.2 30.7 57.1 11.4 99.5 
SoCHS 12 12 0 49.7 12.7 45.1 33.7 69 
LuCHS 12 11 1 49.6 25.5 48.4 5.4 96.2 
Total (V) 36 34 2 49.2 23.5 48.4 5.4 99.5 
Total 48 42 6 58.6 27 59.2 5.4 100 
                  

 



 

160 

Table 74. T-test results comparing % food items eaten across treatments. 

 

 

Table 75. F-test results comparing variance in the % food items eaten across treatments. 

 

 

There were marked differences in the pattern of FC over time in the three treatments with vegetable 
constituents (Figure 107) versus those without vegetable constituents (Figure 107; also includes WCH and 
PCHS). All animals readily accepted the sausages when first fed, which was consistent with the results of the 
trials (Table 51). However, the rate of feeding of those fed vegetable diets declined and stabilised at a lower 
level than those fed 100% animal diets.   
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Figure 107. Percentage of food items eaten as a function of days since the trials started. A = 
treatments with vegetable constituents. B = treatments without vegetable constituents.   

 

The relationship between FCTotal and MBWT (Figure 108) was highly variable, but with all data combined, a 
significant trend towards increased food consumption with increasing MBWT existed. Multiple regression 
indicated the animals fed MCHS were significantly different (P <0.0001) to the vegetable treatments which 
were not significantly different from each other (P > 0.90), but together demonstrated a decline in FCTotal with 
increasing MBWT: (FCTotal = 1.687 + 0.137MBWT + 2.48 kg; N = 36, R2 = 0.11; P = 0.04). 

All Data  FCTotal = 1.47 + 0.178MBWT + 2.74; N = 48, R2 = 0.17; P = 0.003  

MCHS  FCTotal = 5.85 + 0.123MBWT + 1.25; N = 12, R2 = 0.42; P = 0.02 

All Vegetable FCTotal = 1.69 + 0.137MBWT + 2.48; N = 36, R2 = 0.11; P = 0.04 
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Figure 108. FCTotal as a function of MBWT. Lines are the linear regressions indicating underlying 
effects of MBWT on FCTotal for all data, and for vegetable and non-vegetable diets 
(MCHS). 

 

To simplify a mean trend in these data (Figure 109), the mean underlying relationship for MCHS was assumed 
to be the same general one quantified in Figure 92 and 93, where no significant differences were detected in 
FC for the three treatments without vegetable constituents (WCH, MCHS and PCHS). The relationship in the 
highly variable vegetable diets (WhCHS, SoCHS and LuCHS; N = 36 animals) was calculated using the same 
moving average used to derive the values for MCHS on Figure 93 (5kg subsamples starting at 19-23kg MBWT 
and advancing in 1kg steps). It obviously needs to be considered cautiously, but appears to have biological 
significance within the context of these experiments. The formulae used to simplify the trends on Figure 108 
are thus: 

MCHS: 

<28.5kg MBWT. FCTotal = -14.07 + 1.63705MBWT – 0.026865MBWT2 + 0.09kg; N = 10, R2 = 0.99, 
P<0.0001) (Figure 108). 

>28.5kg MBWT. FCTotal = 10.74 + 0.077kg (SD), N = 13 (Figure 109). 

Combined vegetable diets: 

<28.5kg MBWT. FCTotal = 72.31 – 10.1906MBWT + 0.048165MBWT2 – 0.0071979MBWT3  + 0.153kg (N = 
11; R2 = 0.98, p<0.0001; all terms contributed significantly: P = 0.01 to 0.05; range 18.4 to 
28.5kg MBWT (Figure 109). 

>28.5kg MBWT. FCTotal = FCTotal = -14.07 + 0.252MBWT + 0.13kg; N = 10, R2 = 0.98, P<0.0001; range = 
28.5 to 46.0kg MBWT (Figure 109). 



 

163 

 

Figure 109. Mean trends in the relationship between FCTotal and MBWT for MCHS (A and B) and the 
combined vegetable diets (C and D). For prediction, an intersection point of 28.5kg 
MBWT is considered applicable to both.  

 

At the termination of the experiments, many of the animals were culled within the next few weeks. It was 
observed that those fed vegetable foods still had large amounts of undigested or partly digested food in their 
stomach and alimentary canal, relative to the animals that had been fed CH in any form (WCH, MCHS or 
PCHS). This issue is investigated more directly in Section 6.6. 

6.4.5.2 Growth in BWT 

There were striking differences in the mean growth achieved by crocodiles fed MCHS versus those fed diets 
containing vegetable constituents (Figure 110; Table 76).  
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Figure 110. Growth in BWT (kg) as a function of treatment. Horizontal lines are means. 

 

Table 76. Growth in BWT (kg) from each of the treatments.  

Treatment N Mean SD SE Min. Max. Median 
                

MCHS 12 2.68 0.89 0.18 1.82 3.7 2.7 
WhCHS 12 -0.96 0.85 0.09 -0.84 3.08 1.66 
SoCHS 12 -1.88 0.65 0.18 1.82 3.7 2.7 
LuCHS 12 -1.22 0.94 0.2 2.46 4.44 3.9 
        
Total (V) 36 -1.39 0.88 0.15 -2.72 0.42 -1.44 
Total 48 -0.33 1.96 0.28 -2.72 3.7 -1.15 
                

 

Mean growth in animals fed MCHS was significantly higher than all vegetable treatments (Table 77). Within 
the vegetable treatments, SoCHS was significantly lower than WhCHS and LuCHS, which were not 
significantly different from each other. Most animals in the vegetable treatments lost weight. In contrast to FC 
(Figure 106; Table 73), the variance in GBWT across all treatments was similar (F-tests P = 0.23 to 0.89). 
Mean GBWT of animals fed MCHS (+2.68kg) was 293% more than mean GBWT of the combined animals 
fed vegetable diets (-1.39kg). 
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Table 77. T-test results comparing mean GBWT between treatments with the two outliers excluded. 

 

 

6.4.5.3 Food conversion 

The differences in GBWT and FCTotal between treatments were reflected in both FRCTotal and %FCRTotal 
(Table 77), although complications arise when calculating such ratios and percentages when either GBWT or 
FCTotal approach zero, because they can reach infinity. The MCHS treatment was the only one with a positive 
FRCTotal and %FCRTotal, which was significantly different from all vegetable treatments (t-tests; P <0.0001) 
(Tables 79 and 80). Within the vegetable treatments, SoCHS appeared to have the least efficient conversion 
and WhCHS the best, but any detailed analyses was restricted by variation in the variances within the small 
samples.  

Table 78. Approximate mean FRCTotal and %FCRTotal as a function of treatment. Excluded values are 
those in which FC approaches zero which scales FCR to infinity.  

Treatment N Mean SD SE Min Max  Median 
FCR 

MCHS 11 3.57 0.7 0.21 2.58 4.91 3.29 
WhCHS 8 -2.98 2.59 0.91 -7.31 -0.61 -1.76 
SoCHS 12 -3.36 1.38 0.4 -6.91 -1.37 -3.07 
LuCHS 8 -2.34 1.45 0.51 -5.06 -0.42 -2.06 
Total (V) 28 -2.96 1.8 0.34 -7.31 -0.42 -2.75 
Total 39 -1.12 3.36 0.54 -7.31 4.91 -1.79 

%FCR 
MCHS 12 27.32 7.65 2.21 2.58 4.91 3.29 
WhCHS 9 -17.96 23.55 7.85 -57.5 2.67 -13.68 
SoCHS 11 -30.86 8.56 2.58 -45.68 -14.47 -31.55 
LuCHS 10 -24.77 23.73 7.5 -59.77 5.11 -23.85 
Total (V) 42 -24.96 19.53 3.57 -59.8 5.11 -25.5 
Total 42 -10.02 29.27 4.52 -59.8 38.8 -14.07 
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Table 79. Results of t-tests comparing mean FCR between treatments. 

 

Table 80. Results of t-tests comparing mean %FCR between treatments. 

 

 

When the relationship between weight specific GBWTMBWT and TFCMBWT are examined, new insights into the 
effects of feeding the three diets containing vegetable components are apparent (Figure 111). With MCHS, 
GBWTMBWT increased linearly with TFCMBWT and was well-modelled with a linear regression. The mean trend 
in vegetation diets combined (WhCHS, SoCHS, LuCHS) was best modelled with a regression using a quadratic 
function of TFCMBWT as a single independent variable: 

MCHS 

GBWTMBWT  = -40.843 + 0.404TFCMBWT + 21.73g; N = 12, R2 = 0.63; P = 0.002 (Figure 111) 

 

Vegetable diets combined 

GBWTMBWT  = -68.933 + 5.376 x E-9 TFCMBWT
4 + 19.94g; N = 36, R2 = 0.59; P < 0.0001 (Figure 111) 
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Figure 111. GBWTMBWT as a function of TFCMBWT. Lines A and B are the regressions of best fit to 
MCHS and the three vegetable treatments combined. Arrows indicate the TFCMBWT where 
growth equals zero (see text).   

 

To explore whether any of the remaining variation (41%) in the diets containing vegetable products could be 
explained by other factors, multiple regression analysis was undertaken with GBWTMBWT as the dependent 
variable and TFCMBWT

4 as the first independent variable. The final model explained an additional 8.5% of the 
variation: 

 GBWTMBWT  = -114.171  + 5.207 x E-9 TFCMBWT
4 + 0.993MBWT -13.325 SoCHS Code + 18.29g (N = 36, R2 

= 0.675; P < 0.0001; R2 addition due to MBWT and SoCHS Code was 0.045 (P = 0.05 ) and 
0.040 (P = 0.05) respectively; SoCHS Code = “1” for SoCH and “0” for WhCH and LuCH). 

 

These analyses, and Figure 111, indicate that the relationship between GBWTMBWT and TFCMBWT with the 
vegetable diets was largely stable up to 250g per kg TFCMBWT, and escalated sharply after that. This explains 
the better fit with the quadratic function of TFCMBWT. This was not apparent in any of the diets lacking 
vegetable constituents (Figure 95), where the relationship between GBWTMBWT and TFCMBWT was linear. 
However, over and above this, there was also a size effect (MBWT), generating a 1.0g increase in 
GBWTMBWT with each 1kg increase in MBWT. Hence a 40kg MBWT crocodile would have a GBWTMBWT 
about 20g/kg MBWT higher than a 20kg MBWT animal. Once again, this was the exact opposite trend to that 
found in animals fed non-vegetable diets (Figure 96), in which GBWTMBWT declined as a function of 
increasing MBWT. The analysis also indicated that regardless of size, the crocodiles fed SoCHS had 
GBWTMBWT values that averaged 13.3g per kg MBWT less than animals fed WhCHS or LuCHS (which were 
not significantly different from each other). It seems that some aspect of SoCHS acts as an additional 
constraint, although as examined later, it is not necessarily prolonged transit time (see Section 6.6). 

6.4.5.4 Maintenance costs 

The mean trend between GBWTMBWT and TFCMBWT
 for the animals fed vegetable diets crossed the zero 

GBWTMBWT axis at a TFCMBWT of 336.5g per kg MBWT (Figure 111). This is a realistic estimate, because it 
is only slightly higher than the mean value for the group of six animals on vegetable diets (Figure 111), whose 
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absolute measured GBWTMBWT was within + 10g per kg of MBWT of zero (0.75 + 5.44g; range = -7.41 to 
9.36g), and were consuming 317.6 + 23.0g TFCMBWT (range = 282.22 to 351.01g) to do so.  

In contrast, by extrapolation, the linear relationship between GBWTMBWT and TFCMBWT for the crocodiles fed 
MCHS (Figure 110) predicts zero GBWTMBWT at 101.1g TFCMBWT. When zero growth for MCHS was 
estimated in a different way (Figure 95) that did not involve such a long extrapolation, zero growth for MCHS 
was estimated as 131.4g TFCMBWT per kg MBWT, which is considered a better estimate here (Figure 111). 

Together, these estimates indicate that the TFCMBWT required for maintenance (GBWTMBWT = 0) is 2.42 times 
(317.6/131.4) with the diets containing vegetable constituents than it is for those without them. As the 
sausages containing the vegetable constituents also contained 50% MCH, it provides strong evidence that the 
vegetable constituents did not contribute to growth. Furthermore, their accumulation in the stomach may be 
interfering with the ability to digest and assimilate the MCH within each vegetable sausage and/or was 
escalating maintenance costs in other ways that was leaving even less food for growth. 

6.4.5.5 Feeding capacity needed to meet maintenance costs 

For the crocodiles fed only animal based diets (WCH, MCHS and PCHS) the MFCTotal needed by different 
sized crocodiles to sustain BWT with zero GBWT (Figure 99), ranged from 42.2% to 63.3% of FCTotal (Table 
69). When these relationships (Figure 112) are compared with estimates of the MFCTotal required to sustain 
BWT with zero GBWT for the animals fed vegetable diets, using the conservative 2.42 correction derived 
above, the amount of food needed for this purpose alone is excessively high and well beyond the mean trend 
in FCTotal those animals were consuming. The formulae for the trends in Figure 112 are: 

Non-vegetation diets (from Figure 99) 

WCH MFCTotal = 0.00 + 0.32974MBWT – 0.0034874 MBWT2  

MCHS MFCTotal = 0.00 + 0.26278MBWT – 0.0029196 MBWT2  

PCHS MFCTotal = 0.00 + 0.23719MBWT – 0.0029196 MBWT2 

Vegetable diets 

Combined MFCTotal = 0.00 + 0.63067MBWT – 0.007007 MBWT2 

Total FC  TFCTotal = 3.34 + 0.08502MBWT  
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Figure 112. The relationship between MFCTotal and MBWT where GBWT = 0 in three non-vegetable 
(WCH, MCHS, PCHS) diets and the vegetable diets combined (WhCHS, SoCHS and 
LuCHS). Straight line is the mean trend in FCTotal for the vegetable diets.  

 

The few animals fed vegetable diets that achieved GBWT = 0 (most had negative growth) all had high rates of 
TFCMBWT (Figure 111), that equated to around 9.2 + 1.6kg. Yet some animals that ate similar amounts still had 
negative GBWT (Figures 111).  

6.4.5.6 Growth in other body dimensions 

Although GBWT was mainly negative across all treatments fed vegetable sausages (mean = -1.39 + 0.88kg; N 
= 36; range = 0.15 to -2.72kg; Table 7.41), the linear measures indicated slight increases in length. HL had a 
mean change of +1.89 + 3.30mm (N= 36; range -5mm to 9mm), SVL +5.97 + 13.60mm (N= 36; range -16mm 
to +31mm), and TL + 14.67 + 15.64mm (N= 36; range -15mm to +60mm). These increases are in proportion 
to each other (Section 1) and are obviously real. Of these length measures, TL is the most accurate (Table 42) 
and best correlated with BWT (Figure 69). But growth in HL and SVL growth were not correlated with FC 
(FCTotal or TFCMBWT) and a weak relationship existed with TL that was dependent on one individual, with the 
highest TL growth recorded (60mm). 

In contrast, growth in the linear dimensions of treatment 5, fed MCHS (N = 12), was much higher than in the 
animals fed vegetable foods: HL = +5.33 + 3.11mm (+283% higher); SVL = +14.33 + 17.03 (+240%); and TL 
= +39.08 + 18.74 (+266%). GBWT itself was estimated to be 293% higher than in the animals fed vegetable 
diets than those fed MCHS (Table 76). 

6.4.5.7 Integrating the results for treatments 1-6 

Growth in the linear measures in the animals fed MCHS was reasonably correlated with GBWT. So, the minor 
increases in the length measures in the animals fed vegetable foods (section 6.4.5.6) may well represent events 
that took place in the early rather than later periods of the trial, when body condition was declining. Positive 
and negative changes in BWT remain the best index of growth, because the length measures stabilise rather 
than shrink (Figure 73). 

When the feeding trials were initiated, crocodiles fed sausages containing vegetable constituents (WhCHS, 
SoCHS, LuCHS) initiated feeding in the same way, and at the same feeding rate, as the crocodiles fed diets 
without vegetable constituents (WCH, MCHS or PCHS) (Figure 106). However, after the first week, the rate of 
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feeding declined by approximately half and stabilised at a lower level in the animals fed with vegetable 
constituents (WhCHS, SoCHS, LuCHS). This was in marked contrast to the animals without vegetable 
constituents (WCH, MCHS or PCHS), which maintained the initial feeding rate and then increased over time. 
Difficulties in digesting the vegetable component and emptying the stomach between feeds was definitely 
involved with WhCH and SoCH diets (See Section 6.6), although with LuCh, other factors may be involved. 

In animals <28kg MBWT, it seems likely that the differences in FC between vegetable and non-vegetable 
diets (Figure 109) are due to stomach capacity issues. The 1.44kg per week exceeded the capacity to consume, 
digest and clear the stomach before the next feed, and in the treatments fed vegetable constituents, the 
problem was exacerbated by slow digestion of the vegetable constituents. Having a full stomach may also 
have compromised digestion of the MCH component of each sausage containing vegetable proteins. 

In the crocodiles >28.5kg MBWT that were fed only animal products (WCH, MCHS, PCHS), 1.44kg of food 
per week could be both eaten and digested. But if a high proportion of the food had lower digestion and 
clearance rates, anomalies would be expected as the stomach filled. That the crocodiles fed vegetable diets 
demonstrated a decline in feeding rate between 25 and 30kg BWT (Figure 109) cannot be explained by a 
random distribution of slow feeding animals in this size bracket (Figure 108). The possibility that it is a 
random error associated with the method of calculating the mean trend in such highly variable data cannot be 
rejected. However, the highly significant increase in food consumption in crocodiles over 30kg MBWT being 
fed vegetable diets (Figure 109), suggests some fundamental difference was occurring at the 28.5kg MBWT 
transition point. That increase in FC in the larger animals fed vegetable foods is in marked contrast to the 
trend (stability) in the same sized animals without vegetable constituents (Figure 96), suggesting larger 
animals may be better able to cope with whatever problems are caused by the vegetable constituents. Perhaps 
with larger stomachs, they are better able to digest the MCH component of the vegetable diets. 

Taken together (Figure 113), the results provide no evidence to suggest that vegetable proteins contributed to 
growth. They may well have even constrained both food consumption and growth, by filling the stomach and 
interfering with the digestion rates of the MCH component of the sausages (50%) containing the vegetable 
components.  

 

Figure 113. The general relationship between GBWT and FCTotal for the three treatments fed 
vegetable diets, compared with those fed non-vegetable diets. Treatments 1 to 4 were fed 
whole CH’s, 1 < 4 times a week. 
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The overall effects of feeding vegetable constituents on the feeding dynamics of saltwater crocodiles are 
summarised in Table 81, which can be compared directly with the results of the other trials. 

Table 81. The results of feeding saltwater crocodiles sausages containing 50% MCH and 50% 
vegetable constituents (WhCHS, SoCHS and LuCHS). Feeding, growth and food 
conversion rates are the measured means for each treatment. Significance refers to t-tests 
on means. Mean FCTotal and GBWT are real sample means. FCMain is derived from Figures 
70 and 71.  No values involving FCGrowth could be estimated because only negative growth 
occurred. 

  Significance (t-tests) 
              

Food WhCH SoCH LuCH Wh-So Wh-Lu So-Lu 
Form Sausages Sausage Sausage - - - 
Treatment  7 8 9 - - - 
N 12 12 12 - - - 
Feeds per week 3 3 3 - - - 
Food offered per feed (kg) 0.48 0.48 0.48 - - - 
Food offered/feeding (8)wk (kg) 1.44 1.44 1.44 - - - 
Food offered/9.3 weeks 1.24 1.24 1.24 - - - 
Mean BWTinitial(kg) 27.12 28.22 29.08 0.7 0.47 0.77 
Mean MBWT (kg) 26.64 27.31 28.4 0.81 0.51 0.71 
Mean Growth (GBWT) -0.96 -1.82 -1.36 0.01 0.26 0.15 
Mean GBWT/MBWT (%)  -3.6 -6.67 -4.79 0.02 0.4 0.1 
FCTotal (kg) 5.33 5.49 5.22 0.88 0.94 0.78 
FCMain (kg) (Fig. 73) 11.83 12 12.26 0.88 0.49 0.6 
FCMain/FCTotal (%) 222 218.6 234.9 0.34 0.23 0.38 
FCRTotal (GBWT/ FCTotal) -2.98 -3.36 -2.34 0.67 0.55 0.13 
%FCRTotal (GBWT/ FCTotal) -71.9 -34.4 -70.1 0.05 0.96 0.1 

              
 

6.4.6 Effects of food type on stomach transit times 

6.4.6.1 General observations 

The crocodiles used in these trials were drawn randomly from a pool of individuals with a mean TL of 2009.4 
+ 114.7mm (SD; N = 120) and mean BWT of 29.35 + 6.15kg (SD). During the dissections, it was obvious that 
all animals possessed body fat, but that the amount and distribution of fat varied considerably between 
individuals. This was no doubt due to their prior use in the feeding trials. In some individuals, a thick covering 
of mesenteric fat enveloped the stomach and liver and formed a lining along the intestine, invading the 
duodenal loop. In others it was sparsely distributed. The amount of fat was noted as sparse (12% of animals), 
moderate (68% of animals) and excessive (20% of animals).   

In addition to general fat deposition, crocodiles (and most reptiles) contain a discrete fat body, located 
between the thoracic vertebrae, liver and duodenum (Taguchi, 1920). The fat body in these crocodiles was 
white to pale flesh in colour and was present in all individuals examined. The mass of the liver and fat body 
mass varied considerably (Table 82). In general the crocodiles with sparse body fat had small fat bodies and 
those with excessive body fat had large fat bodies, but this was not always the case.  
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Average ventricle mass was 30.5g. The mean ratio of fat body mass to ventricle mass was 4.0 (range 1.6 - 7.1) 
and the ratio of liver mass to ventricle mass was 11.5 (range 8.1 - 15.9).   

The empty stomach weighed from 100 to 400g, while nearly all (95%) crocodiles had gastroliths in their 
stomach. These were usually pebbles and small stones. Three individuals had over 100g of gastroliths in the 
stomach but the great majority had less than 70g of material.    

Table 82. Characteristics of the internal organs of the saltwater crocodiles used to assess transit times, 
which had a mean BWT of 29.4kg. 

Internal organs Mean (g) Notes 
      

Stomach mass  205.7 (98 - 400) most of the connective tissue and overlying fat removed 
Mass of gastroliths 32.7 (0 - 135) pebbles and small stones, occasionally other items 
Liver mass  349 (190 - 660) two lobes, most fat removed 
Fat body mass  121.8 (47 - 291) discrete organ 
Ventricle mass  30.5 (18 - 54) atria and aortas removed 
      

 

6.4.6.2 Transit times 

Only the animals which had eaten some of the food offered were included in the analysis. The majority of 
digestion of all food materials took place in the stomach, and at a macroscopic level, there were few 
identifiable remains beyond the pyloric sphincter. The intestine contained mucus (intestinal chyme) mixed 
with bile in the duodenum and a creamy to brown coloured mucus in the upper intestine (including bile and 
pancreatic secretions). In the lower intestine there was often an accumulation of semi-solid material near the 
large intestine and rectum. For some of the diets, there was clearly gas accumulation in the lower part of the 
intestine, resulting in distension of the intestinal wall. Some plant material (other than what was fed) was also 
recognised in the rectum, but its origin was unknown.  

a. Diets containing only animal-based constituents (WCH, MCHS, PCHS) 

WCH were partially digested on Day 1, more fully digested by Day 2 (Table 83) and by the third and fourth 
day were completely digested and all that remained in the stomach was liquid and undigested beaks. The 
digestion of MCHS was the same or more rapid, with most eliminated from the stomach by Day 2 and the 
stomach empty by Day 3. Empty stomachs usually contained a small amount of liquid and gelatinous strands. 
These strands appear to be composed of a proteinaceous mucus-like substance, and lined the inside of the 
stomach. PCHS was similar to the MCHS, in that the material in the stomach formed a wet brown paste by Day 
2 and was completely removed by Day 3. Gas was only detected in three individuals on animal-based diets, 
and then on Days 1 and 2, and involved only partial inflation of the lower small intestine.  

Table 83.  Observations on the digestion of WCH, MCHS and PCHS. Stomach contents mass = mass 
of contents ÷ the estimated no. of food items eaten (if no food was eaten the individual 
was not included in the calculations). Gas = partial or full distension of parts of the 
intestine. Numbers refer to the number of individuals with this condition. Three animals 
on each diet were dissected on Day 1 and two animals on each diet for Days 2 to 5.  

Diet Day Mass of 
stomach 

contents (g) 

Stomach 
contents 

Upper intestine Lower intestine Rectum 
contents 

              
WCH 1 63 partly digested semifluid semifluid,  gas wet & solid 
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(part 1) 
 2 32 mod. digested semifluid semifluid wet & solid 
 3 6 empty semifluid semifluid semi-solid 
 4 5 empty/minimal semifluid semifluid semi- & solid 
 5 2.2 empty semifluid semifluid wet & solid 
       

MCHS 1 36 mod. digested 
(mince & liquid) 

semifluid semifluid,  gas 
(part 1) 

solid/liquid 

 2 11 liquid and mince semifluid semifluid & 
mince, gas (part 

1) 

wet & solid 

 3 5 empty semifluid semifluid semi-solid / 
wet paste 

 4 8 empty/minimal semifluid semifluid wet paste 
 5 1.6 empty semifluid semifluid solid 
       

PCHS 1 30 wet paste & 
fluid 

semifluid semifluid liquid 

 2 22 wet paste semifluid semifluid paste 
1 

wet paste 

 3 1 empty semifluid semifluid semi- & solid 
 4 1.3 empty semifluid semifluid semi- & solid 
 5 1.5 empty semifluid semifluid wet & solid 
              

 

b. Diets containing only vegetable-based constituents (WhCHS, SoCHS, LuCHS) 

Digestion of the plant-based diets (Table 84) followed a variable but different pattern to that described for 
exclusively animal based food constituents (Table 83). The LuCHS diet was removed more rapidly than the 
majority of animal-based diets, but the SoCHS and WhCHS diets were not. Both resulted in a bolus of semi-
solid material building up in the stomach that persisted for several days. This was most obvious for the 
WhCHS diet, where a mass of material persisted in the stomach of one crocodile until Day 5. Unlike the 
animal-based diets, almost all diets produced gas on all days. 

Table 84.  Observations on the digestion of WhCHS, SoCHS and LuCHS. Stomach contents = mass of 
contents ÷ estimated no. of sausages eaten. 'Gas' indicates that the lower intestine or 
rectum was partially or fully distended; numbers indicate the number of individuals with a 
particular condition. Three animals on each diet were dissected on Day 1 and two animals 
on each diet for Days 2 to 5.   

Diet Day Mass of stomach 
contents (g) 

Stomach 
contents 

Upper 
intestine 

Lower intestine Rectum 
contents 

              
WhCHS 1 57 wet paste semifluid wet paste, gas (part 1) solid/semi-

solid 

 2 49 wet paste semifluid wet paste,  gas (part 2) wet paste/ gas 
 3 20 empty/wet 

paste 
semifluid semifluid,  gas (part 1) solid/wet paste 

 4 21 wet paste semifluid wet paste, gas 
(part/full) 

wet paste 
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 5 10 empty/wet 
paste 

semifluid semifluid/wet paste, 
gas (part 1) 

wet paste 

SoCHS 1 91 wet paste semifluid semifluid paste 1 solid/liquid 
 2 42 wet paste semifluid & 

soy 
wet paste & soy, gas 

(part/full) 
wet paste 

 3 4 empty semifluid semifluid, gas (part 1) solid/wet paste 
 4 8 minimal/wet 

paste 
semifluid wet paste & soy, gas 

(part/full) 
wet paste 

 5 1.8 empty semifluid semifluid,  gas (part 1) liquid 
LuCHS 1 29 liquid & lupin semifluid semifluid,  gas (part 1) solid 

 2 2.3 liquid/empty semifluid semifluid solid/liquid 
 3 1.9 empty semifluid semifluid solid/liquid 
 4 8 minimal/wet 

paste 
semifluid wet paste & lupin, gas 

(part/full) 
wet paste 

 5 4.4 empty/minimal semifluid wet paste,  gas (part 1) wet paste 
              

 

6.4.6.3 Summary of results  

When examined together (Figure 114) the results indicate significant differences in the pattern of digestion 
and transit times associated with the different diets. 

 

Figure 114. The mass of stomach contents, scaled to the amount of food eaten and recovered from the 
stomach as a function of consecutive days after a single pulse feeding with different diets.  

 

The mass of stomach contents remaining was scaled to the amount of food eaten, and could be expected to be 
more or less equivalent if the immediate digestive processes (by Day 1) occurred at the same rate. This was 
clearly not the case. Among individuals fed only animal foods, by Day 1 (at least 22 hours later), the amount 
of WCH remaining (63g) was almost double the amount of MCHS (32g) and PCHS (30g) remaining. Mincing 
the CH, with or without poultry meal, greatly improved the initial rate of digestion. 
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The diet containing lupin meal (LuCHS) also demonstrated very rapid clearance from the stomach by Day 1 
(29g), and was the equivalent of both the MCHS (32g) and PCHS (30g). Lupin meal was the only meal soaked 
for 24 hours in order to facilitate its incorporation into the sausages (Section 6.3.1), but its water content was 
not high (Table 36). The WhCHS (57g) had an initial clearance rate equivalent to the WCH (63g), SoCHS 
(91g) was digested particularly slowly during the first 24 hours (Figure 114). 

The rapid evacuation of the LuCHS by Day 2 (2.3g), relative to all other foods, was strikingly apparent. By 
Day 3, the remaining WCH was minor (6.0g) and similar to MCHS (5.0g), PCHS (1.0g), LuChS (1.9g) and 
SoChS (4.0g), but appreciably lower than for WhCHS (20g). By Days 4 and 5, food was almost completely 
gone from the PCHS (1.3 and 1.5gm) relative to WCH (5 and 2.2g), MCHS (8.0 and 1.6g), SoCHS (8.0 and 
1.8g) and LuCHS (8.0 and 4.4gm), with the WhCHS (21.0 and 10.0g) being appreciably higher. The qualitative 
observations (Tables 83 and 84) indicate that the animals fed vegetable-based foods still contained a “paste”, 
and in the case of WhCHS a bolus of undigested food which remained for <5 days. In contrast, the individuals 
fed only animal-based foods were deemed to be mostly “empty” by Day 3.   

The results emanating from a single pulse feed of different diets, confirm that WhCHS accumulates in the 
stomach much longer than all other diets. With SoCHS, despite the formation of a bolus, and slow digestion 
initially which could constrain feeding carried out three days a week, after three days stomach evacuation was 
largely complete. The situation with LuCHS appeared to be the reverse, with rapid transit through the stomach 
that seemed unlikely to constrain feeding. Perhaps the single pulse feed is not sufficient to reject the 
possibility that LuCHS will accumulate if fed continually. Food consumption for LuCHS declined sharply with 
consecutive feeding during the feeding trials (Figure 107).  

6.5 Implications 

6.5.1 General 

The feeding trials reported here provide a diversity of new insights into the feeding and growth dynamics of 
saltwater crocodiles fed different foods in a commercial farm environment. They provide definitive insights 
into the problems associated with trying to use vegetable constituents as a potentially cheaper alternative 
source of protein, and highlight the potential of a sausage-based feeding package. They also provide a wide 
range of estimates for separate parameters of feeding dynamics that can be used to inform management 
decisions and refine research questions aimed at improving the efficiency and cost-effectiveness of 
alternative foods. 

The results also confirm that feeding and growth dynamics are a compromise between many different 
variables, some known and many unknown, some stable and controllable but many varying, and relatively 
few truly independent of each other. In the “on-farm” trials reported here, social interactions, foods and 
feeding regimes, size and sex were all controlled reasonably precisely, but for other known variables (for 
example, temperature, rainfall, disturbance, noise, staff interactions), precise control was not possible. This 
is the real context within which commercial crocodile farming takes place, and hence efforts to explain 
factors affecting variation in the results in hindsight, is arguably the only cost-effective way to advance the 
type of applied research attempted here. This is especially so when so little information about feeding 
dynamics is available. There is a danger in assuming that all of the important variables are known at the 
outset, and can be controlled, even if it were economically feasible to do so. A particularly significant 
problem with hatchling research is that experimental and control groups are often both compromised by 
unknown, but obviously detrimental aspects of the raising environment and procedures.  

The research reported here deals with the establishment of methods for delivering different foods to 
crocodiles, assessment of the effects of varying feeding rates, the establishment of an analytical approach for 
estimating the food consumption required for maintenance, and quantification and comparison of size-based 
feeding dynamics for saltwater crocodiles fed a variety of different diets. It also provides a further set of 
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standards and benchmarks against which productivity in terms of feeding and growth dynamics can be 
compared and modelled. 

6.5.2 Food packaging 

Within a commercial farm context, when mainly raw or wet meat diets are used, feeding options are 
restricted to relatively few products other than chicken heads, fish or sheep hearts. These are a single meat 
package suitable for feeding without further processing costs. These meat products all need to be frozen and 
thawed for feeding, and their transport involves shifting large quantities of water (60-70%). The ability to 
use minced foods greatly expands the options for obtaining animal protein at reduced costs, and adding high 
protein dried meals such as the poultry meal used here can promote increased growth. However, it needs to 
be packaged in a form that can be fed easily. Another advantage of minced products is that the metabolic 
costs associated with digesting mince are considerably less than those for larger pieces of meat (Gienger et 
al. 2012). But, it requires processing and this involves costs. 

The sausages used here were primarily developed as a mechanism for carrying out the feeding trials. They 
proved effective for delivery and testing a range of different diets, and when high protein meals were added, 
they resulted in a doubling of growth rates. Wet sausages have been used as commercial diets in other 
farming operations (Figure 66), and may have more potential than hitherto realised, especially if larger 
sausages with heavier casings can be used.  

The extent to which a dried, extruded product can replace sausages in terms of acceptability and palatability 
(Peucker and Jack 2006) continues to be a laudable priority, more easily advanced now that standards for 
assessing feeding dynamics associated with whole chicken heads and raw sausages have been established.  

6.5.3 Varying the amount and frequency of feeding 

Factors influencing the interplay of the amount and frequency of feeding on the overall feeding dynamics of 
crocodilian production have rarely been subject to detailed investigation. That wild crocodiles exist with a 
boom and bust feeding cycle, with the stomach full or empty, has long been recognised (Cott 1961). But the 
frequency of booms that fill the stomach to capacity is probably rare rather than common in the wild, where 
it is common rather than rare in the captive management of crocodiles on farms. It is not altogether clear that 
crocodiles are well adapted to use food efficiently when their stomachs are filled to capacity most of the 
time.  

Stomach volume seems to limit the amount of food that can be consumed by different sized crocodiles when 
they are fed to capacity. Stomach stones (gastroliths), other indigestible items (keratin, fur and bristle balls) 
and undigested or slowly digesting food may therefore limit feeding capacity. The ideal diet in a farm 
environment should probably avoid items such as fur and bristles that cannot be digested easily. However, if 
appetite depends on the extent to which the stomach is full, there could be a problem with stomach volume 
changing with the history of feeding. Australia freshwater crocodiles (C. johnstoni) have thick stomach 
walls and much reduced stomach volumes during the dry season when little feeding takes place, yet in the 
wet season, when feeding to capacity is common, the stomachs are thin-walled with a greatly expanded 
volume (Webb et al. 1982). Chabreck (1971) found stomach volumes of American alligators (A. 
mississippiensis) varied between saline and freshwater marshes where food availability is also different. If 
reduced food intake on farms during the winter months results in a contraction of stomach volume, as seems 
likely, the rate of recovery of stomach volume could be implicated in the variable rates of food consumption 
observed between individuals. 

The results in total suggest that feeding to capacity may slow rates of digestion, making it less efficient and, 
through delayed clearance times in the stomach, affect rates of food consumption. Total food consumption 
can probably be increased by feeding less food more often, but this incurs a penalty in terms of the extra 
handling and feeding costs. Feeding rate generally should not surpass 6% of BWT per week, and 5.3% BWT 
with two feeds per week of 2.65% BWT is recommended here.  
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Nevertheless, the highest food consumption here was obtained by feeding four times per week, which if 
scaled to a 5.3% BWT per week, would be 1.3% of BWT per feed. Feeding lesser amounts of food seems to 
allow more rapid and efficient digestion, which should allow increased food consumption. It was not 
possible to test this here, because the rate of feeding was held constant. Yet this treatment did give 
significantly higher growth than those fed once, twice and three times per week.  

Although summary matrices are presented which quantify rates of feeding and growth as a function of size 
(Tables 61 and 62), it is clear that none of these feeding dynamic parameters are truly independent. Growth 
is the outcome of complex interactions between factors such as: food type and constituents, feeding capacity 
including stomach volume, digestion rates, transit times, body temperature, the amount and frequency of 
feeding, physiological maintenance costs, food conversion rates, and the effects of size on most of these 
parameters. 

6.5.4 Varying the form and constituents of animal-based foods 

Gienger et al. (2012) found that there were significant metabolic efficiencies involved when crocodiles were 
digesting minced rather than whole raw chicken pieces. Those digestive efficiencies should lead to reduced 
maintenance costs, releasing more of the consumed food for growth, which was found here when feeding 
whole chicken heads (treatments 1-4) was compared with feeding minced chicken heads (treatment 5) fed in 
a sausage form. For both types of food, using the mean predicted trends (Tables 70 and 71), food 
consumption was the same (10.74kg over the complete trial). However with whole chicken heads, 6.65kg 
(61.9%) was required for maintenance, versus an estimated 5.32kg (49.56%) for the mince (as predicted 
values they do not add precisely to 100%). With an estimated 4.30kg and 5.47kg available for growth 
respectively, and food conversion rates (%FCR) for the growth of 40.89% and 55.35% respectively, 
predicted growth in BWT of 1.76kg and 3.03kg can be expected. This advantage presumably reflects the 
greater surface area for the digestive enzymes to act upon in mince. A 60g chicken head has a surface area of 
around 80cm2, or about 0.75cm2/g, but if minced into particles around 2.5mm diameter, the surface area 
would be approximately 24cm2/g. 

When the protein rich poultry meal was added to the minced chicken heads (Table 72), the allocation of 
food to maintenance was further reduced (4.42kg; 41.12% of the food eaten), and food available for growth 
was increased (6.35kg; 59.14% of food eaten). The food conversion rate for the growth component was also 
higher (57.85%), predicting growth of 3.7kg in BWT. This represents a doubling of growth relative to whole 
chicken heads achieved in the same time, with the same food consumption and the same costs associated 
with delivering the food to the crocodiles. 

6.5.5 Vegetable-based foods 

There was no evidence that the vegetable-based foods (WhCHS, SoCHS and LuCHS) contributed anything to 
growth or maintenance. The 50% of minced chicken heads included with the vegetable constituents could 
potentially have been enough to sustain the crocodiles, because when fed 100% mince, 49.6% (5.2kg) was 
used for maintenance (Table 71). However, the mean food consumption when crocodiles were fed 100% 
minced chicken heads was 10.74kg, whereas when fed the vegetable products (containing 50% mince) it was 
only 5.35kg (Table 81). The observation (Figure 112) that the crocodiles fed vegetable products would need 
to eat twice as much food just to sustain themselves without losing weight, is consistent with the reduced 
food consumption and the conclusion that the vegetable constituents contributed nothing to growth or 
maintenance. Indeed, by building up in the stomach, especially with the wheat and soya meal, they may have 
constrained the digestibility of the mince anyway. There seems little point in continuing to experiment with 
vegetable protein sources as an alternative to animal protein sources for feeding crocodiles on farms. 
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6.5.6 Stomach transit times 

One of the obvious advantages of carrying out research in a farm context is that crocodiles are being culled, 
and many questions about digestion can be answered by feeding particular diets and determining their 
outcome by direct observation after the animals are killed. The examinations undertaken demonstrated 
relatively slow rates of digestion for whole chicken heads versus minced chicken heads, which was 
consistent with hypotheses proposed to explain the experimental results. They also confirmed a build-up of 
vegetable matter in the digestive system, particularly with wheat and soya meals. The rapid passage of lupin 
meal (at least following one feed) leaves questions to be answered.    
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