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Juvenile estuarine crocodiles captured insects and crabs at or above the water surface by leaps and
lunges powered by the hind limbs and tail. The mouth opened as the head cleared the water; most
prey were held by sidesnaps of the jaws. Such prey capture was accurate, deliberate and preceded
by stalking. In contrast, submerged prey (e.g. prawns) appeared to be detected mainly by touch
and detection was followed by undirected, inaccurate ‘snapping frenzies’ which were usually
ineffective. Small prey items were swallowed whole under water. Large dense prey (e.g. crabs)
were handled and swallowed on land or in very shallow water; large less dense prey {(e.g.
cockroaches) were swallowed during vigorous water-treading in deep water, the head being
maintained above the water surface.

Young crocodiles ate satiation meals of 9-10% body weight (on a fresh food weight basis) at
30 °C, and appetite returned over about 40 h as the stomach emptied. Total gut clearance time for
a meal was 4-5 d. Evidence was obtained which demonstrated that young Crocodylus porosus
Schneider deliberately eat gastroliths from an carly stage. Such gastroliths are retained within the
stomach (as were barium/polystyrene spheroids of 1 mm diameter) presumably by the action of
the well-developed pyloric sphincter. X-radiographs demonstrated that gastroliths are dispersed
throughout the stomach contents after a meal and presumably aid digestion.

Assimilation rates for dry mass (77-5%), energy (85-2%) and protein-N (97:4%) were high in
normal juveniles. Animals exhibiting ‘runt syndrome’ showed strong appetite but slow food
ng by the gut, together with poor assimilation, especially of protein (35:7%).
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Introduction

, before Man’s intervention, werp the top
throughout tropical and subtropical areas.
d with a surprising turn of speed on la.nd
distances) allow crocodilians to exploit a

Crocodilians are the largest living reptiles and
predators of freshwater and estuarine ecosystems tf
Effective burst swimming and striking in wat_ef. comllamte
(adult crocodiles can gallop at up tc') 40 km h for's oi
wide variety of terrestrial, amphibious and aquatic prey. o ooty and fascination as the

Despite the visibility of crocodiles, alligators and calmants, t t?llrthi Wor)l/( e om the

i it was not un . t
s of the once-dominant archosaurs, 1 . L of Cott 1961) on £
SNO'Ile r:;z:s(?i[lse ?Crocodylus niloticus Laurenti) that a detailed picture of fc;{_i;]ng;l:;r;ie“es weri
delvilo ment was presented for any crocodilian. Cott found tha.t 1213;: hjeagting ey o
predorﬁinamly insectivorous, progressed through a Ikalhlase eorf(fzr?rg—ma;ndid sthcy O ey amon
i ears of life, and only when much larg + m) did re ity upon
dur'mg - ﬁnisslzeglg birds. Similar changes in diet, with minor var‘le?tlons rc.ﬂculng]trvec‘;: 11]1;82
ey m:;rilsms have since been recorded from most other crocodilian spgulcs(;:\::“ld C]-(;Codi](;
If)reye(irigw) alth’ough adult slender-snouted crocodilians (c.g. the AuTlrz)\;mn ;nl,s p‘“i Ferocodt
Crocor : ial Gavialis oticus (Gmelin)) tend Lo specializ S
1 [ harial Gavialis gangeticus (G
Crocodylus johnstoni KrefTt and the g
: analyses ol stomach
eatmga- f the nutrition of wild crocodilians have rarely gone bqund dl’\dl.ys::fs/ o Ls ;)Lcmy

o ;es(t(k)le studies of Diefenbach (19754, b) on gastric function in Caiman (':;u (l)l(_/ “: ( ,I:m“int
e it i i 5 ici tance of crocodile and alligator la >

i tion), but the increasing €conomic 1mpor ! ile and alligator farm Ve
thedm:i]nc;ixrfephas ;enerated interest in artificial diets and their adequ&cy‘tor ;‘:pl;)\;coll.l:;ho”y
?\:I‘ mrbers ofgthe Family Alligatoridae (alligators and caxm‘ans)' are now l.)elfevef ‘;)m M
fi eh ater ancestry. They seem to need red meat in their diet, and ayxe appar ]9)};7() ey
arf‘;ZCt‘:aIZI by the long-chain fatty acids of marine fish ﬁcsk;l (}';erguson, l?;L;ngJ;?clz, " ;f. On the

i i i /hich are now
true crocodiles (Family Crocodylidae), whic : ight , anne
?thzgtranr?’ilo‘:vling the work of Taplin & Grigg (1981) and Tapllm (1984), h]a)vza r’ectllu[r;::'ni)m\m
dnc(::h 10}1/1,g chain fatty acids, especially in the case of the estuarine crocodile Crocodylus poro:
su - ) y

Schneider (Garnett, 1985). )
From the available literature it wasapp o
. L S irst. althoug
and digestion in crocodilians. First, a i e
h:::(;lsl:egs hnad bfen well known since the 19th ccnlury"and Pooley & quli§ UQ?gg;?erith at
CC iloticus herded small fish into shallow water with its tail (before striking sk {lhandﬁng
jan nsl)othere had been no published account of details of food c.apture.and subsn??uerrcxmm mcai
Jav:ti(,sl.llalrl in young crocodilians. Secondly, knowledge o‘l lappcme, (1.[)p.elldef : Croéodi]es
f:sidence t)i/me in different parts of the gut and digestive cihcncncyllw;)ls h(;m(l‘e‘ ;” crocodies
i 7 - mississippiensis (Daudin) and Catn 5%
e available for Alligator mississipplensis (  Cai :
ghorsi};zr;l{eefn?zdii 1964. 1970; Diefenbach, 1975a, b). Finally, the Ionkg—st(u;dmg cL;mtu;vleizssyt
vor , y ’ c ] 'kers from the ealie
i i / to be resolved. Most worker
over the function of gastroliths was yet

arent that there were gaps in knowledge concerning foot
h adult body rolling to tear food from large
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investigations (e.g. Oppel, 1896; Gadow, 1901; Biedermann, 1911: 1272-1282; Friant, 1941)
onwards have believed (by analogy with birds) that crocodiles eat stones to help in the digestion of
food; the anatomy of the musculature of the gizzard-like fundus of the stomach supports this
hypothesis. However, Cott (1961) suggested that the stones swallowed by C. niloticus were
ingested solely as ballast to allow animals beyond their first year to achieve negative buoyancy, and
this concept has been quoted widely. Even the hypothesis that crocodilians deliberately swallow
stones has been supported by circumstantial rather than experimental evidence; stone ingestion
could be accidental whilst feeding on bottom-dwelling organisms (Brazaitis, 1969), or could be
derived from the stomachs of prey (Neill, 1971).

The study described here was designed to fill as many of these gaps in knowledge as possible
within the limitations imposed by working in the UK upon a relatively small number of young
crocodiles. The investigation was carried out upon hatchling and juvenile C. porosus; this species
was chosen because it is the mainstay of crocodile farming in South-east Asia and Australasia (so
that data ought to be of significance to aquaculture), and because its extensive estuarine
distribution (from Sri Lanka in the west to Fiji in the east, and as far south as northern Australia)
offers subadult animals an unusually wide range of invertebrate and vertebrate prey, including
carabid beetles, sesarmine crabs, prawns of the genus Macrobrachium, gobies, rats, fruit bats and
dead marsupials (Taylor, 1979). During the course of the study, the opportunity arose to
investigate juvenile estuarine crocodiles suffering from ‘runt syndrome’, a common feature of
farmed (and presumably wild) crocodilians of several species. Expressed as a failure to grow
despite an apparently adequate appetite, the etiology of this syndrome is obscure. Rate of progress
of food along the gut and the efficiency of digestion were investigated in one runt animal for

comparison with the normal animals; runts were also dissected and the gut inspected for gross
signs of abnormality.

Materials and methods

Collection and maintenance

Twelve hatehling salt-water crocodiles (cach about 50 g in weight) were sent from a crocodile farm in
Australia (under appropriate CITES permits) to Menai Bridge in May 1987. The animals were held in a mesh-
covered holding tank (5 m long x 0-4 m wide x 0-6 m deep) fitted with a feeding platform reached by gently
sloping ramps. The holding tank was supplied with recirculating low-salinity water (usually fresh water, but
sometimes with added sea water (0 a maximum of 8%o as this is known to promote good skin condition (G. C.
Grigg, pers. comm.). The water, held at 30 °C, was pumped through a biological filter and header tank; about
a third of it was replaced every 2-3 days as facces and food scraps were siphoned away.

Routine ad lib. feeding was upon fish or squid available in the laboratories (mackerel, trout, sprat and
whiting figured in their diet on various occasions). Chopped whole food organisms were used to ensure plenty
of caleium in the diet. Daily feeding proved to be wasteful, the animals showing a poor appetite and feeding
only over a prolonged period. Instead, the animals were fed on cevery second day; this resulted in rapid
consumption of meals. Locusts, cockroaches and shore crabs were also fed to the animals occasionally.

Between May 1987 and September 1987 the animals were not experimented upon, but allowed to become
used to laboratory conditions and handling, Eight of the animals grew to about 100 g during this period, one
grew to 170 g, while the remaining 3 exhibited various degrees of *runt syndrome’, characterized by negligible
orslight growth despite a good appetite; one of the runts died before the end of the period of acclimation and
was dissected.

All experiments were carried out between Scptember 1987 and July 1988. One animal continued to grow
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more quickly than the others and reached 550 g at the end of the experimental period. Most of the others
reached 250-350 g, while the remaining runts grew to no more than 75-80 g before losing weight dramatically
and dying in March and April 1988.

Filming of feeding behaviour

Feeding crocodiles were filmed with a Panasonic WVP-F10E videocamera fitted with a ‘high speed’ strobe-
effect shutter. This shutter results in information being recorded for only 0-001 s during each video field;
effectively a 0-001 s ‘still photograph’ is taken every 0-04 5. The system allows blur-free recording of
reasonably fast movement, but requires strong illumination of the filmed object and some colour information
is lost. All filmed action took place in a glass tank (1-2 m long, 0-4 m high, 0-3 m wide) filled to a depth of
0-25 m with fresh water held at 30+0-5 °C, and with a 2 cm square grid drawn upon 3 of its sides to allow
distances and directions to be assessed from videotape (Davenport & Sayer, 1989). Movement was analysed
by playing videotape through a recorder and monitor with a freeze-field and search facility. Drawings were
made from arrested video fields by placing acetate sheets over the screen of the video monitor and using fine

fibre-tip pens.

Food capture/handling

ikely in naturer live
(Macrobrachinm

Four types of food were offered to the crocodiles to cover the range of food types
cockroaches (Periplaneta americana), shore crabs (Carcinus maenas) and freshwater prawns
rosenbergi), plus dead fish (Clupea harengus) to represent carrion.

To study the responses to cockroaches, 3 crocodiles (120 200 g) were placed in the filming, tank and, overa

period of several days™ filming, offered cockroaches in the following 3 ways. Fust, o number of full prown
r the dry aquarinm walls above the witer surfaee, to i the

cockroaches were allowed to crawl o
presence of inscets on weeds or rocks. Catching, ntnipulation and switllowmg of msect was filmed . Nead,
live cockroaches of various sizes were placed, one ata time, on the water suface and the croc odilen ilmed to
determine whether there were dillerences in food handling dependent on the prevaze Frorlly, alarpe nooher
s were placed on the water surface o see whether the crocodites would

of cockroaches of a varicty of si
exhibit any preference for particulur sizes of inseet when feeding.

To investigate feeding upon crabs, a brick feeding platform level with (he water surface was built i the
tank. Live shore crabs (10-25 mm carapace width) were placed on the platform. ‘Three crocodiles were lilmed
as they caught, manoeuvred and swallowed the crabs.

Feeding of the same crocodiles on prawns was filmed following the introduction of 3 live Macrobrachium
into the bare aquarium. The animals’ responses to dead prawns were also recorded.

Feeding on carrion (dead herring) was investigated in 2 ways. First, a whole fish was placed on a brick
feeding platform, and the crocodiles were observed while they fed upon it. Secondly, to simulate feeding ona
large, heavy carcass, a whole herring was firmly tied to a brick and placed under water. The animals were
observed as they tore at the food.

Anatomy

The crocodiles which succumbed to ‘runt syndrome’ were dissected, as was a larger animal (171 g) which
accidentally drowned. Particular attention was paid to the gut arrangement (to help in interpretation of X-
radiographs); measurements were also made of the sizes of various parts of the gut.

Observations were also made on the appearance of the gut of the 2 crocodiles which were uc>d in studies of

the site of assimilation of dry matter, energy and protein (sec below).
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Gastrolith ingestion

The !argest crocodile (weighing about 300 g at the time of the experiment) was used to determine whether
gastrohthAmgestion was deliberate or accidental. Ten small stones ( <4 mm diameter) were placed in a heav
glass Petri dish under water in the centre of a fenced-off section of the holding tank. The crocodile, which hag
fed heavily on the previous day, was placed in this section and left undisturbed for 24 h. No food v;'as present;
the smooth, heavy glass of the dish could not be manipulated by the crocodile. After 24 h the dish wa;
mspc@cd and the crocodile was X-rayed (sec below). Further information about gastrolith ingéstion was
obtained by dissecting dead animals and opening the stomach. Data concerning movement and position ) f
gastroliths in the stomach were obtained from X-rays taken as part of other trials (see below) ’ °

Appetite and appetite return

Four crocodiles (3 normal animals weighing 127, 178 and 233 g, respectively; 1 ‘runt” weighing 79 )
dcprivcd of food for 48 h and weighed. They were offered excess food (ch;)pped fish) ind ift tg \;erg
undisturbed for 90 min. They were next reweiphed 1o establish a satiation ration for each animal Af:)c C;I
thc.y were again offered excess food, left for 90 min and reweighed. The whole procedure (food ;Ie riva{' '
satiation meal, period after satition meal, offer of second meal) was repeated a further 6 times lopeﬁt blI?n};
appetite following food deprivicon for 12018, M08, 72,75 and 78 h. e

Rate of movement of food through the gut

Fomeanne the time taken for food o e tirouph the pat, crocodiles were fed a diet labelied with chi i
ontde G b bt preen mencsobstance not absotbed by the put). The diet was prepared by minci fc l;)rﬁmlj
with chramie onide " by weight) Fowr crocodiles (one o “runt’) were fed a labelled :Ine' l("m§ l—esl .
phaced meaeparte aquatiune Bited widh s men Lalie bottom so that any facees produc:dd;:n le(;w’ WES
renpested Nocmal feeding on ualabelled e eontmued after the abelled meal TI{C aquaria We?u' m‘)E j
v olten e possable, the tast and Tt appeininees of preen bceees were I'(‘L‘ﬂl'dk‘)d. ) ¢ impecte

X radiography

A wumber of approaches to visualizmg, (he progress of food throuph the put were adopted. First,
’L'A‘HIVCI)lIUH:Il barium meal (munced tish mixed with basnun sulphate (2095 by \VL“i}'ll()) was 1'::1 lo.a I ’I :
IllfS labelled meal was preceded and followed by normal, untabelled fish meals X:l"ldiﬂ :I:‘l hs wi mtmlz .
bci(‘)rc the burium meal, as soon as possible afterwards, and then at intervals ulnlil i‘l vas7 :xp :‘tczr:ha e]rI
barium-labelled material had been voided. A Chirona KOM 5 X-ray set operating at 7;)lKvp;Lm”1 s '?t .
employed and a 2 § exposure period was standardized. To make un X’-l‘ill‘l“}:!‘:!])'l. :n‘rrnwdilcywas : lacedw:tj
lx?p of an X-ray platc in a dry glass tank (the plate being waterproofed by cnclosure in a thin plast ‘pb' ate
distance of 65 cm from the X-ray source. . ‘ listicbig ata

Secondly,Aa diet labelled with barium sulphatc/polystyrene spheroids (JCT Ltd: | mm diameter) was used
Such s.pher()lds have been used in the past to provide quantitative information sbout the rate of movement 01.'
material from one part of the gut to another in fish and sca turtles (Grove f af., 1985: Davenport, Antipas &
Blake, 1989). A basic diet was prepared by mincing fish with barium sulphate (10" th weight; to . ive a};"eak
bzmum_ shadow to outline the gut). When a Jabelled meal was to be given (o o particular 'mi;nalgabo t 100
sp'heroxds were added to 2 g of the basic diet, and this 2 g meal was fed (0 o crocodile whic ‘ . y
minced fish. X-radiographs were again taken before the labelled meal, as soon as Poss
at appropriate intervals thereafter. o

Thirdly, Ltrocodiles were offered whole fish (Spraztus) of about 1 g individual wet weight, which had bee
labelled by injecting human barium sulphate into the gut. Finally, crocodiles were fod mt.:uls of live crabz

had just caten some
le after ingestion and
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labelled with barium sulphate to attempt to assess the period required for food items to be broken up in the
stomach (and also, since crab exoskeletons show up well on X-radiographs, to indicate the amount of food
movement during digestion). To do this, 0-3 ml of saturated barium sulphate solution was injected into the
haemolymph of each crab (through the arthrodial membrane between carapace and abdomen). This volume
was found to be enough to label the tissues without causing leakage, and to allow the crabs to survive and
show normal movement.

Measurement of assimilation efficiency

To measure the efficiency of assimilation of dry mass, energy (calories) and protein, 3 normal crocodiles
and one runt were fed on minced fish labelled with chromic oxide (2% by wet weight). Particular care was
taken to ensure that the food and label were thoroughly mixed. The composition of this diet (Diet A) was as
follows:

Protein 40% by dry weight
Energy 5-0-5-3 kecal g dry wt !
Cr,0s 351 mg g dry wt™!

In a few cases animals were fed a second diet (Diet B) which was similar to diet A but with a lower protein
content and gluten added as a binder.

The crocodiles were fed the labelled diet for several days until green faeces had been produced for at least 2
days. At this point faecal collections were made. Food and faecal samples were dried to constant weight in a
low-temperature oven (40 °C). Subsamples were weighed and analysed in the following manner. First, the
chromic oxide content was determined by the method of McGinnis & Kasting (1964). The chromic oxide was
oxidized to sodium dichromate (with concentrated sulphuric acid, sodium molybdate and perchloric acid).
The latter was determined spectrophotometrically after dilution following the diphenylcarbizide reaction
(Forster & Gabbott, 1971). The method was calibiated with known quantities of chromic oxide.

Next, total nitrogen was measured by digesting subsamples in concentrated sulphuric acid (with selenium
dioxide), alkalizing them with sodium hydroxide and, after dilution, determining them spectrophotometri-
cally following the phenolhypochlorite reaction. Ammonium sulphate was used to prepare standards.

Finally, the total calorific content of subsamples was detcrmined by a wet oxidation method. Organic
material was oxidized by potassium dichromate in concentrated sulphuric acid; after dilution, the unreduced
dichromate was determined spectrophotometrically. The equivalent energy content was calculated from 1 mg
K.Cr,0,=0-552 cal, but correction was made on the assumption that only 60% of the protein reacted in this
test (Forster & Gabbott, 1971).

At the end of the analytical procedure it was possible to calculate separatc assimilation efficiencies for (1)
dry mass (i.e. material of dried diet less mass of chromic oxide), (2) protein (assuming a direct relationship
between nitrogen and protein contents) and (3) calories, using the following equation:

_(GiM)
(M)

% assimilation efficiency = 100 x (1

where C) =chromic oxide content of unit weight of food; C; = chromic oxide content of unit weight of faeces;
M, =dry mass, protcin or caloric content per unit weight of food; and M,=dry mass, protein or calorie
content per unit weight of facces.
In later studics, protein content of food, gut sumples or defecated materials was caleulated directly from
~itrogen content measured after digestion, distillation in a Kjeltec 1026 Distillation Unit and titration with
‘= hydrochloric acid following the manufacturers’ instructions.

Site of assimilation

H ﬂja‘boul the parts of the gut particularly involved in the assimilation of dry mass, energy
“gexperiment was carried out. An additional objective was to indicate where uptake
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of Water gnd nutr!ents from food occurred in the alimentary canal. Two crocodiles were forc

a diet (Diet C) which consisted of casein, fish meal, cod-liver oil and starch. This was bound it
carboxymethyl cellulose. It was mixed with Cr,0; (about 1% : e dried
of the following composition: ~

fed daily upon
. : hegg yolk and
by weight). This food was dried to form pellets

Protein 37% by dry weight
Energy 5-32kcal gdry wt~!
Cry0; 11 mg g dry wt-!

Water content 6:5%

Feeding on this diet was maintained until green faeces had
then anaesthetized and killed, the heart and lun
elsewhere) and samples of material removed from
and rectum. The samples were frozen immediate
analysis. The samples were weighed, dried at 60
analysed for chromic oxide, calorie and total n

been voided for at least 2 days. The animals were
gs removed (for an investigation to be reported upon
ths,j lumen of the stomach, small intestine, large intestine
;i ly in covered containers (to avoid water loss) for later
.’C and reweighed to measure water content. They were then
1trogen content as described above.

Results

Food capture/handling
Feeding on cockroaches

To capture insects above the water surface (in this case the glass of the tank, but pr abl
upon rocl.<s or veggtation in nature) the crocodiles showed remarkable Jjumping ’abilitp f:utmd' }I
sequenceis shown in Fig. 1, but hatchling crocodiles (unfortunately not filmed) sometir)r:e j yplc?ﬁ
almost Cf\111p‘lclely_ out of water to catch cockroaches (rather than partially as in F'SJu{npe
preparation .I or & jump, the crocodile brought both hind limbs far forward an extenldg‘d 2h I'n
webs. The tail was bent at right angles to the body axis. To initiate the jump the hind limbszmd 1;1;

FiG. 1. i d i
L. Juvenile Crocodylus porosus leaping out of water to capture cockroach (represented by black ellipsoid)

Numerals represent sequence of video fields (0-04 s apart).
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were simultaneously driven backwards in a propulsive action lasting aboutl O-DSdS.t l’ll;hsv li':te;d ¥§Z
driven upwards and forwards, the mouth starting to open as the snout ¢ eare - m. he
animal accelerated as more of the body left the water, and the mouth ge}p}fd nged unti 1t }f; j fn]?lp
j i k and back were bent; both straightened during ' .
AR i he water surface it was noticed that
codiles were offered cockroaches floating on the surfa "
imvnzlc:grillec;ey were ignored. Moving cockroaches could be'seen from at least 60 c? bﬁ' cr(r)g:i; 52
floating with only the eyes and nostrils exposed. When an }nsec‘t had beer? spotte l;t}: <(:j e
m quickly towards it using the tail alone with all four hmd_hmbs held against the bo )b :37
:::ed sqwimming mode; Davenport & Sayer, 1989). The crocodx!c stoppel()j al}a(rupfll%/1 w:xgxlq an gl:l 3
; ding the webs of the limbs as brakes. he tai and
5 cm away from the cockroach by ‘sprea s s B e ot the jump
i d to propel the animal forwards and upwar e jumi
g:lcj:ibtflr:bf:e Thep ja\Ss were snapped downwards and sideways on to the c.o]ckrc;iché tc;krl,n% hl;
below the water surface (Fig. 2). The final lunge was at a speed of about 1 ms~'(3-3 body leng

- . . s
) Ig/iedium-sized and large cockroaches (> 1em length) were manipulated wholly in air, the mouth

2

N——

~

N
3
4

Al\

5 ®

/1A

snce of video fie X apart).
F1G. 2. Juvenile Crocodylus porosus catching floating insect. Numerals represent sequence of video fields (0-04 s apart)
1G. 2. cod)
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=)

F16. 3. Juvenile Crocodylus porosus handling (a) and swallowing (b) large cockroach.

being kept clear of the water. This appears to be necessary because swallowing large items of food
under water would involve breaching the seal between tongue and palate, thereby flooding the
oesophagus. Each insect was manoeuvred so that its longitudinal axis was dirccted towards the
throat. This was accomplished by small tosses of the crocodile’s head accompanied by movements
of the tongue. Usually the cockroach was crushed and perforated by the teeth. During final
swallowing the jaws were thrown back and the animal trod water vigorously, lifting the angle of
the jaws at least 4 cm above the water surface (Fig. 3). Treading water was obviously energy-
consuming; when eating medium-sized cockroaches the crocodiles often captured 2-3 insects
before starting a bout of water-treading and swallowing, although large animals were dealt with
singly.

Small cockroaches (<1 c¢m length) were dealt with in an entirely different fashion. All
manipulation was carried out under water. Repeatedly the mouth was opened and the snout raised
as the cockroach became waterlogged and started to sink. This repetition gradually transferred the
inscet to the back of the throat. Final swallowing also took place under water in a short space of
time (0-08 s), the teeth being held tightly closed and swallowing only being revealed by throat
movements.

If a batch of cockroaches of different sizes was introduced to their tank the crocodiles simply
attacked the nearest insect and showed no preference for a particular size of prey.

Two qualitative observations were made during the study of feeding on cockroaches. First, it
was noticed that drowned cockroaches which sank to the bottom of either the holding or filming
tanks were ignored by the crocodiles and not eaten. Secondly, cockroaches (or locusts when
available) were always manipulated and swallowed in water, even when captured on the feeding
platform; as soon as an insect was caught the crocodile retreated to water (with its jaws firmly
closed to prevent escape).

Feeding on crabs

Crabs were always caught on land or in very shallow water. When a crocodile located a crab on
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F1G. 4. Juvenile Crocodylus porosus stalking and catching crab. Arrows indicate movement of tail and hind limbs.

Numerals represent sequence of video ficlds (0-04 s apart).

the feeding platform it would swim slowly towards it with only the dorsal surface of the head
exposed. When the forelimbs grounded, the crocodile would normally pause bricfly (<0-5 s)
before attacking the crab, although any movement of the latter would precipitate an immediale
lunge. As with cockroach-eating, the impetus for an attacking lunge was provided by simultancous
movement of the tail and hind limbs, the forelimbs acting as props to prevent the head and
forebody dragging on land (Fig. 4). The crocodile vaulted out of water at about | m s~'and the
head was twisted to one side as the animal snapped down on to the crab. If the first lunge was
ineffective, the crab would be pursued on land by lunges powered by the hind limbs only.
Crabs were always eaten out of water with the crocodile propped up on its forelimbs (Fig. 5).
Manipulation and swallowing of crabs took several minutes (rather than the seconds needed to
deal with the insects). If the crab was large (c. 24 mm carapace width) the swallowing process itsell
required a considerable effort, involving a wide jaw gape and closure and depression of the eyes
(Fig. 6). After swallowing such a large crab the crocodile rested for several minutes with its snout
on the ground. In contrast, small crabs were swallowed whole with a closed mouth (Fig. 6)
Generally speaking, crabs were damaged either by the initial snap of the jaws during capture o'
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Closed eye
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throat

FiG. 6. Swallowing of crabs b enile Crocodylus porosus. (a) Swallowing of large cr: b. (b) Swallowing of small crab.
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Gastrolith ingestion and movement

Twenty-four hours after 10 stones had been left in its tank, the crocodile had clearly eaten eight
of them, since only two remained in the Petri dish, and X-radiography showed that the gastrolith
content of the stomach had increased. This ingestion occurred on a day when food ingestion would
not be expected (sce appetite section below).

For the Nile crocodile Cott (1961) claimed that stone-eating did not take place in the first year of
life. However, the specimens of C. porosus reported upon here all had some gastroliths in their
stomachs which must have been present when they arrived as recent hatchlings from Australia
(since no stones of the type found were ever offered to them in the UK, or were present in their
food). This was true even of the ‘runt’, which died when no more than three months old, but
contained three stones of 2-4 mm diameter. As well as this ‘Auystralian’ material, all stomachs of
dissected animals contained flakes of the non-toxic epoxy paint which coated the plywood of their
holding tank. These flakes were hard and thick (<2mm); picces as large as | mm x 4 mm had been
caten. Plate I shows the gastrolith content of a single juvenile crocodile (collected on dissection),

In unfed animals gastroliths appeared to be concentrated in a small arca at the bottom of the
stomach, but as soon as a meal was eaten they were dispersed throughout the stomach. Sequential
X-rays from above, together with X-radiographs taken from the side of an animal, demonstrated
that hard pieces of inorganic material are moved around the stomach during the digestion of meals
and do not remain stationary. They also showed that gastroliths or similar material reach the

2 |

{ "
A I A A d d I LT T ITITITT [
T O U T i) €™M ! I ]
PLATE 1. Gastrolith material removed from the stomach of a juvenile estuarine crocodile (e. 200 g body weight).




582 J. DAVENPORT ET AL.

dorsal part of the stomach when food is present and do not lie on the ventral stomach wall as
envisaged by Cott (1961).

Appetite and appetite return

Despite the relatively simple method of weighing the animals to assess food intake, the results
obtained were quite clear (Table I). Six hours after a satiation meal, the crocodiles were only able
to consume a fraction (0-32%) of their maximum meal. The X-ray studies described below
indicate that, on average, some 4 h must pass before newly-ingested food begins to leave the
stomach at 30 °C, thereby allowing the possibility of new food intake. The amount consumed
voluntarily increased with deprivation time up to a maximum at 24 h (the largest animal: 226 g
body weight) or 48 h (smaller animals: 126-180 g body weight). The ‘runt syndrome’ animal (76 g
body weight) required longer for full appetite return. The maximum meal size (g) increased with
body weight, but remained proportionally relatively constant (9-13% body weight) amongst the
body sizes available. Table I also shows the return of appetite as a percentage of maximum meal
size for each animal at the stated time and, for comparison with the X-ray studies, the estimated
amount of food remaining in the stomach after different times had elapsed since feeding. Since
only three normal juveniles were tested, and because their sizes differed relatively little, we
combined the results displayed in Table I, row d, into a single estimated gastric emptying curve
based on the following assumptions:

1. A delay of 4 h occurred before gastric emptying began.
2. The smaller meals (animals | and 2) formed later segments of (he emplying curve found tor the
larger animal (3).

Taml

Return of appetite in juvenite Crocodylus porosus

Deprivition time (h)

Body Max. meal
Animal wt. wt.
no. (2) (®) 6 12 18 24 a8 7 75 I8
[ 126:0 14-82 a 0-00 695  10-47 656 1482 12:43 394 0-87
(11-8%bw.) b 0-00 552 831 521 1176 9-87 313 069
c 0-00 4689 7065 4426 100-00 83-87 2659 587
d 1482 7-87 435 826 0-00 239
2 178-4 1953 a 435 1047 1173 11-85 19-53 7-80 3-09 4-05
(109%bw.) b 2-44 5-87 6-58 664 10-95 437 173 2:27
¢ 2230 5361 6006 60-68  100-00 3994 1582 2074
d 1518 9-06 708 -7-68 0-00
3 2259 31-22 a 990 1783 2890 31-22 28-82 1472 734 8-92
(138%bw) b 4-38 7-89 1279 13-82 12:76 6-52 325 395
¢ 3171 5711 9257 100-00 9230 4715 2351 2857
d 2132 1339 2:32 0-00 2-40
4 759 11-08 a 0-00 2-15 2:37 425 691 11-08 1-49 402
(148%bw.) b 0-00 283 312 5-60 9-10 14-60 1-96 530
(‘runt’) c 000 1940 21-39 38-36 6240 10000 1345 3628
d 1108 893 871 683 417 0-00

a=observed meal size (g); b =observed meal size as % bédy weight (b.w.); c=observed meal size as % of maximum
meal; d =estimated amount (g) of meal remaining in the stomach
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X-radiography

Plates II-VII show X-radiographs of the process of digestion of voluntagly ;rilg:;tteig,eéxr‘;f;&zzg
fish (Sprattus, c. 1 g) which had been injected with barium sulphate. The antlma' identified with an
d ,weight 180 g) illustrates the sequence. Plate II shows the stoma contents aer
Sovern (30 J f food deprivation. Flakes of paint and small stones, subsequently identifie pf
o daY§ . the assir:ilation studies, are clearly seen. Plate I1I shows the full stomach % : af:er
watings Uef::llif about 10 fish. Subsequent radiographs (Plates IVAVI? take-n 18,24and 31 ha i::;
e;tlr:r%;}nshow initial transfer of radio-opaque material into the intestine ang’ (rjcct}u"n;,c Jvlhe
::o?xcomitant decrease in stomach volume. After 66 h (Plat.c VI fnost oftl:;: metz}lll ;;r r:?;tcstine.
’ d much had been voided; only a few banum—r@h boli remained in e7 dgrived ine.
'rl?}:’;l;:‘1 o:ti)rslervations agree well with the estimates of gastric emptying tlme'(Fxg.‘de) ; r;: ived Trom
studies of appetite return, and also with the rate of clegrance of chroml? [ox1su n the Tacees
(described earlier). Examination of these and other radiographs leads us to sugg

ATE -ra e, codylus Dsus ta d consum n A 1-1a ed meal. Note large
P m adiograph of juvenile Crocodylus porosus taken 2 h after consumption of barium-labelled meal. No

L X f C ki 2’

stomach and dispersal of gastroliths. Text description refers to arrowed anima
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transfer of material through the small intestine is rapid, since this region gave strongimages in any
X-ray. The later images also suggest that the barium sulphate marker was more concentrated in
the last portions of the meal to be released from the stomach.

In a subsequent study, an attempt was made to follow the gastric emptying process using a diet
in which radio-opaque, barium sulphate-labelled polystyrene spheroids were incorporated into
the diet at known concentration (Cox & Ennis, 1980; Costal ez al., 1983). The assumption behind
this approach was that, provided both food and radio-opaque spheroids were emptied from the
stomach at the same rate, spheroid counts would confirm the emptying curve shown in F ig. 7. In
the event, the results were not as expected. Plate VIII (left) sh
chosen for clarity because this specimen contained no gastroliths
The remains of a previous barium meal are seen in the rectum. Pl
30 min after ingestion of a submaximal meal containing the spheroids together with a small
amount of barium sulphate to delineate the gut. Subsequent plates (Plates IX-XII) show that,
despite subsequent food intake, the spheroids were sorted from the digestible food and most were
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PraTe IV, X radiograph of juvenile Crocodyluy porosus Laken 1

8 h after consumption of barium-labelled meal. Note
that labelted material is present in small and I

trge intestine, Text description refers to arrowed animal,

PLATE V. X-radiograph of juvenile Crocodylus

porosus taken 24 b after consumption of barium-labelled
Some concentration of barium lubel

meal. Note
in the rectum. Text description refers (o

arrowed animal
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PLATE VI. X-radiograph of juvenile Crocodylus porosus taken 31 h after consumption of barium-labelled meal. Note
targe amount of material in the rectum. Text description refers to arrowed animal.

PLATE VIL X-radiograph of juvenile Crocodplus porosus taken 66 I after consumption of barium-labelled meal. Note
empty stomach (save for concentrated gastroliths). Text description refers to arrowed animal.

PLATE VIIL X-radiograph of a juvenile Crocodylus porosus. Left: unfed. Note barium shadow in rectum (from earlicr
meal). Right: taken 30 min after consumption of barium- and barium spheroid-labelled meal.

PLATE IX. X-radiographs

meal, Right: 11 days after me

meal. Right: 15 days after mea

) .
Prar: X, X-radiographs of

PLATE X1 X-radiographs of a
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ofaj ite Crocodylus i
Juvenile Crocodylus porosus. Left: six days after barium- and barium spheroid-labelled
-labelle:

meal. Right: seven days after meal.

al (blurred by movement of

L.

juvenile Croc dvlus porosus. Le ne days after bar; - a arium spheroid-labelled
/ 3 it nine day: er barium- and b D!
bell

animal),

Juvenile Crocodvius porosus. Left: 14 days after barium- and barium spheroid-labelled
-labelle
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PLATE XII. X-radiographs of a juvenile Crocodylus porosus. Left: 20 days after barium- and barium spheroid-labelled

meal. Right: 24 days after meal.

still in the stomach 24 days later, long after the digestible food and barium meal had been
eliminated. Spheroids of this size are not processed with the main meal, presumably because they,
like gastroliths, are held back by the pyloric sphincter. In the sequence displayed in Plates VIII

XII the distribution of spheroids changes as the stomach is distended by subsequent radio-

transparent meals (and the spheroids are dispersed through the food).
X-radiographs of crocodiles which had eaten crabs were difficuit to interpret because of the

presence of gastroliths. However, X-rays taken shortly after meals demonstrated that crabs
remained in the oesophagus for scveral minutes after ingestion. Carapaces and chelipeds could

only be distinguished for about 8 h.

Assimilation efficiency and site of assimilation

In the main assimilation study, crocodiles were offered a minced fish diet (A), a similar diet
which was bound together with gluten (B) or a dry diet based on casein and fish meal (C). Diets
differed in protein content (40, 14 and 37% of dry weight, respectively). Table H shows the chromic
oxide, energy and protein nitrogen content per unit dry weight of the feeds and the faeces collected
from the tanks. Diet A was processed cfficiently by the test animal, so that the assimilation
efficiencies were as {ollows:

Dry mass 77-5%
Encrgy 852%
Protein-N 97-4%

Two further crocodiles were fed with diet C for four consecutive meals (over 48 h) before being
examined for changes in gastrointestinal blood flow after feeding (Nilsson ez al., In prep.). The
animals were killed 18 h after their last meal and food samples removed from different segments of
the gut for analysis (Table IT). As the food passcd along the gut, a dramatic rise in water content
occurred in the stomach; this presumably reflects both gastric secretion and drinking. This water
content rise was consistently lower in animal 1. Chromic oxide levels rose four-fold between
ingestion and the posterior intestine, but some retention of the marker may have occurred since
rectal faecal levels were not as high as those in the intestine. [n comparison, faeces collected from
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TaBLE [T
Assimilation efficiencies in Juvenile Crocodylus porosus

(a) Faccal collection from free-swimming animals
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Large 2 - . 23 _
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cetum 2 5
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Discussion

Crocodilians a i , : .
fish, aquatic birdgeor:l::lv'ely slow and inefficient swimmers which do not rival the capabilities of
capture juvenile ¢ arine turtles (Davenport & Sayer, 1989). For a great deal ;fptl i IISS y

- porosus must rely on the acceleration produced as much of the boc;;]r o
i moves
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from water to air during jumps or lunges. The acceleration depends upon the body moving into a
medium of low viscosity (air) while the propulsive organs (tail and hind limbs) remain in 2 medium
of low compressibility (water). This behaviour allows young salt-water crocodiles to catch animals
living at or near the air: water interface readily. The crocodiles’ binocular vision, focusing ability in
air (Fleishman ez al., 1988), cryptic floating posture, powerful broad-webbed hind limbs and
strong tail all contribute to hunting success.

Capture of prawns (and presumably small fish) in water is accomplished in a very different

manner. Detection of prey appears to be by touch rather than sight, and triggers snapping
behaviour which has a distinctly random, undirected element. This is consistent with the findings
of Fleishman et al. (1988) that crocodilians are unable to focus under water, and of Fleishman &
Rand (In press) that spectacled caimans can capture fish in total darkness. While this behaviour
was generally unsuccessful under the experimental conditions employed (clear water; few prawns),
presumably because of the vision and speed of the prawns, it is feasible that snapping frenzies are
effective in killing members of schools of prey, particularly in the turbid water of estuaries.

The way in which food items were handled after capture depended on two characteristics of the
item concerned: its size and density. Small items (c.g. small insects, small pieces of carrion) were
swallowed whole under water. This took place with the jaws tightly closed and was accomplished
quickly (presumably (o minimize intake of water). The handling of Targer items was prolonged and
took place during water-treading episodes il they were of relatively low density (insects, prawns),
or on land if they were dense (crabs, picees of fish, squid). This difference in approach probably
lessens the chanee of prey escaping (prawns, inscets) or sinking into deep water (carrion, crabs). All
large items were manipulated in the jaws and were punctured or crushed by the teeth, Puncturing
of the exoskeleton will speed the digestion of arthropod prey, so the somewhat faborious water-
treading cpisodes probubly have two functions rather than simply orientating the prey in the
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mouth prior to swallowing.

Young C. porosus possess
it may be scen that large, hard food items (such
stomach. As the oesophagus passes between the lungs, the distortion of the former by such prey
must press upon the latter, restricting ventilatory capacity. This probably explains why young salt-
water crocodiles usually rest immobile for several minutes after ingesting a crab, yct resume
activity immediately after eating softer cockroaches.

The results of this study demonstrate that young salt-water crocodiles deliberately ingest small
stones and other hard material. Taken with the observations that such objects disperse throughout
the stomach after a meal is eaten, that the stomach wall is thick and muscular, and that small hard
objects (e.g. barium spheroids) are sorted and retained by the stomach, this finding strongly
suggests that gastroliths are involved in breaking down ingested prey, perhaps helping to squeeze
fluids out of punctured arthropods.

Young crocodiles are capable of eating rather large satiation meals (c. 10% body weight), but
the somewhat long period taken to recover full appetite has implications for commercial rearing.
Since the stomach does not empty until about 40 h after a satiation meal it would appear that daily
feeding of large rations to captive animals would be wasteful and counterproductive, even at this

a long and broad oesophagus. From several X-radiographs inspected
as crabs) may take several minutes to reach the

early stage of growth.
The assimilation efficiencies recorded in normal animals were high, particularly for protein

nitrogen (97-4%), confirming the general impression of estuarine crocodiles as highly efficien’
carnivores. A prioriit had been expected that most assimilation, particularly of protein, would hav.
occurred by the time that the end of the small intestine had been reached. Instead, itis evident tha
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the [arge ntestine (aud pr obably the rectum

The ‘runt’ syndrome of poor
but in slow rates of food proce:

el ' 591
) are also implicated in assimilation of both energy and
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