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Abstract. The concentrations of Na, K, Ca, Mg, Ba, Sr, Fe,
Al, Mn, Zn, Pb, Cu, Ni, Cr, Co, Se, U, and Ti were
determined in the flesh and osteoderms of estuarine crocaFhe Alligator Rivers Region (ARR, Figure 1) is the site of the
diles (Crocodylus porosyscaptured in three adjacent catch- world-heritage-listed Kakadu National Park (KNP), within
ments of Kakadu National Park, within the Alligator Rivers Which are located both the operational Ranger uranium mine
Region of northern Australia. This study provides, for theand the Jabiluka mine site. Biota occurring in Magela Creek,
first-time, baseline concentrations of elements in both flesivhich receives effluent from the Ranger mine site, has been a
and osteoderms of wild crocodiles. Multiple linear regres-focus of previous radioecological field and experimental stud-
sion analyses were used to determine the effects of totdfS: These studies investigated natural concentrations and
crocodile length, estimated age, gender, inferred reprodudn€chanisms of bioaccumulation of Ra-226 in the tissues of

tive status, physical condition, and catchment of capture offéshwater bivalves, turtles, and water lilies, which are in-
element concentrations in both tissues. The Mg concentra9|Uded in the traditional diet of the Aboriginal owners of KNP

tion (logy) in the flesh and osteoderms @&. porosus (Jeffree 1988, 1991; Jeffree and Simpson 1986; Twining 1993).
significantly (p= 0.001) decreased with increasing length 'V'af“” et gl.(1998) est_abllshed bas_elme Ievels_; for e|gh_t natural
(1.7-5.0 m) and estimated age (5-40 years). Similarly, théadlonuclldes and f[helr concer}tr.atlon factprs in the edible flesh
Ti concentration (log,) in flesh significantly (p= 0.01) of a range Of. traditional Aboriginal food .|tems frqm Magela
decreased with increasing length. In contrast, Zn and Sgreek_, including the freshw_ater crocod(_IEjohnstomAII_lson
concentration (logy) in flesh significantly (p= 0.001) in- and Simpson (1989) established baseline concentrations for 14

creased with increasing length and/or age, suggesting th lements in the tissue of the freshwater bivalvengasj from

these relationships are mediated by biological rather than agela Creek and secondary catchments,
. PS y 9 However, mine-related radionuclides and stable metals are
environmental chemical factors. In flesh, Fe and Na concen-

: R ! not the only bioaccumulating contaminants that may have an
trations (logy) significantly (p = 0.05) increased as the y g y

hvsical diti C - . d No sianif impact on the resident biota of KNP. A previous study (Twin-
physical condition oL. porosusdeteriorated. No significant ;o 51 1999) on the Australian estuarine crocodilg,

(p > 0.05) effects of gender or inferred reproductive Statusrporosus indicated the animal’s capacity to respond to anthro-
on element concentrations in the flesh and osteoderms weig,genically enhanced Pb in its riverine environment (resulting
found. The mean concentrations (lggof Al, Ba, Cr, Ni. ~ rom the use of Pb shot ammunition by the traditional owners)
and Pbinflesh and Co, Fe, Mg, Mn, and U in the osteoderms,y accumulating this element to appreciably elevated levels in
were significantly (p= 0.01) different between catchments. poth its flesh and osteoderms. Relatively few other studies have
The significant (p= 0.05) effects of catchment on the reported on the bioaccumulation of elements in wild crocodil-
concentrations of various elements indicate t@aporosus  jans (Burgeret al. 2000), and these have focused primarily on
reflects the chemistry of its environmental milieu and there-Hg because of the human consumption of alligator flesh
fore has a certain degree of catchment fidelity, even thoughDelany et al. 1988; Heaton-Jonest al. 1997; Jagoeet al.
the catchments are adjacent to one another. Such catchmeniggg).
specific signals may be useful in the determination of the The objective of this exploratory study @b porosusfrom
provenance of itinerant crocodiles. They also point to thewithin the ARR of tropical northern Australia was to determine
utility of crocodiles as long-term biomonitors of their envi- the natural concentrations of a range of elements in flesh and
ronment. osteoderms; and the effects of (i) biotic factors, such as croc-
odile size and age, gender, and inferred reproductive status and
physical condition; and also (ii) geographic effects associated
with the catchment in which they were captured on element
Correspondence taR. A. Jeffree;emait raj@ansto.gov.au concentrations in both these tissues.
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Fig. 1. Map of the Alligators Rivers region, encompassing Kakadu National Park. Each number represents the location at which a crocodile wa
captured for sampling. Habitats exposed to hunting with Pb ammunition are also shown, as are the Ranger uranium mine on the catchment

Magela Creek, East Alligator River, and the site of the Jabiluka mine

Materials and Methods River, 12 in East Alligator River, and 8 in Wildman/West Alligator

Rivers) that flow into the Van Dieman Gulf. Waters ranged from very

Study Site

low ionic strength fresh waters to sea water. The location of the Ranger
and Jabiluka uranium mines and two sites used by the traditional

Aboriginal owners of KNP for hunting with guns employing lead shot

Figure 1 shows the location of crocodiles (numbers 1-40) capture@re also shown in Figure 1. At the latter two sites, Twinigtgal.
from KNP, within the ARR of tropical northern Australia. Crocodiles (1999) reported substantially elevated Pb levelss(p.05) in the flesh
were caught from the three major catchments (20 in South Alligatorand osteoderms df. porosus
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Sampling and Elemental Analysis mean values and their 95% confidence intervals were also calculated
for all other sets of element concentrations whose frequency distribu-

Forty and 35 crocodiles were sampled for osteoderms and ersH!onS did_not deviate sign_ificantly (p 0.05) from normalit)_/. .
respectively, between November 1993 and May 1997, following cap-, ~ Prévious study (Twiningt al. 1999) on Pb concentrations in the
ture by either box mesh trap, floating trap cage, or harpoon. For eacﬂeSh and osteoderms ﬁ'_ pc_)rosusshovx_/ed significantly (p= 0.05) .
animal, its location, capture date, several measures of sige total eI(_avated concentrations in five croct_)dlles sampled from two habitats
length), and gender (21 males and 19 females) were recorded in tHE9Ure 1) exposed to anthropogenically enhanced Pb. As a result,
y esh and osteoderm samples from these crocodiles were excluded in

field (Table 1). Each animal was allocated among four ordinal scal . ; .
categories of condition (Table 1) calculation of mean Pb concentrations and also for subsequent multi-

Following the application of a local anesthetic, osteoderms weréP!€ linéar regression analyses.
surgically removed from the pelvic region just forward of the hind leg,
and flesh samples were taken from the tail. Dermastid beetles, iffredictors of Element ConcentrationsLinear regression analyses
combination with scalpel and forceps, were used to remove tissudere used to determine whether element concentrations in flesh and
adhering to osteoderms. Osteoderms were then thoroughly rinsed wisteoderm samples were significantly €00.05) related to the fol-
0.1 M ethylenediaminetetraacetic acid (EDTA) followed by deionized lowing biotic and geographic variables: (1) total length, (2) estimated
water (MilliQ; 18 MQ cm™ ! resistivity). Flesh and osteoderm samples age, (3) gender, (4) inferred reproductive status, (5) physical condition,
were oven-dried (flesh 40°C and osteoderm 60°C) to a constardnd (6) the catchment in which they were captured. The inclusion of
weight; the meanzt SD) fresh/dry weight ratio of flesh was 3:80.5 these potential predictors were relevant, based on the findings of
(n = 35). Each sample was then microwave-digested (Milestone 1200Pelanyet al. (1988) and Heaton-Jonesal. (1997), who found that Cu
in nitric acid (Merck, Suprapur) following a modified U.S. Environ- and Hg concentrations in the tissues of alligators can vary with
mental Protection Agency protocol (US EPA 1997). The bone anddeographical region and with individual size and also that mature
flesh digests were made up to 100 ml using deionized watdig MQ females may possibly remove contaminants from their tissues when
cm Y. eggs are laid (Hall 1980). Therefore, it was important to use a statis-
Digest solutions were analyzed for Al, Ba, Cd, Co, Cr, Cu, Mn, Ni, tical procedure that would identify both these potential biotic and
Pb, Se, Sr, Ti, U, Zn, Ag, As, Hg, Mo, Sh, Sn, Th, V, and W using 9eographical effects on element concentrations in flesh and osteo-
inductively coupled plasma mass spectroscopy (Hewlett Packar@lerms, that could be simultaneously presenCirporosus
4500). The latter nine elements were below the analytical detection The concentrations (arithmetic or Iggtransformed) of each ele
limit of the instrumentyiz. < 0.05png g~ * dry weight (DW) for flesh ~ ment were linearly regressed against the following combinations of
and osteoderm samples. The concentrations of Na, K, Ca, Mg, and gedictors, (1) total length with gender, inferred reproductive status,
were measured using inductively coupled plasma atomic emissioRhysical condition, and catchment; and (2) estimated age with gender,
spectroscopy (Varian Liberty I1). A standard reference material (Com-nferred reproductive status, physical condition, and catchment. Total
munity Bureau of Reference Mussel tissue 278), sample replicatength and estimated age were both used as predictors of element
(two or three), and reagent blanks were used to evaluate analytic&oncentrations because, although age was estimated from length, the
accuracy, precision, and limits, respectively. The mean concentration@lationship was not linear (Webit al. 1978). Gender and inferred
of all elements in the standard reference material were within theifeproductive status were entered as dummy variables where “female”
certified ranges. For replicate samples, the mean percentage coefficiedtd “sexually mature female,” respectively, were used as the reference
of variation was< 10% for all elements. group. Catchment was entered as a polytomous dummy variable (Har-
Crocodile age was estimated (Table 1) as the mean of severdly 1993) where the reference group was the combined Wildman/West
relationships with head length or snout length, previously established\lligator River catchment.
for C. porosusin northern Australia (Weblet al. 1978). The total Where catchment was found to be a significant(0.05) predictor
lengths of sampled crocodiles ranged from 1.7 to 5.0 m, whichof element concentration, an adjusted Bonferroni (Dunn-Sidak) pro-
represents a calculated age span of 5-40 years. Sexually matuggdure was used to test for differences in the mean element concen-
females may remobilize elements from the osteoderms during vitellofrations between the three catchments. In cases where total length
genesis, possibly changing their concentrations, although such a@nd/or estimated age were also significant<(0.05) copredictors, the
effect was not observed for Pb . porosus(Twining et al. 1999). mean element concentrations were adjusted using analysis of covari-
Significant differences (= 0.05) between human males and females ance (Sokal and Rohlf 1995).
in elemental bone concentrations have been reported (Yoshatada Physical condition, being an ordinal scale variable, was only re-
1989). To evaluate this potential effect, crocodiles were separated bo@arded as a significant predictor at the more stringent level sf p
by gender and also inferred reproductive status into two categories, (13.025. A “backward elimination” stepwise procedure was used to
females likely to be sexually mature-(2.3 m total length and about generate a series of linear regression models, where the independent

12 years 0|d)’ and (2) females ||ke|y to be Sexua”y |mmatmé(3 m variable with a nOnSigniﬁcant (p> 005) t value of lowest absolute
total length) plus both sexually immature and mature males. value was eliminated from each consecutive regression until a regres-

sion whose F ratio was significant (g 0.05) remained, and it
contained only independent variables with significant<{p0.05) t

Statistical Analysis values (Sokal and Rohlf 1995).

Characterization of Element Concentrationgrequency distributions

of the concentrations of each element measured in both flesh angeSults

osteoderms were initially evaluated for departures from normality

using a Shapiro-Wilk test (Sokal and Rohlf 1995). The tests showeqaemem Concentrations in Flesh and Osteoderms
that 11 out of the 28 distributions were significantly fp 0.05)

different from normality, all being negatively skewed. Accordingly, . . .
data from these distributions were lggransformed to approximate 1 ne arithmetic mean concentrations of elements that were

normality. Mean values and their 95% confidence intervals wereabove their limits of detection in flesh ¢a 35) and osteoderm
calculated and back-transformed to determine arithmetic element codh = 40) samples are given in Table 2. The 95% confidence
centrations, taking into account any bias (Newman 1993). Arithmetidimits and ranges of concentrations are also shown for each of
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Table 1. Sample number, location and date, total length, gender, estimated age and condition index for each crocodile

Total
Sample Sample length Estimated Condition
numbef Location date (mm)° Gender age (years$) index
1 Jim Jim Creek (Patonga Billabong) 12/3/96 2456 Male 8.5 2
2 Retention Pond 1 (Ranger uranium mine) 27/3/96 2125 Female 8.0 2
3 Jim Jim Falls 5/5/96 4070 Male 21 3
4 Twin Falls 23/5/96 2890 Male 11 2
5* Magela Creek (Jabiluka Billabong) 2718/95 4990 Male 40 3
6* Barallil Creek 9/3/95 4400 Male 27 4
7 Nourlangie Creek (Muriella Park) 24/6/96 3020 Female 20 2
8 Nourlangie Creek (Bardulba Point) 4/7/96 4710 Male 34 1
9 East Alligator River (Rockholes) 26/7/96 4145 Male 22 1
10 Nourlangie Creek (Mungung Area) 31/7/96 4025 Male 20 2
11* Magela Creek (Island Billabong) 10/11/93 3670 Male 17 2
12* South Alligator River (Killuppa Springs) 9/11/93 4000 Male 20 2
13* South Alligator River (Goose Camp) 20/11/93 3780 Male 18 1
14 South Alligator River (Home Billabong) 20/8/96 2925 Male 12 25
15 South Alligator River (Home Billabong) 28/8/96 3100 Male 13 2
16 Wildman River (Four Mile Hole) 118/9/96 3840 Male 19 25
17 Wildman River (Four Mile Hole) 21/9/96 3130 Female 23 2
18 South Alligator River (Goose Camp) 5/10/96 2950 Female 19 1
19 South Alligator River (Goose Camp) 8/10/96 2800 Male 10 2
20 Magela Creek (Jabiluka Billabong) 29/11/96 2730 Female 15 2
21 South Alligator River (Red Lily Billabong) 16/10/96 3870 Male 19 2
22 Wildman River 3/12/96 1680 Female 5.0 2
23 Wildman River 3/12/96 1800 Female 5.0 2
24 Wildman River 3/12/96 2700 Female 15 2
25 West Alligator River 7112/96 2598 Female 14 2
26 West Alligator River 7/12/96 3300 Male 14 2
27 West Alligator River 8/12/96 2300 Female 10 1
28 South Alligator River 11/12/96 2820 Female 17 2
29 South Alligator River (bridge) 11/12/96 2820 Female 17 2
30 East Alligator River 1812/96 2770 Female 16 2
31 East Alligator River 18/12/96 2910 Female 19 15
32 East Alligator River 18/12/96 2590 Female 14 2
33 South Alligator River (Munmalary area) 13/1/97 2690 Male 11 2
34 South Alligator River (Kapalga) 14/1/97 2725 Female 15 2
35 South Alligator River 13/2/97 3135 Male 12 25
36 Magela Creek confluence 19/2/97 3110 female 24 1
37 East Alligator River mouth 24/97 2435 Female 11 2
38 Nanamhu Creek 4/5/97 2520 Male 8.0 2
39 South Alligator River (Midnight point) 14/5/97 2515 Male 8.0 2
40 South Alligator River (Brook Creek) 14/5/97 2350 Female 10 2

@Flesh was not sampled from the five crocodiles marked with an asterisk(*)

b Several other measures of animal sieeg( head and snout length) are reported by Twiningl. (1998)

¢ Age was estimated as the mean of several relationships with head length or snout length previously estabispeddsugWebbet al. 1983)
4 An arbitrary condition scale: 1, very good health; 2, good health; 3, poor health and 4, very poor health [see Gvaih{1i§98) for more detail]

these elements. Among the alkaline-earth metals, the mean Ga&ntration in osteoderm were Mn (71) and Fe (16). In flesh, Fe
concentration in the osteoderms is more than three orders afoncentrations varied by a factor of 23 but the other non
magnitude higher than that of the flesh, whereas the meaalkaline-earth metals varied by less than a factor of 10 in both
osteodermal Mg concentration is about a factor of four higheiflesh and osteoderm.

than that in flesh. The mean Ba concentration is more than a

factor of 40 higher in the osteoderm than in flesh. Sr could not

be detected in flesh, but had a mean concentration ofy3l8 Predictors of Element Concentrations

g~ (dry weight) in the osteoderm.

The concentration ranges of these alkaline-earth metals iffable 3 shows the results of multiple linear regression analyses
both the flesh and osteoderm samples varied by factors oihere element concentration in flesh (gor arithmetic) was
between two and eight with the exception of Ba in osteodermregressed against sets of predictors for each of 15 elements.
which varied over a factor of 75. Other elements that variedThe following predictors or copredictors were significant{p
over ranges of about one to two orders of magnitude of con9.05):
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Fig. 2. Linear regressions of element concentrations,d@mnd arithmetic) in flesh and osteoderms3ofporosusplotted against biotic measures
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Table 2. Element concentrationgu@rg™* dry weight) in the flesh and osteoderms@f porosus

Flest Osteoderth
Element Mean 95% ClI Range Mean 95% CI Range
Na 22006 1960-2560 1280-6560 <0.08 — —
K 10.7 10.1-11.3 7.99-15.7 <0.08 — —
Ca 202 181-237 106-660 219000 215,000-227,000 191,000-242,000
Mg 823 782-868 588-1100 3080 2910-3250 20004440
Ba 0.554 0.501-0.611 0.270-0.920 24.3 18.3-32.9 1.90-143
Sr <0.05 — — 318 279-372 121-923
Fe 88.7 71.5-111 13-303 6.52 5.24-8.22 1.33-21.2
Al 89.9 79.9-99.9 26-132 <0.05 — —
Mn 0.706 0.635-0.795 0.350-1.30 2%3 2.54-2.77 0.190-13.4
Zn 81.4 73.1-95.7 45.0-192 5.23 4.63-5.90 1.73-9.57
Pb 0.308¢ 0.280-0.342 0.120-0.450 390 2.50-3.68 1.2-9.4
Cu 1.14 1.00-1.28 0.340-2.02 4°68 3.98-5.64 2.20-13.1
Ni 0.507 0.443-0.571 0.140-0850 4.20 3.72-4.68 1.16-7.22
Cr 0.413 0.352-0.494 0.120-1.02 0.219 0.193-0.245 0.07-0.39
Co <o0.01 — — 0.344 0.319--365 0.220-0.478
Se 0.993 0.886-1.10 0.440-2.00 <0.01 — —
U <0.01 — — 0.03% 0.032-0.039 0.018-0.075
Ti 6.2 5.45-7.03 1.80-10.2 <0.01 — —
2n =35
bn =40
¢ Geometric mean values

9 Mean value for animals not exposed to Pb pollution=( 31); the mean value for lead-exposed animals was 0.54 (0.44—0.64, 95%y-G1)*
dry weight (n = 4)

©Mean value for animals not exposed to Pb pollution« 35); the mean value for lead-exposed animals was 24.0 (1439, 95pg@N)* dry
weigh (n = 5)

fBelow the analytical detection limits of the instruments.

. Length and ageMg and Ti concentrations decreased, Table 3 shows the results of the regression analyses where

whereas Ba, Zn, and Se increased with increasing lengtblement concentration (lgg in osteoderm was regressed
and/or age. The simple regression relationships are shown iagainst sets of predictors, for each of 13 elements. The follow-
Figure 2. ing predictors or copredictors were significant<£p0.05):

. Condition.Fe and Na increased (@ 0.025) in concentra-

tion (log,) as the condition of the crocodile deteriorated, 1. Length and ageMg concentration declined as length and
i.e., as its condition score increased (Figure 2). age increased (Figuse i and j), whereas Co increased with

. Catchment.Ba concentration was significantly related to  length.

catchment, as a copredictor with length. 2. Catchment.Co, Fe, Mg, Mn, and U concentrations were
related to catchment.

Neither gender nor inferred reproductive status was a signifi-
cant (p> 0.05) predictor of element concentration in flesh. Condition, gender, and inferred reproductive status were not
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Table 3. Results of simple or stepwise multiple linear regression In osteoderms there was no obvious prominence of one
analyses where biotic and geographic variables are used to predict catchment having repeatedly higher concentrations of elements
element concentrationgug-g™* dry weight) in the flesh and osteo  relative to the others. Whereas Mn concentration was higher
derm of C. porosu$ (p = 0.05) in samples from the Wildman/West Alligator River

Element Predictor(s) r2 catchment relative to the South Alligator River catchment, Fe
was significantly (p= 0.05) elevated in the East Alligator
Flest? River catchment samples relative to those from the Wildman/
Al Catchment 0.29™ West Alligator River catchment. U is the only element that
Ba Catchment/total lengthH() 0.23/0.33** LI .
Cr Catchment 0,347 shpws significantly (p£_0.05_) dlﬁergnt means between ee}ch
Fe Condition index +) 0.17* pair of catchments, being highest in the East Alligator River
Mg Estimated age<) 0.2g%*+ catchment, that contains the Ranger and Jabiluka uranium mine
Total length ) 0.30%** sites (Figure 1), and lowest in the Wildman/West Alligator
Na Condition index €) 0.17* River catchment.
Ni Catchment 0.19**
PL Catchment 0.25**
Se Total length ) 0.26** . .
Ti Total length () 0.25% Discussion
Zn Estimated age+) 0.37%**
Total length &) 0.51%** With regard to element concentrations measured in the flesh of
Osteoderrfy other crocodilian species, Table 5 compares mean concentra-
Co Catchment/total length+() 0.22/0.33** tions of nine elements measured in the American alligator (
Fe Catchment 0.21* mississippiens)swith those determined €. porosusin this
Mg Estimated age )/catchment  0.55/0.66™"  study. Fe, Zn, Cu, Pb, Se, and Mn concentrations are very
Mn 1(;(;ttill’]|r$‘|2?1tth ©) 06425/0 apws  COMPparable, only varying by about a factor of wo or less
U Catchment 0:42**; between species, but Cd and Hg are respectively at least one to

two orders of magnitude less i@. porosuscompared toA.
mississippiensisConcentrations of various elements in flesh
and bone ofC. porosusare also comparable to those measured
in sea turtles (Witkowski and Frazier 1982; Caurattal.
1999) and bony fish (Curregt al. 1992; Emareet al. 1993)
from uncontaminated sites.

Significant (p= 0.05) linear relationships were established
for several elements in both flesh and osteoderm with increas-
ing size and age (Table 3, Figure 2), which are indicative of
biologically mediated influences. By way of contrast, it is
S ] . unlikely that these relationships reflect consistently increasing
s_lgn|f|cant (p> 0'025_’ p> 0.05) predictors of the concentra- or decreasing environmental concentrations of these elements.
tion .Of any element n th_e_ osteoderm. With respect to these notional biologically mediated patterns

With regard to the significant ( 0.05) effects of catchment éFigure 2), the following similar patterns have been reported

on metal concentrations, Taplg 4 shows the results _Of aor other long-lived vertebrates in both soft and calcified tis-
adjusted Bonferroni (Dunn-Sidék) procedure or covarianc ues.e.g

analysis to determine the significant differences in their mean
concentrations between each pair of catchments.

aFor stepwise multiple linear regression analyses rthealues are
cumulative. ***P = 0.001; **0.001< P = 0.01; *0.01< P = 0.05
(or 0.025 for condition index).«) indicates a positive linear regres-
sion and () a negative linear regression
b, —

n=35
¢a priori Pb-contaminated samples & 4 for flesh andn = 5 for
osteoderms) were excluded from the analyses
d. —

n =40

For flesh, mean concentrations of Al, Ba, Ni, and Pb werel-
significantly (p= 0.05) higher in crocodiles from the Wild-
man/West Alligator River catchment relative to one or both of
the other two catchments. The mean concentration of Cr how-
ever was highest in the South Alligator River catchment. The?-
Wildman/West Alligator River samples were all taken from
crocodiles captured in closer proximity to the river mouths, and

Hg concentration in tissues increase with increasing size in
some populations of American alligatoh.(mississippien-
sig), but not others (Yanochket al. 1997; Heaton-Jonest

al. 1997; Jagoest al. 1998; Burgeret al. 2000);

Zn and Na concentrations in annual laminations of dugong
tusk increase with the age at which the lamination was
constructed (Edmondst al. 1997); and

o3 Al, Fe, Pb, and Zn linearly increase in human bone with

hence in greater salinity relative to those from the other two®:
catchments (Figure 1). To evaluate this potential effect croco-
diles from the other two catchments were partitioned into those

increasing age, whereas Mg declines with age (Yoshieaga
al. 1989).

occurring within the range of salinities characteristic of the

Wildman/West Alligator River catchment, based on measured In this study we have analyzed the whole osteoderm for its
salinity values (M. Lawton, unpublished). The mean elementaMg concentration, to show its significant £ 0.05) decline in
concentrations in the flesh were subsequently compared usirmgpncentration with increasing size and age of crocodile. Previ-
one-way analysis of variance (see Materials and Methods)usly we had used secondary ion mass spectrometry to measure
These analyses confirmed the results given in Table 4, andb in individual ostoedermal laminations to indicate historical
hence, the postulated salinity effect could not explain thepatterns of exposure to anthropogenic Pb, relative to a control
elevated levels of these elements in the flesh of crocodile§Twining et al. 1999). If the osteodermal laminations do oper-
captured from the Wildman/West Alligator River catchment. ate as a sink for deposited Mg, then the rate of decline in Mg
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Table 4. Mean ( 95% Cl) element concentrationgg-g~* dry weight) in the flesh and osteoderm ®f porosusbetween catchmerits

Wildman/West Alligator

South Alligator River East Alligator River

Element River catchment catchment catchment
Flest
Al 115° (102-128) 872 (74-100) 707 (47-93)
Ba® 0.7%(0.63-0.91) 0.52% (0.44-0.59) 0.56* (0.47-0.66)
Cr 0.35%(0.21-0.58) 0.54 (0.49-0.66) 0.26*(0.20-0.34)
Ni 0.6% (0.55-0.71) 0.46*(0.38-0.54) 0.37°(0.23-0.60)
PH 0.38(0.33-0.44) 0.29(0.26-0.32) 0.27°(0.20-0.34)
Osteoderrf
Cc° 0.39°(0.32-0.48) 0.30* (0.28-0.33) 0.37(0.34-0.40)
Fe 3.9 (2.0-5.5) 6.8%° (4.6-10) 9.6° (7.6-14)
Mg°® 3500 (3200-3900) 300C¢* (2800-3200) 290C* (2500-3100)
Mn 7.8 (5.2-11) 1.6%(1.0-2.5) 3.0°(1.5-6.0)
u 0.026 (0.023-0.029) 0.034 (0.030-0.038) 0.049 (0.040-0.058)

@Based on linear regression analysis where catchment was found to be a signfficai @5) predictor of element concentration. Differences
in mean values were tested using an adjusted Bonferroni (Duriky3sdacedure. Mean values depicted withaare significantly P = 0.05)
different to those depicted dyor c. Similarly, mean values depicted withare significantly P = 0.05) different to those depicted loy Mean
values depicted with the same letter (e.gb) are not significantly R = 0.05) different from one another. Lggtransformed element
concentrations were back-transformed to determine the arithmetic element concentrations, taking into account any bias (Newman 1993)
bn = 35 (19 from the South Alligator River, 8 from the East Alligator River and 8 from the Wildman/West Alligator Rivers)

¢Mean values adjusted for total length and/or estimated age (see Table 3) using analysis of covariance

da priori Pb-contaminated samples € 4) were excluded from the analyses

¢n = 40 (20 from the South Alligator River, 12 from the East Alligator River and 8 from the Wildman/West Alligator Rivers)

Table 5. Element concentrationgu@-g~* dry weight) in the flesh of
C. porosusand the alligatorA. mississippiensis

Crocodile Alligator
(C. porosu¥? (A. mississippiensj&°
Element Mean Range Mean Range
Fe 89 13-300 45 17-86
Zn 81 45-190 90 54-137
Cu 1.1 0.34-2.0 2.3 1.1-23
Pb 0.31 0.12-0.45 0.31 0.15-0.46
Cr 0.41 0.12-1.0 0.21 0.11-0.42
0.18 —
Se 0.99 0.44-2.00 0.40 —
Mn 0.71 0.35-1.30 0.95 —
Cd <0.0 — 0.11 0.038-0.23
0.03¢' —
Hg <0.01° — 1.16 0.15-2.3
0.16' —
0.18-1.47f
0.80-5.5Y

2 Abstracted from Table 2

b Data from Delaneet al. (1998),n = 24
¢ Original data (reported gsg-g~* wet weight) were multiplied by a

tigated element in either osteoderm or flesh. Previous studies
on Hg levels in flesh ofA. mississippiensifound no differ-
ences between the sexes (Yanackkal. 1997; Elseyet al.
1999); however, Burgeet al. (2000) found females had more
Hg in fat and less Sn in tail tissue than males.

Differences in mean element concentrationsCinporosus
between catchments of the ARR (Table 4), independent of the
influence of biotic factors (Table 2), point to the crocodiles’
responses to chemical environmental variables. Similarly, pre-
vious studies of Ra-226 bioaccumulation in the tissue of fresh-
water bivalvesY. angas) from the ARR had shown significant
(p = 0.05) differences between populations in Magela Creek,
that occurs within the East Alligator River catchment (Figure
1) (Jeffree 1988). These results were interpreted as reflecting
different ratios of Ra-226: Ca concentrations in water, as
supported experimentally for Ra-226 (Jeffree and Simpson
1986) and other Ca analogues (Markich and Jeffree 1994).
With regard to the capacity of another aquatic reptile to reflect
the chemistry of its aquatic environment, previous experimen-
tal studies showed that the snapping tuBlseya dentatérom
Magela Creek accumulated Ra-226 and radio-calcium directly
from the aquatic medium via its cloaca and buccopharynx,

;aCtOF of 3.8 (the wet: dry weight ratio calculated in the present study)yhere Ca and Mg water concentrations also affected its rate of
or comparison

4 Burgeret al. (2000)
¢Below the analytical detection limits of the instruments
fElseyet al (1999) and references therein

9 Jagoeet al (1998). Includes contaminated sites

concentration observed in the total osteodernCofporosus
with increasing size and age, may be even more pronounced Isediment chemistries.
its measurement in their individual annual laminations.
This study did not detect any effect of either gender orbeen previously reported in crocodilians. Out of eight metals
inferred reproductive status on the concentration of any invesdetected by Delangt al. (1988) in tail muscle of similar sized

accumulation (Jeffree 1991; Jeffree and Jones 1992).

With respect taC. porosusused in this study, it is difficult at
this stage to further interpret its catchment-specific elemental
concentrations in relation to those of its environmental milieu
because of insufficient water and sediment chemistry data for
each catchment; however, there are reported differences be-
tween the catchments in their underlying geology (Needham
1988) that could be expected to influence their water and

Location-specific differences in tissue concentrations have
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A. mississippiensisampled from eight lakes in Florida, Hg and Technical Memorandum 25, Supervising Scientist for the Alliga-
Cu showed significant differences between sites in their con- tor Rivers Region, Canberra
centrations. Heaton-Jones al. (1997) investigated Hg levels Burger J, Gochfeld M, Rooney AA, Orlando EF, Woodward AR,
in various tissues oA. mississippiensis Florida and found Ggllette Lq Jr (2000) M_etals and metalloids in tissues of Amer_lcan
very high levels in wild individuals from the Everglades, gg’%egfrzag three Florida lakes. Arch Environ Contam Toxicol
o et Googapic) o101 21 ol Sy . s, S, Wi P 153 B
oo AR . lation of cadmium, copper and zinc in some tissues of three
found levels of Pb, Hg, and Cd in tissuesAfmississippiensis species of marine turtles stranded along the French Atlantic
that varied significantly between sampled lakes in central Flor-  coasts. Mar Pollut Bull 38:1085—-1091
ida. The significant (p= 0.05) effects on mean element con- Currey NA, Benko WI, Yaru BT, Kabi R (1992) Determination of
centrations in flesh and osteoderm (Table 4) of the catchment heavy metals, arsenic and selenium in burramubaligs calcar-
of capture ofC. porosus point to the following. ifer) from Lake Murray, Papua New Guinea. Sci Total Environ
C. porosusis responsive to variable elemental signals in its ~ 125:305-320 _ _
environmental milieu, and most crocodiles investigated musPeany MF, Bell JU, Sundiof SF (1988) Concentrations of contami-
exhibit enough catchment fidelity to reflect these differential gzr‘éz_'%gn”“'e of the American alligator in Florida. J Wild! Dis
element signatures within catchments, even though these catc :

. L L Eamonds JS, Shibata Y, Prince RIT, Preen AR, Morita M (1997)
ments are in close proximity and individuals were captured  giomental composition of a tusk of a dugor@ugong dugon

over river lengths of up to 100 km. Such an interpretation  from Exmouth, western Australia. Mar Biol 129:203-214
accords with the high site residency that has been demonstrategsey RM, Lance VA, Campbell L (1999) Mercury levels in alligator

in largerC. porususand alsoC. johnstoni(Webbet al. 1983; meat in south Louisiana. Bull Environ Contam Toxicol 63:598—
Walsh and Whitehead 1993; Tucket al. 1997). For smaller 603

individuals, a detailed study showed that 57% of juvei@le Emara Hl, EI-Deek MS, Ahmed NS (1993) The comparative study on
porusus(2—4-year-olds) were found within 10 km of the site t_he levels of trace metals in some Mediterranean and Red Sea
where they were originally caught as hatchlings; however, fishes. Chem Ecol 8:119-127 , -
some juveniles travelled up to 81 km in 1 year (Webb andHa" RJ (1980) Effects of environmental contaminants on reptiles: a

- - - L review. US Dept Interior Fish and Wildlife Service, Special Sci-
ch:sfitlalloﬁzg);/s;: could also travel in the opposite direction in ence Report—Wildlife no. 228, 12 pp

. ... .. Hardy MA (1993) Regression with dummy variables. Sage Publica-
Because such cat.chment-speufllc sllgnalls_ based on mdlwdu_al tions, Newbury Park, CA

element concentrations are readily identifiable (despite theifeaton-Jones TG, Homer BL, Heaton-Jones DL, Sundlof SF (1997)

waters of capture ranging from fresh to estuarine), they may be  Mercury distribution in American alligatorsA{ligator mississip-

useful in determination of provenance for itinerant crocodiles  piensi§ in Florida. J Zoo Wildl Med 28:62-70

and the degree to which crocodiles do move between catchlagoe CH, Arnold-Hill B, Yanochko GM, Winger PV, Brisbin IL Jr

ments. Multivariate elemental signatures may indicate even (1998) Mercury in alligatorsAlligator mississippiens)sin the

greater catchment specificity for individual crocodiles. These _ southeastern United States. Sci Total Environ 213:255-262

results also suggest the utility &. porosusas a long-term Jeffrt‘;e th_A (198?15 atftemhs Oftaccumgl'on of alka“n;ga”h 'Ee)tals n
. . . . . e tssue o e rresnwater mus: esunio anga owerny).

biomonitor of its aquatic environment. Arch Hydrobiol 112:67—90

In co_nclu3|on, our analyses have established baseline coffe (e Ra (1991) An experimental study of Ra-226 and Ca-45 accu-
centrations of a range of elementsGn porosusfrom through- mulation from the aquatic medium by freshwater turtles (Fam.

out the KNP in tissues that can be I’eadl|y Sampled from extant Che"dae) under Varying Ca and Mg water concentrations. Hydro_
individuals over a wide size range. Against these established biologia 218:205-233
concentrations enhanced levels could be detected in the futurgeffree RA, Jones MK (1992) Accumulation of radiocalcium from the
The identification of significant (p= 0.05) relationships be- aquatic medium via the cloaca and buccopharynx of Australian
tween elemental concentrations and biotic and geographic pa- freshwater turtles (Chelidae). Comp Biochem Physiol 102A:
rameters will permit a more accurate interpretation of any 8591 )
changes in elemental concentrations that may be detected in tH&f€€ RA, Simpson RD (1986) An experimental study of the uptake
future. However, our ability to interpret the underlying factors ~ 2nd 10SS of Ra-226 by the tropical freshwater muséelesunio
. ) o r - angasi(Sowerby) under varying Ca and Mg water concentrations.
that determine these relationships is currently limited. Hydrobiologia 139:59—80
Markich SJ, Jeffree RA (1994) Absorption of divalent trace metals as
analogues of Ca by freshwater bivalves: an explanation of how
water hardness reduces metal toxicity. Aquat Toxicol 29:257—290
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