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Cadmium bioaccumulation dynamics during amphibian development 
and metamorphosis 

Chantal Lanctôt a,*,1, Paul Callaghan b, Tom Cresswell b 

a Australian Rivers Institute, and School of Environment and Science, Griffith University, Gold Coast, QLD 4222, Australia 
b ANSTO, Locked Bag 2001, Kirrawee DC, NSW 2232, Australia   

H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Animals exposed at the onset of meta
morphic climax retained less Cd than 
larvae. 

• Larvae (Gosner stages 27, 32, and 37) 
accumulated Cd mainly through their 
gut. 

• Metamorphs (stage 42) accumulated Cd 
predominantly through their skin and 
gills. 

• The fate of tissue burdens during depu
ration is stage- and tissue-dependant. 

• Cd biodistribution patterns relate to the 
fate of tissues during metamorphosis.  

A R T I C L E  I N F O   
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A B S T R A C T   

Cadmium pollution poses a significant threat to aquatic ecosystems due to its propensity to bioaccumulate and 
cause toxicity. This study assessed the complex dynamics of cadmium uptake, accumulation and distribution 
across anuran development to provide new insights into the fate of cadmium burdens during metamorphosis and 
compare the susceptibility of different life stages to cadmium accumulation. Tadpoles of various developmental 
stages were exposed to dissolved 109-cadmium and depurated in clean water in a series of experiments. Tem
poral changes in whole-body and tissue concentrations were analysed using gamma spectroscopy, and 
anatomical distributions were visualised using autoradiography. Results showed that animals exposed at the 
onset of metamorphic climax (forelimb emergence) retained significantly less cadmium than animals exposed 
through larval stages. After exposure, cadmium partitioned predominantly in the skin, gills and remains of 
metamorphs, whereas larvae accumulated cadmium predominately through their gut. This shows a shift in the 
primary route of uptake at the onset of climax, which relates to the structural and functional changes of uptake 
sites through metamorphosis. During climax, some cadmium was redistributed in tissues developing de novo, 
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such as the forelimbs, and concentrated in the regressing tail. Our findings highlight the need for stage-specific 
considerations in assessing exposure risks.   

1. Introduction 

Metal pollution poses an important threat to aquatic ecosystems due 
to the persistence and bioaccumulative nature of many toxic elements 
[1]. Amphibians may be particularly vulnerable to metal uptake, owing 
to their capacity to absorb dissolved ions through multiple pathways, 
including their permeable skin, respiratory surfaces, and gastrointes
tinal tract. While metals accumulated during larval stages are known to 
persist and even concentrate in amphibians throughout metamorphosis 
(reviewed by [2]), the fate of metals accumulated in transient and 
changing tissues during the final energy-intensive stages of meta
morphosis (i.e., metamorphic climax) remains poorly understood. 

During metamorphosis, amphibians undergo extensive morpholog
ical and physiological transformations, including the regression and 
remodelling of most tissues and organs [3]. These drastic changes can 
lead to the mobilisation, transference and bioamplification of contami
nants burden, which can influence their toxicity during vulnerable life 
stages [2,4,5]. Our earlier work showed tissue-specific changes in sele
nium burdens throughout anuran development, including the trans
ference of selenium in developing tissues, such as the limbs, and 
concentration in the eyes and liver [6]. While that study offers valuable 
insights into the toxicity implications of selenium transference and 
concentration during amphibian metamorphosis, further research is 
warranted to assess the fate of other toxic elements during vulnerable 
amphibian life stages. 

This study focused on cadmium (Cd), a non-essential element of 
major environmental concern due to its persistence, toxicity and pro
pensity to accumulate in biota [7]. Cadmium pollution primarily stems 
from industrial activities such as mineral mining, coal combustion, and 
the manufacturing of various products like nickel-cadmium batteries 
and pigments [1]. Aquatic habitats downstream of these industries can 
often exceed water quality guidelines [8-10] by several orders of 
magnitude, especially in heavily polluted systems [11-13]. For example, 
Cd concentrations were reported to range between 0.003–13,700 μg/L 
in a recent global evaluation of metal pollution in surface waters [14], 
with the average Cd concentration (181 μg/L) far exceeding the 
Australian and New Zealand [15] freshwater guideline and exposure 
concentration used in this study (0.5 μg Cd/L). Aquatic Cd concentra
tions above protection guidelines have been found to adversely affect 
amphibians by causing mortality, malformations, endocrine disruption, 
and altering larval growth, development and metabolic processes 
[16-19]. Importantly, Cd accumulated during larval stages is largely 
retained during metamorphosis and represents an important pathway of 
Cd transference between aquatic and terrestrial ecosystems [20,21]. 
While the toxicity and bioaccumulation of Cd are relatively 
well-characterised in larval amphibians, little is known about how the 
morphological and physiological changes associated with meta
morphosis influence the uptake, elimination, and biodistribution of this 
metal. 

We investigated the complex dynamics of Cd biodistribution and 
biokinetics across anuran tadpole development to provide new insights 
into the fate of Cd burdens during metamorphosis and to determine the 
developmental period most susceptible to Cd accumulation. Specifically, 
we assessed spatial and temporal changes in Cd burdens throughout 
metamorphosis using live animal radiotracing, autoradiography and 
excised tissue analysis, and compared toxicokinetics across different 
developmental stages. 

2. Materials and methods 

2.1. Animals 

Eggs of the Australian striped marsh frog (Limnodynastes peronii) 
were collected during spring (March 2019) in Elanora, Queensland, 
Australia, and transported to a temperature- and light-controlled labo
ratory where they were slowly acclimated to laboratory water and 
conditions (photoperiod = 12:12 h light/dark). Tadpoles were housed in 
an automated re-circulating tank system (ZebTEC, Techniplast) con
taining moderately hard water prior to experiments (87 mg/L CaCO3). 
Water physicochemical parameters were monitored daily and were as 
follows during rearing: temperature = 27.5 ± 0.8 ◦C, pH = 7.6 ± 0.1, 
dissolved oxygen (DO) = 93 ± 4 %, and electrical conductivity (EC) =
311 ± 76 μS/cm. Tadpoles were fed Sera Micron fry food (Sera, Heins
berg, Germany) ad libitum, and survival was monitored twice daily. 
Methods were approved by the Griffith University and ANSTO Animal 
Care and Ethics Committees (projects ENV/03/17/AEC and P315, 
respectively; proof of approval is available upon request) and adhered to 
the Australian Code for the Care and Use of Animals for Scientific 
Purposes. 

2.2. Cadmium analysis 

The 109Cd radioisotope stock (109CdCl2 dissolved in 0.1 M HCl, t1/2 =

462.6 days) was obtained from Eckert & Ziegler Isotope Products Inc., 
Valencia, CA. Exposure concentrations were verified by inductively 
coupled plasma mass spectrometry (ICP-MS; Varian 820MS Quadro
pole). All samples were run with internal standard correction for matrix 
and drift correction), and certified reference material (DORM-4 and 
DOLT-5, National Research Council Canada) samples were analysed to 
verify the accuracy of the analysis (Recovery = 100.4 ± 6.5 % of the 
certified value). 

The 109Cd activity of the stock was verified using a coaxial high- 
purity germanium (HPGe) detector (ORTEC) connected to a gamma 
spectrometer (ORTEC) and spectrum analysis software on a PC. The 
radioactivity of samples was determined against standards (Eckert & 
Zeigler, California) in the same geometry (10 mL in 20 mL vial) [22]. All 
measurements were corrected for background radiation and physical 
decay. The specific activity of the 109Cd stock was calculated from 
analytical results (i.e., Bq 109Cd activity per g total Cd). 

The radioactivity of 109Cd in experimental samples (water, whole 
tadpoles, dissected tissues, and standards) in 5 mL glass tubes was 
determined using an automated gamma counter (Wallac Wizard 1470). 
The counts from each sample were standardised using geometrically 
matched in-house liquid standards to provide activity concentrations 
(Bq/mL) for each sample, as per Lanctôt et al. [23]. To assess the 
possible influence of minor tadpole movements during live animal 
radioanalysis, four tadpoles were repeatedly radioanalysed three times 
(60 s each) to determine the variability between measurements. The 
relative standard deviation for the radioanalysis procedure was 3 ±
0.02 % and was deemed acceptable. All measurements were corrected 
for background radiation and physical decay. 

2.3. Experiment 1: Changes in whole-body and tissue Cd burdens during 
metamorphosis 

Forty-five Gosner stage 29 (Gs; [24]) tadpoles were exposed indi
vidually in square 1.1 L polypropylene containers (1 per container), each 
containing 400 mL of moderately hard water (MHW; 87 mg/L CaCO3; 
[25] spiked with 109Cd (501 kBq/L), equivalent to 0.5 µg total Cd/L 
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(nominal). The estimated radiation dose resulting from exposure to this 
concentration of 109Cd in solution is nearly two orders of magnitude 
lower than the LD50 reported for tadpoles and, therefore, unlikely to 
influence the results (as described in an earlier study on L. peronii; [23]). 
Four tadpoles were similarly transferred to individual containers with 
control water (400 mL isotope-free MHW) and subjected to the same 
handling as the Cd-exposed group. Control animals were reared until the 
completion of the experiment and served to compare tadpole develop
ment over time. The nominal Cd concentration was selected based on 
the Australian trigger value for the protection of 95 % of freshwater 
species (corrected for hardness level; [15]). Tadpoles were exposed for 
nine days, during which exposure solutions were entirely renewed every 
three days. On day nine, tadpoles were transferred to clean containers 
with 1000 mL control water for twenty-six days of depuration. Water 
was renewed daily for the first three days of depuration and every three 
days thereafter. Aeration was provided in each container. Tadpoles were 
monitored for survival and development, and fed equal amounts of Sera 
Micron daily (5 % of body weight/day). 

Water samples were collected from four randomly selected replicates 
before and after water renewals and analysed for total and dissolved 
(0.45 µm filtered) 109Cd activity. Throughout the exposure period, total 
and dissolved Cd concentrations were equivalent to 0.60 ± 0.10 µg/L 
and 0.50 ± 0.08 µg/L, respectively (mean ± SD of 40 measurements; p 
< 0.001; Fig. S1). Although tadpoles were mainly exposed to dissolved 
Cd (> 0.45 µm filtered), a small proportion was also bound to food or 
particulate matter (approximately 17 %) as animals were fed within the 
exposure water. Concentrations fluctuated by 11–28 % (total Cd) and 
5–21 % (dissolved Cd) between water changes (average of fresh treat
ment and aged water) (p < 0.001). Measured total and dissolved Cd 
concentrations of fresh exposure solutions were 0.70 ± 0.03 µg/L and 
0.55 ± 0.06 µg/L, respectively. Concentrations were < 0.02 µg Cd/L 
throughout the depuration phase. 

Physicochemical parameters were measured in a subset of replicates 
throughout the experiment (before and after water renewals) and were 
(average ± SD of 65–76 measurements): pH = 7.9 ± 0.3, temperature =
26 ◦C ± 1.0, DO = 87 ± 13 %, EC = 323 ± 11 μS/cm. Ammonia con
centrations were determined in randomly selected replicates throughout 
the experiment with a commercially available semiquantitative test kit 
(Aquasonic Pty Ltd, Australia). 

Seven Cd-exposed tadpoles were sampled at five developmental 
stages (Gs 32, 37, 42, 44, and 46) on days 0, 9, 21, 24, and 26 of dep
uration, respectively. Each tadpole was rinsed four times in fresh control 
water (isotope-free) to remove any loosely adsorbed Cd [22] and 
euthanised by immersion in 3-aminobenzoic acid ethyl ester (MS222; 
Sigma Aldrich) dissolved in water and buffered with sodium bicarbon
ate. Euthanised tadpoles were rinsed with reverse osmosis (RO) water 
and blotted dry on lint-free tissues (Kimwipes, Kimberly-Clark, 
Australia). Tadpoles were then individually radioanalysed in 5 mL 
tubes to determine whole-body 109Cd activity. Morphometric measure
ments (snout− vent length (SVL), total length, weight) were taken to 
calculate condition factors (K = [weight/SVL3] × 100). 

Following whole-body radioanalysis at each time point, four Cd- 
exposed tadpoles (of the seven sampled per stage) were dissected for 
gut, gall bladder, liver, mesonephros, lungs, limbs, gills, eyes, brain, tail, 
skin, fat bodies and remains (i.e., all other tissues). Tools were cleaned 
thoroughly using RO water and ethanol between each tissue and animal. 
Tissues were rinsed with RO water, blotted dry on a lint-free tissue, 
weighed, dried at 60 ◦C (>18 h) and re-weighed to obtain dry weights 
(dw). 

Three of the seven tadpoles sampled at each time point were 
embedded in an inert resin (Cryomatrix, Thermo Fisher Scientific, 
Australia), frozen in liquid nitrogen-cooled isopentane, and stored at −
80 ◦C [26]. Triplicate ventral sections (30 µm) were collected from the 
frozen blocks at 4–5 positions targeting organs of interest using a 
cryomicrotome (Cryostat Leica CM3050 S, Leica Biosystems), and thaw 
mounted onto glass slides. A digital photo of the block face (i.e., sample 

block facing the cryomicrotome blade) was taken for each section 
(Canon EOS 500 D) to aid organ identification. Slides were dehydrated 
on a slide warmer at 37 ◦C for 15 min and exposed to a phosphor plate 
(BAS-SR 2040) for 2–16 days, and plates were subsequently visualised 
using a GE Typhoon FLA 7000. Standards for 109Cd autoradiography 
were created in-house to allow for the quantification of the autoradio
graphs (see supplementary methods S1). Autoradiography images were 
analysed using Fiji (ImageJ) to provide additional information on the 
spatial partitioning of Cd accumulation in tadpoles at different stages of 
development. 

2.4. Experiment 2: Stage-specific Cd toxicokinetics 

Tadpoles of Gs 27, 32, 37, and 42 (n = 8 per stage) were individually 
transferred to polypropylene containers containing 400 mL of 109Cd 
(501 kBq/L) equivalent to 0.5 µg total Cd/L (nominal). Each exposure 
chamber contained an internal polypropylene basket to facilitate the 
handling of the animals. Aeration was provided in each container. An
imals were transferred at 5-minute intervals to account for the time 
required for live radioanalysis procedures. Tadpoles were exposed for 
two days, after which four tadpoles per stage were sampled (described 
below). The remaining four animals per stage were transferred to clean 
exposure chambers with 1000 mL of control water for a 5-day depu
ration period, during which water was renewed daily. Tadpoles were 
monitored and fed as described for experiment 1 (Section 2.3), except 
that tadpoles were not fed during the 2-day exposure. No food was 
provided to Gs 42–46 animals as animals fast during metamorphic cli
max. Water physicochemical parameters measured throughout the 
experiment were (average ± SD): pH = 7.9 ± 0.3, temperature = 26 ◦C 
± 0.9, DO = 89 ± 13 %, EC = 315 ± 11 μS/cm. Water samples were 
collected daily before and after water renewals and radioanalyzed for 
total and dissolved 109Cd activity. Measured Cd concentrations were 
0.38 ± 0.06 µg/L (average ± SD of 88 measurements) in solution 
throughout the 2-d exposure period (Fig. S2). Concentrations decreased 
by 18–22 % between the start and end of the exposure phase (p < 0.001). 
No differences between total and dissolved concentrations or between 
sub-experiments (different stages) were observed (p > 0.05) – this 
differed from experiment 1 (Section 2.3), where animals were fed during 
exposure due to the longer exposure period. Measured concentrations of 
fresh exposure solutions were 0.41 ± 0.02 µg/L (total Cd) and 0.42 ±
0.06 µg/L (dissolved Cd). Total and dissolved Cd concentrations were ≦ 
0.02 µg/L throughout the depuration phase. 

Tadpoles of each stage were radioanalysed after 6, 24, and 48 h 
during the exposure period (n = 8) and every 24 h during the depuration 
phase (n = 4). Tadpoles were removed from their respective exposure 
chambers using the internal baskets and consecutively transferred be
tween four different rinse solutions (250 mL control water) for 10 s each 
to remove any loosely adsorbed radionuclides. Following rinsing, each 
tadpole was transferred to a 5 mL glass vial containing 1 mL of non- 
active control water and weighed (each vial was pre-weighed with 
water to estimate tadpole weight). Vials were individually transferred to 
the gamma counter (Wallac Wizard 1470) for 30–60 s to determine 
109Cd activity. Tadpoles were then returned to their respective 
chambers. 

At the end of both the exposure (day 2) and depuration phase (day 7), 
four tadpoles per stage were euthanised by immersion in MS222. 
Euthanised tadpoles were rinsed with RO water, blotted dry on a lint- 
free tissue, staged, and measured for SVL (mm), tail length (mm), and 
wet weight (mg). Tadpoles of stages Gs 27, 32, 37, and 42 at the start of 
the exposures reached stages 30 ± 1, 34 ± 1, 39, and 46, respectively, at 
the end of the seven-day experiments. Gut, liver, mesonephros, lungs, 
gills, skin, and remains were dissected from each tadpole, weighed, 
dried, and analysed as described for experiment 1 (Section 2.3). 

C. Lanctôt et al.                                                                                                                                                                                                                                 



Journal of Hazardous Materials 474 (2024) 134773

4

2.5. Statistical analysis 

Data were first analysed for normality and homogeneity of variance 
in all cases. Percentage data were arcsine square root transformed prior 
to analysis. The significance level was set at α ≤ 0.05 for all tests. Dif
ferences in aqueous Cd concentrations (total and dissolved) over time 
were analysed using a three-way ANOVA with time, replicate, and type 
(total vs. dissolved) as factors. Analysis was performed using SPSS v27. 
All other analyses were performed using GraphPad Prism v10.0.0. 

Changes in whole-body Cd concentrations throughout tadpole 
development and metamorphosis obtained in experiment 1 (Section 2.3) 
were analysed using repeated measures one-way ANOVAs followed by 
multiple comparisons test. This test was also used to test differences in 
Cd tissue concentrations, total burdens and biodistribution (non-para
metric tests were used when parametric assumptions were not met). 
Biodistribution data were arcsine square root transformed before anal
ysis. Retention efficiencies (RE, %) were calculated by fitting a first- 
order decay model: REt = RE0 × e− ke×t, where RE is the percentage of 
Cd remaining in the tadpoles or organs at time t (d), and ke (d − 1) is the 
depuration rate constant for Cd loss and used the corresponding y- 
intercept to estimate Cd retention efficiency [27,28]. Depuration 
half-lives (t1/2, d) are calculated on the exponential part of the depu
ration curve using t1/2 = ln(2)/ke. 

Differences in size (i.e., SVL and weight), K, development, Cd bur
dens, and biodistribution of animals in experiment 2 (Section 2.4.) were 
analysed using two-way repeated measures ANOVAs with develop
mental stage (Gs) and time as factors. The influx rates (Iu, ng/g/d) were 
calculated using the slope of the linear regression line of Cd accumula
tion during the first two days of exposure with the intercepts set at zero 
[29]. The Iu calculated includes efflux processes likely occurring during 
the exposure phase, which is noteworthy as efflux processes may vary 
between the developmental stages being compared. Differences in Cd Iu 
and retention (%) between developmental stages were analysed using 
one-way ANOVAs. Mixed-effect models (REML) were used to test dif
ferences in Cd burdens and retention between the tissues and stages. 
Tukey HSD post hoc comparisons were used to determine specific dif
ferences between tissues. 

3. Results and discussion 

3.1. Cadmium retention kinetics throughout tadpole metamorphosis 

After nine days of exposure to 0.50 ± 0.08 µg Cd/L in experiment 1, 
tadpoles bioaccumulated 359 ± 50 ng Cd/g ww (Fig. 1). Once trans
ferred to clean water, whole-body Cd decreased significantly over time 
(F(1.3,8) = 194, p < 0.0001), following an exponential decay pattern 
(Fig. 1 and Table S1). A steady state was reached after 21 days of dep
uration, with only 11 % of the initial Cd (45 ± 3 ng Cd/g ww) retained 
until the end of the experiment and completion of metamorphosis. The 
initial rapid loss reflects the initial gut passage time, followed by a 
slower elimination of accumulated Cd [30,23,31], with no significant 
change in whole-body concentrations during the final stages of meta
morphosis, known as the metamorphic climax (Gs 42–46). Our findings 
are consistent with several studies showing that tadpoles exposed to 
Cd-contamination, including coal combustion waste, retain Cd burdens 
post-metamorphosis [32-34,20]. In these studies, animals typically 
retained approximately 70 % of Cd after completing metamorphosis 
when not subjected to a depuration period (reviewed by [2]). 

Most anuran species stop feeding during metamorphic climax when 
the oral structures and gastrointestinal tract undergo major changes to 
accommodate the dietary shift from predominantly omnivorous tad
poles to carnivorous adults. As such, anurans often experience a 
considerable loss in body mass and reduced condition factor (K) during 
this energy-intensive period. In this study, animals lost an average of 
30 % of their body mass as they progressed through metamorphic cli
max, with a 50 % reduction in K (Fig. S3 and Fig. S4). To account for the 
non-linear growth pattern and potential for bioamplification resulting 
from the rapid weight loss, changes in total Cd burdens (total Cd per 
tadpole) were also assessed (Fig. S5) and compared with whole-body 
concentrations (Cd per unit of mass). Whole-body Cd burdens showed 
a less rapid decrease and higher retention than kinetics based on Cd 
concentrations (RE = 19 % vs. 11 %; Table S1), showing the influence of 
animal growth and development. Understanding the retention of ele
ments through metamorphosis is important as amphibians are known to 
transfer nutrients and contaminants from aquatic to terrestrial ecosys
tems [21,35], potentially providing toxic elements to terrestrial 
predators. 

Fig. 1. Cadmium concentration (ng Cd/g wet weight; left) and retention (%; 
right) in whole tadpoles exposed for nine days and sampled at different 
developmental stages [24] throughout 26 days of depuration in control water. 
Values are means ± SD (n = 7). The line shows the best-fit one-phase expo
nential decay (R2 = 0.96). Letters indicate significant differences in Cd con
centrations among developmental stages, based on Holm-Šídák’s multiple 
comparisons test with α = 0.05. 

Fig. 2. Cadmium concentration (ng Cd/g wet weight) in whole tadpoles 
exposed for two days (uptake; n = 8) at different developmental stages (Gs, 
Gosner [24]) followed by five days in clean water (deputation; n = 4). Values 
are means ± SE. Letters indicate significant differences in Cd concentrations 
among developmental stages, based on Tukey’s multiple comparisons test 
with α = 0.05. 
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3.2. Stage-dependent bioaccumulation kinetics 

Our findings showed that Cd uptake and depuration kinetics differed 
significantly across tadpole development and metamorphosis (Fig. 2; 
Experiment 2). Accumulation and depuration patterns were found to 
relate to the morphological and physiological changes associated with 
growth early in development and metamorphosis later in development. 
More specifically, the size of larval stages (Gs 27, 32 and 37) gradually 
increased throughout the experiment, whereas the weight, total length 
and condition factor of metamorphs decreased as the animals progressed 
through metamorphosis (Gs 42–46; Fig. S4). Prometamorphic tadpoles 
(Gs 37), the largest of the larval stages assessed, displayed the highest Cd 
influx rates (2–3 times higher than premetamorphic Gs 27 tadpoles), 
which resulted in the highest whole-body concentrations (Fig. 2) and 
total body burdens (Fig. S6a) at the end of the 2-day exposure. Similar 
stage-dependent increases in Cd uptake have been reported in earlier 
anuran life stages exposed as embryos, hatchlings and premetamorphic 
larvae [36]. The stage-dependent increase in Cd uptake in the larval 
stages could be explained by the increased ingestion rate, metabolic 
demands and intestine surface area reported with increased body mass 
[37,38]. 

The reduced Cd influx observed in metamorphic animals (47 % 
decrease between Gs 37 and Gs 42), on the other hand, likely relates to 
the drastic restructuring of uptake sites, including the remodelling of the 
skin and gastrointestinal tract and regression of internal gills during the 
final stages of metamorphosis when anurans also cease feeding [39]. 
These changes may result in Cd elimination exceeding uptake rates, 
resulting in lower accumulation in metamorphs [33]. Likewise, animals 
exposed at the onset of metamorphic climax depurated three times more 
Cd during the first day of depuration compared to the larval stages 
(Fig. S6b) and overall retained half that of the earlier stages after five 
days of depuration (26 % vs 42–63 %; F(3, 12) = 14.8, p = 0.0002;  
Fig. 3b). Though research comparing the toxicokinetics of contaminants 
among anuran life stages is limited, the higher Cd elimination observed 
during metamorphic climax aligns with the higher polychlorinated 
biphenyl (PCB) elimination rates reported in leopard frog (Lithobates 
pipiens) and green frog (Lithobates clamitans) metamorphs compared to 
tadpoles and adults [40]. These findings relate to the transformation and 
resorption of larval tissues and organs during metamorphic climax [41], 
when contaminant burdens may be mobilised and eliminated [6], as 
further described in Sections 3.3 and 3.4. 

3.3. Cadmium biodistribution and redistribution during metamorphosis 

Our findings demonstrate the complex and dynamic changes in Cd 

biodistribution during tadpole metamorphosis (Fig. 4). The changes 
reflect three transformative processes that relate to the metamorphic 
fate of tissues and organs: remodelling, resorption (tissue breakdown), 
and de novo development [42,43]. These include larva-to-adult tissues, 
such as the gut, liver and body skin, that persist through metamorphosis 
but undergo significant structural and functional transformations, 
larva-specific tissues, such as the gills and tail, that regress during 
metamorphosis and are not present in adults, and adult-specific tissues, 
such as the forelimbs, that develop during metamorphosis. 

After a 9-day exposure, the majority of Cd was initially located 
within the gut of tadpoles (~95 %), with the remainder distributed in 
the mesonephros, gills and remains (~1 % each), as well as in the liver, 
body skin and tail (~0.5 % each; Fig. 4). This confirms that tadpoles 
mainly absorb dissolved and particle-bound Cd through their gut. It 
should be noted that the digestive tracts of animals were not purged 
prior to analysis, so whole guts sampled immediately post-exposure (day 
9) include both Cd bioaccumulated within the gut lining and unabsorbed 
Cd in the gut lumen. Nevertheless, autoradiographs show higher con
centrations in the gut lining than the gut lumen throughout development 
(Fig. 5), confirming uptake through the digestive tract. Our findings are 
consistent with those reported for estuarine and marine fish, which, akin 
to tadpoles, predominantly accumulate Cd via their digestive tract [44, 
45], but contrast freshwater fish that accumulate dissolved Cd 

Fig. 3. (a) Cadmium influx rates (Iu, ng/g/d) over a 2-day exposure (n = 8) and (b) retention (%) following five days in clean water (deputation; n = 4) in tadpoles 
exposed at different stages of development [24] in Experiment 2. Boxplots show interquartile range (column), median (horizontal line), minimum and maximum 
values (whiskers), and mean (+). Letters indicate significant differences among developmental stages (p < 0.05; Tukey’s posthoc test). 

Fig. 4. Average proportion (%) of Cd in tadpole tissues (μg Cd/organ) relative 
to total body burdens (i.e., the sum of all tissues) in animals sampled at different 
developmental stages [24] over a 26-day depuration phase following a 9-day Cd 
exposure (n = 4). 
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predominantly through their gills [46,47]. The discrepancy relates to 
the fact that tadpoles, like estuarine and marine fish, ingest water for 
osmoregulation, thereby accumulating dissolved ions through their gut. 

While the gut lining can also serve as a storage site for Cd, as shown 
in the autoradiographs (Fig. 5), it is primarily involved in the elimina
tion and redistribution of Cd. This is reflected in our depuration kinetics 
results that show a substantial decrease in gut Cd over time, with only 
1.3 ± 0.5 % of the initial Cd retained in the digestive tract at the end of 
metamorphosis (p < 0.0001; Fig. 6a, Fig. S7). As described for the 
whole-body kinetics (Section 3.1), the initial rapid loss of Cd in the gut 
during depuration reflects the initial gut passage time (typically <14 h 
in tadpoles [30,48], which is followed by a slower elimination and 
redistribution of accumulated Cd to other tissues [49-51]. During 
metamorphic climax, however, the gastrointestinal tract undergoes 
drastic structural and functional transformations, whereby primary 
(larval) epithelial cells are replaced by secondary (adult) epithelial cells 
to form a more complex multi-folded epithelium and substantially 
shorter intestine (60–90 % length reduction) [3,52,53]. The 12-fold 
decreased Cd concentration observed during climax (p = 0.04; Fig. 6a) 
reflects these transformations [43]. Despite the low proportion of Cd 
retained in the gut, the elevated Cd at the end of the exposure aligns with 
reports of Cd-induced gut toxicity. For example, studies have reported 
intestinal histopathological damage and altered gut microbial commu
nities in Cd-exposed tadpoles, which can lead to longer-term health ef
fects and increased risk of disease [54,55]. 

The gills and semi-permeable skin of tadpoles also contributed to Cd 
uptake, though significantly less Cd was partitioned to those tissues at 
the end of the exposure (Figs. 4 and 5). Total Cd burdens in the gills and 
body skin were largely retained until the onset of metamorphic climax, 
after which a two-fold decrease was observed (Fig. S8). As reported for 
the gut, the reduced tissue burdens during climax align with tissue- 

specific metamorphic transformations. During climax, the internal gills 
are regressed with only a small fraction of the tissue visible post- 
metamorphosis [56] (Fig. 5), which explains the observed decrease in 
gill Cd. Conversely, the metamorphic fate and cellular composition of 
skin cells are region-specific. Namely, the tail skin regresses through 
programmed cell death (larva-specific), whereas the body skin is 
transformed into adult-type skin (larvae-to-adult) [43,57]. As such, it is 
important to note that this study only assessed a sub-section of the dorsal 
(body) skin. The restructuring of body skin cells involves the apoptosis 
of some larval cells and the proliferation of others into more complex 
adult skin that resembles mammalian skin structure [58], which relates 
to the decreasing Cd concentration during climax (p = 0.04; Fig. 6b). 
Nevertheless, given the known differences in the metamorphic fate of 
skin cells, further investigations are needed to determine the fate of Cd 
in other skin regions. 

Like the internal gills, the tadpole tail regresses rapidly during 
metamorphic climax through apoptosis processes [41]. In the tail, Cd 
partitioned primarily in the tail skin, vasculature and muscle, with 
minimal Cd accumulation in the notochord and spinal cord (though 
elevated Cd was found within the central canal of the spinal cord in the 
body sections; Fig. 5). Cadmium concentrations increased two-fold in 
the regressing tail during metamorphosis (p = 0.01; Fig. 6c), and auto
radiographs showed higher Cd concentrations in the distal part of the 
tail (Fig. 5). The concentration of Cd relates to the three-fold reduction 
in tail mass (dw) observed between Gs 42 and 44 and biochemical 
changes reported in the regressing tail, including tissue acidification and 
dehydration [43]. Concentrated tissue burdens can impair tissue struc
ture and physiology by inducing cellular and molecular stress responses 
[59], which can increase the susceptibility of metamorphs to stressors 
during an already vulnerable life stage [60]. 

Detoxification organs such as the liver and mesonephros retained the 

Fig. 5. Digital autoradiographic phosphor image and optical image of block face (right and left, respectively, in each panel) showing 109-Cd distribution in ventral 
(top row) and dorsal (bottom row) sections of tadpole at Gosner stage (Gs) 32 (yellow), Gs 37 (blue), Gs 42 (magenta), Gs 44 (red), and 46 (green), sampled after 0, 9, 
21, 24, and 26 days of depuration in clean water, respectively. B, bone; BR, brain; EL, eye lens; FB, fat bodies; G, gallbladder; GI, internal gills; GU, gut; H, heart; IE, 
inner ear; L, liver; LM, limb muscle; LU, lung; M, mesonephros; MO, mouth; NA, nare; N, notochord; P, pancreas; R, retina; S, stomach; SC, spinal cord; SK, skin; SP, 
spleen; TM, tail muscle. Scale bar applies to all panels. 
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highest proportion of whole-body Cd (Fig. 4), which related to their role 
in metal sequestration, detoxification and excretion, mainly through the 
induction of metal-binding metallothioneins [61,62]. Tadpoles accu
mulated 524 ± 110 ng Cd/g dw in the liver at the end of the 9-day 
exposure, which progressively increased through tadpole development 
(1372 ± 737 ng Cd/g dw at Gs 42) and metamorphosis (4184 
± 640 ng Cd/g dw at Gs 46; F(4, 14) = 0.38, p < 0.0001; Fig. 6d). This 
trend aligns with a similar study that reported a 6-fold increase in he
patic Cd during metamorphosis in Xenopus exposed to 30 μg Cd/L for 12 
days, followed by a depuration in clean water until the completion of 
metamorphosis [63]. The observed bioamplification was hypothesised 
to result from the substantial decrease in liver mass between stages 42 
and 46, consistent with the 50 % decrease in liver dry mass in this study 
(75 % decrease in liver wet weight). Accumulation of Cd in hepatic and 
renal tissues may have important consequences for metamorphosing 
amphibians as it has been linked to a range of hepatotoxic and neph
rotoxic effects, such as necrosis, increased and enlarged Kupffer cells 
and histopathological lesions [64]. The shift of Cd from the digestive 
tract to the liver and kidneys is in line with several other studies [44,65], 
though the relative importance of the target organs in sequestering Cd is 
known to vary between species, route of uptake and exposure 

concentration ([66,67]; Kraal et al., 1995b). 
The increased proportion of Cd in tissues developing de novo, such as 

the limbs, throughout the depuration phase provides evidence of Cd 
transference, as no new Cd was administered during the depuration 
phase. Autoradiographs revealed that Cd was more concentrated in the 
skin and skeleton (bone and cartilage) of the limbs relative to the 
muscles (Fig. 5). To our knowledge, this is the first report of Cd accu
mulation in the skeleton of developing tadpoles, though it has been re
ported in other vertebrates [68], namely in osteoblastic, cartilaginous 
and early mineralising areas [69]. The accumulation of Cd in the skel
eton may be linked to its similar physicochemical properties to calcium 
(Ca2+), enabling its uptake via calcium channels [70], and may relate to 
previously observed delayed skeletal development and reduced ossifi
cation rate in tadpoles exposed to high Cd concentrations [19,71,64]. 
Cadmium-impaired endochondral ossification and skeletal development 
can severely impact amphibian fitness post-metamorphosis by affecting 
their jumping performance and movement and, thus, their ability to 
escape predators, capture prey and find suitable breeding sites [72]. 

Fig. 6. Cadmium concentration (ng Cd/ g dry weight) in the gut, body skin, liver and tail of tadpoles exposed for nine days and sampled at different developmental 
stages throughout 26 days of depuration in clean water (Experiment 1). Boxplots show interquartile range (column), median (horizontal line), and minimum and 
maximum values (whiskers) of 3 − 4 replicates. Letters indicate significant differences between developmental stages (α = 0.05). 

C. Lanctôt et al.                                                                                                                                                                                                                                 



Journal of Hazardous Materials 474 (2024) 134773

8

3.4. Stage-dependent absorption and distribution 

Comparisons of Cd biodistribution patterns in animals exposed at 
different life stages showed a shift in the primary route of dissolved Cd 
uptake at the onset of metamorphic climax (Fig. 7). Specifically, larval 
stages (Gs 27, 32 and 37) were found to accumulate Cd predominately in 
the gut > gills > body skin at the end of the uptake period (day 0 of 
depuration; Fig. 7). Animals exposed at the onset of metamorphic climax 
(Gs 42), on the other hand, had a higher proportion of Cd in body skin 
> gill > gut, with the highest proportion of Cd partitioned in the ‘re
mains’ consisting of the undissected skin and other tissues. 

The elevated Cd concentrations in the gut of larval stages in exper
iment 2 (Fig. 7) are consistent with the biodistribution results of 
experiment 1 (Fig. 4) and showed stage-dependent accumulation 

patterns. Gut Cd concentrations were three times higher in prom
etamorphic tadpoles (Gs 37) compared to earlier stages at the end of the 
2-d uptake period (Fig. 8a). However, Gs 37 tadpoles saw the most 
significant loss in gut Cd throughout the depuration phase, with only 
22 % of Cd retained compared to 64 % in the earlier stages (Fig. S10a). 
Nevertheless, all larval stages (Gs 27–37) had similar residual gut Cd 
concentrations after depuration (Fig. 7a). Animals exposed during 
metamorphic climax, on the other hand, accumulated, on average, 
50–150 times less Cd in their gut. The lower accumulation can be 
attributed to the significant metamorphic transformation of the diges
tive tract through which the amount, variety and affinities of membrane 
transporters in the gut are altered [73]. In addition, animals cease 
feeding during climax, which impairs the absorption of nutrients and 
contaminants through the gut [39,74]. However, further research is 
needed to compare Cd uptake via the digestive tract once animals 
resume feeding post-metamorphosis as the development of digestive 
structures, including digestive glands and multi-folded secondary 
epithelium, is likely to influence contaminant uptake [73]. 

The skin and gills also play a significant role in Cd uptake and were 
found to display stage-specific accumulation patterns (Fig. 8 and 
Fig. S10). Metamorphs were found to accumulate 4–7-fold more Cd in 
their skin than larval stages at the end uptake phase (Fig. 7). However, 
after five days of depuration, Cd concentrations in the skin of meta
morphs decreased by 92 % (Fig. 8e). This is contrary to larval stages that 
retained and concentrated Cd in their skin during the depuration phase, 
resulting in a 1.3–2.5-fold increase (Fig. 8e). Although the skin is an 
important site of Cd accumulation at the onset of metamorphic climax, 
the extensive metamorphic transformations [75,57,58] significantly 
alter its capacity to absorb contaminants, leading to reduced cutaneous 
Cd burdens (as previously described in Section 2.3). Contrary to the skin, 
gill concentrations were two-fold higher in Gs 37 tadpoles post-exposure 
compared to other stages. This could be explained by the greater ion 

Fig. 7. Average proportion (%) of Cd in tissues (μg Cd/organ) relative to total 
body concentrations (i.e., sum of all tissues) at the start and end of the 5-day 
depuration period for each of the developmental stages. Dotted lines indicate 
a break in the y-axis. 

Fig. 8. Tissue Cd concentrations (ng Cd/g dry weight) in tadpoles exposed at different developmental stages (Gs, [24]) for two days (uptake) followed by five days in 
clean water (deputation). Values are means ± SE (n = 4). Significant interactions between time and developmental stage are indicated in italics (p < 0.05; REML). 
Letters indicate significant differences among developmental stages at each time point (p < 0.05; Tukey’s posthoc test; day 2, lowercase and day 7, uppercase). 
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exchange during late larval stages, which is correlated with the 
increased body and gill mass [37,56]. During metamorphic climax, the 
tadpole gills regress, resulting in reduced surface area, vasculature and 
ion transport system [76], which reduces the rate and efficiency of 
uptake. 

Irrespective of the route of uptake and developmental stage, cad
mium was found to concentrate in the liver and mesonephros during 
both the uptake and depuration phases (Fig. 8). In all stages, Cd was 
more concentrated in the mesonephros than the liver, with 13–16 times 
higher concentration in the mesonephros of larval stages and twice the 
concentration in metamorphs at the end of the depuration phase. 
Although all stages concentrated Cd in the liver and mesonephros, 
metamorphic animals retained much lower concentrations (9–16 times 
lower) in their mesonephros at the end of the depuration phase 
compared to the larval stages. During metamorphic climax, the liver and 
mesonephros undergo substantial cellular restructuring to accommo
date shifts in diet and environment [39,77], which is shown to affect the 
accumulation and excretion of Cd. 

4. Conclusion 

This study describes how anuran metamorphosis influences the fate 
and bioaccumulation dynamics of Cd under environmentally realistic 
exposure concentrations, highlighting the importance of stage-specific 
considerations when assessing exposure risks to environmental toxi
cants. Amphibians, being among the most threatened animal groups, are 
particularly vulnerable due to their unique physiology, life history, and 
ecology [78,79]. The shift in the primary route of dissolved Cd uptake 
and significant changes in Cd tissue burdens observed during meta
morphic climax in this study emphasises the need to better understand 
how the drastic morphological, physiological, and functional trans
formations associated with metamorphosis influence the bio
accumulation of toxicants. Such knowledge is essential for assessing 
toxicity risks, informing predictive physiologically-based biokinetic and 
toxicodynamic models, and developing conservation measures that 
protect the most vulnerable life stages, as bioaccumulation directly in
fluences the susceptibility of organisms [80,2,81]. For instance, under
standing stage-dependent toxicokinetics of Cd in amphibians could help 
in timing wastewater releases to avoid specific life stages based on 
seasonal reproductive patterns, particularly in freshwater systems 
downstream of mining operations where episodic exposures often occur 
[82]. Furthermore, understanding the retention of chemicals through 
metamorphosis provides important insights into the transfer of pollut
ants across ecosystem boundaries through predation and metamorphosis 
[33]. 

Environmental implications 

Cadmium is classified as a hazardous substance of high priority due 
to its persistence, toxicity, and tendency to accumulate in living or
ganisms. This research provides new insights into the accumulation 
dynamics of cadmium during anuran metamorphosis, emphasising the 
importance of considering development when assessing exposure risks. 
This is important as amphibians are among the most threatened animal 
groups and are found to be more vulnerable to some stressors during 
metamorphic stages. Additionally, our findings highlight the signifi
cance of understanding the fate of contaminant burdens through 
ontogeny, as toxicants can be transferred across ecosystem boundaries 
through predation and metamorphosis. 
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