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Over the past decade, the quantitative recognition of the significance of dietary exposure in the overall bioaccumulation of metals 
in aquatic animals has been an area of major progress in metal ecotoxicology. In several major groups of marine animals such as 
predators and deposit-feeding animals, diet (food) is the predominant source for metal accumulation. The importance of trophic 
transfer raises very fundamental questions about its toxicity to aquatic animals and in setting water quality standards which go 
beyond waterborne metal exposure. Ten years of research on the dietary toxicity of metals in several groups of aquatic animals, 
including zooplankton and fish, is reviewed. It is suggested the future studies should attempt to incorporate the dosage rate or the 
dietary influx rate in the design of toxicology experiments to facilitate inter-comparison of the results of different studies.  
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For any aquatic animal, there are basically two routes for 
metal exposure: dietary exposure (trophic transfer) and dis-
solved exposure. Exposure to metals has been a fundamental 
question in ecotoxicology for aquatic organisms. In order to 
understand and predict the toxicity of metals, one must first 
understand the exposure route in natural conditions. In fact, 
without that knowledge, any toxicity testing can be consid-
ered simply a trial. For humans we may readily estimate the 
sources and potential routes of intake, but it is very difficult 
to estimate and compare the exposure routes for aquatic 
animals. Many studies have simply assumed that metals are 
accumulated by aquatic animals primarily from the dis-
solved phase, and water quality criteria established for the 
protection of aquatic organisms have been based on toxicity 
testing conducted with dissolved metals. In the 1970s and 
1980s some experiments were designed specifically to sep-
arate the exposure routes of metals in aquatic animals, but it 
was widely assumed that the significance of dietary expo-
sure could only be considered exceptional instead of a  

general rule. This was based the memory of Minamata dis-
ease which ‘naturally’ implied that Hg was accumulated 
through dietary exposure. 

In the 1990s evidence emerged that the water quality cri-
teria established for some metals were insufficient to protect 
aquatic organisms [1]. During this period methodologies 
were developed to measure the essential biokinetic parame-
ters [2–5] in different aquatic animals. One of the main pa-
rameters is the efficiency of dietary assimilation (AE). Ki-
netics plays a central role in the concepts and measurement 
of dietary AE. The development of the pulse-chase method-
ology coupled with radiotracer techniques allowed quanti-
fication of the AEs of different metals in many aquatic ani-
mals. Such AE measurements certainly provide a useful 
way to compare and quantify the bioavailability of dietary 
metals. 

Exposure to metals depends on their relative flux from 
the dissolved phase and the dietary phase. To properly de-
lineate the exposure pathways it is absolutely necessary to 
compare the relative flux from both pathways. The develop-
ment of biokinetic models in the 1990s provided a realistic 
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way to separate the exposure by directly comparing a met-
al’s relative fluxes. Such modeling studies under diverse 
environmental conditions quantitatively assessed exposures 
and demonstrated that as a general rule, dietary exposure is 
a significant exposure route for diverse aquatic animals. 
Indeed, dietary exposure is almost the only source for metal 
accumulation in marine predators such as gastropods and 
fish. It has been shown that these predators often have a 
very low dissolved uptake rate constant, despite the fact that 
their feeding activity is also low. In marine suspension 
feeders such as the bivalves and copepods the relative im-
portance of different exposure routes is more variable. Giv-
en the importance of dietary exposure, it should certainly be 
considered in metal toxicology studies [6]. 

A natural question is then whether these dietary metals 
have any toxicity for aquatic animals, and if so, whether the 
toxicity is comparable to that observed from aqueous expo-
sure under comparable dosage conditions. Another question 
is the toxicity’s application in setting water quality criteria. 
If the toxicity of dietary metals cannot be ignored, there will 
certainly be a need to revise water quality criteria to incor-
porate such exposure. The Society of Environmental Toxi-
cology and Chemistry (SETAC) organized a Pelleston work-
shop in 2002 to review the then-status of studies related to 
the dietary toxicity of metals in aquatic systems, and a book 
on the toxicity of diet-borne metals to aquatic organisms 
was subsequently published in 2005 [7]. There have since 
been many studies examining the dietary toxicity of metals 
for different aquatic animals (particularly the zooplankton 
cladocerans and fish), but progress has been slower than 
anticipated due to major obstacles such as uncertainly about 
the realism of toxicity testing using contaminated diets.  

This review will mainly summarize the studies conducted 
after 2002 on the dietary toxicity of metals for zooplankton 
and predators such as gastropods and fish. Earlier reviews 
on the dietary toxicity studies can be found in Meyer et al. 
[7]. It will also discuss some major considerations and per-
spectives in realistic toxicity testing of diet-borne metals. 

1  Dietary toxicity of metals to zooplankton 

Studies on the dietary toxicity of metals with zooplankton 
have mainly focused on the freshwater cladocerans and the 
marine copepods. Interest in these zooplankton results from 
their importance in toxicity testing as well as some earlier 
evidence suggesting that dietary metals are more toxic for 
such organisms than waterborne metals [8,9]. A typical ex-
periment would involve spiking the waterborne metals to 
phytoplankton as food for the zooplankton. The animals are 
exposed to the metal contaminated food for a period of time 
(chronic exposure), followed by the measurement of differ-
ent endpoints such as their survival, growth and reproduc-
tion, in some cases coupled with measurements of metal 
accumulation in the animals. The results are then compared 

with those determined under similar conditions for the wa-
terborne metals. It is important to recognize, however, that 
there are significant challenges in conducting such tests 
with dietary metals, such as the release of metals from the 
contaminated algae into the water during the exposure pe-
riod and the decrease of food concentrations caused by the 
feeding, which in turn can further facilitate the release of 
metals from the food particles into the water [10,11]. An-
other factor that needs to be considered is any nutritional 
change in the algae due to metal exposure (i.e., indirect ef-
fects), which may also affect the biological endpoints in the 
animals. Evens et al. [12] have recently developed a tech-
nique to produce metal-contaminated liposomes as an alter-
native delivery system for dietary metals. The liposomes are 
not vulnerable to metal-induced shifts in nutrient quality 
and can be mixed with uncontaminated algae at different 
ratios to produce a diet with different metal concentrations. 
However, the bioavailability of metals associated with the 
liposomes may be different from that of food-borne metals.  

Earlier studies by Hook and Fisher [8] examined the tox-
icity of metals in the marine copepods Acartia hudsonica 
and Acartia tonsa feeding on the diatom Thalassiosira 
pseudonana with a Hg concentration of 7 g/g and a Cd 
concentration of 7.1 g/g for 4 h. The algae had previously 
been exposed to 0.21 g/L Hg or 0.56 g/L Cd. The calcu-
lated total copepod body burden increased 9 times for Hg 
and 2 times for Cd, and egg production decreased by 50%. 
Hatching rate, ovarian development and egg protein content 
all decreased following the dietary exposure. One proposed 
cause was vitellogenesis due to the deposition of metals in 
internal tissues after dietary exposure. In another study, 
Hook and Fisher [9] found that reproductive success de-
creased by more than 50% when the algae were exposed to 
only 0.11 g/L of Ag using the freshwater copepod Simo-
cephalus sp. and 0.055 g/L of Ag using the cladocerans. 
These concentrations were about 200 times (for the fresh-
water cladocerans) and 400 times lower than the toxic con-
centrations of dissolved Ag. Again, Ag may depress egg 
production by reducing yolk protein deposition and ovarian 
development. In a subsequent study, Hook and Fisher [13] 
compared the sublethal toxicity of dietary Ag, Cd, Hg, Mn, 
and Zn for marine copepods with waterborne metals fol-
lowing a 4-hour feeding on metal-contaminated phyto-
plankton food and coupled with the calculation of metal 
concentrations in the copepod tissue. Depressed egg pro-
duction was documented when the tissue body concentra-
tion of the metals was elevated by 3 times for Ag, 9 times 
for Hg, doubled for Cd and or increased by only 5% for Zn. 

Those earlier studies rekindled substantial interest in the 
dietary toxicity of metals in zooplankton. Bielmyer et al. 
[14] followed them up with toxicity tests on the marine co-
pepod A. tonsa to assess the effects of dietary metal expo-
sure, but they exposed the copepod to Ag, Zn, Cu, or Ni 
using T. pseudonana for seven days. Reproduction was 
again observed to be the most sensitive endpoint and the 
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20% effect concentrations [EC(20)] corresponding to expo-
sures to T. pseudonana (in μg/L) were 0.64 for Ag, 0.3 for 
Zn, 1.2 for Cu, and 2.4 for Ni. These concentrations corre-
sponded to concentrations in the algae of 5.44, 0.55, 22.3, 
and 15.3 g/g for Ag, Zn, Cu, and Ni, respectively. These 
effective concentrations were well below the current criteria 
of 3, 86, 3, and 8.3 g/L for Ag, Zn, Cu, and Ni, respec-
tively. One surprising result from their study was the ex-
traordinary dietary toxicity of Zn for the copepods. It is still 
not clear why copepods are so sensitive to dietary Zn. 

In a more recent study, the chronic reproductive toxicity 
of Cu was evaluated in A. tonsa following 6 days of expo-
sure to different combinations of Cu concentration, salinity 
(5, 15, and 30 ppt), and routes of exposure (waterborne, 
waterborne plus diet-borne, and diet-borne) [15]. The EC50 
values for egg production after waterborne exposure were 
9.9, 36.8, and 48.8 g/L at salinities of 5, 15, and 30 ppt, 
respectively, and they were significantly higher (40.1, 63.7, 
and 109.9 g/L, respectively) for waterborne plus diet-borne 
exposure. After diet-borne exposure alone, an approximate 

40% decrease in egg production was observed, independent 
of the Cu concentration and water salinity tested. 

Dietary toxicity has been extensively tested with fresh-
water cladocerans such as Daphnia magna, and most of 
these studies have focused on Cu, Zn, and Cd. Table 1 also 
summarizes those recent studies, and it is obvious that there 
are significant differences among them. Among the several 
metals studied so far, Ag and Cd have displayed the greatest 
toxicity, whereas the toxicity of Cu and Zn has been less 
obvious, probably because these two metals are essential to 
the animals and their accumulation may be metabolically 
regulated.  

De Schamphelaere et al. [16] investigated the potential 
toxicity of dietary Cu to D. magna feeding on the green alga 
Pseudokircheneriella subcapitata previously exposed for  
3 days to different Cu concentrations spanning 30 to 1100 
g/g. The biological endpoints measured were growth, re-
production, and Cu accumulation after 21 days of chronic 
exposure. Dietary Cu did not cause toxicity, nor did it alter 
the 21-d effect concentrations based on waterborne Cu.  

Table 1  Studies on dietary metal toxicity using zooplankton after 2002a)  

 Testing conditions Results References 

Copepods    

Acartia tonsa Food: diatom Thalassiosina pseudonana, 7 d feeding at 
2×105/mL, measure egg production. 

LOEC concentration 
Ag: 120 g/g (exposed at 5.50 g/L)  
Cu: 31.9 g/g (exposed at 1.50 g/L) 
Zn: 3.05 g/g (exposed at 0.40 g/L)  
Ni: 58.1 g/g (exposed at 7.60 g/L) 

[14] 

Cladocerans    

Daphnia magna 
Ag 

Food: Chlamydomonas reinhardtii, exposed at 0.1–10 g 
(Ag)/L (AgNO3) to give 1.0–134.1 g (Ag)/g dw, 21 d 
chronic exposure. Measure survival, body length, number 
of neonates and Ag bioaccumulation. 

Reproduction and time to first brood reduced by 40% 
at 1.0 g Ag/g dw (or 0.1 g Ag/L in water). 

[25] 

Ceriodaphnia dubia 
Cd 

Food: Pseudokirchneriella subcapitata exposed at 5.2–61 
g/L to give 0.02–5.60 Cd g/g dw, 7 d exposure. 

Survival LOEC: 3.1 g/g. 
Feeding LOEC: 3.1 g/g.  
Reproduction LOEC: 0.56 g/g. 

[21,22] 

Moina monogolica 
Cd 

Food: Chlorella pyrenoidosa exposed at 10–75 g/L to 
give 13–340 g (Cd)/g dw, 21 d chronic exposure at 
25000 cells/mL. 

Reproduction, brood size and population growth rate 
reduced at 13 g/g dw. [24] 

Daphnia magna 
Cu 

Food: P. subcapitata exposed at 0–200 g/L to give 
28–1520 g (Cu)/g dw, 21 d chronic exposure. 

No obvious toxicity for growth or reproduction, but 
reproduction increased by 75% at the highest Cu die-
tary level. 

[16] 

Daphnia magna 
Cu 

Same as above, but Cu concentration increased to 3000 
g/g dw. 

Growth reduced by 38% and reproduction reduced by 
50%. [17] 

Moina monogolica 
Cu 

Food: C. pyrenoidosa exposed at 0–1000 g/L to give 
0–10 mg (Cu)/g, 21 d chronic exposure. 

Reproduction reduced by 31% at 500 g/g Cu, growth 
reduced at 8 mg/g 

[18] 

Ceriodaphnia dubia 
Cu and Ag 

Food: contaminated P. subcapitata or C. vulgaris for 4 h, 
then uncontaminated food, 7 d test. 

Reproduction decreased at Ag 6.3–48 g (Ag)/g for 
P. subcapitata, but for C. vulgaris at Ag concentra-
tion as high as 800 g/g.  
No reproduction impairment for daphnids feeding on 
either alga at Cu concentrations as high as 1.16 mg/g. 

[20] 

Daphnia magna 
Zn 

Food: P. subcapitata exposed at 0–61 g/L to give 
130–490 g (Zn)/g, 21 d chronic test. 

Reproduction deceased by 40% at 320–490 g/g. 
[27] 

Daphnia magna 
Ni 

Food: P. subcapitata exposed at 225–3590 g (Ni)/L  
to give 238–4890 g (Ni)/g, 21 d chronic exposure. 

Reproduction reduced at 473 g/g. 
Time to first brood reduced at 238 g/g.  
No effect on population growth. 

[26] 

a) LOEC: lowest observable effect concentration; dw: dry weight.  
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Indeed, an exposure to higher levels of dietary Cu appeared 
to be beneficial and caused a 75% increase in growth and 
reproduction. To follow up this study, the same laboratory 
further elevated the Cu level to 3000 g/g dry weight (dw) 
in P. subcapitata [17]. After 21 days of feeding D. magna 
on this Cu-contaminated food, the average body Cu accu-
mulation (325 g (Cu)/g dw) was about 30 times higher 
than in the controls (12.1 g (Cu)/g dw). Growth and re-
production were reduced by 38% and 50%, respectively, 
and the brood number was reduced from 4 to 3. Other re-
productive performance such as the second and third broods 
were significantly delayed by 0.7 and 1.5 d, respectively, 
and the size of all three broods was reduced by 32% to 55% 
in the Cu-exposed daphnids. At such high dietary Cu levels 
reproductive impairment was probably caused by the in-
creased metabolic cost, reduced energy intake, inhibition of 
vitellogenesis, or direct inhibition of molting. 

Using another cladoceran, Moina monogolica, Wang et 
al. [18] examined the chronic toxicity of dietary Cu. The 
daphnids were fed green algae Chlorella pyrenoidosa pre-
viously exposed for 96 h to a control and to seven dissolved 
copper concentrations. Dietary Cu did not affect the size of 
the first brood, but brood size decreased significantly in all 
subsequent broods at algal Cu concentrations ranging from 
44.8 to 817 g/g. Other reproductive endpoints such as total 
reproduction and net reproductive rate were significantly 
reduced at all dietary Cu exposures, and significant reduc-
tion of the intrinsic rate of natural increase was found with 
algae exposed to concentrations >619 g/g. These results 
suggest that M. monogolica is probably more sensitive to 
dietary Cu than D. magna. One hypothesis put forward by 
the authors is that the nutritional content of the algal diet 
was modified by Cu exposure, leading to a change in M. 
monogolica’s reproduction. In fact, there are clear differ-
ences in metal sensitivity among different cladoceran spe-
cies [19].  

Kolts et al. [20] investigated another cladoceran, Cerio-
daphnia dubia, by feeding them with Ag- or Cu-contami-      
nated green algae (either P. subcapitata or Chlorella vul-
garis). They showed that diet-borne metal did not cause any 
survival or reproduction effects different from those of the 
waterborne metal. Additional diet-borne-only toxicity tests 
were performed by feeding C. dubia with metal-contami-     
nated algae for 4 h following Hook and Fisher’s [8] protocol, 
or standard amounts of metal-contaminated algae and un-
contaminated food slurry for the entire three-brood test. In 
contrast to previous studies, no consistent diet-borne metal 
toxicity was found in those experiments. The authors sug-
gest that variation in the intracellular partitioning of metals 
in the algae, inter-laboratory differences in experimental 
procedures, or selective feeding with C. dubia to avoid met-
al-contaminated algae may account for the different results. 
This was one of the few studies so far which have docu-
mented no dietary influence of Ag or Cu on the reproduc-
tion of cladocerans. 

Sofyan et al. [21] has compared the effects of waterborne 
and dietary Cd on the survival, feeding rate, and reproduc-
tion of C. dubia. One interesting result from this study was 
that combined waterborne plus dietary exposure resulted in 
greater toxicity than separate exposures. In a subsequent 
study [22], they compared Cd uptake from waterborne, die-
tary, and combined exposure using C. dubia. Both feeding 
and reproduction rates were reduced with all avenues of 
exposure. Geffard et al. [23] similarly quantified the chronic 
toxicity of dietary Cd in terms of the reproduction of D. 
magna. Neonates were successively exposed to dissolved 
Cd for 8 h and then to uncontaminated or contaminated al-
gae for 16 h, repeatedly for 21 d. Dietary Cd induced dele-
terious effects on D. magna’s reproduction, probably 
through depression of the feeding rate. Wang et al. [24] 
subsequently examined the chronic toxicity of dietary Cd 
for M. monogolica and compared it with aqueous exposure. 
The green algae C. pyrenoidosa were exposed for four days 
to sublethal dissolved Cd over a concentration range of 4.1– 
70.3 g/L, and then used as food. At the dietary Cd concen-
trations tested, significant reduction of reproduction was 
observed in all broods, and the decline in the number of 
neonates produced increased with each subsequent brood. 
Such reduced reproduction was documented at the lowest 
Cd concentration (4.1 g/L), with a corresponding Cd con-
centration in the algae of 13 g/g, highlighting that dietary 
exposure to cadmium may cause sublethal responses. 

Zhao and Wang [25] also conducted a 21-d chronic ex-
posure of diet-borne AgNO3 using D. magna and compared 
the biological endpoints with those of waterbone AgNO3 
exposure. The daphnids were observed to be very sensitive 
to aqueous Ag exposure, and the survivorship gradually 
decreased and was only 50% at the highest concentration 
(1.6 g/L) at the end of the exposure. In contrast, Ag con-
tent in the diet over the range of 1.0 to 134.1 g/g dw led to 
only 10% mortality during the exposure. However, repro-
ductive performance was significantly affected by dietary 
Ag exposure. The total number of neonates produced during 
the 21-d exposure was reduced by 40% and the time to the 
first brood was delayed at an Ag concentration as low as 0.1 
g/L in the medium (1.0 g/g dw in the algae and 0.22 g/g 
dw in the daphnids). The average number of neonates per 
living parent also obviously decreased during dietary Ag-
NO3 exposure (29–45 neonates compared with an average 
of 73.6 neonates among the controls). Furthermore, a sig-
nificant reduction of body length was observed after di-
et-borne AgNO3 exposure compared to the controls. 

Evens et al. [26] investigated the chronic toxicity of die-
tary Ni for D. magna. The green algae were contaminated 
with Ni at concentrations of 33.7–837 g (Ni)/g dw. At a 
dietary Ni concentrations of 85.6 and 837 g (Ni)/g dw, D. 
magna significantly accumulated diet-borne Ni. The time to 
the first brood was 0.7 to 1.1 d earlier than the control ani-
mals, and the number of offspring in the first brood was sig-
nificantly reduced (by 21%–33%) with all dietary treatments. 
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The change in diet quality due to Ni exposure did not affect 
growth or total reproductive output. To further eliminate the 
potential influence of nutritional quality on the reproductive 
performance, Evens et al. [12] prepared liposomes contain-
ing Ni and mixed the particles with uncontaminated green 
algae at different ratios to result in diets with two different 
Ni concentrations. Dietary Ni exposure at 144 g (Ni)/g dw. 
inhibited growth and led to 100% mortality after 14 days of 
exposure. The size of the first brood of the Ni-exposed 
daphnids was also significantly reduced (by 85%). Com-
pared to the control, the algal ingestion rate increased by 
68% after 6 days of exposure, but then reduced by 80% af-
ter 13 d, which may explain the observed effects of dietary 
Ni on later growth and reproduction.  

De Schamphelaere et al. [27] investigated the chronic 
toxicity of dietary Zn by feeding the daphnids with pre- 
exposed green algae (130–490 g/g dry weight). During the 
21 days of chronic exposure, neither the feeding rate nor 
somatic growth of D. magna was affected, but there was a 
40% decrease in the number of juveniles per adult at the 
two highest Zn levels. The mean brood size and the fraction 
of reproducing parent daphnids were reduced from the se-
cond brood. It appears that dietary Zn specifically affects 
reproduction in D. magna through accumulation in particu-
lar target sites for vitellogenin synthesis. In another study, 
Canli [28] exposed D. magna neonates to waterborne Zn, 
dietary Zn, or waterbone+dietary Zn for 4 d. Dietary Zn 
exposure led to significant changes in the animals’ energy 
reserves by increasing their protein levels. Their subsequent 
tolerance for Zn also increased following dietary Zn exposure. 
A summary of the studies since 2002 on the toxicity of die-
tary metals to zooplankton is also summarized in Table 1.  

2  Dietary toxicity of metals to fish 

There have also been many studies on the dietary toxicity of 
metals to fish. Earlier results have, however, been rather 
contradictory. For example, exposure to elevated dietary Cd 
has been observed to increase mortality rates among rain-
bow trout [29] and reduce growth rates [30], but there have 
also been reports of no effect on mortality or growth rates of 
fish [31–34]. Clearwater et al. [35] reviewed the bioavaila-
bility and toxicity of diet-borne copper and zinc to fish. The 
dietary and waterborne toxicities of metals were compared 
using a daily dose protocol. For laboratory-prepared diets, 
diet-borne Cu toxicity occurred at daily doses above 1 g g1 
(body weight）d1 for channel catfish (Ictalurus punctatus), 
1–15 g g1 d1 (depending on the life stage) for Atlantic 
salmon (Salmo salar), and 35–45 g g1 d1 for rainbow 
trout (Oncorhynchus mykiss). In contrast, diet-borne Zn tox-
icity has not yet been demonstrated in rainbow trout or tur-
bot (Scophthalmus maximus) at Zn doses of <90 g g1 d1, 
but daily doses of 9–12 g g1 d1 in laboratory-prepared 

diets were toxic to three other species: the carp Cyprinus 
carpio, Nile tilapia Oreochromis niloticus, and the guppy 
Poecilia reticulata.  

Toxicity experiments with fish generally involve spiking 
artificial (commercial) diets with the metals directly or ex-
posing prey organisms to a metal solution for a period of 
time. Other experiments have used naturally contaminated 
prey, but such experiments are constrained by the availabil-
ity of contaminated preys as well as the multiple sources of 
metal contamination.  

Several studies using artificial diets have addressed the 
toxicities of Ag, Cd, Ni and Cu for different species of ma-
rine and freshwater fish. For example, Galvez et al. [36] 
exposed rainbow trout to Ag (as silver thiosulphate) biolog-
ically incorporated into trout meal) at an Ag concentration 
of 3.1 g/g. The trout were fed to satiation once daily for 
128 d. Dietary silver did not significantly affect their mor-
tality, growth, food consumption or food conversion effi-
ciency, nor their ion regulation, hematology, plasma glucose, 
metabolism or intestinal Na/K-ATPase and amylase activi-
ties. In this study, the Ag concentrations in the livers reached 
as high as 20 g/g on day 36 of the dietary exposure. 
Ptashynski et al. [37] fed adult lake whitefish (Coregonus 
clupeaformis) with diets containing 0, 10, 100 or 1000 g 
(Ni)/g for 104 d, and found that dietary Ni did not affect 
their growth or condition, nor hematological variables such 
as the concentrations of glucose, hemoglobin and hemato-
crit. However, there were apparent histopathological lesions 
in the kidney and liver (such as focal necrosis and altered 
bile ducts). Other biochemical responses included metal-
lothionein (MT) induction and altered lipid peroxide con-
centrations, but these were not consistent with the different 
exposure durations.  

Dang and Wang [38] reported feeding the marine grunt 
Terapon jarbua with a Cd-contaminated diet or exposing 
them to waterborne Cd for 4 weeks, followed by measure-
ments of tissue-specific Cd bioaccumulation and its effects. 
Cd accumulation peaked in the fish’s livers (5.0–6.3 g/g), 
digestive tracts (0.83–3.16 g/g) and gills (0.27–2.74 g/g). 
But biological endpoints including the survival rate, specific 
growth rate, condition factor, and superoxide dismutase 
activity were not significantly affected by Cd exposure, 
though MT was induced by Cd exposure and there was a 
significant change in Cd’s subcellular distribution. These 
results suggest that Cd-induced storage and detoxification in 
T. jarbua may increase the fish’s tolerance to toxic metals. 
Tan et al. [39] similarly investigated the effects of dietary 
Cd on the growth, body composition and several enzymatic 
activities of juvenile yellow catfish, Pelteobagrus fulvidraco, 
at four dietary Cd levels: 0.25 g/g (the control), 4.9, 48.6 
and 475 g/g of diet. After four weeks of exposure, the 
weight gain, specific growth rate, food intake and protein 
efficiency ratio tended to decline with increasing dietary Cd 
level. In this study, Cd accumulation was much less responsive 
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to dietary Cd, but enzymatic responses such as hepatic alka-
line phosphatase, glutathione peroxidase and lactate dehy-
drogenase activities all increased with increasing dietary Cd 
levels.  

In a most recent study, Dang et al. [40] exposed the ma-
rine juvenile blackhead seabream Acanthopagrus schlegelii 
to Cu either in a commercial fish diet or in seawater. One 
particular feature of their experiment was that the influx 
rates of Cu from the waterborne and dietary exposure were 
comparable, so the responses to the two exposure routes 
could be directly compared. After 14 or 28 d of exposure, the 
condition factor, liver somatic index and specific growth 
rates, as well as the Cu concentrations in different tissues 
(liver, intestine, gill and muscle samples) were quantified. 
Waterborne Cu appeared to result in higher mortality than 
dietary Cu at a given influx rate, thus influx was not a good 
predictor of mortality across both exposure pathways 
though it can explain the Cu accumulation in the intestine/ 
liver independent of the exposure route. Interestingly, gill 
Cu accumulation clearly accounted for the observed mortal-
ity and was not related to the route of exposure, therefore it 
may be possible to use gill Cu accumulation as an indicator 
of long-term Cu toxicity in marine fish. These results sug-
gest that Cu accumulation in the gills of marine fish may 
integrate the dietary and waterborne exposure to predict Cu 
toxicity. 

Several studies have exposed fish to natural prey previ-
ously exposed to different metals. Hansen et al. [41] fed 
juvenile rainbow trout with live Lumbriculus variegatus 
cultured in metal-contaminated sediments. Biomarkers meas-
ured in that study included individual growth after 14, 28, 
42, 56 and 67 days of exposure, coupled with whole-body 
metal concentrations and histological indicators. There was 
significant growth inhibition in trout fed the contaminated 
diets, presumably due to reductions in food conversion effi-
ciency rather than reduced food intake. The growth inhibi-
tion was negatively correlated with As levels in trout tissue 
residues. Histological changes included hepatic necrosis and 
degenerative alterations in the gall bladder. More recently, 
Erickson et al. [42] tested the influence of consuming live L. 
variegatus contaminated with Cu, Cd, Pb or As on the 
growth and survival of juvenile fish during a 30 day expo-
sure period. There was no effect on the growth and survival 
of rainbow trout at 130–310 g (Cu)/g dw, on fathead min-
nows (Pimephales promelas) at 90–540 g (Cd)/g, or on 
channel catfish (Ictalurus punctatus) at 850–1000 g (Pb)/g. 
In contrast, 26–77 g/g of As inversely affected the growth 
of rainbow trout in a dose-dependent manner, possibly due 
to slower feeding, reduced food conversion efficiency, and 
digestive effects. In another study, juvenile rainbow trout 
were exposed for 28 d to a range of As concentrations in 
water or/and in a live oligochaete diet [43]. Following 
feeding on worms that had been exposed to arsenate at 4 or 
8 mg (As)/L, the fish displayed significant reductions in 
growth, but there was no obvious change in fish growth 

following aqueous exposure except at a very high water-
borne arsenate concentrations (16 or 32 mg (As)/L). The 
greater toxicity of diet-borne As to rainbow trout compared 
to waterborne exposure strongly suggests that dietary tox-
icity may occur in natural environments in which water-
borne exposure may not indicate any toxic potential. 

Zhang et al. [44] fed juveniles of the juvenile grunt T. 
jarbua with As-contaminated artificial diets at nominal 
concentrations of 50, 150 or 500 g (As(III) or As(V))/g dw, 
and their transformation and growth responses were com-
pared to those exposed to 100 g/L waterborne As(III) or 
As(V). Within the 10 days exposure period, As bioaccumu-
lation in the fish was very low and not proportional to the 
inorganic As exposure concentration, and there was no evi-
dence of growth inhibition at those concentrations. Indeed, 
the low As bioaccumulation in the fish tissues confirms the 
reported low bioavailability of As to marine fish [45]. Sig-
nificant biotransformation was however found in the fish 
following inorganic As dosage. By the end of the exposure, 
the majority of the As (89%–97%) in the fish had been 
transformed into non-toxic arsenobetaine (AsB). The low 
toxicity of As in these fish may be due to rapid biotrans-
formation and the development of detoxified strategies such 
as the binding of As with MT. Subcellular fractionation 
results also suggest that As was mainly bound with metal-
lothionein-like protein (MTLP), followed in decreasing or-
der of importance by cellular debris, metal-rich granules 
(MRGs), organelles and heat-denatured proteins (mainly 
enzymes) after waterborne or dietary exposure.  

In a series of studies, the dietary toxicity of metals to 
zebrafish has been tested from different perspectives. Khan 
et al. [46] exposed the crustacean Gammarus pulex to 300 
g/L of Cd for 13 d, and purified two biological fractions: 
MTLP and MRG+exoskeleton. Zebrafish were pulse fed 
with these two fractions and the dietary assimilation effi-
ciency (AE), carcass and gut tissue metal concentrations, as 
well as gut lipid peroxidative damage measured as malon-     
dialdehyde (MIDA) were assessed. Feeding both biological 
fractions increased the fish’s MDA levels, but MRG + exo-
skeleton produced more oxidative damage than MTLP 
feeding. In another study, they similarly exposed G. pulex to 
11 g/L of Cu or 660 g/L of Zn for 16 d, and then isolated 
the MTLP and MRG+exoskeleton fractions. These fractions 
were imbedded in gelatin and pulse fed to zebrafish  
as a single meal [47]. There was a significant difference 
between the retention of the MTLP-Zn (39.0%) and the 
MRG+exoskeleton-Zn (17.2%), but no significant differ-
ence was found for Cu. Zn did not induce a lipid peroxida-
tion response in the intestinal tissue of zebrafish, but dietary 
Cu induced lipid peroxidation and the MRG+exoskeleton 
fraction induced higher MDA levels than the MTLP feed. 
Both studies thus suggest that the less available fraction 
(MRG+exoskeleton) may result in a stronger intestinal stress 
response than the more bioavailable MTLP.  

Several other studies have used natural contaminated 
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prey to test the dietary toxicity of metals in fish. Boyle et al. 
[48] examined the toxic effects of metals in zebrafish fed 
metal-contaminated Nereis diversicolor collected from a 
metal-impacted estuary for 68 d. Fish fed the metal laden N. 
diversicolor showed reduced reproductive outputs but there 
was no effect on growth. It appeared that only As was sig-
nificantly accumulated in the fish’s tissues and caused the 
toxicity. Reproduction is therefore sensitive to exposure to a 
natural diet contaminated with As, and this exposure route 
is likely to be of significance to the health of fish popula-
tions. The same group later assessed the reproductive per-
formance of zebrafish fed diets supplemented with naturally 
Pb-enriched N. diversicolor at a daily dosage of 1% (dry 
weight diet/wet weight fish). Those polychaetes were again 
collected from a contaminated site (the Gannel estuary in 
Cornwall, UK) and a control site (the Blackwater estuary in 
Essex) for 63 d. The estimated daily dietary doses of Pb 
were 0.417 and 0.1 g g1 d1 (dry weight feed/wet weight 
fish) for fish fed N. diversicolor from the contaminated and 
control sites, respectively [49]. Among the metals involved 
(Ag, As, Cd, Cu, Fe and Zn), only the Ag concentrations 
were higher for fish fed N. diversicolor from the Gannel 
estuary. Fish fed Pb-enriched worms exhibited no impair-
ment of their incidence of spawning, the number of eggs per 
breeding pair or the hatch rate of embryos, even though the 
whole body Pb burdens of the male fish increased. In an-
other study, zebrafish were fed N. diversicolor collected 
from a Ag, Cd and Cu contaminated site (Restronguet Creek) 
and a control site (the Blackwater estuary) at 3% of their 
wet weight/day for 21 d [50]. The AEs of Cd and Ag and 
the mRNA expression analysis of metal transporters were 
then determined. This study showed that metal bioavailabil-
ity to fish and intestinal uptake were affected during chronic 
dietary exposure to contaminated worms. 

A more recent study fed the marine fish T. jurbua with 
commercial feed supplemented with contaminated natural 
prey (the polychaete N. diversicolor or the clam Scrobicu-
laria plana) collected from metal-impacted estuaries in 
southwest England [51]. After 21 days of exposure the fish 
showed differences in mortality between the S. plana and N. 
diversicolor treatments, which was unlikely to have been 
caused by nutritional differences, since the fish’s main food 
was the artificial diet. Instead, the difference was probably 
caused by the difference in metal doses between N. diversi-
color and S. plana. Specifically, Pb, Fe, Cd and Zn in the 
field-collected invertebrates were strongly correlated with 
the observed mortality, suggesting that dietary toxicity may 
be caused by a mixture of these metals. These results sug-
gest that metals naturally incorporated into invertebrates are 
of toxicological significance to these fish. Thus, in addition 
to As identified in earlier study [48], Pb, Fe, Zn and Cd 
should also be considered in the ecotoxicological evaluation 
of invertebrates collected from metal-contaminated estuaries. 
A summary of the studies since 2002 on the toxicity of die-
tary metals to fish is also summarized in Table 2.  

3  Dietary toxicity of metals to other aquatic 
animals 

There have been fewer studies of the dietary toxicity of 
metals using other aquatic animals. Focusing on amphipods, 
Besser et al. [52] studied the acute and chronic toxicity of 
waterborne and dietary Pb using Hyalella azteca. The am-
phipods were exposed for 42 days to waterborne Pb and fed 
either a control diet or a diet equilibrated with the water-
borne Pb levels. Dietary exposure increased Pb’s toxicity to 
the amphipods. The 50% lethal concentration for water-
borne Pb decreased from 24 g/L with the control diet to 16 
g/L with the contaminated diet, with significant reductions 
in growth and reproduction at 3.5 g/L.  

Ball et al. [53] conducted 4- and 10-week chronic toxicity 
tests with H. azteca fed Cd-contaminated Chlorella. Unlike 
waterborne Cd toxicity, growth was a more sensitive toxi-
cological endpoint than survival, with calculated 50% (EC50) 
and 25% (EC25) effect concentrations of 0.6 g/g and 0.3 
g/g, respectively. These corresponded to EC50 and EC25 
for dissolved Cd at 1.3 g/L and 0.6 g/L, respectively. In-
terestingly, there was no bioaccumulation of Cd in H. azteca 
fed contaminated food, suggesting that the dietary toxicity 
of Cd in the amphipods cannot be predicted simply based on 
bioaccumulation. Clearly the toxic action may be different 
between waterborne and diet-borne exposure. Recently, 
Golding et al. [54] attempted to relate the bioaccumulation 
of Cd in amphipods to chronic toxic effects. In that study 
the amphipods were chronically exposed (28 d) to a natural 
periphyton diet (44 to 2900 g (Cd)/g ash-free dry mass) 
and to Cd in water at 0.35 to 11.2 g/L. Cd bioaccumulation, 
survival, and growth were measured. Survival as a function 
of the lethal body concentration of Cd (76 g/g) was found 
to be the most robust endpoint, and dietary Cd contributed 
markedly (26%–90%) to Cd bioaccumulation in H. azteca.  

Cheung et al. [55] fed the rock oyster Saccostrea cucul-
lata or the herbivorous snail Monodonta labio previously 
exposed to Cd to the marine predatory whelk Thais clavi-
gera for 4 weeks. There were clear changes in Cd’s subcel-
lular distribution in the whelks—its distribution in the 
MTLP and organelle fractions increased, but it decreased in 
the MRG fraction. There was no clear evidence of toxicity 
in the whelks fed different Cd-exposed prey as revealed by 
various biomarkers at the different biological levels (condi-
tion index, lipid peroxidation, and total energy reserve). 
These results indeed suggest that the Cd’s dietary toxicity to 
predators is low as evolutionary theory would suggest, de-
spite high accumulated Cd body concentrations. The induc-
tion of MT in response to Cd dietary exposure might be a 
detoxification mechanism.  

The responses of gastropods to dietary metal exposure 
have also been examined using herbivorous abalones. Huang 
et al. [56] compared the chronic waterborne and dietary 
exposure of Ag and Cd to the abalone Haliotis diversicolor  
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Table 2  Studies on dietary metal toxicity using fish after 2002 

Fish Testing conditions Results References 

Juvenile rainbow trout 
Oncorhynchus mykiss  

Diet: Lumbriculus variegates exposed to contaminated 
sediment, with 11–129 g (As)/g, 0.2–4.9 g (Cd)/g, 
24.3–73.1 g Cu/g, 1.5–226 g (Pb)/g, 338–1334 g Zn/g; 
daily feeding rate of 16% of body weight. 

Significant reduction in growth, most likely caused 
by As in the diets. [41] 

Zebrafish 

Danio rerio 

Diet: natural contaminated Nereis diversicolor, with 15– 
140 g (As)/g, <2 g (Cd)/g, 16–450 g (Cu)/g, <2 g 
(Pb)/g, 120–320 g (Zn)/g; 68 d feeding at 3% wet 
weight daily.  

Reduced reproductive output likely caused by As, 
but no growth impact.  

[48] 

Zebrafish 

Danio rerio 

Diet: natural N. diversicolor contaminated with Pb (1.7– 
33.4 g/g); 63 d feeding, with daily dietary doses of 
0.10–0.417 mg (Pb) kg1 d1.  

No impairment of spawning, reproduction rate or 
hatch rate of embryoes. [49] 

Lake whitefish  
(Coregonus  
clupeaformis) 

Diet: commercial pellets containing 0, 10, 100, and 1000 
g (Ni)/g. Feeding for 10, 31 or 104 d at 0.5% body 
weight every alternate day. 

No influence on growth or hematology, but histo-
pathological lesions in kidney and liver. [37] 

Rainbow trout  
(O. mykiss) 
Fathead minnow  
(Pimephales promelas) 
Channel catfish  
(Ictalurus punctatus) 

Diet: Lumbriculus variegates contaminated with metals: 
130–310 g (Cu)/g or 
90–540 g (Cd)/g or 
850–1000 g (Pb)/g or 
26–77 g (As)/g.  

No effect of Cd, Cu or Pb on fish growth. Rainbow 
trout growth reduced by As exposure. 

[42] 

Juvenile rainbow trout 
(O. mykiss)  

Diet: Lumbriculus variegates exposed to 0–8.7 mg/L 
arsenate to result in 1.6–58 g/g As, 28 d exposure at 
daily feeding rate of 40 mg food/fish.  

Growth reduction at the two highest As concentra-
tions (35–58 g/g).  [43] 

Seabream  
Acanthopagrus  
schlegelii 

Diet: commercial diets containing 67–1000 g(Cu)/g 
with a daily influx rate of 0.94–7.0 g/g, 28 d exposure. 

Initial reduced consumption rate; specific growth 
rate reduced by 36% with a mortality rate of 8% at 
the highest Cu flux (7.0 g (Cu) g1 d1). 

[40] 

Terapon jurbua  
terepon 

Diet: polychaetes Nereis diversicolor or clam Scrobicu-
laria plana from mine-impacted estuaries in southwest-
ern England 

Daily influx rates of 0.23–4.7 g (Cr)/g, 2.0–33.4 g 
(Fe)/g, 0.3–3.3 g (Cu)/g, 2.3–89 g (Zn)/g, 0.06–5.2 g 
(As)/g, 0.02–5.8 g (Pb)/g, 0.02–0.05 g (Fe)/g; 21 d 
exposure. 

No impact on growth, but mortality was probably 
related to Cd, Fe, Pb and Zn. 

[51] 

 

using various endpoints such as growth and feeding rates, 
metal body burden, subcellular distribution, and MT induc-
tion over a period of seven weeks of exposure). During the 
initial stage of exposure, the abalones’ growth and feeding 
rates were obviously reduced, but the animals then acclima-
tized. By the end of the experiment feeding and growth had 
both recovered to the control levels. In the abalones, MT 
again appeared to be the most useful biomarker. It was in-
duced during the first two weeks of exposure, but levels 
then decreased. The abalones thus responded rapidly to 
metal exposure, but subsequently acclimatized.  

4  Considerations in the dietary toxicity testing 
of metals 

Numerous factors can affect and modify the dietary toxicity 
of metals, making it rather difficult to compare the results of 

different toxicity studies (Figure 1). It is also extremely 
challenging to conduct realistic testing of dietary toxicity of 
metals in aquatic animals. The first consideration is the par-
titioning of metals in the medium. In a typical experiment 
on the toxicity of dietary metals the contaminated food is 
added to the experimental medium for a period of time. In-
evitably, metal from the contaminated food will leach into 
the water, and the degree of such release will depend on the 
localization of each metal (e.g., intracellular vs. extracellular), 
their different partitioning coefficients, as well as the parti-
cle load. The partitioning of the metals can be estimated 
using the following equation. 

 Metals in the water(%)＝Cw/Ct=1/(1+KdTSS), (1) 

where Cw is the dissolved metal concentration, Ct is the total 
metal concentration in the water, Kd is the partitioning coef-
ficient of the metal concerned, and TSS is the total particle 
load in the water. 
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Figure 1  Some of the major considerations in conducting the dietary 
toxicity of metals to aquatic animals. 

Wang and Fisher [11] simulated the changes in metal 
partitioning as a result of TSS changes. In order to maintain 
a constant Kd, metal partitioning in the particles will de-
crease with deceasing food concentration. Thus more metal 
may be repartitioned into the water as the food concentra-
tion drops during the exposure period due to the filtering 
activity of the animals. This is especially true for metals 
with a high Kd (e.g., 106), but any change is also dependent 
on the TSS. At TSS>4 mg/L the dependence of metal parti-
tioning on TSS is less obvious. Such simple calculations 
indicate that any change in food concentration can cause a 
redistribution of metals between the particles and the dis-
solved phase. Additionally, metals may also be released 
from live food as a result of direct exudation (e.g., from 
algae) [57]. Some metal may subsequently be re-accumu-     
lated by the prey during the course of the exposure, but such 
re-uptake is dependent on the dissolved uptake rate con-
stants of the metals. For some animals such as the predators 
re-uptake may be negligible due to very low uptake rate 
constants from the dissolved phase. For other animals such 
as suspension-feeding zooplankton, re-uptake may be im-
portant and contribute the overall accumulation. It is thus 
critical to at least conduct controlled experiments to exam-
ine the release kinetics of the metals concerned and quantify 
the actual contribution of waterborne uptake to overall metal 
accumulation. 

Another challenging job in studying the dietary toxicity 
of metals is the choice of prey species. Natural prey are 
usually preferred, but the question is how “natural” the ex-
perimental situation is for the selected prey. One of the in-
triguing aspects of metal biology is that different inverte-
brates and possibly phytoplankton have very different strate-
gies for handling and sequestering metals. A classical ex-
ample is the contrast between mussels and oysters, which 
exhibit very different bioaccumulation and detoxification 
potentials in dealing with different metals. Different phyto-
plankton also have very different bioaccumulation, seques-
tration and metal tolerance characteristics [58–60]. Cur-
rently, most dietary toxicity testing uses standard phyto-
plankton species (see Table 1), an artificial diet spiked with 

metals, or natural prey collected from contaminated systems. 
Differences in metal handling and distribution in different 
prey may substantially affect the metals’ trophic availability 
to the test animals.  

Another complex issue is that predators often feed on a 
mixture of prey species in natural environments, and there 
are clear selection processes on different natural prey de-
pending on their relative abundance and the season. The 
nutritional values of the different prey species should also 
be considered. Some of the observed toxicological respons-
es may not necessarily be caused by metal stress, but may 
instead be due to lack of a particular nutrient. In this regard, 
another side effect to be considered is any depression of the 
ingestion rate as a result of metal exposure, which may in 
fact be responsible for a portion of any observed toxicolog-
ical response. 

Generally, the prey or food is exposed to the test metals 
in solution to prepare the contaminated food before it is 
offered to the test species. However, the resulting distribu-
tion of the metals in the food can be completely different 
from that in the natural environment. Accumulated metals 
are known to bind into different subcellular pools. For small 
prey organisms such as phytoplankton and zooplankton, it 
may be possible to produce a uniformly spiked prey fol-
lowing a period of exposure. For large prey, laboratory ex-
posure for a short period of time may not achieve metal 
distribution and speciation comparable to those found in 
nature. For some metals that are known to be biotrans-
formed (e.g., As, Hg, Se), the final chemical forms in the 
prey may be different from those in the initial spiked solu-
tion or feed. An alternative approach is to use naturally 
contaminated prey, but that has its own problems. For ex-
ample, the prey may be contaminated with a suite of metal 
contaminants, and it is difficult to identify natural prey 
which have been impacted by just a single metal. Further-
more, there will normally be few choices of natural prey 
from contaminated environments available. The experi-
mental treatment is thus to a certain extent removed from 
the control of the experimenter. 

Feeding rate is also a major consideration in conducting 
dietary toxicity tests, and unfortunately this is rarely re-
ported for experiments using zooplankton. Typical toxicity 
testing often employs high algal food concentrations to 
promote maximum ingestion activity. For predators such as 
fish and gastropods it is relatively easy to control the daily 
feeding rate, but there are obvious differences in this pa-
rameter among the different studies reported. Clearwater et 
al. [35] proposed that the daily dosage rate may be a better 
predictor of the dietary toxicity of metals than the metal 
concentration in the diet. In fact, the common practice of 
simply reporting the metal concentration in the food without 
the daily dosage rate makes it very difficult to compare the 
results of different studies. In this regard, a better apprecia-
tion of the biokinetics should certainly help in designing 
toxicity tests. The daily influx rate can be calculated using 
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the following equation. 

 If = AEIRCf, (2) 

where If is the influx rate, AE is the dietary assimilation 
efficiency, IR is the ingestion rate of the animals, and Cf is 
the metal concentration in the food. The daily dosage rate is 
simply the combination of IR and Cf, whereas the daily in-
flux rate also considers the actual amount of metal being 
assimilated by the animals and it may provide a more realis-
tic measure of the metal’s potential dietary toxicity. This 
parameter may be the basis for inter-comparison of different 
studies. Thus, simply reporting the Cf in the tested medium 
will be rather meaningless without knowing the actual 
amount of metal ingested and bioavailable to the animals. 
This is exactly analogous to waterborne testing in which the 
bioavailable metal concentration needs to be known. Very 
few studies have so far considered the metal influx rate as a 
predictor of metal dietary toxicity (an exception being that 
of Dang et al. [40]). Tan and Wang [19] were able to use the 
influx rate to predict the acute toxicity of Cd in Daphnia 
magna at different calcium concentrations. They found the 
measured median effective influx rate of Cd (EJ50, 1.3 to 
1.6 g g1 h1) to be constant as the Ca concentration varied 
from 0.5 to 200 mg/L. 

To conclude, studies of the dietary toxicity of metals are 
still at an early stage, despite the well-recognized importance 
of dietary exposure of metals for aquatic animals. Much 
remains to be learned about the mechanisms of dietary tox-
icity and their differences from waterborne metal exposure. 
It is critical that methods be better standardized in conduct-
ing toxicity testing, and some new concepts (e.g., influx) 
need to be introduced in the experimental designs. There is 
still a long way to go to achieve a somewhat better under-
standing of the dietary toxicity of metals in aquatic systems. 
In this regard, we may learn some lessons from the recent 
significant progress in nanotoxicology. 
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