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Critical Review: Toxicity of Dietborne Metals
to Aquatic Organisms

DAVID K. DeFOREST1 and JOSEPH S. MEYER2

1Windward Environmental, Seattle, Washington, USA
2ARCADIS U.S., Inc., Lakewood, Colorado, USA

This paper reviews dietborne toxicity of 13 metals (Ag, Al, As, B, Cd,
Co, Cr, Cu, Mo, Ni, Pb, V, Zn) to aquatic biota. Of those, Ag, As, Cd,
Cu, Ni, and Zn have caused dietborne toxicity in laboratory ex-
posures when the dietborne concentrations resulted from exposure
of the food to waterborne concentrations near toxicity thresholds.
To facilitate merging this laboratory-based effects information with
realistic exposure scenarios, concentrations of metals in water and
food items should be surveyed in a variety of real-world freshwa-
ter and saltwater systems to determine dietborne:waterborne metal
ratios and the chemical forms in which the metals occur.

KEY WORDS: dietborne exposure, metals, toxicity

1. INTRODUCTION

For at least four decades, researchers have investigated the uptake and tox-
icity of metals in the diets of aquatic organisms (Mount, 2005). Although a
variety of metals and aquatic organisms have been tested in laboratory and
field studies in freshwater or saltwater systems (Handy et al., 2005; Schlekat
et al., 2005), the results are still equivocal. It is clear that diet can be an im-
portant metal-exposure pathway in aquatic organisms (Luoma and Rainbow,
2008), and diet is the predominant source of metal to some marine preda-
tors such as gastropods and fish (Wang, 2013a). However, bioaccumulation
of metals by an aqueous or dietary pathway does not necessarily result in
toxicity (Luoma and Rainbow, 2005; Adams et al., 2011). In some studies,
dietborne metals have caused toxicity at concentrations that occur in the
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Toxicity of Dietborne Metals 1177

environment; whereas in other studies, toxicity of dietborne metals has not
been demonstrated or has appeared to be minor compared to contributions
from waterborne metals. Until recently, the most comprehensive review of
dietborne-metal toxicity to aquatic organisms was conducted in 2002 and
were the results reported in Meyer et al. (2005a). At that time, the rea-
sons for differences among experimental results were uncertain. However, a
number of new and potentially key dietborne-metal studies have been pub-
lished since then. Additionally, Wang (2013a) recently published a narrative,
study-by-study analysis of key papers related to dietborne-metal toxicity and
future research needs. Supplementing that review, the current paper includes
a meta-analysis of a more extensive set of dietborne-metals toxicity literature,
identifies remaining uncertainties, and recommends research needed to help
decrease those uncertainties.

Investigations of the fate and effects of dietborne metals began with Hg
and Se in the 1970s (Matida et al., 1971; Goettl and Davies; 1978; see also
reviews in Adams et al., 2005; Handy et al., 2005). However, the dietborne
toxicity of other metals was not a major concern until the 1990s and early
2000s (Mount, 2005), when several research groups reported dietborne-metal
toxicity to fish and invertebrates in freshwater and saltwater systems (e.g.,
Woodward et al., 1994, 1995; Hook and Fisher, 2001a, 2001b). Those pa-
pers led to numerous studies that continue to investigate accumulation and
toxicity of several trace elements (e.g., Ag, As, Cd, Cu, Ni, Pb, Zn) from
the diet. Additionally, several types of biodynamic models have been devel-
oped to describe the fate and effects of metals in aquatic organisms during
dietborne exposure (e.g., Wang and Fisher, 1999; Steen-Redeker and Blust,
2004; Steen-Redeker et al., 2004; Luoma and Rainbow, 2005). That flurry of
research and modeling activity and associated concerns about potential eco-
logical risk and regulatory implications spurred the convening of a Society of
Environmental Toxicology and Chemistry (SETAC) Pellston Workshop about
the toxicity of dietborne metals to aquatic organisms in 2002, during which
the most recent comprehensive reviews of the dietborne-metals literature
were conducted (Meyer et al., 2005a).

At the time of the 2002 SETAC Pellston Workshop, it was clear that the
dietborne-exposure route for at least some metals needs to be considered
in (1) evaluating the potential risks posed by those metals in the environ-
ment and (2) developing regulatory criteria or guidelines for those metals
in aquatic systems. For example, diet is recognized as the most significant
exposure pathway for the toxicity of some metals and metalloids like Hg
and Se (Wang, 2002; Adams et al., 2005; Chapman et al., 2010); and cur-
rently, Hg and Se are the two trace elements for which regulatory actions
are primarily being based on dietborne exposure (USEPA, 1997a, 1997b,
2004). However, for cationic metals such as Ag, Cd, Cu, Ni, Pb, and Zn, the
toxicological and ecological significance of the dietborne-exposure route is
still not always clear. Since 2002, new studies have continued to investigate
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1178 D. K. DeForest and J. S. Meyer

the potential dietborne-pathway effects of some of the more-well-studied
cationic metals (e.g., Bielmyer et al., 2006; Kolts et al., 2009), and new con-
cerns have emerged for other metals such as As (e.g., Hansen et al., 2004;
Erickson et al., 2010). In addition, the higher sensitivity of at least some
insect taxa in field-based metal exposures relative to their sensitivity in stan-
dard waterborne-metal exposures in the laboratory might in part be due to
exposure to dietborne metals in the field (Buchwalter et al., 2007; Brix et al.,
2011). Evaluated together, these and other new studies might help place the
mechanisms, role, and significance of dietborne-metal toxicity in a clearer
perspective.

The following is an update and review of the current understanding
of dietborne-metal toxicity. This review consists of two phases. In the first
phase, a comprehensive database of dietborne-metal toxicity data are pre-
sented; in the second phase, that database is interpreted to address the
question of whether water quality guidelines or criteria for metals are under-
protective because they do not explicitly account for the dietborne-exposure
pathway (see also Wang, 2013a). This latter question is emphasized because
it is commonly raised by regulators and thus has important implications for
ecological risk assessments, product registration, and guideline or criteria
development.

2. MATERIALS AND METHODS

2.1 Phase 1: Development of a Dietborne-Metals Toxicity Database

The dietborne-metals database in the present study builds upon the
dietborne-metals toxicity data compiled in Handy et al. (2005), which in-
cluded 35 publications related to the effects of dietborne metals on the
physiology, survival, growth, and reproduction of aquatic organisms (i.e.,
the effects of primary interest in the current evaluation). The expanded
database includes data published since the workshop held in 2002 as well
as some older data that were not included in Meyer et al. (2005a). Liter-
ature searches were conducted using the Scirus search engine (key words
included the metals of interest, toxicity, response, effects, impairment, diet,
dietary, dietborne), and dietborne-metal toxicity data were also identified in
the US Environmental Protection Agency’s (US EPA’s) ECOTOX database.
The reference sections of papers that were reviewed also led to additional
dietborne-metal toxicity papers, and relevant studies were obtained from sci-
entists actively conducting research in the field of dietborne-metal toxicology.
This review focused on toxicity endpoints related to survival, growth, devel-
opment, reproduction, and feeding rate. Review of the physiological effects
of dietborne metals was beyond the scope of this evaluation, but overviews
can be found in Campbell et al. (2005), Clearwater et al. (2005), and Handy
et al. (2005). Although toxicity of dietborne metals was the main focus of our

D
ow

nl
oa

de
d 

by
 [

D
av

id
 D

eF
or

es
t]

 a
t 0

9:
40

 0
4 

M
ar

ch
 2

01
5 



Toxicity of Dietborne Metals 1179

review, accumulation and toxicity of dietborne metals are intricately linked.
Therefore, the following important question was addressed, to try to link ac-
cumulation and toxicity: Is dietborne-metal accumulation a strong predictor
of dietborne-metal toxicity?

The 13 metals (and metalloids) included in the evaluation are Ag, Al,
As, B, Cd, Co, Cr, Cu, Mo, Ni, Pb, V, and Zn. Mercury and Se have recently
been reviewed extensively elsewhere (Chapman et al., 2010; Depew et al.,
2012) and thus are not included here. Although As and Se are not classified
as metals by chemists, they are often included under the umbrella term
“metals” in the ecotoxicological literature, and that tradition is followed in
this review.

Dietborne-toxicity studies of individual metals and metals mixtures were
compiled separately. The database of dietborne toxicity of individual metals
was developed in Microsoft Excel R© and included the following fields: test
species, species type (arthropod, mollusc, fish, etc.), water type [freshwater
or saltwater (including estuarine and marine)], age or size of organism at test
initiation, exposure duration, diet type (formulated, algae, etc.), dietborne-
metal concentration(s), corresponding waterborne-metal concentration(s) (if
applicable and/or available), biological endpoint (survival, growth, repro-
duction, etc.), and toxicity effects data. With the exception of Co, for which
only dietborne acute toxicity data were available, chronic dietborne toxicity
data were compiled (durations ranged from 4 week to several months for
fish and were on the order of weeks for most invertebrate species). Each
row in the database describes a single treatment from a toxicity test, and
it is noted whether the dietborne-metal treatment resulted in a statistically
significant effect relative to the control. In the cases in which statistical sig-
nificance was not reported, an effect greater than 20% relative to the control
was considered “significant” and an effect less than 20% relative to the con-
trol was considered “not significant.” Although this “operational” choice of
significance is somewhat arbitrary, it is consistent with the use of a 20–25%
threshold for biologically important differences from control responses in
waterborne toxicity tests and allowed discussion of some results for which
no clear-cut statement about dietborne-metal toxicity was made by the study
authors (e.g., adverse effects could not have been plotted in Figure 1). In ad-
dition, for dietborne-toxicity tests in which the metal in the food source was
accumulated from water, water chemistry parameters were compiled so the
waterborne-metal concentrations could be compared to hardness- or biotic
ligand model (BLM)-based ambient water quality criteria (AWQC), proba-
ble no effect concentrations (PNECs), or other guideline values, in order to
evaluate whether these values would be protective against dietborne-metal
toxicity. Unlike Clearwater et al. (2002), we did not derive daily dietborne-
metal doses for the toxicity data compiled, because that effort was beyond
the scope of this review.
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FIGURE 1. Plots of dietborne-metal concentrations associated with significant effects and no
significant effects relative to the control based on chronic exposures. Vertical dashed line
is the lowest effect concentration, and the associated species is noted. Note 1: For Cd, the
lowest dietborne effect concentration of 0.043 μg/g dry wt is for the mayfly Centroptilum
triangulifer (Xie et al., 2010); however, in two additional tests, dietborne Cd concentrations
much greater than this were found to have no significant effects on the mayfly.
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Toxicity of Dietborne Metals 1181

The database is included as Table S1 in the Supplemental Material
online. Overall, 115 studies were reviewed in developing the dietborne-
metals toxicity database for individual metals. The dietborne-metals toxicity
database for metals mixtures was compiled separately, with similar infor-
mation provided. Ten dietborne-toxicity studies with metals mixtures were
identified.

2.2 Phase 2: Synthesis and Interpretation of Dietborne-Metals
Toxicity Data

The dietborne-metals database was then summarized to describe the amount
of toxicity data identified for each metal and the representativeness in terms
of the diversity of taxa tested and types of endpoints evaluated. General
trends were investigated, such as categories of metals for which dietborne
toxicity appeared to be potentially more important or less important than
waterborne toxicity, and whether some species or taxa appeared to be more
susceptible or less susceptible to dietborne-metal toxicity.

In addition, for dietborne-toxicity studies in which the metal concentra-
tions in a natural diet were caused by the exposure to waterborne metals,
the toxicity threshold was compared to existing acute and chronic AWQC
or PNECs to evaluate whether those regulatory concentrations are protective
against dietborne-metal toxicity. To the extent such data were available, we
also evaluated whether there were relationships between the sensitivity of
organisms to waterborne-metal exposures and the potential contribution of
dietborne-metal toxicity.

The focus of this review was the risk assessment of dietborne metals,
including potential implications for regulatory thresholds or guidance. Un-
less specifically relevant to this topic, this review does not provide details on
the identified or hypothesized mechanisms of dietborne-metal toxicity. Read-
ers are referred to the original studies for additional study-specific details,
including discussions of mechanisms.

3. RESULTS AND DISCUSSION

3.1 Overview

Of the metals evaluated in this review, Cd, Cu, and Zn have clearly been
the most extensively studied, while no to very few dietborne-toxicity studies
were identified for Al, B, Co, Mo, Ni, and V (Table 1). The approaches for
conducting dietborne-metal toxicity tests are non-standardized, with methods
instead developed to answer the specific research questions being asked. In
total, dietborne-toxicity data for individual metals were compiled from 115
studies (Table 1). Of those studies, 58% evaluated dietborne-metal toxicity
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1192 D. K. DeForest and J. S. Meyer

by spiking a metal into a formulated diet, whereas 42% evaluated dietborne-
metal toxicity using a natural diet such as algae, periphyton, oligochaetes, or
brine shrimp.

The majority of the studies that evaluated dietborne-metal toxicity via a
natural diet were published since 2000, thus indicating an increased emphasis
on understanding the bioavailability and toxicity of biologically incorporated
metals. Of those natural-diet toxicity studies, only 13 evaluated simultaneous
waterborne-metal exposures; and in only five was the test organism exposed
to the same waterborne-metal concentration to which its food was exposed.
The latter study design (i.e., exposure of the test organism to “matched”
waterborne- and dietborne-metal concentrations) is perhaps most relevant
for evaluating the protectiveness of waterborne-metal guidelines, because
this is assumed to be a potentially conservative exposure scenario. However,
some aquatic receptors might be exposed to non-equilibrated concentrations
of metals in water and food. For example, an aquatic receptor might be si-
multaneously exposed to relatively low waterborne-metal concentrations and
relatively high dietborne-metals concentrations that originated from histor-
ical sediment contamination; or conversely, an aquatic receptor might be
simultaneously exposed to relatively high waterborne-metal concentrations
and relatively low dietborne-metal concentrations, if the food item has only
been exposed to the waterborne metals for a short time before it is eaten.
In concept, these types of exposure scenarios can be accounted for in site-
specific risk assessments, but appropriate data about the toxicity of metals in
non-equilibrated food would be needed. More recently, some studies have
evaluated dietborne-metal toxicity from mixed-species diets, such as com-
plex periphyton communities (Xie et al., 2010). Recent studies have also
evaluated the use of alternative dietborne-metal delivery methods, such as
liposomes, to help compensate for the lost nutritional quality of food sources
that are contaminated with metals (Evens et al., 2011, 2012a).

As a first step in the current review, dietborne-metal concentrations
resulting in chronic effects and no effects relative to the control were plotted
in Figure 1; and no short-term exposures were included in those plots, to
avoid confounding interpretation of the meta-analyses with potential biases
due to short exposure times that did not allow dietbore-metal effects to be
manifested. Only data for dietborne-metal concentrations expressed on a dry-
weight basis were plotted. Unfortunately, some dietborne-metal toxicity data
were reported on a wet-weight basis for which the moisture content of the
diet could not be reliably estimated, especially in formulated diets that can
differ widely in moisture content among studies. These initial summary plots
provide a snapshot of how much data are available for each metal and help
to identify patterns that warrant further investigation. Not surprisingly, there
is substantial overlap between effects and no-effects concentrations for most
dietborne metals, because this undoubtedly in part reflects the differential
sensitivity among the species included in the plots. However, that overlap

D
ow

nl
oa

de
d 

by
 [

D
av

id
 D

eF
or

es
t]

 a
t 0

9:
40

 0
4 

M
ar

ch
 2

01
5 



Toxicity of Dietborne Metals 1193

might also be due in part to differences in study design between tests,
including diet types, dosages (i.e., daily ingestion rates of the metals), and
whether there was simultaneous exposure to waterborne metal.

With the exception of Al, As, and V, the most sensitive species for most
metals are small crustaceans (Cd, Cu—Ceriodaphnia dubia; Pb—Hyalella
azteca; Ni, Zn—Acartia tonsa) or echinoderm larvae (Ag—Lytechinus varie-
gatus). The dietborne-metal food sources in the toxicity studies with A. tonsa,
C. dubia, Daphnia magna, Ly. variegatus, and rainbow trout (Oncorhynchus
mykiss) were all based on biologically incorporated metal, in which the food
source was exposed to waterborne metal. For As, chronic dietborne-toxicity
data (from tests that used formulated and biologically incorporated diets)
were only available for rainbow trout. For V, dietborne-toxicity data were
only available for rainbow trout and southern leopard frog larvae (Rana
sphenocephala), and no V studies were conducted with biologically incor-
porated metal. No adverse effects were observed in any of the dietborne-Al
toxicity studies; and no dietborne-B or dietborne-Mo studies were found in
the literature.

The following summarizes the dietborne-toxicity data identified for each
of the metals in this review, including an overview of the amount and
types of data. In addition, as data permit for each metal, comparisons of
waterborne- versus dietborne-metal toxicity are provided, along with evalu-
ations of whether water quality guidelines are protective against dietborne-
metal toxicity. After the metal-by-metal summaries, observations across met-
als are synthesized, and recommendations for further research are provided.

3.2 Individual Metals
3.2.1 ALUMINUM

Dietborne-Al toxicity data were identified for only three species of freshwater
fish, in experiments in which either Al chloride or Al sulfate was spiked into
a formulated diet (Table 1). None of the dietborne-Al concentrations tested
in the three species resulted in adverse effects on growth or survival (Supple-
mental Data Table S1); hence, over the range of dietborne-Al concentrations
tested, no concentration–response relationship can be derived. In Atlantic
salmon (Salmo salar), no significant effects on weight gain over a 16-week
exposure were observed up to a dietborne-Al concentration of 2232 μg/g
dry wt, the highest concentration tested (Poston, 1991). Moreover, Handy
(1993a) did not observe significant mortality in rainbow trout provided a
higher dietborne-Al concentration of 10000 μg/g dry wt for 42 days. No
studies were identified that systematically evaluated the relative toxicities of
waterborne- and dietborne-Al toxicity during concurrent exposure.

None of the metal-mixture studies in which dietborne-Al concentrations
were measured identified Al as a contributing factor to observed dietborne
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1194 D. K. DeForest and J. S. Meyer

toxicity (Woodward et al., 1994; Farag et al., 1999). However, much of the
Al measured in those macroinvertebrate diets might have been in insoluble
mineral forms that were not bioaccessible to the consumer in those stud-
ies (westslope cutthroat trout; Oncorhynchus clarki lewisi). That does not
invalidate the potential utility of such a study for determining whether the
diet is toxic, but it does mean that subtle contributions of bioaccumulated Al
to dietborne-metal toxicity probably cannot usually be differentiated when
feeding undepurated sediment-ingesting prey to a consumer. Rather than
being an important contributor to dietborne toxicity, the magnitude of Al
concentrations in the diet might be an indicator of mineral levels and hence
the bioavailability of other metals in the diet. For example, Farag et al. (1999)
measured concentrations of Al, Cu, Pb, Zn, and other metals in two field-
collected macroinvertebrate diets that were then fed to westslope cutthroat
trout. One of these diets (“South Fork”) contained Al, Cu, Pb, and Zn con-
centrations that were 74%, 40%, 75%, and 10% greater than in the other diet
(“Cataldo”). However, after 90-day feeding exposures, whole-body concen-
trations of Cu, Pb, and Zn in trout fed the Cataldo diet were, respectively,
37%, 37%, and 49% greater than the concentrations in trout fed the South
Fork diet. Farag et al. (1999) suggested that the higher Al concentration in
the South Fork diet was due to undigested material in the South Fork in-
vertebrates, which provides a bioavailability-based explanation why metals
crossed the small intestine of the trout less efficiently from the South Fork
diet than from the Cataldo diet.

Based on the limited data available, dietborne-Al toxicity to fish appears
to be low and unlikely to be of concern. However, this does not preclude
the possibility of dietborne-Al toxicity in invertebrates, which currently is
an important data gap that should be addressed. In addition, it is unknown
whether the dietborne toxicity of biologically incorporated Al would differ
from that observed in the toxicity studies using formulated diets spiked with
Al salts. Because the biogeochemistry of Al is complex, with site-specific
water chemistry influencing the bioavailability and bioaccumulation potential
of Al (Gensemer and Playle, 1999), more research is needed to evaluate
whether specific water chemistry conditions favor the bioaccumulation of Al
that is then potentially bioavailable to consumer organisms.

As an example of the potential for Al bioaccumulation in food webs,
Oberholster et al. (2012) reported that Al concentrations in filtered (1 μm)
water from Lake Loskop (South Africa), which has elevated Al concentrations
from historical mining, ranged from 60 to 90 μg/L (a range bracketing the
USEPA [2009] chronic freshwater criterion of 87 μg/L). In the food web, Al
concentrations (μg/g dry wt) ranged from 3,111 to 18,997 in phytobenthos,
from 121 to 1,579 in phytoplankton, and from 24 to 386 in undepurated
macroinvertebrates. However, it is possible that the algae samples might
also have included cofiltered sediment particles. This demonstrates the ex-
treme variability in Al concentrations that can occur in natural food webs.
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Toxicity of Dietborne Metals 1195

Given that Al concentrations in at least some food-web components can
exceed the highest Al concentrations that have been evaluated in dietborne-
Al toxicity tests, more research is needed to fully understand the poten-
tial for dietborne-Al toxicity and the conditions under which it might be of
concern. Additionally, when possible, Al concentrations should be measured
in depurated and undepurated animals so bioaccumulation of Al can be eval-
uated in depurated animals and the potential for trophic transfer of Al can
be evaluated in undepurated animals.

3.2.2 ARSENIC

Most of the dietborne-toxicity studies with As, either in chronic “As-only”
studies or in metal-mixture studies, have been conducted with fish. Of the six
“As-only” studies identified in this review, all were conducted with rainbow
trout (Table 1). From those six studies, dietborne-toxicity data are available
from studies in which food items exposed to waterborne arsenite [As(III)]
and arsenate [As(V)] and from studies that used formulated and natural diets
(Supplemental Data Table S1). There is a clear concentration–response rela-
tionship for dietborne toxicity of total As [whether the food was exposed to
waterborne As(III) or As(V)], even when pooling data from multiple studies
and diet types (Figure 1). The lowest total-As dietborne concentrations that
caused significant effects relative to the control were 28 and 40 μg/g dry wt
in food exposed to waterborne As(III) and waterborne As(V), respectively
(Figure 1; Supplemental Data Table S1).

Several of the early dietborne-toxicity studies in which As was a con-
stituent of potential concern were conducted using metal mixtures in inver-
tebrates obtained from, or representative of, the Clark Fork River, Montana,
USA (Woodward et al., 1994, 1995; Hansen et al., 2004). In addition to As,
key metal constituents in the Clark Fork River invertebrates included Cd,
Cu, Pb, and Zn. Woodward et al. (1994, 1995) observed significant effects
on growth of rainbow trout and brown trout (Salmo trutta) when fed a
diet of macroinvertebrates collected from the Clark Fork River, and Hansen
et al. (2004) observed significant growth effects when rainbow trout were fed
oligochaetes that were cultured in Clark Fork River sediment (Supplemental
Data Table S2).

To evaluate the causative agent for the dietborne-metal toxicity observed
in the Clark Fork River studies, Erickson et al. (2010) determined the individ-
ual toxicities of dietborne As, Cd, Cu, and Zn to juvenile rainbow trout via
a diet of live oligochaetes (Lumbriculus variegatus). Because rainbow trout
growth decreased in a dose-dependent manner when dietborne-As concen-
tration was the predictor of toxicity, those authors concluded that the toxicity
observed in the earlier Clark Fork River studies is likely attributable to As.
In a follow-up study, Erickson et al. (2011) evaluated the relative toxicity
of As(V) to juvenile rainbow trout via water and a live Lu. variegatus diet.
Overall, growth effects were greater when trout and its oligochaete prey
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1196 D. K. DeForest and J. S. Meyer

were exposed to the same waterborne As(V) concentration than when trout
were exposed to waterborne As(V) alone.

The lowest total-As dietborne concentrations of 28 and 40 μg/g dry wt
that resulted in significant toxicity (decreased growth) relative to the controls
were from Erickson et al. (2010) for food exposed to waterborne As(III) or
As(V), respectively. However, because both of those treatments were the
lowest dietborne-As concentration tested in their respective experiments,
the threshold concentrations for dietborne-As(III) and/or dietborne-As(V)
toxicity might be lower. In Erickson et al. (2010, 2011), the waterborne-As
concentrations to which the live diet was exposed (490–8700 μg As/L) were
greater than the USEPA [2009] acute and chronic As criteria (340 and 150 μg
As/L, respectively).

The dietborne As concentration–response data for juvenile rainbow trout
reported in Cockell and Hilton (1988) and Cockell et al. (1991, 1992) based
on formulated diets are consistent with the concentration–response data re-
ported in Erickson et al. (2010, 2011) based on a Lu. variegatus diet (which
are pooled in Figure 1). In all of these studies, dietborne As treatments that
resulted in significant growth reductions in rainbow trout were associated
with a reduction in feeding rate. The lowest total-As dietborne concentra-
tions that resulted in significant growth reduction in rainbow trout were
28 and 40 μg/g dry wt for food exposed to waterborne As(III) and As(V),
respectively, whereas Zhang et al. (2012) did not observe any significant
growth effects in marine juvenile grunt (Terapon jarbua) exposed to diet-
borne As(III) or As(V) concentrations up to 500 μg/g dry wt in a formulated
diet for 10 days (data not included in Figure 1 because not a truly chronic
exposure). The absence of dietborne-As toxicity in Zhang et al. (2012) was
most likely due to the relatively short exposure duration of 10 days, but it
might also reflect a difference in species and/or physiology (e.g., freshwater
vs. saltwater fish, and possibly faster detoxicification of As by the grunts).

Unfortunately, As speciation in the food has only been determined in
one dietborne-As study (Erickson et al., 2011, p. 112). Those authors reported

absorbed arsenate [As(V)] is largely reduced to arsenite [As(III)], with
extracts ranging from 75% to 88% arsenite (n = 3), but there was no
measurable conversion to organoarsenic species. This conversion from
arsenate to arsenite by oligochaetes would explain our earlier findings
(Erickson et al., 2010) that growth reductions in fish occurred at sim-
ilar concentrations of total arsenic in the oligochaete diet whether the
oligochaetes had been exposed to arsenite or arsenate.

Therefore, an among-study meta-analysis of the concentration–response
relationship between percent effects and dietborne-As concentration is only
currently possible for total-As concentration in diets, as in Figure 1. In the
future, researchers should speciate the As in food items to help determine
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Toxicity of Dietborne Metals 1197

what As species in the food might be contributing to dietborne As toxicity
(regardless of the chemical form of As in the water to which the food was
exposed).

In addition to the Woodward et al. (1994, 1995) and Hansen et al. (2004)
studies noted above, several other studies of the toxicity of dietborne-metal
mixtures to fish had As concentrations within the range of effect concentra-
tions reported by Erickson et al. (2010, 2011), including Farag et al. (1999),
Boyle et al. (2008), and Dang et al. (2012a), as well as one dietborne-toxicity
study with a saltwater shrimp (Rainbow et al. 2006). The combination of
data from laboratory studies and field-based metal-mixture studies strongly
suggests that analyses of As (including its oxidation state in the diet and
the consumer) should be included in evaluations of field-based dietborne-As
toxicity studies, even if the waterborne As concentrations to which the food
items were exposed appear to be relatively low compared to thresholds
for waterborne-As toxicity. For field-collected diets, the speciation should
include differentiation between mineral and labile forms of As.

Overall, at least based on toxicity data for rainbow trout, it is apparent
that assessment of risks from As exposures is incomplete without considering
dietborne exposures (Erickson et al., 2011). Furthermore, it is apparent that
As is potentially an important metal to consider when evaluating the toxicity
of dietborne-metal mixtures. Currently, there is a data gap in dietborne-As
toxicity studies with invertebrates that should be filled in order to evaluate
whether any invertebrate species are more sensitive than the fish tested to
date.

3.2.3 BORON

No dietborne-B toxicity studies have been conducted for strictly aquatic or-
ganisms, such as aquatic invertebrates and fish. Although some studies have
evaluated the effects of dietborne-B concentration on frog development, they
generally focused on B deficiency. For example, tail resorption was delayed
in frogs (Xenopus laevis) provided a B-deficient diet containing 0.062 μg
B/g compared to frogs fed a diet containing 1.85 μg B/g (Fort et al., 1999).
Similarly, highly specific forelimb and hindlimb defects occurred in X. laevis
larvae fed a B-deficient diet containing 0.045 μg B/g, but no limb defects
or other effects occurred in larvae fed a B-supplemented diet containing
1.85 μg B/g (Fort et al., 2000).

For comparison, although not strictly aquatic, dietborne-B toxicity has
been investigated in aquatic birds, such as mallards (Anas platyrhynchos).
Stanley et al. (2006) reported adverse effects on egg weight, egg fertility,
and hatching success in adult mallards that were provided a diet supple-
mented with 900 μg B/g, whereas a diet supplemented with 450 μg B/g
did not cause adverse effects. To put those dietborne-B concentrations in
context, Saiki et al. (1993) reported a maximum B concentration of 280 μg/g
in the food chains of the lower San Joaquin River and its tributaries, which
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1198 D. K. DeForest and J. S. Meyer

were considered to have elevated B concentrations. An important question
is whether that B concentration can result in dietborne toxicity. The sites
in the Saiki et al. (1993) study with the highest B concentrations in detri-
tus and algae had waterborne-B concentrations ranging between 1000 and
2000 μg/L, although elevated B concentrations in algae were also some-
times associated with lower waterborne-B concentrations. For example, one
site had a waterborne-B concentration of 120 μg/L with a corresponding B
concentration of 92 μg/g dry wt in filamentous algae. Because 120 μg/L is
generally considered a safe waterborne B concentration (Loewengart, 2001),
an important question is whether dietborne-B concentrations on the order of
92 μg/g dry wt could cause toxicity to strictly aquatic species. This currently
represents a data gap. Given that the highest B concentrations in the Saiki
et al. (1993) study were measured in detritus and filamentous algae, with
concentrations generally decreasing as trophic level increased, it appears
that the potential for dietborne-B toxicity would be greatest with primary
consumers if primary consumers are generally as sensitive or more sensitive
than species in other trophic levels. Therefore, toxicity of diets containing
B-contaminated algae and/or plants to invertebrate consumers should be the
focus of future dietborne-toxicity studies with B.

3.2.4 CADMIUM

Thirty-seven dietborne-Cd toxicity studies were identified, including data for
17 freshwater species (7 invertebrate species and 10 fish species) and 11 salt-
water species (8 invertebrate species and 3 fish species) (Table 1). The lowest
unequivocal lowest observed effects concentration (LOEC) for dietborne-Cd
toxicity is 0.495 μg/g dry wt, based on decreased growth of H. azteca pro-
vided a Cd-contaminated diet (Ball et al., 2006; Figure 1; Supplemental Data
Table S1). In that study, a clear concentration–response relationship between
dietborne-Cd concentrations and the wet weight of H. azteca was observed;
however, Cd concentrations in H. azteca did not consistently increase as
dietborne-Cd concentration increased (Figure 2). Ball et al. (2006) specu-
lated that the lack of Cd bioaccumulation in H. azteca might have been
indicative of an indirect effect of Cd, such as behavioral avoidance of the
algal food, or of decreased nutritional quality; but they ultimately concluded
that they did not have the necessary information to differentiate between
direct and indirect effects. As discussed later, similar patterns of apparent
dietborne-metal toxicity are not always associated with an increase in the
body burden of the metal in the test organism.

The cladoceran C. dubia has sensitivity to dietborne Cd similar to H.
azteca, and there is likewise not a clear relationship between dietborne Cd
concentrations, bioaccumulation, and toxicity. Sofyan et al. (2007a, 2007b)
fed Cd-contaminated algae (Pseudokirchneriella subcapitata) to C. dubia in
two different tests. In one test, C. dubia were exposed only to a series of
dietborne-Cd concentrations; while in the other test, C. dubia were provided
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FIGURE 2. Concentration–response relationship for Hyalella azteca exposed to dietborne
Cd. Data from Ball et al. (2006).

a dietborne-Cd concentration of 0.26 μg/g dry wt along with corresponding
waterborne Cd concentrations ranging from 1.1 to 20 μg/L (Supplemental
Data Table S1). In a third test, C. dubia were only exposed to waterborne
Cd. Traditional sigmoid concentration–response relationships based on re-
productive toxicity as a function of whole-body Cd concentration in the C.
dubia were observed in the waterborne-only and waterborne + dietborne-
Cd exposures, but not entirely in the dietborne-only Cd exposure (Figure 3).
Likewise, whole-body Cd concentrations in C. dubia did not increase with

FIGURE 3. Concentration–response relationships for Ceriodaphnia dubia exposed to Cd via
water only, diet only, and water + diet. Exposure concentrations in water (μg/L) and diet
(μg/g) are shown beside the data points. Data from Sofyan et al. (2007a).
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1200 D. K. DeForest and J. S. Meyer

each increasing dietborne-Cd concentration (Figure 3). In the dietborne-
only Cd test, both reproductive effects and whole-body Cd concentrations
increased in the three lowest treatments; whereas in the two highest treat-
ments, reproductive effects increased but the whole-body Cd concentrations
decreased (Figure 3). The authors reported a statistically significant (p < .05)
decrease of the feeding rate at the two highest dietborne-Cd treatments rel-
ative to the control, with the effect of Cd on the feeding rate resulting in an
indirect effect on reproduction. It is also important to note that the dietborne-
Cd concentrations were obtained by exposing algae to waterborne-Cd con-
centrations of 5.22–61.33 μg/L, which are much greater than the acute and
chronic freshwater criteria concentrations of 2.0 and 0.25 μg Cd/L at the
nominal reported exposure-water hardness of 100 mg/L as CaCO3 (USEPA,
2001).

Although Sofyan et al. (2007a, 2007b) evaluated chronic Cd toxicity to C.
dubia via water-only, diet-only, and a combined water + diet exposure, rela-
tive Cd toxicity from the three exposure routes could not be compared across
the full range of exposure concentrations because the series of waterborne-
Cd concentrations was not used to generate dietborne-Cd concentrations
for the diet-only and combined water + diet exposures. However, specific
treatments could be compared when the waterborne- and dietborne-Cd con-
centrations were similar (i.e., 4.63–5.22 μg/L in water and 0.26–0.33 μg/g dry
wt in the diet; see Figure 7 in Sofyan et al. [2007b]). At those concentrations,
reproduction significantly (p < .05) decreased in the combined water + diet
Cd exposure compared to the water-only and diet-only Cd exposures. In or-
der to better understand the relative toxicity of waterborne and dietborne Cd
to C. dubia, or other aquatic species, studies are needed in which a common
series of waterborne-Cd concentrations is used for both direct waterborne
exposures and generation of dietborne-Cd concentrations.

A lower LOEC was identified from other studies, but the reported ef-
fects could not be unequivocally attributed to dietborne Cd. For example,
a dietborne-Cd concentration as low as 0.043 μg/g dry wt in periphyton
was associated with adverse effects when fed to the mayfly Centroptilum
triangulifer (Xie et al., 2010). However, that study included experiments
conducted with natural periphyton grown in three different seasons, with
highly variable results reported among experiments and/or seasons. For ex-
ample in one season (Summer), a waterborne Cd concentration of 0.1 μg/L
resulted in a periphyton Cd concentration of 0.043 μg/g dry wt, which cor-
responded to 57% mayfly survival compared to 98% survival in the controls.
Yet in another of those three seasons (Winter), a Cd concentration of 10 μg/L
resulted in a Cd concentration of 7.6 μg/g dry wt in periphyton, which cor-
responded to 75% mayfly survival compared to a mean of 60% survival in
the controls. Therefore, there was sufficient variability in the data that nei-
ther a waterborne- or a dietborne-Cd effect threshold could be identified
for the mayfly. The study by Xie et al. (2010) provides an example of the
complexities of evaluating the effects of dietborne-metal exposures to natural
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Toxicity of Dietborne Metals 1201

periphyton communities, which are highly complex and seasonally dynamic.
However, the study generally demonstrates the importance of periphyton as
a sink for Cd, and as a potentially important exposure source to many aquatic
insect species.

In several studies, dietborne-Cd concentrations in live food organisms
were obtained via exposure to waterborne-Cd concentrations (Supplemental
Data Table S3). Those studies allow evaluation of whether existing water-
borne guidelines (i.e., AWQC, PNECs) are protective against dietborne-Cd
toxicity. Of the 12 freshwater and saltwater species for which this evaluation
could be conducted, a marine copepod (A. tonsa) and marine cladoceran
(Moina monogolica) are the only species for which the USEPA’s chronic
Cd criterion clearly appears to be under-protective of dietborne toxicity
(Hook and Fisher, 2001b; Wang et al., 2010), because the waterborne-Cd
concentrations that resulted in dietborne toxicity to the saltwater copepod
and cladoceran were less than the USEPA’s current saltwater chronic Cd
criterion of 8.8 μg/L (USEPA, 2001). In addition, for two other species, a
freshwater amphipod (H. azteca; Ball et al., 2006) and a saltwater amphipod
(Allorchestes compressa; Ahsanullah and Williams, 1991), the waterborne-Cd
concentrations that resulted in dietborne EC10s and EC20s bracketed the
USEPA’s chronic criteria.

Overall, the dietborne toxicity of Cd to both freshwater and saltwa-
ter invertebrate and fish species has been fairly well studied, including a
number of studies that evaluated dietborne-Cd toxicity from live diets. How-
ever, additional studies are needed to fully elucidate the relative toxicity of
waterborne- and dietborne-Cd in sensitive species and in paired experiments
in which the test organism is exposed to the same series of Cd concentrations
in the same exposure waters. In addition, in terms of evaluating whether wa-
terborne guidelines are protective of dietborne-Cd toxicity, the data for Cd
suggest that, when conducting such evaluations, it is equally important to
consider whether the toxicity databases used to develop waterborne guide-
lines include toxicity data for species that are generally known or suspected
to be sensitive to metals.

3.2.5 CHROMIUM

Limited dietborne-Cr toxicity data are available for aquatic biota. Growth
(weight gain) was significantly reduced in common carp (Cyprinus car-
pio) that were fed a dietborne-Cr(III) concentration of 3.95 μg/g dw for
8 weeks (Ahmed et al., 2012). For comparison, Tacon and Beveridge
(1982) and Shiau and Lin (1993) likewise fed rainbow trout (O. mykiss)
and tilapia (Oreochromis niloticus × Oreochromis aureus), respectively, for-
mulated diets that were amended with Cr(III); neither study observed sta-
tistically significant (p > .05) effects on growth at the highest dietborne-
Cr concentrations tested, which were 9.07 μg/g dry wt for rainbow trout
and 2.01 μg/g dry wt for tilapia. Jain et al. (1994) fed rohu (Labio ro-
hita) formulated diets containing nominal Cr concentrations of 10, 20, and
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1202 D. K. DeForest and J. S. Meyer

40 μg/g for 30 days, which resulted in 0%, 4%, and 13% reductions in
growth (weight) compared to the control, respectively. However, the au-
thors did not analyze statistical significance, Cr concentrations in the diet
were not measured, and the form of Cr tested was not reported. The
dietborne-Cr toxicity studies identified in this review were focused on
the influence of Cr supplementation in formulated fish diets used in aqua-
culture; more research is needed on biologically incorporated dietborne-Cr
toxicity to aquatic organisms in natural systems.

3.2.6 COBALT

Few data are available regarding dietborne-Co toxicity to aquatic life. Yaqub
and Javed (2012) evaluated the acute toxicity of dietborne-Co to three dif-
ferent ages (60, 90, and 120 days) of three carp species: Indian carp (Catla
catla), rohu, and mrigal (Cirrhina mrigala). The diet was a crumbled feed
spiked with CoCl2, and the 96-h LC50 values ranged from 155 to 243 mg
Co/g diet. Those results are notable for two reasons. First, lethality often
is not reported in dietborne-metal studies, much less in only 96-h expo-
sures; and second, the dietborne-Co LC50 values were extremely high (i.e.,
15.5–24.3% by weight, which is much higher than most dietborne-metal con-
centrations). For comparison, the dietborne-Co requirement in fish is in the
range of 0.05–1.0 μg Co/g dry wt of food (Watanabe et al., 1997). Research
on chronic dietborne-Co toxicity is clearly needed.

3.2.7 COPPER

Forty-two dietborne-Cu toxicity studies were identified, including 12 fresh-
water species (3 invertebrate species and 9 fish species) and 10 saltwater
species (5 invertebrate species and 5 fish species) (Table 1). The lowest
dietborne-Cu concentration associated with adverse effects was 15.9 μg/g
dry wt in algae (P. subcapitata) fed to a cladoceran (C. dubia) (Sofyan
et al., 2006; Figure 1; Supplemental Data Table S1). In fact, the most sen-
sitive species to dietborne Cu that have been tested are small crustaceans
(cladocerans, copepods, amphipods) or echinoderm larvae. Fish appear to
be relatively insensitive to dietborne-Cu exposures, with the lowest LOEC
being 760 μg/g dry wt fed to rainbow trout. This pattern of taxa sensitivity
is consistent with the pattern of species sensitivity to waterborne Cu.

Although the lowest dietborne effects concentration for Cu was observed
in C. dubia, the dietborne-toxicity data for this species is not consistent
among studies. As shown in Figure 4, Sofyan et al. (2006) observed a clear
relationship between increasing dietborne-Cu concentrations and impaired
reproduction, whereas concentration–response relationships were not con-
sistently apparent in the tests conducted by Kolts et al. (2009). In addition, C.
dubia in the Kolts et al. (2009) tests were clearly less sensitive to dietborne Cu
than in the Sofyan et al. (2006) test. The reason for the apparent discrepancy
between the two studies is not entirely clear. Both studies used P. subcapitata
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FIGURE 4. Concentration–response relationship for Ceriodaphnia dubia exposed to diet-
borne Cu only (i.e., no concurrent waterborne Cu exposure). Filled diamonds (♦) are from
Sofyan et al. (2006) and based on continuous dietborne-Cu exposure. Open symbols are from
Kolts et al. (2009): ♦ and � = 4-hr dietborne exposure followed by feeding of uncontami-
nated algae and YCT during remainder of test; � and ◦ = continuous dietborne exposure
throughout test.

as the source of dietborne Cu, and both tested continuous dietborne Cu expo-
sures (and Kolts et al. [2009] also tested a 4-h dietborne-Cu exposure followed
by feeding with uncontaminated food for the remainder of the test). How-
ever, in comparing Sofyan et al. (2006) to the continuous dietborne-exposure
tests in Kolts et al. (2009), one potentially important difference is that Sofyan
et al. (2006) only fed Cu-contaminated algae (5 × 105 cells/mL) to their C.
dubia, whereas Kolts et al. (2009) fed a combination of Cu-contaminated al-
gae (2 × 105 cells/mL) plus an uncontaminated mixture of yeast, Cerophyl R©,
and trout chew (YCT) (0.013 mg solids/mL) to their C. dubia. It is possible
that the dietborne Cu dose was greater in the Sofyan et al. (2006) test be-
cause C. dubia (1) were provided Cu-contaminated algae at a higher density
and (2) were not able to preferentially feed on uncontaminated YCT. Sofyan
et al. (2006) also measured feeding rate and whole-body Cu concentrations
in the exposed C. dubia, which provides additional information on the Cu
dose and dietborne exposure. Those data were not measured in Kolts et al.
(2009), so it cannot be confirmed whether differences in the dietborne-Cu
dose are responsible for the apparent discrepancy between results shown
in Figure 4. This comparison highlights some of the complexities in com-
paring dietborne-metal toxicity data between studies and how differences in
study designs might lead to different conclusions regarding dietborne-metal
toxicity.

As noted above, Sofyan et al. (2006) also measured whole-body Cu
concentrations in C. dubia that were fed dietborne Cu. Whole-body Cu
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1204 D. K. DeForest and J. S. Meyer

concentrations increased with increasing dietborne-Cu exposures for all but
the highest dietborne treatment of 165 mg/kg dry wt, in which the Cu burden
was less than even that in the control organisms. Overall, the relationship
between reproductive impairment and a decline in the feeding rate was
stronger than its relationship with whole-body Cu burdens. This is consis-
tent with the Cd data from Sofyan et al. (2007a, 2007b) discussed above
(see Sofyan et al. [2006] for additional Cd data), which suggests that the
reproductive impairment might be a combination of both direct dietborne-
Cu toxicity and indirect toxicity due to an influence on the feeding rate
(and the relative contribution of each likely varied with the dietborne-Cu
concentration).

With regard to the comparative toxicity of waterborne- and dietborne-
Cu exposures, three studies tested the toxicity of various combinations of
waterborne and dietborne Cu (De Schamphelaere and Janssen, 2004; Kolts
et al., 2009; Lauer and Bianchini, 2010). All three were conducted with rel-
atively sensitive species, and all indicated that waterborne-Cu toxicity was
more significant than dietborne-Cu toxicity. De Schamphelaere and Janssen
(2004) separately exposed D. magna to each of three Cu-exposure regimes
(waterborne-only, dietborne-only, combined waterborne + dietborne) for
21 days and measured effects on reproduction and growth. The waterborne-
Cu concentrations to which the daphnids were exposed in the water-only
test were the same as those to which the algal food was exposed for the
diet-only and combined water + diet tests. Reproductive or growth effects
did not occur when daphnids were exposed to dietborne Cu alone. In gen-
eral, the combined exposure of daphnids to waterborne-Cu concentrations
up to 100 μg/L along with a diet of algae exposed to the same waterborne-
Cu concentration resulted in increased growth and reproduction, relative
to exposure to either waterborne-Cu or dietborne-Cu alone. However, at
a waterborne-Cu concentration of 140 μg/L, there was almost 100% daph-
nid mortality in the water-only and combined water + diet Cu exposures.
Therefore, the chronic toxicity of Cu to D. magna appeared to be driven
by waterborne Cu. Kolts et al. (2009) similarly reported that exposure of C.
dubia to various combinations of Cu-contaminated algae and uncontami-
nated YCT food in the presence of waterborne Cu did not appreciably im-
pair reproduction beyond the impairment in water-only exposures. Finally,
Lauer and Bianchini (2010) compared the relative chronic sensitivity of A.
tonsa to Cu via water-only, diet-only, and combined water + diet exposures
at salinities of 5, 15, and 30�. Like De Schamphelaere et al. (2004) for D.
magna, they also found that Cu toxicity to A. tonsa was greater in water-
only exposures across all three salinities. The waterborne-Cu concentrations
that resulted in the diet-only and combined water + diet EC20 values were
27.7 and 23.2 μg/L at 5� salinity, 30.3 and 36.3 μg/L at 15� salinity, and
38.2 and 53.7 μg/L at 30� salinity. In contrast, the waterborne EC20 values
were 8.3, 18.5, and 27.4 μg/L at salinities of 5, 15, and 30�, respectively
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Toxicity of Dietborne Metals 1205

(i.e., a factor of two or more lower than the combined water + diet EC20
values).

The three studies indicating that waterborne-Cu toxicity is more signif-
icant than dietborne-Cu toxicity for three sensitive crustaceans suggest that
waterborne-Cu guidelines might be protective against dietborne-Cu toxicity.
Several studies in which dietborne-Cu concentrations in live food organisms
were obtained via exposure to waterborne Cu can be used to evaluate this
further (Supplemental Data Table S3). Of the 27 individual tests with 9 differ-
ent test species, the waterborne EC20 associated with dietborne-Cu toxicity
was less than the corresponding chronic Cu guideline only in a marine cope-
pod (A. tonsa) (Bielmyer et al., 2006). In that study, the waterborne EC20
was 1.2 μg/L or approximately 38% of the USEPA’s current chronic saltwa-
ter criterion of 3.1 μg/L and approximately 23% of the current EU PNEC of
5.2 μg/L.

The toxicity results in Lauer and Bianchini (2010), whether in the diet-
only or combined water + diet exposures, differed considerably from the
results in Bielmyer et al. (2006). The waterborne EC20s of 8.3 to 27.4 μg
Cu/L reported by Lauer and Bianchini (2010; see above) are several-fold
greater than the waterborne EC20 of 1.2 μg Cu/L in Bielmyer et al. (2006).
The diet-only EC20s from Lauer and Bianchini (2010), expressed as Cu con-
centration in the diet, were approximately 23 μg/g dry wt at salinities of
5� and 30� and approximately 31 μg/g dry wt at 15� salinity. Interest-
ingly, those are remarkably similar to the diet-only EC20 of 22.3 μg/g dry
wt reported by Bielmyer et al. (2006). The differences in the waterborne-Cu
thresholds between the two studies might be due to several factors. First, the
water chemistry was different between the two studies. Not only did Lauer
and Bianchini (2010) test three different salinities, their base water with a
salinity of 30� had a mean dissolved Cu concentration of 12.9 μg/L and
a dissolved organic carbon (DOC) concentration of approximately 5 mg/L
(based on data for the same test water provided in Pedroso et al. [2007]),
whereas the test water used by Bielmyer et al. (2006) had a background Cu
concentration of <1 μg/L and DOC concentration of 1.9 mg/L. Second, the
algal diets consisted of different species, because Bielmyer et al. (2006) used
Thalassiosira pseudonana but Lauer and Bianchini (2010) used Thalassiosira
weissflogii. The Cu bioconcentration factors (BCFs) for T. pseudonana in the
Cu treatments near the EC20 in Bielmyer et al. (2006) were approximately
21000 L/kg, whereas the Cu BCFs for T. weissflogii near the EC20 values
at salinities of 5, 15, and 30� in Lauer and Bianchini (2010) ranged from
approximately 700 to 900 L/kg. This might simply reflect species differences
in Cu bioconcentration from water by the two diatom species. However, it
might also reflect other experimental differences. First, diatoms in Bielmyer
et al. (2006) were exposed to waterborne Cu for 7 days but those in Lauer
and Bianchini (2010) were exposed to waterborne Cu for only 1 day (i.e.,
the difference in algal exposure durations to Cu might in part explain the
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1206 D. K. DeForest and J. S. Meyer

large difference in Cu BCFs between the two studies). Second, the DOC con-
centrations differed in the two exposure waters, which would have caused
Cu bioavailability in the two exposure waters to differ due to differential
amounts of Cu complexation at the two different DOC concentrations. The
difference in BCFs between the two studies helps explain a large amount of
the difference between dietborne EC20s when expressed as the waterborne-
Cu concentrations to which the algal diets were exposed. Third, the feeding
regimes also differed. Bielmyer et al. (2006) evaluated continuous dietborne
exposures, whereas Lauer and Bianchini (2010) provided Cu-contaminated
food for 12 hr and then provided uncontaminated food for 12 hr. Com-
parison of these two studies demonstrates that methodological differences
might influence the waterborne-metal concentration that results in dietborne-
metal toxicity. However, it is interesting that the dietborne EC20 values from
the two studies, expressed as the Cu concentration in the diet, were quite
similar.

To summarize, the dietborne toxicity of Cu to aquatic organisms has
been fairly well studied for a variety of freshwater and saltwater species,
with many studies evaluating dietborne-Cu toxicity from live diets. Based
on data for the sensitive freshwater invertebrate D. magna, Cu toxicity ap-
pears to be greater via the water-only pathway than diet-only or combined
water + diet pathways. This suggests that chronic freshwater Cu guidelines
should be protective against dietborne-Cu toxicity. For sensitive saltwater
invertebrates, such as A. tonsa, evidence of whether saltwater Cu guidelines
are protective against dietborne-Cu toxicity is less clear. For example, the
diet-only data from Bielmyer et al. (2006) suggest current chronic saltwater
guidelines might not be protective against dietborne-Cu toxicity to A. tonsa,
while the data from Lauer and Bianchini (2010) suggest the opposite. When
evaluating whether waterborne-Cu guidelines (i.e., AWQC, PNECs) are pro-
tective against dietborne-Cu toxicity, the different conclusions derived from
these two studies indicate the importance of properly accounting for wa-
ter chemistry in deriving guidelines (i.e., AWQC, PNECs). For example, the
different DOC concentrations in the two studies (2 and 5 mg/L, which are
within the range of concentrations that naturally occur in sea water; e.g.,
Arnold, 2005) would have resulted in different percentages of bioavailable
Cu in the waters to which the algal diets were exposed. The different conclu-
sions derived from these studies also emphasize the importance of gaining
a better understanding of how test design and choice of food organism(s)
can influence the results when trying to relate dietborne-Cu thresholds back
to waterborne-exposure concentrations. Future research on dietborne-Cu
toxicity should focus on (1) how Cu bioavailability and toxicity in herbivo-
rous consumers varies between different live diets, including different algal
species and mixtures, and (2) what the aqueous and algal concentrations of
Cu (and other metals) are in a variety of real-world freshwater and saltwater
systems.
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FIGURE 5. Lead toxicity and bioaccumulation in Hyalella azteca: (A) reproductive toxicity
based on water-only and combined water + diet Pb exposures, and (B) whole-body Pb con-
centrations based on water-only and combined water + diet Pb exposures. In the combined
water + diet exposures, the waterborne-Pb concentrations are also the concentrations with
which the diets were equilibrated. Data from Besser et al. (2005).

3.2.8 LEAD

Eight dietborne-Pb toxicity studies with freshwater species were identified,
with two studies available for invertebrates and six studies for fish (Table 1).
No dietborne-toxicity studies for saltwater species were identified. The low-
est dietborne-Pb concentration associated with adverse effects was 17 μg/g
dry wt in rabbit chow dosed with Pb and fed to an amphipod (H. azteca)
(Besser et al. 2005; Figure 1). In that study, amphipods were simultaneously
exposed to the same waterborne-Pb concentrations to which the food was
equilibrated for 14 days. There were clear relationships between increas-
ing waterborne- and dietborne-Pb concentrations and reproductive impair-
ment in H. azteca, with the addition of dietborne Pb increasing reproductive
toxicity (Figure 5A). Within a given treatment, reproduction, measured as
number of neonates per surviving adult, decreased by 41–68% when am-
phipods were exposed to both dietborne- and waterborne-Pb versus when
they were exposed to waterborne-Pb alone. However, addition of dietborne
Pb at most only minimally increased Pb concentrations in H. azteca com-
pared to water-only exposures (Figure 5B), perhaps suggesting a complex
interaction between uptake of waterborne and dietborne Pb. The dietborne
LOEC of 17 μg/g dry wt was associated with a corresponding waterborne-Pb
concentration of 3.5 μg/L. That Pb concentration is only slightly less than the
USEPA’s current hardness-based freshwater chronic criterion of 3.6 μg/L at
the test hardness of 138 mg/L as CaCO3. It is unclear how the bioavailability
of biologically incorporated Pb would compare to Pb in rabbit chow soaked
in Pb solutions.
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1208 D. K. DeForest and J. S. Meyer

The dietborne toxicity of Pb from a live diet (oligochaetes, Lu. varie-
gatus) fed to fish appears to be relatively low, and the long-term effects of
dietborne Pb on fish growth might only occur at sites with very high Pb
concentrations. For example, dietborne-Pb concentrations of 1000, 956, and
846 μg/g dry wt did not significantly affect (p > .10) growth of channel cat-
fish (Ictalurus punctatus), rainbow trout, and fathead minnow (Pimephales
promelas), respectively, during 30-day exposures (Erickson et al., 2010; Sup-
plemental Data Table S3). In a longer 7-week dietborne Pb exposure using
rainbow trout, the dietborne no observed effects concentration (NOEC) and
LOEC were 268 and 619 μg/g dry wt for specific growth rate when the
fish were provided dietborne Pb alone (Wood and Alsop, 2012). When fish
were exposed to dietborne Pb and the same waterborne-Pb concentration
to which its oligochaete diet was exposed, the waterborne-Pb exposure did
not result in increased growth effects. For comparison to those two studies
in which Pb-contaminated oligochaete diets were developed in the labora-
tory, Boyle et al. (2010) evaluated the reproductive performance of zebrafish
(Danio rerio) fed a diet that was supplemented with a natural Pb-enriched
polychaete (Nereis diversicolor) collected from either an estuary with high Pb
concentrations or a reference estuary with low Pb concentrations. The Pb-
enriched polychaete diet, with a whole-body Pb concentration of 33.4 μg/g
dry wt, did not result in reproductive effects (the dietborne-Ag dose was
also significantly higher in the Pb-enriched diet). This study provides further
evidence that dietborne-Pb toxicity in fish might only be observed in water
bodies with very high Pb concentrations in either water or sediment.

Finally, for those tests in which dietborne-Pb concentrations were ob-
tained by exposing oligochaetes to waterborne Pb, the waterborne-Pb NOEC
values were 576 and 628 μg/L for channel catfish and fathead minnow
in Erickson et al. (2010) and 68 μg/L for rainbow trout in Wood and Al-
sop (2012). Those waterborne-Pb concentrations are much greater than the
USEPA’s hardness-based freshwater chronic Pb criterion of 1.2 μg Pb/L at
the reported water hardness of approximately 50 mg/L as CaCO3 in the Er-
ickson et al. (2010) study and the chronic criterion of 3.6 μg/L in the Wood
and Alsop (2012) study at the reported water hardness of approximately
140 mg/L as CaCO3, indicating that current AWQC for Pb are protective
against dietborne-Pb toxicity to those fish. In the Wood and Alsop (2012)
study, it should be noted that the oligochaetes used in the rainbow trout
diets were exposed to waterborne Pb for 28 days; however, in a preliminary
7-week exposure, steady-state Pb concentrations were not reached. Accord-
ingly, lower waterborne-Pb concentrations associated with dietborne toxicity
thresholds could be observed if the oligochaete diets are exposed to water-
borne Pb for a longer duration. Additional studies with live diets are needed
to evaluate whether the above observations for fish are true with sensitive
invertebrates like H. azteca.
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Toxicity of Dietborne Metals 1209

3.2.9 MOLYBDENUM

No data on dietborne-Mo toxicity to aquatic life were identified in this review.
Therefore, research on dietborne-Mo toxicity is clearly needed.

3.2.10 NICKEL

Five dietborne-Ni toxicity studies were identified, including data for 2 fresh-
water species (1 fish species and 1 invertebrate species) and 1 saltwater
species (an invertebrate species). The lowest dietborne-Ni concentration as-
sociated with adverse effects was 58.1 μg/g dry wt in algae (T. pseudonana)
fed to A. tonsa (Bielmyer et al., 2006; Figure 1). Daphnia magna appears
to be somewhat less sensitive to dietborne Ni delivered via an algal (P. sub-
capitata) diet, with a lowest dietborne-effect concentration of 85.6 μg/g dry
wt (Evens et al., 2009). Fish, represented by lake whitefish (Coregonus clu-
peaformis), appear to be much less sensitive, with a dietborne-Ni concentra-
tion of 1100 μg/g dry wt not resulting in significant growth effects in a 104-
day exposure (Ptashynski et al., 2002). Dietborne concentration–response
relationships are apparent for reproductive toxicity in both A. tonsa and D.
magna, although dietborne Ni might cause a maximum level of reproduc-
tive impairment less than 100% (Figure 6A). This is most apparent for D.
magna, in which impaired reproduction remained at 64–70% relative to the
control, despite a range of one order of magnitude in the dietborne-Ni con-
centrations that impaired reproduction. The whole-body Ni concentration in
D. magna in the highest dietborne-Ni treatment increased by approximately
46% relative to the second-highest dietborne-Ni treatment, with no corre-
sponding increase in reproductive toxicity (Figure 6B). This suggests that
whole-body Ni concentrations in D. magna might not be a good predictor
of the magnitude of dietborne-Ni toxicity, but perhaps might be an indicator
of a threshold for toxicity (e.g., greater than 30% reproductive impairment
may be expected at whole-body Ni concentration of approximately 54 μg/g
dry wt in D. magna).

As in other studies with metals, Evens et al. (2009) observed that in-
creasing Ni concentrations decreased the quality of the P. subcapitata diet
based on measurement of essential omega-3 polyunsaturated fatty acid con-
tent and C:P ratio; however, they were unable to conclusively determine
whether the shift in nutritional quality affected growth and reproduction.
Evens et al. (2011, 2012a) subsequently evaluated the use of liposomes as a
means to deliver dietborne Ni to D. magna, without the confounding issue
of decreased nutritional quality. Nickel delivered by liposomes resulted in
significant inhibition of reproduction and growth in D. magna when the
dietborne dose resulted in daphnid body burdens of 11.9 and 20.0 μg/g
dry wt after 7 and 14 days, respectively (Evens et al., 2012a). The authors
then noted that the waterborne concentrations of dissolved and bioavailable
Ni (i.e., Ni2+) required for an algae diet (without liposomes) to achieve the
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Toxicity of Dietborne Metals 1211

same Ni body burdens in D. magna would need to be 900 and 133 μg/L, re-
spectively. Because these waterborne Ni concentrations are rarely observed
in nature (for example, the ambient predicted environmental concentrations
[PECs] in the EU risk assessment of Ni ranged from 1.1 to 5.2 μg/L for dis-
solved Ni [ECB, 2008]), Evens et al. (2012a) concluded that there seems to
be limited relevance for dietborne-Ni toxicity to D. magna (although Ni con-
centrations greater than 100 μg/L in surface water are sometimes observed;
e.g., Bervoets et al. [2004, 2005]).

The initial dietborne-Ni toxicity data in Evens et al. (2009) are consis-
tent with the conclusion of Evens et al. (2012a) concerning the environ-
mental relevance of dietborne-Ni exposures to D. magna. For D. magna,
the waterborne-Ni concentration associated with the dietborne LOEC of
85.6 μg/g dry wt was 898 μg/L, which is much greater than the USEPA’s
hardness-based freshwater chronic criterion of 52 μg Ni/L at a hardness of
100 mg/L as CaCO3 (Supplemental Data Table S3). The D. magna exposure
water contained 4 mg DOC/L. Although the complete chemistry of the wa-
ter to which the algae were exposed was not reported, Evens et al. (2009)
stated that the algal medium was the same as that described in Deleebeeck
et al. (2009), in which ethylenediaminetetraacetic acid (EDTA) was replaced
by 32 μg/L of Aldrich humic acid. The water hardness of their algal-growth
medium would have had to be greater than 2900 mg/L as CaCO3 (i.e., an
unrealistically high hardness) for the hardness-based Ni criteria to have not
been protective. However, a different conclusion is reached for A. tonsa.
The waterborne-Ni concentration associated with the dietborne LOEC of
58.1 μg/g dry wt for A. tonsa was 7.6 μg/L (Bielmyer et al., 2006), which
is slightly less than the USEPA’s chronic saltwater criterion of 8.2 μg Ni/L
(Supplemental Data Table S3).

It is difficult to directly compare the results of Bielmyer et al. (2006) and
Evens et al. (2009) in terms of the waterborne-Ni concentrations that resulted
in toxicity, because of the obvious difference in water chemistry between
the saltwater and freshwater tests. However, as discussed above for Cu, the
species-specific variability in algae BCFs appears to be a contributing factor
to the vastly different dietborne-Ni EC20s (expressed as the waterborne-
Ni concentration to which algae were exposed), despite the similarity in
EC20s when expressed as the Ni concentration in the algae diets. In the
A. tonsa study, the Ni BCFs for the diatom food (T. pseudonana) ranged
from approximately 6100 to 12500 L/kg in the Ni treatments; whereas in the
D. magna study by Evens et al. (2009), the Ni BCFs for the algae food (P.
subcapitata) ranged from approximately 500–1300 L/kg in the Ni treatments.

To summarize, the data for A. tonsa suggest waterborne-Ni concentra-
tions near guideline concentrations could result in dietborne-Ni toxicity, but
the data for D. magna suggest that very high waterborne-Ni concentrations
are required to elicit dietborne-Ni toxicity. In addition to dietborne-Ni toxicity
data for additional species and over a wider range of exposure conditions,
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1212 D. K. DeForest and J. S. Meyer

FIGURE 7. Concentration–response relationships for dietborne Ag: (A) sensitive saltwater
species: Lytechinus variegatus (Brix et al., 2012) and Acartia spp. (Hook and Fisher, 2001a,
2001b; Bielmyer et al., 2006), and (B) a freshwater cladoceran Ceriodaphnia dubia (Kolts
et al., 2009).

data about the aqueous and algal concentrations of Ni in a variety of real-
world freshwater and saltwater systems are needed to more fully understand
the potential for dietborne-Ni toxicity in nature.

3.2.11 SILVER

Eight dietborne-Ag toxicity studies were identified, including three freshwa-
ter species (C. dubia, D. magna, and rainbow trout) and four saltwater taxa
(copepods [Acartia spp.], mysid [Americamysis bahia], abalone [Haliotis di-
versicolor ], and green sea urchin [Ly. variegatus]) (Table 1). Two studies with
rainbow trout were conducted with dietborne Ag provided via a formulated
diet, whereas the invertebrates, excluding Am. bahia, were provided diet-
borne Ag via a live algal diet. Americamysis bahia was provided a constant
dietborne-Ag concentration of 0.043 μg/g dry wt, via a brine shrimp diet,
over a series of waterborne Ag concentrations; however, inclusion of diet-
borne Ag did not result in additional toxicity (based on the most sensitive
growth end point) relative to test organisms that were exposed only to wa-
terborne Ag (Ward et al., 2006). Of the remaining invertebrate studies, the
lowest dietborne-Ag concentrations associated with adverse effects ranged
from 0.68 to 3.57 μg/g dry wt in algae (Isochrysis galbana) fed to larvae of
the green sea urchin Ly. variegatus (Brix et al., 2012; Figure 1; Supplemental
Data Table S1). Dietborne-Ag concentrations within this range resulted in
a 14–18% reduction in length relative to the controls, suggesting that there
might be a dietborne-Ag threshold for growth effects; however, beyond the
initial growth decrease, growth did not decrease further as dietborne-Ag
concentration increased (Figure 7A). Zhao and Wang (2011) reported a 39%
reduction in D. magna reproduction in organisms provided a 1.0 μg Ag/g
dw diet relative to the controls. Marine copepods (Acartia spp.) are similarly
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Toxicity of Dietborne Metals 1213

FIGURE 8. Comparison of waterborne-Ag toxicity to Ceriodaphnia dubia that were either
fed or not fed Ag-contaminated algae. Data from Kolts et al. (2009).

sensitive (Hook and Fisher, 2001a, 2001b; Bielmyer et al., 2006), with over-
all steeper concentration–response relationships (Figure 7A). On the other
hand, Kolts et al. (2009) did not observe concentration–response relation-
ships between dietborne Ag and reproduction in most of the toxicity tests
they conducted with a freshwater cladoceran (C. dubia; Figure 7B).

The USEPA’s current AWQC for Ag (USEPA, 1980) in fresh water and
salt water are limited to acute exposures. The acute freshwater criterion is
hardness-dependent and equals 2.43 μg Ag/L at a hardness of 85 mg/L as
CaCO3 (the approximate hardness used in Kolts et al. [2009]), whereas the
acute saltwater criterion is 1.9 μg Ag/L. The waterborne-Ag concentrations
resulting in the dietborne-EC20 values for marine copepods (Acartia spp.)
and the green sea urchin Ly. variegatus are approximately 4–48 times less
than the acute saltwater-Ag criterion. This might reflect the need for updated
saltwater AWQC for Ag, especially establishing chronic criteria (chronic Ag
toxicity data were only available for one saltwater organism, a mysid shrimp
A. bahia [USEPA, 1980]), as much as it reflects the importance of dietborne-Ag
toxicity. However, it will also be important to determine the concentrations
of Ag in water and algae in a variety of real-world freshwater and saltwater
systems, in order to place laboratory-demonstrated effects concentrations for
dietborne Ag in appropriate environmental contexts.

Kolts et al. (2009) used three different experimental methods for eval-
uating dietborne-Ag toxicity to C. dubia, one of which was a combined
exposure to Ag- or Cu-contaminated algae and uncontaminated YCT in the
presence of waterborne metal. Inclusion of Ag-contaminated algae did not
appreciably increase the effects of Ag on reproduction (Figure 8). However,
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1214 D. K. DeForest and J. S. Meyer

those authors cautioned that different exposure designs could provide dif-
ferent results. For example, they could not exclude the possibility that the C.
dubia fed preferentially on the uncontaminated YCT (Kolts et al., 2009). On
the other hand, preferential feeding might also mimic feeding in the wild, in
which the organism might only feed on a single or a few algae species.

In contrast, Hook and Fisher (2001a) reported that the total Ag con-
centration in water that resulted in dietborne reproductive toxicity to Acar-
tia was 1/400 of the total Ag LC50 in an acute 48-h study. However, this
might overstate the relative toxicity of dietborne- versus waterborne-Ag
toxicity to Acartia because (1) chronic reproduction was the endpoint in
the dietborne-Ag experiment, whereas acute mortality was the end point in
the waterborne-Ag toxicity test, and (2) the copepods were not fed during the
acute toxicity test. A more appropriate comparison between dietborne- and
waterborne-Ag toxicity would include results from an acute and/or a chronic
toxicity test in which the animals were fed the same type and amount of food
(but not precontaminated with Ag) that was used in an acute and/or chronic
dietborne-exposure experiment. However, because most of the Ag added
in such an experiment would bind rapidly to the food particles, such an
experiment would be impossible. This again emphasizes how the design of
dietborne- and waterborne-metal toxicity studies influences their interpreta-
tion when trying to compare results between the two exposure routes. It
also emphasizes the need for studies that determine the aqueous and algal
concentrations of Ag (and other metals) in a variety of real-world freshwater
and saltwater systems.

3.2.12 VANADIUM

Dietborne-V toxicity data are limited to three studies with rainbow trout,
tilapia (O. niloticus × O. aureus), and the southern leopard frog (R. sphe-
nocephala) fed formulated diets. Rainbow trout appear to be the more sen-
sitive of the three, with a LOEC of <10.2 μg/g dry wt based on a 59%
reduction in wet weight relative to the control (Hilton and Bettger, 1988).
At the highest dietborne-V concentration of 493 μg/g dry wt of feed, avoid-
ance and increased mortality were observed. The authors noted that carcass
concentrations of V increased in the fish as dietborne-V concentration in-
creased, indicating the potential importance of the dietborne-exposure path-
way. The dietborne-V concentrations evaluated in the tilapia tests were 1.77
and 1.88 μg/g dry wt based on glucose and starch diets, respectively, which
did not result in statistically significant growth effects (Shiau and Lin, 1993).
In the leopard frog, significant effects were not observed up to and includ-
ing the highest tested dietborne-V concentration of 363.2 μg/g dry wt when
frogs were fed an ad libitum diet (Rowe et al., 2009). However, growth was
significantly reduced at that dietborne-V concentration when the frogs were
provided a diet at 13% of their body weight. The authors suggested that frogs
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Toxicity of Dietborne Metals 1215

in nature may be more sensitive to V when natural diets tend to be more
limited.

No dietborne-V toxicity studies were identified in which the test organ-
ism was provided a live diet. Likewise, no studies were identified in which
the relative contributions of waterborne- and dietborne-V exposures were
evaluated.

A PNEC value of 7.6 μg V/L has been developed, which was based
on the lowest chronic EC10 of 76 μg/L divided by an assessment factor of
10 (ECHA, 2013). To put this waterborne PNEC for V into perspective rela-
tive to the lowest tested dietborne-effect concentration of 10.2 μg/g dry wt,
bioaccumulation data for amphipods (H. azteca) in Couillard et al. (2008)
are relevant. Amphipods, along with natural food items, were deployed for
17 days at six riverine sites affected by metals mining. Dissolved-V concen-
trations ranged from 0.33 to 0.92 μg/L, or from 4.3% to 12% of the PNEC
of 7.6 μg/L. Total-V concentrations in the amphipods, including initial back-
ground concentrations, ranged from 0.5 to 2.1 μg/g dry wt. Those concen-
trations bracket the V concentration of 1.2 μg/g dry wt in the control diet
in the dietborne toxicity study with rainbow trout (Hilton and Bettger, 1988)
and are lower than the V concentration of 8.2 μg/g dry wt in the control
diet in the dietborne-toxicity study with the southern leopard frog (Rowe
et al., 2009). Although the bioavailability of V in the amphipods relative to
the formulated diets for the rainbow trout and southern leopard frog diets is
unknown, this limited analysis indicates that there is not a high likelihood
of dietborne-V toxicity near and below thresholds for waterborne-V toxicity.

3.2.13 ZINC

Eighteen dietborne-Zn toxicity studies were identified, including seven fresh-
water species (one invertebrate species and six fish species) and two saltwa-
ter taxa (one invertebrate tax on and one fish species) (Table 1). The lowest
dietborne-Zn concentration associated with adverse effects was 3.0 μg/g dry
wt in algae (T. pseudonana) fed to a marine copepod (A. tonsa) (Bielmyer
et al., 2006; Figure 1; Supplemental Data Table S1). With the exception
of the rainbow trout data from Mount et al. (1994), all the dietborne-
Zn studies with fish were based on formulated diets. In contrast, all the
dietborne-Zn studies with invertebrates were based on live diets. Dietborne-
Zn concentration–response relationships for A. tonsa (Bielmyer et al., 2006)
and D. magna (De Schamphelaere et al., 2004) are similar in shape, i.e., a
rapid decline in reproduction that levels out at around 50–60% impairment
relative to the controls (Figure 9A). Hook and Fisher (2002) observed a sim-
ilar relationship in Acartia spp. (data not included in Figure 9 because they
only reported the waterborne-Zn concentrations to which the algal food was
exposed). De Schamphelaere et al. (2004) also measured whole-body Zn
concentrations in D. magna. As for Ni, whole-body Zn concentrations re-
sulting from dietborne-Zn exposures do not appear to be a good predictor of
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1216 D. K. DeForest and J. S. Meyer

FIGURE 9. Dietborne-Zn toxicity and bioaccumulation: (A) concentration–response relation-
ships for Acartia tonsa (Bielmyer et al., 2006) and Daphnia magna (De Schamphelaere et al.,
2004), and (B) toxicity and bioaccumulation data for D. magna.

reproductive toxicity, because the whole-body Zn concentration associated
with a 60% reduction in reproduction compared to the control was slightly
less than the whole-body Zn concentration in the control (Figure 9B).

In six studies, the food item was exposed to waterborne Zn. In the Acar-
tia studies conducted by Hook and Fisher (2002) and Bielmyer et al. (2006),
the waterborne-Zn concentrations resulting in the dietborne EC20 values
were similar (0.47 and 0.30 μg Zn/L), and each was less than the USEPA’s
chronic saltwater criterion of 81 μg/L and the European saltwater environ-
mental quality standard (EQS) of 3.27 μg/L (Supplemental Data Table S3).
For reference, waterborne-Zn concentrations on the order of 0.30–0.47 μg/L
have been commonly measured in coastal marine waters distant from po-
tential point sources of contaminants (DeForest et al., 2012). For D. magna,
the waterborne-Zn concentration of 24.5 μg/L that resulted in the dietborne
EC20 is much less than the USEPA’s current hardness-based freshwater Zn
criterion of 257 μg/L (based on the test hardness of 250 mg/L as CaCO3),
but is only approximately 1/2 of the much lower BLM-based chronic 5th
percentile of 44.8 μg/L derived following USEPA guidelines (DeForest and
Van Genderen, 2012). The waterborne EC10 of 23.6 μg Zn/L based on diet-
borne toxicity is greater than the Zn EQS derived using the Bio-Met program
(http://www.bio-met.net). Therefore, the USEPA’s current hardness-based
chronic criterion for Zn clearly appears to be under-protective of dietborne-
Zn toxicity, whereas the BLM-based 5th percentile derived following De-
Forest and Van Genderen (2012) is closer to being protective; and the even
lower EQS derived using Bio-Met is protective. This range of outcomes again
demonstrates the importance of properly accounting for water chemistry
in determining whether waterborne-metal guidelines are protective against
dietborne-metal toxicity.
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Toxicity of Dietborne Metals 1217

Hook and Fisher (2002) and De Schamphelaere et al. (2004) reported
that Zn adversely affected reproduction in Acartia spp. and D. magna, re-
spectively, but it did not affect other endpoints such as feeding rates and
growth. Hook and Fisher (2002) attributed the reproductive effects to distur-
bance of vitellogenesis, which was apparent due to decreased ovary devel-
opment and decreased yolk protein content of the eggs. In D. magna, De
Schamphelaere et al. (2004) did not observe a relationship between repro-
ductive effects and the total body burden of Zn, which suggested that the
reproductive effects were due to increased Zn accumulation at specific target
sites that might be important for vitellogenesis. A follow-up study by Evens
et al. (2012b) evaluated the tissue-specific distribution of Zn following water-
only and combined water + diet exposures using synchrotron radiation-
based confocal X-ray fluorescence. They found a pronounced increase in Zn
concentrations in the eggs that could be attributed to the dietborne-exposure
route, thus possibly supporting their hypothesis that dietborne Zn selectively
accumulates in reproductive tissue. Additionally, they observed clear toxicity
interactions between waterborne- and dietborne-exposure routes and con-
cluded the two exposure routes need to be considered together in risk
assessments. Alternatively, Evens et al. (2012c) suggested that reproductive
effects of dietborne Zn might be due to a Zn-induced alteration of the P
content in the algal diet; and thus, from an ecological perspective, they sug-
gested that the indirect effect of metal-induced shifts in nutritional quality on
reproduction might be just as important to consider as direct metal toxicity.

Overall, most studies of the toxicity of dietborne Zn have focused on
fish; however, recent studies focused on two invertebrates (A. tonsa and
D. magna) might be the most pertinent. The several studies conducted by
De Schamphelaere, Evens, and colleagues have helped identify the potential
mechanisms by which dietborne-Zn toxicity occurs in D. magna, and have
also helped highlight the importance of interactions between waterborne
and dietborne exposures and why those pathways should be considered to-
gether in ecological risk assessment. The dietborne-Zn studies with Acartia
have focused on the dietborne pathway alone. Given the apparent extreme
sensitivity of Acartia to Zn, more research on the combined exposures of
waterborne and dietborne Zn is recommended; and it will be important to de-
termine the concentrations of Zn in water and algae in a variety of real-world
freshwater and saltwater systems, in order to place laboratory-demonstrated
effects concentrations for dietborne Zn in appropriate environmental con-
texts.

3.3 Metal Mixtures

Nine dietborne-metal toxicity studies of metal mixtures (usually using field-
collected food items) were identified, including five freshwater species (all
fish species) and two saltwater species (one invertebrate species and one fish
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1218 D. K. DeForest and J. S. Meyer

species) (Table 1). Because the food items used in most of those studies were
collected from mining-related, metal-contaminated field sites, it is difficult to
ascribe toxicity to any specific metal or set of metals. In fact, it is possible that
the actual dietborne toxicant(s) might not even have been analyzed in the
diet, because the sets of metals reported by study authors depend on their
perceptions of the contaminants of concern in the system from which the
food items were collected. Moreover, the contribution of a given component
of the metal mixture to dietborne toxicity might not be fully appreciated until
appropriate studies have been conducted (e.g., see Section 3.2.2).

In addition to the difficulty of identifying the metals that contribute to
the toxicity of a dietborne-metal mixture in field-collected food items, results
of experiments conducted with field-collected food items should be inter-
preted with caution because of potential differences in nutritional composi-
tion of the food that can alter survival, growth, or reproduction (Campbell
et al., 2005). Therefore, especially for dietborne-metal studies that use field-
collected food items, it is important to report nutritional analyses of the food
(Campbell et al., 2005). However, even when using food items that have
been contaminated with metals under controlled conditions in the labora-
tory, it can be useful to analyze the nutritional composition of the control
and treatment diets to help determine whether the metals have a direct, toxic
effect on the consumer organisms (via exposure to the metals in the food) or
an indirect effect on the quality of the food (e.g., Morris et al., 2003; Evens
et al., 2009). As noted above for Ni, one possibility for addressing this issue in
toxicity studies in the laboratory is to use liposomes for delivering dietborne
metal, which allows for the nutritional quality of an algal diet, for example,
to be consistent across dietborne-metal concentrations. However, results of
such experiments conducted must still be interpreted cautiously in the con-
text of the bioavailability of metals incorporated into the liposomes relative
to the bioavailability of metals incorporated into food items in real-world
ecosystems.

3.4 Synthesis

This paper reviewed the state of the science regarding dietborne-metal toxi-
city to aquatic biota, with a focus on 13 metals: Ag, Al, As, B, Cd, Co, Cr, Cu,
Mo, Ni, Pb, V, and Zn. Of those metals, Ag, As, Cd, Cu, Ni, and Zn have been
demonstrated to cause dietborne toxicity to aquatic organisms in laboratory
exposures. From a regulatory perspective however an important question is
whether concentrations of metals near water quality guidelines (e.g., AWQC,
EQSs, PNECs) can result in dietborne-metal concentrations that increase the
toxicity of the metal(s) beyond that caused by waterborne exposure alone
(Wang, 2013a). Because waterborne thresholds based on the species sensitiv-
ity distribution (SSD) approach have traditionally been developed based on
the fifth percentile of the tested species or taxa, those thresholds are driven
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Toxicity of Dietborne Metals 1219

by the sensitivities of the few most sensitive species or taxa that have been
tested. Can these waterborne concentrations for the most sensitive tested
species result in dietborne concentrations that contribute to added toxicity
or otherwise suggest that the waterborne thresholds are not adequately pro-
tective? It is apparent that this might be the case for some metals and some
species (notably Acartia), but unlikely for others (Table 2). In some cases it
might also simply suggest that some water quality guidelines are outdated
and do not adequately incorporate sensitive species or endpoints. For exam-
ple, several of the USEPA’s AWQC for metals have not been updated since
the 1980s. The USEPA’s chronic saltwater criterion for Zn is 81 μg/L (USEPA,
2009), whereas a more recently developed chronic saltwater EQS is much
lower at 3.27 μg Zn/L (UK Environment Agency, 2009).

Interestingly, two primary sets of studies seem to clearly indicate
that current waterborne criteria for some metals are not protective against
dietborne-metal toxicity: the studies with Acartia conducted by Hook and
Fisher (2001a, 2001b, 2002) and Bielmyer et al. (2006). In each of those
studies, the exposure water was natural seawater with relatively low DOC
concentration (i.e., ∼1 mg/L in the Hook and Fisher studies and 1.9 mg/L
in the Bielmyer et al. study). The freshwater dietborne-Ag toxicity study by
Hook and Fisher (2001a) also suggests that two cladocerans (Simocephalus
sp. and C. dubia) are sensitive at waterborne-Ag concentrations less than
the current US EPA freshwater acute criterion of 0.14 μg/L based on the test
water hardness of 16 mg/L as CaCO3 (note that the test water also had a low
DOC concentration of <0.2 mg/L). Based on draft BLM-based criteria for Ag
(HydroQual et al., 2007), BLM-based chronic criteria for a moderately hard
water and low DOC would be on the order of approximately 0.0018 μg/L
(more than one order of magnitude less than the EC20 of 0.020 μg/L from
the test with the mixture of Simocephalus sp. and C. dubia). The current
lack of freshwater and saltwater BLM-based criteria for most metals (except
Cu) might in part explain the apparent lack of protection against dietborne-
toxicity for some of those metals.

A limited number of studies have systematically compared the toxicity of
metals to an organism via water-only, diet-only, and combined water + diet
exposures. In general, adverse effects to organisms simultaneously exposed
to waterborne and dietborne metal were greater than when exposed to water
or diet alone, but this was not always the case. The choice of the combination
of waterborne- and dietborne-metal concentrations in an experiment can
be crucial to concluding whether one pathway is more important than the
other. Unfortunately, information about concurrent concentrations of metals
in water and individual food items (and the forms and locations of the metals)
in a wide variety of aquatic systems is generally lacking. Because BCFs differ
considerably among species and decrease significantly as waterborne-metal
concentration increases (McGeer et al., 2003), site-specific accumulations
of metals in food items are needed to perform credible site-specific risk
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Toxicity of Dietborne Metals 1221

assessments; therefore, use of generic BCFs to predict metal concentrations
in food items might produce spurious results. Furthermore, several metals
(e.g., As, Se) commonly exist in a variety of oxidation states and in a variety
of inorganic and organic forms in the water and in food items, making it
important to report the percentage composition of the various oxidation
states in the exposure media—especially given the apparent importance of
dietborne-As toxicity at concentrations in food items that until recently had
been overlooked.

Waterborne-metal toxicity studies have generally evolved in a sequence
from acute lethality studies used to identify the relative hazards of metals,
to longer term studies of sublethal effects, and eventually to more sophis-
ticated studies designed to evaluate geochemical and physiological factors
that influence the bioavailability and thus the toxicity of metals. Studies of
dietborne-metal toxicity have lagged behind waterborne-metal toxicity, but
otherwise have followed a similar pathway. Initial studies tended to focus on
whether high metal concentrations, usually in formulated diets, could cause
toxicity in aquatic biota (often fish). Dietborne-metal toxicity studies have
subsequently progressed toward evaluations of dietborne concentrations re-
sulting from exposures to waterborne concentrations near toxicity-threshold
concentrations and toward the use of live diets containing biologically incor-
porated metals. Although more research is needed to decrease sometimes
large uncertainties, those more recent studies are helping to provide in-
formation about differences in dietborne-metal bioavailability among diet
types.

In much the same way that more caution is now used when applying
waterborne-metal toxicity data from one water type to another type having
different water chemistry, there is a need to understand how dietborne-
metal toxicity from one diet type and/or exposure regime compares to an-
other diet type and/or exposure regime. For example, when a single alga
species is exposed to waterborne metal and fed to a consumer, how appli-
cable is this to other diet types given differences in metal bioavailability, as
well as differences in metal uptake between algae species and how metals
might differentially affect the nutritional quality of the diet? The dietborne-
metal concentration itself will not be a good predictor of toxicity outcomes
without some understanding of bioavailability. Moreover, the body-weight-
normalized rate of consumption of bioavailable metal (i.e., the bioavailable
dose, in μg metal/g body weight of consumer/d) might be an even better
predictor of dietborne-metal toxicity than is the concentration of bioavailable
dietborne metal (Clearwater et al., 2002; Wang, 2013a).

With regard to variable metal accumulation among species, Fisher et al.
(2000) reported Ag, Cd, Co, and Zn concentrations in filtered water sam-
ples and suspended particles (>0.2 μm) at 10 stations along the Monaco
cost. Even though waterborne concentrations of each metal varied by only
a factor of 1.6–2.8 across the 10 stations, the BCFs varied by factors of 6,
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1222 D. K. DeForest and J. S. Meyer

3, 17, and 10 for Ag, Cd, Co, and Zn, respectively, leading to variability in
dietborne-metal concentrations to which consumers of those algae would be
exposed. Interspecies differences, the magnitude of the waterborne concen-
tration (BCFs tend to be inversely related to exposure concentration; McGeer
et al., 2003), and the exposure-water chemistry influence the magnitude of
BCFs and, thus, the propensity of the metal to bioaccumulate in the food
web. Furthermore, as Bielmyer et al. (2006) noted, there is uncertainty in the
environmental realism of when an organism is fed a single algal species and
whether there are adequate levels of essential metals, which might result in
unrealistic metal accumulation in the algae and a reduced nutritional value.
Finally, the exposure duration of the algal food item to the waterborne-metal
concentration has an important influence on whether a given waterborne-
metal concentration will result in dietborne-metal toxicity. Both the duration
of the algal exposure to waterborne metal and whether algae were exposed
to a single initial metal concentration or a renewed metal concentration
throughout the exposure can significantly influence metal loading into the
algal diet (Brix et al., 2012).

A final step in elucidating or predicting the effects of dietborne metals
in aquatic systems is the linkage of metal accumulation in the consumer or-
ganism(s) to toxicity (Adams et al., 2011). Biodynamic models (e.g., Luoma
and Rainbow, 2005) are available to predict bioaccumulation of metals, but
they generally only predict whole-body residues, from which it is difficult
to predict toxicity because metals can be stored in various non-toxic forms
in organisms (e.g., in metal granules and metal–metallothionein complexes;
Luoma and Rainbow, 2008). In contrast, more recent compartmentalized
models that explicitly distinguish between biologically inactive metal and
biologically active metal (i.e., BIM-BAM models; e.g., Steen-Redeker and
Blust, 2004; Steen-Redeker et al., 2004) take into account differences in tox-
icity of various forms of a metal in an organism and differences in rates of
metal incorporation into an organism (e.g., as a result of different daily metal
doses), but they require information about pharmacokinetics and pharma-
codynamics of metals that generally is lacking in aquatic organisms. Current
sub-cellular partitioning methods that involve differential centrifugation of
a variety of cellular components can be used to provide approximations of
trophically available metal (TAM) concentrations (Wang and Rainbow, 2006).
However, as recently addressed by Rainbow et al. (2011) and Wang (2013b),
TAM should be considered only as a useful starting hypothesis because TAM
will vary among metals, species, and food items. Consequently, the “silver
bullet” toxic subcellular compartment(s) have not yet been identified (Adams
et al., 2011). For example, analogous to the Buchwalter et al. (2008) analysis
of waterborne-Cd exposures, the uptake and depuration rates and subcel-
lular compartmentalization resulting from dietborne-Cd exposures could be
determined and related to toxicity and/or detoxification strategies among
aquatic organisms.
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Toxicity of Dietborne Metals 1223

In this review, relationships between toxicity and whole-body bioac-
cumulation from dietborne-metal exposures were generally poor. In some
cases, the poor correlations might have been due to toxicity in subcellu-
lar compartments for which toxicity-related differential accumulations of the
metal were not quantified, despite the apparent regulation of metal concen-
tration at the whole-body level; and in other cases, this lack of a relationship
might be indicative of indirect effects of the dietborne metal on organismal
functions (e.g., effects on feeding rate; Wang, 2013a). Therefore, no stud-
ies were identified in the current review that would help link whole-body
accumulation of metals to toxicity or that could be used to parameterize
BIM–BAM type models. Targeted research could help strengthen this link for
understanding and predicting dietborne-metal toxicity.

As a final note, SSDs of dietborne-metal toxicity data were not compiled
as part of this review. Given the large variability in test designs for evalu-
ating dietborne-metal toxicity, development of SSDs at this point would be
premature and perhaps even provide a misleading impression about relative
sensitivity to dietborne metals among species.

4. RECOMMENDATIONS

The potential for dietborne-metal toxicity might be of interest for both
waterborne-guideline development and site-specific ecological risk assess-
ment. For waterborne-guideline development, it might be most appropriate
to consider a combined exposure to equilibrated waterborne- and dietborne-
metal concentrations, because this is assumed to be a potentially conser-
vative exposure scenario. For site-specific ecological risk assessment, the
waterborne- and dietborne-metal concentrations should be relevant to the
exposure scenario at the site, where metal concentrations in water and food
might or might not be in equilibrium. Because the prey species (or type of
particle), environmental conditions, and durations of exposure of food items
to dissolved metal can greatly alter the amount of metal accumulated in the
food (and possibly the chemical forms and physiological compartments in
which metals occur in the food), Meyer et al. (2005b, p. 199) recommended
to:

. . . conduct surveys of the concurrent concentrations of metals in the wa-
ter column, sediments, and food web in a variety of real-world aquatic
systems 1) that always have received little or no anthropogenic input, 2)
that currently receive anthropogenic input, and 3) that contain residuals
from historic inputs of metals. When possible, metal speciation and par-
titioning should be determined in the foods of various consumers, and
stable isotopes [and radio-isotopes] should be used to help identify major
trophic interactions.
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1224 D. K. DeForest and J. S. Meyer

This is an important research effort that is needed to define the exposure
portion of either a generic or a site-specific risk assessment of dietborne
metals, in order to better interpret the effects studies that are reviewed herein.

Unfortunately, most surveys of metal concentrations conducted in food-
webs provide only part of the resolution needed, because not all surveys
are designed to specifically address questions about dietborne-metal toxic-
ity. For example, it is common to separate macroflora (e.g., macroalgae) and
macrofauna (e.g., benthic macroinvertebrates) by species before digesting
and analyzing for whole-body metal concentrations. However, microalgae
are usually lumped together into “phytoplankton,” “epiphytes,” “seston,” or
“biofilm” without sorting by species (e.g., Croteau et al., 2005; Cheung and
Wang, 2008; Marı́n-Guirao et al., 2008). Furthermore, bacteria are almost
never even considered although they probably contribute to the “phyto-
plankton,” “epiphytes,” “biofilm,” “seston,” and/or “detritus” (e.g., Barwick
and Maher, 2003), and even zooplankton sometimes are not sorted by species
(e.g., Barwick and Maher, 2003; Jara-Marini et al., 2009) or are not even in-
cluded when sampling the aquatic food web (e.g., Pereira et al., 2010).
Given that (1) metals incorporated into microalgae are sometimes relatively
toxic to invertebrate consumers and (2) metal BCFs vary widely among algae
species, this key component for understanding dietborne-metal toxicity re-
mains a black box. Improved resolution of the range of metal concentrations
in various algal species in real-world aquatic systems and the contributions
of various algal species to the diets of their consumers would help determine
whether regulatory criteria/guidelines for waterborne metals are protective
against dietborne-metal toxicity; however, analytical techniques are not read-
ily available to accomplish that goal.

Related to increasing the resolution in measuring metal concentrations
in foodwebs, it is essential to consider the fraction of metals in mineral
material. This is true for all metals, but particularly for Al because its concen-
tration in sediment, for example, can naturally be high. In order to interpret
metal concentrations in field-collected food items, whether for comparison
to dietborne-toxicity thresholds or to help choose exposure concentrations
in dietborne-toxicity studies, it is important to understand the proportion of
metal that is chemically incorporated into and thereby not bioaccessible in
particles. This will allow for more consistent comparisons and evaluations of
dietborne toxicity between studies.

Analogous to those needs in field studies, metal speciation and parti-
tioning (e.g., TAM components) should be determined in the foods used in
laboratory studies of dietborne-metal toxicity. Additionally, conceptual and
methodological advancements from the bioaccumulation literature can be
brought to bear on better designing and executing dietborne-metal toxicity
studies. For example, analyses of biodynamics in aquatic organisms demon-
strate that metal accumulation can take weeks or longer to achieve steady
state (e.g., Xie et al., 2008); and different aquatic organisms use a variety
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of ecophysiological strategies of metal uptake/elimination and detoxification
(Buchwalter et al., 2008). Therefore, a variety of potential dietborne-metal
exposure concentrations and forms can exist within a given ecosystem at a
given waterborne-metal concentration (Wang, 2013a), and due consideration
should be accorded those possibilities when designing laboratory dietborne-
metal toxicity studies.

In general, dietborne-metal studies using invertebrates fed live diets
contaminated individually with Al, As, B, Cr, Co, Mo, Pb, or V are needed to
expand the understanding of potential aquatic hazards posed by dietborne
exposure to these metals. Because small herbivorous organisms such as
copepods, cladocerans, and echinoderm larvae appear to be the most sensi-
tive organisms to several metals, study designs that include exposure of algae
to waterborne metals, such as the test designs employed by Hook and Fisher
(2001a, 2001b), Bielmyer et al. (2006), and Kolts et al. (2009), are encour-
aged (with inclusion of the waterborne pathway). As a corollary, because
algae and periphyton can accumulate dissolved metals relatively rapidly from
water, even studies that purport to characterize only waterborne-metal tox-
icity should report the metal content of abiotic particles and food items (if
included in the exposure scenario). Additionally, in all studies in which al-
gae or periphyton is the food, the amount of metal sorbed to the external
surface of the cells (usually determined by an EDTA rinse) should be differ-
entiated from the amount of metal otherwise associated with the cells (i.e.,
internalized or more permanently associated with the cell surface), to help
differentiate among possible mechanisms of toxicity.

In addition to the algae-to-herbivorous-invertebrate pathway, research
is needed on the toxicity to predators that might be caused by metals in
high-bioaccumulation-potential food organisms. For example, although the
biomagnification potential of several divalent metals (e.g., Cd, Cu, Pb, Ni,
Zn) in aquatic systems is generally low, metals can biomagnify in some dis-
crete marine food chains consisting of bivalves, herbivorous and predatory
gastropods, and barnacles (Cardwell et al., 2013). Research to date has fo-
cused on the high bioaccumulation potential of metals in these organisms,
but to our knowledge no studies have specifically evaluated whether the
high metal concentrations in these prey are toxicologically bioavailable to
predators. Understanding whether metals in these food chains can cause
dietborne toxicity represents a research gap that could have important im-
plications for the regulation and management of metals in some aquatic
environments.

More generally, the transfer of metals from sediments into benthic
organisms and successive trophic levels is not well understood. Most
dietborne-metal studies are conducted without a sediment component; but
when sediment has been part of the pathway to load metal into prey or-
ganisms, sometimes unexpected and revealing results have been obtained
(e.g., Hansen et al., 2004; Erickson et al., 2010). Despite low concentrations
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1226 D. K. DeForest and J. S. Meyer

of metals in overlying water and high concentrations of acid volatile sul-
fides in sediment, some metals can accumulate to high concentrations in
benthic invertebrates and fish under field conditions (De Jonge et al., 2009).
Therefore, sediment-based food chains might be an important pathway for
dietborne-metal exposure (Luoma and Rainbow, 2008).

Choice of prey species is a challenging component in the design of
dietborne-metal toxicity studies (Wang, 2013a). Use of multiple algae species
for studies with filter-feeding zooplankton, or use of complex periphyton
communities in studies with grazing herbivores, such as the mayfly studies
conducted by Xie et al. (2010), might help overcome some of the uncer-
tainties in using single-species food sources. However, careful comparison
of the metal concentrations in the various food items used in a toxicity test
to the concentrations expected in real-world aquatic systems will be needed
to appropriately assess the potential for dietborne-metal exposure and toxi-
city. When conclusions about mechanisms of toxicity are desired, nutritional
composition of the control and treatment food should be reported, even
if the type of food in a laboratory study is the same in the controls and
treatments [except for exposure to the metal(s)]. The studies recently con-
ducted by Evens et al. (2011, 2012a), in which liposomes were used to
deliver dietborne metal to reduce the possibility of decreased nutritional
content in algae exposed to metals, represent a potentially promising ap-
proach for discriminating between direct versus indirect effects of dietborne
metals.

Feeding rate should be monitored in dietborne-metal experiments, be-
cause this helps elucidate whether effects are due to direct metal toxicity or
indirect consequences of the exposure (e.g., metal avoidance). Additionally,
the daily dose of a dietborne metal, which is calculated as the mathematical
product of the ingestion rate and the dietborne-metal concentration (Clear-
water et al., 2002), should be reported to allow more appropriate compar-
ison of exposure than is possible with dietborne-metal concentration alone
(Wang, 2013a). A study simply reporting the dietborne-metal concentration
is not very useful unless the actual feeding rate is measured (or can be cal-
culated). For example, little toxicity might occur if food containing a high
metal concentration is consumed only once or at a low daily dosage.

The above recommendations largely focus on studies relative to di-
etborne toxicity evaluations of individual metals, because the state-of-the-
science with regard to dietborne-metal toxicity is still evolving. However, the
growing understanding of dietborne-metal toxicity should be used to help
guide dietborne-toxicity studies of metal mixtures, because metals almost
always occur in mixtures in nature. Several key studies with field-collected
prey organisms have demonstrated the importance of metal-mixture toxicity,
and some recent studies have helped identify the key metal of dietborne
concern (e.g., As in the Clark Fork River, Montana, USA). However, even
more so than for individual metals, much remains to be learned before the
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Toxicity of Dietborne Metals 1227

toxicity of dietborne-metal mixtures will be understood and can be predicted
accurately.

Finally, as in waterborne-metal toxicity tests, water chemistry must be
measured and reported in order to evaluate the toxicity data relative to wa-
terborne thresholds that are adjusted for bioavailability using either hardness-
based or BLM-based algorithms. At least in the USA, where AWQC for several
metals are now several decades old (e.g., Ag, Cd, Zn), updating the AWQC
with the latest toxicity data and properly accounting for water chemistry us-
ing the BLM most likely will help make those aged AWQC protective (or at
least make them less under-protective) against dietborne-metal toxicity.
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