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Abstract

Metals are widely studied environmental contaminants for several reasons, including their
ubiquity, potential toxicity to aquatic life, and tendency for their aquatic toxicity to vary widely
with the chemistry of the surface water in which they occur. These interactions between metal
and underlying water chemistry are described as influencing metal bioavailability, an index

of the rate and extent to which the metal reaches the site of toxic action within an exposed
organism. The implications of metal bioavailability for ecological risk assessment is large, as it
can produce differences in toxicity of as much as 100-fold across a range of water chemistries in
surface waters. Beginning as early as the 1930s, considerable research effort has been expended
toward documenting and understanding metal bioavailability, as a function of total and dissolved
metal, water hardness, natural organic matter, pH, and other characteristics of natural waters. The
growing understanding of these factors, and improvements in both analytical and computational
chemistry, led in turn to a series of modeling approaches intended to describe and predict

the relationship between water chemistry and metal toxicity, including the Free lon Activity
Model, the Gill Surface Interaction Model, the Biotic Ligand Model, and additional derivatives
and regression models that arose from similar knowledge. The arc of these scientific advances
can also be traced through the evolution of U.S. EPA Ambient Water Quality Criteria over

the last 50 years, from guidance in the “Green Book” published in 1968, to metal-specific
criteria produced in the last decade. Through time, these criteria have incorporated increasingly
sophisticated means of addressing metal bioavailability, as has regulatory guidance developed
by other jurisdictions across the globe. These actions have shifted the debate toward identifying
harmonized approaches for determining when knowledge is adequate to establish bioavailability-
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based approaches and how best to implement them. This Focus Article presents and discusses the
history of scientific understanding of metal bioavailability, and the development and application of
models to incorporate this knowledge into regulatory practice.
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Introduction

In December of 2017, a technical workshop on Bioavailability-Based Aquatic Toxicity
Models for Metals was convened in Pensacola, FL, coordinated by the Society

of Environmental Toxicology and Chemistry (SETAC) — North America. Experts in
environmental toxicology, chemistry, modeling, and regulatory application discussed the
state of the science for the aquatic toxicology of metals, and how predictive models
representing this understanding could be best developed and evaluated to support
environmental risk assessment and regulation.

Metals were the focus for this effort because their intrinsic characteristics present challenges
for environmental risk assessment. Metals are among the most ubiquitous environmental
contaminants, as they are widely distributed and frequently elevated in the environment
above natural background as a result of many different anthropogenic activities. Many are
also toxic to aquatic life at comparatively low environmental concentrations (e.g., pg/L). The
combination of ubiquity and high hazard have raised the priority of metals for development
of regulatory guidance, such as water quality criteria (WQC) or other environmental
guidelines. However, development of robust regulatory guidelines is in turn hampered by
another feature of many metals — the tendency for their toxicity in water to vary widely

as a result of the physicochemical characteristics of the surface water in which they occur.
When expressed as total recoverable, or even dissolved (filterable) metal concentration,
many metals may show a variation of 1-2 orders of magnitude in toxicity across waters with
differing characteristics. Yet as articulated in the U.S. EPA guidelines for deriving WQC,
they “should attempt to provide a reasonable and adequate amount of protection with only

a small possibility of considerable overprotection or underprotection” (U.S. EPA 1985a).

To provide this balance in the face of large variability in effect concentrations in natural
waters demands that the sources of this variability be effectively explained so they can be
incorporated into regulatory frameworks.

The terms “water quality criteria,” “metals,” and “bioavailability” are used extensively in
this and other papers arising from the workshop, but they do not have universal definitions
that neatly apply to the issues of interest here, and their usage herein is typically more
conceptual than specific. The U.S. EPA issues guidance explicitly called Water Quality
Criteria; though that term is sometimes used in the literature generically, in this series of
papers the term “protective values for aquatic life” (PVVAL) is used to emphasize a more
universal concept, and the terms “criteria” or WQC are only used when referring specifically
to WQC produced by the U.S. EPA. “Metals” can be generally defined as those elements
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classified as such according to the periodic table, but those of most interest to the workshop
are the subset for which: 1) aquatic toxicity varies substantially (within a given aquatic
species) across waters with differing characteristics; and 2) for which toxicity to aquatic
organisms in the environment is driven primarily by waterborne exposure. Notable examples
include Ag, Cd, Cu, Ni, Pb, and Zn.

With regard to bioavailability, there are many aspects of water chemistry that have been
shown to affect the aquatic toxicity of one or more metals, including hardness (generally,

or as the specific ions like Ca and Mg that comprise it), pH, carbonates alkalinity,
temperature, sodium, suspended solids, and colloidal/dissolved natural organic matter
(NOM). “Bioavailability” (see Box 1) is defined here as an index of the rate and extent

to which a toxic substance (metal) reaches the toxic site of action, and this concept lies at
the heart of most modeling approaches discussed at the workshop (e.g., Biotic Ligand Model
or BLM). For most organisms, the exact site(s) of metal binding to produce toxic action

is not fully understood, so the influence of water chemistry on that interaction is inferred
rather than known. In the workshop and its proceedings, the term bioavailability was used in
a generic way, to include additional aspects not captured within a narrow definition of the
term.

Research to understand the aquatic toxicity of metals spans many decades, from studies in
the 1930’s (e.g., Erichsen Jones, 1938) through the present day; within this research history
one can trace the growth of our collective understanding, from early empirical observations
through complex mechanistic constructions. Alongside the growth of this understanding
came the development of conceptual and mathematical models to describe and predict the
response of aquatic organisms to metals on the basis of water chemistry. Parallel to this
research trajectory, one can also trace the incorporation of the evolving science into PVAL
for metals, from some of the earliest single value WQC developed for the U.S. in 1968

(the “Green Book”; FWPCA 1968), to the bioavailability-based models used in current
regulatory approaches for some metals (U.S. EPA 2007; Danish Environmental Protection
Agency 2008). This parallel history of research and regulatory guidance is summarized in
Figure 1 and explained in greater detail in the following section.

Early Developments Related to Assessing Bioavailability

As early as the 1930s, researchers recognized that the toxicity of metals to aquatic organisms
was variable and sought to explain this variability. Early work described a reduction in
metal toxicity associated with increased calcium (Erichsen Jones, 1938; Doudoroff and
Katz, 1953) or hardness (Herbert and Vandyke, 1964). While variation in metal toxicity
across water hardness was considerable, the influence of other factors also came to light.
Work by Sprague (1968) showed that complexing copper with chelating compounds like
nitrilotriacetic acid (NTA) or ethylenediaminetetracetic acid (EDTA) greatly reduced metal
toxicity, and later work showed a similar effect of humic and fulvic acids, and naturally
occurring organic matter (Zitko et al., 1973; Brown et al. 1974). Another focus was
parsing the ameliorative-effect of water hardness among the many water quality factors
that typically co-vary with hardness in natural waters, such as pH and carbonate alkalinity.
Electrochemical measurements and chemical speciation calculations were used to identify
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the chemical species of metals (particularly copper) that correlated with toxicity (Zitko and
Carson 1976; Andrew 1976; Andrew et al., 1977). This work pointed to free metal ion and
metal hydroxide complexes as being more toxic than forms such as carbonate complexes

or metal associated with particles. Pagenkopf et al. (1974) were also pursuing free metal

ion measurements and chemical speciation calculations as a basis for understanding metal
toxicity to fish. Parallel work evaluating free copper ion activity in marine waters confirmed
the importance of dissolved organic ligands in decreasing toxicity to algal species (Anderson
and Morel, 1978; Sunda and Lewis, 1978).

One of the more comprehensive studies of the effects of factors modifying copper toxicity
was reported by Nelson et al. (1986) and expanded by Erickson et al. (1996). This

work involved a systematic evaluation of copper toxicity to fathead minnows (Pimephales
promelas), and involved manipulations of calcium, sodium, clay, pH, humic acid, and
alkalinity in the dilution water, and examined toxicity to 2. promel/as when exposure was
expressed as total, dissolved, or free ionic copper. LC50 values varied by more than 60-fold
over the range of conditions tested; while the effects of many toxicity modifying factors
could be related to the effects on free copper ion concentration, other responses could not,
implying that metal toxicity was caused by more copper species than only the free metal ion.

Advances in analytical chemistry were also key to advancing the understanding of metal
toxicity. By the early 1970s the development of new technological solutions to measure
metals in natural waters, such as, inductively-coupled argon plasma using optical emission
detectors (ICP-AES) or detecting metals using mass spectrometry (ICP-MS), which allowed
the measurements of metals concentrations in the range present in natural water (ug/L), and
the use of clean chemistry techniques allowed a precise determination of metals in complex
aquatic systems. The development of electrodes to measure the thermodynamic activity of
ions in natural water samples, stimulated the progress in the studies of metal speciation and
its effect on aquatic systems.

In parallel, the increases in computational power of computers allowed complex chemical
equilibrium problems to be solved. Applications such as MINEQL (Westall et al., 1976,
Schecher and McAvay, 1992) and MINTEQAZ2 (Brown and Allison, 1987) became available
to the study of metals toxicity. In the mid-1990s, the complexity of the interaction of

natural organic matter with metals was mechanistically described by Tipping (1994) in the
Windermere Humic Aqueous Model (WHAM).

Free lon Activity, Gill Surface Interaction, and Biotic Ligand Models

In the 1980s, the combination of advancing toxicological and chemical understanding gave
rise to two important models attempting to use growing mechanistic understanding to predict
metal toxicity. The Free lon Activity Model (FIAM) was proposed by Morel (1983), which
described interaction of the organism with the free metal ion in a rather general equilibrium
formulation; the free ion and its complexes interact with cellular binding sites, where the
metal may exert its toxic action and the competing interactions of other major cations
(hardness) for the metal binding site. However, the FIAM did not address the complexing
effect of organic ligands such as the components of NOM. In parallel, the Gill Surface
Interaction Model (GSIM), was proposed by Pagenkopf (1983). This model was similar to
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the FIAM, with the distinction that it was able to explain the experimental toxicity results for
individual metals and, indirectly, the significance of the complexation of free metal ions by
NOM.

The concept of metal binding to critical sites on receptor organisms (e.g., gills of fish)
leading to toxic effects received important support through the work of Playle, who
demonstrated experimentally that metal accumulated in the gills, and disrupted the sodium
entry and the activity of the Na-K ATPase present in this tissue (Playle et al, 1992, 1993a,
1993b; Janes and Playle, 1995). Also, in this period Campbell (1995) published an important
critical review of the FIAM approach with a focus on its applicability to algae.

Building from the foundation laid by the FIAM and GSIM approaches, a SETAC Pellston
Workshop was held in 1996 that proposed the development of a mechanistically-based BLM
for metal toxicity, with the explicit goal of producing a model that could be used as a
regulatory tool (Bergman and Dorward-King, 1997). The initial development and application
of the BLM was focused on predicting the acute toxicity of copper to freshwater organisms
(Di Toro et al, 2001; Santore et al, 2001). Similar to the GSIM, the BLM is based on the
principle that toxicity occurs by accumulation of the metal bound to a biotic ligand site
located on the surface of the organism (for a comprehensive historical review see Paquin et
al. 2002a). The mechanistic basis of the model was substantiated by the work of Playle et al.
(1992, 1993a,b), and the relationship of metal accumulation to toxicity was further affirmed
by MacRae et al. (1999) who measured copper accumulation on fish gills in acute studies

as a function of water chemistry. Advanced chemical speciation modeling and modeling

of competition between dissolved ions (metal and non-metal) and complexes for binding

to the biotic ligand is used to predict the relationship between water chemistry and metal
accumulation/toxicity (see Box 2 for further discussion of the BLM).

As originally configured, the BLM was an equilibrium model, and assumed that the kinetics
of exposure are not critical to predicting toxicity. Therefore, BLM models for acute or
chronic toxicity are representative of equilibrium at different time periods. An extension of
the BLM concept to consider the physiological state of the organism over time was proposed
by Paquin et al. (2002b). This approach relates metal concentration on the biotic ligand to
the loss of iono-regulatory capacity, with death occurring not because metal accumulation
reaches a particular concentration, but because the accumulated effects of metal binding
create lethal iono-regulatory disturbance.

In the last 10 years, the research on the development of the BLM as a predictive toxicity
tool for metals has expanded to other metals, such as Ag, Cd, Pb, and Zn among others,

and for several species (see Adams and Chapman, 2007). The model also has been extended
to predict chronic toxicity for Al, Co, Cu, Ni, Pb, and Zn (De Schamphelaere and Janssen,
20044a, 2004b, Heijerick et al., 2005, Nys et al., 2014, Schlekat et al., 2010 and Santore el
al., 2017).

Multiple Linear Regression (MLR) Model Development

The use of a multiple-linear regression (MLR) model approach has emerged as a statistical
means of incorporating a several key variables into a model that evaluates the bioavailability
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of metals and predicts toxicity to aquatic organisms via water exposure. The approach

used is similar in concept to the existing procedure for pooled analysis (across species) of
the relationship between water hardness and toxicity used by U.S. EPA to develop hardness-
dependent WQC. While these WQC use a simple linear regression model (based on log-
transformed data), MLR extends this approach to fitting response to multiple variables (e.g.,
pH, dissolved organic carbon and hardness), and models may be developed for a single
species or the data may be pooled to provide a single model for multiple species.

Use of MLRs for describing the effects of water chemistry on metal toxicity is not a

novel concept, and several examples can be found in the literature (Erickson et al. 1987a,b;
Esbaugh et al. 2012). More recently, a MLR was developed for copper using a single
equation based on the pooling of data across species (Brix et al. 2017). Species-specific
MLRs to derive WQC have recently been used by U.S. EPA for aluminum (DeForest et

al. 2018). From a conceptual development perspective, it might seem that MLR models
would have been popularized before the development of biotic ligand models (BLM) in

the late 1990s. However, its re-emergence as a regulatory approach is in part due to
advancing mechanistic understanding, such that it can focus on independent variables known
to influence metal bioavailability. This builds confidence in the robustness of the approach
despite its seemingly lower complexity. MLR development also relies on extensive toxicity
data sets covering wide ranges of water chemistry parameters and ecotoxicity endpoints,
some of which are only recently becoming available.

Biodynamic Models

The uptake, accumulation and toxicity of metals in aquatic organisms are dynamic processes
in which the concentration at a given target site depends on the kinetics of the different steps
and processes involved. The dynamic modeling approach describes the uptake, distribution
and elimination of substance over time, and considers the different steps or sequences and
accounts for changes in conditions that may occur (Ashauer and Escher, 2010). In contrast,
equilibrium-based models such as the BLM assume that equilibrium is reached and that
there is no change in reactions rates or conditions over time. This also explains why acute
and chronic BLMs, although structurally the same, use different ligand affinities (stability
constants) to predict acute or chronic toxicity, as they represent different states of assumed
equilibrium.

Within the framework of metal ecotoxicology, biodynamic modelling has been primarily
used to describe and understand the high variability in tissue metal concentrations among
different species and environments, and, to a certain extent, link this to toxicity (Buchwalter
etal., 2007, Khan et al., 2016). This approach requires data on assimilation efficiencies
(bioavailability) of metals from the diet. A typical bioaccumulation model depicts an
organism as a one or two compartmental model which in the latter case are characterized
by different uptake and elimination kinetics. In reality, an organism is much more complex,
but on a whole organism level one or two compartments often suffice to describe the
bioaccumulation kinetics (Adams et al., 2011).

Metal uptake rate constants for dissolved and dietary exposure routes are developed in
laboratory experiments. By defining different uptake pathways, the relative importance of
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dissolved and dietary exposure routes can be considered. Measurements of elimination

rates are also required, and the relative importance of uptake versus elimination can help
explain why tissue metal concentrations are higher in some organisms compared with others
(Stewart et al. 2004). The effect of chemical speciation on metal uptake or bioavailability
can be accounted for by expressing the uptake rate constants on a free ion activity scale.
Competitive and non-competitive effects can be considered by defining a maximum rate

of transport and metal binding constant to characterize the metal transporters involved in
uptake.

Luoma and Rainbow (2005) applied a biodynamic modeling approach to compare and
predict the bioaccumulation of a range of metals in different freshwater and marine
invertebrates. They modelled the metal accumulation process using a one compartment
approach and defining two separate uptake routes (i.e. waterborne and dietary). Uptake
from the dietary source was characterized by the food ingestion rate and assimilation
efficiency. These results demonstrated the applicability of the approach and explained
the large differences in metal tissue concentrations in terms of differences in uptake and
eliminations rates and the relative importance of water and diet as sources of metal.

Similar approaches have been used to study the relative importance of water and food to
different types of organisms and describe the Kinetics of metal bioaccumulation processes
over time. The dynamic modelling approach has also been used to model metal transfer from
one trophic level to another and predict metal accumulation in food webs (Rainbow et al.
2009; Van Campenhout et al. 2009).

Although the kinetics of uptake and bioaccumulation are key features in metal risk
assessment, they are not necessarily predictive of metal toxicity. For instance, the critical
body residue concept works for some species but not for others (Adams et al. 2011). This
is explained by the fact that once inside the organism a metal enters a completely new
environment in which metals bind with different biological ligands and can be stored in
more or less inert pools (Gao et al., 2015). Metal toxicity will occur when the binding

or accumulation of a metal to one or more critical components of the system reaches a
certain threshold. In terms of dynamic modelling this can be accounted for by defining

an internal compartment in which metals are not contributing to toxicity (i.e., inactive or
detoxified pool). Using tissue and subcellular fractionation techniques attempts have been
made to discriminate between metals in biologically active or metabolically available pools
and inactive or detoxified pools (Wallace and Lopez 1997; Liao et al., 2011). This kind

of results provide information on the accumulation of metals in sensitive and less sensitive
pools and can be incorporated in biodynamic models.

Overall, biodynamic modelling is a powerful approach to understand and predict the uptake,
accumulation and toxicity of metals in biological systems. Compared to BLM type models
and its alternatives, it requires more detailed information for its parameterization. Especially
the coupling of metal uptake and accumulation to toxicity requires further research to fully
exploit the power of the dynamic modelling approach. This approach is not directly linked to
toxicity and hence, has not been used in regulatory guidelines for PVVAL.
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Application of Bioavailability in a Regulatory Context to Date

For more than 50 years the regulatory framework to protect the aquatic environment from
the effect of anthropogenic sources of metals has been based on setting Water Quality
Criteria in U.S. or Environmental Quality Standards (EQS) for Europe; other jurisdictions
have closely followed and adapted these approaches. Prior to 1980, WQC in the U.S. were
developed from expert workgroups that reviewed available information on the toxicity of
individual pollutants and developed recommendations for water quality based primarily on
professional judgement, with a minimum of standardized evaluation processes (the “Green”,
“Blue”, and “Red” Books; (FWPCA 1968; U.S. EPA 1973, 1976). Beginning in the late
1970’s, U.S. EPA began to formulate more prescriptive procedures for deriving PVAL,
culminating in the 1985 “Guidelines for Deriving Numerical National Water Quality Criteria
for the Protection of Aquatic Organisms and Their Uses” (U.S. EPA 1985a). Among many
procedural advances, these guidelines established a minimum of toxicity information (8
families) that must be available for a pollutant in order to derive a water quality criterion,
advanced new procedures for selecting a level of protection, and formalized procedures to
adjust WQC as a function of important water quality characteristics such as pH or hardness.
While the 1985 Guidelines remain the core guidance used by U.S. EPA today, there

have been some modifications made to account for characteristics of individual pollutants.
For metals in particular, tracing the history of WQC development reflects the gradually
increasing consideration of bioavailability within regulatory guidance.

Hardness-Based Equations—As early as 1968, narrative in the “Green Book”
(FWPCA 1968) discussing WQC for metals recognized that the toxicity of metals such

as copper and zinc were depending on the characteristics of the receiving water, but the
quantitative understanding of the underlying relationships was still limited. For the Green
Book, and the “Blue Book” and “Red Book” that followed (U.S. EPA 1973, 1976), the
WQC guidance was not single values, but instead expressed acceptable exposures relative
to the acute toxicity of the metal to “the most sensitive important species in the locality”
when tested in the actual receiving water. For example, the 1973 guidance was 0.1*(96-h
LC50) for copper, 0.05*%(96-h LC50) for nickel, and 0.005*(96-h LC50) for zinc, with the
application factors being derived based on studies from which the relationship between acute
and chronic effect concentrations might be inferred. One could argue that this guidance was
hardness-based, as hardness was one characteristic to which differences in toxicity might be
related, but the WQC were not quantitatively normalized to hardness.

An explicit normalization of metal WQC to hardness first appeared in 1980, in freshwater
WQC for copper and later for cadmium, lead, nickel, and zinc (U.S. EPA 1980a-¢). The
first official guidance recommending hardness equations as a general approach was in the
U.S. EPA Water Quality Standards Handbook from 1983 (U.S. EPA 1983), and hardness-
based equations were also used in revised WQC for copper, cadmium, lead published

in 1985 (U.S. EPA 1985b-d). The WQC guidelines published that same year contained
specific methods for evaluating hardness-dependence of toxicity, and for generating WQC
normalized to hardness (or other water quality characteristics) (U.S. EPA 1985a).
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Total Recoverable vs Dissolved Metal—In the U.S. through 1980 (e.g., USEPA
1980a-¢), compliance with WQC was based on total recoverable metal. This involves a
fairly rigorous acid digestion and captures many forms of metals that were associated with
solids and had little or no toxicological effect. While there was a growing realization that
total recoverable metal measures could exaggerate the likely toxicity of many metals, this
measure was retained in part because of an absence of an alternative to reliably distinguish
non-available forms from those that were potentially available. WQC for copper, cadmium,
and lead released in 1985 (U.S. EPA 1985b-d) changed from total recoverable metal to
“acid-soluble metal,” defined as metal that would pass a 0.45 um filter after acidification
to pH between 1.5 and 2. The text of these documents recognizes that while acid-soluble
metal measurements should be an improvement over total recoverable metal, it still could
over-represent the potency of metals in natural waters.

The advancing scientific knowledge on metal toxicity continued to demonstrate that total
recoverable or acid-soluble metal were poorly correlated with toxicity in natural waters and
likely overprotective when used as a basis for regulation. Accordingly, an EPA-sponsored
scientific workshop (U.S. EPA 1992, 1993) recommended, that WQC/standards to be based
on the concentration of dissolved metals in water (operationally defined as metals passing
through a 0.45 pum filter). The U.S. EPA soon afterward revised its policy and recommended
that the dissolved metal fraction be used both to set, and to measure compliance with WQC
for aquatic life (Prothro 1993).

Despite the recommendations for using dissolved metals in assessing compliance with water
quality WQC, discharge limits were still set using total recoverable metal, because effluents
often have chemistry very different from ambient waters, and because particulates in
effluents could release dissolved metals to ambient waters. To address this issue, U.S. EPA
reviewed paired total recoverable and dissolved measurements in a range of ambient waters
(Brungs et al. 1992) to recommend options for setting discharge limits at total recoverable
measurements that were likely to comply with criteria and standards based on the dissolved
fraction (Prothro 1993). Subsequently, the U.S. EPA issued “Metals Translator” Guidance
(U.S. EPA 1996), which provided tables of conversion factors that gave State agencies and
permit writers the ability to establish permit limits that were coherent with the expected
dissolved metal concentration and the WQC based on those concentrations.

Water Effects Ratio Development—While the policy shift to setting aquatic life criteria
based on dissolved metal was viewed as a significant advance, it was still recognized

that hardness-adjusted WQC based on dissolved metal left significant influences on the
bioavailability and toxicity of metals (e.g., dissolved organic carbon, pH) unaccounted for.
Yet at the time, no reliable analytical methods or models were available to more accurately
assess or predict toxicity for the water chemistry of a particular site. In parallel efforts, the
Water Effect Ratio (WER; U.S. EPA 1983, 1984) was developed as an empirical tool to
address this gap. The WER approach uses laboratory tests to compare the toxicities of a
metal in both standard laboratory water and in ambient water(s) of interest; the concept is to
use the ratio of effect concentration (e.g., LC50) in ambient water to the effect concentration
in standard water as factor to adjust national WQC to reflect the site-specific bioavailability
of metal.
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While scientifically logical, the early WER guidance lacked detailed practical guidance,

and the WER method was infrequently used. In 1993, an expert panel recommended the
development and use of more explicit operational guidelines for application of WERs, which
led to the development and testing of more detailed WER guidance in 1994 (U.S. EPA
1994). Pilot site studies using copper, zinc, cadmium, lead, nickel and chromium (Brungs

et al. 1992; Hall and Raider 1993) demonstrated the robustness of the WER method and
provided the underpinnings of the 1994 guidance. The wide range of WERs derived from
these studies (Table 1-1) underscores the impact of more completely accounting for the
influence of local water chemistries in deriving site-specific WQC for metals.

Despite these additional studies and refined guidance, many U.S. States were initially
reluctant to allow the use of WER-adjusted national WQC as site-specific WQC, and the
expense of meeting the testing requirements in the guidance seemed onerous to regulated
facilities. A group of municipal wastewater agencies in southeastern Pennsylvania petitioned
the Pennsylvania Department of Environmental Protection to allow a streamlined WER
study to set a site-specific copper standard applicable to all their receiving streams. Data
from these studies, and other studies by U.S. EPA and others, provided a large body of
chemical data and associated toxicity, which then led to the issuance of a streamlined WER
approach for copper (U.S. EPA 2001) that was much less expensive and could be more
readily implemented by individual dischargers.

Biotic Ligand Model (BLM)—The WER approach was developed to address the
complicated relationship between water chemistry and metal toxicity in the absence of a
robust chemical measure or model to assess that relationship mechanistically. As described
previously, a 1996 Pellston workshop set in motion the development of the BLM, designed
to fill that void and provide a tool that could be used to develop national WQC that were
intrinsically adaptive to site-specific water chemistry (Bergman and Dorward-King, 1997).
In 2000, the U.S. EPA Science Advisory Board (SAB) reviewed proposals to advance BLM-
based criteria for both copper and silver (U.S. EPA 2000). The SAB concluded the BLM
was a practical tool for site specific water quality regulations and assessment and supported
its application to developing context-sensitive national WQC for copper. For silver, the SAB
recommended further research on the scientific foundations of the model, particularly to
better understand the mechanistic interaction of silver and the biological target.

The original formulation of the BLM was ultimately applied in the 2007 WQC for copper
(U.S. EPA 2007), which calculated WQC values based on the water chemistry of individual
water bodies or sites. The U.S. 2007 copper WQC is based on a BLM for acute toxicity that
is then adjusted to account for chronic toxicity. The chemical speciation computations to are
handled by the CHESS Model (Santore and Driscoll, 1995) coupled with an organic-metal
complexation model (WHAM V model; Tipping, 1994). While BLM models have since
been developed for metals beyond copper, copper remains the only metal for which U.S.
EPA has issued BLM-based WQC to date.

Multiple Linear Regression (MLR)—In 2017, the U.S. EPA released draft WQC for
aluminum, which are based on MLR models addressing relationships of aluminum toxicity
with pH, hardness, and dissolved organic carbon. The selection of MLR models over a
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BLM approach was driven in large part by the greater complexity of aluminum chemistry
and the evidence that aluminum may act through more than one toxic mechanism, not all

of which are represented well by the biotic ligand concept. In addition, implementation of
the BLM-based copper WQC in the U.S. has been slowed by resistance stemming from

the complexity of the BLM model (perceived by some as decreased transparency), and by
resistance to measuring (or estimating) the multiple water chemistry parameters required as
BLM inputs. The MLR model for aluminum eliminates most of these concerns since it only
requires measurement of pH, DOC and hardness.

Developments Outside the U.S.—Regulatory guidance for water quality is the result
not only of the science, but also policy, which establishes the intended level of protection,
margin of safety and level of certainty. These policy frameworks vary among jurisdictions.
The Australian and New Zealand guidelines for aquatic ecosystem protection (ANZECC/
ARMCANZ, 2000) have a framework that allows for different levels of species protection,
depending on the state of the ecosystem under consideration. Typically, this is 95% but
ranges from 99% to 80% depending principally on the level of ecosystem disturbance.
Canada’s stated goal is to protect all forms of aquatic life and all aspects of the aquatic

life cycles, including the most sensitive life stage of the most sensitive species over the
long term (CCME 2007). In the EU Environmental Quality Standards derived under the
Water Framework Directive protect the most sensitive receptor (EC 2011). International
jurisdictions give equal weight to fish, invertebrates and aquatic plants/algae; the U.S. EPA
1985 guidelines gave less weight to plants/algae unless they were the most sensitive, because
at the time, interpreting the results of those tests were not as well developed. The result of
these policy decisions is that regulatory values do still vary among jurisdictions despite the
fact that many jurisdictions are moving toward better accounting for bioavailability in the
development of PVAL for metals.

In Canada, water quality guidelines (WQG) are applied on a voluntary basis to inform
water management decisions but may also be incorporated into legislation. The intent is
to protect all aquatic life stages during indefinite exposure. CCREM (1987) adopted U.S.
EPA hardness-based equations but implemented the use of 4 discrete hardness bands for
cadmium, copper, lead and nickel. For aluminum two different WQG were established
above and below pH 6.5. Under a revised protocol (CCME 2007), Canada is currently
developing WQG using MLR or BLM approaches to better incorporate hardness, pH and
DOC. Recently Canada has moved toward expressing WQG in terms of dissolved metal.
Nevertheless, much of the surface water data collected continue to be unfiltered total metals,
creating the potential for false positive exceedances of WQG, since there is no Canadian
equivalent to the U.S. EPA’s Metals Translator (U.S. EPA 1996).

Australia/New Zealand initially cited Canadian approaches (Hart et al. 1993) which in turn
only recognized hardness and pH as bioavailability-modifying factors. With the release of
the Australian and New Zealand Guidelines for Fresh and Marine Water Quality (ANZECC/
ARMCANZ 2000) they introduced innovative approaches including chronic WQG at
different protection levels using species sensitivity distributions and “reliability triggers”
based on data quality and quantity. Toxicity modifying factors for metals were still limited to
hardness. Where used, 30 mg/L CaCO3 was chosen, with other values calculated after U.S.
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EPA. Currently Australia/New Zealand recognize the full suite of toxicity modifying factors
including, organic carbon, pH, temperature, alkalinity, hardness and inorganic ligands. They
are evaluating MLR and BLM procedures (Warne et al. 2015, rev 2017).

In Europe, the Water Framework Directive (EC 2000) and the Priority Substances Daughter
Directive (EC 2013) are the basis for setting Environmental Quality Standards (EQS) for
chemical substances that focus on aquatic life protection goals. Metals are classified as
either Priority Substances (Ni and Pb), meaning that all Member States have to comply
with the same EQS, or as Specific Pollutants (e.g., Cu, Mn, Zn), for which Member

States and regional authorities have jurisdiction. Guidance for determining EQS’s for metals
has identified approaches for incorporating bioavailability (EC 2011). This guidance was
based on comprehensive risk assessment guidance developed for the Existing Substances
Directive, which resulted in the application of bioavailability correction for Cd, Cu, Ni,

and Zn (EQS TGD). Guidance for a subsequent legislation called Registration Evaluation
and Authorization of Chemicals (REACH) continued consideration of bioavailability
normalization for metals in water, sediment, and soil.

In terms of standards set to protect aquatic life, the European Commission established
bioavailability-based EQS’s for Ni and Pb in 2013 (2013/39/EU). A number of EU Member
States established bioavailability-based EQS’s for metals classified as Specific Pollutants
2005 and 2017, including Cu, Mn, and Zn. For Priority Substances like Ni and Pb, all
Member States must comply with a single numerical EQS. To manage this requirement
while also incorporating bioavailability, a tiered approach is used where the first tier involves
comparing dissolved metal concentrations with a reference EQS. The reference EQS is
based on water chemistry parameters representing a worst case in terms of bioavailability
for each metal. If the ambient dissolved concentrations exceed the reference EQS, then site-
or region-specific water chemistry is used in conjunction with appropriate bioavailability
correction approaches (Merrington et al. 2016).

Abbreviated BLM Models—The complexity of BLMs can limit their practical
application; as a result, “user friendly” bioavailability tools/models have been developed
for metals that can be used for regulatory implementation of bioavailability-based
environmental water quality standards. To date, user-friendly models have been developed
exclusively to determine compliance with bioavailability-based Environmental Quality
Standards under the European Union’s Water Framework Directive These tools incorporate
site-specific metal bioavailability using fewer input parameters than BLMs, require less
training and allow for rapid assessment of large data sets. Any loss in the precision of
bioavailability estimates relative to BLMSs is considered to be balanced against decreased
costs and time associated with greater sample throughput and reduced monitoring burden
relative to the use of a full BLM. Examples of user friendly models used in Europe include
Bio-met, PNEC-pro and MBAT as listed below:

. Bio-met bioavailability tool v. 2.3 — a “lookup tablel” based tool in both
MS Excel spreadsheet and online formats developed collaboratively by wca
environment and ARCHE (www.bio-met.net);
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. PNECPro v.5 — an “algorithm” based tool in MS Excel format developed by
Deltares in the Netherlands (www.pnec-pro.com);

. M-BAT v.31 — an “algorithm” based tool in MS Excel developed by wca
environment (based on bio-met database).

An algorithm-based tool (like M-BAT) does not contain a database of predictions from
BLMs but is based on a mathematical relationship that attempts to simulate BLM
calculations but uses a restricted set of input parameters. Algorithm based approaches are
derived from training datasets of the results of bioavailability calculations from BLMs.
The eventual choice of tool for regulatory purposes will be made by individual regulatory
jurisdictions, based on their own particular circumstances and requirements, however each
of the bioavailability tools strive to meet a minimum standard of performance in terms of
precision and applicability relative to the full BLMs they report to mimic, in order to provide
outputs that are scientifically defensible. These tools have principally been used in Europe
and reflect a progression in the effort to develop models that require less data and less time
to run than BLM models.

Peters et al. (2016) compared the performance of the Bio-met (v. 5), PNECPro (v. 5), and
M-BAT, and showed that the models reported widely different bioavailability-based EQS’s
for Ni. Differences were pronounced in high pH waters and demonstrates the need for
developing a common set of performance criteria for tools where the primary use is to
determine compliance with regulatory standards.

Remaining Challenges

Despite the extensive research that has advanced our understanding of metal bioavailability
and the ability to develop predictive models, experiences using bioavailability models

in the derivation of PVALS has exposed a number of challenging issues. One is the
proliferation of models themselves, and the variety of methods of validation; several
different modeling approaches have been developed and published, each with different
approximations, structure, assumptions, and strengths/weaknesses. This leads regulatory
authorities to grapple with evaluating the appropriateness of different models, not only on

a purely technical basis, but also in terms of how the characteristics of different models
intersect with the policy considerations that underlie regulatory values used by different
authorities. Other issues relate to the practicality of implementing models in regulatory
programs; professionals charged with developing discharge permits or other applications

of regulatory PVAL may not have the background necessary to fully evaluate the details

of the models they could be asked to use, and the complexity of some models inhibits
straightforward communication of their inner workings. Finally, some modeling approaches
require a variety of water chemistry parameters as input variables, requiring either collection
of additional data on water quality characteristics, or some means to estimate values
appropriate to individual surface waters. These and other issues have hampered the process
of incorporating the most current understanding of metal bioavailability into regulatory
PVAL.

1AIgorithm: Set of calculation rules
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Considering the current availability of several scientifically defensible approaches, the
SETAC Technical workshop was held to take stock of the current state of the science

of metals bioavailability models, to evaluate the performance of the models, and to
identify best practices in the use of these models in the determination and application of
bioavailability-based effects concentrations for metals that are intended to protect aquatic
life (e.g., criteria and standards).

This publication series summarizes the discussions and recommendations from four
Workgroups, which include the following publications:

1. Mebane et al. (2018): “Metal bioavailability models: current status, lessons
learned, considerations for regulatory use, and model development path forward”

2. Brix et al. (2018): Guidance on the development of empirical bioavailability
models for deriving Water Quality Criteria for metals.

3. Garman et al. (2018): Validation of Bioavailability-based Freshwater Toxicity
Models for Metals

4. Van Genderen et al. (2018): Application of Bioavailability-based Metals
Freshwater Toxicity Models for Criteria Derivation Using Acute and Chronic
Species Sensitivity Distributions

The workshop resulted in several high-level recommendations regarding the development
of metals bioavailability models and their use. First, all bioavailability models should be
informed by mechanistic understanding of metal toxicity and of metal speciation. Second,
the development of simplified tools is feasible, as long as the tools have mechanistic links.
Third, all models should undergo qualitative and quantitative validation, and be applied
within appropriate application ranges of water chemistry. Finally, different models can be
used for different situations; the critical aspect is that the choice of the most appropriate
model needs to be transparently communicated.
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Box 1 -
What is Bioavailability?

In aquatic toxicology, bioavailability is considered a measure of the rate and extent

to which a substance reaches the site of action. Its estimation is one of the essential
properties in ecotoxicology when calculating exposure or dosages derived from water or
any other exposure routes than the systemic circulation. The extent of bioavailability

is commonly a limiting factor in eliciting an organism response. Limitations in
bioavailability are typically due to solubility limitations, sorption to various solids or
humic substances, or partitioning into inaccessible phases in the environment such as
minerals. Other factors affecting bioavailability of metals can include pH of the exposure
media or presence of chemical that compete for binding sites (such as calcium, sodium
or magnesium), and finally, organism specifics such as the number and types of binding
sites at the site of action. These considerations over the decades have led to significant
advances in assessing toxicity of metals in natural waters. In this manuscript we trace
the history of the development of measures allowing for assessment of bioavailability in
natural waters.
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Box 2 -
The Biotic Ligand Model

In the BLM, reactions between the metal of interest and cations with various naturally
occurring ligands in water are modelled using the strength of ligand affinity. This affinity
is defined by an equilibrium constant. One of those ligands, termed the biotic ligand,

is the site of action on a respiratory membrane where iono-regulatory processes can

be disrupted by metal binding. The model requires input of the concentrations of key
water chemistry parameters for a given metal of interest. For any given configuration of
metal concentrations and water quality conditions, the model predicts the concentration
of the various metal-ligand complexes as well as that of the free metal ion. When the
concentration of the metal on the biotic ligand reaches the LA50 (lethal accumulation),
50% effect is predicted. The latter value can be confirmed by measuring the metal bound
to gill tissue (using radio isotopic techniques) at the concentration of metal in standard
bioassays that causes a 50% effect (i.e., mortality).

Metal toxicity can be modified by both inorganic and organic water components. In
both cases the formation of complexes with ligands other than the biotic ligand will
render the metal less available for interaction with the biotic ligand itself. Generally,
only the free metal ion, and, for some metals (e.g., copper) hydroxyl-metal complexes,
will be available for interaction with the biotic site. Also, the interaction of other cations
(calcium, magnesium, etc.) with biotic ligand sites can render those cations less available
for interaction with the metal, thus providing a protective effect, i.e., higher metal
concentrations will be required to push the metal-biotic ligand complex concentration
beyond the toxicity level. Therefore, the performance of the model will depend on the
parameters that determine the set of speciation reactions as well as on those that define
the critical concentration of metal-biotic ligand complex at which 50% toxicity occurs.
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Box 3 -
The Continuum Between Empirical Mechanistic Approaches

Models designed to evaluate bioavailability of metals in water fall in a continuum
between models that are strictly empirical (WER) and those that are largely mechanistic
(BLM), as depicted below. While BLMs have as their basis the mechanism of metals
creating bonds with a biological ligand with subsequent toxic effects, MLR models,
while less mechanistic, are predicating on observations showing that key water chemistry
parameters (DOC, pH, Ca) are both mechanistically and statistically related to the toxic
effect. See text for discussion of the specifics of the different approaches.
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Research Progress US EPA Recognition

Hardness/alkalinity effects

Total vs Dissolved Metal

FIAM/GSIM

- 1980, US EPA “Blue Book”,
Hardness some metals

- 1983, US EPA WQS Handbook,
Factors other than free ions and site-specific

hardness - 1986, US EPA “Gold Book”,
hardness for most metals

- 1993, US EPA Prothro Memo
Acute BLMs “Dissolved metal”

- 1994, US EPA Guidance On
“Water Effect Ratio”

- 2007, US EPA Cu WQC based
on BLM

Bioavailability MLR based
models
- 2017, US EPA Aluminum WQC
based on MLR
Figure 1 -

Timeline of research advances for metal bioavailability and incorporation of those
approaches into U.S. EPA Water Quality Criteria. FIAM = Free lon Activity Model; GSIM
= Gill Surface Interaction Model; BLM = Biotic Ligand Model; MLR = Multiple Linear
Regression.
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Table 1-1:
Water Effect Ratios from early studies:
Metal Water bodies Number of Studies | Water Effect Ratios (range)
Copper 4 Eastern & Midwestern Rivers? 8 11-153
Zinc 4 Eastern & Midwestern Rivers? 9 12-29
Cadmium | 4 Eastern & Midwestern Rivers? 20 10-108
Chromium 2 Midwestern RiversZ 2 12-27
Lead 1 Midwestern River? 4 19-57
Nickel 1 Gulf estuary1 1 1.6
Copper 3 Eastern Rivers? 3 26-64
Zinc 1 Eastern River? 1 24
Cadmium 1 Eastern River? 1 38

1 Brungs et al., 1992

Zadditional studies reported by Hall and Raider, 1993.
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