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Abstract: Aluminum (Al) toxicity to aquatic organisms is strongly affected by water chemistry. Toxicity-modifying factors such
as pH, dissolved organic carbon (DOC), hardness, and temperature have a large impact on the bioavailability and toxicity of Al
to aquatic organisms. The importance of water chemistry on the bioavailability and toxicity of Al suggests that interactions
between Al and chemical constituents in exposures to aquatic organisms can affect the form and reactivity of Al, thereby altering
the extent to which it interacts with biological membranes. These types of interactions have previously been observed in the
toxicity data for other metals, which have been well described by the biotic ligand model (BLM) framework. In BLM applications
to other metals (including cadmium, cobalt, copper, lead, nickel, silver, and zinc), these interactions have focused on dissolved
metal. A review of Al toxicity data shows that concentrations of Al that cause toxicity are frequently in excess of solubility
limitations. Aluminum solubility is strongly pH dependent, with a solubility minimum near pH 6 and increasing at both lower and
higher pH values. For the Al BLM, the mechanistic framework has been extended to consider toxicity resulting from a
combination of dissolved and precipitated Al to recognize the solubility limitation. The resulting model can effectively predict
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toxicity to fish, invertebrates, and algae over a wide range of conditions. Environ Toxicol Chem 2018;37:70–79. 
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INTRODUCTION
Aluminum is the most abundant metal in the lithosphere, and
is characterized by a complex biogeochemical cycle in which
dissolution and precipitation of Al occur under biologically
relevant conditions with important toxicological implications [1,2]. The solubility of Al is dependent on several chemical
factors, and in particular it is strongly controlled by pH, although
the presence of dissolved organic carbon (DOC), and temperature are also important (Figure 1). Because of the relationship
between pH and Al solubility, acidification of surface waters can
result in Al mobilization from solid phase materials (such as Al
minerals, soils, suspended particles, and others). Conversely, if
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the pH of an acidic Al-rich water is increased, precipitation of Al
can result.
When Al concentrations exceed solubility, polymeric Al
hydroxides can form amorphous colloids and crystalline solid
phases. The kinetics of this transformation to polymeric species,
including aqueous colloids and amorphous precipitates, depends on many factors but typically occurs over a time scale of
minutes to several hours [3]. Subsequent formation of more
crystalline solid phases takes longer, and may occur over several
days [3,4]. As a result of these transformations from dissolved to
crystalline forms of Al, a considerable range of solubility has
been reported for Al hydroxide solid phases [5].
The concentrations and forms of Al in aquatic systems are
highly dependent on the chemical composition of the system,
most notably the pH and DOC concentration. In addition to pH
and DOC, the other ligands that influence Al speciation in oxic
waters are hydroxide (mediated by pH), sulfate, and fluoride [6,7].
wileyonlinelibrary.com/ETC
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organisms for Al including algae, invertebrates, and fish [16], and
are similar to the bioavailability relationships observed for other
metals. This suggests that a BLM approach could be applied for
predicting and explaining the bioavailability of dissolved and
precipitated Al to aquatic organisms.
The objective of the present study was to develop a BLM for
Al capable of describing the effects of water chemistry on Al
toxicity to freshwater organisms. Because of the complex
geochemistry and solubility constraints of Al, multiple mechanisms of toxicity (i.e., dissolved and precipitated forms) had to be
considered and included in modifications to existing BLMs.

MATERIALS AND METHODS
Chemical speciation

FIGURE 1: Biotic ligand model predicted aluminum (Al) solubility as a
function of pH and concentration of dissolved organic carbon (DOC) at
25 8C (A) and 7.5 8C (B).

Phosphate can also form complexes with Al, but concentrations
are typically low enough in most freshwaters that it is of minor
importance. Some evidence suggests that soluble Al complexing
with silica can have a significant effect on Al speciation [8,9],
although the importance of these complexes for Al toxicity is
somewhat controversial [2,10–14]. Carbonate complexes are not
important for determining Al speciation, so to the extent that
alkalinity correlates with Al bioavailability it is likely to be a result of
covariation with pH and hardness.
Given the solubility limitation of Al, there are pH ranges
where solubility is sufficient to allow dissolved Al to cause
toxicity, and other ranges where solubility limits the concentration of dissolved Al to such an extent that it is clear that dissolved
Al cannot explain observed toxicity [15]. As a result, toxicity of Al
must be related to both dissolved and precipitated forms of the
metal.
Several water chemistry characteristics influence Al toxicity,
including pH, dissolved organic matter, and hardness cations [16,17]. These water quality factors affect the toxicity of Al in
a manner that is consistent with the conceptual framework of the
biotic ligand model (BLM). For example, toxicity is increased at
low pH, decreased in the presence of complexing ligands such
as those contained in dissolved organic matter (DOM), and
decreased in the presence of competing cations. These
relationships have been observed for a wide variety of aquatic
wileyonlinelibrary.com/ETC

Development of a BLM for any metal requires a description
of the chemical speciation that characterizes the thermodynamic interactions between the metal of interest and other
dissolved inorganic and organic constituents that affect
bioavailability.
Aluminum speciation is complex and is largely determined
by pH. In the absence of organic matter, Al3þ is the predominant
Al species at low pH (less than 5.5; Figure 2A). As pH increases
above 5.5, Al hydroxide complexes become increasingly
important, and can dominate aqueous Al speciation in waters
with low amounts of organic matter (Figure 2A). The distribution
of Al species changes dramatically in the presence of even
moderate amounts of organic carbon (quantified as DOC;
Figure 2B). When 5 mg/L of DOC is present, organic Al
complexes are by far the most important of the dissolved Al
species at pH values below 8 (Figure 2B). The importance of
organic complexes to the overall speciation of Al explains why
organic carbon has such a large effect on Al solubility. In the
absence of DOC, Al solubility in equilibrium with amorphous Al
hydroxide (gibbsite) is elevated at low pH as the free Al3þ ion in
the absence of DOC; Al3þ dominates the speciation of dissolved
aluminum at low pH (Figure 2C). As the pH increases, hydrolysis
leads to the formation of Al(OH)2þ and Al(OH)2þ and lower
solubility until the anionic aluminate ion Al(OH)4– predominates
at pH greater than 7. The solubility minimum occurs at this
transition from cationic to anionic Al species (Figure 2C). In the
presence of organic matter, the organically complexed Al is the
most important form of the metal over a wide range of pH values
that typically span between approximately 5 and 8 (Figure 2D).
The formation of organic Al complexes results in considerable
increases in Al solubility in circumneutral pH conditions
(Figure 2D). However, the increased solubility in the presence
of organic matter still cannot result in high enough Al
concentrations to allow dissolved Al forms to be sufficient to
explain toxicity to aquatic organisms in circumneutral pH
conditions.
In the Al BLM, the solubility of amorphous gibbsite was used
to characterize solubility. Amorphous solids were chosen to
represent the precipitated Al in the model because introduction
of Al from an acid stock to a higher pH toxicity test solution
would produce a freshly precipitated form of the solid that may
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FIGURE 2: Biotic ligand model predicted aluminum (Al) speciation at 20 8C in soft water over a range of pH values from 4 to 9. In A and B the total Al
concentration is fixed at 10 mg/L (because total Al is fixed in these panels it is not shown). In C and D the Al concentration corresponds to the solubility
limit associated with amorphous gibbsite. In A and C the dissolved organic carbon (DOC) concentration is very low (0.0001 mg C/L), whereas in B and D
the DOC concentration is 5 mg/L.

be only minutes to hours in age, and therefore not likely to have
transformed into a microcrystalline or crystalline solid.
As has been noted, DOM (typically quantified as DOC) has
a large impact on Al speciation. The association between Al
and DOM is so important that it often controls the transport of
Al within soil, and the export of Al from watersheds to surface
waters [18,19]. In natural waters, therefore, the presence of
DOM will not only determine Al speciation and bioavailability,
but also the amount of Al that aquatic organisms are exposed
to. Versions of the BLM developed for other metals, including
copper, cadmium, nickel, lead, and zinc, have utilized the
representation of metal–organic matter interactions developed for the Windermere Humic Aqueous Model (WHAM [20]).
The reactions that define this model, which includes a detailed
representation of metal binding to natural organic matter, has
been incorporated in Chemical Equilibrium Speciation with
Surfaces (CHESS) [19]—which is the chemical equilibrium
model at the heart of the BLM. Comparison of thermodynamic
values from the WHAM database with values in the National
Institute of Standards and Technology (Gaithersburg, MD,
USA) database show that the binding strengths for inorganic Al
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complexes are in reasonably good agreement between these
sources, especially for the major complexes (Table 1). Given
these similarities, the WHAM database was used for the
description of Al speciation in the Al BLM. One advantage of
using the WHAM database is that WHAM was extensively
calibrated to Al speciation data generated in the presence of
natural organic matter [20,21]. The CHESS model also allows

TABLE 1: Comparison of Windermere Humic Aqueous Model
(WHAM) and National Institute of Standards and Technology (NIST)
stability constants for selected inorganic aluminum (Al) complexes
Log K
Species
2þ

AlOH
Al(OH)2þ
Al(OH)4–
AlSO4þ
AlF2þ
AlF2þ
AlF3

WHAM

NIST

9.01
17.87
33.84
3.20
6.98
12.60
16.65

9.00
17.70
33.30
3.89
7.01
12.63
16.70
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for ionic strength corrections using an extended Debye–H€
uckel
equation, and temperature corrections using the Van’t Hoff
equation [19]. However, the reactions for Al interactions with
organic matter do not include change in enthalpy values, and
therefore cannot be temperature corrected [20]. The BLM
simulations use amorphous gibbsite for controlling solubility
with a log solubility constant of 9.76, which is within the range
of values reported for amorphous gibbsite [3].

RESULTS AND DISCUSSION
Toxicity predictions: Effects from dissolved Al
In the BLM conceptual framework, biotic ligand sites are
defined as the active sites in an organism where metal binding
can result in toxicity. The biotic ligand species has biological
significance because complexation of the metal of interest with
this ligand is directly related to metal accumulation and
associated toxicity predictions. Accumulation of Al on the gills
of Atlantic salmon smolt in acid soft water was examined in
previous studies [22,23], and these data were used in the present
study to calibrate the binding strengths of various defined
bioavailable species (Figure 2 and Table 2). For the calibration of
log K values, charged Al species and complexes were included in
binding reactions to biotic ligand sites, and values were
determined by iteratively changing log K values until the
differences between predicted and measured gill-Al were
minimized. A comparison of predicted and reported gill-Al is
shown in Figure 3. Only a portion of these experiments reported
mortality, but when it was observed, the data showed a very
strong relationship between percentage of mortality and the
amount of Al bound to the gill (Figure 4), and from this
relationship critical accumulation values resulting in toxicity
could be developed. Once critical accumulation values are
assigned for various effect levels, the BLM can be used to predict
either the amount of Al accumulated and associated effect after

FIGURE 3: Comparison between predicted and measured gillaluminum (Al) accumulation in Atlantic salmon smolt); only one of the
several studies contained mortality estimates (shown in Figure 4).

exposure to a given concentration of Al, or the concentration of
Al under specified water chemistry conditions that would result
in a specified level of effect (e.g., a median lethal concentration
[LC50]).
The gill-Al binding observed in Figures 3 and 4 were primarily
derived in acidic waters where the solubility of Al is higher than
the total measured Al concentration. As a result, these gill
binding relationships in acidic pH waters are attributable to
interaction with dissolved Al. Incorporation of these relationships into the Al BLM provides a direct linkage among dissolved
metal, modification of bioavailability by water quality factors,

TABLE 2: Biotic ligand parameters used in the aluminum (Al) biotic ligand model (BLM) for prediction of chronic Ceriodaphnia dubia and fathead
minnow effects
Species

Organism

Intercept (aD)

Slope (bD)

Hardness effect

Log K

BL-Al
BL-AlOH4
BL-AlOH
BL-AlOH2
BL-AlF
BL-Ca
BL-H
BL-Na

—
—
—
—
—
—
—
—

—
—
—
—
—
—
—
—

—
—
—
—
—
—
—
—

—
—
—
—
—
—
—
—

4.4
–21
–1.9
–7.75
8.5
4.8
5.4
3.3

C. dubia
Fathead
minnow
C. dubia
Fathead
minnow

3.1
7.1

–1.10
–2.70

—
—

—
—

16.1
17.4

–5.63
–5.63

14 þ 1.75  log(H)
4.6 þ 7.04  log(H)

—
—

Biotic ligand binding
parameters

Dose–response logit
parameters
Dissolved Al

Precipitated Al

wileyonlinelibrary.com/ETC
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FIGURE 4: Mortality of Atlantic salmon smolt as a function of aluminum
(Al) accumulation at the gill. Measured Al-gill concentrations are shown
as blue symbols, and biotic ligand model predicted Al-gill and
associated mortality is shown as the solid red line.

and accumulation on gill surfaces. As with other BLMs,
accumulation on respiratory surfaces associated with gill tissue
is assumed to be a surrogate measurement for accumulation on
the biotic ligand. This assumption is supported by the strong
relationship between gill accumulation and toxicity (Figure 4).
In BLMs derived for other metals, the accumulation on the
biotic ligand was related to a specific toxicity endpoint using a
critical accumulation parameter [24,25]. For example, accumulated metal that corresponded to an LC50 was referred to as the
“lethal accumulation associated with 50% mortality,” or “LA50.”
In developing the Al BLM, this concept linking accumulation and
effects was further developed into a concentration–response
relationship based on metal accumulated at the biotic ligand.
Consideration of the entire response (such as that shown in
Figure 4), allows prediction of any percentage of effect
concentration (ECx), and is not limited to predicting just an
LC50, because the concentration–response relationship can be
specified with 2 parameters, such as the slope and intercept of a
logit regression (Equation 1).
RD ¼ 1 

eaD þbD logðBLAlÞ
1 þ eaD þbD logðBLAlÞ

ð1Þ

where aD is the intercept, bD is the slope of the logit regression
for effects from dissolved Al (RD), and BL-Al is the accumulation
of Al on the biotic ligand sites.
By replacing the critical accumulation with 2 parameters that
can characterize the entire concentration–response relationship
between Al bound to biotic ligand sites, the model is given 2 new
capabilities compared with BLM versions for other metals. First,
these parameters allow the model to predict a response that
corresponds to any ECx, rather than previous implementations
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of the model that required parameter adjustment to switch from
EC50 to EC20s, for example. Second, and more importantly, this
allows the model to help diagnose those situations where
solubility of dissolved Al is not sufficient to explain a given toxic
effect. For example, the model can calculate the solubility of
dissolved Al while considering conditions such as temperature, pH, and DOC concentrations. The amount of Al bound to
the biotic ligand at this maximum soluble amount can then be
calculated, and this accumulated Al can be used with Equation 1
to determine the maximum toxic effect attributable to dissolved
Al under the current conditions. If this maximum effect is greater
than the target effect for a given prediction, then the toxicity can
be entirely related to dissolved Al, and the concentration of
dissolved Al associated with the effect can be estimated in a
manner similar to BLMs for other metals.
If, on the other hand, the effect that can result from the
maximum amount of dissolved Al that is possible under the
current conditions is less than the target effect for a given
prediction, then dissolved metal can only explain a portion of
the targeted effect (i.e., Equation 1 will not be sufficient). The
amount of accumulation on the biotic ligand at the solubility limit
can be calculated, and this amount used with Equation 1 can
estimate the maximum effect attributable to dissolved Al. In this
case, an additional component corresponding to a precipitated
form of the metal must be considered for concentrations that
exceed solubility.

Toxicity predictions: Effects from precipitated Al
For conditions where the solubility of Al is not sufficient to
generate a specified level of toxic response from dissolved Al
alone, an additional mechanism must be associated with the
observed toxicity (e.g., exposure to precipitated forms of the
metal). In the individual Al toxicity experiments, an acid stock
solution is added to an exposure chamber to achieve a desired
nominal concentration. If that concentration is in excess of
solubility, precipitated species of Al will form in the exposure
chamber. This precipitated material is different from the
particulate forms of Al that would be more commonly found
in the environment, which are more likely to be dominated by
Al-silicates, and also to be less bioavailable than precipitated
Al-hydroxides. The Al present within aluminosilicate clay
minerals is not labile and is not likely to contribute Al to the
bulk solution unless the clay weathers to other, more labile
forms. These minerals may exist as fine particles and clays that
can pass filters, and may therefore be mistaken for dissolved Al.
The speciation model employed in the BLM does not consider
aluminosilicate forms of Al because it is assumed that they are
not bioavailable. They are essentially inert from the point of view
of toxicological response.
Evidence for a mechanism of toxicity that involves precipitated forms of Al has been seen in other studies. Several authors
have suggested that polymerization or precipitation of Al
hydroxide at the gill may be responsible for observed respiratory
effects in fish [26–29]. High molecular mass forms of Al from fresh
precipitates of Al hydroxides in mixing zones have also been
implicated as a source of gill Al accumulations [23].
wileyonlinelibrary.com/ETC
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To quantify the interactions between precipitated Al and
effects, toxicity experiments where observed effects were
dominated by precipitated Al were identified by comparing
measured EC10 with solubility limits. A concentration–response
relationship was derived for precipitated metal using only tests
where the response concentration exceeded the solubility such
that dissolved Al was less than 20% of the total Al in the exposure
(Figure 5). For any such exposure where effects exceed solubility,
the Al concentration in the exposure includes both dissolved and
precipitated forms of the metal (referred to as total Al). By
investigating conditions where dissolved Al was a small fraction
of the total, the observed effects could be attributed to
precipitated Al. The effects of the precipitated Al can be related
to concentrations such as in Equation 2.
Rp ¼ 1 

eaP þbP logðAlP Þ
1 þ eaP þbP logðAlP Þ

ð2Þ

where aP is the logit intercept, bP is the slope of the logit regression
for effects from precipitated Al (RP), and AlP is the concentration of
precipitated Al. An effect of hardness on the intercept of the
precipitated Al response curves can be observed in Figure 5, and
can be incorporated by replacing the intercept with a hardnessdependent function. For example, ap ¼ aH þ bH  log(hardness),
where aH and bH represent the intercept and slope of the
relationship between logit intercept and hardness, respectively
(Figure 6).
The total effect (RT) that includes the effect from dissolved
(RD) and precipitated (RP) Al can be calculated using response
additivity, as in Equation 3.
R T ¼ 1  ð1  R D Þ  ð1  R P Þ

ð3Þ

For simulations where solubility is sufficient for dissolved Al to
produce a toxic effect, then RP ¼ 0, and Equation 3 simplifies to

FIGURE 5: Concentration–response relationships for fathead minnows (FHM; A and B) and Ceriodaphnia dubia (C and D) based on precipitated
aluminum (Al).
wileyonlinelibrary.com/ETC
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FIGURE 6: Relationship between logit intercepts and water hardness for
fathead minnow toxicity tests.

RT ¼ RD. Where solubility is insufficient, the effect from dissolved
Al can only account for some fraction of the toxic effect, and the
remaining effect must be attributable to precipitated metal.
Rearranging Equation 3 yields:
R P ¼ 1  ðð1  R T Þ=ð1  R D ÞÞ

ð4Þ

The effect attributable to precipitated metal that would be
needed, in addition to the effect from dissolved metal limited by
solubility, is calculated using Equation 4. The concentration of
precipitated metal (AlP) in the exposure can then be calculated
by a rearrangement of Equation 2 where f(H) is the same
hardness-dependent modification of the intercept used in
Equation 2.
 
AlP ¼ 10

In


1
1
ð1R P Þ1



-aP f ðHÞ =bP


ð5Þ

The Al BLM, using parameter values shown in Tables 1 and 2,
was used to predict chronic EC10s reported for the cladoceran
Ceriodaphnia dubia, the fathead minnow Pimephales promelas,
and the alga Pseudokirchneriella subcapitata. [17]. The biotic
ligand parameters in Table 2 were derived for a large dataset
based on Atlantic salmon (Figure 3) but are assumed to be
similar for other aquatic organisms. This assumption has worked
well for BLMs for other metals [24,30,31]. Because these 3
diverse species have different sensitivities to the toxicity of Al,
organism-dependent concentration–response parameters are
necessary (Table 2) and are analogous to organism-specific
critical accumulation parameters (e.g., the LA50) used in BLMs
for other metals.
The toxicity of Al in these exposures can be attributed to both
dissolved and precipitated forms of Al (Figure 7). The balance of
these 2 forms and their contribution to toxicity is dependent on
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chemical factors such as pH, DOC, and others. Because C. dubia
is the most sensitive of these 3 species, a greater proportion of
the observed toxicity is the result of dissolved metal, compared
with P. promelas or P. subcapitata, but all organisms will respond
to a mix of dissolved and precipitated metal, and the overall
balance will depend on the chemical factors that control
solubility, such as pH, DOC, and temperature (as indicated in
Figure 1). Comparison of the observed response that can be
attributed to either dissolved or precipitated metal in these
effects data show a dynamic response that changes with
changing chemical conditions and neither form can explain
observed effects over a wide range of conditions (Figure 7). The
bioavailability and toxicity of Al is highly dependent on chemical
conditions, which is why observed effect concentrations for
these 3 organisms vary over 2 orders of magnitude (Figure 7).
To allow the Al BLM to integrate effects from both dissolved
and precipitated forms, it has been necessary to incorporate the
entire concentration–response relationship into the BLM parameter sets (Table 2). This is a different approach than has
typically been used in previous BLM development efforts where
the critical accumulation of a single endpoint was used as
the calibration term, for example, by Santore et al. [24]. An
advantage of this approach is that the same model can predict
any point on the concentration–response relationship so that
both EC10 and EC20 (or any arbitrary ECx) values are predicted
by the same model and parameter set (Figure 7). The symbols in
Figure 7 show the proportional contribution of dissolved (red)
and precipitated (blue) Al in each exposure. Model performance
for these endpoints is reasonably good, with most predictions
showing good agreement with measured values (i.e., within a
factor of 2 of measured values; Figure 7). Performance with EC20
values tends to be better than with EC10 values, presumably
because low effect concentrations such as EC10s have inherently
larger uncertainties, and wider confidence limits. Nevertheless,
the BLM predictions for both EC10 and EC20 values show that
bioavailability effects from toxicity-modifying factors such as pH,
DOC, and hardness are sufficient for explaining the wide range
of observed toxicity values in these data. It is also clear that for
any organism there is a contribution of both dissolved and
precipitated Al, which indicates that effects from neither
dissolved Al nor precipitated Al by themselves can explain the
observed toxicity to these organisms.
To illustrate the importance of these toxicity-modifying
factors, it is useful to examine the impact of variation in
individual factors on Al bioavailability. Because C. dubia is the
most sensitive of these 3 organisms, EC20 values for C. dubia
(including both dissolved and precipitated Al) are shown as a
function of pH, DOC, and hardness (Figure 8). The effect of pH
on Al bioavailability is pronounced, with an approximately 10fold range in predicted Al EC20 values resulting from variation
in pH from 5 to 8 (Figure 8A). The effects of DOC also result in an
approximately 10-fold variation in predicted EC20 values
because DOC varies from 0.1 to 20 (Figure 8B). The effect of
hardness is moderate, with only approximately a 3-fold variation
in predicted EC20 values as hardness varies from 25 to 400 mg/L
as CaCO3 (Figure 8C). These results suggest that a traditional
hardness equation approach to developing an Al water quality
wileyonlinelibrary.com/ETC
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FIGURE 7: Predicted versus observed effect concentration, 10% (EC10) and effect concentration, 20% (EC20) values for Ceriodaphnia dubia (A and B),
Pimephales promelas (C and D), and Pseudokirchneriella subcapitata (E and F). Predicted effect concentrations are calculated with both dissolved and
precipitated aluminum (Al) contributing to toxicity. The symbol for each exposure is shown as a pie chart, with the portion of the toxic effect attributable
to dissolved Al shown in red, and the portion attributable to precipitated Al shown in blue.

standard would be missing the most important bioavailability
factors for Al, because the effects of pH and DOC would not be
considered. Or a hardness equation may possibly result in
incorporating pH and hardness together, given that natural
wileyonlinelibrary.com/ETC

waters frequently show strong covariation between pH and
hardness. In that case, waters that have high hardness but low pH
(such as waters impacted by acid rock drainage) may result in
water quality standards that are not sufficiently protective. The
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characterizing bioavailable Al in a toxicity test. The use of total
Al in toxicity test conditions may be acceptable, because the Al
in the exposure can only be in either a dissolved or precipitated
form. However, this is not the case in a natural water sample,
where total Al may grossly overestimate the bioavailable forms
of Al. For example, in Figure 9 the dissolved and total Al
concentrations for more than 29 000 samples in United States
surface waters are shown (chemistry data obtained from [32].) In
nearly all natural water samples, dissolved Al is a small fraction of
total Al (i.e., most natural waters plot below the 1 to 1 line shown
as a diagonal solid black line). The fraction of total Al that can be
attributable to dissolved is highly variable. The frequency of
each combination of total and dissolved is indicated by the
symbol color. A representative sample, which corresponds to
one of the most frequently observed combinations of total and
dissolved, is indicated by the vertical and horizontal dashed
lines. A measured EC20 with a comparable amount of dissolved
Al because this representative natural water sample would
contain only dissolved and precipitated Al (Figure 9B). A natural
water sample, on the other hand, may also contain a large
quantity of mineral Al. The mineral Al may be the result of

FIGURE 8: Variation in predicted 20% effect concentrations (EC20s) for
Ceriodaphnia dubia as a function of water quality showing the response
in aluminum (Al) bioavailability to changes in pH (A), dissolved organic
carbon (DOC; B), and hardness (C). Base conditions for each simulation
are temperature 20 8C, pH 7.5, DOC 0.1 mg/L, and hardness 25 mg/L.

BLM, however, provides a more comprehensive approach that
can incorporate all of the important toxicity-modifying factors
into a water quality guideline. The success of other BLM-based
guidelines for metals [31] suggests that a BLM-based approach
may ultimately be a more scientifically defensible way to address
toxicity-modifying factors in a comprehensive water quality
guideline for aluminum.
Finally, it is important to recognize that the combination of
dissolved and precipitated Al in these toxicity tests makes it
clear that dissolved Al measurements are insufficient for
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FIGURE 9: The distribution of aluminum (Al) among dissolved,
precipitated, and total forms for over 29 000 natural waters in the
United States. For each hexagonal cell in A the color indicates the count
of samples that plot in that cell, as indicated by the legend.
Representative concentrations for dissolved and total forms are shown
by the dashed horizontal and vertical lines: the distribution of dissolved,
precipitated, and mineral Al forms in a typical toxicity test compared with
a natural water sample. (B) The natural sample distribution is based on
the representative conditions from A.
wileyonlinelibrary.com/ETC
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suspended particles, clays, and aluminosilicate minerals. The use
of a total Al measurement in the natural water sample will
primarily measure these nonbioavailable forms of Al. A total Al
measurement, therefore, may be useful in the context of a
toxicity test, but not at all useful for characterizing bioavailable Al
in a natural water sample. The freshly precipitated polymeric
forms of Al that represent most of the Al in toxicity tests
correspond to an insignificant fraction of Al in natural waters. The
quantification of bioavailable Al in natural water samples,
therefore, requires additional consideration to develop a
method that only quantifies dissolved Al and colloidal precipitates, without measurement of nonbioavailable particulate Al
forms such as suspended clays and other Al-silicates.
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