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Abstract

The effects of pH and Al on the acidophilic diatom Asterionella raifsii var. americana Korn.
were examined in axenic batch cultures. Experiments were performed under conditions of both
high (pH 5) and low (pH 6) Al solubility over a range of concentrations from 0 to 30 wumol liter~!
total Al. Growth rates were analyzed with respect to analytically determined Al concentrations
and to predicted changes in dissolved metal ion speciation in response to Al additions. :

Growth rates of A. ralfsii were significantly reduced above 15 ymol liter~! total Al at both pH
5 and 6. Al additions increased estimated free ion activities of Al**, Fe?*, and Cu?* through indirect
chelator interactions at pH 5 and 6; therefore, all three were significantly correlated with growth
rate reductions, Independent manipulations of total Fe and Cu, however, suggested that Al was
not indirectly increasing either Fe3* or Cu?* free ion activities to toxic levels. Relationships of
growth rates to both inorganic monomeric Al (Al,) and to estimates of pAl were strongly pH-
dependent with toxicity being greater per unit of dissolved Al concentration at pH 6 than at pH
5. These results are consistent qualitatively with predictions that H* ions can ameliorate dissolved
metal toxicity by competitively excluding Al** ions from binding to cell-surface ligands. The impact
of Al on natural phytoplankton populations therefore is likely to depend on a combination of pH-
dependent Al solubility, the protonation of cell-surface ligands, and chelator-mediated metal spe-

ciation.

The effects of Al on aquatic biota have
received much recent attention because of
the potential link between acidic precipi-
tation and Al toxicity. Acidic precipitation
significantly increases mineral weathering
rates in some drainage basins thereby in-
creasing loadings of dissolved Al to surface
waters (Driscoll et al. 1984). Increased Al
loading has been related to the reduced
abundance of fish (Dillon et al. 1984) and
amphibians (Clark and LaZerte 1985) in
acidified systems.

One important aspect of the impact of Al
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on aquatic biota is its effect on acidophilic
phytoplankton populations. Several recent
studies have investigated the effect of Al at
acidic pH (Hornstrom et al. 1984; Folsom
et al. 1986; Claesson and Toérnqgvist 1988),
but not all have considered the effects of
chemical speciation. Chemical speciation is
important because metal bioavailability is
strongly coupled to the activity of particular
chemical species rather than total metal
concentrations (Morel 1983). Studies that
consider Al speciation have given contra-
dictory conclusions. For example, free AI**
ion activity has been assumed to be the best
predictor of biological response in some
cases (Folsom et al. 1986; Riseng 1989), but
dissolved Al hydroxide concentrations
(Helliwell et al. 1983) and even indirect in-
creases in Cu?* activity (Rueter et al. 1987)
have also been suggested as being respon-
sible for Al toxicity.

Because chemical speciation of certain
metals changes with pH, it has long been
accepted that ambient pH levels could
influence trace metal toxicity or growth lim-
itation (Campbell and Stokes 1985). Gen-
semer and Kilham (1984) found that growth-
rate response to pH varied with algal species
and probably involved pH-induced changes
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in trace metal speciation. Al speciation is
strongly affected by H* activity; therefore,
biological responses to total Al manipula-
tions are likely to be pH-dependent. Be-
cause dissolved, monomeric Al is usually
considered to be the most biologically re-
active fraction (Helliwell et al. 1983; Clark
and LaZerte 1985), Al may be most toxic
at pH < 6 where monomeric forms pre-
dominate (Driscoll et al. 1984),

Increased concentrations of H* ions can
also compete with and potentially displace
metal cations from cell-surface binding sites.
This mechanism has been proposed as a
means by which metal toxicity is amelio-
rated at low pH (Peterson and Healey 19835;
Campbell and Stokes 1985). Because this
process can counteract the effects of in-
creased metal bioavailability at low pH, it
potentially obscures pH-dependent changes
in the toxicity of any given amount of total
metal. Although these opposing effects have
been observed for several metals (Campbell
and Stokes 1985), similar effects have not
yet been described for Al toxicity to phy-
toplankton.

Diatoms are particularly significant in
bioassays of the chemical consequences of
acidification because of their widespread use
as paleoecological indicators of lake acidity
(Charles 1985; Davis 1987). Assessments of
the rate and extent of surface-water acidi-
fication have relied heavily on composite
indices of diatom community structure
(Schindler 1988), yet virtually no causal
mechanisms linking diatom community
composition to epilimnetic pH have been
identified. Most diatoms from lakes of pH
< 5.8 are periphytic (Charles 1985), which
presents technical problems in performing
quantitative culture experiments because of
their tendency to adhere to substrates. As-
terionella ralfsii var. americana is an inter-
esting exception because it occurs in the
plankton at pH values well below 5.8 (Da-
vis 1987). This feature has made A4. ralf-
sii a valuable indicator of early acidification
(Findlay and Kasian 1986), and its plank-
tonic life history makes it amenable to
quantitative laboratory investigation.

This study examines growth responses of
the acidophilic diatom A. ralfsii to Al under
conditions of relatively high (pH 5) and low
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(pH 6) Al solubility. It is done by comparing
batch-culture growth-rate responses to Al
using empirically determined total and dis-
solved Al concentrations, modeled mono-
meric Al concentrations, and modeled free
metal ion activity. Free ion activity predic-
tions are also used to examine whether A3+
is directly or indirectly toxic under these
experimental conditions and to what extent
changes in pH affect growth responses to Al
manipulations.

Materials and methods

Culture conditions— A clone of A. ralfsii
var. americana Korn. was isolated from an
epilimnetic water sample from Andruslake,
Chipewa County, Michigan (T.50N, R.6W,
Sec. 27). Axenic cultures (also submitted to
University of Toronto Culture Collection,

‘UTCC No. 170) were maintained in 25~ X

150-mm Pyrex tubes with 30 ml of a mod-
ified Fraquil medium (Morel et al. 1975)
buffered at about pH 5.4 with 200 mg li-
ter~! MES [2-(N-morpholino)ethanesulfonic
acid, pK, = 6.15]. MES was chosen for its
ability to buffer pH in algal cultures while
apparently not complexing significant
amounts of trace metal ions (Wehr et al.
1986). Modifications consisted of lowering
synthetic metal chelator Na,EDTA (ethyl-
enediaminetetraacetic acid, disodium salt)
concentration to 0.5 umol liter™! without
changing total metal concentrations, adding
400 umol liter~! B (sodium salt), and re-
ducing P concentrations to 4 umol liter™!
PO,*~. EDTA concentrations were reduced
because higher levels seem to induce trace
metal limitation for 4. ralfsii in Fraquil
(Riseng 1989). All media stocks were pre-
pared from reagent-grade chemicals and
double-deionized, distilled water (DDW).
Experimental media were sterilized by fil-
tration through Gelman GA-88 0.2-um
membrane filters. All culture flasks and tubes
were sterilized by autoclaving while par-
tially filled with DDW, which was then
rinsed and discarded before use. All exper-
iments were incubated in a constant-envi-
ronment chamber at 20°C, and lighted with
“cool-white” fluorescent bulbs that provid-
ed ~100 uEinst m™2 s~ on a 14:10 L/D
cycle.

Experiments were performed over a range
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of total Al additions from 0 to 30 umol
liter~!, This range was chosen to simulate
total Al levels commonly encountered in
acidic, north temperate lakes (LaZerte 1984,
Driscoll et al. 1984). Al stock solutions were
prepared from a hydrated chloride salt and
filter steriiized separately from the growth
medium to prevent removal of insoluble Al
complexes during medium sterilization. Al
stock solutions were added to the medium
at least 24 h before inoculation to allow
monomeric and polymeric forms of Al to
come into equilibrium (Campbell et al.
1986). Al treatments were performed at pH
5 and 6 in order to compare conditions
of high Al solubility at pH 5 to near-mini-
mum solubility at pH 6 (Driscoll et al. 1984).
The pH was set before sterilization by ti-
trating with either 2 N NaOH or HCI. Vari-
ations in pH after sterilization and Al ad-
ditions did not exceed 0.2 pH units. All
experiments were performed with three rep-
licates for each treatment.

Growth rate determination—Growth rates
were measured in batch culture by in vivo
fluorescence with a technique similar to that
of Brand et al. (1981). About 30 ml of sterile
medium was inoculated with <1 ml of an
exponentially growing culture of 4. ralfsii,
thereby yielding an initial culture density of
~500 cells ml~!. Fluorometer readings
(Turner Designs model 10) were taken at
the same time daily (-1 h) for 7-9 d or until
growth ceased. Growth rates were deter-
mined as the slope of the linear portion (for
at least 4 d growth) of natural log-trans-
formed fluorescence units per day.

In order for changes in fluorescence to
represent cellular division rates, in vivo flu-
orescence per cell must remain constant
throughout logarithmic growth (Brand et al.
1981). This relationship was tested by tak-
ing subsamples from a representative set of
treatments to obtain cell counts for com-
parison to fluorescence units. These sub-
samples were preserved in Lugol’s solution,
then counted for cell numbers in a Sedg-
wick-Rafter chamber. Cell counts (cells m1-1)
were then compared to fluorescence units
obtained for the same tube on the same day.
During exponential growth, the ratio of flu-
orescence units: cells ml~! did not change
significantly (ANOVA, P < 0.05). There-
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fore, at least between days 2 and 6, cell num-
bers and in vivo fluorescence were consid-
ered to increase at the same rate.

Medium chemistry — Al measurements
were made via a colorimetric reaction with
pyrocatechol violet (PCV, Sigma Chemical
Co.) as described by Sullivan et al. (1986)
and LaZerte et al. (1988). Three operation-
ally defined Al fractions were measured: to-
tal Al (Al) was defined as that fraction re-
active with PCV after unfiltered media was
acidified to pH 1 for at least 24 h; PCV-
reactive Al (Al,) was the fraction reactive
with PCV at ambient pH and without fil-
tration; and, total dissolved Al (Aly) was
the fraction that reacted with PCV after the
filtrate from a 0.45-um pore-size Gelman
GA-6 membrane filter was acidified to pH
1 for at least 24 h. PCV-reactive Al mea-
sures inorganic monomeric Al (IMAl) con-
centrations over a wide range of pH in nat-
ural waters after correction for organic Al
(Sullivan et al. 1986; LaZerte et al. 1988).
Because EDTA-bound Al is not detectable
by reaction with PCV at ambient pH (Gen-
semer 1989), the pretreatments of filtration
and acidification are necessary to estimate
without interference by insoluble Al com-
plexes the amount of Al bound to EDTA
(see Table 3).

Chemical speciation was estimated with
the equilibrium-based program MINEQL
(Westall et al. 1976) release 2.0. Dissolved
Al equilibrium constants were modified to
conform to those of LaZerte (1984), and Al,4
concentrations were used for total Al com-
ponent inputs (Gensemer 1989). Calcula-
tions, therefore, were constrained not to al-
low the formation of insoluble Al complexes.
Empirical Al4 concentrations were chosen
rather than estimating monomeric Al con-
centrations from the theoretical solubility
of AI{OH), because of uncertainty in ac-
curately predicting the formation of this
complex. Choice of AI(OH), equilibrium
constants strongly affects estimates of Al3*
activity (Driscoll et al. 1984; Gensemer
1989) and can introduce the greatest un-
certainty to dissolved Al speciation calcu-
lations (Schecher and Driscoll 1987). Nom-
inal concentrations were used for all other
chemical component inputs.



126

Results

Total Al concentrations =15 umol liter-!
significantly reduced growth rates of A. ralf-
sii (Fig. 1A). This pattern was independent
of pH except near 15 umol liter—' where
growth was more strongly reduced at pH
5 than at 6. Two-way ANOVA indicat-
ed both that there was a significant effect of
pH and Al treatments and that a significant
interaction existed (F, 4, = 41.5, r* = 0.90,
P < (0.0001). Control growth rates (defined
here as ireatments with no added Al at each
pH) did not vary significantly with pH and
represented an average overall maximal
growth rate of 0.634 d~!' (N = 18, SE =0.023
d~'). Growth rates were also negatively re-
lated with increasing Al, concentrations (Fig.
1B). An effect of pH on growth response to
Al was also observed with Al, being more
toxic per mole at pH 6 than at pH 5 at vir-
tually all levels of Al addition. Growth rates
at pH 6 approached zero at 1.40 umol
liter—! Al,, whereas growth at pH 5 did not
approach zero until 23.07 ymol liter~! Al..
Fluorescence units per unit of cell density
remained constant over all Al treatment
groups tested. Neither a pH range of 5-6
nor a range of Al, from 0to 9.5 pmol liter™!
had significant effects on intensity of fluo-
rescence per unit of cell density (ANOVA,
P > 0.05). Growth rate determinations us-
ing daily in vivo fluorescence, therefore, were
not biased by pH or Al treatments.

Similar to Al,, growth rates plotted as a
function of pAl showed Al to be more toxic
at pH 6 (Fig. 1C). The slopes and intercepts
of regression lines representing growth rate
at each pH were significantly different, and
the Al** activity at which growth was re-
duced to 50% of control rates differed by a
factor of 1032¢; i.e. decreasing pH from 6
to 5 increased the amount of Al** required
to reduce growth of A. ralfsii 50% by over
three orders of magnitude.

MINEQL simulations predicted that ad-
ding Al would increase the activity of other
trace metal ions present in Fraquil. At the
lowest Al addition, the predicted activity of
all trace metals (excluding Mn) increased by
at least two orders of magnitude relative to
activities without Al addition (Table 1). At
pH 5, Mn, Zn, and Co activities did not
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Fig. 1. Growth rate (d") of Asterionella ralfsii as a
function of Al, Al. concentrations, and MINEQL-pre-
dicted pAl [—log,,(Al**) activity in mol liter—!] at pH
5 and 6. Least-squares regression lines are fitted
through pAl data (panel C only) at each pH. Error bars
represent +2 SE of the mean growth rate. Growth rate
errors for pAl data are the same as shown in panels A
and B.

increase further with Al addition, whereas
Fe and Cu activities continued to increase
at all Al levels. At pH 6, all the metal ion
activities increased across all levels of Al
addition, although less so for Mn, Zn, and
Co than for Fe and Cu.

Because Al had a consistent effect on pre-
dicted Fe and Cu activity at both pH 5 and
6, reductions in growth rate could poten-
tially be a function of changes in estimated
pFe and pCu. When the same growth rates
were plotted against Al-induced increases in
Fe3* (Fig. 2, dashed lines) and Cu?* (Fig. 3,
dashed lines) activity, responses similar to
that of Al** were observed. For pFe, slopes
and intercepts were significantly different
between pH 5 and 6, and the points at which
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Table 1. MINEQL-predicted activity of free aquo
metal ions in response to additions of Al at pH S and
6. All results are presented as —log,, of free metal
ion concentration in mol liter— (pM).

Nominal
Al (umol
liter 1) pAl pFe pMn pCu pZn pCo
pH=13 .
0.00 17.59 7.75 13.22 10.32 10.33
7.41 5.75 13.52 7.65 944 8.41 8.62
14.81 5.28 13.11 7.65 928 841 8.62
2222 507 1294 765 924 841 8.62
29.63 495 12.85 7.65 9.22 8.41 8.62
pH=6
0.00 17.71 7.76 13.27 10.37 10.38
7.41 8.75 1581 7.65 11.45 8.78 8.88
14.81 8.63 1576 7.65 11.34 8.72 8.83
22.22 8.60 15.73 7.65 11.31 870 8.82
29.63 855 1568 7.65 11.26 8.68 8.81

growth was reduced to 50% of control dif-
fered by a factor of 10%%°, For pCu, a similar
relationship existed except that slopes and
intercepts were not significantly different (P
> 0.05). The pCu at which a 50% reduction
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Fig. 2. Mean growth rate of Asterionella ralfsii as
a function of pFe [—log,(Fe3*) activity in mol liter']
based on manipulations of Al (dashed lines) and Fe
(solid lines) at pH 5 and 6. Error bars represent +2
SE of the mean growth rate. Growth rate errors for Al
manipulations are the same as shown in Fig. 1A and B.
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Fig. 3. As Fig. 2, but of pCu [—log,(Cu?*) activity
in mol liter~!] based on manipulations of Al (dashed
lines) and Cu (solid lines).

in control growth rate occurred differed by
a factor of 10>°! between pH 5 and 6. For
both pFe and pCu, growth toxicity was
greater at pH 6 than at 5.

Al additions may, therefore, reduce
growth either by directly increasing Al** ac-
tivity or by indirectly increasing Fe*+ or Cu?*
activity to toxic levels. To test among these
alternatives, I repeated growth rate experi-
ments under conditions identical to those
of the Al treatments except that total Fe and
Cu concentrations were manipulated in the
absence of Al. Total metal concentrations
were increased to achieve free ion activities
that simulated those predicted to occur in
response to Al addition and exceed them by
at least one order of magnitude (Table 2).
Total metal levels were increased by pre-
paring more concentrated Fe or Cu stock
solutions to achieve the desired estimated
metal ion activities, Because Fe additions
were also predicted to increase Cu?* ion ac-
tivity, normal total Cu levels were reduced
10,000 x at pH 5 and 100 x at pH 6 by serial
dilution of the concentrated Cu stock so-
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Table 2. Experimental conditions used to test ef-
fects of Al-induced changes in Cu and Fe free ion ac-
tivity. Cu and Fe additions are listed as total nominal
concentration (mol liter-!), and calculated free ion ac-
tivities based on these combinations are listed as —log,,
free ion activity in mol liter-! (pM). Control Cu and
Fe concentrations are 9.97 x 10~ and 4.51 x 10-" mol
liter—'.

Total Cu Total Fe pCu pFe

Cu addition

pH=5 9.97x10-1% 4:51x10°7
496x10-% 4.51x10-7
497x10-% 4.51x10"7
4.98x10-% 4.51x1077
996x10-% 451107
2.49x10-7 4.51x107
4.98x10-7 4.51x10°7
9.97x10-1° 4,51x107
3.10x10°% 4,51x10-7
3.65x10-* 4.51x107
3.90x10-% 4.51x10-7
7.80%x10-% 4.51x10"7
1.95x10-7 4.51x107
3.90x10-7 4.51x10°7

Fe addition
pH=35

13.21
9.27
9.23
9.19
7.47
6.87
6.51

13.26
11.47
11.25
1112
8.64
7.78
7.33

17.62
15.33
15.29
15.25
13.57
13.05
12.78

17.73
17.40
17.24
17.15
14.92
14.35
14.11

pH =6

9.97x10-'0
997x10Q-4
9.97x10 -1
9.97x 10~
9.97x10-1
9.97x10
9.97x10-1°
9.97x1012
9.97x1Q 12
9.97x10-12
9.97x10 12
9.97x10-12

4.51x10°7
S.10x 1077
5.50x 107
1.10x10-*
2.75x10-¢
5.50x10¢
4511077
5.00x10°7
5.05x107
1.01x10-¢
2.53x10®
5.05x1Q-¢

13.21
13.32
13.18
13.14
13.14
13.14
13.26
13.75
13.08
11.78
11.71
11.69

17.62
13.18
12.48
11.40
10.83
10.48
17.73
16.13
15.45
13.47
12.87
12.52

pH=6

lution with DDW to maintain estimated pCu
as close to control levels as possible.
When Fe was manipulated independently
from Al, growth rate responses to free ion
activity were significantly different from
those predicted to occur in response to Al
addition (Fig. 2). Total Fe concentrations
over 10 x in excess of normal Fraquil levels
lowered pFe 100-1,000 X relative to those
predicted to occur in response to Al addi-
tion (Table 2). These treatments, however,
did not reduce growth below 69% of control
rates (Fig. 2). Fe’" activity was linearly re-
lated to growth rates at both pH 5 (Fig. 2A,
P < 0.03) and 6 (Fig. 2B, P < 0.05), but
<24% of the variance could be explained
in either case. The slopes of Fe-induced
changes in pFe were significantly lower than
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those predicted to occur in response to Al
additions in both pH treatments.

Unlike Fe, total Cu manipulations sig-
nificantly reduced growth rates of A. raifsii
but only at Cu?* activities significantly high-~
er than those predicted to occur in response
to Al addition. Total Cu concentrations
nearly 400x in excess of normal Fraquil
concentrations increased Cu?* activity to
exceed Al-induced levels at least 10x (Ta-
ble 2). Without Al, higher Cu?* activities
were required to reduce growth rates than
when Al was added to Fraquil at control Cu
concentrations (Fig. 3). At pH 3, both slopes
and intercepts between Cu-induced and Al-
induced pCu levels were significantly dif-
ferent as predictors of growth rate (Fig. 3A).
Levels of pCu that corresponded to 50%
control growth rate were 10'-!> times lower
than when total Al was manipulated. At pH
6, pCu levels that reduced growth 50% were
109 times lower than Al-induced changes
in pCu (Fig. 3B). Cu additions also in-
creased estimated Fe®* activities (Table 2),
but to levels ~ 100 x below those in the Fe
manipulations (which had only a negligible
effect on growth, Fig. 2).

Discussion

If concentrations of dissolved inorganic
Al alone determine biological response, then
toxicity should be greatest at pH 5 because
Al is more soluble at this pH. When growth
rates were considered as a function of Al,,
Al was more toxic at pH 3, but only at mod-
erate concentrations. The Al, fraction, how-
ever, includes more than simple inorganic
Al species, so the effects of Al, on growth
could be obscured by the presence of poly-
meric A{OH), or EDTA-bound Al Be-
cause Al is an empirical descriptor of IMAI
(Sullivan et al. 1986; Gensemer 1989), it is
the most appropriate fraction with which to
examine the toxicity of dissolved Al to A.
ralfsii. Al, concentrations demonstrated Al
toxicity to be pH-dependent, but, in con-
trast to Al,, Al, was clearly more toxic at pH
6 than at 5.

When Al treatments were analyzed in
terms of predicted free metal ion activity,
it appeared that increases in either Al**, Fe’",
or Cu?* activity could have been responsible
for the observed growth reductions at both
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pH 5 and 6. Total Fe and Cu manipulations,
however, suggested that indirect chemical
effects of Al addition did not have a signif-
icant impact on growth. Although it would
have been preferable to verify total metal
concentrations empirically, relative Fe and
Cu manipulations of control media (Table
2) were sufficient to test among these alter-
natives. Fe and Cu manipulations were also
not completely independent in terms of free
ion activity (Table 2), yet concentrations of
the metal not being directly manipulated

swere adjusted to minimize potential indi-
rect effects between Fe and Cu. Therefore,
increased Al** activity was the best overall
predictor of reduced growth rates in re-
sponse to these Al treatments.

In other studies, indirect interactions of
Al with other trace metals have been shown
to affect algal growth significantly. Rueter
et al. (1987) concluded that Al induced in-
direct Cu toxicity to Scenedesmus quadri-
cauda in the same growth medium, but at
pH 7.0 and 10 x higher EDTA concentra-
tion. In contrast, Riseng (1989) concluded
that Al stimulated the growth of both A.
ralfsii and its circumneutral congener As-
terionella formosa probably because com-
petitive metal ion displacement by Al in-
creased their activities above limiting levels.
Riseng (1989) also used Fraquil, and the
magnitude of the stimulatory effect was
highly dependent on pH and EDTA con-
centration. These studies point out that che-
lator concentration and the relative concen-
tration of other trace metals probably have
the greatest impact on whether AI** will have
an indirect or direct influence on growth
rates in vitro. Furthermore, both Rueter et
al. (1987) and Riseng (1989) predicted dis-
solved Al concentrations based on the the-
oretical solubility of AI(OH), rather than
measuring dissolved Al. Experimental in-
terpretations based on predicted Al** activ-
ity will depend strongly on which form of
Al(OH); was chosen for use in speciation
calculations because of the potential uncer-
tainty introduced by differences between
equilibrium constants (Schecher and Dris-
coll 1987). Riseng (1989) used microcrys-
talline gibbsite in her Al speciation models,
but Rueter et al. (1987) did not report which
form of AI(OH), was used; therefore, it is
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difficult to compare the specific metal ac-
tivities at which growth effects occurred.

Applying the results of any culture ex-
periment to natural systems in part depends
on how well EDTA-mediated metal inter-
actions simulate those of natural dissolved
organic C (DOC). The overall affinity of
EDTA for metal ions is probably high com-
pared to simple, well-characterized com-
pounds (e.g. amino acids) and low relative
to the more complex biotically released
compounds such as Fe siderophores (Morel
1983). It is comparatively difficult to deter-
mine how well EDTA simulates the binding
affinity of humic and fulvic acids because
the complexity of these compounds makes
it difficult to define metal binding affinities.
Even in the absence of specific thermody-
namic predictions, however, competitive
binding interactions between metal cations
bound to complex forms of DOC have been
observed (Perdue and Lytle 1983; Buffle and
Altmann 1987) and thus may be relevant
to understanding Al toxicity in natural pop-
ulations,

The pH dependence of Al toxicity to 4.
ralfsii is consistent qualitatively with the
prediction that increasing H* activity re-
duces metal toxicity by competitively ex-
cluding metal ions from binding with cell-
surface ligands (Morel 1983; Campbell and
Stokes 1985). The ameliorating effects of H*
have been demonstrated for Cu, Cd (Peter-
son and Healey 1985), and other metals (see
Campbell and Stokes, 1985), but not pre-
viously for Al. This effect, however, may be
masked by increases in metal toxicity at low
pH resulting from increased concentrations
of dissolved species. These effects are often
difficult to separate, but Al seems to act sim-
ilarly to Cu in that pH changes both chem-
ical speciation and cellular toxicity (i.e. a
type 1 response, Campbell and Stokes 1985).
Therefore, even though lowering pH in-
creases the absolute concentrations of the
potentially most toxic dissolved Al species
(Helliwell et al. 1983; Clark and LaZerte
1985), toxicity per unit of Al** activity is
reduced.

Other investigations generally agree that
Al toxicity to phytoplankton is reduced at
low pH. Both the growth rates (Hornstrom
et al. 1984) and P uptake capabilities (Na-
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Table 3. Analytical concentrations (%SE of duplicate measurements) of mean Al,, Al,, Al, total filterable
Al (Al, — Al,,), and the sum of monomeric AI{OH), species [= T AI(OH) + AI(OH), + Al(OH), + AlL(OH),)
+ Al,(OH),] as predicted by MINEQL using Al,, as total Al input with no Al solid formation allowed. Data are
tabulated as a function of nominal Al additions at each pH and are expressed in units of umol liter—'.

Nominal Al

Al, Aly Al Filt. Al = AI(OH),

pH=35
7.41 5.66(0) 4.53(0.02) 4.47(0.02) 1.13 245
14.81 15.15(0.03) 13.33(0.04) 9.2000.01) 1.83 7.33
22.22 23.31(0.03) 21.38(0.03) 16.09(0.02) 1.93 11.78
29.63 29.54(0.18) 28.37(0.10) 23.07(0.07) 1.17 15.64

pH=6
7.41 8.13(0.02) 0.26(0) 0.08(0.01) 7.78 0.21
14.81 16.96(0.04) 0.33(0.03) 0.43(0) 16.63 0.28
22.22 24.49(0.07) 0.35(0.01) 0.98(0.01) 24.14 0.30
29.63 29.16(0.01) 0.39(0.03) 1.40(0) 28.77 0.34

lewajko and Paul 1985) of natural phyto-
plankton communities are less affected by
Al at lower pH. Claesson and Torngvist
(1988) tested levels of Al which reduced
growth rates 50% for Monoraphidium dy-
bowskii and Stichococcus sp. in well-buf-
fered, isolated cultures and found that Al
was less toxic at lower pH even though spe-
ciation was not addressed specifically.
Growth responses of A. ralfsii and its cir-
cumneutral congener A. formosa to A3+ ac-
tivities exhibited reduced toxicity at low pH
(Riseng 1989) as did responses of Chlorella
pyrenoidosa to concentrations of AI(OH),
(Helliwell et al. 1983). Helliwell et al. (1983)
concluded that Al was most toxic at pH 6
but that toxicity was linked to AI{OH), rath-
er than either polymeric Al or Al*+,

In the present study, all monomeric
A}(OH), species were more concentrated in
absolute molar terms at pH 5 owing to the
solubility of Al at this pH (Table 3); thus in
contrast to Helliwell et al. it is doubtful that
concentrations of AI(OH) or AI(OH), alone
determined toxicity to 4. ralfsii. Alterna-
tively, the enhanced toxicity of dissolved Al
at pH 6 may result from contact with sus-
pended or colloidal AI{OH),, which is more
abundant at this pH. Although total insol-
uble Al, primarily AI{OH);, was far less con-
centrated at pH 5 than at 6 (Table 3), growth
rate reductions were at least as significant
at this pH. Therefore it is also unlikely that
insoluble AI(OH), was having any direct ef-
fect on algal growth at either pH.

This study not only describes the re-
sponses of an important acidophilic diatom

species to Al but also examines general as-
pects of pH-dependent Al toxicity to phy-
toplankton. Although Al has also been
shown to reduce growth rates as a result of
competitive interactions with EDTA-bound
metals (Rueter et al. 1987), no such indirect
interaction was detected in the present study.
How algae ultimately respond to Al, there-
fore, is likely to be coupled to a site-specific
combination of pH and the metal complex-
ation properties of DOC, At present, it is
technically feasible to examine these inter-

actions quantitatively only with well-char-

acterized synthetic compounds, so it is im-
portant to examine other metal-DOC
interactions before extrapolating to nature.
Although artificial culture experiments thus
are limited in their potential to predict these
effects, they serve to isolate and identify rel-
evant biological processes that merit more
careful analysis in natural systems.
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