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Abstract. Two species of freshwater clams, Anedonfa ana-
ting and Unio pictorum, were exposed to aluminum
(300-~900 pg/l) and acid (pH 4-5 and 6.6-8.3) in hard (35
mg Ca/L) and soft (3.5 mg Ca/L) water. Long- and short-
term pH depressions of 2 and 3 weeks and intermittent, re-
petitive pulses of 3 days were used. The pattern of change in
the hemolymph electrolyte balance was different in U, pic-
torum and in A. anatina. In general, an increase in hemo-
lymph [Ca’~], and a decrease in [Na*], [C17}, [K*] and
fMg?*] as a result of acid exposure was seen in both species.
Hemolymph [Ca?*] of U. pictorum was reduced after 3 days
of exposure 10 acid water, whereas an exposure of one week
was needed to affect the other hemolymph jons. In circum-
neutral, hard water Al had no effect on the electrolyte bal-
ance. Intermittent pulses of low pH and Al produced a tran-
silory increase in hemolymph [Ca?*], whereas [Na*] and
{K*] were not affected,

High Al and H* concentrations cause different physiological
disturbances in freshwater organisms (in fish: Wood and
McDonald 1982: McDonald 1983; Witters 1986; in crusta-
ceans: Havas 1985; Wood and Rogano 1986, in moliuscs:
Malley er o/, 1988}, lon-regulatory disturbance and suffoca-
tion due to excessive mucus production are COMmMmon causes
of death in acid-stressed freshwater fish. Reduced skeleton
calcification and feeding activity are reported as latent ef-
fects of exposure to Al and low pH (Gunn and Noakes 1987).
In trout, Al and acid cause gill lesions (Karisson-Norrgren e?
al. 1986). Al often increases the H* toxicity (Baker and
Scholfield 1982; Witters 1986), but is also known to decrease
the toxic effects of low pH (Heming and Blumhagen 1988).

The mechanisms of Ca regulation in animals with calcified
shells, such as crustaceans and moliuscs, differ from those
of fish. Because Ca reserves in the form of CaCOy are easily
mobilized, a decrease in hemolymph pH is rapidly buffered
(Silverman er al. 1983}, In clams, acid exposure often leads
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to a rapid, sometimes transitory increase in hemolyvmph
[Ca?]. Freshwater clams also possess large amounts of cal-
cium concretions in their giils, even in the mantle and hepa-
topancreas (Pynndnen er al. 1987). These reserves, how-
ever, function exclusively as a Ca-source for developing
larvae (Silverman ez al. 1987) and acid exposure has little or
no effect on the granule composition.

The relatively impermeable carapace of crustaceans and
the shell of molluscs can protect these organisms during
short-term pH depressions. The clam shell is covered with
periostracum, which, when undamaged, can effectively pro-
tect the shell against the destructive effect of acid water,
Unionids can withstand anoxia for up to 6 days {Holwerda
and Veenhof 1984}, and by closing their valves they may re-
duce the passive loss of hemolymph solutes. Long-term acid
exposure (9 weeks at pH 4) dissolves shells of the freshwater
clam (Kat 1972) and leads to a microbial contamination of
the mantle. Marine clams are more vulnerable, measurable
shell dissolution in Venerupis decussata occurring at pH =
7.55 (Bamber 1987).

The hemolymph of freshwater clams has one of the lowest
osmotic concentrations known (Potts 1954; Malley ef al.
1988), consisting of 99.71% water. A cornsiderable amount of
energy is needed to preserve the electrolyte balance and to
concentrate Ca for shell growth. Therefore, it is suggested
that ion-regulatory stress in the form of low ambient pH
could soon lead to electrolyte imbalance and exhaustion.
Earlier investigations, however, have proved that unionid
clams can withstand severe acidification for four weeks in
water containing 18 mg Ca/L. Both in hard and in soft water,
clams show a decrease in hemolymph Na* and Cl-, and an
increase in hemolymph Ca®* following an exposure (o acid
of 2 to 4 weeks, In the field, an increase in hemolymph
{Ca?*] and a decrease in hemolymph [Na*! and [Cl-] were
observed as a result of exposure to acid and Al {Malley et al.
1988).

The present work extends our knowledge of the effects of
acidification and elevated Al concentrations of aguatic or-
ganisms. Two unionid species (Anodonta anatina, Unio pic-
torum), originating from hard water (50 mg Ca/L) were com-
pared. The effects of water hardness, low pH and high Al
(300 and 900 pg/L) were investigated separately and in com-
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bination. The Al concentrations match the concentrations
measured in poorly buffered watersheds of North America
and Scandinavia during the period of snowmelt (Hall and
Likens 1984; Sharpe e al. 1984).

Material and Methods
Animals

Anodonia anatina L. and Unio pictorum L. were collected from
ditches in the Maarsseveen Lake district near Utrecht in the autumn
of 1987 and 1988, The animals were kept in 150-L aguaria supplied
with a sandy substrate, plants, fish and snails. The chemical com-
pasition of the Co-free tapwater used in the aquariz is given in Table
1. The clams were kept at a temperature of [3°C = 1° and under a
natural light schedule, and were fed weekly on Chiorelia.

Exposures

Constant Flow Exposures: Specimens of Unlo pictorum were ex-
posed for three weeks in hard (35 mg Ca/lL). acid {pH 4-35) water to
a nominal Al concentration of 300 pg/l.. Twenty A. anarina or U.
pictorum individuals were exposed in glass aquaria with a volume of
100 L. Water was pumped through the aguaria at a speed of 5.5
L/hr. The water pH was regulated with sulphuric acid (0.8-1.2%)
and a dosage pump connected to the water pump. Aluminum was
added as AICH:3H,0 (Merck n. 1081} together with the sulphuric
acid. The water pH was checked daily with a KCl electrode pH-
meter and the Al concentrations were checked by atomic absorption
spectrophotometry {AAS, Varian SPECTRAA-10, nitrous oxide—
acetylene flame). The total Al concentrations measured by atomic
absorption spectrophotometry were 1668 pg/ll = 67.9 (SD) (I®
week of exposure). 378.0 pg/l. = 64.1 (2* week) and 414.3 pg/l. =
11.8 (3rd week}, Following exposure, the elimination of Al from U,
pictorum was followed in the circumneutral pH of 7-8 for 12 weeks.

Semi-siatic Exposures: Eight different combinations of water hard-
ness, pH and Al concentration were used:

Al concentration Ca
g/l = SD) pH (mg/L)
1. e 4.5 35
2. — 6.6-7.0 3.5
3 — 4.5 3.5
4, s 8.0-8.3 35
5, 336+ T3 4-5 35
6. 320 » 87 6.6-7.0 5
7. 2587 = 48 4.5 33
g. 319 + 104 8.0-83 35

Four A, anatinag and 4 U. pictorum individuals were exposed si-
multaneously in the aguarium containing 50 L water. All exposures
lasted for 2 weeks. Every third day, 90% of the water volume was
changed. Before and after the water was changed, the Al concentra-
tions of the water from the exposure tanks 5, 6, 7 and 8 were mea-
sured by AAS. Two different water hardnesses were used in the
exposures: Cu-free tapwater containing 35 mg Ca/L and Cufree
tapwater diluted with demineralized water in a proportion of 1110 to
reach a Ca concentration of 3.5 mg Ca/L.. Prior to the additien of
acid and/or Al, animals were acclimated for one week o an appro-
priate water hardness.
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‘table 1. Chemical composition of the experimental water, Ci~ was
measured with a chloride titrator. pH was measured with a KCl
electrode, and the other elements with a flame-AAS for hard water
and with a ICP-AES for soft water

Hard Soft
Element water water
Ca mg/L. {mmol/L} 35 (0.B8) 46012}
Na mg/l. (mmol/L) 11 {0.47) 0.2 (G.01)
Ci mg/L {mrmol/L) 15 (0.45) NM#
K me/L (mmol/L)} 0.7 {0.02} ND
Mg mg/l. (mmol/L) 1.5{0.15) 1.0 (0.04)
Fe mg/L émmol/L) 0.1 (0.02) 0.3 (0.06)
Al mg/L. {mmol/L) Niw ND
pH £.0-8.3 6.6~7.0

= ND = not detected; NM = not measured

Fluctuating Exposure: In order to simulate the spring snowmelt
with acid run-offs, 2 group of 24 U/, pictorum were exposed to 2
fluctuating pH (from 8 to 4} and (o Al concentrations {(from <70 io
900 wg/L) (Figure 1). Cu-free tapwater was pumped, at 2 continuous
rate of 7.2 L/hr, into the control (10 clams) and experimental aguaria
{24 animals), both having 2 volume of 100 I.. During a period of 3
days an acidified Al solution was pumped three times inte the ex-
perimental aguarium to achieve gradually a pH between 4 and 5 and
a nominal Al concentration of 900 wg/L (Figure 1). After each expo-
sure period the pump dosing the acid Al solution was turned off and
the pH was allowed to normalize graduaily. Before the next expo-
sure period, clams were allowed to recover for 5 days in Al-free
(=70 wg/L), circumneutral (pH 7-8) water. It requires about 12 h to
reach the circumneutral pH and the background levei of Al

Clams were exposed without a sediment substratum and feeding.
No deaths occwred during the exposures. Exposures lasted from
September until October. In this period, Unio individuals were car-
rying ripening eggs and sperm, and Anodonte were carrying imma-
ture glochidia, respectively,

Sampling

At 1,2 and 3 weeks following the onset of the exposure, 6 animals
from the flowing system were sampled for hemolymph ion analysis.
Untreated animals were sampled as controis after a 3-week
aquarium acclimation. Animals from each semi-static expenimentz}
arrangement (4 A. anating, 4 U. pictorum in each) were all sampled
after 2 weeks of exposure. From the fluctuating exposure, samples
were taken after each pH depression of 3 days, after each recovery
period of 5 days, and from controls before and after the exposure
period of 24 days. A hemolymph sample of 0.8-1.0 m]. was taken
from the sinus of the anterior adductor muscie (AAM) using a | ml.
syringe fitted with a 22 gauge needle. The hemolymph sample was
frozen (~ 20°C) for later analysis.

Chemical Analysis

An atomic absorption spectrophotometer (Varan SPECTRAA-10)
was used to determine the hemolymph {Ca?*] and [Mg?~] from
samples diluted with concentrated HNGQ, in a proportion of 1:100.
Na* and K* concentrations from the hemolymph were determined
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Fig. 1. Water pH and Al cencentrations during the intermittent Al-
rich pulses. The detection kmit of the flame-AAS for Al was 70

wg/L. The chemical composition of the exposure water is given in
Table 1

with an EEL flame photometer. C1- concentrations were measured
with a Radiometer CMT 10 chioride titrator.

Statistical Analysis

Data from the semi-static exposures were statistically evaluated in
order to find the significance of differences in the hemolymph ionic
concentrations. One-way analvsis of variance (ANOVA) was used.
A probability Himit of P = 0.05 was considered as significant. A
2-way Student’s t-test was used to compare the differences in the
fonic composition of the hemolymph during the flowing and fluc-
fuating exposures.

Results

Constant Flow Exposures—Low pH with or
without Al

Hemolymph electrolyte concentrations in unexposed an-
imals di¢ not differ significantly in the unionid species
(Figure 2). During an exposure of 3 weeks to pH 45 in hard
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Fig. 2. Hemolymph electrolytes of unexposed U, pictorum and A,
anatina. The K* and Mg?* concentrations are drawn in 10-fold.
Mean of 6 clams, = SEM is given

water, however, Anodonta and Unio species reacted differ-
ently as far as their hemolymph Ca concentration is con-
cerned. In U, pictorum, the increase in hemolymph [Ca?*]
was transitory (Figure 3A}, reaching the highest value, twice
as high as the control value (Figure 2} after one week of
exposure. After 3 weeks of exposure, the hemolymph Ca
concentration had reached the level measured in the unex-
posed animals. In A. anating, the hemolymph [Ca®*] was
elevated after 2 weeks of exposure (Figure 3A) and did not
change during the last week of exposure.

Hemolymph Na* and Ci™ concentrations were both de-
creased, {Cl] being more affected than [Na*] (Figures 3B
and C). The decrease in the Na* concentration in the hemo-
tvmph of U. pictorum was transitory foliowing the same pat-
tern as [Ca®*] increase. [Na*] and {K*] in the hemolvmph
of A. anarina {Figures 3B and D) were not significantly af-
fected by the 3-week acid exposure.

After a recovery period of 4 weeks, specimens of U, pic-
torum exposed for 3 weeks to 300 ug AVL at pH 4-5
showed a normalized electrolyte balance. Ca**, Na*, Cl-,
K+ and Mg?* concentrations in the hemolymph were at the
same level measured in the untreated animals (Figure 2}.

Semi-static Exposures—Combinations of Water
Hardness, pH, and Al

In 6 of the 8 experimental conditions, [Ca®*] was decreased
to below the control level (Figure 4). Exceptionally, in both
hard and soft water, the {Ca?*] increased in A. anatina as a
result of the simultaneous low pH and Al exposure (Figure
4), The change was most clear-cut in soft water; the hemo-
tymph {Ca?+] of the clams kept in soft water was about three
times higher than in the control clams. In general, the Ca
balance in A. anagting was more sensitive to these ambient
factors than the Ca balance in U. picrorum (Table 2).
Hemolymph Na* and Cl- concentrations of the two un-
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ionid species were decreased in the soft water (Table 2). A
decreased hemolymph Na* concentration was found in acid
soft water (U, pictorum), as well as ip acid hard water (A.
anating) (Figure 4). Acidification in hard and soft water de-
creased hemolymph [Cl~] both in A. anating and in U. pic-
torum (Figure 4. In soft water, the Al concentration of 300
pe/L. caused a decrease in the hemolymph [Ci~] of U. pic-
torum. The three external factors did not modify K+ con-
centration in the hemolymph of A. anatina. In U. pictorum,
in contrast, both low pH and salt depletion from the medium
increased hemolymph {[K *]. The hemolymph Mg?* concen-
tration was generally lower in both of the species studied in
soft water (Figure 4). Low water pH decreased the Mg**
concentratiots in the hemolymph of A. anaring, as did Al
added to the soft water (Tabie 2).

Ca’” mEQ/L

Na’ mEq/L

Fluctuating Exposure—Intermittent Low pH and
High Al

The hemolymph [Ca?*] of U. pictorum, measured directly
after an acid, Al rich (900 pg/L) pulse of 3 days, was clearly
increased after each of the three pulses (Figure 5). Following
each peak, the hemolymph [Ca?*] level was 2.5 1o 3 times
higher in the exposed animais than in the unexposed con-
trois. Intermittent pulses were obviously too short to affect
the hemolymph [Na*] and [K*]. The increase in the hemo-
lymph [Ca?*} was transitory, the Ca level returning to the
control level during each recovery period of 5 days (Fig-
ure 5).

1 mEqfL

Condition of the Animals

Mortality did not occur in any of the three experiments
during the experimental period. One U. pictorum of the
group exposed for 3 weeks to pH 4~5 had a completely per-
forated shell umbonal region. The disturbance in the elec-
trolyte balance of this specimen was, however, no more se-
vere in the animals with undamaged shells. After 2 to 3
weeks of exposure at pH 4-5, ioosening of the periostracum
was seen in A. anatina specimens. CO, apparently liberated
from the shell of CaCQO, by the acid medium, accumuiated
under the periostracum causing local loosening of the per-
tostracum. Mucus production was accelerated in the clams
exposed to low pH or to low pH/AL After 24 h exposure the
onset of the mucus accumulation on the shell and mantle
edges had already increased markedly.

+

K mEg/u

Mgz‘ mEq/L.

Fig. 3. Hemolymph Ca?* (A}, Na* (B), C1~ (C), K* (1), and Mg2~
(E) concentrations during a 3-week flowing, low pH (pH 4--5) and
fow pH + Al (300 ug/L) exposures. Open squares = L. pictorum

exp. (weeks) exposed to acid only, closed circles = U. pictorum exposed to acid
and Al, and open circles = A. anaring exposed to acid. Mean of 6
o Up-acid ® Up-acig+Al O Aa-acid clams, =SEM is given. Asterisks (uncircled) indicate significant

differences (P < 0.05) when compared to the controis and the cir-
cled asterisks significant differences between acid- and acid/Al-ex-
posed specimens of U. pictorum
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Discussion

It has been demonstrated that specimens of A. anatinag and
U, pictorum transferred into a medivm 20 times more di-
luted than their natural medium (50 mg Ca/l.) showed a clear
decline in hemolymph ions (Na*, Cl~, K*, Mg?*) after 2
weeks of exposure (Figure 4). In Ligumia subrostrata, al-
most identical results were presented earlier as a result of 30
days of exposure to deionized water (Murphy and Dietz
1976). In Ligumia, salt depletion caused an elevation of he-
molymph {Ca?*1, which was not found in this unionids. The
elevation in hemolymph Ca in the extremely diluted medium
is obviously a result of metabolic or respiratory acidosis
stemming from sheli closure.

A general decline of hemolymph ion concentrations due to
low external pH has been described earlier for fish, as well
as for crustaceans. The data reported for freshwater clams in
this study agree with the earlier observations made on fishes
and crustaceans. The gills of the freshwater clams, which
contains both HCO,~-Cl--ATPase and Na*-K*-ATPase
activity, are a major site of Na*/Cl~-uptake (Dietz and
Findley 1980). The decline in hemolymph Na* in fish can be
explained by the means of reduced gill Na*-K*-ATPase ac-
tivity as reported eartier by Nieminen et al. (1982}, or by the
increased loss of Na* ions across the gill epithelium (Wood
and McDonald 1982). The decline of hemolymph [Cl~], by
contrast, could be a result of a lower branchial HCO,~/Cl-
exchange in order to ameliorate the net base loss (Heming
and Blomhagen 1988). These two mechanisms found in fish
could also explain the electrolyte imbalance in the acid-
stressed clams.

The data concerning the effect of Al on the survival and
ion-regulation of the aguatic animals are contradictory. Both
antagonistic and synergistic toxic action of acid and Al have
heen reported. Al exacerbates the ion-toxic effects of H* in
fish (Muniz and Leivestad 1980; Baker and Scholfieid 1982).
On the other hand, Al mitigates toxic effects of acid (France
and Stokes 1987). In this study, Al added to the acid water
strengthened the electrolyte disturbance measured in the he-
molymph of U. picrorum during a continuous exposure of
3 weeks. Not only low pH, but also Al, reduces Na*-K~*-
ATPase activity (Staurnes er al. 1984). Different combina-
tions of water pH and hardness and the Al in circumneutral
hard water had only a minor effect on the hemolymph elec-
trolytes. It is suggested that in the pH range uséd, the toxic
effect of H* dominated the possible toxic effect of Al

Under acid stress, animals with a large reserve of easily
mobitizable CaCO,, such as crustaceans and molluscs, react

Fig. 4. Differences in the hemolympk electrolyte concentrations of
unexposed and exposed U. pictorum and A, araring. Hemolymph
Ca?*, Na*, Ci-, K*,and Mg?* concentrations after a 2-week ex-
posure to acid (4), acid and Al (300 pg/l.) (4 + Al), circumneutral
(7 and circumneutral with Al (7 + Al in soft or hard water {3.5 vs.
35 mg Ca/L) are given. The hemolymph electrolyie concentrations
in unexposed clams are given (O-level) in Figure 1. The siatistical
significances of the changes in the electrolyte concentration in rela-
tion to the three ambient factors (hardness, pH and Al) are given in
Table . In each experiment, the mean of 4 clams is used for the
calculations
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species reflect differences in the ion-regulatory physiology
{Wood and Roganc 1986). An Orconectes-species, that was
less acid tolerant, showed elevated hemolymph [Ca®*] and
declined {Na*} following the low pH exposure, whereas in
the more tolerant species, no change in hemolymph [Ca**]
or [Na*] was found. Anodonta and Unio species are re-
ported to inhabit different types of waters (Agrell 1949}, U.
pictorum survives in waters of low alkalinity, which are
highly vulnerable to atmospheric sulphur emissions. The
ability of U. pictorum to normalize the hemolymph Ca?*
level soon after the onset of the acid exposure could save
internal Ca?* reserves needed for reproduction and shell
growth, This points to a better resistance to hemolymph aci-
dosis in U, pictorum than in A, anarina, which under acid
stress continuously buffers the hemolymph with Ca®* liber-
ated from the internal Ca reserves.

Severe pH depressions in the natural waters are often of
short duration. This could be advantageous for freshwater
bivalves which can avoid short periods of acidification by
closing the valves. Short, repetitive pulses could stress the
animals more than a slight continuous pH depression. An-
imals in constantly fluctuating pH conditions are constantly
forced to re-adapt to the new ambient situation. In the fluc-
tuating exposure, mortality was not seen during the expo-
sure period of 24 days. Acid, Al rich pulses (900 g AL} of
3 days caused only transitory hemolymph [Ca?*} elevation,
Contradictory results have been reported for brook trout
(Siddens ef al. 1986} and for white suckers (Hobe and
McMahon 1988). Repetitive intermittent pulses of acid water
with A! were more detrimental than continuous low pH ex-
posure.

Due to their large Ca reserves and their ability to avoid an
unpleasant medium temporarily by means of shell closure,
adult freshwater bivalves are relatively resistant to short-
term pH depressions both in the laboratory conditions and
in the field (Malley er al. 1988). No mortality occurred even
in severe acidity in the continuous exposures of 3 weeks or
as a result of several intermitten? repetitive puises. Al in-
creases the pH toxicity, but in the concentrations of Al mea-
sured in the acidified waters the effect is only of minor im-
portance. Different sensitivity of juveniles and young an-
imals could explain the disappearance of unionid clams from
acidified waters, The effect of the size of the adult ciam and
the sensitivity of the larvae (glochidia) to aluminum and acid
need further investigation.

Acknowledgments. This work was supported financially by the Emil
Aaltonen Foundation (Finland) and by The Finnish Academy of Sci-
ences. 1 am indebted to Prof. Dr D. ). Zandee (University of
Utrecht) for providing the working facitities. Thanks are dueto Dr }.,
Faber for his help with the statistical analysis, 1o Dr J, Huebner for
support and assistance during the study, and 1o Dr R. Kristof-
fersson, Dr 1. H. Kiuytmans, and §. M. McNab, for their critical
reading of the manuscript.

References

Agreli 1 (1949) The shell morphology of some Swedish unionids as
affected by ecological conditions. Ark Zoo} 41:1-30

Baker JP, Scholfield CL (1982) Aluminum toxicity to fisk in acidic
waters, Water Air Soil Pollut 18:286-309

K.. Pynnonen

Bamber RN (1987) The effects of acidic sea water on young carpet-
shell ciams Venerupis decussata (L.) (Moliusca: Venaracea). J
Exp Mar Biol Ecol 108:24]1-260

France RL., Stokes PM (1987) Influence of manganese, calcium, and
aluminum on hydrogen ion toxicity to the amphipod Hyalella
azteca. Can J Zool 65:3071-3078

Gunn JM, Noakes DLG (1987) Latent effects of pulse exposure to
aluminum and low pH on size, fonic composition, and feeding
efficiency of lake trout (Salvelinus namaycush} alevins, Can J
Fish Aquat Sci 44:1418- 1424

Dietz TH, Findley AM (1980} on-stimulated ATPase activity and
NaCl uptake in the gills of freshwater mussels. Can I Zool 58;
917-923

Hall RJ, Likens GE (1984) Effect of discharge rate on biotic and
abiotic chemical flux in an acidified stream. Can § Fish Aquat
Sci 41:1132-1138

Havas M (1985) Aluminum bicaccumulation and toxicity to Daph-
nia magna in soft water at low pH. Can J Fish Aguat Sci 42:
17411748

Heming TA, Blumbagen KA (1988} Plasma acid-base and electro-
iyie states of rainbow trout exposed to alum {(aluminum sul-
phate) in acidic and alkaline environments. Aquat Toxico!
12:125-140

Hobe H, McMahon BR (1988) Mechanism of acid-base jonoregula-
tion in white suckers (Cerastomus commersoni} in natural soft
water II. Exposure to a fiuctuating ambient pH regime. J Comp
Physiol 158:67-79

Holwerda DA, Veenhof PR (1984) Aspects of anaerobic metabolism
in Anodonta cyghea L. Comp Biochem Physiol 78B:707~71]

Karlsson-Norrgren L, Bjorkiund 1, Ljungberg O, Runn P (1986)
Acid water and aluminum exposure ; experimentally induced gill
iesions in brown trout (Salmo trutta). } Fish Disease 9:11-25

Kat PW (1972) Shell dissolution as a significant cause of montality
for Corbicula fluminea (Bivalvia:Corbiculidae) inhabiting acidic
waters. Malacol Rev 15:129-134

Malley DF, Chang PSS (1985) Effects of aluminum and acid on cal-
cium uptake by the crayfish Orconectes virilis. Arch Environ
Contam Toxicol 14:735-747

malley DF, Huebner JD, Donkersloot K (1988) Effects of ionic
composition of biood and tissues of Anodonta grandis grandis
(Bivalvia) of an addition of aluminum and acid 1o a lake. Arch
Enviren Contam Toxicol 17:479-491

McDonaid DG (1983) The effects of H* upon the gills of freshwater
fish. Can J Zool 61:691-703

Muniz IP, Leivestad H (1980) Toxic effects of aluminum on the
brown trout, Safmo trutta. L. In: Drablos D, Tolian A [eds]
Ecological impact of acid precipitation. SNSF project, Oslo,
Norway, pp 320-321

Murphy WA, Dietz TH (i976) The effects of salt depietion on blood
and tissue jon concentration in the freshwater mussel, Ligurmia
subrostrata (Say). J Comp Physiol 108:233-242

Nieminen M, Korhonen 1, Laitinen M (1982} Effects of pH on the
gili ATPase activity and blood compesition of white fish Core-
gonus peled and trowt Salme truna fario. Comp Biochem
Physiol 72(A):637-642 :

Potts WTW {1954} The inorganic composition of the blood of My-
tilus edulis and Anodonta cygnea. ) Exp Biol 31:376-385

Pynndnen K, Holwerda DA, Zandee DI (1987) Occurrence of cal-
cium concretions in various tissues of freshwater mussels, and
their capacity for cadmium sequestration. Aguat Toxicol 1G:
101-114

Sharpe WE, DeWalte DR, Leibfried RT, Dinicola RS, Kimmel WG,
Sherwin LS (1984) Causes of acidification of four streams of
Laure! Hiil in southwestern Pennsyivaniz. J Environ Qual 13:
619-631

Siddens LK, Seim WK, Curtis LR, Chapman GA (1986) Compar-
ison of continuous and episodic exposure io acidic aluminum




Effacts of Aluminum and H+ on Freshwater Clams

223

Table 2. Probability values derived from ANOVA for the ionic composition of the hemolymph. P values are given for the water pH (4-5 vs.
6.6-8.3), hardness (35 mg vs. 3.5 mg Ca/L), Al concentration (=70 vs. 300 =g AYL), and the interaction of these factors, Values for P < 0.05

are printed in bold type

Unio pictorum

Hemolymph
Ca?+ Na+ Cl- K+ Mg+
pH 0.003 0.923 0.002 0.005 0.368
Hardness 0.308 0.000 6.000 0.000 6.001
Al 0.408 (.246 0.590 0.754 0.489
pH x hardness 0.216 0.611 0,545 64.004 0.057
pH x Al 0.126 0.655 0.101 0.330 0.107
Hardness x Al 0.650 0.138 0.005 0.330 0.107
Anodonta anating
Hemolymph
Ca?+ Na+ Ci~ K+ Mg+
pH 0.601 0.000 0.000 0.197 0.000
Hardness 0.571 4.1900 0.032 1.000 0.000
Al 0.001 0.537 0.436 4.703 (.396
pH x hardness 6.047 0.912 0.736 04.703 0.052
pH x Al 0.126 0.655 0.101 0.372 0.315
Hardness x Al 0.000 0.181 0.879 0.259 0.004
20 _ * crustaceans {Wood and Rogano 1986) acid exposure is fol-
< . lowed by a rapid elevation of hemolymph {Ca?+]. The origin
;ﬁ ; s of the hemotymph Ca?* is most probably external, because
E 4 an increased uptake from the medium is not obvious (Malley
15— and Chang 1985). The effect of low pH on the Ca fluxes in
- the freshwater clams is under investigation.
] The Ca balance in the two species of freshwater clams
10 studied responded differently to a low external pH. In A.
i anarina, an exposure period of 2 weeks was necessary to
4 evoke an increase in the hemolymph [Ca?*). The elevated
5] Ca level was stable, pointing to a continuous refease of Ca?*
E from the internal Ca reserves. In U. piciorum, the Ca eleva-
i tion was transitory, showing up 3 to 4 days after the onset of
o . the exposure. When the exposure was continued, the orig-

6-K'(x10) exp. {days)

o~ Ca®
o-Na'
o A +acid

Fig. 5. Hemolymph Ca?~, Na~ and K+ of U. pictorum during an
intermittent Al-rich (900 pg/L)} exposure. The acid, Alrich peaks
are indicated by the black bars on the x-axis. The K* corcentration
is drawn in 16-foid. Mean of 6 clams, = SEM is given. The asterisks
indicate the significant differences (P < §.03) in the electrolyte con-
centration of the conirol (I} and exposed clams. Controls | and 1I
(unexposed animals dissected before and after the 24-day expeni-
mental period) did not differ significantly

differently in relation to their Ca balance than animals with
more restricted or less easily mobilizable Ca reserves. In
fish, hemolymph [Ca?*] tends to decrease as a resuit of a
low pH exposure, whereas in clams (Malley et al. 1988} and

inal hemolymph [Ca?*] level became reestablished after 7 to
8 days of exposure. The hemolymph Ca®* peak recorded
during the first week of exposure was obviously due to shell
closure in the acid medium. After three weeks of exposure,
the hemolymph Ca®* jevel was slightly below that of the
controls. The acid stressed clams showed a tendency to
compensate the decrease in the hemolymph [Na*] by an in-
crease in [Ca?*].

Simultaneous exposure to acid and 300 pg AUL exacer-
bated electrolyte disturbances in U. pictorum. Exposing the
clams simuitaneously to low pH and Al intensified the
[Ca**] increase (Figure 3). Also, the pattern of change in
bemolymph [Na*+] and [C1~} was different when animals

were exposed to Jow pH and Al than to low pH only. In both

cases, hemolymph [Cl~] was affected more severely. After 3
weeks of exposure, the Na* and Cl- concentration in the
hemolymph were twice as high in specimens of U, pictorum
exposed only to low pH than in the animals exposed to low
pH and Al. Hemolymph Mg?* and K+ concentrations had
decreased by 50% at the end of the 3-week exposure in both
experimental conditions.

The difference in the pH sensitivity of vanious crayfish
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