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Summary

Freshwater pearl mussels Margaritifera margaritifera 1., were exposed to air for
7 days, then mmmersed in circumneutral water (pH7-85) or acidified water
(pH 5-25) for 5 days. Mantle fluid pH and composition were monitored through-
out. The mussels were observed to gape periodically when in air. Periodic gaping
permitted aerial gas exchange such that mantle fuid Peg, and dissolved oxygen
concentration stabilized at levels about twice and half, respectively, those of
immersed mussels. During emersion, a dilute carbonate buffer equilibrium was
established in the mantle fluid, involving reactions with CaCQ, reserves and,
simultaneously, aerial release of CO,. Aerial CO, release was sufficient to shift the
carbonate buffer equilibrivm i the alkaline direction, resulting in a significant
alkalosis of mantle fluids during air exposure. Mantle fluid characteristics returned
to initial (tme zero) values within 3 days of immersion in circumneutral water
{pH 7-85). When immersed in acid water (pH5-25), the mussels were able to
maintain a sizeable gradient between mantle fhuid pH and ambient water pll.
Regufation of mantle fluid pH in acid water did not involve any isolation reaction
(valve closure), but rather environmental protons were buffered at the expense of
CaCOy, reserves. Net calcium transfer, the difference between calcium uptake and
loss, was shifted in the negative direction by decreases in water pH.

Introduction

Bivalve molluscs utilize their CaCO; reserves to buffer disturbances in haemo-
lymph pH (reviewed by Burton, 1983). In this way, they are able to regulate their
acid-base status in the face of retention of CO, and/or acid metabolites when the
valves are closed, a behaviour commonly adopted to avoid adverse envirenmental
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factors (e.g. emersion, salinity changes, anoxia). Generally, when the valves are
closed, the circulating levels. of calcium and carbonates and Peq, increase
significantly (Alyakrinskaya, 1971, 1972, 1977, Burton. 1983}, aithough the
accompanying fall in internal pH can be relatively slight (Collip, 1921). Acid—base
regulation during exposure to low water pH probably involves a similar strategy
for utilizing CaCGO; reserves.

The freshwater pearl mussel Margaritifera margaritifera is relatively sensitive to
water quality, including water pH (Bauer, Schrimpif, Thomas & Herrmann, 1980,
Klupp, 1983). Asaresult, the distribution of this mussel has been reduced from its
histerical range by pollution (Krasowska, 1978; Young & Williams, 1983) and is
threatened further by atmospheric deposition of acidic compounds. The primary
response of aguatic biota to moderately low water pH (4-0-5-5) is a failure of ionic
regulation (Haines, 1981; Malley & Chang, 1985). Apart from the work of
Chatsemartin’s laboratory on ton transport in M. margaritifera (Chaisernartin,
1968; Chaisemartin, Martin & Bernard, 1968), little is known of the ability of this
mussel to regulate its 1onic and acid-base homeostasis, especially in the face of
acidic pH challenges.

The present study was undertaken to examine the ability of M. margaritifera to
regulate acid—hase homeostasis. Internal pH distarbances were induced by air
emersion and immersion in acidified water. Freshwater peari mussels seldom
experience emersion naturaily. Emersion was emploved to provide information on
the effects of valve closure, a behaviour which was expected to complicate our
acid-immersion studies. The acid—base status of mussels was assessed by following
changes in mantle fluid pH and composition. As well, we examined the effects of
environmental pH on net calcium transfer in the animal,

Materials and methods

Freshwater pearl mussels (Margarififera margaritifera) were collected in the
area of the White Sea Biological Station of the Soviet Academy of Sciences,
Chupa, Karelskaya ASSR (67°N, 33°E). The animais (12-13 cm in length, 46-50 ¢
in mass) were held and tested at the Institute of Biology of Inland Waters, Borok,
Jaroslavl Oblast, in flowing, acrated ground water (temperature 13--15°C,
pH7-85, {calcium} 1-25-1-50mmol 17"}, Each mussel was fitted with a 15-20cm
piece of polyethylene surgical tubing {(PE 50), which was chronically implanted in
the mantle cavity by way of the inhalant/exhalant aperture to enable sampling of
mantle fluid.

The experiment was conducted in two stages. Initially, mussels were exposed to
air in a humidified, thermostatted chamber (13°C). After 7 days, some of the air-
exposed mussels were fransferred to circumneutral water (pH7-85) and others
were transferred to acidified water (pH 3-25) {water temperature 13°C in both
cases). The pH of acidified water was maintained by titration with 0-1 moli~' HCI,
using a Soviet BAT-15 automatic titration block.
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At specific time intervals throughout the experiment, samples of mantle fiuid
(250 ply were withdrawn by way of the indweliing cannulae info gas-tight syringes.
During the emersion phase of the experiment, sampled fluid was replaced with an
equivatent volume of air-equilibrated water. The samples were analysed immedi-
ately for pH, total CO; content (Ceo,), dissoived oxygen concentration (Dg,) and
calcium concentration, Mantle fluid pH was measured at the mussel body
temperature using a glass electrode (Soviet ESL-43-07) adapted by us for work
with small sample volumes (50 pl} under hermetic conditions. Ceq, was measured
using a CO, electrode (Radiometer type E5030), as described by Cameron (1971).
The partial pressure of carbon dioxide (Pe,) and apparent bicarbonate concen-
tration of mantle fluid were calculated from the measured Cep, and pH values,
using rearrangements of the Henderson—Hasselbalch equation for carbonic acid
and tabulated values for the apparent pK of carbonic acid and selubility coefficient
of CO; in fresh water (Boutilier, Heming & Iwama, 1984). Dg, was measured at
the mussel body temperature using an O, electrode (Radiometer type E5046).
Calcium concentration was determined by atomic absorption spectrophotometry
(Soviet AAS-1).

To evaluate the effect of environmental acidification on the calcium balance of
the animals, mussels were acclimated to acidified waters (pH5-25 or 6-50,
fcalcium} 1-25-1-50mmol ™', temperature 13°C) for 45 days. The animals were
then transferred to 31 of distilled water containing CaCl, (0-410 pmol 1) at the
same pH. The calcium concentration of the exposure water was monitored for 8
days.

An additional study was designed to determine the effect of environmental
acidification on filtration activity of the animals. In this study, 30mgl™" of finely
ground clay was suspended in water and the mixture aliowed to stand for 24 h.
Three litres of the supernatant was then poured into each of three tanks. A control
group of mussels was added to one of the tanks. Water i the second tank was
ntrated to pH 525 and a test group of mussels added. The third tank served as a
control for abiotic sedimentation. Abiotic sedimentation was found to be
independent of water pH in our studies. The initial turbidity (S;) and the final
turbidity after Lh of experimentation (Sy) in all three tanks were measured after
specific time intervals using a Soviet SPEKOL-10 with TK attachment. The
fittration activity {FA) of control and test animals was then calculated from the
formula:

FA = (5 —S¢) — (8, — S}/ mussel mass, (1)

&

where §,; and S,; were the respective initial and final turbidities in the abiotic
sedimentation control. Changes in the filtration activity of test mussels were
expressed as a percentage of that of paired control animals.

The data are presented as means (%) or mean differences (d), with their standard
deviations (s.p. or sg, respectively). Mean differences were calculated between
mdividual values and their paired initial (time zero) values. The significance of

mean differences was assessed using paired f-tests (null hypothesis: d = 0).
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Resuits

Initial (time zero} characteristics of the mantle fluid of freshwater pear! mussels
are presented in Table 1. The effects of air exposure and subsequent immersion of
M. margaritifera in circumneutral or acidified waters are summarized in Fig. 1.
During the emersion test period, no significant differences were observed between
mussels destined for circumneutral immersion or acid immersion. Conseguently,
emersion data for the two groups were pooled (Fig. 1).

Air exposure resulted in a significant increase in mantie fluid pH within 24 h
{Fig. 1). Mantle fluid pH increased progressively until day 4, after which little
further change was observed. This alkalosis reflected a proportionally greater
increase in mantle fluid carbonates than CO; during emersion (Fig. 2). Emersion
was accomparnied by an almost fivefold increase in mantie fluid bicarbonate, and
the Prq, of mantle fluid approximately doubled. During the same exposure period,
mantle fluid [calcium] increased 6:5-fold. The relationship between changes in
mantle fluid bicarbonate (v, mmoll™ ') and changes in calcium (x, mmoll ') was
best described as:

y = 1-78 4+ 2-24x (2)

(r==0-882, N = 18), indicating that carbonates were mobilized with calcium in a
ratio of about 2: 1. Mantle fluid D¢, decreased during emersion from 8-16 + (-41 to
3-07 + 0-44mgl™!, eguivalent to a decrcase from approximately 79 % of air
saturation to 30 %. As with mantle fluid pH, the major alterations in [HCO; "},
Pco., Do, and [calcium] occurred during the first 4 days of air exposure; little
further change was observed between days 4 and 7.

When air-exposed mussels were transferred to circumneutral water (pH 7-85),
all the measured variables returned to their initial (time zero) values within 3 days
(Fig. 1), Readjustment of mantle fluid pH in circumneutral water was ac-
complished by a rapid wash-out of accumulated carbonates and CO; by inhalant
water (Fig. 2). At the time of immersion, there was little difference beiween
inhalant water pH (7-85) and manile fluid pH (8-01 £ 0:01). Consequently, mantle
fluid pH during the wash-out phase remained elevated, when compared with initial
pH values. The subsequent return of mantle fluid pH to initial values resulted from

Table 1. Characteristics of mantle fluid of Margaritifera margaritifera held in water
at pH 7-85 and at 13°C

pH 773 £ 0-05
Ceo, (mmol 171 5-39 +0-55
[HCO; } {mmaoli™h) 521 035
Pro, (mmHg) 2:8+0-3

D, (mgl™h 816041
{caiciom] {mmoli™) 1-66 +0-37

tmmHg = 133.3 Pa.
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an increase in fluid P, at a constant [FHHCO;7]. This increase in Peg, probably
reflected the recovery of aerobic processes that were suppressed during the
emersion period.
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Fig. 1. Changes in the mantle fiuid characteristics of Margaritifera margaritifera during
air exposure and subsequent imimersion in circumnpeutral water (pH7-85, @) or
acidified water (pH5-25, &) {N = 4). Circled entries are significantly different from
zero {P < 0-05). Mean differences =+ s3.
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Fig. 2. Relationship between pH, HCO;™ concentration and Prq, of the mantie fuid
of Margaritifera margaritifera, during air exposure and subseguent immersion in
circumneutral water (pH 7-85) or acidified water (pH5-25} (N = 4). The study day 15
indicated beside each entry. Animals were emersed on day 0 and immersed on day 7.
Mean values T 5.0,
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Fig. 3. Filtration activity of Margaritifera margaritifera in acid water (pH 5-25) relative
1o that of animals in circumneutral water (pH7-83). Mean values £ s.n. (N=4),

Immersion of air-exposed mussels in acidified water (pH5-25) resuited in a
significant acidosis of mantle fluids, relative to the initial (time zero) value (Fig. 1).
Because of the large difference between inhalant water pH (5-25) and mantle fluid
pH (7-96 £ 0-08) at the time of acid immersion, the wash-out phase in these
animals- was accompanied by reductions in mantle fluid pH, as well as in fluid
[HCO; ] and Peg, (Fig. 2). Mantle fluid [HCO- | of acid-immersed mussels was
reduced both by wash-out with inhatant water and through its buffering of inhalant
water pH. As a result, mantle fluid [HCO; 7] decreased in acid water to a new
steady-state value approximately 4-6 mmol 1™ lower than the initial value. Mantle
fluid pH reached a new steady-state value approximately 0-3 units Iower than the
initial value within 3 days of immersion. As with musseis transferred to
ctrcumneutral water, the readjustment in pH was accomplished by an increase in
Pco, at a constant [HCO; 7|, In the case of mussels transferred to acidified water,
however, the increase in Pcp, probably resulted from both a re-activation of
aerobic processes and the buffering of inhalant water pH by endogenous
carbonates.

Air-exposed M. margaritifera did not hermetically close their valves. Visual
observations revealed that the mussels gaped periodically when in air. Similarly,
the mussels did not isolate themselves from their external environment when
immersed n acidified water. The filtration activity of mussels in acid water
(pH 5-25) did not differ significantly from that of animals in circumneutral water
(pH7-85) (Fig. 3).

Mussels that had been acclimated to acid water (pHS5-25, [calcium]
1-25-1-50mmol1™"} for 45 days experienced a net calcium loss of 0-03 umol
h™'g"! when immersed in water containing 324 umol1™" Ca®* ar pH 5-25. This
negative calcium balance varied only slightly during the 8-day exposure (Fig. 4).
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Fig. 4. Temporai changes in environmental calcium concentration during exposure of
Margaritifera margaritifera to water containing 324 ymol 17V CaCly at pHS 25 (V= 4).
Best-fit regression: y = 0-150+0-033x (r = 0-990).

Table 2. Calcium transfer in Margaritifera margaritifera as a function of the
environmental calcium concentration at water pH 6-50 and at 13°C

Water caleium
concentration
(Lol i™h)

Increase in water
calcium concentration
{umolh g™ h

0
20
40

179
410

0-03 & 0-01
(0-02 £ 001
0-02+£0-01
0-01 + G-01
0-00 £ ¢-01

Similar studies conducted at pH 6-30 indicated that environmental calcium had to

exceed 179 umoll ™! Ca*t betore M. margaritifera were able to establish a neutral
calcium balance (Table 2). Interpolation of the data in Table 2 indicates that at
pH6:5 and 324 umoll™* calcium, the mussels experienced a net calcium loss of
about 0-004 umoth *g¢ !, almost an order of magnitude less than the loss at the
same environmental calcium concentration at pH $-25, Thus, the net transfer of
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calcium at a given ambient calcium concentration would appear to decrease as
water pH decreases.

BDiscussion

Emersion of Margaritifera margaritifera was accompanied by an elevation of
mantle fluid Peg, and a decline in Dy,,, indicating that external gas exchange was
reduced in air. Whether the observed decrease in mantle fluid D, was sufficient to
cause a shift to fermentation metabolism is unclear from the present study.
Bivalves typically are capable of fermentation metabolism (de Zwann & Wijsman,
1976}, During emersion, the eventual stabilization of D¢, at a level much lower
than normal might refiect adoption of fermentation metabolism and/or periodic
renewal of mantle cavity O, stores by inward diffusion of atmospheric O, when the
mussels gaped. Periodic gaping has been found to allow relatively high rates of
aerial O, consumption (20% of aquatic rate) in emersed Corbicula fluminea
(McMahen, 1979; McMahon & Wiltiams, 1981).

CO; retention during emersion, together with accumulation of acid metabolites,
might be expected to cause a mixed respiratory—metabolic acidosis. Decreases in
mantle fluid and/or haemolymph pH have been recorded during valve closure in
other bivalve species (Dugal, 1939; Crenshaw & Neff, 1969; Crenshaw, 1972;
Fyhn & Costlow, 1975). In contrast, our data indicate that air exposure of
M. margariiifera leads to a significant alkalosis of mantle fluids. As discussed
below, this alkalosis can be explained in terms of the establishment of a dilute
carbonate buffer equilibrium involving reactions of CaCO; and, simultaneously,
acrial release of CO, (Fig. 2).

Air exposure of the freshwater pearl mussel resulted in mobilization of
carbonates and calcium into the mantle fluid in a ratio of approximately 2: 1. This
is consistent with the bulfering action of CaCO; (Burton, 1983), eriginating from
the shell (Dugal, 1939) and/or from concentrations elsewhere in the body (Istin &
Girard, 1970). The observed increase in concentrations of mantle fluid carbonates
and caicium during air exposure is in general agreement with previous studies of
emersed bivalves (Dugal, 1939; Crenshaw & Neff, 1969; Alyakrinskaya, 1972).

Visual observations showed that M. margaritifera periodically opened their
valves when in air. Gaping during emersion allows for aerial release of CO-,
evolved when acid metabolites are buffered by CaCoy or produced as an end-
product of aerobic metabolism (Wijsman, 1975; de Zwaan & Wijsman, 1976;
Booth & Mangum, 1978). In the present study, aerial release of CO, was
insufficient to maintain mantie fluid P, at normal levels. Aerial CO, release was
sufficient, however, to shift the carbonate buffer equilibrium in the alkaline
direction (Fig. 2). This interpretation is supported by the results of Wijsman
(1975) and Booth & Mangum (1978). Their studies demonstrate the existence of a
relationship between the degree of valve closure and the pH of mantle fluids and
haemolymph in Mytilus edulis and Modiolus demissus. With a total hermetization,
the mantle fluids and haemoelymph acidified. With a partial hermetization, such as
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occurred in our study, there was a tendency towards alkalinization of the mantle
fluids and a decrease in the degree of hacmolymph acidification.

Immersion in acid water {pH 5-25) caused a significant acidosis of the mantle
fluids of M. margaritifera. The mussels were able to establish a sizeable gradient,
however, between the levels of acidity of mantle flaid and ambient water., At
apparent steady state, the HT concentration of mantle fluid was only 0-7 % of that
of ambient water, Maintenance of this pH gradient did not involve an isolation
reaction {continual valve closure) by the bivalves: filtration activity of the mussels
was unaffected by immersion in water at pH 5-25. Rather, protons entering the
mantle cavity with inspired water were neutralized, largely through reactions with
CaCOs.

M. margaritifera relied primarily on utilization of its CaCOy4 reserves to regulate
acid~base homeostasis during both emersion and acid immersion. An isolation
reaction {continual vakve closure) was not evoked by either stimulus. During
emersion, periodic gaping permitted aerial gas exchange to a limited degree, but
one might reasonably expect evaporative water loss to be greater than during
complete hermetization. During acid immersion, the lack of an isolation reaction
permitted relatively tight regulation of acid-base homeostasis while maintaining
normal filtration activity, but at the expense of the mussel’s calcium reserves. Net
calcium transfer, the difference between calcium uptake and loss, was shifted in
the negative direction by decreases i water pH. Thus, regulation of mantle fluid
pH in poorly mincralized, acid water resuited in a gradual depletion of the
animal’s calcium reserve, which is emitted together with exhalant water. For adult
mussels in the present study (live mass 40-50 g}, a net daily loss of 32 pmol Ca®*,
equivalent to 4mgCaCQO;, in poorly mineralized, acid water (calcium
in naturat conditions where significant quantities of calcium enter bivalves during
feeding {(Timmermans, 1969; Romanenko, Arsan & Solomaltina, 1982), ingested
calctum would partially compensate for the calcium losses associated with
acid—base reguiation. Nonetheless, environmental acidification can be expected to
play a negative ecological role in the distribution of M. margaritifera. The effect of
water pH on net calcium transfer probably has substantial impact on early life
stages when intensive valve growth takes place.

This study was conducted under the auspices of the USA-USSR Joint
Committee on Cooperation in the Field of Environmental Protection. The work
was fuaded by the US Environmental Protection Agency and the Academy of
Sciences of the USSR,
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