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A series of aquaria containing various combinations of water, sediments, and molluscs was used to investigate the cffects
of molluscs on alkalinity of the water. Live moluscs acidified the water, and dead decomposing molluscs were associated with
an increase in atkalinity in the aquaria. Aquaria containing dead molluscs had more stable alkalinity concentrations than other
aquaria when all received additions of natural acid rain (pH 4.1). Nonmolluscan invertebrates liberated acid-neutralizing
materials from the sediments but the source was quickly depleted. A hypothesis of temporal disjunction between periods of
molluscan acid and base production is given which indicates a potential role for molluses in the sources and cycling of
carbonates in acidifying environments,
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Une série d’aguariums contenant des combinaisons variées d’cau, de sédiments et de mollusques a servi & mesurer les effets
des mollusques sur I'alcalinité de I'eau. Les mollusques vivants acidifient 1'eau, alors que les mollusques morts en décom-
position entrainent une augmentation de "alcalinité dans les aquariums. Les aquariums qui contenaient des mollusques morts
avaient des concentrations alcalines plus stables que les autres aquariums aprés 'addition d’ean de pluie acide naturelle (pH
4,1). Les invertébrés autres que les mollusques favorisaient ia iibération des substances neutralisantes contenues dans les
sédiments, malis la source de ces substances s'est trouvée vite tarie. Il est possible qu’il y ait une rupture temporelle entre les
périodes de production des substances acides et basiques chez les mollusques; cetie hypothése permet de croire au rile que
pourraient jouer les mollusques comme sources et agents recycleurs des carbonates dans les milieux en voie d’acidification.
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Introduction

Recent studies have shown that benthic macroinvertebrates
can greatly influence the chemical conditions of their immedi-
ate environment, usually through their metabolic activities or
mteraction with the sediments {Gallep 1979; Hultberg and
Anderson 1982; Lawrence et al. 1982). Green (1980) showed
that certain molluscs may contain as much as 50% of the total
lake calcium within their shells and tissues and because of this
" the activities and population dynamics of these molluscs may
play a large role in the concentration and cycling of calcium in
the lake.

Another component of molluscan shells is carbonate, and
past studies have shown that in low-alkalnity environments
molluscs synthesize the necessary carbonates from metabolic
carbon dioxide and water (Wilbur 1972; Campbell and Boyan
1976; Simkiss 1976). If this is true, then it is possible that
molluscs may provide a source for carbonate in their environ-
ment as well as participate in carbonate cycling processes.

If molluscan carbonates are formed from carbon dioxide
there must be a concomitant release of acid because the nega-
tive carbonate ion cannot be formed from neutral carbon diox-
ide without the liberation of protons;

H.'_)O + COQ - Q,Hf -+ CO3W

Molluscs should, therefore, produce acid during the process of
shell formation, above and beyond that expected for any het-
erotrophic organism. Once the molluscs die the synthesized
carbonates should be released and add to the carbonate pool of
the environment. In this way the molluscs may play a role in
the sources, cycling, and storage of carbonates.

At this point a few terms of major inferest to this study
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should be defined. Alkalinity is a measure of the balance be-
tween hydroxide, carbonate, and bicarbonate tons on one hand
and protons on the other hand {Harvey eral. 1981). Used in this
study, alkalinity is the excess of the above-mentioned anions
over the protons, as measured by the total inflection-point
method, using a Gran titration (Sturmm and Morgan 1970).
Acid-neutralizing capacity encompasses alkalinity and also in-
cludes other chemical species (certain metals) and processes
(adsorption, absoprtion, etc.) that tend to consume protons and
in general raise the pH (Harvey er al. 1981}, As such, any
change in the alkalinity will result in a change in the acid-
neutralizing capacity but the reverse is not necessarily true.

The term “acidification” has many possible interpretations,
the most common of which is an increase of hydrogen ion
activity (decline in pH). Pure water has a pH of approximately
5.6 owing to equilibration with carbonic acid (Wetzel 1973),
and water with a pH below this is considered to be acidified
{Harvey ef al. 1981). Because alkalinity represents a balance
between the 1ons noted above, acidification can also be defined
as a decrease in alkalinity, and this is the interpretation that is
used throughout this study. Alkalinity was chosen because it
measures the carbonate-system component of acid-neutralizing
capacity and any carbonates synthesized by, or cycled through,
the molluscs would become a part of the alkalinity.

The main purpose of this study was to investigate any effects
that molluscs may have on the alkalinity concentration of their
immediate environment. This was accomplished with a series
of laboratory experiments that utilized water, sediment, and
benthic macroinveriebrates from a low-alkalinity lake in south
central Ontario.

Materials and methods

The water, sediment, and benthic organisms used in the following
series of experiments were all taken from Dickie Lake, near Dorset,
Ontario. This lake has very low alkalinity concentrations (mean of
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10 samples from April o October 1980 = 8.2 mequiv.-L™', data
provided by the Ontarioc Ministry of the Environment, Dorset,
Ontario) and is thought to have had these low levels for many years
(P. J. Dillon, personal communication). Four experiments were run at
room temperature, with a 9 h light : 15 h dark cycle and with periodic
acration,

Experiment 1

The primary aim of the first experiment was to determine if live
moluses reduce the alkalinity of (and hence acidify) their immediate
environment. Individual Campeloma decisiwm from Dicke Lake were
placed in 250-mL beakers of lake water. Alkalinity of the water from
four replicates of treatment and control (no snails} was measured
periodically over an 81-h period. Alkalinity was determined by Gran
titration (Stumm apd Morgan 1970). The beakers were loosely
covered and evaporative losses were negligible.

Experiment 2

The second laboratory experiment was designed to investigate the
rofe of molluscs in influencing the alkalinity of their immediate envi-
ronment over a relatively long time period using conditions that sim-
ulated the natural environment more closely than those in the first
experiment,

Twelve 6-L aguaria were set up with three replicates of each of the
following treatments (in this, and the following experiments, 2 L of
lake water and 0.5 L of sieved lake sediment were used as indicated:;
dead molluscs had been heat killed and included both body tssues and
shells when added to the microcosms; all components added to the
system were distributed randomly among the indicated treatments);
(i) water only, (if) water and sediment, (i) water and sediment with
10 Hve Amnicola limosa, 10 live Campeloma decisum, and 20 live
Pisidium casertanum, {iv) water and sediment with 10 dead A. limaosa,
10 dead C. decisum, and 20 dead P. casertanum. Alkalinity was
measured periodically over 36 weeks. Using a siphon, 100-mL ali-
quats were taken from approximately middepth in cach microcosm.
Aquaria were loosely covered to allow gascous exchange and evapo-
rative and sampling fosses were made up with deionized water.
Because of this, some difation of alkalinity could have occurred but
this would have been equal across all treatments,

Experiment 3

The third experiment was designed to test the hypothesis that mol-
luscs and other benthic organisms could influence the alkalinity of the
water, even when external inputs of acids and acid-neutralizing mate-
rials occurred. A secondary purpose was to discover if molluscs affect
the alkalinity differently than other benthic organisms.

Tweive 6-L aquaria were set up with three replicates of each of the
following treatments: (£) water and sediment, (i) water and sediment
with 10 live A. limosa, 10 live C. decisum, and 20 live P. casertanum,
(i) water and sediment with 10 dead A. fimosa, 10 dead C. decisum,
and 20 dead P. casertanum, (iv) water and sediment with five drag-
onflies (Gomphus sp.) and five mayflies (Ephemera sp.}. Both of
these species are large active burrowers and were observed actively
disturbing the sediments throughout the experiment. Aguaria were
periodically acidified with a mist of acid rain (pH 4.1, natural rain
collected near Dorset, Ontarto) or neutralized with a mist of “neutral
rain” (pH 5.6, natural acid rain adjusted with 0.} N sodium hydrox-
ide}. The rain was added as a mist from a plastic squeeze bottle at a
rate of 20 mL - day ' for 5 consecutive days out of 7, during the weeks
indicated in Fig. 3,

Alkalinity was measured weekly on 100-mL aliquots taken with a
siphon from approximately middepth. Additions of “rain” made up for
both evaporative and sampling losses of water from the microcosms.
After 18 weeks, Hive molluses and burrowers were removed from their
respective aquaria and alkalinity was monitored for 3 more weeks, The
burrowers were placed into the aquaria contaiping previously un-
disturbed sediments and alkalinity was measured for 3 more weeks.

Experiment 4
The main purpose of the final laboratory experiment was to discover
if burrowing molluscs would have a different effect on the alkalinity

than would nonburrowing molluscs.

Nine 6-L aquaria were set up with three replicaies of each of the
following treatments: (i) water and sediment, (/i) water and sediment
with 30 live A, limosa, 4.0—4.5 mm in length, (iif) water and sedj-
ment with 30 live . decisum, 5.0—6.0 mm in length. Alkalinity was
measured weekly for 8 weeks on 100-mL aliquots taken with a siphon.
Adult C. decisum arc much larger than adult A. limosa and animals of
the indicated size range were chosen to make the treatments as similar
as possible,

Despite repeated attempts, it proved impoessible to determine the
alkalinity of the sediments used in these experiments. Because of this
it is not possible to calculate what proportion of the alkalinity in the
entire system was attributable to the activities of the organisms, and
only changes in alkalinity concentrations in the water can be compared
between treatments. Although it may be possible to determine the
carbonate content of the sediments, this would only represent a porticn
of the sediment alkalinity and would only indicate what was poten-
tially available. Neither of these estimates would greatly clarify the
results of these experiments.

As used here, the term microcosm refers to an artifical system that
atternpts to simulate natural conditions as closely as possible (Funk
1963}. The first experiment was, therefore, less a microcosm than the
following three. The final three experiments were designed to simulate
conditions in certain areas of Dickie Lake and used molluscan densi-
ties and community structure, and water and sediment quality that
occurred naturally in that lake. Variables such as temperature and
dissolved oxygen were not continuously monitored during these ex-
periments but the initial experimental conditions simulated natural
conditions and there was no reason to suspect that these would have
changed radically during the course of the experiments. Passive ex-
change with the atmosphere and periodic aeration of the tanks pro-
vided sources for oxygen and sinks for carbon dioxide similar to those
found under natural conditions. The use of natural unsterilized sedi-
ments would have incorporated a natural microbial flora and fauna into
the aquaria, allowing the development and maintenance of whole-
system biochemical cycles similar to those in nature. This flora and
fauna was incorporated in all treatments using sediments and could not
have been responsible for any of the differences noted, except where
“waler-only” treatments were compared with treatments using sedi-
ments. The animals were not astifically fed during any of the experi-
ments but in the final three experiments melluscs were observed
feeding on the detritus that was present and on the algae that developed
on the sides of the aquaria. Because none of these variables were
measured the above-stated ideas must remain assumptions but the fact
that the majority of organisms remained alive, even after 36 weeks in
the second experiment, suggests that the conditions in the aquaria were
at least tolerable for the resident biota.

Results

The preliminary laboratory experiment, using live snails and
no sediment, indicated that over a 4-day period the alkatinity of
lake water exposed to the atmosphere gradually increased
(Fig. 1). In beakers containing water and single, live snails
atkalinity increased during the first 9 h then declined to initial
levels after 81 h, when the experiment was terminated.

Figure 2 shows that aquaria containing dead molluscs, live
molluscs, and undisturbed sediments had changes in alkalinity
of the water over a 36-week period. Decomposing molluscs
(tissue and shell) appeared to cause a brief rise in alkalinity, the
alkalinity then declined to zero before returning to higher
levels. Live moliuscs were associated with a total depletion of
alkalinity unti} a few mdividuals died (week 25, Fig. 2), when
alkalinity began to increase. In aquaria with undisturbed sedi-
ments the alkalinity of the water was completely depleted after
% weeks. Alkalinity of water alone (control} stayed relatively
constant over 36 weeks with only a gradual decline.

Additions of acid rain to the third set of aquaria had some
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F1G. 1. Plot of alkalinity versus time for the first laboratory experi-

ment, using 250-mL beakers of lake water and live snails. Vertical
lines are standard errors.

noticeable effects on the patterns established from the previous
experiments. Dead molluscs once again greatly increased the
atkalinity but these levels declined each time acid rain was
added. During periods of no external acid inputs alkalinity
increased (Fig. 3). The occurrence of the U-shaped curve noted
in the second experiment was not evident here. Alkalinity was
again depleted in treatments with live molluscs but it did not
decline to zero or lower this time. Alkalinity of water over
undisturbed sediments soon became depleted. Alkalinity in
aquaria with nonmolluscan burrowers {dragonflies and may-
flies) rose briefly then became completely depleted after 15
weeks. During the first 2-week period of no external acid inputs
alkalinity began to rise in the “burrower” aquaria but cessation
of acid inputs later in the experiment did not bring about a
similar response.

When animals were removed from some aguaria (week 18)
alkalinity remained constant. Introduction of burrowers to pre-
viously undisturbed sediments resulted in a brief rise in alka-
linity followed by a decline. When dead molluscs were re-
moved atkalinity remained high for the following 3 weeks.

In the final experiment there appeared to be no difference
between the alkalinity changes of water in aquaria containing
A. limosa (epibenthic) and C. decisum (burrowing) (Fig. 4} and
in both cases the alkalinity of the water declined with time,
reiative to controls. Once again the alkalinity of water over-
lying undisturbed sediments was totally depleted after 8 weeks.

Discussion
To construct their shells, mollusces either extract carbonates
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FIG. 2. Plot of alkalinity versus time in 6-L aquaria with various
combinations of water, sediment, and molluscs. Vertical lines are
standard errors.

from their environment (Van der Brorght and Van Puymbroek
1965; Hunter and Luil £977) or form them de novo from met-
abolic carbon dioxide (Wilbur 1972; Simkiss 1976) (Eq. 1).

(11 H0 + CO, = H,CO; = H* + HCO; = 2H" + COF

When carbonate sources are low, as in the present study, car-
bonate synthesis from carbon dioxide would appear to be the
only mechanism possible. This, of course, assumes that the
calcium requirements can also be satisfied but Mackie and
Flippance (1983) have indicated that at least some molluscs can
accumulate the necessary calcium from their food, and are not
dependent directly on bedrock sources of calcium.

Carbonates stored in the body and shell could add to the
carbonate levels of the water, and possibly of the sediments
also, once the molluscs die and the tissues and shell begin to
degrade {Eq. 2).

2] 2H' + COF = H* + HCO; = H,CO, = 1,0 + CO,

It would, therefore, appear that the molluscs are able to create
new carbonates (from the carbon in their food) and that these
carbonates could be continually renewed so Iong as the popu-
lations continued to turn over. Synthesized carbonates would
be stored in the molluscan tissues and shells during life, then
released to the environment after death and decomposition.
Once freed, these new carbonates would be available to neu-
tralize acidic substances in the environment.

Of course for each carbonate ion formed, twe hydrogen ions
would also be liberated (Eq.1). These hydrogen ions, if re-
leased directly to the environment, would resuit in increased
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FiG. 3. Plot of alkalinity versus time in 6-L aguaria with various
combinations of water, sediment, and benthic organisms. Vertical
fines are standard errors. Hatched bars indicate perieds of “acid rain”
addition. Hollow bar shows period of “neutral rain” addition. Some
animals were removed and {or} transferred at week 18 (arrow) (see
text),

acidity. The synthesis of "new"” carbonates which are locked
into the bodies and shells of living molluscs is, therefore, an
acid-producing process (Wilbur 1972; Campbeli and Boyan
19763, Several possible mechanisms of carbonate deposition
have been proposed in the literature but in every instance free
protons or proten precursor compounds (e.g., NH,) are
hypothesized to be released (Campbell and Speeg 1969,
Campbell and Boyan 1976; Wilbur 1976). Theoretically, the
total acid produced during life should equal the total carbonate
released after death (on a chemical equivalence basis and
considering only the processes of carbonate formation and
decomposition).

To a certain extent the results obtained here substantiate
these ideas. Snails held in individual containers of low-
alkalinity water were associated with a decline of alkalinity
{and hence acidification), while water alone experienced an
increase of alkalinity (this increase in alkalinity of water ex-
posed to the atmosphere has been attributed to contamination
by aurborme dust (P. J. Dillon, personal communication}). The
snails therefore produced alkalinity-consuming materials, and
the apparent lag time (9 h) before acid production began may
represent a period of acclimatization before normal phys-
iological processes resumed after the animals had been trans-
ferred to the containers. This acidification by live molfuscs was
noted in all four experiments and it should be noted that the
decline in alkalinity was not due to respiratory carbon dioxide.
As defined previously, alkalinity is the balance between acid-
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FiG. 4. Plot of alkalinity versus time in 6-L aquaria containing
Amnicola limosa or Campeloma decisum. Vertical lines are standard
EITOrs.

neutralizing ions of the carbonate system and protons, and
dissolution of carbon dioxide in water would increase the pro-
ton and bicarbonate levels by stoichiometrically equal amounts
(Eq. 1).

Dead molluscs (tissues and shells) were always associated -
with an increase in alkalinity, as could be expected from the
dissolution of the carbonaceous shelis. In the first experiment,
however, alkalinity rose briefly, declined to near zero, and then
rose once again. This suggests that shell carbonates were not
being released at a continuous rate. This is at present un-
explainable but it did not happen again in the third experiment.

Two major points should be noted concerning alkalinity in
microcosms containing dead molluscs. First, when only 6 out
of 40 molluscs had died, alkalinity of the water began to in-
crease (Fig. 2). Second, only those microcosms containing the
dead molluscs were able to replenish alkalinity levels in the
water after acid additions wete stopped {Fig. 3). The first point
indicates that the death of a relatively small proportion of the
molluscs supplied enough carbonate to completely neutralize ;
the cumulative acid production of the previous 25 weeks and to j‘f
create a positive alkalinity balance despite the presence of the
rermaining live moliuscs which should still have been releasing
acid. The second point shows that carbonate from the decom-
posing molluscs supplied enough alkalinity to replenish that
which had been consumed by short-term external acid inputs.
These studies indicate that live molluscs acidify their immedi-
ate environment and that dead molluscs can neutralize acids in
their imnmediate environment. The two points noted above also
indicate that if patural environments could tolerate the low-
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level acidification that results from mollescan carbonate syn-
thesis then a powerful acid-neutralizing reserve could be built
up and become available after some of the moliuscs died.
Rooke and Mackie (1984} showed that molluscs grew only
between April and October in Dickie Lake. So long as no
growth took place few carbonates would be synthesized and
hence few protons would be released. Assuming stable mollus-
can populations from year to year, acid would be released only
in late spring, summer, and early autumn but carbonates would
be dissolving from the snells of dead motluscs yearround (al-
though at a somewhat slower rate in the coldest periods). It is,
however, during late spring, summer, and early autumn that
most freshwaters experience a natural decline of hydrogen ion
activity (pH increase) (Wetzel 1973). Therefore, the environ-
ment may be able to assimifate the melluscan acids as they are
released, leaving a supply of carbonate which could later be-
come available to maintain stable alkalinity levels or possibly
neutralize short-term but highly acidic inputs, such as occur
during spring snowmelt (Dillon e af. 1978). Roocke and
Mackie (1984}, however, also showed that in six low-alkalinity
lakes the resident molluscs could at best supply only 24% {and
usually much less than 2%) of the alkalinity already present in
the water. Clearly, the molluscs could not be expected to be
able to turn low-alialinity lakes into high-alkalinity lakes but
the present study shows that the molluscs can greatly affect the
alkalinity sources and cycling in their immediate environment.
These experimenis also indicate a possible role for the sedi-
ments and sediment—animal interactions in alkalinity cycling,
In all experiments with undisturbed sediments alkalinity
dropped rapidly, indicating that the alkalinity initially present
in the water had been neutralized, possibiy by binding at the
sediment—water interface. This indicates that any alkalinity
declines in these experiments could be at least partially artri-
butable to undisturbed portions of the sediments. When the

. sediments were disturbed by the burrowing of dragonflies and

mayflies alkalinity initially increased but was rapidly depleted
by external acid inputs. Alkalinity failed to return to
“preacidification” levels after the acid inputs were stopped
despite the continued disturbance of the sediments by the resi-
dent animals. Since there is no immediate reason why these
animals should supply aikalinity to the system it seems most
probable that they were liberating preexisting alkalinity materi-
als from the sediments (Lawrence et af. 1982). Chemical re-
lease by bioturbation has been noted in other studies of fresh-
water acidifiEEW(Galiep 1979, Hultherg and Anderson
1982). This storage pool was rapidly depleted and could not
provide the same degree of acid-neutralization that was avail-
able from the molluscan carbonates. The molluscs could pro-
vide a source of alkalinity while the sediments were only a
storage compartment for existing alkalinity.

Most molluscs used in these experiments were active bur-
rowers, but alkalinity did not increase when they were allowed
to disturb the sediments, as might be expected from the dis-
cussion above, The acids produced by the melluscs may have
quickly neutralized any newly released alkalinity, but this
could not be accurately tested with the present experimental
design. The fact that burrowing and nonburrowing molluscs
did not produce different effects on alkalinity is at present
unexplainable. if biological perturbation did release alkalinity
then alkalinity in microcosms with C. decisum should have at

least declined more siowly than in microcosms with A. limosa.
These results may be due to inherent physiclogical differences
or age differences between the two genera used here.
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