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Abstract

This paper addresses two aspects of molluscan shell formation. Firstly, the question of whether
deposition of calcium carbonate increases atmospheric CO:z and ocean acidity as according to Ware
and colleague’s hypothesis or do they form a net carbon sink? We conclude that alkaline moieties
coming from a variety of sources, such as surface runoff and subsurface venting, compensate for any
possible contribution of calcium carbonate formation to atmospheric COz and ocean acidification, but
we do recognize that the current fossil fuel production of CO:z is driving both atmospheric CO2 and
ocean acidification. The second issue addresses the problems that molluscs have in getting rid of
metabolically produced CO:. These include the dual function of the gills (food gathering and gas
exchange), the low diffusion coefficient of CO2 in water, and the low partial pressure differential
between tissue pCO:2 and water pCO2. We suggest that these problems are overcome, at least in part,
by sequestering tissue CO: in shell calcium carbonate. This hypothesis can be tested by examining
the effect of interferences with shell formation on molluscan pCO:z in hemolymph.
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1. Introduction

This paper addresses two issues with molluscan calcareous shells: i) whether shell formation
contributes to net sequestration of carbon or whether it adds to atmospheric CO2 and ocean
acidification, ii) whether shell formation contributes to the elimination of CO2 from molluscan tissues.

2. Does Calcareous Skeleton Formation Affect Ocean Alkalinity and Atmospheric
Carbon Dioxide?

In a recent paper delineating blue carbon accumulation in the Cowichan Estuary on Vancouver
Island [1], the formation of inorganic carbon accumulated in oyster shells was considered to be a
source of atmospheric carbon dioxide based upon arguments presented by Ware et al.[2]. To
understand the reasoning behind this, one must first consider the dynamics of the interaction of
carbon dioxide with water. Carbon dioxide initially dissolves in water as a gas; some of the carbon
dioxide will interact with water, forming carbonic acid that dissociates into a proton plus a
bicarbonate ion. The bicarbonate ion, in turn, can dissociate into a carbonate ion and another proton.
Each reaction has its own dissociation constant. The equations representing these reactions are as
follows:

€O, + H,0 & H,CO; & H* + HCO3 & 2H* + CO%"
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The formation of the inorganic calcium carbonate present in oyster shells or coral reefs is
represented by the following equation:

Ca?* + 2H* +2HCO; & CaCO; + H,0 + CO, + 2H*

In this second equation, we note three things: i) the formation of calcium carbonate; ii) the
formation of molecular carbon dioxide from bicarbonate; and iii) the remaining presence of two
protons from the first equation. Thus, there is an increase in the partial pressure of CO: in the water
and a decrease in alkalinity (increase in acidity). Theoretically, both the increased partial pressure of
COzand increased acidity results in movement of CO:z from the water to the atmosphere. Does this
actually occur? Indeed, it does appear that at a local level active calcium carbonate deposition in reefs
can result in localized release of carbon dioxide from water to air, e.g. [3]. However, what we must
also take into consideration is that the decrease in local alkalinity due to calcium carbonate formation
is countered by the movement of alkalinity into the oceans, which will ultimately counter the decrease
in local alkalinity.

Middleburg et al. discuss the difficulties in measuring how much alkalinity moves from the land
into the oceans [4]. Rivers and streams carry alkaline components due to weathering of minerals, with
some of these mineral-derived alkali being carried into the oceans via subsurface groundwater
movement and venting. There are other sources of ocean alkalinity, such as marine phytoplankton
and bacteria [5]. One can go back and forth on whether enough alkaline moieties are entering the
oceans to counter the local decreases in alkalinity, since we do not know all the sources of alkalinity
that enter the oceans. Perhaps the best way of determining whether the movement of alkaline
components into oceans equals the decrease in alkalinity due to the formation of calcium carbonate
is to look at the historical record. Zeeb and Tyrell [6] have concluded that over the past 50 million
years or so, ocean pH has increased (become more alkaline) and that long-term dissolved inorganic
carbon and total alkalinity was similar to pre-industrial modern values. Similar conclusions were
drawn by Boudreau et al. in their studies of the past conditions [7].

It seems clear that the formation of calcareous skeletons in the ocean does not contribute to net
increases in atmospheric carbon dioxide and ocean acidification. However, the increase in
atmospheric carbon dioxide concentration due to human activities over the past two centuries is
decreasing ocean alkalinity, which is unrelated to calcareous skeleton formation.

What is the net sequestration of carbon dioxide in molluscan shells?

The molluscan shell has two components: a mineral component comprised mainly of calcium
carbonate (mostly calcite and aragonite) and an organic component comprised of insoluble chitin (a
long chain polymer of N-acetylglucosamine), insoluble silk fibroin (glycine- and alanine-rich
proteins), and soluble, mainly aspartic-rich acidic proteins [8]. The calcium carbonate component of
the shell forms more than 95% of the mass, while the organic component forms the rest [9].

Palmer estimated that the energy costs of producing the marine gastropod shell can be divided
into the cost of the calcium carbonate component (1-2 joules (J)/mg) and the cost of the organic
component (29 J/mg) [10]. The major cost for the formation of calcium carbonate is the pumping of
the calcium ion by Ca-ATPase. More recently, Spalding and colleagues estimate that the cost of
producing the Pacific oyster shell is 0.1 J/mg for the calcium carbonate component [11]. In their
calculations, Spalding and colleagues used a value of 30 J/mg for the synthesis of the organic
component. Still, they suggested it could be as low as 3 J/mg organic matrix.

The Pacific oyster shell contains 0.9% organic matter [12]. Using the energy cost values of
Spalding and colleagues, the cost for producing 1 kg of shell is 95 k] for the calcium carbonate while
the cost for the organic component is 285 k] for a total of 380 k]J. Since the hydrolysis of one mole of
ATP yields 30.5 k] of energy, 12.46 moles of ATP were hydrolyzed to produce 1 kg of molluscan shell.
The production of one mole of ATP requires the reduction of 0.167 moles of oxygen and the
production of 0.167 moles of carbon dioxide; hence, the metabolism required to produce 1 kg of shell
yields approximately 2.08 moles of carbon dioxide. In each kg of shell there are 991 g of calcium
carbonate, or 436 g of COz-equivalents, i.e.,, 9.9 moles of CO2. Thus, each kg of shell has a net
sequestration of 9.9 — 2.08 = 7.82 moles of CO, or 334 g CO».
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Thus, each tonne of shell formation results in the sequestration of about 0.334 tonnes of carbon
dioxide.

3. Does Shell Production Facilitate Oyster Respiration?

The oyster shell has an obvious protective function. It may also have another function — a means
to get rid of metabolically-derived CO:. The oyster respires via gills and, to some extent, the tissue
surrounding the mantle cavity. The oyster gills have a dual function: respiration and capturing food
particles. Because of this dual function, the gills are not as well adapted as the mammalian lung for
respiration.

Gas exchange is less efficient in the oyster for additional reasons. One issue is the diffusion
coefficient of CO:z in water compared to air. The diffusion coefficient of carbon dioxide at 26.85° C in
water is 2.1 x 10% cm?/s, with slightly higher coefficients as temperature rises [13]. The diffusion
coefficient in air is about four orders of magnitude greater, 0.14 cm?/sec at 26.85° C. Hence, mammals
can more efficiently transfer carbon dioxide from blood to air than oysters from hemolymph to water.

Another issue is the partial pressure differential of pCO: between hemolymph and water. In
humans and other mammals, the pressure differential between venous blood pCO: and air pCO: is
significant, with venous pCO: ranging from 42 to 50 Torr, depending upon the level of metabolism
[14], while air has a pCO: of 0.3 Torr, i.e., a differential of 140 to 170 Torr. Exercise raises arterial pCO2
by only 1 Torr (from ~36 to 37 Torr), indicating that there is an efficient means of getting rid of carbon
dioxide via the mammalian lung.

Several studies have been conducted on hemolymph collected from the adductor muscle of
molluscs. The hemolymph passes through the gills and then is pumped into the tissue spaces of
various organs, including the adductor muscle. Such tissue hemolymph would be comparable to a
mixture of arterial and venous blood present in tissues of vertebrates. Hemolymph collected from the
adductor muscle of the Densely Lamellated oyster had a pCO: of 1.1 Torr [15]. Adductor hemolymph
from the Pacific oyster had a pCO:z of 2.2 Torr [16]. pCO2 in water is not that much lower. Fresh water
bodies have pCO: levels with an average of 0.76 Torr, but with wide ranges [17]. Surface ocean water
pCO2 ranges from 0.275 to 0.475 torr [18]. Estuaries have a similar range with the pCO2 in the
Columbia River estuary, ranging from 0.23 to 0.44 Torr [17]. Thus, the pressure differential for pCO2
between oyster hemolymph and estuary water would range from ~2.5 to ~10. In comparison, the
pressure differential in mammals ranges from 140 to 170 Torr. Thus, the oyster has several
disadvantages of getting rid of metabolically-derived CO:: i) lower diffusion coefficients of CO: in
water compared to air, ii) lower partial pressures between hemolymph and water compared to
between blood and air, and iii) a gas exchange organ with dual functions — respiration and food
gathering.

Shell Formation

As noted above, shell formation involves the formation of calcium carbonate, which is formed
by calcium cations interacting with bicarbonate anions. The bicarbonate ions are formed from the
interaction of CO: with water, catalyzed by the enzyme carbonic anhydrase in a subset of hemocytes
and mantle epithelial cells [19]. We propose that this calcium carbonate formation is a significant sink
for metabolically-derived CO:. This hypothesis can be tested by examining pCO: levels in
hemolymph following inhibition of shell formation.

4. Concluding Remarks

We hypothesize that molluscan shell formation acts as a carbon sink that facilitates the removal
of metabolically-derived COz. We also propose that shell formation by aquatic creatures results in net
carbon sequestration. This is in agreement with the conclusions of Tamburini et al. [20].
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